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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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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 pavement design 

system, as a part of the fracture failure mode, is fatigue of the pavement 

materials. Its 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 

performance 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 is 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. 
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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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IMPLEMENTA TION 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 desi:n 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 

rhe 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 ru1e-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 

A&M University, under the Cooperative Highway Research Program. Under this 

project, now entitled "Systematic Pavement Design," a computer program based 

on the systems approach and known as the Flexible Pavement Systems or FPS was 

developed for the design of flexible pavements (Ref 81). A general descrip

tion of FPS and its development is given in Chapter 2. The basic models used 
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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 environmental conditions, locations outside the 

limited boundaries, and with passage of time resulting in revision of the 

standards of safety and comfort, is questionable. In 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 
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the actual damaged and consolidated condition of the pavement at the time of 

an overlay. '-

OBJECTIVE 

The general objective of this study is 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 

layers which is commonly termed "layered theory." It takes into account the 

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. 

5 

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 11 through 14, is devoted to verifying the developed 

models with the AASHO Road Test data and describes the use of the proposed 

procedure. Chapter 11 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 sub grade 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. 

6 



TABLE 2.1. IMPORTANT ROAD TESTS 

Road Test Name Year 

Arlington Test 
(Virginia) 1919 

Bates Road Test 
(Illinois) 1920-23 

Pittsburgh Road Test 
(California) 1930-40 

Stockton Road Track 
(California) 1930-40 

Hyb1a Valley 
(A1exandr ia , Virginia) 1944-54 

Maryland Road Test 
(Maryland) 1950-51 

WASHO Road Test 
(Idaho) 1952-53 

AASHO Road Test 
(Illinois) 1958-61 

BPR - Bureau of Public Roads 

HRB - Highway Research Board 

AI - Asphalt Institute 

Agency 

BPR 

BPR 

Columbia Steel Co. 

Corps of Engineers 

HRB, AI, BPR 

AASHO 

WASHO 

AASHO 

AASHO - American Association of State Highway Officials 

WASHO - Western Association of State Highway Officials 
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Pavement Type 

flexible and rigid 

flexible and rigid 

rigid 

flexible 

flexible 

rigid 

flexible 

flexible and rigid 
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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). In their report, the design procedures are grouped under the follow

ing headings: 

(1) elasticity methods, 

(2) ultimate strength methods, 

(3) semi-empirical and statistiea1 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 environmental 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 
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to pavement design (Ref 78). In 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 81. 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 81) 

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 parameters; 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 sti 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 

'~oefficients 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 

a1 , a2 ' and a
3 

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 



present time, generate funds to accomplish the design scheme as specified. 

There are seven types of economic models used in FPS. 
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(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 r~lates 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 is the number 

14 

of materials considered for use above the foundation) which are intercorre1ated 

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 A7.1) 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). 
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Distress 
Mode 

Fracture 

Distress 
Manifestation 

Cracking -------1 

Spa lling ------------j 

Permanent 
deformation 
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Examples of Distress Mechanism 

Excessive loading 
Repeated loading (i.e., fatigue) 
Thermal changes 
Moisture changes 
Slippage (horizontal forces) 
Shrinkage 

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

Excessive loading 
Time-dependent deformation 

(e .g., creep) 
Densification (i.e., compaction) 
Consolidation 
Swelling 

Distortion --------~ 

D is integration -----t 

F au 1 ting ------------j 

Excessive loading 
Densification (i.e., compaction) 
Conso lida tion 
Swelling 

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

Stripping------~ Chemical reactivity 
Abrasion by traffic 

Raveling 
and 
scaling 

Adhesion (i.e., loss of bond) 
Chemical reactivity 
Abrasion by traffic 
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 81) 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. 



INPUT MODEL OUTPUT 

Regression 
and 

Empirical 
Models 

r-------_~ PSI 

a 

INPUT 

N; 

I ? 

The Swelling Clay Parameter has not been 
included in the list of inputs. 

(a) Present FPS Model 

SYSTEM 

PSI = Present Serviceability Index 
RDI = Rut Depth Index 
CI = Cracking Index 
RI = Roughness Index 
SV = Slope Variance 

OUTPUT 

E; RDI ~---------------~ 

0; 

1-'1 

Fatigue Theory Linear Elastic 

Layered Theory, and 
Stochastic Concepts 

CI 
CI, RI, RDI 

vIs 
PSI Corelation 

AASHO 
DATA SV 

CI 

CI a 
RI 

Corelation 

PSI 

(b) Proposed FPS Model-Second Generation 

N;=Number of Singla axle applications of i 1h load group 
NIB = Number of Equivalent 18 kip axle Applicati(;"s 
A;= Structural Number or Strength Coefficent in AASHO a Deflection Model 
0;= Thickness of the Pavement Layers 
E.= Modulus Values of the Pavement Materials 
,l;= Poisson's Ratio 
a = Daily Temperature Constant 
t = Time since Initial Construction 
etm= Environmental Effect of Temperature a 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). 
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(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 properties, 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). 

P = 

where 

- e -etJ (3.2) 

P = the present serviceability index at time t, 

P
K

-
l 

= the present serviceability index at time t k- l 

~ = a constant = 53.6, 

N 

e 

= 

= 

= 

the surface curvature index for Kth performance period, 

the number of l8-kip equivalent load applications adjusted 
by the risk factors to give an acceptable confidence limit 
at time t, 

the number of l8-kip equivalent load applications at the th 
confidence level which occurred at the end of the (K - 1) 
performance period, 

= a temperature constant which varies geographically, 

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

= the maximum amount of differential heave that is likely to 
be noted along a roadway, 

= a constant which determines the rate of heaving of the 
expansive clay. 



where 

N = 

N 
c = 

= 

= 

= 
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(3.3) 

the number of accumulated l8-kip equivalent load applications 
during the analysis period adjusted by the risk factor to give 
an acceptable confidence limit, 

analysis period in years, 

average daily traffic at the beginning of the analysis period, 

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 l8-kip equivalent load group. The traffic 

1 d .. N for tth month for J.th 1 d t 1 b oa repet1t10ns . oa group separa e y can e 
Jt 

computed from Eq 3.4 if the traffic growth rate Y
j 

and initial traffic repe-

titions N. of a load of level j are known: 
J 



= t 
N. (1 + y.) 

J J 
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(3.4) 

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 II 

REVIEW OF AVAILABLE TECHNIQUES TO BE USED IN THE MODELS 



CHAPrER 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." 
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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 Finn (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 California 

(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), Vallerga (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). In the AASHO Road Test (Ref 70), cracking was divided into 

three categories. 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) nonvisib1e 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) visible 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. In 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. 
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In these cases, the controlled stress mode of loading is applicable. 

(2) In 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. For 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 Pe11 (Ref 146) 

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

N. 
J 

(4.1) 

where 

N. cycles to failure at a particular stress level, 
J 

€j bending strain, 

A and B = constants depending on mixture characteristics. 



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: 
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(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 
performance. 



TABLE 4.1. FACTORS AFFECTING THE STIFFNESS AND FATIGUE BEHAVIOR OF ASPHALT CONCRETE MIXTURES 
(After Kasianchuk) 

Factor 

Asphalt 
penetration 

Asphalt 
content 

Aggregate 
type 

Aggregate 
gradation 

Air void 
content 

Temperature 

Change 

Decrease 

Increase 

Increase roughness 
and angularity 

Open to dense 
gradation 

Decrease 

Decrease 

Stiffness 

Increases 

Increases(l) 

Increases 

Increases 

Increases 

Increases (3) 

Result of Change 

Fatigue Life in 
Controlled Stress 
Mode of Test 

Increases 

Increases (1) 

Increases 

Increases 

Increases 

Increases 

(1) Reaches optimum at level above that required by stability considerations. 

Fatigue Life in 
Controlled Strain 
Mode of Test 

Decreases 

Decreases (2) 

Decreases 

Decreases (2) 

Increases(2) 

Decreases 

(2) Not based on significant amount of data but seems reasonable on basis of other information. 
(3) Approaches upper limit at temperature below freezing. 
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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 N. , the number 
J 

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

This value of N
j 

when substituted in Miner's hypothesis along with the known 

value of actual number of load applications of level j , n. will give the 
J 

"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 MATERIALS 

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 is 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 

where 

M (t) 
.r 

M (t) 
r 

ad 

e (t) 
r 

ad ---
e (t) 

r 
(4.2) 

modulus of resilient-deformation, psi (analogous to an 
elastic modulus) corresponding to a particular number of 
stress repetitions; 

repeated deviator stress, psi; 

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) In 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: 

(4.3) 

where 

resilient modulus, 

confining pressure, 

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. For 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 is 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 

performance in the field. 

For granular materials, also, the laboratory evaluation of resilient 

modulus imposes several problems. In 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. 
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CHAPTER 5. CHARACTERIZATION OF FLEXIBLE PAVEMENT MATERIALS 

INTRODUCTION 

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.l3. Table A2.l4 

in Appendix 2 shows the details of the test configurations and Table A2.1S 

gives the various shapes of test specimens. Various variables 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 characterizins material prop2rti.,~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 f.J.; 

(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 is a summary of the tests required for material characterization 

for the design procedure discussed in this report. In the present analysis 
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TABLE 5.1. SUMMARY OF SAMPLING AND TESTING REQUIREMENTS (Ref 116) 

Material Type 

Asphaltic concrete 

Granular Base and 
subbase 

Fine grained 
subgrade 

1. 

2. 

1. 

2. 

3. 

Elastic Constants 

Sampling 

Intact or frag
mented 

Density and 
moisture 
Remolded 
speciInens 

Undisturbed 
push barrel 
Density and 
moisture 
Remolded 
specimens 

Testing 

Heuke10m and Klomp 
1. Asphalt pene

tration at 77 0 F 
2. Ring and Ball 

softening point 
o 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 

Resilient modulus ~ 

Resilient modulus ~ 

Strength and Deformation Tests 

Sampling 

Previously estab
b1ished or repro
duced laboratory 
specimens 

1. Density and 
moisture 

2. Remolded 
specimens 

1. Undisturbed 
push barrel 

2. Density and 
moisture 

3. Remolded 
specimens 

Testing 

Fatigue 

Rupture envelope 
from triaxial shear. 
Repeated load tri
axial tests varying 
axial and confining 
pressures for per
manent and resil
ient strains. 
Fatigue. 



46 

distress and performance m0dels developed in this report will be verified by 

the AASHO Road Test performance data. It 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 
o 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). For the 

present analysis, a value of 0.3 is adopted. 



Month 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

TABLE 5.2. STIFFNESS VALUES FOR ASPHALTIC CONCRETE 
(AASHO ROAD TEST MATERIAL) 

Temperature, of Stiffness Modulus, 

21° 16.0 

25° 14.2 

27° 13.7 

41° 9.0 

54° 6.0 

66° 4.0 

700 3.5 

75 0 3.0 

65 0 4.2 

510 6.5 

43° 8.3 

28° 13 .1 
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Stochastic Variation 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 
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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 Poissonls 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. 

from 10- 6 to 

The values 

10- 10 (Ref 

of A for asphaltic concrete have been shown to vary 

38). For asphaltic concrete used at the AASHO Road 

Test, no direct fatigue test results are available. A value of B = 3.1 and 

A = 6.5 X 10- 7 was adopted for this analysis. These values correspond 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 MATERIALS 

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 

~ values for AASHO materials for each month were selected are given in Ap

pendix 2. Table 5.3 gives the ~ 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. 



TABLE 5.3. MONTHLY VALUES OF MODULUS OF RESILIENCE OF BASE AND 
SUBBASE OF AASHO MATERIAL 

~, 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 

50 
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TABLE 5.4. COMPARISON OF ASSHO BASE AND SUBBASE MATERIAL WITH A&M 
TYPICAL AGGREGATE 

Properties 

Gradation 

Optimum moisture 
content, /0 

Maximum unit weight 

Texas triaxial class 

Plasticity 

a) liquid limit 

b) plasticity index 

c) linear shrinkage 

Los Angeles abrasion 
(SOO revolutions) 

Specific gravity 

Permeability (ft/day) 

Brief description 

Base Material Subbase Material 

MSHO A&M MSHO A&M 

See Figures 5.1 and 5.2 

7.6 

l37.9 

1 

N.P. - 4.3 

23.9 - 28.3 

2.78 

.006 - 140 

Crushed 
limestone 

7.0 

l36.0 

1 

17.8 

2.3 

2.4 

2S.3 

2.63 

0.003 

Angular 
medium 
crushed 
limestone 

7.7 

l33.l 

3.7 

N.P. - 3.4 

25 - 3S.4 

2.69 

.0003 -

20 X 107 

Natural 
sand and 
gravel 

7.3 

l34.0 

3.0 

21.3 

7.4 

S.6 

27.3 

2.64 

0.006 

Rounded 
fine lime
stone mixed 
with sand 
and other 
calcium . 
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-l-c of Fig A2.1) 

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 nillnber 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 A2.3. 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 traffic loads. 

So that the data given in Tables 5.6 and 5.7 could be conveniently used 

for the present analyses a regression analysis waS performed to predict the 

total strain value as a function of the nillUber of load repetitions, vertical 

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

Base Ma teria 1: 

Correlation coefficient R2 = 0.9938 

Standard error of residuals a = 0.0745 

£ = 0.57852 - 0.20640 0
3 

+ 0.07854 0 1 - 0.01464 03 log N 

- 0.00121 0
1 

log N - 0.00408 0
1

0
3 

+ 0.03846 (log N)2 
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TABLE 5.5. COMPARISON OF TOTAL STRAIN FOR AASHO ROAD TEST AND 
TEXAS A&M UNIVERSITY TEST MATERIALS 

Number of 
App lica t ions 

100 

1,000 

10 ,000 

100,000 

Total strain for AASHO 
Road Test material, % 

0.21 

0.41 

1.08 

4.4 

Total strain for angular 
medium aggregate at A&M 
University test, % 

0.15 

0.6 

1.0 

1.3 



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

~ ~ 1- 2.0 3.0 4.0 5 .• 0 
0.. .cit.. .. ' 

.06'/ 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 

1.0 1.2 1.7 2.1 2.5 3.1 1.3 1.8 2.2 2.6 3.2 1.4 2.0 2.3 2.7 3.3 1.5 2.2 2.4 2.8 3.5 

3.0 0.5 1.0 1.6 2.0 2.5 0.6 1.1 1.7 2.1 2.6 0.7 1.2 1.8 2.2 2.7 0.8 1.33 1.9 2.3 2.8 

5.0 0.2 0.5 0.9 1.4 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 



, 

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

~ '" '" 2.0 3.0 4.0 /,() 5.0 
0. U'/ 
~,() 

5.0 15.0 20.0 25.0 10.0 15.0 20.0 25.0 10.0 20.0 0;.. 10.0 5.0 5.0 15.0 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 0.7 1.2 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 
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Notes : (1) Dotted and firm lines show the result of AASHO Road Test 
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(2) Chain line shows the result of A&M materials (Ref 35, 
Figs 3.5 and 3.6). 
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- 0.00093 ° 2 - 0.00062 log N ° 2 - 0.00292 3 
1 3 (log N) 

+ 0.00204 3 + 0.0001 ° 3 - 0.004 2 0.00006 
2 

°3 1 °3 °1 + °1 °3 

+ 0.00046 ° ° log N (5.1) 1 3 

Subbase Material: 

Correlation coefficient R2 = 0.9772 

Standard error of residuals ° = 0.1442 

e = -0.75465 + 0.25605 log N + 0.17009 01 - 0.14433 log N 03 

2 2 + 0.01187 log N 01 + 0.01139 ° 1°3 + 0.04947 03 - 0.01132 01 

223 + 0 0 03340 log N 03 + 0.00115 log N 01 - 0.01885 03 

03 radial or confining stress, psi; 

e percent permanent strain; 

N number of stress applications; 

= vertical stress, psi. 

(5.2 ) 

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 '~INE GRAINED COHESIVE SOILS" 

Elastic Constants 

A resilient modulus ~ of the subgrade soil can be determined by meas

uring the resilient strain in a repeated load triaxial compression test. Since 

the ~ 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 

~ value. However, based on the general variations in other properties hav

ing a direct relationship with the ~ 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.l0). The test was made 

at a moisture content of 15.3 percent. A variation in permanent deformation 

characteristic is obsenTed 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 (01 - 03) in the actual pavement, total strain corresponding 
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TABLE 5.8. MONTHLY VALUES OF MODULUS OF RESILIENCE OF AASHO SUBGRADE 
MATERIAL 

Month ~, 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 
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to 0i - 3.5 can be obtained from the curves developed for a confining pres

sure of 3.5 psi. Equivalent vertical stress 0i will be computed as follows: 

0' - 3.5 = 0" - 0" 
1 1 3 (5.3 ) 

where 

0 " - 0" -- d . t t . t 1 t 1 3 eVla or s ress In ac ua pavemen, 

0' 
1 

= 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 03 = 3.5, psi in compression 

The correlation coefficient R2 0.99, and the standard error of 

residuals = 0.16 = 0.0016 in/in. 

= 2 3 
0.35461 01 - 0.04064 01 log N - 0.06511 01 + 0.00283 01 

(5.4 ) 

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. 

SUMNARY 

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 Eqs 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 03 = 3.5 psi 

Moisture content = 15.3% 

Axial stress Number of stress 

°1 repetitions N 

0.0 1 
0.0 10 
0.0 100 
0.0 1,000 
0.0 10,000 
0.0 100,000 
0.0 1,000,000 

6.6 1 
6.6 10 
6.6 100 
6.6 1,000 
6.6 10,000 
6.6 100,000 
6.6 1,000,000 

9.7 1 
9.7 10 
9.7 100 
9.7 1,000 
9.7 10,000 
9.7 100,000 
9.7 1,000,000 

16.0 1 
16.0 10 
16.0 100 
16.0 1,000 
16.0 10,000 
16.0 100,000 

Total strain 
% E: 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.1 
0.2 
0.3 
0.4 
0.6 
0.8 
1.0 

0.2 
0.4 
0.6 
0.8 
1.0 
1.2 
1.5 

0.6 
1.8 
3.0 
4.3 
5.7 
7.0 
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materials as described in this chapter and may replace the regression models 

(Eqs 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 strain 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. 
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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 mayor 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). 

Type of Deformation 

Recoverable 

Irrecoverable 

Behavior for 
Instantaneous 
Deformation 

Elasticity 

Plasticity 

Behavior for 
Time-Dependent 

Deformation 

Anelasticity 

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 ~ 

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 

~ is 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. 



PART III 

DEVELOPMENT OF MODELS 



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. In 

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 3.1. 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 

F 
s=o 

[C(x,s), Sex,s), D(x,s)x,t] -- -- ---
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(7.1) 



where 

t 

~ 

DI (~, t) 

Q(~, t) 

§.(~, t) 

= time; 

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

= distress index, a matrix function of space and time; 

= measure of fracture, a matrix function of space and 
time; 

== measure of distrotion, a matrix function of space and 
time; 

= measure of disintegration, a matrix function of space 
and time. 
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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, construction, main

tenance, and structural variables in space and time. 

For fracture: 

Q~,t) is a function of load, environment, 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: 

Q(~,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) - 1.375RD
2 

- 0.01 vic + 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 ( DI SV ). 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. 
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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. 

DITOTAL = (7.6) 

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 



three factors are known, an estimate of the pavement performance in terms of 

PSI can be made. 

Mathematically, 
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PSI = f(DI) = f(CI, RI, RDI) (7.7) 

where 

PSI = present serviceability index, 

CI = cracking index, 

RI = roughness index, and 

~I = 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. 



75 

Present Serviceability Index-PSI=f(CI.SV, RO) 

I START I 
INPUT Criteria 

CI. SV. RO (Quantified) ~eqression anaIY.I. * and PSI (Observed) Transgeneration of Functions. 

I PSI: A.+ Azf(CI)+ A3f(SV) I 
+A.4(RO) I Unsatisfactory 

R2 and Sd 

orrelation Coefficient 
Satisfactory R2 and Sd 

tandard Error of Residual 

r Final PSI vIS I 
CI.SV 6 RD Corelation 

Fig 7.2. Flow chart for development of performance model. 
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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.l 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 
n 

to theoretical stress applications N. 
According to Miner's hypothesis for no distress, the cumulative damage 

must be less than one, as given by 

t j 

I I :~ ~ 1.0 (8.1) 

o 0 J 
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\ 
I 
, 

where 
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nj = the actual number of load applications of level j 

N. 
J 

= the number of load applications of level 
failure in simple loading. 

j which will cause 

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 . 

J n. 
probability of II N~ exceeding one. This probability is represented by the 

o 0 J 
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, 

where 

t j 

CI(x,t) = p( II :~ > 1.0) X 1000 (8.2) 

t . 
J n. 

p( I I N~ > 
o 0 J 

o 0 J 

1.0) = probability of total cumulative damage at 
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 + K log aD (8.3) 

and 



10(1 t l:i(N" I ) 
o 0 i m 

10(11.0 

Fig 8.1. Log normal distribution curve for l:~l:~..!2 
Nj 

log I 

log N 

Fig 8.2. Asphaltic concrete fatigue curve. 
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CI = 1000 x A 



where 
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log (1.0) = (8.4) 

(D) = total damage at a confidence level a 

t j 

a=II(~) 
t j 

(D) = mean total damage = II(~) m N. 

J a o 0 

o 0 J m 

K = normal curve parameter corresponding to confidence level 

= 

= 

a , 

standard deviation for damage, 

normal curve parameter for aD 
parameters in Eq 8.4, 

t = time, 

corresponding to other 

x = position vector of a point referred to in a coordinate 
system. 

From the computed values of other parameters, the value of log aD 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 staitstica1 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 

a = (8.5) 



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

= the confidence level of the modulus value in the 

= number of layers in a pavement structure. 

.th 
1 layer, 

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 

= (8.6) 

where 

= total confidence level for damage or failure load repetitions, 

= overall confidence defined by Eq 8.5, 

= 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 

where 

cr . (x, t) 
J 

= ~E.(x,t), ~.(x,t), D.(x,t), w.] LL 1 1 1 J 

(8.7) 

(8.8) 



B2 

and 

[€j - Nj(X.t)] = the asphaltic concrete fatigue curve (Fig B.2). 

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

life at any time t is given by 

or 

N.(t) 
J 

= (8.9) 

= (B.lO) 

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) ± K log aN (B.ll) 

Combining Eqs B.lO and B.ll for both space and time, 

where 

log N.(x,t) 
J 

(B.12) 

CI = cracking index of the surface material, measured in square 

a. 
J 

N. 
J 

feet per thousand square foot; 

z stress in the surface material of level j , in psi 
units; 

= flexural tensile strain in the surface material of level 
j , in inches per inch; 

= the number of load applications of level j to cause 
failure; 



83 

n. = the number of actual load applications of level j 
J 

E. = elastic modulus of the ith layer in a pavement structure, 
1 

in psi; 

111 = Poisson's ratio of the .th layer in a pavement structure; 1 

D. = depth of the .th layer in a pavement structure; 1 
1 

w. = applied wheel load of level j on the pavement structure; 
J 

A = constant of asphaltic concrete fatigue equation; 

13 = constant of asphaltic concrete fatigue equation; 

K = normal distribution curve parameter; 

aN = 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 

where 

= average elastic modulus value of the 
for January, 

= average elastic modulus value of the 
for February, etc. 

.th 
1 

.th 
1 

(8.13 ) 

layer material 

layer material 

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 
_ (E. _ E.)2 

1. 1. 

f (E.) 
1. 

(8.14 ) 

and, based on Eq 8.14, the value of elastic modulus in space E. (x) 
1. 

is given 

by 

E. (x) 
1. 

= (8.15 ) 

where 

E. = arithmatic mean of the distribution, 
1. 

(JEi = standard deviation of modulus values, 

TT = constant, and 

e = constant. 

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

both space and time is given by 

E. (x, t) 
1. 

= 

Poisson's Ratio 

(8.16 ) 

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. 

~. (x, t) 
1. 

= ~i (8.17) 
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Layer 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 parameter with time. However, the varia

tions in the layer thickness are not considered of much significance in these 

developments. Therefore, 

D. (x, t) == D. 
1 1 

(8.18) 

where 

D th O k f th 1·
th layer. • == 1C ness 0 e 

1 

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 

fidence level 
Eq 8.16. 

a. , calculate the 
1 

E. , 0E' , and the assumed con-
1 1 

E.(x,t) values of materials with 
1 

(2) Use the layered program and input Ei (x,t) from step 1 and ~i ' 

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

(3) 

(4) 

(5) 

(6) 

Calculate the overall confidence level Q' from Eq 8.5. 

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

Calculate the overall confidence level for damage from Eq 8.6. 
t . 

From the given values of n. , calculate 
J 

J n. 

cumulative damage II ~ 
o 0 J 

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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Fig 8.4. Typical flexible pavement section. 



88 

OUTPUT 

I START I 
INPUTS CRITERIA 

E (Moothly),uu, 8 
Ej(x,t)=E11-K uEil Confidence Levels c>(i If 

I 
EI In both Space 8 Time I E; (x,t) 

l fL ,Load, Tire Layered AnalySIs 
Pressure, a Di r Computer Progrom 

I Tangential Strain at bat10m of I 
A.C. In bath Space 8 Time 

Fatigue Life UN ,A,B I Fatigue C~rve 
N=A(t> 

and Confidence Level.,( .. ! log N(x,t)= log Nj(t)-K.logC/li 
r 

I Theoretical Value of N 
(Mean and Confidence Values) I 

Traffic Data lint .. Minor's Hypothesis. For 
for each monfh No Distress ££ '1j/NJ~IO , 

I ££ '1j/Nj Mean 8 Confidence 
Values for each month I 

CI= 1000 Prob.££'1i/Nr-I.O .. .. Log Normal Distribution I - of CE'7i/NI 

Note: For Nomenclature 
r 

~~' 

See Text I I 
log 1.0 

CI 

Fig 8.5. Flow chart for modeling the cracking index. 



• (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 
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by hand. Therefore, a computer program was developed to calculate 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 ~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: 

where 

Rut depth RD(t) = 

(J ij (t) = f[E.(t), ~.(t), D.(t), w.] 
1. 1. 1. J-

(t) = function of time; 

(J •• 
1.J 

= vertical and confining stresses in the 
to applied load W. , in psi; 

J 

90 

.th 
1. 

(9.1) 

(9.2) 

layer due 



• 

RD:f [apPlied load .,.Ei,JAoi, repeated load vis deformation curve] 

INPUTS 

Axle load, Eh Tire 
pressure, JAo j 8 OJ 

Traffic Data nj 
Eh'}18 stress relationship 

OUTPUT 

Permanent Strain 
Cj 

CRITERIA 

Repeated load vIS 
Deformation Curve 

RD = C OJ!, 

Fig 9.1. Flow chart for quantification of rut depth index. 
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n. = number of load applications of level j 
J 

= Poisson's ratio of the . th 
layer; ~. 1 

1 

E. = elastic modulus of the .th 
layer, in psi; 1 

1 

D. = depths of the .th 
layer, in inches; 1 

1 

(€ n) . = repeated load deformation for the .th 
layer; - curve 1 

1 

= permanent vertical strain in the 
.th 

layer. € . 1 
1 

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 Weight 
of Overburden 

Layer 

Effective Height 
of Overburden 

h., inches 
1 Y di' pci 

Base 

Subbase 

Subgrade 
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h. 
l-1i 

0iroS = Ydi 
. . 

1. 1 - l-1i 
(9.3 ) 

0. 13 = Ydi • h. 1.Z0 1. 
(9.4) 

where 

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

= radial stresses due to overburden in the .th 
layer, 0 1. 

iroS psi; 

= vertical stresses due to overburden in the .th layer, 0. S 1. 1.Z0 
psi; 

l-1i = Poisson's ratio of the .th layer; 1. 

Ydi = effective weight of overburden, pci. 

Final stresses to compute the deformation in each layer are obtained 

from the following equations: 

where 

0. 
1Z 

0 ir 

0. 1.Z 

0. 1-1.r 

0 id 

= 

= 

= 

= 

= 

= 

0. c+0. n 1.Z01-' 1.rx, 
(9.5) 

0. c + 0. n 
1ZOl-' 1Z", 

(9.6) 

total radial stress in the 
.th 

layer, psi; 1. 

total vertical stress in the 
.th 

layer, psi; 1. 

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

psi; 

vertical stress in the 
.th 

layer due to wheel load, mean 1. 
psi. 



where 
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Elastic Modulus 

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

Ei(t) = 

= average modulus value of the 

= average modulus value of the 

Applied Wheel Load 

.th 
1. 

.th 
1. 

(9.7) 

layer for January, 

layer for February, etc. 

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 

Qroup to give the least error in this computation. It is also assumed that 

load group h is the heaviest load group. For equivalent permanent strain 

(Fig 9.2), 

or 

log N. 
1. 

€ • 
1. 

N. = 
1. 

= 

Total equivalent repetitions in terms of h 

by 

(9.8) 

(9.9) 

load group, say N. is given 
-ht ' 



IV 

~ 0 

c: ® 6 ... -(I) 
CD 
> -.2 
':l 
E 
':l 

U - CD c: 
CD 
c: 
0 
E .... 
Q) 

a.. 

, Log N (Load Repetition) ----II ...... 

log nh 

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

~ig 9.2. Development of equivalent load repetitions for one load group 
in terms of other load group. 
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= (9.10) 

Combining Eqs 9.9 and 9.10, 

where 

~t 

N. 
1 

= (9.11 ) \' L 10.0 

= 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 
1 

€ • 
1 

= 

= 

total equivalent load repetitions in terms of heaviest load 
group, 

total permanent strain corresponding to load group n. 
1 

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. 

€. (t) = €iE(t) - €iB(t) (9.12) 
1p 

where 

€. (t) = net permanent strain in the 
.th 

layer for the tth 1 
1p 

month; 



where 
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= permanent strain in the ith layer for the tth month 
and at the beginning of that month; 

= same as €iB(t) , but at the end of the month. 

Permanent Deformation 

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

t,. (t) = 
1 

1 
€. (t) • D • 1p i 100 

t, (t) = 

t,. (t) 
1 

1, 

') t,. (t) 
1 

i=l 

= permanent deformation in the 
in inches; 

.th 
1 layer and 

(9.13 ) 

(9.14 ) 

t th month, 

t,(t) = permanent deformation in the whole pavement structure in 
th 

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: 

t 

RD(t) = )' t,(t) 
I 

(9.15) 

o 

Therefore, knowing the monthly deformations t,(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. ~ecause 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. It 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 ridin~ 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
menOts 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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(10.1) 

where 

RI = roughness index, 

CI = cracking index, 

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

D. = thickness of the .th layer in a pavement, l. 
l. 

W. = axle load in kips of level j 
J 

L. = single or tandem axle of the load j 
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 + B../CP (10.2) 

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

load group, or 

A = f(C. , Di , W. , L.) 
l. J J 

(10.3) 

B = f (C. , D. , W. , L.) 
l. l. J J 

(10.4) 

where 

SV = slope variance, 

CP = measured crack-patching, 



.~ 

1000 

(C+P) 
or 

CI 

o ~---------------------------------------
Time or Load Repetitions 

100 

sv·IL...--___ ~ __ _ 
o 

Time or Load Repetitions 

SVo = Initial Value of the Slope Variance 
SVt = Slope Variance at any Time t 
C ... P = Cracking and Patching 
CI = Crocking Index 

Fig 10.1. Typical example of relationship between cracking-patching, 
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slope variance and number of load repetitions of a particular load. 
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C. 
1 

== some coefficient to show the relative importance of various 
layers in a pavement. 

and SV is given by 

RI == log (1 + SV) (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: 

== (10.6) 

== (10.7) 

(10.8) 
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I START' 

INPUT Regression Analysis 
CP, RI,DI, Wl,Lj Transoeneration of Functions .... 

(AASHO Data) 

1 Regression E q 
Unsatisfactory R2 a 

Standard Error 

Satisfactory R2 a 
Standard Error 

I Final RI, I 
VIS, CI Correlation 

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

SVt = slope variance at any time t , 

SV = slope variance of the pavement at the time of construction, 
0 

b = rate of deterioration, 

Nt = accumulated load applications to time t , 

RD = rut depth. 

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

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

where 

(10.9) 

= constants representing some structural coefficient 
and depending upon the strength properties of pave
ment layers, 

L = factor representing axle load group, 

WP = factor for outer or inner wheel path. 

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

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

= 9.403 + 2.931 log W18 

- 1.466 log CP + log F (10.10) 

~nd slope variance is 



where 

= 7.412 + 3.477 log W
18 

- 3.477 log (../Sv -..fSV) + log F 
o 
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(10.11) 

W18 : millions of accumulated load applications of l8-kips load, 

F = climate factor. 

Combining Eqs 10.10 and 10.11 to eliminate log W
18 

and combining terms gives 

Log (JSV - .rsv) 
o = 0.053Dl + 0.007D2 + 0.020lD

3 

- 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 - 0.028D
3 = -1.991 + 0.546 log W18 

- 3.477 log (./SV - ./SV) + 1.466 log (CP) 
o (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 l8-kip load applications. 

Quantification Based on Regression Analysis 

In Eqs 10.10 and 10.11, the loads were converted to single-axle l8-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 



where 

log (1 + JSv - ./SV) 
o = 

= constants of the regression equation, 

SV = slope variance at any value of cracking-patching 

SV = initial slope variance of the pavement. o 
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(10.14) 

(CP) , 

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, [log (1 + CP)J2 , i.e., 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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o c - ... 
~ .~ 
v>.e 

t-

3 
o 

6 

NOTE: 

.. 
:l : Test Section No. 
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Number 

l. 

2. 

3. 

4. 

5. 

6. 
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TABLE 10.2. RESULT OF REGRESSION ANALYSIS FOR CRACKING-PATCHING 
(CP) VERSUS ROUGHNESS INDEX (RI) 

Variables Residuals R R2 

Constt . 0.0680 0.9638 0.9289 

SQLCP 

Constt . 0.0671 0.9651 0.9315 

LCP 

SQLCP 

Constt. 0.0669 0.9657 0.9325 

LCP 

D2 
SQLCP 

Constt. 0.0670 0.9660 0.9332 

LCP 

D2 

L 

SQLCP 

Constt . 0.0665 0.9669 0.9348 

LCP 

D2 
W 

L 

SQLCP 

Constt. 0.0668 0.9669 0.9350 

LCP 

Dl 

D2 

W 

L 

SQLCP 

(Continued) 
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TABLE 10.2. (Continued) 

Step 
Number Variables 

7. Constt. 

LCP 

D1 

D2 

D3 
W 

L 

SQLCP 

8. Constt. 

LCP 

D1 

D2 

D3 
W 

L 

CBLCP 

SQLCP 

INDEPENDENT VARIABLES 

LCP Log (1 + CP) 

SQLCP 

CBLCP 

Depth of A. concrete 

Depth of base 

Depth of subbase 

Axle load 

1. For single axle 
2. For tandum axle 

[Log (1 + CP) J2 

[Log (1 + CP) J3 

Residuals 

0.0670 

0.0674 

2 
R R 

0.9671 0.9353 

0.9692 0.9354 

DEPENDENT VARIABLES 

Arctan. Log (1 + Js'Vi - ./SV 0) 

When: 

SV. Slope variance at 
1 any time 

SVo 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)J3 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 analysis. 

Arctan log (1 + ~ -~) = -0.09136 + 0.09108 log (1 + CP) 
1 0 

+ 0.02445 [log (1 + CP)J2 + 0.00778 [log (1 + CP)J3 

+ 0.00837D1 + 0.00458D2 + 0.00175D
3 

- 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 variabi.1ity of the SD Profi10meter measurement of 0.0644 for 

assumed SV equal to one (Ref 155). 
o 

Values of dependent variables in the ana1y-

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 l8-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 + $v - .;sv:) as 0.52, while Eq 10.12 predicts 
o 

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 

is: 

The procedure for calculating the roughness index for any pavement section 

(1) Calculate the cracking index values as detailed in Chapter 8. 

(2) Based on engineering experience, assume certain values for the 1n1-
tial slope variance (SV ) expected in a planned pavement. Initial 

o 
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 consists 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. 



CHAPrER 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 AS.1 through AS.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, 3S, 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 AS.1 through AS.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 AB.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 AB.l through AB.lB) were divided into three categories as 

follows: 

(1) Good fit. Calculated and observed plots match very closely. The 
plots have similar shapes and differences at anyone 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 PSI 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 l2-kip loop 3 group. In addi

tion, other explanations given below show that the cracking index model gives 

very good results. For 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 
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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. 

(1) 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 AB.16). In 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 AB.4, AB.11, AB.16, and AB.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. 

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

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

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

(5) 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. In Section 305 
(Fig AB.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 AB.4, AB.11, AB.15, AB.16, and AB.17). 

(6) 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. 

(7) 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 DEPrH 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 S (Figs AS.19 through AS.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.S 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. In 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) If 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 AS.19 through AS.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 AS.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 own 

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 O~i The contribution of the rut depth in 
the PSI equation is 1.38 RD (Ref 70). Assuming that all the error 
in PSI 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. 

(3) 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. 

(4) 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 

140,000 
610,000 

1,114,000 

Rut Depth in Inches 

0.2 - 0.7 
0.35 - 0.8 
0.45 - 1.0 

Deflections for l8-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. 

(5) 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) In 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 11.1). 

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. In 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. In 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 

performance data will deviate from calculated values from any theoretical 

model. For 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 Profi1ometer 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 
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(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. In these figures, it can be observed that 

(1) In 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) 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. 

(2) 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. 

(3) The effects of embankment swelling, nonload-associated effects, and 
temperature stresses were 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. 

(4) The increase in PSI 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. 

(5) 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. 

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

(7) 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. 

(8) The replicate sections in the AASHO Road Test did not show the same 
performance (Figs 11.10, A8.63, 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 PSI 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) In 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 procedur~. 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 l.~. 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 (PSI) 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 PSI (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. In 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) improve 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 sensitivity 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. In 

a detailed three-level experiment similar studies should be made for the low 
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Study Levels LL L Av H HH 
~ ~ u. L.- I ..... Equal Spacing ... , , , . .. 

. -

Cuts 1 2 3 4 5 

Where 

LL == low low values 

L == low values 

Av == average values 

H == high values 

HH == high high values 

Number of Problem Solutions N is given by 

N = C + V X C (S - 1) 

where 

C = number of cuts 

V = number of variables 

S = number of study levels 

Fig 12.1. Typical five - level experiment for sensitivity analysis. 



.-

Study Levels Low 

Cuts 1 

Where 

L = low value 

Av = average value 

H = high value 

Number of problem solutions N is 

N = C + V X C (8 - 1) 

where 

V = number of variables 

8 number of study levels 

C = number of cuts 

Average 
.., 

2 

given by 

High 
Equal Spacing 

,. 

3 

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

1 + V X 1 X 2 = 2V + 1 

Fig 12.2. Typical three-level experiment for sensitivity analysis. 
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TABLE 12.1. ASSIGNED LOW, AVERAGE AND HIGH MAGNITUDE 
VALUES OF THE PARAMETERS 

Value 

Variable Low Average 

Single Axle Load 7 12 
(Kip) 

Tire Pressure 42.3 65.7 
(lbs/in2) 

Thickness 
(inches) 

(a) A. Concrete 3.0 5.0 

(b) Base 3.0 6.0 

(c) Subbase 9.0 12.0 

Mean Elastic Modulus 
E values 
(lbs/in2) 

(a) Concrete 

Jan. 12.00X105 16.00x10 5 

Feb. 10.60x10 5 14. 2Ox1O 5 

Mar. 10. 28 X1O 5 13.70xlO 5 

Apr. 6.75X10 5 9.00x1O 5 

May 4.50X10 5 6.00x10 5 

June 3.00x10 5 4.00X10 5 

July 2. 62 X1O 5 3.50x10 5 

Aug. 2.25x1O 5 3.00X1O 5 

Sep. 3.15xlO 5 4.20x105 

Oct. 4.92X10 5 6.50X10 5 

Nov. 6.27x10 5 8.30X1O 5 

Dec. 9.82x10 5 13 .lOX1O 5 

(b) Base 

Jan. 18000 24000 

Feb. 18000 24000 

Mar. 18000 24000 
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High 

17 

67.5 

7.0 

9.0 

15.0 

20.00x10 5 

17. 6Ox1O 5 

17 .12x10 5 

11. 25x1O 5 

7.50x10 5 

5.00xlO 5 

4.37x1O 5 

3.70xlO 5 

5.25x1O 5 

8.12x10 5 

10.37x1O 5 

16.37xlO 5 

30000 

30000 

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 Poisson's Ratio 
(IJ.) 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 ex 
for E-va1ues (E ) 

ex 
(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 
"V " of E values 

v 

(v aE2$100~ * 
== \ v - / E 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) 

Variable Low 

Values for parameters 
in fatigue equations: 

N ( 1 e A -) ** e I 

and 

N = N50 - log SD.K a 

(a) "A" values 10- 9 

(b) liB" values 3.35 

(c) Log SD 0.25 

(d) Confidence a 0.095 
for ''N'' 

Monthly load applications 20750 
''Nil Actual 

Mean value of elastic modulus 

Standard deviations in elastic modulus 

** See Chapters 4 and 9. 
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Value 

Average High 

10- 8 10- 7 

3.9 4.45 

0.3 0.35 

0.18 0.265 

40500 60250 
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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). In 

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 
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TABLE 12.2. CRACKING INDEX VALUES FOR VARIOUS PROBLEMS 

CI Expressed as 
Final Value of CI in sq ft Percent of Average 

per 1000 sq ft wi th 
Value = {2~ or {3~ X 100 Variable at 40.7 

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 0.7 260.0 1-2 

2 Thickness of Asphalt 
Concrete 251.0 1.22 610.0 2.0 3-4 

3 Thickness of Base 56.3 24.0 138.0 58.0 5-6 

4 Thickness of Subbase 47.2 35.9 115.0 88.0 7-8 

5 Elastic Modulus E of 
Concrete 88.3 19.7 216.0 48.0 9-10 

6 Elastic Modulus E of Base 60.9 27.9 149.0 68.0 11-12 

7 Elastic Modulus E of 
Subbase 48.5 34.9 119.0 85.0 13-14 

8 Elastic Modulus E of 
Subgrade 42.9 14.3 105.0 35.0 15-16 

9 Confidence Value for 
Elastic Modulus E Ct 85.7 17.5 210.0 42.0 17-18 

10 Coefficient of Variation 
for Elastic Modulus E Ct 12.6 79.4 30.0 195.0 19-20 

11 Fatigue Parameter "A" 397.0 0.633 975.0 1.5 21-22 

I-' 

(Continued) ~ 
....... 



TABLE 12.2. (Continued) 

Cl Expressed as 
Final Value of Cl in sq ft Percent of Average 

per 1000 sq ft with 
Value {2} or {3} 100 Variable at = 40.7 X 

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 ct 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. Value of cracking index (Cl) for the case when 

a. 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 X 10- 5 

2. For typical pavement under consideration see Fig 8.4. 

* Final value of Cl for value of B as 2.9 is 1000. 
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Fig 12.3. Plots showing relative significance of various parameters. 



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 Prob 1em- 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 EAC 
(L) -25.0 +47.60 -1. 905 4 9 

Elastic Modulus EAC 
(H) +25.0 -21.00 -0.840 7 10 

Elastic Modulus EBase (L) -25.0 +20.20 -0.808 7 11 

Elastic Modulus EBase (H) +25.0 -12.80 -0.5115 10 12 

(Continued) .... 
VI 
0 



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 Prob1em- 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 
E Subbase (L) -25.0 +7.80 -0.312 13 13 

Elastic Modulus 
E Subbase (H) +25.0 -5.80 -0.232 13 14 

Elastic Modulus 
E Subgrade (L) -25.0 +2.20 -0.0879 15 15 

Elastic Modulus 
E Subgrade (N) +25.0 -26.40 -1. 056 3 16 

Confidence Value for 
Elastic Modulus Ea (L) -47.3 +45.00 -0.9515 6 17 

Confidence Value for 
Elastic Modulus Ea (H) +47.3 -23.20 -0.4910 11 18 

Coefficient of Variance 
(L) -37.5 -28.10 +.07490 8 19 

t-' 

(Continued) 
\.J1 
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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 Prob1em- 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 

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-Value (H) +90.0 -40.067 -0.044519 15 22 

Fatigue Parameter 
B-Va1ue (L) -14 +864.30 - 61. 700 1 23 

Fatigue Parameter 
B-Va1ue (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) ..... 
VI 
N 



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) 

Confidence Level for 
Fatigue Curve Number 
of Load Rep.: Na (L) -47.3 -22.40 +0.474 11 27 

Confidence Level for 
Fatigue Curve Number 
of Load Rep.: Na (H) +47.3 +41.60 +0.8805 6 28 

Actua 1 Number of Load 
Repetitions ''Nil (L) -48.5 -25.80 -0.528 10 29 

Actua 1 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 



• 

154 

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 significance 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. 
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Sequence 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
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TABLE 12.4. RELATIVE SIGNIFICANCE OF THE VARIABLES 

Parameters Arranged in the Order of Effect 

Low Side (L) 

Fatigue Parameter "B" 

Thickness of Asphalt Concrete 

Fatigue Parameter "All 

Elastic Modulus Asphaltic 
Concrete 

Axle Load 

Confidence Value for Elastic 
Modulus 

Elastic Modulus for Base 

Coefficient of Variation in 
Modulus Values 

Log SD for Fatigue Curve 

Actual Traffic Repetitions "Nil 

Confidence for Fatigue Curve 
NC{ 

Thickness - Base 

Elastic Modulus for Subbase 

Thickness - Subbase 

Elastic Modulus for Subgrade 

High Side (H) 

Fatigue Parameter liB" 

Axle Load 

Elastic Modulus Subgrade 

Coefficient of Variation 
in Modulus Values 

Thickness - A.C. 

Confidence for Fatigue 
Curve NC{ 

Elastic Modulus Asphaltic 
Concrete 

Log SD for Fatigue Curve 

Actual Traffic Repetitions 
NC{ 

Elastic Modulus for Base 

Confidence Value for 
Elastic Modulus 

Thickness - Base 

Elastic Modulus for 
Subgrade 

Thickness - Subbase 

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 esti

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 sig

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 chap~e •• 
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SUMMARY 

In this chapter, a general format for a complete sensitivity analy~is was 

discussed. The results of a sensitivity analysis of the cracking index model 

were discussed and the relative significance of the variables established, 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 environment. 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) Initial Pavement Condition: The design and perfonnance 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. 
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(4) Assume Minimum Layer Thickness: Based on engin~ering 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 
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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. To 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 (E. , D. , and Wi) in the 
1 1 

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, Heuke10m 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 FPS. 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 is 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 

(~t ~j -lN
n
.). Thus, for an overlaid pavement, an estimate of the mean initial 

00. 
J 

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. For 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 

l8-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.l 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 1.5. 

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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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. 
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CHAPTER 14. IMPLEMENTATION 

The verification of the models developed in this report and their 

accurate predictions of the observed data in Chapter 11 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. For computation of the cracking index after an overlay, the log 1.0 

term in Eq 8.5 needs to be changed to log(1.0 - x), where x is the cumu1a-
t j 

(
'\ '\ n. \ 

tive damage L L ~) up to the time of overlay. For the rut depth index 

o 0 J 

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 RD~ to get the correct net rut depth index after an 

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

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 addition, 

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 IS-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. In 

the proposed procedure the actual load repetitions for each load group or 

Eq 3.4 is utilized for traffic instead of IS-kip equivalent repetitions. 

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 

177 

Test procedur~s 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. In 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. 



. " 

178 

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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PART V 

CLOSURE 
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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 Berviceabi1ity 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 ~enera

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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(2) 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. 

(3) 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. 

(4) 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. 

(5) 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. 

(6) 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. 

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

(8) 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. 

(9) 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·. 

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

(11) 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 app1ica
cation for the design of flexible pavements and procedure included 
in the existing systems model to create FPS second generation. 
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(2) Research efforts should be continued to include the fatigue effects 
of the nontraffic-associated temperature cycles and foundation move
ments. 

(3) 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. 

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

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

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

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

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

(9) Maintenance and other models in the FPS may be updated. 

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

(11) 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. 

(12) 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 1-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. 

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

(14) 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. 

(15) The proposed models could be used to give better evaluation of some 
of current b1ackbases 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 
HELD 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, environment, 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. In 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 environmental 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 

r~quired 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.l) was obtained from the 

AASHO Road Test Report 5 (Ref 70). 

Time of Loading. Several axle loads were used in the AASHO 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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TABLE A2.1. MONTHLY TEMPERATUR;3S 

Month Temperature, oK 

January 21 

February 25 

March 27 

April 41 

May 54 

June 66 

July 70 

August 75 

September 65 

October 51 

November 43 

December 28 
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Mix Properties. The following average values were adopted from the AASHO 

Road Test Report 2, SR6lB (Ref 67) : 

Ring and ball temperature 

Penetration at 770 F 

Voids 

Asphalt content 

Density of surface course mix 

From the above data, 

1170 F 

91 

3-5% 

5.4% based on total 
weight of mixture 

146.8 lbs per cu ft 

Volume concentration C 
v 

= Volume of compacted aggregate 
Volume of aggregate + asphalt 

Volume of asphalt per cu ft = 146.8 X 5.4 
100 X 62.4 

(assuming specific gravity of asphalt as unity). 

C = 
v 

1 
1 + 0.127 = 0.89 

= 0.127 cu ft 

Making Van Draat and Sommer corrections for voids of more than 3 percent 

(Ref 38), 

Corrected volume concentration C' = 
v 

C 
v 

1 + l:J{ 

6E = difference between actual air void content and the value of 
3 percent (expressed in decimal form) 

C 0.89 C' = v = = 0.87 
v 1 + 6E 5 - 3 

1 + 100 

c' v = 6.7 
1 - C' 

v 

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.S gives a consolidated statement of the stiffness 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 
Nijboer 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 0 F the values given by the Nijboer method as well as by the 
Heukelom and Klomp method are lower than the values of Columns S 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.l 

to represent the stiffness values of asphalt concrete of the AASHO Road Test. 

The monthly temperature values (Table A2.l) for the present analysis are taken 

from AASHO Road Test Report S (Ref 70). The monthly temperature and stiffness 

modulus thus obtained are tabulated in Table A2.6. 

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. 
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TABLE A2.2. TIME OF LOADING 

Tire Contact Diameter of , Time of 
Wheel Load, Pressu2e, Area, Contact Area, Loading, 

1b 1blin in2 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 .0175 

I 

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 .0225 

15,000 69.7 216.0 16.6 .0270 

12,000 69.8 172 .0 14.8 .0240 

MEAN 0.02 

Average Adopted Time of Loading 0.02 seconds 

Speed of Vehicles at AASHO Road Test 35 mph 
::= 51.3 fps 



Temp of 

1 

20 

23 

29 

41 

52 

64 

67 

71 

74 

75 

TABLE A2.3. CALCULATION OF MONTHLY STIFFNESS MODULUS OF AASHO ASPHALT 
CONCRETE BY HEUKELUM & KLOMP METHOD REF NCHRP REPORT 39 
(Ref 42) 

S 
n= m - = • = Xn 

Temp Below R&B Stiffness of 4x105 Sb 
(112~5 ev' )n 

1-ev' Stiffness 
Bitumen ~Sb) 0.83 X log 

Sb 
mix (Sm) 

o F o C kg/ern X Xn kg/em2 

2 3 4 5 6 7 8 

97 54 2000 1. 91 9.75 77.5 155000 

94 52 1600 1.95 9.6 82.3 131680 

88 49 1200 2.08 9.0 96.7 116040 

76 42 500 2.41 7.9 146.0 73000 

65 36 300 2.59 7.5 184.0 55200 

53 29 100 2.95 6.6 285.0 28500 

50 28 90 3.03 6.5 290.0 26100 

46 26 60 3.18 6.3 348.0 20880 

43 24 50 3.24 6.2 370.0 18500 

42 23 40 3.32 6.0 383.0 15320 

of 

Sm 
psi X 

9 

22.1 

18.8 

16.6 

10.5 

8.0 

4.0 

3.7 

3.0 

2.6 

2.2 

105 

N 
I-' 
I-' 



TABLE A2.4. CALCULATION OF MONTIn..Y STIFFNESS MODULUS VALUES OF AASHO 
ASPHALT CONCRETE BY THE NIJOBOER METHOD (Ref 173) 

where 

16 £ 
f 

E60 ~ modulus of deformation (kg/cu
2

) at 600 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 

900 
16 X 28 

2 514 kg/cu 

Coefficient for 0.02 time of loading = 4.0 

Hence E60 ,t = 0.02 514 X 1~.0 2056 kg/cu2 = 29362 1bs/sq in. 

Temp. of Temp. °c Coefficient E 1bs/sq in. X 105 

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 105 

Finn in Ref (16·9 ) pp 418 
Coffman et a 1 

Heuke10m AAPT 1964 Based on 
Temp. & Klomp Nijoboer Adopted pp 87-89 Vanderpoel Baker & Adopted 

° F Method Method Va1ues* Dynamic Test NCHRP 1-10 Method Papazian by Finn 

1 2 3 4 5 6 7 8 9 

20° 22.1 5.6 16.6 

23° 18.8 5.3 14.3 

29° 16.6 4.7 12.6 

41° 10.5 3.7 8.2 ° 17.0 at 40 F 

52° 8.0 2.4 6.1 

64° 4.0 1.9 3.3 

67° 3.7 1.8 3.1 

71° 3.0 1.7 2.6 

74° 2.6 1.6 2.3 

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 

*Adopted Values Calculated by Col (2) X 2 + Col (3) 
3 

HRR 71 
pp 70 

10 

15.0 

14.0 

13.0 

10.0 

8.0 

6.0 

6.4 

5.0 

4.5 

4.3 
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TABLE A2.6. MONTHLY TEMPERATURES AND VALUES OF STIFFNESS 

Stiffness Modulus 
Month Temp. ° F psi X 105 

January 21° 16.0 

February 250 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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Fig A2.1. 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 11. 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 66** 

Report 5 (Ref 70) (Ref 94)** £. Klomp Test Results of AASHO Base 
NCHRP Average (Ref 60) Material by Various Agencies 

M.C. 1-11 Value of Strength Values 
Corresponding (Ref 117) E reported Coefficients Ebase=2xEsubbase Moisture Adopted 

!Month CBR to CBR Test E Ibs/sq in. in Ref 66 A2 E Ibs/sq in. (1.5 to 2.5) Content ClIR NCHRP 1-11 E Ibs/sq in. 

1 2 3 4 5 6 7 8 9 10 11 12 

Jan. 36* 4.2* 21,000 0.25 48,000 26,400 L 7.3 72 28,000 24,000 
Feb. 36* 4.2* 21,000 26,400 

2. 6.1 170 
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 4. 6.6 SO 2S,500 lS,OOO 
June 25 5.3 17 ,500 19,600 19,600 
July 28 4.8 18,500 15,000** 21,600 5. 6.8 87 29,000 21,600 
Aug. 32 4.6 19,000 23,200 6. 10.0 92 30,000 23,200 
Sep. 34 4.5 19,500 24,400 24,000 
Oct. 35 4.4 20,000 24,SOO 7. 7.0 34 19,500 24,000 
lNov. 36 4.3 20,500 25,600 S. 6.3 93 30,000 24,000 
IDee. 36 4.3 21,000 26,400 24,000 

9. 12.5 3 -

* Assumed Values 

** values do not correspond to any particular month 

According to the material specIfIcations (AASHO Road Test Report 2 pp 64) the CBR for the base material was specified as 15, 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. 



TABLE A2.B. MODULUS OF RESILIENCE FOR AASHO ROAD TEST SUBBASE MATERIAL 

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

AASHO Road Test Average 
& Klomp by Various Agencies** 

Report 5 {Ref 70} NCHRP 1-11 Value of Strength {Ref 60} Values 
{Ref 117} E reported Coefficients E From Adopted 

~onth M.C. CBR E lbs/sq in. in Ref 66 A3 E lbs/sq in. 2XEsubgrade M.C. CBR NCHRP 1-11 E Ibs/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 2. 7.3 27 13,500 13,200 
!March 5.0* 26 14,000 13,200 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 4. 6.8 66 18,000 8,600 
June 6.2 17 11,500 9,800 9,800 
July 5.7 19 12,300 8,000** 10,800 5. 5.7 16 11,400 10,600 
Aug. 5.4 21 13,000 11,600 6. 7.2 40 16,000 11,600 
Sep. 5.3 22 13,200 12,200 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 8. 7.4 47 17,500 12,800 
Dec. 5.0* 26 14,000 13,200 13,200 

9. 8.3 41 16,000 

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



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

Fig 16 Page 555 (HRB Proe 
Page 70, Ref 66. Test Vol 34) & Fig 5 (C.K. Chan & NCHRP 35 

Average Results of Subgrade S.B. Seed) AASHO Subgrade Page 15 and 
AASHO Road Values Heuklom Material by Various & Vicksburg Clay Test Results Table 5 

Test Report 5 NCHRP of E & Klomp Agencies** *** 
(Ref 70) 1-11 Reported (Ref 60) Co"'" ff:f.l Voto., 

(Ref lln in E=1420x E E E et al Adopted 
~onth M.C. CBR E Ibs/sq in. Ref 66** caR M.C. caR NCHRP 1-11 M.C. Stress Strain Vicksburg AASMO M.C. psi E Ibslsq in. 

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 6l,.00 6600 
March 15.0* 3.7* 4700 5300 15 4900 SOOO 6600 
April 16.9 2.0 3000 1300 2840 14.8 3.7 4700 15.1 80 .0125 6400 5000 3600 
May 16.5 2.4 3500 3400 14.5 3.8 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 16.1 1.5 2500 5400 
Aug. 15.5 3.3 4300 4700 13.4 4.5 5200 5800 
Sep. 15.] 3.4 4400 4800 Nijboer & Metcraft 6100 
Oct. 15.2 3.5 4500 5000 12.7 7.2 7500 give values: 6200 
NOlI'. 15.1 3.6 4600 5100 After 6400 
!)ec. 15.0* 3.7* 4700 5300 frost 

~ 8500 psi 6600 

Before 
~ 21000 psi 

frost 

* Assumed values 

** Values do not correspond to any particular month 

*** For the same strain AASHO soil required about 80 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 % of Product 

1bs/sq in. X 105 1bs/sq in. X 105 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 ~"'24 0 228- . 
1.42 0.42 29.6 10 296.0 

Total 228 5490.1 



Location 

Surface 
Course 

Base Course 

No. 

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 105 

680 F 400 F 

of Standard Coefficient of Standard Coefficient of 
Specimens Mean Deviation Variation % Mean Deviation Variation % 

20 1. 52 0.41 27.0 7.12 1.41 20.0 

8 1.47 0.41 28.0 4.40 0.90 20.0 

Mean 
Coefficient of 
Variation % 

23.5 

24.0 
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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 81.9. 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 resilient 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 81.10. A 

weighted mean calculation of the test results of the specimens shows a coef

ficient of variation of about 24 percent. Table A2.ll 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.l2 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

ficient 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 coefficient 

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

Item 

CBR 

Number of 
Samples 

5 

Mean 
Va,lue 

100 

Expected 
Range Standard Deviation 

83 - 140 57 X 0.53 = 30 

Coefficient of 
Variation, % 

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. 



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

Average 
Project States Standard Average 

Test Nos. Nos. Deviation Mean 

Marshall Stability 18 4 283.00 2305.00 
1bs 

Marshall Flow 100/in 15 2 1.29 8.62 

Marsha 11 Air Voids 18 4 1.00 4.33 
Pet 

227 

Coefficient 
of 

Variation % 

12.2 

15.0 

23.0 
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Untreated Granular Subbase. The results of the CBR test in Special Report 

~, Ref 66) are given below. 

Item 

CBR 

Number of 
Samples 

5 

Mean 
Value 

58 

Range 

32 - 86 

Expected 
Standard Deviation 

54 X 0.53 = 29 

Coefficient 
of 

Variation, % 

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, thel 

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. 

Item 

CBR 

Number of 
Samples 

8 

Mean 
Value 

5.0 

Range 

4 - 6.7 

Expected 
Standard Deviation 

.351 X 2.7 = 1.0 

Coefficient of 
Variation, % 

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 dens i ty 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 (nature of prior loading) 

1. Non-repetitive loading (such as preconso1idation) 
2. Repetitive loading 

a. Nature 
(1) Simple 
(2) Compound 

b. Number of repetitive applications 
B. Initial 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) 
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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. Deformabi1ity 

6. Homogeneity of stresses 
7. Drainage (drained or undrained) 

II. Mixture variables 
A. Mineral particles 

1. Maximum and minimum size 
2. Gradation 
3. Shape 
4. Surface texture 
5. Angularity 
6. Mineralogy 
7. Adsorbed ions 
8. Quantity 

(Continued) 
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TABLE A2.13. (Continued) 

B. Binder 
1. Type 
2. Hardness 
3. Quantity 

C. Water 
1. Quantity 

D. Voids 
1. Quantity 
2. Size 
3. Shape 

E. Construction Process 
1. Density 
2. Structure 
3. Degree of anisotrophy 
4. Temperature 

F. Homogeneity 

III. Environmental variables 
A. Temperature 
B. Moisture 
C. Alteration of material properties 

1. Thixotropy 
2. Aging 
3. Curing 
4. Densification 



TABLE A2.l4. TEST CONFIGURATIONS 

1. Tension 
A. Uniaxial tension 
B. Indirect tension 

1. Splitting tension 
2. Cohesiometer 

II. 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 
c. Hveem stabilometer 

III. Flexure 
A. System 

1. Revolving bar 
2. Simple flexural 

B. Loading 
1. Cantilever 
2. Simple beam 

a. Point supports 
b. Uniform supports 

IV. 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 

V. Torsion 
A. Pure torsion 
B. Triaxial torsion 
C. Specimen shape 

1. Solid cylinder 
2. Thick-walled, hollow cylinder 
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TABLE A2.l5. SPECIMEN SHAPE 

I. Rectangular parallelepiped 
A. Short 
B. Long 
C. Cubic 

II. Cylinder 
A. Solid 

1. Short 
2. Long 

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

III. Plate 

IV. Other 



TABLE A2.16. SUMMARY OF CHARACTERISTICS OF RESEARCH MATERIALS 

Compaction 
Characteristics* 

Optimum Maximum 
Moisture Unit Weight 

Designation Description Gradation % pcf 

Fine 7.3 133.9 

HP-27-8 Rounded Medium 6.8 135.4 

Coarse 6.7 135.2 

Fine 7.3 133.9 

HP-27- 9 Angular Medium 7.0 136.0 

Coarse 6.8 137.7 

Fine 11. 9 124.2 

HP-27-10 Soft Medium 11. 9 124.2 

Coarse 11. 9 124.2 

* Compactive effort = 13.26 ft Ibs per cu in. 
** Lowest classification of HP-27-9 

*** Medium classification of HP-27-9 
**** Highest classification of HP-27-9 

Actual Unit 
Weight, DA 

100% 
Compaction 

Ratio 
pcf 

133.8 

136.0 

124.3 

Texas Triaxial Test 

Average Failure Stress At 
Moisture Indicated Lateral 

After Cap- Pressure, psi 
i11arity Triaxial 

% 0 psi 15 psi Class 

7.4 18.1 147.7 3.0 

7.0 23.8 158.7 2.8 

7.3 23.2 161.9 2.7 

7.0 42.1 223.2 1** 

6.8 62.1 246.9 1*** 

5.9 57.7 270.7 1**** 

11.5 28.8 169.5 2.5 

11.6 52.0 167.8 2.1 

11.3 48.2 175.4 2.1 

(Continued) 



TABLE A2 .16. (Continued) 

Plasticity 

Los Angeles 
Liquid Abrasion 
Limit P1asti- Linear ("A" Grad ing) 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 

Fine 37.2 Type B, GMd 2.64 
Grade 3 

HP-27-S Rounded Medium 21. 3 7.4 5.6 7.2 27.3 36.2 Type B, 
GMd 2.63 0.006 

Grade 3 

Coarse 32.0 Type B, 
GMd 2.65 

Grade 3 

Fine 39.0 Type A, GMu 2.64 
Grade 2 

HP-27-9 Angular Hedium 17.S 2.3 2.4 6.S 25.3 36.1 Type A, GMu 2.63 0.003 
Grade 1 

Coarse 33.5 Type A, GMu 2.64 
Grade 1 

Fine 50.3 Type A, GMu 2.67 Grade 2 

HP-27-10 Soft Hedium 20.2 4.S 2.7 19.0 57.9 47.S Type A, GHu 2.67 0.002 
Grade 2 

Coarse 4S.1 Type A, GMu 2.67 
Grade 2 
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Fig A2.5. Deflection history of crushed stone specimens 11.5 percent 
passing No. 200 sieve (after Ref 57). 
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Fig A2.6. A typical load-deformation oscillograph (A&M material) 
(after Ref 35). 
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Fig A2.7. Typical load-time trace for two load cycles (AASHO material) 
(after Ref 57). 
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Fig A2.B. Angular medium aggregate similar to AASHO base material (after Ref 35). 
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Number of Stress Applications 

10 100 1000 10,000 100,000 1,000,000 

Ud :: 3.1 psi 
Ud :: 6.2 psi 

Ud :: 12.5 psi 

lTd :: 18.7 psi 

O"d :: 25.0 psi 

AASHO Subgrade Sail 

Samples prepared by kneading compaction 

Water Content = 15.3 percent 

Dry Density :: 119.0 Ib/cu ft 

Ultimate Strength :: 62.5 psi 

Confining Pressure :: 3.5 psi 

Deviato r Stress, Ud :: 50.0 psi lTd :: 37.5 psi 

Fig A2.10. Deformation characteristics - AASHO Road Test subgrade soil (after Ref 165). 
N 
.p-
o 



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 
ELASTIC SYSTEM UNDER A LOAD UNIFORMLY DISTRIBUTED ON A 
CIRCULAR AREA 

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. Miche10w (California Research Corporation) in 

his analysis of multi-layered asphalt pavement system. The following is the 

outline of the computer program (after Ref 167). 

In trod uc tion 

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. vertical, tangential, radial, shear, and bulk stress; 

2. vertical 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 A3.1 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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Fig A3.l. Stresses in a multi-layer system. 
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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: 

and 

o = vertical stress 
z 

o = radial stress 
r 

0 8 
= tangential stress 

'f 'f 'T' = shear stresses. , r8 , z8 zr 

the components of displacement are: 

u = the radial displacement 

v = the tangential displacement, 

w = the vertical displacement. 

and 

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

= 
'fz e = v = o 

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.; 

io ·+1 
1 .. = 1: .0 

i z ~ z 

2. 
i = i+1 
.w .w 
~ ~ 

3. 
i = i+1 
• 'f • 'f 
~ rz ~ rz 

4. i i+1 .u = .u 
~ ~ 



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. 

2. 

a 
z 

~ 
rz 

= 
= 

-p o < r < a z = 0 

o O<r<ro z = 0 
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c. 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. = o 

2. = o 

At this point one has 4N unknowns and 4N boundary conditions. 



APPENDIX 4 

COMPUTER PROGRAM AND ANALYSIS 



APPENDIX 4.1 

FLOW CHART 



Read 

Yes 

No 

material 
parameters 
and program 
control data 

wheel load data 
for NL load groups 

Calculate 
L, mean value of axle 

load group 
A, radius of contact 

area 

load data 

>-__ N:.:,Q=--oi Read 
material 

Yes 

Read 
material data for NM 
materials with no 
monthly variations of 
elastic modulus 

Fig A4.l. Flow chart. 

materials including 
monthly variations of 
elastic modulus 
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J 
Calculate 

EA, elastic modulus with 
confidence level (for use 
in Part One) 

Calculate 
LSI, product of NM 
confidence levels 

Print '" 
material data I 

Read and print "\ 
fatigue curve datal 

If 
QO ~ NO 

No ">---""":";-IIOIRead and print 

Yes 

Use 
monthly traffic 
percentage 

X, actual monthly 
traffic data for 
each year and each --.. 
load group 

If 
Q1 = NO 

No 
>---~...,Read 

Yes 

TRAF, 

TRAF, traffic 
percentage for each 
month of design 
period, Y 

monthly traffic percentage 
constant = 0.08333 

r 
Print 

TRAF monthly traffic 
percentage 

Fig A4.1. (Continued) 
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t 
Calculate 

for each load group 
and for each year J 
of design period 

TR = (1 + GR)(J-l) 
X = N * TR "1< TRAF 

where 
TR = traffic due to growth for year J 
GR = traffic growth rate 

N = number of applications in I year 
TRAF = monthly traffic percentage 

X = monthly traffic 

PART ONE CRACKING INDEX I 
~ 

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

By use of LAYER subprogram, calculate 
tangential strain under the load at bottom 
of asphalt concrete layer for each monthly 
mean and confidence value of elastic modulus 
and for each load group 

+ 
Calculate 

Nc = 1010g(A * TS-
B

) - RK * SDL 

where 
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 

+ 
Calculate -B 

Nm = A * TS 
where 
Nm = theoretical number of repetitions 

(mean value) 
A = constant of fatigue curve 

TS = tangential strain from LAYER subprogram 
calculated with E, mean value of elastic 
modulus 

B = slope of fatigue curve 

t 
Fig A4.l. (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 

Calculate 
for all load groups for each month 
l:l:(X/Nm) and 2:2:(X/Nc) 

Ca lcula te 
AK = -log(~LX/Nm)/[log(2:LX/Nc) - log (l:LX/Nm) /PKJ 
where 
PK is defined above 

Calculate and print 
CI = AA ,', 1000 
where 
CI = cracking index of month 
AA = Z value of AK 

END OF PART ONE I 
CRACKING INDEX 

PART TWO RUT DEPTH [ 

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

Calcula te 
RD composite weight of layers 

H composite thickness of layers 

+ 
Fig A4.l. (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 
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/IOO. 

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

-2 * N~ * 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 
N~ = 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 

I 
END OF PART TWO I 

RUT DEPTH 

IGO TO START I 

Fig A4.l. (Continued) 

252 

(Continued) 



Calculate 
for each material 
DROB = (N~/l-N~) * RD * H 
DZOB = RD -), H 
where 
DZOB = vertical pressure due to 

overburden 
DROB = radial pressure due to 

overburden 
Nu. = 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 stress. For example: 
VSav = 1/2 [vertical stress at top of layer 
+ vertical stress at bottom of layer] 

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.l. (Continued) 
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LISTING OF COMPUTER PROGRAM FOR CRACKING INDEX AND RUT DEPTH INDEX 



10 

11 

12 

13 

\4 

15 

;>0 
C 

i: 

t 
C 
C 
C 
C 
c: 
t 
(; 
C 
C 
I; 
C 

p~OGRAM C~tEX(INPUT. OUfPUT, TAPES-iNPuT, TAEE2. fAPE3, TAPE4' 
CCM~ON ILAYI f(s. 121' NUtS" NM. T.T~(sl. 1M, Nl. A(20). 

I TIREt201. EAIS. 12', VROB(sl. 010B151. ROIsl, EMIsI, 
2 ORCIS) 

CCMMON IPRI~I A~1(13, 5, 20" AN2(1]; s. COl, AN]II]' 5. 201. 
I OSPI 12' 31, NIB' LIZOI' HATI51, MONTHIIZ) 

COMMON 10UH~YI LIIZOI' LeIZO). N(ZO)t TRI20'. XIZOI, ANSIIZ), 
I TITlEtS). TRAFI12,. CO~FI51. 510(5), [NIZ. IZ1' [NNfI4~OI. 
2 OEFI12' 51. OEFOIIZ' 51. OEFCI12' 51, OEFTOTI12" DEFNI1Z' 
3 e). STRAI~IIZ, 5.2). CMI4. 12)~ FQI4, 12). HISI. AI!I. 
4 XXI1Z, 201, fHN1201. IT~1400', IACI400) 

DATA NO/ZHNCI 
ceMMON ICALI Iw. IDXICO) 
DATA MONTH 110M JANUARY 

I 10H APAIL 
C IOH JULY 
3 10H OCTOBER 

• 10H FEBAyARY 
10M HAY 
UH AuGuST 
10M NOvE"IIEA 

Ihf[GEA oq. WI. Q2 
REAL L. LI. LZ. N. NU. LNI. LSI. LSN 

CONTINUE 
00 11 I • I. IZ 

TAAFIII • 0.08333 
DEFTOil II • 0.0 

00 12 I • 1. 4B 
CMUI • 0.0 
EQU) • 0.0 

00 13 I • 1. 60 
OEf II) • 0.0 
OEfD!I) • 0,0 
DEFC II) • 0.0 
OEFCII) • 0.0 
STIlAIN(ll • 0.0 
STRAINII'601 • 0.0 

DO 14 I • I. 480 
ENt-TII) • 0,0 

DO 15 I • I, 1300 
ANIII) • 0.0 
ANZII) • 0.0 
AN3H) • 0.0 

READ 15.980' TITLE 
11 IEOF. 5) 970.20 

PAINT-990. TITLE 

IW • ° 
READ MATEAIAL PARAMETERS 

,10M MARCH 
• I OH JUNE • 
, 10H sEPfEMBER , 
• 10H ~ECEHBEA I 

READ 15.1000) NL. N~. LOoF. ~hDF. y. IR. Qo, QI. OZ. fEST 
NL NUMBER OF AXLE ~DAO GROUPS 
hM NUMBER OF MATEAIALS (MA~IMUM OF FIVE) 
LDDF LOAD OISTRIBUTICN FACTOR. AATIO 
LhDF LANE OIST~ISUfICN FACTOR. AATIO 
Y DESIGN PEAIOO. YEAAS 
GR TRAFFIC GROWTH ~ATE. R,Tlo 
00 PROVIOE NO Ir THE ACTUAL TAAFFIC oATa rOR 

EAC~ .0hT~ IS NOT BIvEN 
01 PROVIDE NO IF THE ~nHfHLY TRAf~IC 

PERCENTAGE ODES NOf VA~y 
02 PAOVIDE NO IF fHE ELASTIC MOOUlUS VALUE 

OF THE OIFrERENT ~ATERiALS DO NOT VARy MO~fHLY 

CRIC. 1 
CAlC. 2 
CRIC. ] 
CAlC. 4 
CRIC. S 
CAlC. 6 
CAli 1 
CAlC. 9 
CAlC. 9 
CRIC. 10 
CRIC. II 
CAlC. 12 
CAli 13 
CAli 14 
CAli 15 
CAli 16 
CAlC. 11 
CRIC. \8 
CAli I' 
CAli 20 
CAli 21 
CAlC. 221 
CAlC. 21 
CAli 24 
CAlC. zi 
CAli 26 
CRIC. 21 
CM z8 
CRII 29 
CRII 30 
CAlC 31 
CAlC 3Z 
CAlC. J3 
CAK ,. 
CAli 31 
CAK '6 
CAlC 3T 
CAlC. 39 
CAli 3' 
CAK 40 
CAK 41 
CAli 42 
CAlC. 41 
CAK 44 
C~II 41 
CRK 46 
CRIC. 4T 
CRK 48 
CAli 49 
CAK 50 
CAli SI 
CAlC. 52 
CRK !U 
CAK 54 
CRK 55 
CAK 56 
CAK 51 
CRI( 58 

c 
c 
c 
C 
c 
c 

C 
~ 
c 
C 
C 

e 
C 
C 

c c 
c 
C 

1: 

t 
C 

)0 

40 

C 

TEST LEAVE ALANK IF CALCULATIONS FOR BOTH CAACKING 
'~OEX ,hO qUf DEPTH 
PQO~IDE , FOR CRACkiNG INDEX ONLY 
P~OYIO£ 2 FOR AUT OEPTH ONLY 

REAO A~C CALCULATE WHEEL LOAO DAtA 
10 • 1 
NIB • Q 

00 30 I • 
READ Cs'lOIOI 

kl - L2 

flAE 

1. hL 
LICII. L2!11. NIl)' Tl~E(I) 
AXLE LOAD RAN~E. KIPS • 
N~MeER OF AXLE APPLICAflONS 
Ih flAST YEAR OF ANALYSIS 
TIRl PAESSURE' PSI 

UII .1L1(1)'L2!111/2. 
If ILcl' .6f. LO')) M • I 
11 ILIII .EC, 18.01 NIB. I 

IN WHEEL LOAD GAOUP I 

~IB IhDlX 01 lB-KIP LOAD GROUP 
OR 1~OEI OF HLGHEST LOAD GROuP IF 18K HOT 
AvAILABLE 

AIII.SlORTc318.3Q97I2.-LIII/TIRE!I1l 
IF IN)B .EO. 0) NiB. M 

L 
A 

MEAh YALUE OF AXLE ~oaD GAOUP. IC.IPS 
RADIUS OF CONTACT AAEA 

PRINT 10ZO. ILIII). LZIII. LII). fIAEII). NIl). I • I. NL) 
PRINT 1°30, LDOF, LNDF, Y 

1F IGR.~E,O,O) pklNf 1035, 8R 

I'" • 1 
1M 1 I' ELA~fIC MCOULUS 60ES NOT VAAY MONTHLY 

Ii IF ELASTIC ~OnULUS ODES VAAY MONTHLY 
LSI • I. 

DO 70 ~ • I. II .. 
11 I02-~O' GO fO 40 

REAO (s.104CJ MArIMIt fWINjl4/t NUl"" CONFII4I, SIG, .. ,. E(M. il 
GO TO 50 

1M • 12 
REAO (5,10501 MATIN). TMIN(M). NUI""~ CONFII4). SIGIM', ([1M, 

I 11.1-1,1104) 
~AT MAfEAlaL IDENTtrlCATIOw 
TMIN MINIMUM ALLOVASLE THICKNESS, INCHES 
hU PCISSONS RATIO 
CONF CCNFIDE~CF LEYEL FOR ELASTIC 1400ULUS 
SIG SfAhDARU DEVIATION or ELASTIC MODULUS 

(JPRESSED AS A PERCENT AlE OF THE MEAN vaLUE 
ALSO EOUAL TO T~E COEFFICIENT OF VARIATION 

£ ELASTIC MOOULUS VALUE. EITHER PAOvIDE ONE 
~'L~E FOA EACH ~ONTH OR ONE CONSTANT VALUE 
IF Q2 .... 0 

CO"fl'IUE 
LSI & LSI·CONf!MI 

LSI PROCUCT OF ALL CONFIDENCE LEVELS 

CAlC. 59 
CRIC. 60 
CAll 61 
CAlC. 62 
CRIC. 63 
CAll 64 
CAl( 65 
CAll 66 

CAl( 61 
CAlC. 68 
CAlC. 69 
CAl( 70 
CRIC. 11 
C~IC. 12 
CAlC. 13 
CRIC. 74 
CRIl 15 
CAll 76 
CAl( 7T 
CRK 18 
CRK 19 
CRIC. 80 
CAlC. 81 
C1C1l 82 
CAK 83 
CflI( 84 
C~1l 81 
CRIl B6 
CAll 81 
CRIl BB 
CAl( B9 
CRII 90 
CAll 91 
CAl< 92 
CAl< 93 
CAl< 94 
CRI< 95 
CAl< 96 
CAli 91 
CIII( 9B 
CRK 9t 
CAli 100 
CRIC. 101 
CRIC. 102 
CRI( 103 
CAl( 10' 
CRI< 105 
CAlC. 106 
CRIC. 107 
CAlC. 101 
CRI( 109 
CRIC. 110 
CAlC. 111 
CAl( liZ 
CAl< 113 
CRI( 114 
cRI\ 111 



60 
C 

10 
C 
C 

C 

C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

80 

90 

100 

110 
120 

IJC 
15C 

C 

C 
C 
C 
c 

IF CTEsT .EG. Z.O) GO TU 70 
00 bO I • I. 1M 

EACM. I) • EIH. I)-ALPHAICO~FIM))*SIGIM)/IOO.·EIM. I) 
~~NTI~UE ELASTIC MOOUL~S AT CO~FIOENCE LEVEL 

PRINT MATERIAL FARAMETERS 
PRINl 1060. IMATlII. I • It N~) 

P~I~T 101~~ ~T~~~ll). I • I. ~S) 
PRINT 1080. CNUCI'. I • I. NH' 

IF !TEST .NE. 2.01 PRINT 1160. ISIGIJI. J • I. NH) 

IF IQ2 .EQ. NO) aO TO 100 
PRINT 1090' MONTH 

IF ITEST .EQ. 2.0' GO TO 90 
00 80 I = I. ~H 

PRINT 1100. MATlllt CONFII" IEAlI. J). J. 1.12) 
P~I~T 1110. IEII. J). J • I' 12) 

GO TO 110 
PRI~T l1Z0. IMATCI). IEII. JI. J • I. 12'. I • I. NM, 

GO To 110 
PRINT IIJo. IfCJ. II. J. I' hM' 

IF irEST .EQ. 2.01 aD TO 120 
PRINT 1140. IEAIJ. I). J • I. N"" 
PRINT 1150' ICO"FIJI. J. 1. ~H' 

CONTINUE 
CONTINUE 

P~INT 990. TITLE 

READ ANC PRINT FATIG~E CURVE OAT A 
REAO 15.10101 AI. "B. SOLOG. L~1 

Al CONSTANT OF FATIGUE CURVE 
8 SLOPE OF FATIGUE CURVE 
SOLOG STA~DARD OEVIATION OF FATIGUE LifE ILOGI 
LNI CONFIDENCE LEvEL FOR THEORETICAL N 

TEST. 2 SKIP CALCULATI0~S IN PART ONE 
IF' ITEST .EQ. 2.) 60 TO 150 

P~INT 1110. AI. B. SOLOG. LNI 

CALCULATE TANGENTIAL STRAIN FOR EACH LOAO GROUP AND 
LAyER T~ICKNESSICONF. AND MEAN VALUE I 

IF CQ2 .NE. NOI GO TO 130 
PRINl-1l 90 
CALL lAtER 11M. 11 

CONTINUE 

ty • Y 

IR • ° 
IF IQO-~O, 260.160.260 
REAU TRAFFIC PERCENTAGES FOR EAC~ ~O~TH 
••• ONLY··. IF ACTUAL TRAFFIC DATA IS NOT GIVEN 

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 
CIIK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
cRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
cRI< 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 

116 
111 

ll: 
120 
121 
IZZ 
12J 
124 
125 
IZ6 
IZl 
IZ8 
129 
IJO 
IJI 
iJZ 
IJJ 
IJ4 
IJ5 
136 
131 
138 
iJ9 
140 
141 
142 
14J 
144 
145 
146 
141 
148 
149 
150 
I!ll 
ISZ 
I!lJ 
154 
155 
156 
ISl 
1S8 
159 
160 
161 
162 
16J 
164 
165 
166 
161 
168 
169 
110 
111 

m 

C 
C 
16~ 

C 

r 
C 

180 
C 
C 
r 
r 
r 
C 

190 

20e 
210 

2Z0 
C 
C 

C 

C 
C 
r 
C 
C 

C 
C 

2JO 

210 
211 

C 

IF T~.FFIC PE-CENTAGEs ARE CONSTaNT FOR EACH DESiGN YEAR~ 
lHESE VALUES "AY ~E OMITTED IF QI. NO 
CO"T 1 'JuE 
IF I'll-'O) -EAD 15.12001 TRAF 
T"AF T~AFfIC PERCENTAGE OF MONTH 

SUo • 0.0 
CO 110 I • I. 12 

~~~ • SU'·TRAFIII 
1'" I" T 121 n • I "O~ T ~ I I" T R AF (II. I • It 121. SUM 

CALCULATE YEARLY TRAFFIC GROWTH 
CO 180 _ • I. IY 

TRIJI • 11 •• GIl) •• IJ-ll 
TR TRAFFiC DUE TO GROWTH FOil yEAR 

PHINT T"AFFIC DATA CALCULATED FROM TRAfFIC pERCENTAGES 
AND TRAFFIC GHO.T" RATE A~O AXLE APPLICATIONS 
IF 1'11-,0) 200.190.200 

PRINT )"20 
Go To 210 

p"I~T 1230. MUNTH 
CO 2S0 _ • I' NL 
IF IQ1-~0) PRINT 1240. LIJI 
~O 25n •• I. IY 
CO ZZO ~ • I. 12 

XI~) • NIJ).TRI~I·TRAFIK) 
MCNTHLY TRAFFIC CALCULATEO FROM PERCENTAGES. 
GRO_TH kATE. AND LOAD 

IR • IR.I 
IW I~DE~ FOR IOBIN WRITE OF TRAffiC FOR yEAR 

CALL IOBIN 16I1WRI1ER. J. XII" 12. liCIIRI) 
IF IQI-'O) 230'ZJO'240 

p"I,T 1250. LIJI. M. ~II) 
GO TO 250 

P~I,l 12bo. M. IHK). K • l' 121 
CONTINUE 
Go TO 271 

III • Z~ 
PRI~T 12JO. MONTH 

DO 210 _ • I. NL 
p"I',T 1235. LIJI 

00 210 ~ • I. IY 

IF QO IS NCT NO. REAO ACTuAL TRAFFIC DATA 
~IVE ~O'T~LY VALUES FOR E.CH YEAR FOR FIRST LOAD 
GHOUP. TI1E~ REFEAT SET FOR AOOlilONAl lOAD GROUPS 

REA'] 15.121C) YR. (XII). I • It 121 
• MC~THlY TRAFFIC VALUE 
YR lCE~TIFICATION VARIABLE 

PRI"T 128n. YH. I. I II. I • I. 121 
IR • I~'I 

CALL 10BIN 1f>l1wRITER. 3. xII). 12. IACIIRIl 
CONTI"uE 
CONTI'JUE 

CRK 114 
CRK I1S 
CRK 116 
CRK 111 
CRK 118 
CRK 119 
CRK 180 
CRK 181 
CRK 182 
CRK 18J 
CRK lB4 
CRK 185 
CRK 186 
CRK 181 
CRK 188 
CRK IS9 
CRK 190 
CRK IU 
CRK 192 
CRK 193 
CRK 194 
CRK 19S 
CRK 196 
CRK 197 
CRK 198 
CRK 199 
CRK 200 
CRK 201 
CRK ZOZ 
CRK zoJ 
CRK Z04 
CRK ZOS 
CRK 206 
CRK 201 
CRK Z08 
CRK 209 
CRK 210 
CRK 211 
CRK 21Z 
CRK 21J 
CRK 214 
CRK zlS 
CRK ZI6 
CRK 211 
CRK Z18 
CRK 219 
CRK Z20 
CRK Z21 
CRK 22Z 
CRK 223 
CRK 224 
CRK 22S 
CRK 226 
CRK zn 
CRK 228 
CRK ZZ9 
CRK 2JO 
CRK 231 



C 
C 
C 

2eo 

?9D 
C 
C 
t' 
C 
C 

300 
C 
C 
C 

c 
C 

32 0 

330 
C 
C 
( 

C 
C 
c 
i: 
r 
C 

)4g 

350 
i: 
c 
C 

370 

If (TEST ,Ee, 2.01 GO TO ~OO 

CALCUL.T~ T~ECRETICAL REPETITION, 6Y STRAI"'~ FR~M 
LAYER SLBHQuTINE 

RK = ALPHAfL"'11 
IT • 0 

RK K VAL~E CORREsPCNOING Tn LNI 
IT I,OEX rOR 10sI'" WRITE or THEORETICAL IRAFFIC 

IWI • 1"'1 
co 4ee 1 • 2. 101' l 

12 • (l·l)/l 
IF tl,,-i) Go 10 160 

PRINT 1290, LNI 
QO TO 290 
CO~TIWf. 

PRINT 1300. Lilli. MONTM 
CALL loal~ (7HAEACSKP, 2' ANS!llt 1M, IOXIIlI 

1_ I~D~~ FOR 1081N READ or STRAINS A"'S 
~NS TANGENTIAL 5THAIN AT R~TTOM or ASPHALT 

CCNCRETE CALCULATEO IN SUBRouTINE LAVfR 
USI~G CONFIDENCE LEVEL OF ELASTIC MODULUS 

00 100 ~ • I. I~ 
TH~IJI • IO.·.IALOGIOIAI.ANSIJI •• 1-91)-RK'SOLOGI 

THN T~ECRETICAL NUMBER Or REPETITIONs rRo" 
I,PVT FATIGUE ECUATION AT SOME SPECIFIED 
CCNFIOENCE LEVEL 

If IH'-ll 320'320'310 
PRINT 1.10, LNI. (THNIJI. J. I. III 

Go to 340 

I. MODULUS IS CONSTANT. T"N IS cnNSTANT 
SAil. T""III 

00 330 ~ • 2. 12 
TH'IJI • SAY 

11 I~OEX FOR loaIN WRITE OF THN 
IT • IT-I 

CALL IOBIN IbHWRITER ••• THNil)' 12. IT,,(ITll 
!1 • 1-1 

I - I IS usEe BECAusE I~ THE LAY[R SUePROGRAM. THE 
STRAINS ARE WRITEN ON TAPEZ IN ALTERNATING OROER 
~EAN LE"EL AND CONrlDENCE LEVEL 

CALL lOBIN 17~READS~p, 2. ANS(I). I~. 10-(11)) 
ANS TANGENTIAL STRAIN AT enTTOM or ASPHALT 

CONCRETE CALCULATED IN SUBROuTINE LAY[R 
USI~G ~EAN V4~UE or ELASTIC MODULUS 

DO 3So v'I. 1M 
TH~IJ) • AIOANS(J,UI-el 

ThN TMEORETICAL NOMaER OF REPETITIONS rROM 
INPUT FATIGUE EQUATION AT SOME SPECIFIED 
HEA~ LEVEL 

Ir 11"-11 370.)10.360 
P~lr-.T 1~2" IT~~("', J • I. 12) 

GO TO ]90 
00 380 •• 2. 12 

CRK 212 
CRK 233 
CRK 134 
CRK 235 
CIIK ~36 
CRK 231 
C;RK ?38 
CRK 239 
CRI( ~40 
CRK ,,-l 
CI,K 202 
CRK 24 3 
CRK 244 
CR" zoS 
c~1( 206 
CRK ~47 
CRK 248 
CRK ~ .. 9 
CAK ?50 
CIlK 251 
CPK 2!1Z 
CRK 253 
CRK ZS4 
CRK zS5 
CRI( lS6 
CRK U7 
CRt( 251 
CRK 2St 
CRK Z60 
CRK 261 
CRK 262 
CRII 263 
CRK ZU 
CRK 26S 
CRK 21>1> 
CRII 261 
CRK 268 
CRK 269 
cRfI Z10 
CRK 2n 
CRII 212 
CRII 273 
CRK 274 
CRII 17S 
CIlK 276 
CRK 277 
CRII 218 
CRII Z79 
CRK 280 
CRK 2~1 

CRII 282 
CRK ~U 
CRK 2B4 
CRII 285 
CRK ZM 
CRK 281 
CRK 298 
CRK ,,99 

r 
r 

( 

C 

c 

_IC 

TH~{.J) • Tt<4r.,j(l) 

,"I; I IJl-. LlI"" s ••• THN!1l 
11 • 11+1 

CALL lour:. ib'1wt-.IlfR., ft. '"~{J). 12. THHIT, J 
lUNTI~aJE 

LSI- c: LSI-LNI 
Pf( :: A1,.Pt"lldLSN. 

,ON SLM or CO><fIOENCE LEVELS or ELASTIC MnD!Jt.US 
~'C rArlGUE EQUATION 

~< ~ VALUf CnRRE5PCNOING Tn LS~ 
""I,T 990. TITLl 

'"L~ • 0 
"-IN:: 0 
H~ • 0 

CALCULAIE NaTIO 0F • ACfUAL TO ~ THEORETICAL 
cc -30 I • I. NL 

""I,T lH~' L(J). MO",TH 
!R II" 0 
Nt.. • N",+) 

CALL Inel~ 17rlAEAOS~P ••• LillI. 12' IT~INNll 

CALL IOBI~~(;~~~;~SKP. _, TMNI11. t2, ITH!NN)) 
CO 41~ ~O • It l' 

CALL 10SI:M(;M:~:eSKp, 3, XIII. 12. j.C(M"ll 
oe 410 II • I. 12 

EN(I' III • '(!II/LIIII) 
rN(2. III • XIJIl/TH~IIII 

l~(II N'TIO Of ~oNTML' TRAFFTC T8 "EAN RfplTITIONS 
l~12j T CONF. REPITITIONS 

IR • I~'I 
EN~T(IRI 0 ENNTIIRHEI'j!I' Iii 
TR • IR.I 
'N~Tlhl • '~NTlIRl+E,.(? HI 

E~NT CLMlLATIVE SUM OF EN 
~~I~T I'bp, MO. LSN. (If''!.II' 1110 Ii • I' 12" JI • I. Zl 

"'LN p,GE S~IP CONTRCL 
'~L" • I'\L" •• 

If I~LN-hl 030,420.420 
t"LI\ • 0 

H'I'.T 9QQ. TIlLE 
P\;;I"T 134". L(l). MC...,TH 

CC~.T I ,"uE 
Co 44 c I • J. I R. 1 

EN~T(II • E"'.T!II'EhNTII-ZI 
EN" (1.11 • ENNT<I'lj.ENNTIf_1I 

P_I" 1 131(1 
"L~ • I 

L049r- ... ·I.IR,c 
I' !"LN'''' .6Q,4SC.4S0 

·~LfI. ~ f~l!\"'44 
p,,!, 1 99r,. 11' LI. 
N I'. T r370 

NLt>. 1'\ L'" + 1 
J2 • ' •• 1112 

g~ ~g~ 
CRK 292 
CRK 293 
CRI( Z94 
CRK 295 
CRK ?t6 
CRI( Z9T 
CRI( z<l8 
CRK Z"9 
CRK :100 
CRK 101 
CRK 302 
CRK )03 
CAli 30' 
CRK 305 
CRII 306 
CRK 107 
CRK JOe 
CRK J09 
CRK 310 
CRK lU 
CAK liZ 
CRI( 313 
CIIK 31' 
CA« 315 

g:~ m 
CAl'. 318 
CAK 319 
CAK l20 
CRl( 32l 
CAK 322 
CRI( 323 
CRII l24 
CRII ,25 
CRI( 126 
CRK 127 
CRII 328 

~~~ m 
CRII 131 
CRII 132 
CRK ))3 
CRII 3J4 
CR" 335 
CRI( 336 
CRI( JJ1 
CR" 338 
CRK )), 
CRI( 340 
CRK 141 
CRK 342 
CRK J41 
CRK ,.4 
cR" )45 
CRK )46 
CAK ,.7 



410 

480 

490 
500 

C 
C 
t 
C 
c 
!'; 
t: 

C: 
e 
~ 
~ 

C 
!: 
c 
C 
C 
C 
~ 
C 
c 
!'; 
c 
C 
!'; 
!'; 
c 

C 
C 

510 

CO 410 JJ • l' 2 
L1IJJl • E~NT(J'JJ-ll 

IF ILl ('JJII 470,480.410 
L2!JJ) • AI.OGloll.lIJJI) 
SOl. • 11. 2 111-1.2(2)I/PK 
AK • -I.Z!ZI/SOL 
AA • X~ORMllK. O. II 
CI • AA*~0**3 

IPPI~T t~~~j JZ. L N. ~lfl)t LZIII. SOL' AK. AA, CI. LIIZI, 

GO TO 490 
IEIIO • 0.0 

PRINT 1390, JZ. LSN, IIEAO, III • \. 41 
CONTINUE 
CONTINUE 
IF ITEST .EC. 1.nl GO TO 970 

II NUMBEA OF DEPTHS FOR Cil.CULATIONS 
lZ " NM-l 

IF CiM .EO. I) PRINT 1400 
ClLI. l.AVER 11M, III 

CALCULATIONS OF CONfINING AND VEQTICAL PRESSURES 
OUE TocVEReURDEN 

II U~IT WEIGHT OF ~ATERIA~ IL8/CU IN' 
OZOS VERTICAL PRESSURE OUE TO OVERBUADEN 
OR08 AlOIAL PRESSURE DUE TO OVER8UROEN 
ONC I~PUT RADIAL PRESSURE FOR WHICH CUAVES ARE 

GIVEN FOR MATERjALS 
EM I~PUT PARAMETER TO CALCULATE CORRECT RADIAL 

PRESSURE FDA GI~EN CURVE. VALUE IS 0 WHEN 
REGRESSION EON IN N'11~13 AND E IS GI~EN 

REAO 15.1410, IIlU" Elllt., OPCII" i • 1. NNI 
RD(1) • IRll'oRIZ'·0.S"1.5. 
RDI2' • IRll'ORI2IOR(3).0.51/Z.5 
1I0CU • !Rll'OR!210Rf311/]. 

RO COHPOSITE wEI~T 
~ COHPOSI'E THICK~ESS 
00 510 I • 1. HI! 

EHIII • A8SIEH!III 
If IOIlC!I) .Eg. 0.0, ORCIl) • 1. 

1111) • TJOINllloTHINI21.0.S 
HI21 • '1'INIlloTNIN!2l+T"INI31.0.5 
11131 • T"II·l(p.THINI210TIIINI]1 

DQ 520 I • I. lOS 

CAK 348 
CAK 349 
CRK 350 
CAK 351 
CRK 35Z 
CRK ]53 
CRK 354 
CAK ]55 
CRK 356 
CAK 351 
CAK ]S8 
CAK 359 
CRK 360 
CAK 361 
CAl< 31>2 
CAli 31>3 
CAli 364 
CAK 365 
CAK 366 
CAK 367 
CRK 368 
CAK 369 
CAK lTD 
CRK :tTl 
CRK 372 
CAK 3n 
CRK ]14 
CAK ]T' 
CRK 371 
CAK 371 
CAK 111 
CAK lT9 
CRK 380 
CRK :tn 
CRK lIe 
CAK 383 
CRIC 384 
CRII 385 
CRK 386 
CAli 381 
CAK 3B8 
CRK 389 
CRK 390 
CRK 391 
CRK 392 
CRK 393 
CRK 394 
,RK 395 
CRK 396 
CRK 391 
CRK 398 
CRK 3" 
CAK 400 
CAK 401 
CR" 402 
CAli 403 
CA" 404 
CAK 405 

C 
C 
C 

C 

C 

530 
i: 
(; 
~ 
C 

C 
C 

C 
C 
C 
C 

c 

e 
t 
C 
~ 
C 

540 

S60 

590 

~RCB\i! • NUlKI/!I.·~UIK)).QOII)·HIII 
"2C,,, I I • ROII).HIIl 

L 0 S4 C I • 1. '"I.. 
uO 540 ~ • 1. 114 
00 530 _I • 2. ~S 

J • Jl-l 

eASE A~C SUBBASE CALCULATIONS 

ANI III, J. II • ANI (II. J. II-nl081Jll 
~EAN v£"TICAL STR~SS 

AN3IK. J. II • A"(Nll-1.0; IAN3IK. J. II-OR08IJllll 
"AOlAL STHESS 

~I • IAB51AN3111, J. 111 •• E"IJlll 
A"I2IK, J. (I • ANl!K. J. II.IORCIJ11l/S1 
ANi(K, J. II • SIGNIAN21K, J. II. ANIIK. J. II' 

CESIG~ .EMTICAL SIRESS 

SUSGRAOE CALC~LATloHS 
ANt!lI. lOS. II • ANI III. lOS. f)*zoO-OZOIINSI 

~EAN VEMTICAL STRESS . 
AN1IK. lOS. II • AIIIN11-1'0' IAN3IK. lOS. 1).Z'0-OR08INSIII 

RAOUL STkESS 
ANi IK, ",S. I) • A",l III, lOS. h+oRC INIII-AN3IK. lOS. II 

DESIGN ~EATICAL STRESS 

114 • 1 ELASTIC MoDULUS VALUE CONSTANT IIONTHLY 
If 11M-II 550'550'580 
CO ~10 ~ • 2' lz 
Co 560 ... 1. 105 

E!~. HI • EI~. I) 
DO 560 I • 1. NL 

ANI (H. J. II • AtollI' J. II 
ANZIM. J. II • ANZll. J, II 
AN3IN. J. II • AN311. J. II 
E!~M. ~I • EINII. 11 

Co 510 IJ • I. 3 
DSF 1M• 101) • DSP I 10 IJ, 

CDNTINUE 
CONTINUE 

PRINT DESIG~ CO~flNIN' PRESSURE iNO VERTICAL PRESSURE 

NL" • 0 
~LN NU"BEA OF LINES PAINTEo -- PAGE SKIP CONTROL 
vo 660 11 • 1. NL 

ANI I"O~,,,."A'ERIAL.LOAD 4110UP, 
I • 1 ~ERTICAL STRESS MEAN 
I • 1 ~ERTICAL STRESS UESIGN 
I • 3 MAO IlL ST~~SS 
If INLN·4S1 600.590.590 

PRINT 990. ,ITLE 
NL~ • 0 

CRK 406 
CRK 401 
CAK 408 
CAK 409 
CIII\ 410 
CAK4U 
CRK 412 
CAK 413 
CRK 414 
CRII us 
CRK 416 
CAtI 411 
CRK .HI 
CRK 419 
CAK .20 
CAK 421 
CRII 422 
CRK 423 
CRK 424 
CRK 42S 
CRK 426 
CRK 421 
CRl( 428 
CRII 429 
CRK 430 
CRK 431 
CRK 432 
CRII 433 
CRK 434 
CAK 435 
CIIII 436 
tRK 431 
C41K 438 
CAK 439 
CRK 440 
CRK 441 
CAK 442 
CRK 443 
CAK 44. 
CRK 445 
CIIK 446 
CAK 441 
CRl( 448 
CAK 449 
CRK .50 
CRII 451 
CAli 452 
cAK 453 
CAK 454 
CRII 4S5 
CAK 456 
CRII 451 
CRK 458 
CRK 459 
CAli 460 
CRK 461 
CRII 462 
CRK 463 

N 
VI 
00 



c 
'~ 
C 

C 
c 
c 

C 
t 
C 
C 

600 

610 

620 
630 

650 

670 

680 

.' 

NL~ " NL~'NS'3 
"lSI - ~S - I 

PRINT 1.20. MONTHII'. HONTHI2'. LIlli. IMATIK'I'. 
I IANIII. K. II'. AN2II' K. III. AN3II. K. II" - I' 
2 2" K • l' hSl' 

PRINT 1~21' MATlh~'. ORCIN"" IANIII. NS, II" AN21!. NS. IIi. 
1 AN3II. "IS. III. I _ 1. 21 

MONTHS J THROUGH 11 IN GROUpS OF THREE 
DO 630 'JJ • 10 3 

J3 • JJ.3 
J5 - J3'2 

IF IffLN-45, 620.610.6\0 
PRINT 990. TITLE 

NL~ • 0 
NL~ - NL .... NS·3 

PPINT 1.30' IMO .. T~IJI' J - J3. J5'. '((ANIIJ. K. II" AN2IJ. 
I K. 1110 Ah3IJ. K. II" J - J3' J5" K - I. NSI 

~ONTH 12 

I~ INLN-45' 650.640.640 
PRINT 990. TITLE 

NL'" _ 0 
NL" • .. L .... NS.3 

PRINT 1440' MONTHI121. (IANII12. K. ill. AN2112. K. III. ANJ(12' 
I 1(. II'" K - I' N51 

CONTINUE 

OETERHI~E STRAI" CORRESPO~OING TO DESIGN VERTICAL 
STRESS ACCOADING TO INPUT FATIGUE CURVES 

DO 960 II • I. IY 
00 670 ~J • I' NL 

J • IJJ-I'-IIYI.II 
CALL IOBIN 17HREADSKP. 3. XIII. 12. TACIJI, 

DO 670 K - I. 12 
XXIJJ. KI • XIKI 

XXILOAo GROUP. MO"THI TRAFFIC 

LOOP WHICH INCLUOES SIX MONTH5 FOA PRINTOUT PURPOSES ONLY 
DO 960 :,jJ - 1. 12' 6 
DO 680 I • I. 12 
DO 680 '~ • I. 5 

ANI Ill • .I. II • 0.0 
J - JJ'5 

ANI IMO~TH.~ATERIAL;LOAo GROUP, ts NOW THE STRAIN 
A~PROPIATE TO TME CORRESPCNDING nESIGN VERTICAL STRESS 
ANII13.~ATERIAL'MONTH' IS THE CUw~ULATIVE STRAI" 

PRINT 14S0. II. I~ONTHII" I - JJ. Ji 
DO 790 I - JJ. J 
IF IXXII. III 690.690.720 

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 
CRII 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRII 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRK 
CRII 

690 
700 

710 

720 

c 

7]0 
740 

150 

C 
760 

C 
C 

c c 
C 
C 
C 

710 
7S0 
190 

AOO 

81 0 

820 
A30 

840 

A50 
R60 

870 

880 

I 
2 

If Ill-II HO.790.700 
00 710 K • I' "IS 

EOIK. II • 0.0 
IF II .~E. II C"(K. I' • CMIK. I-j, 
IF II .EO. I' C"IK. I' _ CMIK. 1" 
CONTINUE 
GO TO 790 
CONT INUE 
DO 780 K - I. NS 
00 750 ~ - I' NL 

ANIII. K. MI • POLYIXXIM' Ii. AN2II. K. MI. K. AN31(. 
K. MIl 

If IANIIl. K. NIS" 730.7500730 
IF Illl~IS, 11' 7100.750.740 

A~II13. K. II • ANUll. K. iI'IO •• -IANIII. K. HI 
.ALCGIOIXIINI8. III/AN1II. K. N181, 

CONTINUE 
IF IANI(13. K. III ECIK." • Ah1113. K. II 
EQ [~UIVALENT IS-KIP APPLICATIONS 
IF 11-)1 760. 760.170 
CM CUM~LATIVE EOUIVALENT l8-KIP APPLICATIONS 

C~(K. I' • [Q(K. I"CM(K. 121 
GO TO 7eO 

CMIK. II • EQ(K. I"CMIK. I-i' 
CONTINU£ 
CONTiNUE 

F~INT E~UIV 18-KIP APPLICATIONS ~ND CUMULATIVE APPLICATIONS 
PRINT 1460' (MATlII'II' IEQIK. lit I • JJ. J,. K • 10 "5' 
PRII.T 1470 
PRINT 1460. I"ATI"'I,. ICMIK. II. I. JJ. J,. K. I. NS, 

oETERNI~E STRAIN CORRESPOhDING TO CUMULATIVE 18-KIP 
AXLE APFLICA1IONS ANO O~SIG" VERTICAL STRESS 

PRINT 14S0 
DO 920 II • I. NS 
DO 910 I - JJ. J 
If II_II 600.8ao.850 
CONTlo.ru£ 
If (II-II SI0,SI0,S20 

ST~AIN(I' K. I' • 0.0 
GO TO 810 
If (CM(K. 1211 830.S30.S40 

STI;AINII' K. I' - 0.0 
GO TO 8eo 

STRAINII. K. II - POLYICM(K. IZIo AN211. K. N18)o 
K. AN1II. K. NIS"-IARSIAN211. K. NI81-2.0 

·.UIK'I'-AN3II. K. NI8},/EIK.I. 11'-100. 
GO TO seo 
If 1t"11I. I-III SI>0.S60.S70 

ST~AINII' K. I' - 0.0 
eo TO 8eo 

<;T~AINII. K. II • POLVlCMcK. I_II. AN2II. K. NI8,. 

Co NT I"UE 

K. AN311. K. NIS"-(A~SIAN211. K. "IS'-2'0 
,.U(K,I'-AN3cl' K. NI811/E(K.I. 111-100. 

CRK 522 
CRK 'IZ3 
CRK 524 
CRK 525 
CAK 526 
CRK 527 
CRK UI 
CRK !29 
CRK 530 
CRK 531 
CRK 532 
CRK 533 
CRK 534 
CRK 535 
CRK 536 
CRK 537 
CRK 538 
CRK 539 
CRK 540 
CRK 541 
CRK 542 
CRK 543 
CRK 544 
CRK 545 
CRK 546 
CRK 547 
CRK 548 
CRK 549 
CRK 550 
CRK 551 
CRK 552 
CRK 553 
CRK 554 
CRK 555 
CRK 556 
CRK 557 
CM 558 
CRK ~59 
CRK 560 
CRK 561 
CAK 562 
CRK 563 
CRK 564 
CRK 565 
CRK 566 
CRK 5U 
CRK 568 
CRK 56i 
CRK 570 
CRK 571 
CRK 572 
CRK 573 
CRK 574 
CRK 575 
CAK 576 
CRK 577 
CRK 578 
CRK H9 



8~0 

900 

.910 
C 

C 
C 

e 
c 

c 
{: 
c: 
C 
c 
t 
C 
C 
C 

920 

930 

I 
2 

IF ICMI~' I" 890,890.900 
ST~AINIIt K. 21 • 0.0 

GO TO 910 
CONT INU£ 

ST~AINII' K, 21 • POLYICMIK. I" lN211, K, NIBI, 
K, AN]I!, K, NIBII-IA8SllN211. K' Nla'-2'0 

cONTINUE *~UIK.II*lNJIIt K, NlaII/EIK.I, 1,)*100. 

P~I~T 1490. HlTIK·II. ISTRAIN(M, K, jl' M. JJ, JI 
CONTINUE 

PPINT 1500 
P~INT 1490. (MATIK'II. ISTRAI~(M. K. 2'. M • JJ. Jl, K. I. NSI 

P~INT DEPTH OF ~lVERS 
P~INT 1510' !(MArCII. T"'INI1I1o • ~. NSI. MAT!NMI 

P~I~T 152°' (IDSP(I. KI. I • JJ. Jl. k • 1. " 
CA~CULATE DE'OR~ATION 
~o 925 I· I. 12 

OE.TOTIII • 0.0 
DO 950 ~N • 2. NM 

I • NN~1 

OEF 

CEFN 

OEFD 
DEFC 
DErTOT 

OEFOA"'ATIoN AT ~ONTH N oUE TO REPETITIONS THAOUGH 
HONTH N 
DEFORMATIONS AT HONTH N DUE TO AEPITIONS THROUGH 
HeNTH (~-i I 
DIF~ERENCE BETWEEN DEFORMATION OfF-DEFN 
CUM~ULATIVE OE'oRMATION THROUGH MONTH N 
TOTAL CUMULATIVE DEFORMATION 

DO 950 K • JJ. J 
IF INN .EQ. 2' O[FTOTIKI • 0,0 

T"ININ"') T~EORETICAL T~ICKNESS OF SUBGRAOE eASED ON 
VEATICAL DISPLACEMENT, POISSONS RATIO; 
E.ASTIC MODULUS. VEATICAL AND AADIAL STAESS ••• 

I. II .EQ. ~SI TMININNI • A9S(cSPIK. II*EIN"'. KI/IDSPIK. 
Zl·2.t*~U(NMI*oSPIK. 3111 

OSPIHONTH, II VALUE AT SUBGRAOE DuE TO 18~KIP LOAD 
I • vEATICAL DISPLACEMENT 
I • 2 VERTICAL STP~SS 
I • 3 R~oIAL STRESS 

OEF(K. II • ST~AINIK. I. 2)*TMININNI/100. 
OEFN(K. II • STRAINIK, I, 11*TMIN(~NI/IOO. 

IF (K_II 940.940.910 
CONTINUE 

OEFOIII. II • DEFIK. II-OEF~iK' I) 
oEFCIK. I) • O£FCIK-l. II.OtFOIK. II 
DE'TOTCKI • DEFTOTIKI'OEFCIK, II 

GO TO 950 
CONTINUE 

OEFDIl, II • OEFllt I).OEFNji. II 
OEFCIK, II • DE'CIl2. I)'OEFnIK

I 
II 

OE.TOTII' • oEFTOTIII+oEFC{K. I 

CRK 580 
CRK 581 
CRK 5A2 
CAK 'Sal 
CRK 594 
CRK 585 
CAK 5B6 
CRII 581 
CAK ~88 
CAK 589 
CAK S90 
CAK 591 
CAK 392 
CAli 593 
CRII $94 
CAK 59!1 
CAK ~96 
CAK 597 
CRII 0;98 
CRII 599 
CRK 600 
CRK 601 
CAK 602 
CRK 603 
CIIII 604 
CAK 605 
CRK 606 
CRII 607 
CAli 608 
CRK 609 
CAK 610 
CAli 611 
CAK 612 
CAK 613 
CRK 614 
CIIK 615 
CRK 616 
CRK 617 

mu: 
CAK 620 
CAK ~21 
CAK 622 
CAK 623 
CRK !l4 
CAK 625 
CRK 626 

g:: :~: 
CRI< 629 
CAK 630 
CRII 611 
CRK 632 
CAl'. 63' 
CRK 1134 
CAli 635 
CIIK 636 
CIIK 637 

q50 
r 

CONTI"'UE E:~ :i' 

r: 

~HINT OEFO~Y.TIO~ AT MONT~ N 
p.;1~T 15,n 
P~IN' 1490' ,MATII'I" 
PRINT 15.0 
PHI~T 1490. IMATII.I). 
PRI~T 1550 
PRIN' 1490. (MATII'll' 
P~I"T 1560 
P~IN' 1490. IMATII'II' 
p~INT 151~. tUEFTCTIKI. 

CONTI"UE 
Go To 10 
CO .. TINU£ 

leAlOl 

IOEFIK. 

(OEFNIK. 

{OEFOIK. 

IOEFC(K. 
Ie • JJ. 

I 01* 15-. RAla I 

II. 

lit 

II. 

110 
JI 

~ • JJ. JI. 

K E JJ. JI. 

K • JJ, JIt 

i< • JJ. J,. 

q8 J FCFl~AT 
99G FCA"AT 
I oo~ FCA~AT 
IOIC 'CRvAT 
1020 FCR"AT 

( ,110' 4FI0,o. l!AZ' 3XI ."'S.ol 
( 4FlO.O I 
I JIll, lOX *AXLE LOAD 
·INITIAL * 

AXLE LOAD 

I • i' NSI 

• 10 NS' 

• It 
NSI 

• I. NSI 

TIRE 
I 

~ 
/. lOX *AA~GE.KIPS M[AN.KIPS PRESSURE 

CAK 640 
CAK 641 
CAK 642 
CAl< 643 
CAK 644 
CRK 645 
CAK 646 
CAK 647 
CRK 648 
CRII 64' 
CRl< 650 
CAl< 651 
CAK 652 
CRl< 65' 
CRII 654 
CAK 655 
CRK 656 
CRIC 657 

H • CRK 658 
CRK 659 

4 
1030 FCA .. AT 

I 

oE APPL * / . 
I 9~, f4.0, * -., ~4.0. 5X, ~1.2. 6X. F6,2, 6X,F7.011 

I 31 / 1'15X*lOAD DISTRIBuTION FACTOR. RATtO* loX.~8'2 

AXL* CRl< 660 
CAK 661 
CAK &62 
CRK 1\63 
CAK 664 
CRK 665 
CRK 666 

3 
1035 fCR,,~T 
104ij 'CR~AT 
10SO 'CA"AT 
loh FCRM'! 

I 
jOlt FCA"AT 
1080 FeR",AT 
lo9C FCRMAT 

1 
1100 FCR"AT 
1110 FeR .... ' 
1120 FCR"U 
1130 FCR"'A' 
Il~C FCR~AT 
llSc HR"AT 
I HO FCRMAT 
jilL .CR .... T 

I 
Z 

Il~~ FeRMAT 
IZ~C FCR"U 
lZH FCA.A! 

1 
lZct' FCR ... .t~ 

1 
IZJp FCR.AT 

I 
1235 FeR"AT 
IZ4~ FCRMAT 
lZ!r. FeR-AT 

I '15X*LANE aIST~I~uTIO~ FACTOA, RATIO. iOX.F8.i 
I ,ISX*oESIGN pERiOD. VEARS * ox,F8.01 

I ISX*TRAFFIC GROWTH AATE. AATIO * IOX,F8.2 I 
(AIO. FI0.0. 21"5.0. 2F10.01 
(AI0. FI0.0. 2F5.0. 51"10.0 / 18Fl0.011 
1]1/1. 30X, *MATERIAL PARANFTERS* II 10X.~ATERtAL* 
11-' 51 Ala' lX11 

110X*'_ICKNESS* 5X, !Fll.Z' 
II0xoPCISSONS RATIO- 5FlI.~, 
I ~(/I. lOX *VARIATIONS OF E VALUES IN SPAcE AND TIME" 
I. lOX *MATEIIIAL CONF" 6il0 I 22X, 6AIO/I 

I ~X' AIO. F5.2, F8,O. 51"10,01 19x. 6~lo.o j 

( 20x. *~EAN* 1"8.0, 5FI0'0 ~ 19X. 61"10.0 I 
! ~., AIO. *"EAN 0 Fe.o. 5FI0.0 I 22X. 6Fln.0 
I I • 10 X*E - "~AN VALuE* 5'11.0 I 
( lOX *E - CONF VALU£* 51"11.01 

IC~ *CCNFIUE~CE LEVEL* 5IF9.2.2xII 
10~ ·CCF vAII.PERCnT .. 0;1;-9'2'Z.'1 

I J(/I. <ox, JN~ .-Ef,I.II". IIIEI *. F5.2 
I. JOX *LOG STANOA~O DEVIATION 01"* F5.2 
/. lOX *ANn cnNFIOE~CE LEVFL * FS.2. 41/11 

IIOX" LOAa OEPT" • INC"£S TANGENTIAL sTRAIN-II 
{ 1215,0 I 
( JI/). '3X "MONTH* 12l "TRA"'FIC PERCENTAGE* 112 
I I. ?OX. AIO, lsx. FI0'2'~ II 21l *SUN" 17 •• FI0'2 

( 4(/), Sox -N TABLE - ACTuAL* II lOx .toAD yEAR * 
" ~ - MCNTHLY_ II 

141/1. Sox Oft TA8L~ - ACTuAL* I 46X "FROM TRAFFIC * 
"CATA I~PUT" II ISX' 6Alo/20X'6AI0' 

( cOAo,OAO" F5.0 ) 
I I' loX, F!'OI 
(lOX. F3'O' ~X. 13' 6X. FIO.2 I 

CAK 667 
CAli 66. 
CAK 669 
CRK '''0 
CAK 611 
CRl< 672 
CAK 673 
CRII 674 
CRK 615 
CRK 676 
CAK fin 
CRII 61B 
CRII 679 
CRK 680 
CRl< 681 
CRK 682 
CRII 683 
CAK 684 
CRK 685 
CRl< 686 
CFlII 697 
CFlK 6B8 
CAli 689 
CAK 690 
CFlK 691 
CRII 1\92 
CAK 693 
CFlII "4 
CFlII 695 

N 
0\ 
o 



1260 feRMAT 
1l7U FCRdT 
12eo FCR~AT 
1290 FCR'IU 

I 
1300 FORMAT 

13101 FOR"AT 
1320 FORMAT 
1330 FORMH 
1]40 FORMA! 

1 
1]60 FCRMA! 

1370lFCRMAT 
I 

1380 FCRMAT 
1390 FORMA! 

I 
1400 FeRMAT 

1 
IHO FORMAT 
142Q FORMA! 

I 
2 
3 
4 

14Zl FeRMAT 
1430 fCR"A! 

I ' 

2 
1440 FOR"AT 

I 
2 

145C FOR"AT 
1460 FOR"At 
1410 FOR"AT 
1480 FOR"AT 
1490 FOR"U 
1500 FOR"A! 
1510 FORMAT 
1520 FOR"AT 

1 
153U FOR"AT 

1540 FCR"A! 
5S0 FORMIo1 

11 
1560 FCRMIoT 
1570 feRMlot 

I 
E"O 

18~. 12 • 4X. 6F10.2 I 2s-. 61'10.21 
~8. 121'6.0 ) 
IO~. AB. 1'7.0' 51'10.0 I 20X' 61'10.0 I 

( 4(/1, SOX "N TABLE • T~EORET!CAL" II lOX ~OAO" 5. 
"CO~FIDE~CEo 5X oMEAN yALUE. I 19X .LEvEL. 1'6.3/1 

(4(11 1 sox .N TABL~ • THEORETICAL. 1115X,.LOAO.F5.0/10X 
"CONf • 4X. 6AIO I lOX OLE VEL. lx, ~Al01 

( lOX. FS.], 2-' 6t10.O 1 ~nx. 61'10.0 I 
« IOxo.EANo 3x. 61'10.01 20x. 61'10.01 
C lOX, 1'3.0, 3x, 1'10.2. 5x. 1'10.2) 
( 4(/). sox ON ACTUAL IN TMFOAETICALO IIOXoLOAO.FS.OI 

lOX 0YEAR CONI'. 6AI0 I 22X~ 6AIO I 
I\OX,I2.F6.3.2X.6E1o.3./24X~6fI0.3/14XoMEAN.3X 
6EIO,]. I 24X. 6EIO.3 I 

141/), 10_ °MONTH CON' iN/NIT LOG(N/~)T LOG 500 
6X .Ko 7X oAo 7X oClo I 

( lOX, 13, 1'8.3' 3EII.3. ~Eq.2 1 l1x OMEAN02Eil.3) 
IIOX,I3·FB.4·F6.0.~IIOxo.0).AX.0.02'9.0/I1Xo~EANOF6.0, 
10Xo.0) . 

I 4C/). 15~ oLOAOo 5X oMATERIAL_ 8X oVERTICAL STRESSo 
7~ -T~NGENTIAL STRESS- I 40.' 2COTOP- 1x *80TTOMolX)) 

I 2 UFlO.O) ) 
(1~1.3(/).23~. *RAUIAL* 4X' 2' ••••••••• 10 ••••••••• 2.11 
lJ. oLOAO NIoTERIIoL PRESSURE02X, leovERTICIoL 0 
.STI<ESS RADUL02xll l]X oiINPUT)- 3x, ~(*MU.NO 5X 
.CESIGN STRESS02X)II'IO,O. 41/.IIX. AIO. 
IIX. 31'8.]. IX. 31'8,] )) 

(l1X, ~IO, 1'8.3. 3x, 3'8.3. ix. 3,8,31 ) 
( 4(/), 9x, ){ ••••• ,.·A10 •• , •••••• iX". 9x. l(.YER.~ 
oTICAL STRESS RIoDIAL02X)/. 9X. 3(0~EANO Sx"OEsIGNo 
o STPESSo 2x) II 4( eX, 3FA.~. 'X, 31'8.3, IX. 3F',l/l! 

(.(/" 91, •••••••• A10 ••••••••• I 9X -VERTICAL STRESS. 
o 4AOIALo I QX oMEAN* 5X oDEslGN STR£Ssoll 
4(8X,3,8,]/I, 
(1~I'~(/1.5x' jYEIoR.13./15X~ 6(AIO.IXI/. 5xoHl-LO·REPTO! 

I i~:C~~~VLA~l~~li3') 
( 5X. oSTRAIN TO BEGINNING 0' MONTH 0) 
C ~,AI0. 6Ell'] I 
C 5X, .STRAI" THROUIII' MONTH • ., 
(5X, °OEPTMj. 5 ( I 5X. 1010~ '11'1 )1 
(5J·YERT. OSP,06EI"31 SxoV STRESS 06EII',11 
5xoR STRESS 06Ell;3) 
( 5X. oOEFORMATI0N AT ~ONT~ NO ) 
(5X' 0DEFORMATION OUE TO REPITIONS THROUGH MONTM (N~I)OI 
I SX, oOEFOR~ATIO~ AT MONTM N • OEFORMATION AT MONTH N.lo 

5X, -CUMULATIVE OEFOAMATION THROUGH MONTH No ) 
5X. oTOTAL CUMULATIVE OEFORMATION RUT DEPTHOI 
H'Il. 6Ell,3) 

CRK 696 
CRII 697 
CRK 698 
CRII 699 
CRII 700 
CRII 701 
CRK TOZ 
CRK 70] 
CRII 704 
CRII 70S 
CRII 706 
CAli 707 
CAK 708 
CRK 709 
CRII 710 
CRII 711 
CRII 712 
CAli 713 
CRII 714 
CRI<. 715 
CRK 116 
CRII 117 
CRK 718 
CRK 11' 
CRK leO 
CAK 121 
CRK 72Z 
CRK 7,U 
CRK 124 
CRK 125 
CRII 726 
CRK 121 
CAli 121 
CRK 129 
CRII 730 
CRK 731 
CRK 73Z 
CRII 133 
CRK 13~ 
CRK 13' 
CRK 136 
CAK 7]1 
CRK 138 
CRK 739 
CRII r.0 
CRK 741 
CAK 14l 
CAK 143 
CAli h4 
Cil" 745 
CAK 746 

C 
C 
C 

C 

C 

C 

C 

3 
S 

10 

20 

JO 

-0 
50 
60 
70 

'10 
90 

.0 

I 
2 

.. 

S~B.CUTl~E LA'[~ 11K, IZI 
CCMwC~ ILAYI ~EI5. 121, V!51. NS, T~jN!51. 1M_ NL, A(20). 

CRK 7.1 
CRK 141 

I TI~E!cO). [A(5, Ie). aACB(SI, D1O~(5). RD!5I, E~151. CRK 749 
2 [IRe I!>I CRII 150 

CCMI'C" IP"I~I A~III3. 5. 201, A"2q3~ 5. ZOIt A"3Ill' S. 20) ~ CRK 751 
I OSPOl. 31. "18' LOADllOl, MATIS', OOI()NTH!l:!I CRK 752 
OI~E~~loN 221111. E(SI. 14141. HM(4). AI140ft), AJr4OO1 CAK 153 
REAL LOAO CRK 75~ 

LAYER aCES CA~CULATIONS FOR EACH,OERTM. MEAN ANn 
CON'lnE~CE VALUES or ELASTIC MODUlUS, EITH[R ON[ 

CRK 155 
CRII 1'56 

c~ T-ELvE ~C~THS. A~D ,I"'LLY FOR EACH LOAO GROuP CRK 7s1 
... NS·I CRII 758 

SH"T ON A ~E. I< .0 CRK 759 
Q • 0.0 CRII 760 
In = 46 CRK T61 
IT~4 • !TN04 CRK 161 

CO Zlo ~ • I. Nt. CRK 761 
IF lIZ-I> S, It 5 CAK 764 
If IIK·I' Z' 2. 3 CRII 765 

P~I~T 2~0. LOAOI'" CRK 766 
GO TO 5 CRK 767 

P~I~T l30. LOAD!M), T~IN(II. I'ONTI! CRK 7611 
MT • M CAli 769 
AR • Ar~1 CRII 710 
ARF • ARoTIAE (1'1 CRII 711 
Z2 C I) • T"INrll CRK 712 

ACJuST LAVE~ UEPTwS 00 CRK 71] 
HHII) • T"INljl CRK 774 
MI II • HW I 11 CRII 775 

CO 101=2." CRK 176 
HI< III • Too IN !II CRK 711 
"'II) • .. 11.11 ..... 111 CAK 778 

LO 201'1.12 CRK 719 
IlII) • "q, CRK 180 

co 220 IE • I, 1 CRK 781 
00 210 ~~ • I. IK CRI< 182 

~N • 0 CRK 783 
~ ... , • "If CRK 784 

IF lIE-ll GC TO 40 CRII 785 
CO ~o I • 1. "'5 CRII 786 

E III • Efl!. '41') CRK 787 

r~ 1iz:~ , CRK 788 
50.50,220 CRK 789 

CO "0 I • I. hS CRK 790 
f.1I1 • [Alit "N) ~:~ ~U CONT hluE 

co 90 I • 1, IZ CRK 193 
~() 90 J • I. " CRII 194 

TZ • ABSIHIJ'-lIIIII CRK 195 
IF ITZ·.OCOI' .O,80.QO CRK 196 

lllI I • • .. IJI CRK 191 
CONTINUE CRK 198 
IF / /,. ... EIl. 0 I .'ND. IU .GT. I,) lZII) • -lllil CRK 19' 

CALc~LATE T~E P.PTIT!ON 00 CRK ~OO 

C-LL PAAT I.TEST. AZ. ITN' ARI CRK 801 
C.L~vLATE T~E COEFrIcl[~TS 00 CRK 1102 

co 100 I • I. lTN4 CRK 80] 
IT • I CRK 804 

N 
C\ 
I-' 



P • AZII, 
CA •• COEE (IT, ~, E, V, H. ~S, Pl 

. PA. P'AR 
CAL. BESSEL II, pA, yl 

AJ!l1 • Y 
lao CONTINUE 

NX • 0 
In • 0 

t •• START 011 A ~EW Z •• 
110 III • nT-I 

IF IIZT-tll 120,120.200 
120 Z • ABSIZZIIZT" 

C •• FIIIO THE LAyER COr.TAIIIJ",G •• 
TZ2 • 000 

1M 

140 

150 

16e 

110 

180 

C 

190 

200 
210 

·220 

230 

240 

00 1)0 ",1 • It '" 
J • "'S-Jl 

If I'Z_H.(JI) llO,140 140 
CONTINUE ' 

L • I 
GO TO 160 

L • J'I 
IF IIZIIZlII 150,160.UQ 

L • J 
TZZ • 1.0 

CONTINUE 
CAL~ CA.CIN (V, E, "'TEST, ARP, ITN, Al' Z, R, AJ. IK. IZ, 

1 1M, M~T, L' AR. TZZ. II •• ~T, I1T. Mil. lEI 
IF lIZ-I) 190.190.170 
CONTINUE 
IF ITZZI 190,190,180 

lZIIZT) • -ZZlrZT) 
If (lz .EQ. IZn "' •• 1 
hA • I S09GRAOE CALCULATIONS 

Izt • IlT-1 
CONTINUE 
60 TO 110 
CONTINUE 
CONTINIlE 
CONTINUE 

RETURN 
fORMAT 41/1, sox .TANGEN1IAL STRAiN'1 15X 'LOAD' 

I F5 00, 3A, -OEpTH' FS.OI lOx, 6Alo1 15 •• 64101 
FORMAT lOX, f500 ) 
E"D . 

~ft~ =~: 
CRI( 807 
CRK 1108 
CAK $09 
CRK 810 
CRI( lUI 
CRI( 812 
CRI( 8U 
CRI( !l14 
CRI( 815 
CRK 816 
CRI( 817 
CRI( 81. 
CRK 819 
CRII 820 
CRK e21 
CRK 822 
CAK 8U 
CRK 824 
CRK 825 
CRK 826 
CRII 827 
CRI! U. 
CRK 82'1 
CRK 831 
CRI! 831 
CRK 831 
CRI! 833 
CRK 834 
CRK !l3!i 
CRI! l!36 
CAl! 837 
CRK 838 
CRI! 839 
CAl( 841 
CAl( 841 
CRK 8U 
CAli 8U 
CAK 844 
CAK 845 
CAl( 846 
CRK 847 
CAK 841 

Sl.H~OlJTl'lr (ALCI" tv, E, NTEST. ARP, !TN, .AZ, Z. R. AJ. IK, 
I II. l¥, ~" •• AR. T2Z, N., ~. tTZ. MN. IEl 

CCA.Clh ••• ·.SUBW(ullaE CA.CIN - "'-LAyER ELASTIC SYSTEM •••••• 
CC~~c~ ICOE(ALI A!400' ~I. d1400. !It C1400. 5). 01400.51 _ 
C!MEI>SION EI~I. VISI. Al14(0)' AJI.onlt TESTfIlI. \/(4)' ANSIl2)' 

1 XA~SlIZ.II) 
CCM~C~ ICAL, two IDXIZO) . 
CCM.C~ IPRl~1 A~1113' 5. 201, AN2113, 5, 20)' AN3113' S. 20J~ 

I OSPlIZ' 3)' "'18' LOAOIZOI. MATI!iI, HONTH(IZI 
RtAL .OAO 

10 ." II • 0,347"5485 
wl,1 • 0.65214515 
wIJ) • w(2) 
w(4) • wIll 
VL • Z.O·VIL) 
E •• II.O'VILll/EILI 
VLl • I,O-VL 
esz • 0.0 
e51 • 0.0 
cS~ • 000 
CT~ • 0.0 
cat- a 0.0 
C""l. • 0.0 
NTSI • ",TEST'I 
1 T5 • I 

00 B 0 I • It IT", 
C 11>!1IAL!2r 1M! sue-IN1EG~ALS 

RSl • 000 
<1ST 0.0 
RS~ • 0,0 
RTI' • 0.0 
AO~ • 0.0 
RM(.. • 0.0 

t CCMP~lr THE SYB-I~TEG"ALS 
I( • 4"1-11 

CO 20 J • I. 4 
Jl • 1(+...1 
P • HIJI> 
EP • HPIP.Z) 
TI • BIJIt U-EP 
T2 • DIJlt LI/E" 
llF • l1 oT2 
T\o • 11-T2 
Tl • (&1"'1' .)08IJl' LI'Z)'E'" 
T2 • Ict .. l •• 1.OIJl. LI-Z)/~'" 
TZF • p'(Tlt12) 
rz~ • .0111-12, 
.A • A .. t",II'.IJI 

c SPEcIAL ~OU1INE FeR R • zEAO 
pp • p.p 
Qs2 • RSZ OWA'PP'!YLl'TlP-T2M) 
RO •• ~O¥owA·[L'P-!Z,O'YL\'T\M_T2"" 
QS1 • RSt'WA.PP.!IYL'0.51.Tjp'o.5.T2MI 
~S' • QST 

20 Co.,TI·;uf 

SF = IAIIK04'-AZIK'\ll/t0722?726 
cs1 • CS20RSZ.~ .. 

CRI! !!41l 
CAli ~SO 
CRII e!il 
CAli 852 
CRK 85J 
CRK 8!i4 
CRII &!il 
CRK 8!i6 
CRK 8!i7 
CAK 8!t1 
CRI! 8511 
CRI! 860 
CRI! 861 
CRI( 1162 
CRK 863 
CAl( 864 
CRK ~6!i 
CRK 866 
CRK 867 
CAl( 868 
CRII 86'1 
CRK 870 
CAK 871 
CAl( 8ll 
CAK 8'3 
CAli 874 
CRK 815 
CAK 176 
CAK a17 
CAli 878 
CRI! 81' 
CRK 880 
CAK 881 
eRII 1!182 
CRK 883 
CAK 884 
CRI! 885 
CRK 886 
eRII 881 
CRII 888 
CRI! 88' 
eRK 8110 
CRI! ~1l1 
CAli 892 
CRK 8'3 
CAK 894 
CRK 8'15 
CAl! 8116 
CRK 897 
CRK 8'18 
CRK 899 
CAli 900 
CRII '101 
CAK '102 
CRK 90J 
CAK 904 
cRK 905 
CAK 906 

N 
0'\ 
N 



c 
c 
c 
C 
c 

c 
c 
C 
C 

)0 

SO 

60 

70 

SO 
qO 

tOO 

110 
120 

130 
140 

t5G 

CST c CSTtAsTeSF 
CSI< • CS.,-AS".SF 
CTI'i • CT~-AT"o~F 
CO~ • CO~-~O~oSF 

C"l • CMU-A~uoSF 
QSZ • Z.OoASZoARoSF 
T[STH • A8SI~SII-10.OOO(-41 

IF IITS-NTSl' 30.40.40 
CONTINU[ 

TESTIITS) • T[5TH 
ITS • ITS-I 

GO TO 80 
CONTINU[ 

TESTlNTSII • TESTH 
00 70 J • I. ~TEST 
IF ITESTH-TESTIJII 5°'60,,0 
CONTI~UE 

TEST" • TEST(J, 
CONTINUE. 

TESTIJI • Tf:STIJ+II 
CONTINUE. 
If (TESTH) qO.1/0.80 
CONTINUE 

CSZ • CSloARP 
CST • CST-ARP 
CT~ • CT,,-ARP 
CS" • CSR_ARP 
CD~ • CO"oARP 
C"4~ • CMuoARP 
aSTS • CSI-CST_CSR 
RSTN • (CSA-V(~)·IC5T.CSZ)'/E(L' 
TSTN • (CST-~(LI.(C5R.C5Z)"EILI 

STRESSES CS2 VERTICAL CST TANGENTIAL 
CSR RADIAL CTR SHEAR eSTS 

STRAINS RSTN RADIAL T5TN TANGENTIAL 
CMU SHEAR 
COM VERTICAL DISPLACEMENT 

If (IZ-ll 100.100'170 

IZ • 1 PART ONE 
IZ NOT 1 PART TWO 

ANS (>4M) • T5TN 
IF lUll 120.120.110 

I • -Z 
CONTINUE 
IF IN"4-IKI 1)0.140,140 

RE TURN 
III • Iw·l 

CRACKING INnEII. 
IlUT OEPT" 

CALL 1081"1 16M_AlTER, 2. ANSII)' I~. IOXII")) 
IF 11"4-1) 150,150*155 
IF (IE,EQ.l! PRtM nOt z. ANSlj, 
If IIE.~E'II PRINT 335. l, A"SCi, 

RETURN 
IF liE-II 160. 160, 165 

P"I.,T 340. ANS 
RETU'IIN 
I'll I~ T 345. ANS 

BULK 

CRK 907 
CRK q08 
CRK qQ9 
CRK 910 
CRK qll 
CRK 912 
CRK u] 
CRII 914 
CRII 'lIS 
CRK q16 
CRII 9\7 
CIlK 918 
CRK ql9 
CRK q20 
CRK qZI 
CRK 922 
CIlK qz3 
CIlK 924 
CRK 925 
CRK 926 
CIIK qZ7 
CRII q28 
CRK 929 
CRK 930 
CIlK nl 
CRK 9)2 
CIIK 933 
CRK 934 
CRII 935 
CRK 936 
CRK 931 
CRK 938 
CRK Ul/ 
CRK uo 
CRII 9U 
CRK 942 
CRII 'In 
CRII q44 
CRK 945 
CRK 1/46 
CRK 947 
CRK 948 
CRII 949 
CRK 950 
CRK qsl 
CRK qS2 
CRK q53 
CRK '154 
CRK n5 
CRK qS6 
CRK '157 
CRK '158 
CIlK q59 
CRK Q60 
CRK '161 
CRK '162 
CRK 963 
CRK 964 

C 
C 

PC 
C 
C 

C 
C 
C 
C 
i: 
c 

180 

190 
C 
C 
C 
C 
C 

~OO 
C 
C 

'" C 
C 
C 
C 
~ 

~10 

"30 no 

i: 
25: 

r 
r 
1: 

l6C 
C 

PART TwO 

~ LeAO GROUP INUEX 
LTl • TZl 

l!f~M:.II~ll.l~~ • A~II~. ITZl' ",-C52,2.0 
AN31MM, ITlL. ~) • A~]INM. ITll. N).C5R/2,o 

IK £IT~ER 1 OR 12 
III • I NC ~ONT~V VARIATIONS ON E 
IK OT I MCNtMLV VARI.TIONS MUSt BE ACCUMULATED 
~" I~OEX VARYING FADM 1 Tn III 
~" • IK CALCULATioNS CO~PLETE 
Il N~~&ER OF LAVERS ~INU5 i 
IF I (NI .EQ. II ,AND. 1M ,Eg. hi"') GO TO 180 
GO to 1~0 

OSP(MM. II • Co~ 

DSFIMM. 2) • C~l 
nS~I~M' 31 • C~R 

CONTl'-U1 
CSP(MONTH. II VALUE AT SU8GRADE DuE TO 18-KIP LOAD 

I • I VERTICAL OISPLACE~ENT 
I • 2 VERTICAL STR~5S 
I • 3 RADIAL STRESS 

IF (M~·IKI 260.200,~00 
CONTINUE 

~O "ONT_LV vA~IATIONS 1M ELASTIC ~OOULUS 
IF II~-Il 210'ZI0'260 

"'fN • "41\.1 
ANS(MN) • C5Z 

IF CNX-I) 220'250'220 
CONTINUE 

ANS (", .. '21 • CSR 
If (M~·2, l30,240,240 

RETUPI'< 
104'" • 0 

P~I"T 350. lOAOf~l ... ATltH}, (ANSIlIo I • I •• ) 
~e TU~~ 

.,511' • VERTICAL STR~SS AT TOP OF UVER 
'",S()l • 
,~S(21 • RAOIAL STRESS 
A~S141 • 

SU8GRADE INC eOTTOM OF LAYER I 
ANS I"'''> I! • CSR 
"'fit • 0 

AT BOTTOM OF LAVER 
A T TOP OF LAYER 
AT BOTTO~ OF LAVER 

PAI,T 360. lOAO(~). ~'TIITZ·l)' ANSI;I. ANSI21 
RETUM" 

1I0NT"l V VoRuT IONS IN ELASTIC UO!)"Lu5 
IF IMM-I) 270'270'280 
fIRST MeNT .. I~ITIALIZ.TIO~ 

CIIK ns 
CRI\ 966 
CRII Q67 
CRK 968 
CRK nl/ 
CRK Q70 
CRK 971 

~: ~U 
CRII 974 
CRK 975 
CRII Q16 
CRK q77 
CRI\ Q7e 
CR~ 979 
CRK 980 
CRK 981 
CRIC 1/8Z 
CRII Q83 
CRII 984 
CRK 985 
CRK 986 
CRK 987 
CRIC 988 
CR~ 989 
CfiIK 990 
CRII 991 
CRK '192 
CRK 993 
CRII 994 
CRK Q95 
CIIK 996 
CR~ 997 
CRK Q98 
CRII '199 
CRII1000 
CIIKlool 
CRKlo02 
CRKio03 
CRKlo04 
CRKloo5 
CRll1006 
CRKlo07 
CRKlooe 
CRKI009 
CRKIOIO 
CRKlon 
CRKI012 
CRKlo13 
CRK1014 
CRIII015 
CRII1016 
CRKID 17 
CRIIIO!8 
cRIIIOl9 
CRK i020 
CRKhz! 
CRK!OZ2 



170 
280 

290 
i: 
~ 
C 

320 

C 
)]0 

m 
345 
350 
360 
3TO 
3eo 

390 
! 

II • 0 
II • 11'1 
MN • "'~'I 

XA~Slll. MNI • CSl 
I~ INX .Eg. II XA"SUI. "''''11 • CSR 

XA~Sll1. ",,,.21 • CSR 
If I I I I .EQ. 121 .ANO. INX .EQ. ill GO TO 290 

RETURN 
CONTI .. UE 

~A~UES ARE P~INT[O IN BLOCKS OF ~IX MONTHS 

J • 0 
Ul • IZ-I 

00 310 1 • I. IZI 
J • J'I 
JP • J'3 

00 300 ~ • I. 12. 6 
KK • K'S 

PRINT lTO. I"'ONT"IKII' KI • K. KKI. "'ATII'II 
PRINT 380. IIXA~SINI. H.I. NI • K.·KKI, MX • J. JPI 

CONTINUE 
J • Jp 

CONTINUE 

P~INT SI.'SGRADE VALUES 
J • J'I 
Jl • J'I 

CO 320 K • I' IZ, 6 
KK • K.5 

p~tNT )TO. l"'ONT"'IK11' KI • K, KIO, MATltZ.11 
PRINT ]90, I(XA~SINI. MXI. NI • K. KKI. MX • J. 

CONTINUE 
R£'TURN 

JII 

FCR"n 
FORMAt 
FOR .. ~T 
FOR,,"T 
FCR""T 
FOR,.AT 
FCRMAT 
FORMAt 

FOR"n 
f"D 

10 •• ·"EAN VALUE., ."x. '6.2. 8X, £10.] I 
lOX, ·co", VALUE •• "x. '6'2' ex, [10., I 
ISX·ME"N VALuES·/IOX.6EIO."ISX,6EIO.l I 
Isx·CO"FIO[NCE VALUES./IOx;6EIO.l/15X,6[io.] 

1" •• ''',0 •• x, At O, 6l. 2~iO'2' 3X' 2£1 0.2' "x. F".O, "x. A O. 6x. E10.2, 13x, [10,2 I 
2"., 6AIO I I)X. AIO I 

( 19X .VERT. I 18X.TOP. 4X, 6EIO,3 f 18x .80TTo" • 
6EIO'] I 19X'RAOIAL·, lex 'TOP· 4X'6£IO'3' 18X 
.eOrTOH· 6£10.3 II 

I 19x 'VERI' 2X. 6EIO.3 I 19X 'RAO • ~EIO.3111 

CRKlOZ3 
CRKloz4 
CRK1 02S 
CRK1 026 
CR1IiI02., 
CRKh28 
CRKI029 
CRKl030 
CRKiOll 
CRKlon 
CRKl o33 
CRK!OJ4 
cRKlon 
CRKiO)6 
CRKlol7 
cRKio38 
CRKI 039 
c~KI 040 
CRKl041 
CRK 1042 
CRKIOU 
CRKI044 
CRKI04S 
CRKI046 
CRKI 04T 
cRKi048 
cRKle49 
cRKloso 
CRKio!1 
CRKloSz 
CRKloS3 
CRKIOS4 
CRKloss 
CRKIOS6 
cRKioST 
CRKln8 
CIIKIoS9 
cRK1060 
CRKl061 
C"'KI~62 
CRKlo63 
CRK 064 
CRKlo6S 
CRKI066 
CRKt· 061 
CRK D68 
CRKio69 
cRKlnO 

,~.I< I 
C 

10 

20 

c 

~~=~~~IA:[l~t=~a::TI~l:o~f' ITN, AQI 
····.·S'IB~O"Ttt,~ PAIiT - 5-LAYER ELASTIC SYSTEM •••••• 

•• COMPLTt. ZEROS OF JI IX' A"O JO·fll. S£T UP GAUSS CONSTANTS 
'1Z Ill· • 0.0 
eZlll) • 1'0 
I'Il(3) • 2.4048 
flZ(41 • 3.S311 
BlIS) • 5.5201 
~l(61 • 7.01S6 
K • IT,,1 

co 20 I • 7. M. 2 
T • 1/2 
TO • 4.0'T-I.0 
filII, • 3.1.159Z7.IT-o.ZSoO,050661/TD-O.053041/TD 

··3'O.2 bZn51/fO··SI 
CC J 0 I • 8. IT~. 2 -

T • fl-2'1Z 
TO • 4.0 0 T.l_0 
BlII' • )'1.15927'(loO'2S-0'ISI982/TooO,OI5399/10 

•• 3-0,2·S210/10··S) 
GI • 0. e6 113631 
Gi • 0.339ge104 
IF • All 
~TESl • 2 

•• COMPLTE POINTS FOR ~EGENORE-GAUSS INTEGRATtON •• 
K • J 
if • 2.0·Z' 
SIc • 0.0 

Co 00 I • I, IT>; 
5Z1 • SZ2 
sn • RllI'I'n, 
Sf • SlZ-5l1 
po. • SZ2'SZ\ 
SIll • SF*OI 
5G2 • SF*02 
AZIKI • PM_SGI 
tZ IK'I) • p"-SG2 
.ZIII'ZI • P"'S62 
AlIK e 31 • 1""561 
K • 1\ •• 

CONTi>;uE 
RETuR .. 
E"O 

~n~!m 
cRKlon 

•• CRill 014 
CRKIOTS 
CRIII016 
CRIII0Y? 
CRKloT8 
CRKIoT9 
Clldo8o 
CRKl081 
CIIKio82 
CRlti08l 
CRKloS4 
CRKI 08S 
CRKI08. 
CliKIOe1 
CRKI088 
CRIIioe9 

g:~m~ 
cRKio92 
CIIKi093 
CRKl094 
CIIKJ09S 
CRKI096 
CRKlo" 
CRKlB98 
CRKio99 
CRIIIIOO 
CRKhO! 
CRKII02 
CRKilO3 
CRK!104 
CRKIIOS 
CRKi) 06 
CRKIIOT 
(RKil08 
CIIKII09 
CRKlllO 
CRKIUI 
CRK1U2 
CRKllll 
CRKIU4 



4Z3 

1 
Z 
l 
4 

1 
Z 
3 
4 

FU~CTICN POL' 'C~. A. ~. C¥SI 

~S N~~eER OF ~ATERIAlS 
~ MATERIAL NUMBER UNCER CONSIDERATION 
A DESIGN VERTICAL STRESS 
eM CUMvLATIVE EQUIVALENT ;B-~IP AKLE APPLICATIONS 
OVS DESIGN RADIAL STRESS 

GO TO 1423.413.403). ~ 
SUIIGRAOE 

SI • -.sALII • ALOGI0!C~! 
E • O,34561-S1-0.040~4-S1-AlH-o.06511-51-S1·0.00283 

-Sl--3. 0'0.00744-S1-S1_ALN 
PoL' • A~AXl'E. 0.01 

RETURN 

BASE 
CONTJH\J£ 

RETUR" 

RETu"" 
E"O 

SI • -ASS3 • -CYS 
ALh • 'lOGIOICMISALN2 • ALNe-Z 
E • O,5785Z_0.20640-S3.0.078S4*Sl_O.01 464_s3-ALN 

-O.00121-S1-ALN-0.0040a-Sl-S3+0.0)B46-ALN2-0.0V093 
-51-S1-0'0006Z-ALH-S,-,3-0.0029Z-'lN-ILNZ·O.00204 
-53--l+0.0001-S1--~-O.0004-Sl-SJ-Sl·0.00006 
-Sl-Sl_S3.0.00046_S1_53e 'lN 

POL' • A~AJ1IE. 0'0' 

51 •• ASS3 • -CYS 
ALh • ALCGIoICMISALN2 • 'lH_ILN 
E • -0.7546S·0.Z560s-aiH·o.;7009-S1-0'144334ALN453 

,0.OI187-ALN4S1.0.o113'-Sl-53'0.O 947_5J-$3 
-0.0113Z-S1-S1'0,Ol340eILN-S34S3'0,ooilS-ALN 
-51-51-0.01885-53--3,0.00025-51--3'0'9°367-53 
-S3-S1-0.0007Z-$1-SleSl-o.Ol018-$1-S3-ALN 

POLY. I"AJIIE. 0.01 

CRI<1115 
C:R~l116 
CRI<1U1 
CRK111 8 
CRK111' 
cR~IUO 
CR~1121 
CRKl 12Z 
CRKi1U 
c~~1124 
CIIK1 125 
CRKl126 
C~~1121 
CIIK1 12' 
CRill I!' 
CRlliUo 
CRI< I 131 
CAKI 132 
CA~I133 
clld134 
cRlli 135 
CIIKl}J6 
CR~iIl7 
CRK11l' 
CR~lll' 
CRI<1140 
CR~1141 CRI< 42 
CR~h4l 
CRII1144 
CIIK I 145 
CIIKI146 
CR~!147 
CR~114' 
eAll i14' 
CRKl l50 
eA~1151 

10 

20 

1. .... ·o.OOS 
1\ • thO 
A • A·O.Ol*[XPI-Z-Z/2.lfI2.e3.14159261·eO.5 
z • Z'o,01 

I~ IZ-S.O! 10.10,20 
XNCRM • A 

eAKll!! 
CIIK! 15:1 
CRK1 154 
CRK115'l 
CAKl1" 
CRK1157 
CRdlS1 
cA~h59 
cR~i 160 
CAllh61 

N 
0'\ 
I.n 



10 

,,0 
lO 

40 

50 

FU~CTION ALPHA ICO~f, 
A • O,S·CONF 
C • 0,0 
DELT • 0.0001 
Z • 0.00005 
C • C+OELT*EXp(-Z·Z/2.1!ISQRT I2.*3'141S926I' 

IF IC_ABSIA" 20.30.30 
:t • l+OELT 

(;0 TG 10 
U • DEI.TIZ,O.Z 

If (A, 50.40.40 
AI.!'HA • AA 

RETUR" 

RETURN 
no 

ALFHA • -u 

CRII116Z 
CRIIIH,l 
CRill 164 
CRlIll'S 
CRKi \66 
cRKh6? 
CRKl16' 
CRill 169 
CRill no 
CRKhn 
CRKi\ 72 
CRKl173 
CRK1174 
cRKi i T5 
CRKi 176 
CRKII" 

• 

eeoH 

i:: 

C 

C 

c 

r 

r-

Io 
t 

?O 

10 

SLR~C~TI~~ cotE I~IN. N, E. V. k. loS. PI 
····.·suH"O~rI~E eoEE - S-L.YER £LA~TIC SYSTEM •••••• 

cc ..... c~ !CoECAL! .1400' ~I. 6(400. 51. CI4DO. 510 01400. 5) 
[;1..,E~SIO" E 151. V (5). HI41, XlS:5.4) ~ SC141. PMI4.4.41. F"'{Z~ZI 
nIME~sIC~ 5-1(4.2" eVjI2.\I, SYZI4.41. CYZ(z.Z), Sv314.8). CV3(2. 

hit SV4{4,1f). CV 4 {Z.8" Hill, NTl41 
I.C : f( IN 

SET UP .ATRIX X -OI.MI+KI.K+w.O 
COMPLTE T~E ... ATPICfS XIII' 

00 10 K • 10 ~ 
Tl • E(K'·'1·0+YIK+111/IEIK+I).II.O+Y(K"1 
Tl~ • Tl-I.o 
PH • P*tHK, 
PH2 • P"*200 
VK~ ill c.".¥(K) 
YII~2 • z.o*vlll.\) 
Vf(4 • 2.o-YKZ 
VKF4 • 2.0.yl\pz 
YK~8 • 8.o.yIKI.YIK+11 

.I~, I, II • V~4·3.0-TI 
XI'" Z. 11 • 0.0 
X{K, J, II • T1M.'PM2-yK4+1.01 
XI~. 4. l} • -2.0.r1~.P 

T3 • P.Z·tVKl·I.OI 
T •• YKK8'1.0-3.0.VKPZ 
T5 • P~2"{v~PZ-I+01 
T6 • V.K8+1.0·3.0*VKZ 

.IK. I. ZI • IT3.T4-ThtT!I.T611/P 
Xl', 2. 2' • TI"IVKP4-3,01-j.n 
Xl •• 4. ~) • TIM*tl.O-P"z-YKP4) 

XI~. l, 4, • IT3-T4-TlaITS-T611/P 

fJ • P~Z"P~-YKk8+I.O 
T4 • p~2+IV~Z-YKPZI 

.. (j(, 1- 4) · ITJ·T4·YKPZ-Tl*cTl·T4'YKZ',/P 
• (1(. 3 • II · I_T3+TA-YKPZ.Tl "ITl-ThY,"'I/" 

.. (It, I, l, • TIM.tl.O.PM2.V~41 
X(!(. 2. l) • Z.O·UtI·p 
x (K. l, l, • Y~4-3.0-n 
XU'_ 4. :U • 0.0 

XI~. Z •• , • TIM"( Pk2-VKP4+1.01 
.I~, 4 •• , • TI"(VKP4-l.01-1.0 
I( • K 

tOt<T!r.U£ 
CCMP~TE T~E PRO,UtT WATRICE5 PM 

SCIN) • 4.0"IV{NI-~.ol 
IF 1~-2) "0'20'20 
i;C ~O Kj • 2' h 

., • '.5-KI 
SC!MI • SCIN·I)·4.0·'YIMI-l.n' 

CO,.TI·.UE 

tRI\I178 
tRKII T9 
CRKI\80 
CRK1\81 
CRKl l82 
CRK l l&) 
CRK1184 
CRK!I.S 
CRKil1l6 
CRKI,,, 
CRKh8. 
CRKI189 
CRKil90 
CRK l l 91 
CRK1192 
CRKll93 
CPl<1194 
CRKI19S 
CRKil9' 
CRKl'197 
CflK 198 
CRill 199 
CRK1200 
(;RKIZOI 
eRK1202 
CRKlz03 
CRK1"04 
CRKizoS 
CRK lz06 
CRKIZ07 
Cllll1Z08 
CRK 1Z09 
CRKI ZIO 
CRKIZlI 
CflKlz12 
cRKin) 
CRK!Z\4 
CRKiz1!l 
cRKi"16 
eRKluT 
CRK1Z!' 
CIlK!ZI9 
CRKl220 
CRK1UI 
cRKln2 
CflKlzu 
CRKiZ14 
CRKIZ25 
CRKIZZ6 
CR",12ZT 
CRKiU' 
CR K1229 
CRKI2JO 
CRKIUI 
CRKI232 
CRKI23J 
CRKln4 
CRKl23!! 



40 CONTINUE CRKI2']6 T (Il 5v3 (1' JI CRK12'9. e CRKl2'JT T I~I 5~J(Z' JI CAKiZ9S I( • N CRKI2]8 T(3) SV)!3' J! CRK 296 
CO 60 1 • I. 4 CA"I239 HOI 5'3(4. JI CRKI297 
VO 50 J • I' 1- CAIIW O TC~) • S·3(" J •• t CAI\1298 

50 <;v1I1o J) • "11<. I. J+21 CAK .u T{~l • SV]12' JO.' CRK!299 
6~ CONTINUE CRK;2U TIl) • SV)13' JO.' CAII1lO0 

CV1I1. II • -;!oO-P-HIII) CAK!243 Tiel • SV]14' J·.I CRI\1301 
CVII2. I' • 0.0 CAIlI;!44 Oc ITO I • I. 4 CAIlb02 
Il • K-I CAI02d 5V411. J) • 11K. I. 1,-Tli,.XIK, I, 2)-TI2) CAKhO] 

If IKI 200,200,10 CAK!Z46 ~V411, J'41 • llK. I. 3'-TI3)OXIII. I •• ,-TI4' CAKIlo4 
C CAKI247 SV411. J 081 • ICK. I. I,-TISI*XCII, I. 2,-fI6) CRKbos 

10 CONTINUE CA1I1241 110 sv.cl. J+121 • XIK, I. 31-TCTI*~CK. I. 4)oT1 81 CRKh06 
00 90 J • I. Z CAKh49 1M CONTt",uE CAK1301 

Jt • 
J.J CRIll250 Till • -2 .O.P-.. IKI c;R1I !J 08 

f 11 ·SY1l1. J) CAK.2S1 ~O 1'10 •• \. 4 CAK1309 
TI!) - SV III!. JI CRIIIZ5Z CV. (l. JI . CV)llt JI CRII131 0 
Til) • SHU' JI CA,,1253 cvoe~. J) . CV3l1. JI-flll CRKl111 
T(4) • 5V114, J) CAIl1ZS4 CYOn, J 041 • CV312' J)oTlli CRIIl 312 

DO 80 I • I, 4 CRII1 255 . Cy.12, J'4) • Cv3 la, J) CRll13l3 
5v211. JI-I) • 11K. t. l)eT r I ) .X IK. I. ~1-T'21 CRII I 256 1'10 CONfl .. \)( CRII~114 

80 Sv~ II. JII • XIII. I. 3I oT(3)·XIII. 10 410T '4' CRIl1257 C CRK1315 
90 CONTI"U£ CRlli2S11 ZOO CONt lNUE CRKI316 

till & CYIl1. 1I CRII1259 'IT III • 1 tRKhP 
TIZ) · .2.00P-.. IIII CRKi260 co 210 K • 2. N t RK 13111 
tV!II. 11 & TIll CRI<.1261 710 "TIK) • ~TIK·I"~TIK-II t1lKl31' 
eV211. 2) 0 tl21 CRI<.!262 00 J10"·1.~ CRlll]!o 
eVi!!2, I' • TII,-TlZI CRII126] .<\ • NS-" CRIII121 
tV2Ca. 2' • 0.0 CRII1264 ~c 220 I • I. 4 tRKJ32! 
II. • K-I cRlliz65 P,UIII' I. I' • 0.0 CRKp23 

IF IK, 200.200.100 CR1I1266 P~IKI. It 2' • 0.0 tAK 324 
r CR1I1261 nO CONTINUE CRII1

3i5 
100 CONtINUE CRllh61 tI 0 "TlK) CAlli] 6 

00 140 .I • 1. 4 CRdu, CO 310 I • I. Ii CRK~ 321 
JI • J cR'11210 12 • 1*11 CAKlne 

IF IJI-Z) 120.120'110 CIIKIZ71 GO TO 1,30.240.250.2601. II CAKln9 
110 JI • JI.2 CRllhn no CONU"UE CAKI310 
120 CONTtNUt: CR1I1213 Tl31 • CVIll' II CAlli 331 

TIP • 5VZ\I' JI CRK1214 T(41 • eV112' II CAKiU2 
Ttz) • 5Y212' J) cRdz15 GO TO .,10 CAllp33 
T(3) • 5VZI]. JI CR1I1 276 240 CONTINUE CAli 334 
1141 & 5Y2140 .II CRKI271 TI~1 • C·21\. II CAli I 135 

tiO 130 I • 10 4 cAU21e T 141 • CY212' II CAIIIJ36 
SV31l. JI) •• (t(. I. IloTllio~IK. I. 21 0'121 CAKIZ19 GO TO Z10 CAIIH31 

\30 SV3,1. Jl02) •• CII. I. )).TC11.xIK. I. 41.TI4, CRII1280 l50 CO",T1"u£ CAK. ]8 
140 CONTINUE CA1I1281 TI" • CYll" " CAIII33' 

to) .. -2.0·P-"III) CR .. 1282 TlO' • CY31~' tI CRlliJ4f 
110 150_&1'2 t RII 1283 GO TO Z10 tAIII]41 

CV3C1. JI & CV211. JI CRII ~84 l60 Co..,Tt"uE CAII!342 
cv3Ia. JI · CV21lt JI-T (1) CRII1211S TIl' & CV.! I' II t A1I1 34] 
CV] 11. J'21 & cV21a, JI.'O·, tRd286 fl41 • CY4!?' II CRllb44 
CV312. J*2) • CV212. J) CRKi281 210 CO",T l .. uE CAli 1]45 

ISO CONTINUE CAIII28' TIl) • 0,0 tAKI346 
K • II-I CAK121!9 Tl21 • 0·0 CAlli]47 

IF IKI 200.200.160 CAI(1290 IF ITe31*68.01 2'10'280.280 CAll1]48 
C CRK 12'1 lijO Ttl! • EXP IT 13l) CRII 1349 

160 CONTl .. uE CA"12.2 Z9C IF ITIO).~8.0) 310,300,300 CRII13S0 
Co 180 •• I. 4 CRKI291 100 TIZ! • EOPITCU) CAK I151 



310 

3Z0 

]]0 

340 

350 

370 
C 

380 

390 

CONT!~uE 
DO 370 J • I. Z 
GO TO IJZO.330.340,3501. 
CO~T!~UE 

K 

TI31 • 'iVIIJ' 11 
TI~I • SVIIJ' IZI 
TIS) • SVIIJ'Z. 1) 
TC61 .SVIIJ·Z. IZI 

GO TO 360 
T13) • SVZIJ' I I 
TI41 SVZIJ' lZI 
TI51 • SVZIJ·Z. 11 
TC61 • SVZ IJ'Z. IZI 

GO TO 360 
TIll • SV3IJ' I) 
T(4) • SV3IJ' IZ, 
TIS) • SV3IJ'Z. II 
T(6) • SW)IJ'Z' 12) 

GO TO 360 
TIJ) • SV4IJ' I) 
T 141 • SV4IJ' IZ' 
TISI SV4 IJ'Z. II 
TI!I • SV4IJ'Z. IZ, 

CONTI~UE 

P~llIh 

:: :~I: 
J. II • 
J. ZI • 
J'Z. II 

P~IIII' J. II,TII)·TI31 
PMIK!, J. 2',TII"TI4' 
• PM KI. J.Z. 1,'TIZ'·TI5' 

P~IIII. 
CONTI~UE 

J'Z. Z) • PMI~I. J'Z; 2),TIZ).TI6' 

SOlvE FOq CINSI A~D OIN~1 
YZ • Z.O·Ylp 

DC 38:Z3 : I~-~'O 
FMII. JI • P·PNII. I. JI'yZoDMII. Z. JI,P.pMII. 3. 

JI-YZ.PMci. 4.JI 
F~iz. JI • P·PMII. I. JI'YZi.PMII. Z. JI-poPMII. 

J. J"VZI.PMII. 4. J, 
OFAC • SCIII/IIF~II. I).FNIZ. Z)-fNIZ. I)·FMII. ZI) 

·P·PI 
AllC. "5) • 0'0 
BllC. ~S) • 0.0 
CllC. ~5) • -FNII. ZI.OFAC 
OllC. ~51 • FMII' 1I.0FAC 

8.C~SOlYE FCR T~E OTHER A.8.C.0 
Cc 390 KI • I. ~ 

AllC, KP • 
·DIlC. 

I 
RETuA~ 
rhO 

BllC. KI' • 
·CIlC, 

CllC. KII • 
·OllC. 

OllC. ~I) • 
·CIlC. 

IP~IKI. I. 1).ciLC. 
"SII/SCI~II 
IP~IKI' 2' I)·CILC. 
~S))/SCI~lI 
IPMI~I. J. I,.cilc. 
"5)) ISC I~ 11 
IP~I~I' 4. 1,.cilC. 
",5)) 1St IKII 

NS),PMIKI. I. ZI 

NSI·PNIIII. l. Zl 

CRIIIJ52 
CRII1]S3 
CR~iJ54 
CRlliJ55 
CR~IJ56 
CR~1357 
CRII1 358 
CRII1 359 
CRIIIJ60 
CRII1361 
CRKl36Z 
CRlli 361 
CR~I]64 
CRlli365 
CRIIIJ66 
CRlliJ67 
CR~i3611 
CRII1 369 
CRIII3TO 
CRIII3TI" 

mms 
CRII1)74 
CRill 375 
CRlli]76 
CRKlJ7T 
CRKI" J711 
CRII 379 
CRIIIJ80 
CRIIlllI1 
CRlIllSZ 
CR~138l 
CRill" 384 
CRII ]8S 
CRIIIJ86 
CRIIU8? 
CRII.l88 
CRIIUS9 
CRIIll90 
CRII139 1 
CRII1"39Z 
CRII J9] 
CRIIIJ9. 
CRII1J95 
CR~1396 
CR~ 1397 
CRIIIJ98 
CR~iJ99 
CR~1400 
CR~1401 
CR~ 140z 
CR~140l 
CRII1404 
CRK 1405 
CRKI406 
CRlli407 

SLH"OUfj"t I'ESSEl INI. '1. V) 
CHESSEl .·····S"HFO·H l~E BESSEL - 5-lAYER nuTIc SYSTEM •••••• 

DIM~'~'O" Pllol. "116
'

• PI'ItI. "116'; OIZOI 
r 
c 

10 P1III • I.e 

r 
c 

c 

i
i: 

(" ,. 

c 

Pl12' 0 -1'125E-4 
Pll31 0 2.8710938(-7 
pll41 0 -Z.344Q658&-9 
PZI51 0 3.9806S4IE-11 
Plllt) 0 -1'1536111~-1Z 

~llP • -5.0E-3 
allZ) 0 ~.6s75E-6 
IlZI31 0 -2.3255S59E-e 
~Z141 • 2.8JU70S7E-lo 
~Z lSI • -6.3~IZ096E-12 
1l1(6) • 2.31~4704E-1l 

"liP 0 1'0 
PIIZI • IoS75[-4 
PI 131 • -3.6914063E-7 
PI14' 02.7713232E-9 
PI IS) 0 -4.51144ZI~-1I 
p116, • 1.2750463E-IZ 

III "' 0 1.5£-Z 
~112' 0 -6.5I>Z5£-6 
QIIJ' .2.8423B,-SE-e 
IlIIZ' 0 -6.56Z5E-6 
~1131 0 2.e4~3BZSE-S 
QI14, • _3.Z6 620Z4E_10 
III IS) 0 7.1431166E-IZ 
III (6) • -2.53Z7056~-13 

"I • 3.1 415917 
Pli: • 2_,.PI 

N • ~I 
II. • II 

IF IX-7.01 20'ZO.IOO 

Zo .2 • l/Z.O 
FAe • -X2.X2 

IF Ctl, 30.3c.60 
10 col,e 

• • C 
CC 50 I • I. 34 

T 0 I 
C 0 F AC.C, I f.n 
TE5T • AbSICI-\O.O •• I-SI 

IF (T~STI 9~.90'411 
.0 1 • Y·c 
~O CCN11~uE 
60 C 0 AZ 

CRII140S 
CRII1409 
CRlli41° 
CRII14 I 
CRII141Z 
CRill 41 3 
CRlli41 4 
CRllhlS 
CRKi416 
CRII141 7 
CRlIi418 
CRII141 9 
CRII14Zo 
CRlli4Z1 
cRII14zz 
CRII14Z3 
cRII14z. 
CRlli4Z5 
CRII1426 
CRlli4Z7 
CRII14Z8 
CRlli4Z9 
CRlli4l0 
CR1I1411 
CRIII41Z 
CRIII4l3 
CRK1U4 
CRKius 
cRKin6 
CRllln7 
cRllin8 
CRII1439 
CRlli440 
CRlli441 
CRlli44Z 
CRII14.3 
CRllt.44 
CRIII445 
CRlli446 
CRIII44 7 
CRIII448 
CRIII449 
cRII14s0 
cRlli451 
CRII1452 
CRII1453 
CRIli454 
~Ki4S5 
CRII1456 
CRlli457 
CRII1458 
cAAi459 
CRII1460 
CRlli461 
cRlli46z 
CRIII461 
CRII 464 
CRII~465 



y • C CIII(14101o 
to 80 I • 1, J" tllll1467 

T • I CRII1468 
~ • FAC-t/IT"lr_I.OI' Ci!1II U.9 

IF tT~~~~ ;O~~~!~~~IO'O··I·e) ~:~\m 
70 y • hC CIIKI472 
80 CONTINUE CRKl4n 
90 RETU~N CRKI4H 
100 If IN) 11 0.11 0.130 CRII1475 

r- cRKI 471> 
C tRKh71 

110 00 Ill! I • I- 6 CRKI411 
DIll • PlIlI CRII1419 
DI1-10) • QZ II I (RKheG 

12C CO"T1NUE CRKI481 
GO TO ISO tRK14112 

r: C1I1I1483 
130 DO 140 I • I. 6 Cll ll 1484 

!)tll • Plln CRKI485 
DtloU, • GIll) tRKI496 

140 CONTINUE CR1I1481 
150 CONTINUE CR1I1481 

TI • 25.01X CRII1419 
T2 • H-ll CIIII1490 

DO 
P • U(I>I-T2_0(~1I 

161 1 • I. 4 
(RKh91 
CRII1492 

J • 5-1 CR1I1493 
p • P-U-OIJI CRII!494 

160 CONTINUE CRII1495 
Q • U116) -Tz'on51 cRII1496 

DO 170 1 • l' .. CRII1491 
J • 5~I (;RK1491 
iii • Q.TZ+DIJ+101 CRIII499 

170 CONTINuE (AIII'.IOO 
Q • Q"n (RK~501 

i: (RKIS02 
T4 • SaRT uopr 1 C;RKISOl 
TI> • SI"C", CRI(1'!104 
n • CaSUI CRlll'.105 

c (RIII'501> 
If (If) 1800180,190 (RK1'So7 

C (R"IS01 
180 T5 • I(P-QI"T6.tP+Q,.T7)/T4 (;R"1509 

(;0 TO 200 CRIIISIO 
190 TS. IIP+Q)oT6_IP-QIOT7)/T4 (Rlll'5l1 
;000 ., • T5 CRKI'51Z 

RETu~ .. CRlll'Sll 
E~D CRII1'514 
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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 
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CRAKDX GUIDE FOR DATA INPUT 

PROGRAM DESCRIPTION (one card) 

I Alphanumeric SA10 

MATERIAL PARAMETERS (one card) 

NL NM LDDF 

I 10 I 10 F 10.0 
II 21 

Number of load groups. NL 

NM 

LDDF 

LNDF 

Y 

Number of materials (maximum of five). 

Load distribution factor, ratio. 

Lane distribution factor, ratio. 

Design period, years. 

LNDF y GR 

F 10.0 F 10.0 F 10.0 
41 51 

GR 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. 

Qo 

Qo 

Ql 

Q2 

TEST 

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. 

Ql Q2 TEST 
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WHEEL LOAD DATA (NL cards) 

L1 L2 N TIRE 

F 10.0 F 10.0 F 10.0 F 10.0 
II 21 31 40 

Axle load range, kips. L1 - L2 

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 )( 2 cards if Q2 is not NO) 

MAT TMIN NU CONF SIG E (1) 

A 10 F 10.0 F 10.0 F 10.0 
II 41 

E(5) E (6) E(7) E(8) E(9) 

F 10,0 F 10.0 F 10.0 FlO. 
31 41 

Material identification MAT 

TMIN Thickness of material, inches. Leave blank for subgrade. 

NU Poisson's ratio. 

CONF Confidence level for elastic modulus. 

E(2) E(3) E(4) 

F 10.0 F 10.0 F 10.0 
51 61 11 80 

E(10) E (11 ) E(12) 

F 10.0 F 10.0 
80 

E Elastic modulus mean value. If Q2 = NO , provide one constant value. If Q2 is 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. 



FATIGUE CURVE DATA 

A B log SD LN 

F 10.0 F 10.0 [ F 10.0 F 10.0 

A 

B 

log SD 

LN 

MONTHLY 

TRAF 
(1) 

F S.O I 
6 

II 21 31 

Constant of fatigue curve N 

Slope of fatigue curve. 

Log standard deviation of fatigue life. 

Confidence level for N . 

TRAFFIC PERCENTAGES (one card if QO is NO 

TRAF TRAF TRAF TRAF TRAF TRAF 
(2) (3) (4 ) (5) (6) (7) 

and 

F 5.0 I F 5.0 F 5.0 [ F 5.0 F 5.0 [ F 5.0 
II 16 21 26 31 36 

40 

Q1 is not NO) 

TRAF TRAF 
(8) (9) 

F 5.0 I F 5.0[ 
41 46 

Page 3 of 4 

TRAF TRAF TRAF 
(10) (11) (12) 

F 5.0 [ F 5.0 F 5.0 I 
51 56 60 

TRAF(I) Traffic percentage for Month I. If Q1 = NO, a value of 0.0833 will be assumed for each month. 
1.0 card is needed if actual traffic data for each month is given. 

ACTUAL TRAFFIC DATA (number of cards = number of design years X number of load groups if QO is not NO) 

YR 

TR(l) 

YR TR(l) TR(2) TR(3) TR(4) TR(5) TR(6) TR(7) TR(8) TR(9) TR(10) TR(l1) TR(12) 

A8 16 16 16 16 16 16 16 16 16 16 16 16 

Year identification. 

Monthly traffic from January to December. 

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. 
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DENSITY AND PRESSURE PARAMETERS (NM/2 CARDS) 

R(I) 

EM(I) 

DRC(I) 

R(l) 

F10.O 

EM(l) DRC (1) R(2) EM(2) DRC(2) 

F10.O F10.O F10.O F10.O F10.O 
10 zo 30 40 50 60 

Unit weight of material I (lb/cu in) 

Parameter to calculate correct radial pressure for given curve for base and subbase. 
Leave blank if regression equation in N, Zl, Z3, and E is given. Leave blank for subgrade. 

Radial pressure for which curves are given for material I. 
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APPENDIX 4.4. INPUT DATA SAMPLE 

IDE~TIFIC' TION A4.4 INPUT DATA SAMPLE 
CODED 

JAIN DATE JULY 30,71 PEl OF 1 
~ BY AG_ -

, 5 ,0 I J l5 ~o 35 40 45 50 5 60 65 10 75 "0 

k-Jpl cl~ 
, 

AiN! 
, 

1 Id, I! I' i 1 I : ; ~ I I I' 1(:; I N:r. :cdxl I I I • I 
IFlxl MP E. PK M Ui I . EP;i"1\41 I NOEl II 0 L I 

, /1 

1 1 jill j II ' ~~.b 1.1 131.b I L I I i • 0 

! ! 16 I 
I . I I 

I III i I 
' i I I I i II I I 1·1 ' .P I S. .21.;3 I 

11",,7~ 1 I il I \ 
I 

; 

1111.b ! !! I I ! II I ~d.~ 11!~ddadc . c lrl I.~ IA iC~'Y ,..'RI TE I !d 3 !o '21!S JJ4 "" r 
'. _r NfC, !e' , : I • ," 1 !/ . 
II)bb . bl l£HdQ 

I 

~. 3156 ()~ . o~d·.~ 
j I hdd. ~ ~21 lor ,. 0 ,",~I,... so. I 0 ,0 i"-' 5 .0 iRP.!,o" J,t Ji{ • 0 

J I I i , f 1 II 
! j , 

b!.~ Id.121.s I II I ! .~ 
I , 

d.~ 121~o ~I I ~14~dd. c 1,1(1 1 J BA'SF' I I I I 13..:0 Z1!_dc 1'"'1"' 1iS,6da.l"I \ I 1 2'C; ..... • r---

! 1 i 8! j '119~od. id )\' ' I .Id I 213 
I 

i I 1,1 I I d.~ ~1~,dC I I \1, , I 
li8dcd. ' I I :1!6!O 2!0 r it" 10 1"01'1 1"0 Dob. ~ .:0, : :2!4,~c ,",.~ . 214 v,v ..... 2~ 

slu!olclA 'tttffi I I 
. ~.6 ~. JJ._tl I)j !J I J i , I ' 

Ih 
1 I 

d.le 
I dd. 5i.- I : ' 2:5.0 \13' K) n, ,.,1 I :1 3~ ~IO 1'\ 7:5 1"\ ,I:, i I : ·0. '2l5 ~i2iO • ,v u 

~Ieo ! I I b' 
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APPENDIX 4. 5 

CRACKING INDEX AND RUT DEPTH INDEX EXAMPLE PROBLEM 



,XLE LOAD 
R'NGE.~IPS 

6· 6 

AXLE LOAO 
MEIi~.KIPS 

,6.00 

TIRE 
PRUSURE 
42<30 

N INIT IAL 
AlLE APPL 

-0 

LOAD DiSTRIBUTION fACTOR. RATIO 
LANE DlSTRJIWTlQN 'ACTOR, RATIO 
OE&lON PERIOD. YEARS 

1.00 
1.00 

l 

MATERIAL 
THICKIlf.SS 

MAT~RIAL PARAMETERS 

A.CO"CRETE BASE 

PO JlSON! RAT to 
CO, YAR.PER~ENT 

1000 hOC 
,)0 .40 

25.00 25.00 

SUit BASE 
4.00 

.45 
Z5.00 

YARIATIONS OF E V.LUfS IN SPACE AND TIME 

MATERIAL CONI' 'JANUARY FE.IIAVARY MARCH APRIL 
JULY AUGUST SEPTEMBER OCTOSER 

A.COhCRETE .25 1l30!!00 1180553 1138984 148238 
290981 249413 3491115 540394 

M~AN 1600000 1420000 1310000 900000 
~50000 ~OOOOO UOOOOO ~50000 

BASE .z5 19953 19953 199!3 12969 
11958 19281 19953 19953 

M~AN '14000 24000 414000 15600 

SUSUSf 
411600 13200 '.000 . 14000 

!25 10!14 10914 10". IU! 
891' 9694 10143 10309 

"~AN I'ZOO 13200 13200 7500 
10800 11660 l2200 12400 

SIIBOARDE !25 54'1 5 .. 1 5.e7 2993 
4489 4122 5011 5155 

M;AN 6600 6600 6600 3600 
5400 ISOO 6100 6100 

.50 
25000 

MAY 
NOYEMBER 

498825 
690041 

600000 
830000 

14965 
19953 

18000 
14000 

1150 
10642 

8600 
12100 

3515 
5321 

4~00 
6400 

JUNE 
DECrMltER 

;32550 
1089101 

400000 
1310000 

16295 
19953 

1'600 
14000 

1141 
10914 

9800 
13200 

4014 
5481 

.900 
6600 

CPAC~INO INCf~ AND PUT DEPTH INDfX EXAMPLE PROBLEM 

N • 6.5E-Ol • 11/E) •• 3.18 
LOG STANDARD ijEVIATION OF .~5 
AND CONFIDENCE LEVEL .05 

TANIENTIAL STRAIN 

LOAD 6 CEPTH 
JANUARy FEIRUARy MARCH APRIL MAy JUNE 

JULY A~OUST SEPTEMBER OCTOIER NOvEMBER DECEMBER 
"UN VALUES -

2.021E-0. 2.016E-O~ 2.089E-0. 3.365E_04 3.013E-04 2.666E_04 
2.284E.04 1.9,SE-04 1.514E-04 2.232E-04 2.22IE-04 2.105E-04 

CON'ID!NCE VALUEs 
2.438E-04 2.491£-0, i"13E-04 4.048E_04 3.696E-04 3.201E_04 

2.14~;-04 2.3~3E-04 1.e2zE-04 2.685E-0. 2.611E-04 2.532E-04 

N TABLE - ACTUAL 
,~OM TRAffiC DATA INPUT 

'JAh~ARl FEBRUARl MARCH APRIL MAY JUNE 
JULY A~OUST SEPTEMBER OCTOBER NOYEMBER' DECEMeER 

FIAiT VR 

SECO"I)Y~ 

3AO YEAII 

LOAD 6 
-0 -a 

-0 -0 -0 400 4100 14600 
16900 23200 11100 Z1900 17100 32900 

- 33100 39900 .31600 31000 31100 31500 
31500 13400 18200 13500 14000 13000 
. . 61100 68600 63100 14100 54eoO -0 

N TA8LE _ THEORETICAL 

LOAD 6 

cnNf 
LIYEL 

.050 

.. EA .. 

"ANUAAl 
- JUI. Y 
11198 

53184 
360118 ' 
- 246635 

FEBRUARY 
AUOUST 

12095 
. Stl304 

334332 
-4094'6 

MARCH APRIL 
SEPTEMBER OCTOBER 
1~632 15516 

tU567 51224 
32l5.1 11953 

911550 Z653T0 

MAY 
NOYEMSER 

20109 
581 88 

96036 
26984~ 

"UNE 
DECEMBER 

32529 
68955 

150848 
319161 



CRACI!UIG IIiOEX AliI) RUT OEPTH INDEX EXAMPlE PROBlEM CRAC~ING INCEX AIIQ RUT OEPTH INDEX EXAMPLE PROBLEM 

N A~TUAL I II THEORETICAL MONTH CONf 1'I"t.)T LOG IN/NIT LOG '0 K A CI 
lOAD 6 
YEAIl ca~F ,!ANUARY FE8RUARY MARtH APRIL MAY JUNE 17 .053' 3,32e£'OO 5.220[-01 •• IUt·cii 3 •• 8[-01 306.E·01 3.64['02 

JULY AUGUST SEPT£MBER OCTOBER NOVEMBER OECEMBER NEAl'! 7,1728E-Ol-1, •• 31E.Ol 
.05. 0, O. O. O. O. O. 111 .0539 .3ler·00 . ,373t.Ol ·.I.U:·oi 7.00£-02 ..72£-01 •• 72E·02 

0, O. O. 6",OE.03 11.077£.02 2.117E.Ol ~EA'" 9.l538E-Ol-Z"oiZt·02 
"UII O. O. O. O. O. O. I' .053' •• ,71E·OO 6.965£_01 ·.1·3£·01-7,Z,£-OZ 5.Z,E·01 5.Z9fo02 

O. O. O. 1.507E·03 1.7.ZE.OZ •• '66E.02 ... UII 1.07Z0E·00 ~.0203[-02 
2 .05. ?172E·Ol 3.~18£·01 2,506[.01 1 •• IIE·OO 1I.~57E.oi 1.011E'00 10 .053' , •• a3E·00 7.3.3E.Ol ·.143[·oi-l.64E-01 5.65[-01 5.65£'02 

6.3J6£-01 4,~11l£-01 1"6.E-Ol 6 •• 66E-Ol 6 •• 7!E-Ol 5.'l8£.01 'ICU" 1.16"£'00 6.7'84E_02 
"UN ,.68.E·02 6,!39E-02 5 •• 0.£-02 3,0.4£-01 i.7111E_Ol Z.181E-Ol II .053' 5.6Z0E·00 -7,4'7E-Ol ·.143[-01-Z.01£-01 5,80£-01 5.8OE.02 

1.366£-'~ '.l •• £-OZ .,235£-02 1.394E-Ol 1.3,1E-Ol 1~17l£-01 ."U" I.Z111£'00 '.343Zt-OZ 
3 ,OS. !.O.,E-Ol 1.01IE.00 l.a06E.OO •• 737£'00 3.573E.00 2.Z4.E-00 22 ,053' ~.Z66E-00 7.,70£-01 ·.143E-01-3.16E-OI 6.24E-01 6.24E·02 

1.2~~£.00 7.76,£_01 3.Z.1£-01 1.2'51.00 9 •• 1IE-Ol O. "U" 1,35IZ~'00 1,3073£-01 
"UN ~,73IE.0? 2 •• ,5[-01 Z,60IE-Ol 1,022E'00 7.705E.Ol •• 83,i-Ol 2l '053' ~"I.£·OO 8.3'7£-01 ·'143£-01-4.1,E-Ol 6.62£-01 6.62E·02 

2.7Zlt-01 1.675E-Ol ••• 88t-02 2.7,Z£-01 2.031E-Ol O. "EA" 1 •• 909E'00 1.7346E-Ol 
14 .053' 7 •• 58£'00 8.726E-Ol 4.143E-01-4"8£-01 6!91E-01 6.91£'02 

"EA" 1.6082E·00 '.06341-01 
as .053' ?B63E*00 '.'56E-Ol 4.1.3E-01-5 •53£-01 7.10£-01 7.10£'02 

·"EAN 1.6'55£'00 2.2930£-01 
Mo"TH CONf IN" .. )T LOGI"IHIT lOG SD K A (1 U .0539 8.881E·00 ',.48S£-01 4.143£-01-6.81[-01 7.52E-01 7.5ZE·02 

·"£A" 1;9i51t·00 ~.821!£-01 
.053' 0 0 0 27 .05]9 ~.OO'E*OI 1.004£000 4.1.3E-Ol-!.15£-01 7.92E-Ol 7.9Z£·02 
IIEAII 0 ·"EAII 2. nu£·oo 3.3750£_01 

2 .0539 0 0 0 U .05)' ~.482t'01 -1.171£.00 4.143£-01-1.22£,00 8.aaE-01 8.eeE.02 
IIUII 0 "U" 3.1967E'00 5.0470£.01 

3 .0539 0 0 0 29 .053~ 1.1140£'01 1.265£,00 ·.14]E-OI-I ••• E.00 9.26E-01 9.26Eo02 
IIEAN ° ·ICUII 3.'67ZE.00 ".'114.£.01 

• .053' 0 0 ]0 .053? 2.06.E·01 1.315!-00 ~.143!·61·1.57E·oa ,.41[-01 ,.4;;['02 

"U'" 0 ·"ull ••• SliE·oO 6.4847£-01 
5 .05]9 0 0 31 .0U' a.190E·01 -1.341E-00 ·.143£-oi-l.63E o oo 9048E-01 9 •• 8E·02 

"U~ 0 MUN •• 7232£'00 6.7.Z4E-Ol 
6 .0539 ° 0 12 .053? 2.268E·01 -1.356E'00 ·.1.3t-Ol-1.66E ooo 9.52E-Ol 9.5ZE-02 

.MUII 0 ICUN •• 8907£'00 ~.8938!-01 
.OU9 0 13 .0539 2.300E·01 1.362£.00 ·.i43e·Ol-1.68E'00 '.53E-Ol 9.5iE·0!! 
IICUII 0 ,IC!AN 4.9606Eo OO t.'5S.[.01 

8 • 05)' 0 8 3 • .053! 2 •• 30Eo OI 1.386['00 ·.143E-oi-l.7.E.00 ,.19E-01 ,.59Eo02 
.ICUII 0 "'UII 5.2399£'00 !.I,lZE-OI 

9 .053' 0 0 35 '053' 2.5Z.E oOI 1 •• 02tOOO •••• 3E·Ol-1.78£·00 '.62£-01 9.6ZE*02 
"U" 0 "Ufo 5~442'E'00 7.3583£-01 

10 .053? 6.990E-03·-Z.I~6£000 ·.143£-01 6.11EoOO 3.Z6£-13 3.26£-10 36 .0539 2.524£'01 1.402£'00 ·.143E-Ol-1.78£·00 •• 62E-01 "62£'02 
IlEAN I.S073E-03-a.821IE·00 ICE AN 5 ••• 2,£'00 7.3583£-01 

11 .053' !.776E-02 ~1.0STE'00 ·.143£-01 4.16E·00 1.57£-05 1.57£-02 
"UN 1.89Z5E-02-~.7Z30£*00 

12 Z.99SE-Ol -5.236!-01 •• 143£-01 2.87E'00 2.0U·03 2.04E·00 
6.4583E·02-1.189'E·00 

13 . 5.167E-Ol -2.867£-01 4.143E-iil 2.30£000 1.07E-02 1.07['01 
"UII 1.11.3E·01-9 ,5301£-01 

14 .0539 !.385E-Ol '.7,6.9£-02 4.1.3E-Ol 1,7,£000 3.6SE-02 ].6~£'01 
... Ufo 1,8082E-Ol-1.4276£-01 

15 .OS3? ~.o8'£'OO "3.707£-02 4.143£-01 1,5UoOO 6.44!-02 6 ••• t'01 
"UN 2.3486E-01-6.Z'20£·01 

Ie .053' 2.50IE'00 "3."OE-or ·.14l!:-~i 6.4n-Ol 2.,,(·'01 2.59E'02 
"£A" 5.3922£-01-Z.6823E.01 



LOAD ~ATERUL 
RADIAL 
PRESSURE 
IINPUT) 

6 
USE 
SUi lASE 

SulCiARCE 

•••••• MARCH 
VERTICAL STAhs 
"!AN OU1GN 

-21.206 ·-ZI.206 
-13.2,. -U.236 
-8.612 -lo.4el 

....... 
RAOUL 
STREsS 

_1.661 
-1.000 
-1.Ut 

VERTiCAL ;~:iss 'R:oi;L 
"EA'" DESIGN STAESS 

-29.428 _29.428 -1.~28 
-14.848 -14.84B -1.000 

_9.315 -II.~.O -1.635 

•••••• SEPTEMBER ••••••• 
VERTICAL STREsS R,DIAL 
~EAN DESIGN STRESS 

.17 .912 -11.512 
_9.911 _ •• 911 
-6. 959 -&,~'6 

-1.000 
-1.000 
-1.6jIJ 

•••••• DfCfMBEA ••••••• 
VERTICAL STREsS RAOIAL 
~EAN OEslGN STAtSS 

-I.roo 
-1.000 
_1.631 

-25.466 -25.466 
-13.34, -1l.id 
.8.662 _JO.S" 

!..... JANUARy....... • ••••• '£SRUAAY ••••••• 
VERTICAL STRESS RiDIAL Y[RTICAL StRESS RADIAL 

MEAN DESIGN STRESS HEAN DESIGN SiRESS 

-2 •• 271 -2 •• 211 -1.562 -Z •• 996 -Z •• '96 -i.6.1 
-12.a5. -12.85. -1.000 -13.1 •• -13.1.' -i.ooo 

-1 •• 36 -10.303 -1.633 -8.5T2 -10 ••• 1 -i.63Z 

•••••• 'PRt~ ••••••• •••••• MAy ••••••• 
~[RTICAL STRISS RADIAL VERTICAL ITAESS RADIAL 
M[AN ~[SIGN STRESS MEAN ~StlN STRESS 

-a •• 30. -i4.30. -i.ooo 
-12.416 -li.416 -i.ooo 

-B.011 -10.011 -1.544 

-21.n4 _21.n4 
-13.111 _13.111 
-e.114 _10.619 

_1.000 
_1.000 
_1.!!11 

•••••• JULY ••••••• •••••• IUGUST •••• or, •• 

VrRTICAL iTRESS RACiAL YERTICAL STRESS RADIAL 
MEAN ~ESIGN STRESS M[A~ O~SIGN STRESS 

-30.121 -'0.121 
-15.2z5 -1&. ZZS 
-'.504 -11,'3' 

•••••• OCT08!R 
Yt:ATICAL STREsS 
MUN DUliN 

-28.515 -28.515 
-14.511 -14.111 -'.16' -11.045 

-1.126 -lO.692 _lO.692 
-i,ooo -15.51' _15.519 
-1.666 .9.680 _11.416 

....... 
A3DUL 
STRt:SS 

-1,451 
-i ,000 
-1.624 

• ••••• NOVEMBER 
YEIlTICAL STAESS 
"UN OtSIGN 

-21.686 _21,686 
-14.Z0Z _14.202 
-9,038 _IO,9Il 

_2.261 
.1.000 
.1.104 

....... 
RAOUL 
STRESS 

_1.658 
_1.000 
.1.625 

Y[AR 

"I-LO-REPT 
BASt: 
sue flASE 
IUflGAROE 
CUMHULA TI 1/£ 

o. 
o. 
O. 

BAS[ O. 
Iua US[ O. 
SU8GARO[ O. 
STRAIN TO '[OINkING 0' 
lASE O. 
SUI IlAst: o. 
SUfiGAROE O. 
STRAIN T~ROU'H M9NTH 
lASE 0-
SUfi USf. 0. 
SU8DAAOE 0-
IlEPTH 
USt: 
'UII eAst: 
'UflOUOE 

o. 
o. 
O. 
MONTH 
11-
0; 
o! 

HARCH 

o. 
O. 
O. 

O. 
o. 
o. 
0-
o. 
o. 
0-
O. 
O. 

o. 
o. 
O. 

O. 
o. 
o. 
o. 
o. 
o • 
o. 
o. 
o. 

HAT 

O. 
O. 
O. 

o. 
o. 
o. 
o. 
o. 
o. 
o. 
o. 
O. 

JUN! 

o. 
o. 
O. 

o. 
o. 
o. 
o. 
o. 
o. 
0-
O. 
o. 

~ERT. osP. 1.625t:-02 1.631~-OZ 
V STRESS -1.1,or*00.1.9121*,0 
R STR!SS - ••• :2'tf-ol ·.'!'H5'.01 

1.642E-OZ ~.90IE-02 Z.534E-02 2.298[-02 
-7.912t:*00 -1.431[*00 ·e.li4E.00 -B.61S!'00 

OE'ORHATID~ AT "ONTH N 
un o. 

-"'14[-01 -'.044[-01 -'.352[-01 - •• '48[-01 

sua USE O. 
IUBURO! O. 
Ol'ORMA1I0", cut: 
USE O. 
SUI ust: t. 
IUIGARO! O. 

o. o. 
0. 0«1 

o. 
o. 

O. O. O. 
TO Re:PIUONS TMROUGH MO~TH ,"_II 
- O. O. 

o. o. o· o. 
CE'ORMATI0~ AT ~ONTH N 

o~ o. 
- DtFOR~ATION AT 

O. 
.. ONTH N-I 

O. 
O. 
o. 

USE o. 
sue eu! O. 
IUBGAROE O. 
CUMULATI~E OErORMATION 
U$£ o. 
51.19 BAS! O. 
SUBGAAO! D. 

O. o. 
0; o. 
0; o. 
THRO~GH MONTH N 

o. 
0; 
o. 

TOTAL CU~ULATIVE DErOA~AT ION 

o. 
o. 
O. 

RuT DEPTH 
D. o. o. 

o. 
o. 
o. 
o. 

o. 
o. 
o. 
0-
O. 
o. 

o. 
o. 
o. 
O. 
O. 
o. 
o. 

o. 
o. 
O. 

O. 
o. 
o· 
o. 
o. 
o. 
O. 
O. 
o. 
O. 



tlI-Lo-REPT 
BASi 

JULY AUGuST SEPTEMBER OCTOBER NOVEMBER 

SUB BASE 
SUBGARoE 
CUMMULlnVE 

O. 
o. 
O. 

BASE O. 
SUB lASE O. 
SUBIAROE O. 
STRAIN TO BEGIN~ING at 
BASE O. 
SUB eUE o. 
SUBGARoE O. 
'TRAIN l"ROUGM MONTH 
lASE 0_ 
sue BASE o. 
SUSGARoE O. 
DEpT .. 
BASE 
SUB USE 
SUIIIARoE 

3.0 
4.0 

0-
0-0; 
MONTH 
O. 
0; 
0; 
O. 
o. 
0; 

VERT. OSP. 2.10'E-02 1.,,3E-02 
V STRESS -8.e~~E-00 .';040£_00 
R STRESS -1.026E-OO -i.oe4t-00 
DEFORMITIO~ AT "ONTH N - -

o. 
o. 
o. 

O. 
o. 
o. 
O. 
O. 
o. 
O. 
0_ 
O. 

lASE O. O. O. 
SUB 8ASE O. O. O. 
SUBGAROE O. 0; o. 
DEFORMATION OUE !O REPITioNS T"ROUGH 
BASE Q. O. O. 
SUB 8ASE 0_ O. O. 
SUBGAROE o. O! O. 
DEFORMITIO~ AT MONTH 104 - OEFORMATION AT 
IIASE O. O! - O. 
IUB BASE O. O! o. 
IUBGAAO! O. 0_ ._ 
CUMULATIVE DEFORMATION tHROUGtI MO~TM N 
BASE O. O~ - O. 
SUB 8ASE O. O. o. 

4.QOOE-02 4.700E_03 
4.000E'02 4.700E,03 
4.000£'02 4.700E,03 

4'000E'02 
4.000[-02 
4.COO£-or 

O. 
o. 
O. 

3.600E-00 
1.603E-00 
7.2,3E-OI 

O. 
O. 
a. 

IIONTH N-i 
8.9'I'E-02 
6.412!-OZ 
1.079E-Ol 

5.100E_03 
5.100hO) 
5.100EtO~ 

2_626[000 
1.575E_00 
7.0Z0!_01 

3.567E_00 
1.717[_00 
l.l,IE_OO 

l,noe-OI 
6.867£_02 
1,712hOI 

7.877E_OZ 
6.Z98E_02 
1.050£_01 

2.e24E_02 
5.nOE_03 
7.31'E_0~ 

SUBGARoE o. 0; o. 
TOTAL CU~ULlTIYE OEFOR~AtION RUT OEPTH 

o. 0; o. 

'_"if-02 
6.412E-02 
1.079£-01 

1.182£-01 
6.981£-02 
1.l:IllE-O I 

2.620E-Ol 3.69ZE_Ol 

DECEMBER 

1.460'-04 
1.469E-04 
1.460E-04 

1.97 0[004 
1.970f-04 
1.970E-04 

2.UJE-00 
10631E+00 
1·06IE-OO 

3.353E-00 
1.720'-00 
I,Z'4'-00 

10006E-01 
,.8Iil-OZ 
2.0001 .. 01 

"'OgE-02 
6.548E-OZ 
1.640E-Ol 

I.Z5,E-02 
3·13t'-03 
3.601E-OZ 

1·30eE-01 
7.314E-02 
2.171[-01 

4.211E-01 

~I-LO-REPT 
BASE 
SUB IIA~E 
SUIIGAROE 
CUMMUL" T1 VE 

1.690E'04 
1.6'OE-04 
1.690E-04 

BASE 3.660E-04 
SU8 BASE 3.660E-04 
SUIIOAROE 3.660E-04 
STRAIN TO BEGINNING OF 
BASE 3.1'IE-00 
SUB BASE 1.6rIE-00 
SUBGAROE 1.206E-00 
STRAIN '''ROUGH MONTH 
e.SE 3.3!7E-oO 
SUB BASE 1.714E-00 
SUBGAROE 1.30~E-00 
DEPTti 
lAS! 
SUB USE 
SUBUROE 

FEBRUARy 

Z.3Z0E-04 
Z.320£_04 
2;nO~-04 

5.980E-04 
5.980e-04 
5;'80t-04 
MONTH-
3.4BU-00 
j;14IE-00 
1.!3U~-00 

MARCH 

1.770E-04 
1.770E-04 
1.170E-04 

7.750E-0. 
7.750E-04 
7.750E-04 

3.661hOO 
1.779E-00 
1o,,4E-00 

APRIL 

Z.l,OE-04 
Z.I,O£-04 
Z.I,OE*04 

9.'40E-04 
,.'40E-04 
,.,40E-04 

4.334E-00 
1.655E-00 
I.ZOIE-OO 

4.4Z7E-00 
lt~lIE-OO 
I,UIE-OO 

1.165£_05 
1.16!1E_05 
1.16SE*05 

5.50'E_00 
1o'03E-00 
1,57U_00 

5_581[_00 
10113[000 
1.600hOO 

3.190E 0 04 
3.2'OE-04 
3.Z90E-04 

1.4'.E-05 
1.4'4E-05 
t.4'4E-05 

5.950hOO 
h94i'-00 
1.8'5E-00 

6.065E*00 
1.956E-00 
1.'HE-OO 

VERT. OSP. 1.6Z5E-02 1.63eE-oz 1.642E-02 2"~IE-OZ 2.534E_02 Z.298E-02 
V STRESS -7.7'~'-QO .-7;'32~-00 -7.'72E-00 -7.431E-00 -1.114E_00 -,.675£-00 
R STRESS -9.,i7E-01 -9.'15i-Ol -9.914E-Ol -,.044E-01 -'.35ZE-0~ -,.948E-Ol 
DEtORMITIOh AT ~ONTH N -
IA$E 1.013E-Ol 1.089i-Ol 1.122E-01 1.3Z8E-01 
,ue BAI' 6.85'£-01 7.086£-02 ,.IIZE-OZ ~.6ft3E-OZ 
SUBUROE 2.0+0'-01 i~a51'-012.3.01i-0l 1.982E-01 
DE'ORMITION DUE To R[PITIONS 'HROUGH HONTH (N-ll 
aAsE ·9.5!~E-0~ 1.044E-Ol 1.098E-Ol 1.300[.01 
-'UB BASE 6.701E-OZ '.',4£_OZ 7.118£_02 6.622£-OZ 
'UBGARO' 1.902E-Ol Z,123£-01 z.271E-01 i"23E-01 
DEFORMITIO,. AT MONTH N - OEF-ORMATION AT ~ONTH N-l 
aASE 5.5e$E-03 4.5Z0E-03 2.40GE-Ol 2.e06£-03 
'UB eASE 1,549E-03 i!zzot-03 6.3'3E-04 6.iZ2E-04 
IUBIAROE 1.51~E·OZ 1.2e4~-oz e."'£-03 5,890E-03 
CUMULATIVE DEFORHATION tHROUGH MO,.TH N 
BASE 1.3!4E-OI 1.40'~-01 1.43~E-Ol 
SUB 8ASE 7.469£-OZ 7.591E-oz 7.655£-02 
SUBGAROE 2.329'-01 2.457£-01 2.525E-Ol 

1.461£-01 
1.716E-OZ 
2.584E-Ol 

1.674E_Ol 
7.zsiE_02 
2,42'E-0\ 

2.15'E-03 
3.e52E-04 
4.JJ7E_0~ 

1.4e3[_01 
7.755E-02 
z.6Ze[_o~ 

3.47 0E-03 
5"54E-04 
7.53iE-03 

10511E-01 
7.814E-02 
2.703E-OI 

TOTAL CU~ULATIYE OEFOR~ATIOh RUT DEPTH 
4.440E-Ol 4;625E-Ol 4.7Z~E-Ol 4.817E-Ol 4,B86E_0! 5.002E-Ol 



YEAR , 

·Hl·LO-REPT 
BASE 
SUB 8ASE 
SUBGAROE 
CUMMULATIVE 

JULY 

3.310E·04 
3.310E·04 
3.310[004 

BASE 1.8l1['05 
SUB BASE 1.8l1['05 
SUBGAROE I.Bll['05 
STRAIN TO 85GINhiNG O~ 
BAS[ 5.702E'00 
SUB BASE 2.008['00 
SUBGAROE 2.059E'00 
STRAIN ~HROU'H ~ONTH 
BASE 5.788['00 
SU8 BAS[ i.OZO[.OO 
SUBGARDE 2.103E'00 
DEPTH -
IAIE 
SUB BASE 
SUBURDE 

l.O 
4.0 

AUGUST 

3.990E·04 
3.990£'04 
3.990~'04 

2.l!lOE·05 
2.210~'05 
2;210!'05 
MONTH-
5.194['00 
2.061',00 
2;202~'00 

5.266hOO 
2;0118,00 
2;246~.00 

SEPTEMBER 

30860E'04 
3.860E·04 
l.860£.04 

2.616£'05 
2.616[,05 
2.616[.05 

2.932[.00 
1.518£.00 
9. 905£.01 

2.969[000 
1.581['00 
1.006E.00 

OCTOAER 

3.700E·04 
3.700£,0. 
].700[·04 

2.9~6E·05 
2.986£.05 
2.986£.05 

5.139£.00 
1.985E.00 
2.021E·00 

5.195['00 
1.99l£·00 
2.041E·00 

NOYE"BER 

3.770E.04 
l.710E.04 
3.770E.04 

l.363E.U 
l.l63E.05 
l.36l£.05 

5.012£.00 
1.965£.00 
1.914£.00 

5.116[.00 
1.972[.00 
1.996E.00 

D[C[MBER 

3. 150E·04 
3.750['04 
l.150£·04 

l.13I[·05 
3.13,E.05 
3.138!·05 

4.23l£·00 
1.89l[·00 
1.114['00 

4.166['00 
1.899['00 
1.10Z[·00 

V[RT. OSP. 2.108E·02 1.98lE.02 
V ST~ESS .'.8~'[.00 -9.040l.00 
II STRESS -1.026['00 .i.064~.00 
DE~DRMATION AT MONTH N 

1.598E·02 1.801E·OZ 1.1l3C_02 1.646E-Q2 
-6.l1,E.00 .8.529[,00 -1.l981.0Q •••• Z~I.OO 
-9.lll~-01 .9.840[-01 -9.151[.01 "'.'ll[.OI 

BASE 1.7l6[·01 1.580E·Ol 8.901E-02 1.7l9£.01 
SU8 BASE 1.078[.02 l.lllt.02 6.l51E·02 1.910E.02 
SUBGARO[ l.054[·01 3;2l9.·01 1.ll8[.OI l.OlO[.OI 
D['ORMATIO~ OUE to R[P1Tl0hS THROUGH MONTH (N.ll 
BASE 1.711E.Ol 1.558E·Ol 8.791E·02 1.722E.Ol 
SUB BASE 1.030[-02 8.261[.OZ 6.31jE·02 7.940[.02 
SUBGARDE i.991[·01 l.116~·01 1.810£-01 2.991E-Ol 
OEFORM.TIO~ AT "ONTH N • DE,ORMATIDN AT ~ONTH N.I 
BASE i.S92E·03 2.151E.03 1.10~E·Ol 1.617E'03 
SUB BASE 4.81!E·04 4.609£-04 3.814[-04 l.055E.04 
IU8GARD[ •• l60[·Ol 6.340&·Ol 2.ll0e-Ol l.901[·Ol 
CUMULATI~E DE'OAHATION THROUGH MDNTM N 
8ASE 1.54~E·Ol 1.565E.01 1.516E.Ol 
SUB BA~£ 7.e62E-02 1.909E.02 1.947E.02 
5UBGARDE 2.76![.01 2.8l0t.Ol 2.158E.Ol 

1.59l£-01 
7.977[.02 
2.891[.01 

TOTAL CU~ULATIYE D['OR~ATION RUT DEPTH 
5.09~[·01 5·116~·01 5.229[.01 5.288E-Ol 

1.5l5[-01 
1.I86E.oit 
2.986[.01 

1.522E_Ol 
1.859E.02 
2.952[.01 

l.lI9[.03 
2.129E.04 
l.411[-0~ 

1.606E.Ol 
8.004[.02 
2.9llE.01 

5.33 8E·Ol 

1.210[-01 
1.596[.02 
Z.765£-01 

1.27or·OI 
7.512E·OZ 
2.156t·01 

9.14~£·04 
2. 421[.04 
1.II1E-Ol 

1.616[.01 
8.029E·02 
2.959[.01 

5.l18E·Ol 

YEAR 

HI·LD-R[PT 
BASE 
SUB lAsE 
SUBGARDE 
CVMMULATIVE 

JANUARY 

3.150E·04 
l.1 50 E·04 
l.1 50E·04 

BASE •• 053E·05 
SUB BASE •• 053E·05 
SUBGARDE 4.053E'05 
STRAIN TO 8tGINN1NG OF 
BAlE 4.016E'00 
SUB 8ASE I.B54E·00 
SUBGARO£ 1.681£'00 
STRAIN THROUGH "ONTH 
BAS[ 4.100!.00 
SUB BAS[ 1.159£'00 
IUBGAROE 1.694£'00 
DEPTH -
US! 
SUB BASE 
SUBllARO[ 

FE~RUARY 

7.340E'04 
1.340['04 
1.340£'04 

4.181E·0! 
4;181£'05 
4.1B11·05 
MONTH-
4.219£.00 
1 ;BB6E.oo 
1. 761~.00 

~ARCH 

8.520E·04 
8. 520E.04 
8. 520E·04 

5.6]9E·0! 
5.6]9E·05 
5.6]9E'05 

4.l0l£.00 
1.903[000 
1.81 7£'00 

4.l54£.00 
1.912E·00 
1.845£,00 

APRIL 

7.350£'04 
7.350£·04 
1.l50£·04 

6.374£,05 
6.374E·05 
6.j74E'05 

5.080£'00 
1.11l£·OO 
1.495E·00 

5.i26E·00 
1.180[,00 
1.51l£·00 

MAY 

1.400E.04 
1.400E.04 
1.400E.0~ 

1.114E.0! 
1.114£.0! 
1.114[.05 

6.l51E.00 
1.911£.00 
1.'06E.00 

6.401£.00 
1.911[.00 
1.926[.00 

JUNE 

1.300[,04 
1.300£'04 
1.l00£·04 

1.844E·05 
1.844£'05 
1.144['05 

6.19iE'00 
2.0.4[·00 
Z.Z69E·00 

6.1l6E·00 
Z.050[·00 
2.Z89[·00 

VERT. DIP. 1.625£-02 1.638E-02 1.642£-02 2.901[-02 2.534£_02 2.298E-02 
V ·STRISS .1.196['00.-1;9]2£'00 ·-1.912E'00 "1.4l1['00 -1.114[.00 .8.615£'00 
II STR[U - •• 92'£-01 ·-9;915~·01 -9.914£.01 -9.044[-01 -9.35ZE.Ol -9.948[-01 
a£~OIlMATION AT ~ONTH N 
IAI[ 1.2~O£·01 I.Zel~·OI l.l06E·Ol 1.5lIE·Ol 
SUB BAS[ 1.436[-02 1.581E·02 1.649£-02 1.ilB£·02 
SUIGARDE 2"'i!-01 2.195~·01 Z.163£·01 2.421£-01 
aE~ORMATlON CU£ TO REPIUO"S THROUGH MONTH (N.ll 
BASE 1.2Zi£·01 i.266E-01 1.2'IE·Ol 1.524£-01 
SUB BAS£ 1.41~E-02 1.54l£-02 1.612E·02 7.091£.02 
SU8GARDE 2.650£-01 Z.152~-01 2.120£.01 2.l92£.01 
a[~ORMATION AT ~ONTH N • D£FOR"ATION AT ~ONTH N.I 
BAS£ 1.Z95£·04 1.5l2E·03 1.516£·0~ l.l~2£.Ol 
IUB 8ASE 1.846£-04 3.1512-04 l.65U£.04 2.112[-04 
,.U8URD[ '2.0;6[-03 4.lS4~·Ol 4.lZiE"Ol '2 ... 9[.03 
CUMULATIVE O['OR~ATION THROVGH MONTH N 
IAS£ 1.6a3E-01 1;6ll£-01 1.654E-Ol 
SUB BASE •• 04'[-02 8;08~£·02 8.121£-02 
SUBGARD[ i.9S0E·01 3.024£-01 l.067£·01 
TOTAL CU~ULATIVE D£FOR~AT10N RUT DEPtM 

1.~61E·Ol 
1.I48E·02 
l.096E·Ol 

5.40 8£-01 5.411~·01 5.533E·Ol 5.518E·Ol 

1.920[.01 
1.669[.02 
Z.92U·ol 

1.905£.01 
1.645[.02 
2.B9][.01 

1.494E.03 
2.lI9E.04 
l.OO~[.O~ 

1.682E.Ol 
8.112[.02 
l.126E.0! 

5.625[.01 

2.05iE·Ol 
1.I99E·02 
l.l56[·01 

2.0l1E·Ol 
1·118E·02 
l.326E·Ol 

l.l6]E·Ol 
2.09iE·04 
2.95It·03 

1.696E·Ol 
8.19;;E-02 
l.155E·Ol 

5.61iE-01 

N 
<Xl 
W 



5 AUG 71 UNIYERSiTy 0' HAAS 6600 uT 2 

',ZEJ812 

YU~ 1 16.02.50 CRK •• I07.11~000.77.CEOCOI54.JAIN. 
JULY AUGUST SEpTEMBE~ O(:TORER NOYEM8E!! O[CEMI'i[R 16.02.50 8LoaUP(CRKD"XI 

HI-LD-~EPT 16.02.50 FlUN lSI 
BASE 6.71oE·04 6.860E·04 6.370E-04 7.410E·04 5.480[.04 O. 16.4e .22 CTi~E 012!100 SEC. RllN- L!vEL 60-
sua BASE 6. nOE·a. 6.860['04 6.3'I'0E·04 7.410[.04 S.4~OE_04 O. '6.48.22 LGO. 
5UBGA"OE 6.710E-04 6.B60E_04 6.37QE'04 7.410E-04 5.480E.04 O. 16.48.30 LOADER UNutED S~ORAGE 0244Z0. 
CUMIIUl" 11 YE 16.48.30 _ 72000CII 8.56'~P 945MS OIOT 
IlASE B.5HiE·OS 9.20IE.05 9.83eE'05 I.0511E-06 1.113E.06 1.113E-06 16.5Z.1O END - CRKD~X 
SUB BASE 8.515E-05 9.201f·05 9.8nEtoS 1.~58E.06 1.1I3E.06 1.113[,06 ,6.52.11 115 1231 PRU. 
SUBGAIIDE 8.51;f·05 9.201~.05 9.138E.05 1.058E.06 1.113[.06 10 113['06 ,6.52.11 cP 58.072 SEC. 
STRAIN TC 8[GINI<tNG 0' IIONTH ,6.5Z.1I PI' 28.178 SfC. 
BAS[ 6.40~E·OO 5.755hOO 3.259E'00 6.299E·00 5.539E.00 4.605E·00 16.'2.11 TM 62 ••• ' SEc. 77 (OCTALl 
SU8 BAS[ 2.101E·00 2~153£·OO 1.659£'00 1.~58['00 2.034E.00 1.95,['00 
SUeGARDE 2.416E'00 2;5454'00 1.1Z1hOO 2.285['00 Z.Z}7[.OO 1"'0['00 
STRAIN T~ROUGH HONTH 
SASE 6.44 IE.00 5.783£000 3.Z7.hOO 6.330E·00 5.'58E.00 •• 60SE·00 
sue BUE z.106E'Qa Z~157£·00 1.663£000 Z.062E·00 Z.U7E'OO 1.9591!:·00 
SUBGAROE 2.434E·00 Z!562~·00 1.133E·00 2.~9'E·00 Z.ZZ6E.00 1 •• 90E·00 
DEPT~ 
USE J.n 
sue USE 4.0 
SUIIGUOE 
~ERT. OSP. Z.IOI[-OZ 1.983E-OZ 1.598E-02 I.I01[-OZ 1.733f-OZ 1.6 •• E-02 
¥ STIIESS -,.164['00 ·-';040J.OO -6.31'£'00 -Jl.5r.E·00 -8.398E.00 -8. 022[000 
1'1 STRESS -I .04l~E.OO -1.064E·00 -9.UU-01 - •• 1140[-111 -'.I5Z[-OI -,.'13[-01 
CEFORIIHIOl< AT "ONTI1 14 
USE 1.932[-01 1.73SE-OI '.Bl!n-02 I,&,'E-OI 1.667E_Ol 1.3IiE-01 
SUB USE a.42lE-OZ 8.6Z7E-02 6.6SlE-OZ l.r48E-OZ '.IUE-OZ 1.134E-OZ 
SUBUROE 3,535E-Ol 3.69S~-01 1.011e-OI 3.403E-OI 3.330E-ol 3.075E-OI 
OEFORMA TI ON DUE to REPITIONS THROUGH MONTH 114-1', 
BASE 1.9ZZE-OI 1.7416£-01 ,.17!!E-02 I ••• OE-OI 1.66Z[-01 1·3IiE-OI 
sue USE e.40oE-or 8.611£-oZ 6.638E-02 8.inE-OZ '.137[-OZ 1.83.E-02 
SUBUIIOE 3.509[-oi 3.670~-01 Z.06OE-01 3.381E-01 3.316e:-O~ 3.075E-0I 
OEFORMATlO" AT MOHTH I< - DEfORMATION ArMONTI1 1<-1 
USE 1.046E-03 8.47.E-04 4.622e-04 9.106£-04 5.602E-04 O· ,ue eASE 1.738E-04 1.624£-04 1.443E-04 1.51IE-04 1.046E_04 o. 
SUSUROE 2.56!E-03 2.4'Z~-03 1.17~E-03 2.i41£-03 1.452E_03 O. 
CUHUlATI~E DEFORMATION THROI,IGI< MONTH N 
SASE 1.706E-Ol 1> 7I5f-01 I. 720E-0 I 1.729E-OI 1.734[.01 1.734E-Ol 
SUII USE e.211E-02 8.227£-OZ 8.Z41£-02 1I.256E-02 •• 267[.02 1.26:;£-02 
SUB GARDE 3.181E-OI 3;Z064-01 3.218E-Ol 3.23.E-01 3.Z54E_0~ 3.Z54[-0I 
TOTAL CU~UlATIVE'OEFOR~ATIOh RUT O£PTK 

5.70~E-Ol !5~744~-OI 5.16iE-01 5.1,4E-Ol 5"15E_0~ 5.815[-01 



APPENDIX 4. 6 

REGRESSION ANALYSIS FOR CRACKING-PATCHING VERSUS ROUGHNESS INDEX 



STEF01 - STEP-ISE ~EG~ESSION - ~ERSION OF OCT. ls.i968 
l~E UNIVFRSITY CF TExAS CENTER FOR HIGH~AY RESEA~CH 

M~~RESSION E'v~TION FOR LSV~V1 ANO LCP 

FR08LE~ COCE LRSVLC 
~~MeER OF C_StS 95 
N~~eER OF ORIGI~Al VARIABLE~ 7 
NLMHER OF V. M1ABLES loaDED 3 
lCTAL N~~BEP CF VARIABLES 10 
NLMBER OF S~a-PPOdL~~S 1 

INFUT DATA 

PRCBLEroI CARD 
ROeL" LPSVLC 95 7 3 'I 10 YES YES YES 

TR.NSGENERATION CAkUS 
TR~GEh e~z 1-0.000 
TR~GEN 910 i 3.0vO 
TR~GEN 1010 Z 2.000 

LAeEL CARn 
LAt: lLRSIiSIi 2 LCP J 01 4 

9 CBLCP 10 SQLCP -0 
02 5 

LAt: AARCTAN 

VARl~BLE FOR""T CARO 
,F7.1.Z8X,2F7.11 

G. 
,J .OOOOOOOOE-Ol 
l! .450000001:-01 
O. 
E.150000o0E-Ol 
C. 
,5. 90000000E-0 1 
C. 

,5 .90000000E-0 1 
~ . 
3.50000000E-Ol 

,E .00000000E-Ol 
o • 
E.eoooooooE-Ol 
<;.50000000E-01 
c. 
,3.20000000E-Ol 
~, 

~.toooooooE-Ol 
,5.1000000 oE-u 1 
E.~oooOOvoE-Ol 
C. 
1.750uooooE-01 
~.100000uOE-01 
C, 
".50000000E-01 
.... 10000000E-01 
~.40ooooooE-Ol 
C. 
.... 60000000E-01 
,5. <;oooooooE-o 1 
C. 

O. 
2.00000000t+00 
2."3000060E+oo 
'a 
i. 12000000'::+00 
O. 
i.~6000000E+OO 
0. 
2·-'0000000t.+OO 
Q. 
2.00000000'::'00 
2.!4000000t+0(l 
o. 
2.!?5000000t,00 
2.~SOOOOOOt.+00 
I). 

1.~1000000c:.+00 
O. 
1.!1000000'::+OO 
2.00000000~+OO 
c.l0000000E+oO 
n. 
i.32000000c:.+oo 
i.OOOOOOOOE+oO 

3.00000000E+00 
3.00000000E+00 
3.00000000E+OO 
4,00000000E+00 
4.00000000E+00 
3.00000000E+oo 
3.00000000E+00 
4,OOOOOOOOE.00 
4.000000j)OE+o~ 
3.00000000e+oo 
3.QOOOOOOOE+OO 
3.000000000.;+00 
2.00000000E+oo 
2.00000000E+00 
2.00000000E+00 
3.00000000E+00 
3.00000000E+00 
2.00000000E+oo 
2.00000000E+00 
2.00000000E+00 
2.00000000E+00 
1.00000000E+00 
1.000000UOE+00 
1.000000UOE+00 

u. 1.00000000E+00 
2.08000000~+00· 1.00000000e+00 
2.160000001:.+'00' 1.00000000E'.00 
2.23000000t.+00 1.000000UOE+oo 
O. ' 4.000000uOE+00 
l.26000000~+00 ~.OOOOOOOOE+oo 
2.)6000000~+OO ~.OOOOOOUOE+OO 
n. 1,00000000e+oo 

-0 

O. 
O. 
O. 
O. 

03 6 
-0 

0, 
3.00000000E+00 
3.00000000E+00 
3.00000000E+00 
3.00000000(+00 
O. 
o. 
O. 
3,00000000E+00 
3.00000000E+00 
3.00000000E+O(l 
6.00000000E+oo 
6.00000000E+00 
0, 
O. 
0, 
O. 
3.00000000E+OO 
3.00000000E+00 
3.1I0000000E+00 
3,OOOOOOOOE+00 
3.00000000E+00 
3,0000~OOE+00 
3,00000000E+00 
3.00000000E+0'l 
3.00000000E+oII 
3,~0(\OOOOOE+00 
6.00000000E+oo 

WT 7 
"0 

8.00000000E+"0 
•• OOOOOOOOE+OO 
A.oooOOoooE+oo 
1.~00oooooe+Ol 
1.!:0000000e;+01 
8.00000(/00E.00 
III.OOOOOOOOE+OO 
4.00000000E.00 
4.00000000E+00 
8.00000000e+00 
q.oOOOOOO~E·OO 

".ooooooooE+oo 
A,OOOOOOOOE+OO 
".ooOoooooE+oo 
1I.00000000E+00 
4.00000000E+00 
".OOOooOOOE+OO 
4.00000000E+00 
4.00000000E+00 
~.OOOOOOOoE+OO 
~.oOOOOOOoE+oo 
O. 
o. 
O. 
".ooOooOooE+OO 
4.00000000E+oo 
4.00·000000E+90 
4.UOOOOOOoE+OO 
4.00000000E+00 
".OOOOOOOoE+OO 
4.00000000E+00 
4.00000000E+00 

3.20000';00E+01 
3.201)00,,00E+01 
3.20()00tiooE+Ol 
3.10000iiOOE+Ol 
3.?0000"00E+01 
3.20000ilOOE+01 
3.20000;;00E+Ol 
1.80000';00[+01 
1.1101)00,,00£+01 
1.80000nOUE+Ol 
1.80000';00(+01 
1080000/l00E+Ol 
2.40000,,00E+01 
2.40000;'00(+01 
2."0000';00E+ol 
2.40000"00E+ol 
2.;joooo~ooE+01 
2.00000"00E+00 
2.001100';00(+00 
2.00000';00E+00 
2.00000~ooE+on 
2.00000,,00E+00 
2.00000;'00E+00 
2.00000,;"OE+OO 
6.00000!iooE+00 
6.00noo;'00E+oo 
6.00GOOiloOE+on 
".OOooo~ooE·oo 
1.20000nOOE+OI 
1.20000;;00E+01 
1,201100;;00E+01 
#>.oooooflOOE+oo 

2.00GOOOOOE+oo 
2.00000000E+oo 
2.00000000E.oo 
2.000000001£+00 
2.Il0000oonE+"r, 
2.00000000E+no 
2.()000000gE+00 
1.00000000E+oo 
1.00000000(+/11\ 
1.00000000E+oo 
1.00000000£+00 
1.0000GOOoE+oo 
2.0000000nE.no 
2.00000000E+oo 
2.00000000E+oo 
2.0000000I)E+no 
2.00000000E+oo 
1.000000ooE+~11 
1.00000000E+nO 
1.00000001)t:+~o 
1.000000011£+~O 
1.0000000oE.~n 
l.uOOOOOOoE+ol'I 
1.0000000oe::+~o 
1.uOooooooE+oO 
l.o000GOOoE+I)!l 
1.000(l000f)t:.~0 

1.000000001':+"1) 
1.uoOoGOoo€.no 
1.00000000E+,,0 
l.tlOOOOOQf)t.+n~ 
1.o000()(l0')E.~" 



1.30000000E-Ol c."9000000t.+OO 1.000000uOE+00 6.00000000E+OO It.OOOOOOOOE+OO ~.oonoo"oOE+OO 1.0000000:)E+o~ 
C. I) • 1.00000000E+00 3.o0000000E+00 It.OOOOOOOOE+OO 2.00ooo~00E+oo 1.00000000E+,o 
3.00000000E-01 ':.~6000000t.+00 1.000000UOE+00 3.00000000E+00 ".OOOOOOOOE+OO 2.00000~OOE+00 1.0000000.,E.+OO 
~."ooooooOE-OI ':.=>40000001:.+00 1.00000000E+00 3.00000000E+00 It.OOOOOOOOE+OC 2.000011"00E+OO I.OOOoOoOqE+"n 
\; . U. 3.00000000E+00 O. O. 1.20000nO OE+Ol I. UOOOOOooE+ nO 
~.20000000E-UI c.«;!OOOOOOOE+OO 3.00000000E+OO O. O. 1.20000~00E+OI 1.0000000 aE+110 
C. . . 2.00000000E+O(l 3.00000000E+00 It.OOOOOOOOE+OC I::>.OOOOO~OOE+OO 1.0000000~t.+"o 
1.70000000E-Ol 1.32000000t.+CO 2.00000000E+00 3.00000000E+00 4.00000000E+00 o.OOOOO~OOE+OO 1.000oooooE+,,0 

·3 .e300000oE-0 I 1'!1000000 E+UO 2.00000000E+00 3.o0000000E+00 It.OOOOOOOOE+OO "'OOOOOnOOE+OO 1'00000000 E+nn 
4.tOOOOOOOE-OI 2."00000001;.+"0 2.00000000E+00 3.00000000E+on It.OOOOOOOOE+OO 1::>.00000~00E+oo 1.000110000E+no 
·e .27000000E-OI 2.!SOOOOOOt.+00 2.00000000£+00 3.00000000E+00 1t.0000000oE+00 &.OOOOO';OOt:+ijO 1.0000000nE+~n 
.~ .5S000000E-u I 2.!9000000i:.+00 2.00000000E+00 3.00000000E+00 It.OOOOOOOOE+OO ".OOOOO';OOt:+O.) 1.000000oot.+,n 
1.20000000E-01 2.<l0000000t.+00 2.00000000E+00 3.00000000E+Oo 1t.0000000oE+00 b.OOOOO"OOE+OO 1.0000000nE+"" 
C· ~. 2.00000000E+00 3.nOOOOOOOE+Oo Il.0QOOOOOOE+00 1. 2OOOOnOIlE+OI 1. U 0 0000 O:l E+" n 
3.0Sooooo0t-Ol c.U40000COt.+00 2.00000000E+00 3.00000000E+OO 'l.OOOOOOOOE+OO 1.~onoo"OoE+Ol 1.00000000f.+,,0 
·~.IS000000E-OI 2.!SOOOOOOt.+00 2.00000000E+oO 3.00000000E+00 ... OOOOOOOOE+OO 1.20000;;.ooE+o 1 l.o0000000E+~n 
€.OOOOOOOOE-Ol ':.r:SOOOOOOt.+OO 2.000000uOE+OO 3.00000000E+oo A.OOOOOOOOE+OO l. l 0000"OOE+Ol l.o0000000EH~ 
O. O. 4.00000000E+oO 6.00000000E+00 o. 1.20000';00E+Ol 1.00000000E+nn 
3.e2000oo0E-01 1.'!1000000t.+00 It.OOOOOOvOE+OO 6.00000000E+00 O. 1.20000~00E+Ol 1. uOOOOOOOE+f'o 
·5.270COOOOE-Ol 2. lt SOOOOOOt.+00 1t.00000000E+oo 6.00000000E+00 o. 1.20000~00E+Ol 1.00000000E+nO 
·f .5Sooooo0E-0 I 2'~2000000E.+00 4.00000000E+oo 6.00000000E+on o· 1.20000';00E+Ol 1.0000000"£·l)n 
1.Z0000000E-OI 2.!!60000COt.+00 1t.000000OOE+00 6.00000000E+00 O. 1.20000/l00E+Ol 1.00000oooE+,)0 
C. o· 2.00000000E+00 3.00000000E+00 O. 6.00000';00E+00 1.00000000E+nn 
4.30000000E-ol 2.~0000000E+00 2.00000000E+00 3.00000000E+On O. ".OOOOO~OOE+OO 1.00000000E+oO 
·5.fOOOOOOOE-UI <!.J4000000t:.+00 2.00000000E+on 3.000001)00E+On O. b.OOOOO~OOE+OO l.oo00000nEHo 
1.40000000E_OI ~·"OOOOOOOt:.+oO 2.00QOOOOOE+OO 3.00000000E+on O. b.OOoOOnOOE+OO l.o000000~E+~0 
€.500000;)OE-Ol 2. lt SCOOOOOf.+00 2.00000000E+00 ].OOOOOOOOE+OO O. b.OOOOO~OOE+OO 1.00000000E+oo 
~.70000000E-OI 3.0000000ClE+00 2.00000000E+00 3.00000000E+00 o· b.OOOOO~OOE+OO l.o0000000E+O u ,. o. 3.00000000E+OO O. •• OOOOOOOOE+OO 1.20000~00E+Ol I.OOOaOOOOE+"n 
.] .59000000E-o I c.?60000vOt.+OO 3.00000000E+00 O. 1t.00000000E+00 1.20000AOOE+Ol 1.000nooooE~no 
O. o· 3.00000000E+00 O. o· &.OOOOO;'OOE+OO 1.00000000t:+nO 
2.77000000E-PI 2.100000COf.+00 3.000000"OE ooO O. I) • b.oOOOO~ouE+OO 1.000QOOooE+on 
2.9ltOOOOOOE-OI 2.2000000010+00 3.00000000E oOO Q. r • ~.OOOOO~ooE+oo 1.0000OoooE+/ln 
C. o· 2.00000000E+00 O. o. 1.20000nOOt:+Ol I.OOOoOOOot::+I}O 
2.30000000E-01 1."qOOOOOOt.+OO 2.000000uOE+00 O. O. 1.20000,00f.+01 1.0000noooE+nn 
O. O. 3.COOOOOUOE+00 3.00000000E+OO O. &.OOOOO~OOE+OO I.ClOOOOOOol::+oo 
l.t40000110E-01 1.32000000f.~00 3.00000000E+OO 3.00001l000E+00 O. 6.00000~00E+OO 1.0000000oE+no 
c.80000000E-Ol 1.~OOOOOOO~+oO 3.00000000E+00 3.00COOOOOE+00 O. &.OOOOO~OOE+OO 1.OOOOOOOOE+OO 
·~.OOOOOOOOE-Ol 2.~0000000E+00 3.00000000E+OO 3.00000000E+00 O. 6.00000';00£+00 1.00000000E+oO 
·5 .';ooOOOOOE-o I 2.:'6000000E+00 3.000000000+00 3.00000000E+OO o. t'I.OOOOO~OOE+OO 1.00000000E+1)0 
C. U· S.OOOOOOOOEoOO 6.00000000E+OO It.OOOOOOOOE+OO 1.IIOOOOnOOI:,+al 1.00000000E+oI1 .= .~oouOOllOE-u I c.!OOOOOOOt.+OO =>.OOOOOOOOE+OO 6.00000000E+on ".00000000£+00 1.1I0ooO"OUf.+01 1.0000000oE+no 
e.500000o0E-OI 2.~SOOOOOOE+OO ~.OOOOOOOOE+OO 6.00000000E+OO 1t.00000000E+00 1.80000~00E+Ol 1.00000000E+1)0 
~ . J. 3.00000000E+00 6.00000000E+00 S.OOOOOOOOE+OO 1.8001)0"00E+ol l.uOOOOOOoE+I)O 
'~'OOOOOOOOE-Ol 1'':'SOOOOOOt.+OO 3.00000000E+00 6.00000000E+00 Il.00000000E+00 1.80000"00E+Ol 1.00000000':+'10 
f.C;OOOOOOOE-OI 2.b2000000t.+0~ 3.00UOOOCOE oOO 6.00000QOOE+00 CI.OOOOOOOOE+OO 1.60000~00E+Ol 1.0000000oE+oo 
~ . O· 4.00000000E+OO 6.00000000E+00 1.20000000E+Ol 1.80000tiOOE+Ol 1.00000000E+~o 

·e.fOOOOOoOE-OI 2.~SOOOOOOt.+00 It.OOOOOOUOE+OO 6.00000000E+00 1.~OOOOOOOE+Ol 1.t!OOOO~OOE+Ol 1.00000000E+oO 
7.03000000E-OI 2.'2000000t.+OO 't.OOOOOOOOE+oo I'I.OOOOOOOOE+OO l.cOOOOOOoE+Ol 1.t!OOOOnOOE+OI l'OOOOOOO.)E+ol) 
.: .94000000E-0 I 2.~0000000t+00 ~.OOOOOOooE+OO 6.00000000E+00 1.~00000OOE+OI 1.80000 nOOE+01 1.000000001E+"" 
~.46000ouOE-OI 2.!!6000000t:..OO It.OOOOOooOE+OO 6 .OOOOOOOOE+OO l. c OOOOOOOE+OI 1.80 nOll;' I, OE + 0 I 1.00000000E+,n 
7.30000oo0E-01 2.!6000000t.+00 It.OOOOOOOOE+OO 6.00000000E+on 1.~OOOOOOoE+Ol 1.80noo~OOt::+Ol l.uOOOOoooE+on 
c.bOOOOOUOE-OI 2.0000JOOOt.+00 It.OOOOOOOOE+OO fI.OOOOOOoor+on I. OOOOOOOE+Ol 1.80000nOOt:+Ol 1.0OOOOOooE."n 
C. J. It.oooooooOE+oo 6 oOOOOOOOE+OO It.OOOOOOOOE+OO 3.20000nOOE+OI 2.uOOOOoooE+~n 
4.booooooOE-OI t!.I~OOOOGOt.+OO 't.OOOOOOOOE+OO 6:00000000E+00 It.OOOOOOOOE+OO J.20000nUO E+Ol 2.uOOOOOOoE+nO 
·e .9000aoooE-0 I 2. lt OOOOOOOE+00 It.OOOOOOOOE+OO 6.00000000E+oo 1t.000OOOOOE+00 3.20000nOOE+Ol 2.00000000E+nO 
C· O· 3.00000000E+oo 3.00000000E+00 It.OOOOOOOOE+OO J.200"0~OOE+OI 2.vOOOOOOo t ·n,' 
~.12000000E-Ol 1.r;soOoOOOt.+OO 3.000000 vOE+00 3.00000000E+00 It.OOOOOOOOE+OO J.20000"ou E+Ol 2.o000000oE+nn 
.e.33000000E-01 2.!4000000t.+od 3.00000000E+OO 3.00000000E+00 It.OOOOOOOOE·OO 3.20000tiOO E+OI 2.00000000E+ nO 
~ . O· 3.00000000E+00 6.00000000E+00 1.2 OOOOOOg E+01 3.20000 nOOE+Ol 2.00AOOoooE+~n 
:.~SoOOooOE-OI 20320000001;+00 3.00000000E+00 6.AonOOOOOE+00 1.~OOOOOOOE+Ol 3. 20000000'::+01 l.uOOOOOOoE.on N 
1.70000000E-OI 2.~6UOOOOCt+oo J.ooooOOOOE+oo 6.00000000E+00 1.':OOOOOOOE+Ol 3.20000;,00t.+01 2.vOooOOOot::.,n OJ 

-...J 



~.qOOOOOOOE-YI J.OOOOOOOOt+oo 3.000000UOE+OO 6.000000uOf+00 1.40000000E+Ol 3.~0000nOUE+Ol 2.0000000r,~+no 

VARIABLE 
~RSVSV 1 

LCP 2 
01 ] 
02 4 
0] <; 
.. r 6 

NXL, 7 
-RCTAN 8 

CBL,CP 9 
SCLCP 10 

"E/IN 
.• 37~2e 
1.6675e 
i!.76842 
3.25263 
4.7578Ci 

14.58947 
i.2315e 

.]3184 
10.18614 
4.06961 

STANDARD DEVIATION 
.29609 

1.14127 
1.04630 
2.17J1e 
1.96988 

10.05'+63 
.42"0e 
.25355 

8.66436 
3.09Z06 

N 
()) 
()) 



CCVAI<IAI'<CE ",AlfilX 

VPRIAI3LE 2 '3 4 5 
,"U"BER 

6 7 8 9 111 

1 .088 .313 .022 .121 .115 .177 .004 .015 2.421 .li13 
2 1.303 .061 .321 .415 -.065 -.020 .215 9.132 J.4~b 
3 1.095 .729 1.028 5.542 .015 .019 .945 .281 
4 4.12) 1.911 4.164 .069 .099 3.253 l.O1\! 
5 15.160 23.914 .614 .138 6.154 1.196 
6 101.096 3.649 .112 1.291 1.509 
1 .180 .001 .049 -.n13 
II .064 2.01 1 .156 
9 75.011 20.421 

10 9.561 



CCRRELATIOt. MAll'[x 

V~RUBLE 2 :3 .. 5 6 7 S 9 I~ 
,,,,UI'SfR 

1.000 .926 .072 .187 .149 .059 .028 • 996 .9 .... .q53 
2 1.000 .051 .129 .092 -.006 -.042 .950 .923 .974 
3 1.000 .321 .248 .527 .170 .071 .104 .087 
It 1.000 .229 .218 .074 .180 .173 .159 
5 1.000 .601 .40U .137 .179 .14& 
6 1.000 .85& .044 .0114 .049 
7 1.000 .011 .013 -.(JI0 
8 1.flOO .943 .964 
9 1.000 .9Stt 

10 1.000 

sue PROBLE" CAI'O 
u8FRC 8 -II -0 ·0 -0 -0 VES YES YES 



SLtI-PROal'" 
~EPE.OfNT VARIABLt 
.A.IMu~ ~U~~ER OF STEPS 
F-LE~EL FOR l~CLu~ION 
F-LE~EL FO~ UELETION 
TOLERA"CE LEvEL 

rO~TAOL-OELE1~ tAROS 
ONCELl········· 

STEP NU"'IEK ! 
VAR1ASLE E~TE"EU 10 

8 
2U 

·nOOOo 
.005UOO 
.001000 

MLLTIPLE " .~638 
SlOe ERRO~ fO" RESIDUALS .06~0 

~~ALYS[S Cf VARIANCE 

REGI'lESSION 
I'lE~IDLAL 

CF 
1 

o;J 

YAt-IlAtlLES It. 

SU" OF SQUARES 
5.613 

.430 

EQUATION 

MFAN SQUARE F RATIO 
< S.613 1114.618 

.OOS 

liARlA"'LE COEFFICIENT STD. ERROR F TO R""O"E VARIABLE 

(COl'.ST"I'.1 .010d ) 
SYLCP 10 .Ol9t1l .00221 121 4 .6179 LRSVS" 1 

STEP t.UM8EH 2 
VARIABLF. ENTE~EO 2 

MLLTIPLF. R .96~1 
SlO. ERRO~ feR AESIOUAL! .0611 

A~ALYSJ~ CF VARIANCE 

REbAE5SION 
RE ~ IDLAL 

CF 
2 

;;2 

SUI" OF SQUARES 
S.6l9 

.414 

YARIABL~S I~ EQUATION 

Lep 2 
01 3 
Ol!' 4 
0-, 5 
WT 6 

NXL 7 
CFlLCP 9 

"FAN SQIlARE F RATIO 
- 2.815 625.130 

.0.P.5< 

COEFFICIENT STD. ERROR F TO QEMn~E • ~ARlA8LE 

VARIABLES ... OT l"1 EQUAUON 

PiAT ilL COIIR. TOI..EHANCt. F TO FNTER 

.96203 .090<,1 1142.9\49 

.19048 .0520 3.4638 
-.04650 .~924 .1<194 

.10066 .9741 .94\1 
-.01351 .9186 .01"8 
-.01131 .':1916 .0118 

.01872 .9999 .5737 
-.11112 .0214 2.9796 

PARTIAL CORR. TOLE>!A"jCt 



(CO"STAI\T .000Ub 
LCP 2 .04<,/ .. 9 .02659 

SYLCP 1C .06125 .00982 

STEP "UfoIBEk 3 
VARIABLE E~TEREO 4 

MLLTIPLE ~ .9657 
STD. ERRO~ FOR ~ESIOUALS .0669 

A"ALYSIS C, VARIANCE 

REGRESSICI. 
RESIOLAL 

CF 
3 

91 

VARlAdLES IN 

SUM CF SQUARES 
S.636 

.4u8 

EQUATIOIII 

3.463A LR<;VSV 1 
38.9363 0\ 3 

02 4 
03 5 
liT 6 

III)(L 7 
CRLCP 9 

MFAN SQUARE F RATIO 
- 1.879 419.306 

.004 

VAR IMiLE COEFFICIEIllT STD. ERROR F TO REMOVE . VARIA8LE: 

(CO"S T A" T 
LCP 2 

a? .-
SQLCP 10 

STEP "11",eEt< .
VAIn AI3LI': Er. TEI<EO 

-.Ollb) 
.05317 .02670 
.oo3~1 .00324 
.05\1"\1 .00990 

MlLTIPLF R .96bO 
STD. ERMO~ FO~ RESIOUALS .0670 

A"ALYSIS CF VARIANCE 

REIoRESSIC" 
RESICLAL 

IF .. 
90 

VARIABLES 

VARIAOiLE CUEFfICII::'"T 

(CO"5TA" T -.031b5 
LCP 2 .OS6b\l 

02 4 .00371 
NXI 7 .016.) .. 

JN 

SU," OF SQUARES 
5.6 .. 0 

.4U3 

£QUATIO~ 

STIl. ERROR F 

)' 

.02695 

.00325 

.Ol ..... a 

3.9653 LRSVSV 1 
l.t5"4 0\ 3 

36.1131 03 5 
liT 6 

NXL 7 
C~LCp 9 

"FAIII SQUARE F RATIO 
1.410 314.532 

.004 

TO REMI'lVE . VARIABLE 

4.4?38 LR<;VSV 1 
1.30P8 0, 3 

.94"7 0, 5 

.<'/66\13 .0908 34 12.3;>51 
-.01876 .9705 .(I~?O 

.12551 .~62() \.4<;"" 

.03079 .9288 .0'1"3 

.03446 .943'1 .1~R2 

.10a78 .9798 1.0R9a 

.03525 .0015 .1 \ 32 

VARIARLES ,..OT IN EaUATIO,. 

PARTIAL CORR. TOLERANCE F TO FlllTER 

.9R677 .u895 333!.9C;56 
-:.O!l<iJ66 .8830 .3?\5 

.00698 .8949 .on4" 

.01048 .90a6 .on99 

.10ZU3 .9761 .9467 

.04363 .0015 .171 II 

VAI-lIARLFS "nT IN EQuATlO'" 

PARTI AL CaRR. TOLERANCE. F Tll ",.. Tt.Q 

.<,/81>71 .ORS3 3282.17 47 
-.07531 .8651 .<;~71 

-.03504 • 763(l .1~'1" N 
1.0 
N 



SQLCP Ie 

STEP ,,"u .. eEH 'i 
VARIAtlLf E~TEREU 6 

.051:1~7 .00998 

~LrIPLE ~ .Q6b9 
STD. lRkO~ .O~ ~E5IUUAL5 .066'1 

'''ALYSIS CF VARIAhCE 

REbRESSIllh 
RESIOuAL 

CF 
5 

e9 

VARIABLES I" 

SUI" OF SQUARES 
5.6.9 

.3>i4 

EQUATION 

WT 6 
CaLCP 9 

"'FAN SQUARE F RATIO 
1.130 255.289 

.004 

IIARIA>'!LE COEFFICIENT STD. ERROR F TI') RE"IOYE · VARIA8LE 

ICOMnA" T -.0554.;1 
LCP 2 • 04 Ii Ii 1 .02731 

C? It .005\15 .00]35 
lilT e -.00208 .00141 

NlIt 1 .05697 .03233 
S"LCR 1 a .l)cl)3 .01013 

STE" fIou .. tlEk <> 
IIARIA8LE E~'E~E~ J 

MLLTIPL! R .9669 
STD. ERROR FOR R~~10UALS .0668 

A"'LYSIS CF VARIANCE 

REGRESSION 
RESIO!..AL 

CF 
6 

e8 

VAHIABLE!:> It. 

SUM OF ')QUARES 
5.6:10 

.393 

EQUATION 

3.1 Q)8 
2.l7'" 
2.150:;9 
3.1,,46 

31'>.6210 

"E~N SQUARE 
.9"2 
.004 

VARIA .. LE COEFFIClE"'T STO. ERROR F TO IIE"nIlE · 
(CO"STA" T -.073,,7 

LCP 2 .04 8 U 1 '02748 ).0525 
Dl J .OO"~2 .(11)19 .2331 
02 4 .oc4t12 ,00340 2.004R 
-T ~ -.00278 .00204 1.857B 

'"XL 1 .oe'il3Z .04134 ,2.811 9 · SOLep 10 .0Ut1'3 .01020 36.5246 

STEP fIolJ .. tjEk 7 

LR511SV I 
0\ 3 
03 5 

caLCP 9 

'IARIAeLE 

LII,,1I511 1 
03 5 

C~LCp 9 

_.153'9 
.04256 

VARIAI'!LES .,OT 

PARTIAL CORR. 

.91'!65 0 

.051"'0 

.047115 

.03118 

VARIABLES NoT 

PARTIAL CORR. 

.98662 

.073105 

.03711 

.2331 

.0015 

IN EQUATlO" 

TOLERA"<CI:. 

.0857 

.4177 

.5761 

.0015 

IN t.!.IUATIOr. 

TOLERANCI:. 

.085t'> 

.4894 

.0015 

F TO I'IIITI:.11 

319'!.S6S0 
.2131 
.2019 
.OA57 

F TO !,"NTf£P 

31'17.011@7 
.414:' 
.1?0\) 



V_RIAtllf e~IE~EO S 

M~LrIPlE ~ .9611 
SlOe ER~O~ FOR ~ESIDU~l~ .0670 

A~ALYSIS CF VARIA~CE 

REGRESSIOh 
RESHJI.AL 

CF 
7 

S7 

SU,," OF SQUARES 
5.6:'3 

.3\/1 

VARIABLES IN EQUATION 

~EAN S~UARE F RATIO 
.808 179.799 
.004 

COEFFICIENT STD. ERROR F TO QE"nVE • 

(CO"S fAI\ T -.oe9:.:. 
LCP 2 .049<!2 '02762 

01 3 .OO7HS .01109 
02 4 .004:'5 .00343 
03 5 .00171 .00249 
wT (; -.Oe382 .00254 

NJCL 1 .OSZ8 2 .04586 
SQLCP iil .OUIiO .010l'l' 

SlEP IIU .. 8E" II 

VARIAdLE E~lE~Eu 9 

MuLTIPLE R .9612 
STO. EP.RO~ fC~ RESIDUALS .0674 

AIIALYSIS OF VARIANCE 

REtil<ESS.lCN 
RESIDuAL 

tF 
8 

86 

VAHIAtlLES IN 

SU" OF SQUARES 
5.6:'3 

.390 

EGUATtON 

3.1'1''56 L!l~;VSV 1 
.5n'54 CRLCP 9 

1.7'548 
.4'1'45 

2.2A1l2 
3.2613 

35.211151 

MEAN SQlIAR£ F HA"fIO 
.707 155.782 
.OO!! 

VARIA.lLE COEFFtCIEI'tT STD. E!lROR F TO ClEIoIOVE • VARIABLE 

(COr.SU" r w.OC;136 I 
LCP 2 .OH08 ·11616 .6147 LASVSV 

01 J .O~8J1 .01122 .5,,<;9 
OJ> 'I .OG4S8 .00345 1.7"f<7 
03 5 .00175 .00250 .411A2 
lilT E: -.003do .00255 2.2Ali? 

"'Xl 1 .Oe325 .0461 0 3.2610 
CBLCP .. .00718 .0i?096 .1371 
SOLeI" Ie .0~4 .. 5 .09904 • Of< 119 

FwLEVEl OR TCLER'NCt. INSllFF Ierl"NT Fol<! FUHTHE'~ COMDUTA TTOi'4 

VARIAdLES NOT IN EQUATION 

F TO ENTER 

.9866 1 .0853 3147'21\78 

.03998 .0015 .1 H7 

VARIAIlLES NOT IN EQUATIO", 

PARTIAL CORR. TOLERANCE F TO !'"NTt.H 

.99154 .0836 49511,.911<'0 



SI.M"ARY TABLt. 

STEP vAIlIAr;ll.E MUI. iIPLe: 
NI."'tiER t.NTE~F.D "E"OVEC R 

1 SQLCP 10 .9638 
2 LCP 2 .96'51 
3 02 ... .96'57 
4 "XI. 7 .9660 
5 wT 6 .9669 
6 01 3 .9(1)9 
7 03 5 .9671 
8 C8LCP 9 .9672 

INCREASE 
RSQ IN RSQ 

.928~ .9289 

.9315 .n026 

.9325 .0011 

.9332 .0007 

.93 ... 8 • Iio16 

.9350 .0002 

.9353 .0004 

.9354 .0001 

F VALUe: Tu 
",,,,iEM 0'1 RrMo"'e: 

lZ14.6119 
3 .... 638 
1.4564 

.9467 
2.1559 

.2331 

.4r.5 

.1371 

NdMSF.R OF iNuEPENI}ENT 
VARIAtiLe:S fNCLUo£U 

1 
2 
J ... 

'5 
6 
1 
8 

N 
\0 
VI 



LI 51 O~ Y-'ALUES. Y-ESTl>ATES, A~(j ~£SIDUAlS 59 1.044~"060E-OI .,9406034~E-OI 2,10433720£-01 
60 7,701109 141::_01 1.02444345E-OI 1>.772656861'-02 
61 v. -2.2307964,lE-02 2.230 79643£-02 

CASE T-YALUE Y-ESTlI<AI£ ~£SIOUAI 62 3.4061002'*'_01 3.981~2493£-01 _5.349246J2E-02 
I -9.22712784E-03 q.227127~'E-Ol 63 O. -6.1530539IE-03 6.15305HIE-0) 
2 ~.914~tr94[_nl 3.3292921 .. [-01 -0.141241~6£-02 60 <.70220~43E_OI J.,,490189i[-01 _9,411 72491£-02 
3 7.'115" .. .13':1E-1I1 6.63121UOJE-O I 3.B4S11317F-n 65 <.S59.315dE_tl! 3.95Jo~7B~<_01 _1.09405 02 B£-01 
4 u. 6,134 0 129iE-03 -6.13481292<-n3 66 v. -3.7610565IE-02 3.7I>70565IF-02 
5 ~.5131~~65E-Ol 5.9123645Ml-OI -3.98604930E-02 61 <. 2~ O~B,l8BE-O I 1, 78 03325I1E-OI 4.8035 13115 £-02 
6 u, 4.49928191£-03 -0,49928191£-03 6~ U, 7.57395584E-03 -7.57395584£-03 
7 5.33034110E-OI 5.28349612E-OI 4.68449806£-0) 69 I. n3627460E-0 I 1.8827730JE-OI _8.46498430£-02 
8 O. -2.3365530.E-02 2.JJ65530H-02 10 2.1300B 'OJ£-Ol 3.U2151211E-OI - •• 92064170£-02 
9 5.330J4110~-rl 6.3603336~E-OI -1.02'199258[-01 11 4.636. 1o U9E-01 4.oU998246E-01 2.26493627£-02 

IU O. -3.8462~14dE-02 3.B."28748[-02 72 5.3303H I UE-OI 5.3142.280E-01 1.60982452£-03 
II J.366'~dl~E-01 3.0369.061E-OI 3.29R07522F-~2 73 ,,, -1.2720529,lE-03 1.2 1205293[-03 
12 5.4G.I~'00E-OI 5.5'60767~E-OI _1.41R81752E-02 70 0.95133263£-01 5.7593089~E-OI _8.07qI6315£-n2 
13 u. 2. 7009~72CE-02 -2.70008122£-02 75 7.0"~006'E_OI 6.369016IiE-01 6.7592.520£-02 
I. ~.9117~~58~-01 5.B47~246SE-OI 1.2.1419281'-02 76 O. -1.100~e553E-02 1.10088553£-02 
15 1.5>71>2 155E-OI 7.0808555I1E-OI 5.16711913£-02 77 2.9145 61 9 4E_OI 2.9039)172E_OI 1.06362234£_03 
16 c. 4.209'216~E-02 _0. 2(''182166~-r 2 78 6.n9~2978E_OI 5.352.5364E-OI 6.868 76142F"-02 
11 ,l.OHo2"4~E-01 3.5942828I1E-OI -0.91253<J8[-02 19 0. ".3537455iE-03 _4.35374552£-03 
18 C. 7.9106404<>E-03 _1.9106.006f-01 80 ~.loo@8,l22£_01 5.24520957E-01 _1.40326349£-02 
19 3.4S55~581~-01 2. 7402292~E-OI 7.15326512F-02 81 6.121J655IE_Ol 5.89.5533uE-01 2.32~12205£-02 
2~ ".11"'15~6~F-ol 3.500~7582E-OI 1.21'541985F-0 I Ae 5. 35996U55E_0 I 5 •• 31n5311E-01 _7.10931559£-0) 
21 ~.91116~5BE-O I 3.190055BO[-01 2.IBi11012~-01 83 ~.135,BI29E_OI 5.65968912t:-01 1.58921628E-03 
22 (~ . 6.2150494~E-03 _6.2150.9.5~-03 80 6.305 711 5 1E_OI 6.0546396JE-OI 2.5113794l[-02 
23 1.1324~~6"'t:_ol 1.~6918391E_OI _1.3 1327302£-02 85 2 .50HB059E-0 I 3.4651068IE-OI -9.21426289£-02 
24 J.8~09'C3lt_01 3 ... h31991E_OI 4.06652397F-02 86 u. 1.9S9.6626~E-02 -1.95966263£-02 
25 O. -2.1628.64dE-03 2.16284648F-03 87 0.3113874IE_OI 4.14897J36E-OI 1.62414044£-02 
26 c.04918063E_01 3.63028.8UE-OI _1.18~09RI7E-01 sa 5.33034iIOE-01 •• 86505'38I1E-01 •• 65285ZZ4£-0? 
21 J.a'091C3IE_OI 3.8699698iE-01 2.1002.811E-03 89 O. -2.49685116E-03 2.49685116£-03 
2B It. 14St!t M7SE_ 0 1 4.08 75.412E-OI 5.752.0208E-03 90 2.~551500IE-01 2.989n5176E-01 -3.JJ301750£-02 
29 u. -2. 10.96885E_ 04 2 .144S6885~-00 91 o .89697175~-0 I 5.90573699E-OI _1.00~75924£-01 
30 ~.3IiJ" '41E-Ul •• 202S591uE-01 1.08827706E-02 9Z .. Z.5222.241E-02 _2.5222.247£-02 
31 5.33034 110F.-OI 5.2363584,lE-01 9.39~26125E-n3 93 5.102~~~01£-01 4.6521717liE-01 ... 90693628£-02 
32 O. 1.15601633E-02 _1.IS601633F-02 90 6.5611 87 18E-OI 5.0907275~E-01 1.07105963£-01 
33 fJ.3~511151E.-ui 6.6668IJ5dE-01 -3.610360u8E-02 'IS 1.80Jr3u80~-01 7.2845928~E-OI 5.1913HBO£-02 
3~ .. 1.3211IB2~E-02 -1.317118l5F"-02 
35 2.~14S~r94~-01 •• 33141 64 uE-01 -1. 422 84845£-01 
36 •• 10516H 75E_OI 5.29 77206.E-OI -1.1 52651 9 0£-01 
37 V. -2.9304097 .. E-02 2.9304 097.£-02 ,"~~ISH CARD ("CO~~TEHEO 
38 3 .9762N92E_0 I 5.094415ZdE_OI _1.11819536F-0 I pRCGAA~ IEAMI~_TEO 

3Y L. <>.203'2IUE-03 -6.20362122£-03 
00 1.6e3~~151E-01 1.R69~~~<>dE-01 -1.~516RII2F-0? 
41 J.e:.~7b5dS()f:'_1I1 2.1<31'59Iu~-01 q.3 .. 9906IF-0? 
42 ... Jll.~t:l '41t.ul ~."9~524'E_OI _1.IJRI65uo~-nl 
43 ".8S013~70E_OI 6.1 542.58 !E-OI -1.304liOllf-01 
4~ 5.1~89~132E-ul 6.195n6722E-01 _3. 962.5898F-0? 
45 <>.200V053E-ol 6.2360617lE-01 0.1 6 28 0936F-00 
46 o. -9.95128920E-03 9.95IZ8'120F-03 
07 2.9871~~88E_OI 3 •• 3607574E-OI _4.48 2 15855£-02 
.8 5.535.91 64E_ol 5.99269671E-OI -4.5119906TE-02 
o~ ().1471t1"l';42F:_01 0.2B222310E-01 4.65IB~h~?F-n? 
50 u. 6.S163~98uE-03 -6 .51638980f. -0 3 
51 3.648~J~89E-oI 3.238.646ZE-OI •• 1 O. 70214~-02 
52 ... MSuj3~70F.-01 5.Ll136924~E-01 -1.b35561~IF-0~ 
53 ~.19~~eI32f-OI 5.528 20 6 D9E-OI 2.1u6152,l3~-o~ 
54 6.2~023u53t-ol 5.6813155~E-OI 5.58914967f-0~ 
55 t. -1.92511~5jE"0. 1.9~51185If-0' 
5~ ... o~o,eO'il=lt-Ol 4.3263177~t-01 -2.6'i3312UJ~-02 
51 ~0104~8322E-Ol .... ~835561[-01 6.·,,\2150~F-0? 
58 6.37070329E_OI 4.66116450E-OI I. 10'l53880~-01 



APPENDIX 4.7 

COMPUTER PROGRAM AND CALCULATED VALUES OF ROUGHNESS 
INDEX AND PRESENT SERVICEABILITY INDEX 



PROG ..... "s I (iNPIJT. vUTPUT, UPE5"t"POTl 8RK T~ IC"'~ESS~S AXI..t. ,,"0. ROUf-H ROUGH RUT CALC SECTION HONTH 
pJ;I~T 60 I .. EX AC W sa or AXLE INO_l INO.T DEPTH PSI 

~', FCR'AT tI"l. Ojl, 36HClik fHICKNESS"~ AXLE NO. ROUGH - 3:J~ROUG" RIJT CALC SECTION "O"To4 I 
... "J~I~OEx AC II sa .r AXLE !"O-I I"O-T 0 ~."Q J.v~ 4.VO 11::'. J I .30 .2e 0.00 4.50 627 ~ - 11~ IJEPT" PSI II I ~n ~.oo 3.00 _.00 lE.v I .30 .5e .12 3.84 ,,27 '£H 

2. CIJ,.T1NUf 70 4.00 3.~0 4,00 U.O I .30 .67 .13 3.&4 627 MA~ 
"EA: (5,3~; \.1. GO. OT. DT", WT. ~XI. ~Vt. NOI. NSF'CT,MONTH no .. ,1.10 3.00 ... 'JO lE." I ,30 .H .13 3.00 627 AP~ 

~o FCRvAl (5F'E. j, la, 2f~.o, cAe I ~ l.~O c.oo d.UO 18.0 I .30 .29 0.00 4.48 623 j;J 
If IEnl',5J n,40 90 3.UO (0.00 ~.OO le.o I .30 .75 .33 3.36 623 f£tI 

<It CUNTiNUf 160 3.00 6.00 d.QO H.Q I .30 .89 .3~ 3,0, 623 M'~ 
400 l,OO 6.00 II.UO lE.u I .30 1.20 .35 2.37 623 APR 

CI C~.C"'IN" l",tlEx ~OO 3.00 6.00 8.00 IE ,0 I .30 1.3e .36 1.97 623 MAY 
UO THIC",~ESS Of ASP"'L T CO~CRI'TI' 0 3.uO 0.00 e.oo 11.0 I .60 .&7 0.00 3.9$ 601 B 
OT THIC",.ESS Of ~ .. SE 1U l.OO 0.00 8.00 le.o I .60 .89 .15 3.22 607 DEC 
DT~ TH[C~~ESS Of SUBS.SE no 3.UO o.UO lI,uO te.u I .60 1.16 .16 2.61 601 F.£B .r AXLE LU.lI 3!O l.OO 0.00 8.00 18.0 I .60 1.2~ .16 2.44 607 ".'" ° ~~L NUMBE~ UF AXLE 670 3.00 0.00 8.00 te .0 I .60 I.~e .65 1.36 607 APR 

° I . S INGLE AXLE 0 ~.OO 6.0012.00 18.0 I .50 .So 0.00 6,07 62' B . ~ . TANCE- AXLE IJS "'.00 6.0012.00 te. 1 I .50 1.00 .31 2.86 625 APR-I - S .. RIJUGH~ESS I~OEX -. LOG 11'SLOP~ VA~tA~CEl or A 290 4.00 6.0012.00 18. " I .50 1.21 .32 2.·0 625 MAY-I 
° SECTlCN JuST ~FTEP CONSTRu~TIC~ )R AT T~E "'EGIN~I"'G 790 4.00 ".0012.00 18." I .50 1.6 '" .33 1.47 625 JUL - of THE .N~L ~SIS PERIOU • ROUGH INO-I. hO 4.00 6.001C.00 u.o I .50 1.74 .)4 1.25 625 OEC 
° RtJ QUT OEP1~ I~nEx 

~EFt:IlE~CE TO 
hO 4,00 6,0012.00 18.0 I .50 1.14 .53 1.02 625 MAR-2 

~SECI SECTICN ~uH~E~ Of 960 "'.00 6.001Z.00 le.o I .50 1.75 .53 .99 625 APR-2 
"'I.,..I\T'" HO~T" fUR _"ICH PSI IS CAlCULaTro ~70 4.00 1>.0012.00 le.o I .50 1.76 .53 .98 625 MAY-2 

° 980 ~.oo 6.0012.00 te.o I .50 1.16 .!l4 .95 625 JUN-Z 
SVL = lO·O··SVx - 1,0 985 4.;;'0 6.00lZ.uo 18.0 I .50 1.76 .54 .94 625 JuL-2 

° ~~l sLuPE V'~IA~CE Of THE SECTIO, ,t THE t!EGIN~I~G Of T"E 990 ~.OO 0.0012 .00 Ie .~ I .50 1.17 .54 .94 625 NOV-2 - A"'L VSl S PER 100 0 5.00 ~.oo 4.00 le.r I .S9 .50 0.00 4.0!! 615 R 
40 5.00 6.00 4.CO lE .l I .50 .7e .17 3.44 615 AP"_I 

~ . -1.09136 • 0.09108-ALOGlnll.0.CII • 0.oZ".5- 120 !I.OO 6.00 4.00 18.0 I .50 .97 .16 3.04 615 MAY-I 
ALOuloII,o·CI 1oo2.n' 0.0077~o.LOGIOII.O·CII 640 !l.00 1>.00 4.00 te.c 1 .50 1.51 .17 1.84 615 JUL 
··l.O , 0.00637.00 • 0.004SeoOT , 0.00175. e60 5.00 6.00 4.00 U.O I ,50 1,61 .30 to43 615 OfC 
OT~ - 0.00386·.t • 0.OA325O~xL ! 8ao S.oO ~.OO •• 00 le.O I .50 1.6e .:H 1.33 1\15 MAR-2 

~OO 5.00 e.oo 4.00 U.O I .50 1.69 .38 I.lo 615 APR-2 
SV • 11O.O··TA~11l1 "].0 ·sv7.-",S) 2.0 0 5.00 e,OO 4.00 te.t I .&!O .20 0.00 4.es 6&!9 a 

SV CALCULAIEU ~ALUE OF S~OPE VARIANCE AT ANY TI~E 10 5.00 ~.OO 4.00 !e.0 I .20 .35 ,16 4.29 fl29 MAR-I 
AfTER ~tGI~~I~G O~ ANALYSIS PERron 140 5.00 c.oo 4.CiO le.a I .20 ,80 .16 3.35 629 APR-I 

860 5,00 1>.00 4.00 18.0 l .20 1.57 .35 1.56 629 OEC-2 
S¥l • 'LOGIOII.O'S~1 e70 5.00 &.oc •• 00 If.1: I .20 1.5e .36 1.54 ('29 ffil·Z 

~'L CALCULA lEe Y ALUE O. ROUGHNESS INOH-- LOG II 'SV I .T no 5.00 (0.00 4.00 IE ." I .20 1.S'; .36 1.52 629 "AR-Z 
.~y TIME .rIER afr.I~NI~G ~. '~ALV51~ PERIGn _ROUGH INn-T. 900 St UO 1>.00 ·.(10 !e.0 1 .lO 1.60 .31 1.48 629 .P~-2 

0 2.00 J .00 thlJ:O 12.v I .90 .89 0.00 3.32 159 A 
PSIC • 5'C3 - 1.91·ALOGI011.~'Sv; ... 1.3P:-Rol-·Z.U 250 2.00 .l.00 8.IJO 12,1) I .~o 1.37 .)3 Z.1l 159 rEi! 

.. O·OI-CI··O.:;I 340 2.uO ".00 !.Oo 12 tV I .90 1.4! .34 1.92 159 "A" .. SIC CALCULATE~ VALUE ~f PU eTa 2.00 3.00 8.00 12 .~ I .90 1.61 .lS 1041 159 APR 
830 2.00 l.OO StUO 1£ .u I .90 1.16 .)5 1.20 159 MAY 

PRIP 5.. CI, LO, UT. OT". WT. NlL. ~V~. SVL. ROT' P51C. 0 3.00 0.00 ",.00 12.0 I ,50 •• e 0.00 4.11 163 II 

° NsecT, IoIC"'TH 190 3.00 c.OO 4.00 12.0 1 .50 1.04 .oe 2.90 163 MA~ 
SO FCR~.T I 5~' f).O, 3F5.2, H.I, I,. f:'6.2. F7.2. F~.2, F7.2, 450 l,uo 0.00 hOO 1< ,0 1 .50 1.31 .69 2.30 163 APR 

A8, lA, '81 100 1."0 0.00 4,00 lZ.u I .50 1.50 .10 1.88 163 MAY 
~L: T·J &!~ 0 4.00 l.oe ... 00 12. J I .10 .10 0.00 3.69 151 B •• ~1J .. fl "Uf eo 4 • .)0 J.vo .. uo 12 • ..: I .10 1.03 .21 2.!l7 151 APR 

EM) 160 •• uO 3.00 4.UO 12.') 1 .10 1.19 .:?1 2.5) 151 MAY 
!l20 4.00 l.oo •• 00 12.u I .10 1.51 .28 1.~2 151 Ju'" 

0 4.00 tI.oo 0.00 1~ .0 I ,70 .11 0.00 3.69 161 S 
5" 4.00 0.00 0.00 12.0 I .10 ,91 .26 ).on 161 AP~ 

150 •• u:o 1>.00 ~.OO 1~ .v I .10 1.16 .27 2.59 161 !OAY 
450 ... 00 1>.00 ~.uo 1(: .0 I .70 1.41 .28 !.~I 161 ..til .. 
66v ... 00 1>.00 o.uo Ii .'J 1 .10 1.62 .29 1.56 tfll JUL. 
80'11 4.00 <>.00 J.VO 12.1,) I .10 1.12 .30 1.34 lit I AUG 



0 •• 00 0.1>0 0.00 12." 1 .70 .71 0.00 3.68 149 8 660 5.00 ~.OO 4.00 22.4 .35 1. 4 7 .23 1.~0 475 OCT 
10 •• 00 b.OO 0.00 lc .. U 1 .70 .82 .10 3. 4 1 149 MAR 870 5.09 ~.OO 4.00 22.4 .35 1.62 .23 1.57 475 NOV 
50 4.00 0.00 0.00 U:.u 1 .70 .97 .10 3.08 149 APR <;00 5.00 9.00 4.00 22.4 .35 1.64 .48 1.28 475 MAR-2 

150 4.00 6.00 0.00 1 •• 0 1 .70 1·16 .11 2.68 14 9 "AY 920 5.00 9.00 _,UO 22.4 .35 1.65 .4~ 1.24 475 APR-2 
0 1.00 3.00 0.00 t.O 1 .75 .74 n.oo J.61 744 B 0 3.00 b.001Z.00 22." .90 .89 0.00 3.34 487 B 

10 1.00 3.00 0.00 toO 1 .75 .85 .n9 3.36 744 DEC 135 3.00 b.0012.00 22.4 .90 1.23 .48 2.24 487 FEB 
11 1.00 3.00 0.00 t • .; 1 .75 .8e .09 3.35 7"4 JAN 200 3.00 0.0012,00 22.4 .90 1.31 .49 2.06 487 ~AR 

140 1.~O 3.00 0.00 t .1.1 1 .75 1.15 .10 2.70 744 FEll 510 3.00 0.0012.00 2':.- .90 1.55 .49 1.51 4d7 APR 
0 1.00 6.00 4.00 bO 1 .90 .91 0.00 3.30 720 A tao 3.00 1>.0012.00 Z2.4- .90 1.1>5 .50 1.27 487 "AY 

150 1.00 6.00 ... 00 too I .90 1.30 .14 2.41 720 APR 980 3.00 6.0012.00 22.4 .90 1.82 .54 .84 487 JAN-2 
220 1.00 6.00 4.00 too I .90 1.37 .14 2.23 720 MAY-I 0 5.00 9.00 4.00 2i." .40 .4a 0.00 4.27 483 B 
330 1.00 6.00 4.00 6.0 1 .90 1.4 8 .14 2.00 720 JUN-1 10 5.00 ~.OO 4.00 22.4 .40 .54 .22 3.90 483 MAR-1 
380 1.00 6.00 4.g0 e.o 1 .90 1.52 .14 1.91 720 JUL-I 90 5.00 9.00 4.00 22.4 .40 .83 .22 3.28 483 APR-1 
!BO l.uO 6.00 41.00 ~.o 1 .90 1.66 .15 1.58 720 VEC-2 660 5.00 9.00 4.00 22.4 .40 1.48 .23 1.87 483 OCT-2 
t50 1.00 6.00 4.00 6.0 1 .90 1.71 .30 1.39 720 FEB-2 e70 5.00 9.00 4.00 22.4 .40 1.63 .23 1.54 483 NOV 
700 1.00 6.00 4.00 t.o 1 .90 1.74 .lO I.J2 720 "AR-2 880 5.00 9.00 4.00 22.4 .40 1.64 .24 1.52 483 OEC-2 

0 2.00 3.00 41.00 toO 1 .50 .51 0.00 4.06 742 (! 885 5.00 11.00 4.00 22.4 .40 1.64 .24 1.51 483 JAN 
210 2.uO 3.00 •• 00 toO 1 .50 1.12 .12 2.71 742 "AR 900 5.00 9.00 4.00 22.4 .40 1;65 .48 1.25 483 MAH-2 
840 2.uO 3.00 ft.OO toO 1 .50 1.6@ .14 1.51 742 OEC-2 0 2.15 9.0011.00 18.0 .43 .44 0.90 4.20 EXMP OCT 
850 2.00 3.00 4.00 toO 1 .50 1.68 015 1.-9 74 2 JAN-2 11 2.15 Y.0011.00 Ie .0 .43 .59 .37 3.69 EX"P DEC 
e60 2.00 3.00 4.00 t.o 1 .50 1.69 .15 1048 142 FEB-2 B2 2.75 9.0011.00 18.0 .43 .85 .38 3.11 EXMP FEB 
870 2.00 3.00 4.00 t.o 1 .50 1.70 .29 I.JR 742 ""H-2 369 2.75 9.0011.00 18.0 .43 1.27 .40 2 .19 Ex"p APR 

0 2.00 3.oe 4.00 ~ .. \1 I .10 .70 0.00 3."~ 110 R 193 2.15 \'.0011.°0 IS.o .43 1.62 .42 1.41 Ex"P JUN 
90 2.00 J.oo 4.00 6.-' 1 .70 1.06 .29 2.19 110 APR-I 932 2.75 9.0011. UO II! .v .43 1. 72 .43 1.1~ Ex",P AUG 

210 2.00 3.00 4.00 ~.',I 1 .70 1.24 .12 2.51 710 ~AY-I 960 2.75 9.0011.00 18.0 .43 1.73 .44 1.14 Ex~P OCT 
e70 2.00 J.oe ... 00 t.o 1 .70 1.16 .29 1·26 110 ,"AR-2 968 2.75 ~.0011.00 18.0 .43 1.?4 .45 1.12 EX~P DEC 
920 2.00 3.00 4.00 t.o 1 .70 1.79 .29 1.19 710 _AY-2 973 2.75 9.0011.00 18.0 .43 1.74 .45 1.11 EXIIP FEB 
950 2.00 3.00 4.00 6.0 1 .70 1081 .lO 1.14 710 JUN-2 985 2.75 9.0011.00 18.0 .43 1.75 .4& 1o0B EXllP ApR 
970 2.00 3.00 4.00 toO 1 .70 1.82 .ll 1.11 71n JlIL-2 995 2.15 9.0011.00 18.0 .43 1.76 .47 1.05 EXMP AUG 

u l.uO 3.00 ).00 2.0 1 .80 .80 0.00 3.49 743 B 999 2.75 ~.0011.00 18.0 .43 1.76 .47 1.05 Ex~p OCT 
50 l.uO 3.00 0. 0 0 2.0 1 .80 1.05 .06 2.~5 7·3 MAY 0 3.00 6.00 6.00 18.0 .43 .42 0.00 4.23 623E B 

200 1.00 3.00 0.00 2.0 1 .80 1.28 .22 2.37 743 JAN-2 110 3.00 6.00 8.00 te.u •• 3 .B4 .34 3.16 623E FEB 
220 1.00 3.00 IJ .00 2.J 1 .80 1.31 .23 2.31 743 FEII-2 160 3.00 6.00 8.00 18.0 .43 .97 .34 2.89 623E MAR 
;:50 1.00 3.00 0.00 2.;) 1 .80 1.34 .2" 2.24 743 MAR-2 400 3.00 6.00 e.uo 18.0 .43 1.26 .35 2.26 623E APR 
350 1.00 3.00 0.00 c,lI 1 .80 1.43 .25 2.02 7"3 APR-2 too 3.00 6.00 8.~0 lE .lI .43 1.43 .36 t.87 623E MAY 
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Flexible Pavement Performance Record 
Thickness~9 - 8 - SeClion-NO.~.~4Ul'-__ 

, " loop No. _1 ___ _ 
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Fig A5.1. Typical AASHO Road Test section history (Ref 70) 



Fig AS.2. Typical AASHO Road Test section history (Ref 70). 
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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. 

N. 
1. 

n. 
1. 

A and B 

E 

The number of load applications of level i to cause 

failure in simple loading. 

The number of actual load applications of level i 

Bending strain in flexural fatigue test. 

Constants depending upon material characteristics. 

Modulus of elasticity or stiffness. 

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.l and A6.2. 

t Total cumulative deformation when the maximum load is 

applied to the specimen. 

p Permanent cumulative deformation retained by the specimen 

between cyclic load applications. 
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P2 Pi 

T 
ho . 

* t t t 
t2 t· L I 

r2 f 

1 
q 

Load: o Max o Max o Max o 
'---_----.. __ ---.J) - y-- \.------.v,.-------/ '-..... __ ........... ~_~J 

:v't h 
1-Repetition: 2 

Fig A6.l. Diagranunatic representation of changes in specimen lengths 
during load and unload cycles (after Ref 35). 
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'U 
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~-~t3--~~ 
10+-------- t 2 _-___ ---1.~J I 

t 1 = 0" 1 -----t~ 0" i -+I 
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~·'---------Pi------~~~ 

3 4 lith Repetitions 

Deformation --. 

Fig A6.2. Hypothetical repetitive load-deformation relationship 
indicating suggested nomenclature for various types 
of deformations (after Ref 35). 
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r Rebound non-cumulative deformation, which is equal to the 

difference between total and permanent deformation for any 

particular load application. 

Transient non-cumulative deformation; deformation observed 

from zero to maximum stress for any particular load appli

cation. 

(1) Strains may be used instead of deformation. 

(2) Elastic refers to a condition where rebound or transient deformation 

approaches constant values over several stress repetitions. 

(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 pave~ent 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 is 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 S erviceabi Ii ty Index Equa tion 

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, 

PSI = 5.03 - 1.91 log (1 + SV) - 1.38 RD2 - 0.01.jC+P (A7.1) 

For rigid pavements, 

PSI = 5.41 - 1. 78 log (1 + SV) - 0.09.jC+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 profi10meter, and a point measurement of slope Sl at a 

one-foot interval is obtained. Then 

SV = 106 X slope variance = 106 X 0 2 
s 



(f) 
Q. 

5.0 

4.0 

3.0 

2.0 

1.0 -----------------------

o 5 10 15 20 
Time in Years 

Fig A7.1. Performance curve. 
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(A7.3) 

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 is 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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AASHO Road Test Section 717 
Axle Load = 2 k 

~ n: Thickness: 
C + :: 1000 
-00-

Surface = I in. 
Base = 3 in. 

g'"O III 800 
:i:~O 
U ~ 0 600 
~enQ 
u c3" 400 
"C-c= 
~ C 0- 200 
o 0 en 

Subbase = 4 in. 

B 0 ~~~~~~~+-~~~~+-~4-~~~ 
..... 0 .0 .... C C"..... 0 ~ .... c C" ..... 

,~ U Q) Q) a. ::3 ::3 U Q) Q) a. :J ::3 U 
~ 0 a ~ ~ J ~ 0 a ~ ~ J ~ 0 

Fig A8.I. 

'0'1 0 
~ Time (months) ~ 

computed cracking index (CI) versus 
observed cracking-patching (C + P). 

AASHO Road Test Section 743 
Axle Load = 2 k 

Surface = I in. 
Base = 3 in. 
Subbase = 0 

Fig A8.3. Computed cracking index (Cr) versus 
observed cracking-patching (C + P). 

Observed (inner wheei) ~--:>-

Obs.erved (-outer wheel) - -0--

AASHO Road Test Section 729 
Axle Load = 2 k 

Surface = 2 in. 
Base = 0 
Subbase = 4 in. 

Fig AB.2. Computed cracking index (Cr) versus 
observed cracking-patching (C + P). 

AASHO Road Test Section 710 h42 
Axle Load = 6 k 

~ a: Thickness: Surface 
C + :: 1000 Base = 3 in. 

= 2 in. 

- u 0- Subbase = 4 in. 
g'"O en 800 
:i: ~ 0 ~742 g ~ g 600 I s;---o-o---o 

o c3 ::: 400 OLf l: . .2~~.-o 
"0"0:: O'/T 
.2! C 0- 200 . . ;-710 
00 111 ~ B 0 ~~~~~~~~~~~~~~~~~ 
o t;u.o ..... cO' ..... u'O ..... cO' ..... 
u ot3~~-s~~~~~-S~p 

0'1 0 
~ Time (months) ~ 

Fig A8.4. Computed cracking index (Cr) versus 
observed cracking-patching (C + P). 

Calculated 
Section Overlaid at POint oo.L 



AASHO Rood Test Section 744 
Axle Load = 6 k 

~ cL Thickness' Surface = I in.; Bose = 3 in.; 
c: + .:: 1000 <;) Subbase = 0 
-uO" I 

go"O '" 800 " :x ~ 0 , 
U Q; 0 600 )' 
~ ",Q ' 
u ~ ..... 400 I 
"0"0':: I I 
~ c: 0" 200 A· 
~ 0 '" 0 lo.L. 
U 

o 
U 

Time (months) 

U ..c 
cv cv 

o lL. o 
<.0 
(1) 

~ c C' ..... 
a. ::l ::l U 
<{ ...., <{ 0 

Fig AS.5. Computed cracking index (Cl) versus 
observed cracking-patching (C + P). 

AASHO Rood Test Section 159 
Axle Load = 12 k 

~ a: Thickness'S urface • 2 in.; Bose = 3 in.; 
c: + .: 1000 Subbase = 8 in. 
-uO" 
go"O 1/1 800 
:x ~ 0 
U ~o 600 
~ III"Q 
U 8 ..... 400 
"'0-0= 
~ c: 0" 200 
00'" a . 0 ~~~~4-~~~~~~~~~4-~~~ 

P.. u~~ a;g'uo~~a; gu 
'-' OOlL.<{-,<{O .... <{....,<{o 

(1) 0 
~ Time (months) ~ 

Fig AB.7. Computed cracking index (Cl) versus 
observed cracking-patching (C + P). 

Observed (inner wheel) --0-

Observed (outer wheel) --c--

AASHO Rood Test Section 151 
Axle Load = 12 k 

~ cL Thickness' 
c: + .:: 1000 
-uO" 

Surface = 4 in.; Bose = 3 in. 
Subbase = 4 in. 

g'"O '" 800 
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(1) 0 
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Fig A8.6. Computed cracking index (Cl) versus 
observed cracking-patching (C + P). 

AASHO Rood Test Section I 63 
Axle Load = 12k 

~ • Thickness' Surface = 3 in.; Bose = 0 ; 
~ r;: .:: 1000 Subbase = 4 in. 
- u 0'" 
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-- c: 01_ a. ::l ::l 0 
<{ ...., <{ 0 

Fig A8.8. Computed cracking index (Cl) versus 
observed cracking-patching (C + P). 
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u AASHO Road Test Section 607 
Axle Load :: 18 k 

~ a= Thickness: Surface:: 3 in.; Base = 0 ; 
c + ;:: 1000 Subbase" 8 in. -uO' 
g'~ III 800 
:;;:~o 
g ~ 00 600 
.... III 

U 8, 400 
"'O~:: 
~ c 0' 200 
00111 

3 O~~~~~~~~~~~~~~~~~ .2 
o 

U 
.... (.) .a .... c (.)Q)Q)Q.::::I 
OOlL..<t"J m 

0> - (.) .a ::::I (.) Q) Q) 
<t 0 0 lL.. 

~ Time (months) 
o 
w 
Q2 

Fig AS.9. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

i3 -
AASHO Road Test Section 625 
Axle Load = 18 k 

Surface:: 4 in.; Base:: 6 in.; 
Subbase:: 12 in. 

u~~a§gu~~ 
OOlL..<t"J<tOOlL.. m 0 

~ Time (months) ~ 

.... C 0>_ 
Q. :;, ::::I (.) 
<t "J <t 0 

Fig AS.ll. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

Observed (inner wheel) --j-
Observed (outer wheel) - -~ --

Calculated 

u AASHO Road Test Section 615/629 
Axle Load:: 18 k 

~ a= Thickness: Surface 
c + ;:: 1000 Base = 6 in. 
- u 0' Subbase :: 5 in. 
g'~ III 800 .- Q) 0 

13 ~ 0 600 
~IIIQ 

:: 4 in. 

OL,,;-615 
POL 

I 

rf. .. 
o 629 u 8 '- 400 

~"O:: 
- c 0' 200 r- 615 -3 0 III 0 0.L~).~.....-629 
.2 ~~~~~~4-~~~~~~~~~~ 

(5 u~~a§gu~.aa§gt; 
o om lL.. <t "J <t 0 0otf. <t "J <t 0 

~ Time (monfhs) ~ 

Fig A8.l0. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

AASHO Road Test Section 627 
~ Axle Load " 18 k 
~ a= Thickness: Surfoce = 4 in.; Sase:: 3 in.; 
C + '::1000

1 
Subbase" 4in. -u 

g' ~ g 800 OLp"" 
:;;: ~ 0 , 
(.) ~ 0 600 ~ 
~ III Q : 

u <3 '- 400 I 

~~.:: : 
.!!:! C 0' 200 I 
00111 I 
::; 0 -5 _(.)o--~-""~'-<:>"'la~-+§:':"'--o>4-::::I4-t;~-<(.)""""".a-+-l-+a-+-§+-+-g~-+t;""'; 
U OOlL..<t"J<to~tf.<t"J<tO m 0 91 Time (months) ~ 

Fig A8.12. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 
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AASHO Road Test Section 453 
Axle Load = 22.4 k 

~ a: Thickness' Surface = 4 in.; Base = 6 in.; 
c + ~ 1000 
-uO' 

Subbase = 8 in. 

go u '" 800 
~~o 
U ~ 0 600 
0",0 

U c3::::: 400 
~"O= 
- C 0' 200 
00'" 

~ 0 ~~~~~~4-~4-~4-~~+4~+4~ 
~ _U.D ..... cOl-

8 ~~~~~~~ 
O'l 
~ Time (months) 

U .Ll 
V V o u... o 

<.0 
~ 

Fig AB.l3. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

AASHO Road Test Section 487 
S Axle Load = 22.4 k 
~ a: Thickness' 
c + ~ 1000 
- U 0' 

Surface = 3 in.; Bose = 6 in.; 
Subbase = 12 in. 

__ --4) 

---- O.L. 
gou '" 800 . 
~~o . 
U ~ 0 600 ' 
0",0 l 
U c3::::: 400 / 

~ ~; 200 pio l 
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.~ _ U .D .... C 0' - U .D 
o uvva.:l:lUVv 
U oou...«-,«OOlL. 

O'l 0 
~ Ti me (months) ~ 

.... c CJ'I ... 
a. ::l :l U « -:J « 0 

Fig AS.lS. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

Observed (inner wheel) - -0--

Observed (outer wheel I --2--

AASHO Rood Test Section 475/483 
Axle Lood = 22.4 k 

~ a: Thickness, 
c + ~ 1000 

Surface = 5 in.; Base = 9 in.; 
Subbase = 4 in. 

-uO' go u '" 800 ~---~. , 
:i2 ~ 0 OL ,tOL 
g ~ g 600 r--7<1/ 
U c3 ::::: 400 / 483 ~ 75 
uu~ /-c1 
~ c 0' 200 _---
00'" _-
~ 0 L+~~~~--4--~~+4-+-~~~I-+~~4-~ 
~ 
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U 
- U .D U V V 
o 0 u... 
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.... C 0'_ U.D 
a.:l:lUVv «-,«oou... 

~ Time (months) 
o 
<.0 
~ 

.... c C' ... 
a.:l :lU « -., « 0 

Fig AS.l4. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

AASHO Road Test Section 307/305 
Axle Load = 30 k 

~ a: Thickness' Surface = 5 in.; 
c +.~ 1000 Subbase = 12 in. --* __ --il-_-----
-uO' """ 

Bose = 6 in.; 

:i2~0 
go u '" 800 I o.L

1 g ~ 0 600 O.L} ,';. ~ g 400' ---q,'-. 0..._, ,~307 '-' 0 ~ 0---0-0' 

uu~ , 
~ C 0' 200 ~'-----305 ~ I· t-- 307 
00'" ~ .. 
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Fig AS.16. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 
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<3 - AASHO Rood Test Section 311 
Axle Load = 30 k 

Surface = 6 in.; Bose = 9 in.; 
Subbase :: 12 in. 

~---~ 

l' 
f 

Fig AB.l7. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

AASHO Rood Test Section 717 
Axle Load:: 2k 

Surface = I in. 
Bose = 3 in. 
Subbase = 4 in. 

Fig AS.l9. Observed versus calculated 
rut depth index. 

Observed (inner wheel) --<-
Observed (outer wheel) 

AASHO Rood Test Section 323 
Axle Load = 30 k 

::: 4 in.; Bose:: 6 in.; 
Subbase'" 12 in. 

Fig AS.lS. Computed cracking index (CI) versus 
observed cracking-patching (C + P). 

Calculated 

AASHO Rood Test Section 729 
Axle Load = 2 k 
Thickness' Surface = 2 in. VI 

<II 
.J:::. 
(.) 

1.0 Bose:: 0 

c: 08 
Subbase :: 4 in. 

Fig AS.20. Observed versus calculated 
rut depth index. 
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AASHO Rood Test Section 743 
Axle Load = 2 k 

III Thickness: Surface = I in. 
Bose = 3 in. ~ 1.0 

u 
c: 0.8 

c: 0.6 
.I: 

Q. 0.4 
OJ 

00.2 

Subbase = 0 

Fig AS.2l. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 744 
Axle Load = 6 k 

III Thickness: Surface = I in. 
Bose = 3 in. 
Subbase = 0 

~ 1'.0 
u 
c: 0.8 

c: 0.6 
.I: 

Q. 0.4 
OJ 

o 0.2 .o...f. 
0 

1:3 u .0 ... c: 0> +- U .0 ... c: 0> U OJ OJ a. ::;, ::;, u OJ 
~ 

a. ::;, ::;, 
0 0 lL. « -:> « 0 0 « -:> « 0 en 0 

L{) Time (months) (!) 
en ~ 

Fig AS.23. Observed versus calculated 
rut depth index. 

Observed (Inner wheel) - -0- -

Observed (outer wheel) --0--
Calculated 

AASHO Rood Test Section 742/ 710 
Axle Load = 6 k 

III Thickness: Surface = 2 in. 
Bose = 3 in. 
Subbase" 4 in. 

~ 1.0 
u 
c: 0.8 
c: 0.6 ___ r/'~ 710 

.I: ~JQ..742 
g. 0.4 ._~~.if~ 710 

o O. 2 ~~;l;:~ __ '--~-:i!'~F""""II:-F-~'''lI-''''''----'--' 
+-

0 ::;, 

a:: 
1:3 u .0 ... c: 0> +- U .0 ... c: 0> U OJ OJ a. ::;, ::;, u OJ 

~ 
a. ::;, ::;, 

0 0 lL. « -:> « 0 0 « -:> « 0 en 0 
L{) Time (months) (!) 
en ~ 

Fig A8.22. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 151 
Axle Load = 12k 

III Thickness: Surface = 4 in. 
Bose = 3 in. 
Subbase = 4 in. 

~ 1.0 
u 
c: 0.8 

c: 0.6 
.I: 

Q. 0.4 
OJ 

o 0.2 
+
::;, 

a:: ..... cC"+-u.o ..... c 

~.s~oa~~.s o 
Time (months) ~ 

Fig A8.24. Observed versus calculated 
rut depth index. 



AASHO Rood Test Section 159 
Axle Load = 12 k 

I/) Thickness: Surface = 2 in. 
Bose = 3 in. 
Subbase = 8 m. 

~ 1.0 
u 
c: 0.8 

c: 0.6 
.s::. 
0.. 0.4 
CD 

o 0.2 .... 
0 :::l 

a:: 
ti u .0 ... c: 01 ti u .0 

Q) Q) a. :::l :::l Q) 

If 0 0 I.J.... « -::> « 0 0 
(j) 0 
L{) Time (months) \D 
(j) ~ 

... c: 01 a. :::l :::l ti 
« -::> «'0 

Fig AS.25. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 607 
Axle Load = 18k 

I/) Thickness: 
~ 1.0 
u 
c: 08 

c: 06 
.s::. p 
0..0.4 "".,.cf 

Surface = 3 in. 
Bose = 0 
Sub~ase = 8 in. 

~ O. 2 t;F-"-.:l!--,:::-:\!"'o1( 
:::l 0 L+~~~~~~4-~~~~4-~~+4~~ a:: .... U .0 

U Q) Q) 

o 0 I.J.... 
(j) 
L{) 
(j) 

'- c C' .... 
a. :::l :::l U « -::> « 0 

Time (months) 

g'-u 
« 0 

Fig AS.27. Observed versus calculated 
rut depth index. 

Observed (,nner wheel) 
Observed (outer whf'el) 

_ -<J-- - Calculated 

AASHO Rood Test Section 163 
Axle Load = 12 k 

I/) Thickness: Surface = 3 in. 
Bose = 0 
Subbase = 4 in. 

~ 10 
U 

c: 08 

c: 0.6 
.s::. 
a. 0.4 
Q) 

o 0.2 .... 
0 :::l 

a:: U .0 ... c: 01 .... U .0 ti Q) Q) a. :::l :::l U Q) 

If 0 0 I.J.... « -::> « 0 0 
(j) 0 
L{) Time (months) \D 
(j) ~ 

... c: 01 a. :::l :::l ti 
« -::> « 0 

Fig AS.26. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 629/615 
Axle Load = 18 k 

I/) Thickness: 
~ 1.0 
u 
c: 08 

c: 0.6 
.s::. 
0.. 0.4 
Q) 

o O. 2 ,D.«=t!~tiio&-.... 
0 :::l 

a:: 
ti U .0 ... c: 01 .... U .0 ... c: 
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(j) 0 
L{) Time (months) \D 
(j) ~ 

01 
:::l ti « 0 

Fig AS.2S. Observed versus calculated 
rut depth index. 
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AASHO Rood Test Section 625 
Axle Load = ISk 

en Thickness: Surface = 4 in. 
~ 1.0 Sase = 6 in. 
u Subbase = 12 in. 
~ O.S 
~ 

0.6 
..c 
a. 0.4 
CD 

?'O-'~'-'--O'--' 
. - _----<:1'-"" 

o 0.2 .... 
0 :::3 

0: 
U U .D .... C 0> U .D 

CD CD a. :::3 :::3 U CD If 0 0 LL <t ""') <t 0 0 
O'l 0 
10 Time (months) <.D 
O'l ~ 

.... C 0- .... 
a. ::l ::l U 

c::t ""') <t 0 

Fig AS.29. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 453 
Axle Load = 22.4 k 

en Thickness: Surface = 4 in. 
Sase = 6 in. 
Subbase = Sin. 

~ 1.0 
u 
~ O.S 

~ 0.6 
..c 
a. 0.4 
CD 

o 0.2 .... 
0 :::3 

0: 
U U .D .... C 0> .... U .D 

CD CD a. ::l ::l 0 CD CD 0 0 LL c::t ""') c::t 0 0 LL 
O'l 0 
10 Time (months) <.D 
O'l O'l 

.... C 0> .... a. ::l ::l 0 
c::t ""') <t 0 

Fig AB.3l. Observed versus calculated 
rut depth index. 

Observed (inner wheel) -~
Observed (outer wheel) --0--

Calculated 

AASHO Rood Test Section 627 
Axle Load = IS k 

• 

en Th ickness : Su rface = 4 in. 
Sose = 3 in. 
Subbase = 4 in. 

~ 1.0 
u 
c O.S 

c 0.6 
..c 
a. 0.4 
CD 

o 0.2 .... 
::l 
0: 

0 
.1.--*"-_ 

u U .D .... ~ 0- U CD CD a. :::3 ::l 
0 0 LL <t ""') <t 0 

O'l 
10 Time (months) 
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CD If 

a. ::l ::l U 
0 <t ""') <t 0 

0 
<.D 
O'l 

Fig AB.30. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 4S3/475 
Axle Load = 22.4 k 

en Thickness: Surface = 5 in. 
Bose = 9 in. 
Subbase = 4 in. 

~ 1.0 
u 
~ O.S 

~ 0.6 
..c 
a. 0.4 
CD 

o 0.2 .... 
:::3 
0: 

4S3 ~475 
~~~~ .. ....o--- 475 

U .D 
CD CD o u:.. 
o 

Time (months) ~ 

.... ~ 0> .... 
a. :::3 :::3 U 
<t ""') <t 0 

Fig AS.32. Observed versus calculated 
rut depth index. 
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AASHO Rood Test Section 487 
Axle Load :: 22.4 k 
Thickness: Surface:: 3 in. 

:; 10 Bose = 6 in. 
-5 Subbase" 12 in. 
c 0.8 

c 0.6 0.... _----0 
~""O_o_---

U ..0 

~ ~ 
o 

Time (months) ~ 

Fig A8.33. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 311 
Axle Lood " 30 k 

In Thickness: SlIrface = 6 in. 
~ 1.0 Bose " 9 in. 
g Subbase:: 12 in. 

0.8 
c 0.6 
..c 
Q. 0.4 
Q) 

o 0.2 -~ 0 ~~~~~~~~~~~~~~~~~ 
0:: u~~~ 

o 0 LL « en 

CO'-U..o"-c 

.;~O~~~.2 
0' _ 

~ U « 0 
10 
~ 

o ~ 

Time (months) ~ 

Fig A8.35. Observed versus calculated 
rut depth index. 

Ob~erved (Inner wheel) - -0- -

Observed (outer wheel) --c--
Calculated 

AASHO Rood Test Section 307/ 305 
Axle Load " 30 k 

In Thickness: Surface " 5 in. ; Bose:: 6 in ; 
Q) I 0 Subbase:: 12 in . 
..c. ~ 

g 0.8 jf /O'~ 
c· .- 0.6 I~'~~~~~~~ &-,' . 

/ 
I 

307 

Fig A8.34. Observed versus calculated 
rut depth index. 

AASHO Rood Test Section 323 
Axle Load = 30 k 

In Thickness' Surfoce = 4 in. 
Bose = 6 in. ~ 10 

u 
c 0.8 

c 0.6 
..c 
Q. 0.4 
Q) 

o 0.2 

r 
I 
I 

Subbase:: 12 in. 

- 0'- .p.Q ~ L~~~4-~~+4~~~4-~4-~~~~~ 
0:: U ..0 

Q) CI) 

o LL o 
Time (months) ~ 

Fig A8.36. Observed versus calculated 
rut depth index. 
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AASHO Road Test Section 717 
Axle load = 2 k 
Thickness: 

~ 2.0 

I~ 16 

Surface .. 1 in. 
Base = 3 in. 
Subbase = 4 in. 

+ . 
1.2 

0> 

o 0.8 

" 0.4 
a: 
O~~~~~~++~~~~~++~ 

... c: 0>_ 
Q.:::I :::I U 
«-,«0 

Time (mont hs) 

0> _ 

:::I U 
« 0 

Fig AS.37. Observed versus calculated 
roughness index, RI. 

AASHO Road Test Section 743 
Axle load:: 2 k 
Thickness: Surface = I in. 

2.0 Base:: 3 In. 
I~ Subbase = 0 
+ 1.6 

1.2 
0> 
o 0.8 

0--0 
_ 0 __ ----0'" 

._.O---'-~'-'-'..;:/' 

II 0.4 

o ~44~r++4~r++4~~++~~~~ 
~ cO"+
Q.:::I :::I U 
«-,«0 

Time (months) 

Fig AS.39. Observed versus calculated 
roughness index, RI. 

Observed (inner wheel) - --=- -
Observed (outer wheel) --c--

Colculated 

AASHO Road Test Secfton 729 
Axle load = 2 k 
Thickness: Surface:: 2 in. 

2.0 f Base .. 0 
I~ Subbase = 4 In. 

+ 1.6 ... ~ 
.,,-,,- / 

1.2 __ -----...J:>-O'....... . 
g O. 8 t:-o--~-=:·-;-::-:::.~-;;:::-:u=:~~--.... :.-O"'~ro-".,;.;.;·O-::-~-· ,...-" 
" 0.4 
a: 0 - U .0 ... c: 

0> _ 
U .0 ... c: 0> -U (I.) 

~ 
Q. :::I :::I U Q) ce Q. :::I :::I U 

0 0 « -, « 0 0
0 

« -, « 0 
O'l 
I{') Time (months) <.0 
O'l O'l 

Fig AS.3S. Observed versus calculated 
roughneSS index, RI. 

AASHO Road Test Section 710 
Axle load = 6 k 
Thickness: Surface = 2 in. 

2.0 Base = 3 in. 
Subbase = 4 in. l~ 1.6 

+ 
1.2 

0> 
o 08 

" 0.4 
a: 

_ U .0 

U Q) (I.) o 0 lI.. 

fB 
O'l 

.... cO' ..... 
Q.:::I :::I U 
«-,«0 

Time (months l 

AS.40. Observed versus calculated 
roughness index, RI. 



AASHO Rood Test Section 742 
Axle Load :: 6 k 
Thickness: Surface:: 2 in. 

I~ 
2,0 Base:: 3 in,; Subbase = 4 in, 

+ 1.6 
12 

0> 
0 0,8 
" 0.4 

0:: 0 -U 
0 

.... c 0>_ u..a .... c 
Q..:::I:::IU 0)0) Q..:::I 

<t: "":) <t 0 00!..L. <t: "":) 

Time (months) <.D 
Q:! 

0> _ 

:::I U 
<t 0 

Fig AB.4l. Observed versus calculated 
roughness index, RI. 

AASHO Road Test Section 151 
Axle Load :: 12 k 
Thickness: Surface:: 4 in, 

2,0 Base" 3 in, 
I~ Subbase:: 4 in, 
+ 1.6 

1.2 
0> 
o 0.8 .. 

0.4 
I I I I I o ~~~~~'~141~141~1 ~1~1-+141~1 41-1~1~1~;-~~ 0:: 

Ci; g'-u~..a Ci 3 
<t: J <t 0 0o~ <t: "":) 

Time (months) sg 

0> 
:::I U 

<t 0 

Fig AS.43. Observed versus calculated 
roughness index, RI. 

Observed (inner wheel) 
Observed (outer wheel) --c-

Calculated 
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AASHO Road Test Section 744 
Axle Load :: 6 k 
Thickness, Surface:: I in, 

2,0 Base = 3 in. 
Subbase:: 0 

1.6 

12 

o 0.81/1\-'::11.-

0:: 
0.4 

o ~~~~~~~4-~~4-~~~~ 
.... c 0>- u..a .... c 
:t.; .a 0 ~o~ :t .; 
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0> _ 

:::I U 
<t: 0 

Fig AS.42. Observed versus calculated 
roughness index, RI. 
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AASHO Road Test Section 159 
Axle Lood :: 12 k 

, Thickness: Surface:: 2 in, 
2,0 Bose:: 3 in.; Subbase:: 8 in, 

1.6 

1.2 

0,8 

0.4 
0 -U 
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U..a .... c 0>_ U..a 
0) 0) Q..:::I ; OU 00) .'P 
0cnl.L. <t: "":) ...... 0 ...... 
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..... C 
Q.. ::J 
<t "":) 

Fig AS.44. Observed versus calculated 
roughness index, RI. 



AASHO Rood Test Section 163 
Axle Load = 12 k 
Thickness: Surface:: 3 in. 

2.0 Bose:: 0 
I~ Subbase:: 4 in. 

.... 1.6 

1.2 
0> 

o 0.8 
H 

0.4 

o ~~~~~~~~~~+4~~~ 
- u.o"'c; 0>_ u.o'" c; 0>_ 
U Q) Q) Q.:::J:::J U Q) Q) Q.:::J :::J U 
OClIL<t-,<tOCli:.<t-,<to 

en 0 
~ Time (months) ;:g 

Fig A8.45. Observed versus calculated 
roughness index, RI. 

AASHO Rood Test Section 615 
Axle Load = 18 k 
Thickness: Surface'" 5 in. 

I~ 2.0 ~~~~a;s: Jnti in. 
+ 1.6 

1.2 
0> 

o 0.8 
H 

0.4 

o ~~~~~~++~~++~~~~~ 
_ u.o"'c; 0>_ u.o'" c: 
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:::J U 
<t 0 

Fig AB.47. Observed versus calculated 
roughness index, RI. 

Observed (inner wheel! --0- -' Calculated 
Observed (outer wheel) --c--

AASHO Rood Test Section 607 
Axle Load '" 18 k 
Thickness: Surface '" 3 in. 

2.0 Base = 0 
I~ Subbase '" 8 in. 
+ 1.6 

12 
0> 
0 0.8 
II 

0.4 
a:: 0 -U 

0 
U.o"'C: 0>_ u.o'" c: 0>_ 
Q) Q) Q.:::J :::J U cQ) .~ Q. :::J :::J U 
ClenlL <t -, <t 0 o~ <t -, <t 0 

~ Time (months) ~ 

Fig AS.46. Observed versus calculated 
roughness index, RI. 

AASHO Rood Test Section 625 
Axle Load'" 18 k 
Thickness: Surface'" 4 in. 

2.0 Bose:: 6 in.; Subbase'" 12 in. 

I~ 1.6 

::. I. 2 
0> 
o 0.8 

II 0.4 

a:: 0 ~~~~~~++4-~++~~~~~ 

Fig A8.48. Observed versus calculated 
roughness index, RI. 
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AASHO Rood Test Section 627 
Axle Load" 18 k 
Thickness: 

........ 2.0 

I~ 1.6 

Surface::: 4 in. 
Bose" 3 in . 
Subbase " 4 in 

.:::: 1.2 
01 
o 0.8' 
II 

0.4 
o L++4~r+~~+4~~+4~~+4~~ 

"'c 01_ U.c 
0..;;;J ;;;J U 0(1) ,I?-' 
<t...,<t0 .... o 
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"- COl ...... 
0.. ;:, ;:, U 
<t ..., <t 0 

Fig A8.49. Observed versus calculated 
roughness index, RI. 
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.:::: 1.2 
0' 
o 0.8 
II 0.4 

AASHO Rood Test Section 453 
Axle Load::: 22.4 k 
Thickness: Surface::: 4 in. 

Base ::: 6 in. 
Subbase:: 8 in. 

a::: o ~+4~~+44-~++~~~+44-~~ 
"- c 01 -0.. ;:, ;:, U 
<t ..., <t 0 

...... U.c "-C 01_ U.c 
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Fig AS.S1. Observed versus calculated 
roughness index, RI. 
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Fig A8.50. Observed versus calculated 
roughness index, RI. 
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Fig A8.52. Observed versus calculated 
roughness index, RI. 
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Fig A8.53. Observed versus calculated 
roughness index, RI. 
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Fig A8.55. Observed versus calculated 
roughness index, RI. 
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Fig A8.54. Observed versus calculated 
roughness index, RI. 
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Fig A8.56. Observed versus calculated 
roughness index, RI. 
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AASHO Roa.d Test Section 311 
Axle Load = 30 k 
Thickness: Surface = 6 in. 

2.0 Base = 9 in. 
Subbase = 12 in. 
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Fig A8.57. Observed versus calculated 
roughness index, RI. 
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Fig A8.59. Observed versus calculated 
present serviceability index. 
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Fig A8.58. Observed versus calculated 
roughness index, RI. 
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AASHO Road Test Section 729 
Axle Load = 2 k 
Thickness: Surface = 2 in. 
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Subbase = 4 in. 
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Fig A8.60. Observed versus calculated 
present serviceability index. 
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AASHO Rood Test Section 743 
Axle Load = 2 k 
Thickness' Surface = I in. 
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Fig A8.6l. Observed versus calculated 
present serviceability index. 
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AASHO Rood Test Section 742 
Axle Load = 6 k 
Thickness' Surface = 2" 

5.0 Bose = 3 in. 
Subbase = 4 in. 
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Fig A8.63. Observed versus calculated 
present serviceability index. 
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AASHO Rood Test Section 710 
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Fig A8.62. Observed versus calculated 
present serviceability index. 
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AASHO Rood Test Section 744 
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Fig A8.64. Observed versus calculated 
present serviceability index, 
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Fig AS.65. Observed versus calculated 
present serviceability index. 
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AASHO Rood Test Section 163 
Axle Load = 12k 
Thickness: Surface = 3 in. 

5.0 Bose = 0 
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Fig AS.67. Observed versus calculated 
present serviceability index. 
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Fig AS.66. Observed versus calculated 
present serviceability index. 
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AASHO Rood Test Section 607 
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Fig AS.6S. Observed versus calculated 
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Fig AS.69. Observed versus calculated 
present serviceability index. 
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Fig AS.71. Observed versus calculated 
present serviceability index. 
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AS.70. Observed versus calculated 
present serviceability index. 
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Fig AS.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. 
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Fig AB.73. Observed versus calculated 
present serviceability index. 
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AASHO Road Test Section 483 
Axle Load = 22.4 k 
Thickness: Surface = 5 in. 
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Fig AB.75. Observed versus calculated 
present serviceability index. 
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AASHO Road Test Section 475 
Axle Load = 22.4 k 
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Fig AB.74. Observed versus calculated 
present serviceability index. 
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AASHO Road Test Section 487 
Axle Load = 22.4k 
Thickness: Surface = 3 in. 
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Fig AB.76. Observed versus calculated 
present serviceability index. 
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Fig AB.77. Observed versus calculated 
present serviceability index. 
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Fig AB.79. Observed versus calculated 
present serviceability index. 
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Fig AB.7B. Observed versus calculated 
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APPENDIX 9 

COMPUTER INPUT AND OUTPUT FOR EXAMPLE PROBLEMS 
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TABLE A 9.1. EXAMPLE PROBLEM 

THE CONSTRUCTION MATERIALS UNOE~ CONSIDERATION ARE 
MATERIALS COST STF~ • MIN. MAX. SALVAGE 

LAYER COUE NAME PER CY COEFF. nEPTH Dt.PTH PCT. 
TRIAXIAL 

CLASS 
1 
2 
3 

A ASPHALT CONC~ETE 10.00 .44 3.uO 
A !:lASE MATERIAL 5.00 .14 6.00 
C SUBRASE MATEKIAL 2.00 • 11 8.00 

SUBBGF<ADE 0.00 0.00 0.00 

NUMHEH OF OUTPUT PAGES OESIREO(A DESIGN~/PAGE) 
TOTAL NUMBER OF INPUT MATERIALS.EXCLUOI~G ~UI:IGRADE 
LENGTH OF THE ANALYS1S PERIoD (yEARS) 
WIDTH OF EACH LANE (FEET) 

REGIONAL FACTOR 
SERVICEAIHLlTY INUEX OF THE INITIAL STRUCTIiRE 
SERVICEABILITY INUEx PI ~FTER AN OVERLAY 
MINIMUM SERVICEAHILITY l~UEX p2 
SWELLING CLAY PARAM~TERS -- P2 PRI~E 

81 

3.00 50.00 
0.00 150'00 
~.oo c:;0.1)0 
0.00 0.00 

ONE-DIRECTION AUT A! ~~GINNING of ANALY~IS PERIUD (VEHICLE~/UAY) 
ONE-DIRECTION AUT AI ENO OF ANALYSIS PERIon (VEHICLt.S/OAY) 
ONf-OlRECTION 2-yA ACCUMULATE!) NO. OF EQI'IVALENT IS-KIP AXLFS 
PROPOHTION OF AUT AHRIVING EACH HOUR OF Co~STRUCTIUN (PERCFNT) 
THE RUAU IS I~ A RU~AL AREA. 

MINIMUM TIME TO FIRST OVERLAY (YEARS) 
MINIMUM TIME ~ETWEEN OVERLAYS (YEARS) 
TIME TO FIRST SEAL COAT AFTER INITIAL OR OVERLAY CUNST.(YFARS) 
TIME ~ETwEEN SEAL CUATS (YEARS) 
MAX FUNUS AVAILARLE PER SQ.Yo. FOR INITTAL OESIGN (UOLLAHS) 
MAXIMUM ALLowED THICKNESS OF INTTIAL CONSTRUCTION (lNCHES) 
MINIMUM OVERLAY THICKNESS (INCHFS) 
ACCUMULATEn MAXIMUM DEPTH OF ALL OVERLAYS (INCHES) 

.50 
1 .00 
3.70 
5.60 

3 
3 

2.2 
12.0 

1.0 
4.2 
4.2 
1.s 

4.20 
0.0000 

1370 
1371 

11 02700 
6.0 

.s 

.5 
2·2 
2.2 

15.00 
'>0.0 

0.0 
8.0 

ASPHALT IC CONCRETE. PRODUCTION RATE (TON<;/HOUR) 75.0 
ASPHALTIC CONCRETE COMPACTED OENSITY (TONS/C.Y.) 1.ao 
c.L. UISTANCE OVER WHICH TRAFFIC IS SLOWED IN THE O~D. (MILES) 0.00 
C.L. UISTANCE OVER WHICH TRAFFiC IS SLowEO IN THE N~O.D~ (MILFS) 0.00 
DETUUH OISTANCE AROUNU THE OVERLAY lONE (MTLES) 0.00 
OVERLAY CONSTRUCTION TIME (HOuR<;/UAY) 0.0 
NUMBEH OF OPEN LANES IN RESTRICTED lOf\JE IN O.n. 1 
NUMbEH OF OP~N LANES IN RESTRICTED lO~IE IN N.O.I). 2 

PROPOHTION OF VEHIcLES STOPPED RY R0AO FQulPMENT IN 0.0. (PERCENT) 
PROPOHTIO~ OF VEHICLES STOPPEn RY RUAD FQUTPMENT IN N.O.U. (PE~cENT) 
AVI::.RA(:iE TIME STOPPEL,) HY ~OAO EIIlIJIPMENT IN 0'0. (HOURS) 
AVtRAl:iE TIME STOPPElJ By ROAD EUUIPMENT IN ~I.O.\). (HOURS) 
AVEHA(:iE APPROACH SPEED TO THE OVERLAY lONE (MPHY 
AVERAl:iE SPEED THROUGH OVERLAY lONE IN 0.0. (MPH) 
AVEHA(:iE SPEED THROUGH OVERLAY ZONE IN N.O.r. (MPH) 
TRAFFIC MODEL USED IN TH~ ANALY~IS 

FIRST YEAR COST OF ROUTINE MAINTENANCE (OOLLARS/LAN~ MILE) 
INCREMENTAL INCREASE IN MAINT. COST PER YEAR (DOLLAHS/LANE MILE) 
COST UF A SEAL COAT- (DOLLARS/LANE MILE) 
INTERtST RATE OR TIME VALUE OF MONEY (PFRCfNT) 

0.00 
0.00 

0.000 
0.000 

35.0 
35.0 
35.0 

3 

50.00 
co.oo 

900.00 
5.0 



TABLE A9. 2. EXAMPLE PROBLEM 

FOR THE 3 LAYER DESIGN wITH THE fOLLOWING MA1ERIALS--
MATERIALS COST STR. MIN. MAX. SALVAGF 

LAYER COUE NAME PER CY COEFF. r·EPTH DE.PTH PCT. 
1 A ASPHALT CONCRt:TE 10.00 .44 3.00 3.00 50·00 
2 R ~ASE MATERIAL 5.00 .14 b·OO b.OO 50·00 
3 C SURBAS£ r>4ATEHIAL 2.00 .11 8·00 /j.OO =;0'00 

SUBBGkAUE 0.00 0.00 0·00 0.00 0·00 

3 TH~ OPTIMAL UESI~N FOH THE MATERIALS UNnER CONSIuERATION-· 
FUR INITIAL CONSTRUCTION TH~ DEPTH5 SHOULD ~F 

ASPHALT CONCRET~ 3.UO INCHFS 
8ASE MATEHIAL 6.00 INCHFS 
Su~BASE MATERIAL 8.00 INCHFS 

THE LIfE Of THE 1NITIAL STRUCTUHE = .59 YEARS 
THE OVERLAY SCHtoULE IS 
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TRIAXIAL 
CLASS 

.50 
1. 00 
3.70 
5.60 

2.50 INCH(E.S) (JNCL.tJOIN(., 1 TNCH L.EIIEL-UP) AFTER .C;9 YEARS. 
TUTAL Llr~ = 3.06YEA~SI 

THEME SHOULu NOT ~E ANY SEAL COATS. 

THE TOTAL CO~TS PER SQ. YO. FOR TH~SE 
INITIAL CONSTRUCTION COST 
TOTAL ROUTINE MAINTENANC~ CO~T 
TOTAL OvtHLAY CONSTMUCTI0N COST 
TOTAL USE.R COST UUAING 

OVERLAY cONSTR~CTlnN 
TOTAL SEAL COAT COST 
SALVAGI::. VALUe. 
TOTAL OvtRALL COST 

rONsIuF.RATIONS 
2 '111 

·014 
.1;61 

0·000 
0.000 

-1·135 
1. b51 

NUMBER OF FEASIULE DESIGN~ FXA~I~EO FOp THIS SEf 

AT THE OPTIMAL. SOLUTION,THE FULLOwINf, 
ROUNDARY RESTHICTIONS ARE ACTIVE--

1. THE MINIMU~ UEPfH OF LAYER 1 
2. hIE MAXIMUM DEPTH Or- LA n.R 1 
3. THE MINIMUM UEPTH OF LAYER ? 
4. TI-CE MAXIMUM UEPTH OF" LAYER ? 
5. 1 HE MINIMUM DEPTH UF LAYER 3 
b. THE f"lAXIMuM I)l:.pr~ ()F LAYEq 3 

A SUMMAHY OF THE ~EST DESIGN FOR EACH COMAINATION 
OF MATERIALS, IN O~DER OF INCREASING TOT~L COST 

DESIGN NUMBER 
3 

TOTAL COST 
1.651 

THE MATERIALS ASSOCIATEU WITH EACH Of THE FOLLOWING DESIGN 
NU~B~RS 00 NOT HAVE AT LEAST ONE FEASIRLE OESluN. 

1 
2 

1 



J 

337 

TABLE A 9.3 • EXAMPLE PROBLEM 

THE CONST~UCTION MATERIALS UNOER CONSIU~RATION ARE 
MATERIALS COST STR. MIN. MAX. SALVAGF TRIAXIAL 

LAYER COUE NAME PER CV COEFF. rlEPTH UEfJTH PCT. CLASS 
1 
2 
3 

A ASPHALT CONCRETE 4.40 .44 2.ou 
B tiASE MATERIAL 1.40 .14 3.00 
C SUB 8ASE MAT~RIAL 1.10 .11 4·00 

SUA GRAOE 0.00 0.00 0.00 

NUMBEK OF OUTPuT PA~tS OESIREOIA DESIGNS/PAGE) 
TOTAL NUMHE~ OF INPuT MATERYALS,EXCLUDING SUBGRAnE 
LENGTH OF THE ANALYSiS P~RIOD (yEARS) 
WIuTH OF EACH LANE (FEET) 

REGIONAL FACTOR 
SE~VICEABILlTY INUEX OF THE H.11TlAL STRIICTURE 
SERVICEABILITY INUEx PI iFTER AN OVERLAY 
MINIMUM SEPVIC~AHILITY INOEX p2 
SWELLiNG CLAY"PAPAM~TE~S -- P~ PRIME 

kl 

6.00 50·00 
9.00 C;o·oO 

Ib.OO c;o·oO 
0.00 0·00 

ONE-DiRECTION AUT AT ~EGINNING nF ANALYSIS PE~IOo (VEHICLE~/UAY1 
ONE-DiRECTION AOT AT ENO OF ANALYSIS fJF.RIon (V~HICLES/DAY) 
ONE-DiRECTION ~-y~ ACCUMULATEn NO. OF EQIIIVALENT l~-KIP AXL~S 
PROPOHTION Of AUT ARWlvlNG EACH HQUK OF CO~ST~UCTION IPfKC~NT, 

THE RUAD IS IN A RUHAL AREA. 

MINIMUM TIME TO FI~ST OV~RLAY (vEARS, 
MINIMUM TIME ~ETWEEN OVERLAYS (YEARS1 
TIME 10 FIRST SEAL CUAT AFlEH INITIAL OR OVERLAY C(HST.(YEARS1 
TIME ~ETwEEN S[AL CVATS (YEARS) 
MAX FUNUS AVAILARLE PER SU.YlI. FOR INITIAL DESl\:iN (UOLLA~S1 
MAXIMUM ALLOwEU THICKr'ESS OF INITIAL CONSTRUCTION (iNCHES) 
MINIMUM OVE~LAY THI~KNESS (INCHFS) 
ACCUMULATEO MAXIMUM UEPTH OF ALL OVERLAYS (INCHES) 

.50 
1.00 
3.70 
5.60 

3 
3 

2.2 
12.0 

1.0 
'4.2 
4.2 
1.5 

4.20 
0.0000 

1370 
1371 

1102700 
6.0 

2.2 
2.2 
2.2 
2.2 

15.00 
bO.O 

0.0 
0.0 

ASPHALTIC CONCRETE PRO[)UCTIoN HATE (TON~/H0UR) 75.0 
ASPHALTIC CONCRET~ COMPACT~O nENSITY (TnNS/C.v.) I.~O 
C.L. UISTANC~ OVER WHICH TRAFFIc IS SLOwrn IN THE 0.0. (MILES) 0.00 
C.L. UISTANCE OVER WHICH TRAFFIc IS SLOwfu IN THE N~U.O! (~lLES) 0.00 
DETOUH OISTANCE AROUNO THE OVfHLAY ZONE (MILEs) 0.00 
OVERLAY CONS1RUCTION TIME. (HOll~"/LJAY) 0.0 
NUM~EH OF OPEN LANES IN RESTRICTED LONE IN O.n. 1 
NUM~EH Of OPEN LANES IN RESTRICTED LONE IN N.O.U. 2 

PROPOHTlON OF VEHIcLES STOPPEn RY ROAD F!'~IJTPMENT IN 0.0. (PERCENT) 
pROPOHTION OF VEHIcLES STOPPEO RY ROAD FQUIPM£NT IN N.O.U. (PERCENT) 
AVERAliE TIME STOPPED IW ROA[) EI.lUIPMENT IN (l.O. (HOUHS) 
AvERAbE TIME STOpPEU dY HOAD EYUIPMENT TN N.O.U. (HOURS) 
AvERAbE APPROACH SPtEU TO THE OV~RLAY lONE (MPHf 
AVE.RAbE SPEEU THRouGH OVERLAY lONE IN 0.0. (MPH) 
Av~RAbE SPEEO THpOUGH OvERLAY lONE IN N.O.P. (MPH) 
TRAFFiC MODEL OSEU IN TH~ ANALYSIS 

FIHST YEAR COST OF ROUTINE MAINTENANCE (DOLLARS/LANE MILE) 
INCREMENTAL INCREASE IN MAINT. cOST PER YEAR (UOLLA~S/LANE MILE) 
COST OF A SEAL COAT (DOLLARS/LANE MILE) 
INTERtST RATE OR TIME VALUE OF MONEY (PFRCFNT) 

0.00 
0.00 

0.000 
0.000 

35.0 
35.0 
35.0 

3 

50.00 
cO.OO 

900.00 
5.0 



TABLE A9.4. EXAMPLE PROBLEM 

SUMMARY OF THE BEST DESIGN STRAIEGIES 
IN OHDER OF TNCRE4SING TOTAL COST 

1 3 4 5 
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7 8 
000000000000000000000000000000000000000000000000000000000000000000000000000000 

MATERIAL ARRANGEMENT ABC ta~C AHC ABC AtlC AH AtlC ABC 
INIT • CONST. COST 1.022 1.022 1.022 1·022 1·022 1.022 1·022 1·022 
OVERLAY CONST. COST 0.000 0.000 v.OOo !l.000 0.000 0.000 0.000 0.000 
USER CO::;T 0.000 0.000 v.OOo 0.000 O.vOO 0.000 0.000 0.000 
SEAL COAT COST 0.000 C.OOO 0.000 o.Ono 0;000 0.000 0.000 0.000 
ROUTINE MAINT. COST ~O17 .017 • 017 • 017 ~ J 17 .0}7 .017 .017 
SALVAGE VALUE -.459 -.459 -.459 -.459 -~459 -.45'; ·.459 -.459 
000000000000000000000000000000000000000000000000000000000000000000000000000000 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

TOTAL cusT .~80 .5QO .SAO .s~o .5~0 .ShO .580 .S80 
•• 0000000000000000000000000000000000000000000000000000ooooooooooooooooooooooo~ 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

NUMBEH UF LAY€RS 3 3 3 J 3 3 
0000000000000000000000000000000000000000000000000000000000000000000000000000.0 

LAYER O~pTH (IN~HES) 
0(1) 4.50 4.2~ 4.00 3.00 2.(5 5.~0 3.75 3.S0 
D(~) 9.00 9.00 9.00 Q.Oo 9.vo 9.~o 9.00 ~.OO 
U(3) 4.00 5.00 6.uO }0.00 J}.vo 7.00 8.00 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

NO.OF PtRF.PEHIuOS 

P€RF. TiME (YEARS) 
T (1) 

1 1 

7.4 2 .... 

1 1 

2.4 ~.4 
0000000000000000000000000000000000000000000000000000000*0000000000000000000000 

OVERLAY PULICY(INCH) 
(INCLUnING LEVEL-uP) 
000000000000000000000000000000000000000000000000000000000000000000000000000000 

NU~BER UF SEtaL ~OATS 0 roo 0 0 0 0 
000000000000000000000000000000000000000000000000000000000000000000000000000000 

SEAL COAT SCHEDULE 
(YEAt-!5) 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

(Continued) 
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TABLE A9.4. (Continued) 

SUMMARY OF THE ~EST DESIGN STRAflGIES 
IN OROER OF INCREASI~G TOTAL tOST 

9 10 11 ]2 13 
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16 
00 ••• 0000000000000000000000000000000000000000000000000000000000000000000000000 

MATEHIAL AHRANG~MENT ARC At:! AliC A"C AtjC ARC ABC ABC 
INIT • CUNST. COST 1.022 1.0?4 1.074 1.024 1·024 1.024 ] ·0t?4 1.024 
OVERLAY CONST. COST 0.000 0.000 0.000 0.000 o.vUO 0.000 0.000 0.000 
USER COST O~OOO 0.000 0.000 0.000 O~OOO 0.000 0.000 0.000 
SEAL COAT COST 0.000 0.000 ".000 0.000 0.000 0.000 0.000 0.000 
ROUTINE MAINT. COST .017 .017 .017 .0}7 .017 .017 .017 .017 
SALVAGE VALUE -.459 -.460 -.460 -.46U -.460 -.460 -.460 -.460 
000000000000000000000000000000000000000000000000000000000000000000000000000000 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

TOTAL cuST .~80 .SAO .5ao .StjO !~80 .5bO .580 .580 
000000000000000000000000000000000000000000000000000000000000000000000000000000 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

NUMBER UF LAYEhS 3 ? 3 3 3 3 3 3 
000000000000000000000000000000000000000000000000000000000000000000000000000000 

LAYER fJl:.PTH (IN~HES) 
0(1) 3.2~ C;.7r:, 4.75 4.50 4.25 3.75 1.50 3.25 
()(~) 9.00 FI.2C; R.2CS Fl.25 B.c!) b.7.5 R.25 b.25 
[)(j) 9.0U 4.00 ~.On 6.1,)0 1:1.00 9.00 10.00 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

NO.OF PI:.RF.PERIUOS 

PERF. T1M~ (YEARS) 
T (1) 

OVERLAY POLICY(INCH) 
(INCLUnlNG LEVEL-UP) 

1 1 1 1 

2.4 7.4 2.4 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

NUMBER UF SEAL ~OATS 0 0 0 0 v 0 0 0 
oooooooooooooooioooooooooooooooooooooooooooooooooooooo000000000000000000000000' 

SEAL COAT SCHEDULE 
(YEAHS) 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOitOOOOOOOOOOoooo000000000000000000000000 

(Continued) 
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TABLE A9.4. (Continued) 

SUMMARY OF THE ~EST DESIGN STRA1EGIES 
IN ORDER of INC~EASPIG TOTAL COST 

17 IF! 19 ?O 21 22 

340 

23 c4 
******00*000000*0*00*0000**00000000000000000000000000000000000*0000000000*0000 

MATERIAL ARRANG~MENT ABC A~C AHC At; At;C ARC ARC ARC 
INIT • CUNST. COST 1.024 1.0?4 1.024 1. U2S 1.U2S 1.025 1·025 1.025 
OVERLAY caNST. COST 0.000 0.000 0.000 0.000 O~OOO 0.000 0.000 0.000 
USER CO~T 0.000 0.000 v.oOt) 0.000 0.000 0.000 0.000 0.000 
SEAL COAT COST O.OUO 0.000 U.OO(l 0.000 O~OOO v.I)OO 0.000 u.OOO 
ROUTINE MAINT. COST .u17 .01 7 .017 • 01 '7 .U17 .1)17 .017 .017 
SALVAGE VALUE -.4bO -.460 -.460 -.4f-0 -.4bO -.460 -.460 -.460 
*0000*000000000000000000000000000000000000000000000000000000000000000000000000 

*00000000000000000000000000000000000000000000000000000000000000000000000000000 

TOTAL CU~T .~80 .5'10 .580 .5tH .~I:H .c;lil .581 .581 
*OOOOOooooooooOOOOOOOOOOOOOOOoooOoOOoOOOOOOOOOO~OOoOOO000000000000000*00000000 

00000000000000000000000000000000000000000~000000000000000000000000000000000000 

NUMBER UF LAYEf<S 3 3 3 2 3 3 3 3 
0000*0000000000000000000000*00000000000000000000000000000000000000000000000000 

LAYER DePTH (IN:H~S) 
o ( .l) 
U(e) 
Li(j) 

3.00 
8.2!) 

11.0li 

?7S 
~.2c; 

12.0(1 

4.00 
8.25 
7.00 4.vo 

4.75 
7.c;0 
S.no 

4.50 
7.50 

4.25 
7.50 
7.00 

0000000000000000000000 0 00*0000000*00000000000000000000000000000000000000000000 

000000000000000000000000000000000000000000000000000000000000000000000000000000 

NO.OF PeRF.PE~luOS 1 1 1 
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOoOOOOOOOO~O*OOOOOOOOO000000000000000000000000 

PERF. T1M~ (YEARS) 
T (1) 2.4 ?4 2.4 2·4 

000*00000000000000000000000000000000000000000000000000000000000000000000000000 

OVERLAY POLICY(INCH) 
(INCLUDiNG LEV~L-UP) 
000000000000000*00*00000000*0000000000000000000~00000000000000000*000000*00000 

NUMBEH UF SEAL ~OATS U (I 0 0 u u 0 0 
000000000000000000000000000*00000000000000~00000000000000000*00*00000000000000 

SEAL COAT SCHEDULE 
(Yt::AHSl 

0000000000000000000000000000000*0000000000000*00000000ooooooooooooooooooooooo~ 

THE TOTAL Nu~~E~ of FEASIRLE UESIGN~ CO~SlDERtu wAS 993 
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TABLE A 9.5. EXAMPLE PROBLEM 

THE CONSTRUCTION 
MATERIALS 

MATERIALS UNDE~ 
COST sTR. 

C~NSID~RATION ARE 
MIN. MAX. SALVAGE 
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LAyER 
1 

CODE NAME 
A ASPHALT CONCRETE 
B BASE MATERIAL 

n~PTH DEPTH PCT. 
~.OO 3.00 50.00 

PER CY COEn:. 
10.00 .90 

2 
3 C SU~BASE MATERIAL 

SU~BGRADE 

5.00 .45 
2.00 .30 
0.00 .17 

~.OQ 6.0 0 50.00 
~.OO 8.00 50.00 n.oa 0.00 n.OO 

NUMBER OF OUTPUT PAGES DESIRED(A DESIGNS/PAGE, 
TOTAL NUMRER OF INPUT MATERIALS,EXCLUDING ~U8GRADE 
LENGTH OF THE ANALYSIS pERIOD (YEARS) 
WIDTH OF ~ACH LANE (FEET) 

DISTRIcT TEMPERATURE CONSTANT 
SERVICEAByLITY INDEX OF THE INITIAL STRIJCTIJRE 
SERVICEA8ILITY INDEX pI AFTER AN OvERLAy 
MINI~UM S~RVICEA8ILITY INDEX P2 
SWELLING CLAY PARAMETE~S -- p2 PRI~F 

81 

ONE-DIRECTION ADT AT HEGINNING O~ ANALYSIS PERt~D (VEHICLES/~AY) 
ONE-DIRECTION ADT AT END OF ANALYSIS PERIO" (VEHICLES/DAY) 
ONE-DIRECTION 2-YR ACCUMULATED NO. O~ EQIJTVALENT lA-KIP A~LES 
PROPORTION OF ADT ARRIVING EACH HOUR OF CO~~TRUCTION (PERCENT) 
THE ROAD yS IN A RURAL AREA. 

MINI~UM TTME TO FIRST OVERLAY (YEARS) 
MINIMUM T!~E BETWEEN OVERLAyS (YEARS) 
TIME TO FyRST SEAL COAT AFTER tNITIA~ OR OV~RLAY CONST.(YfARS) 
TIME BETWEEN SEAL COATS (YEARS) 
MAX FUNDS AVAILABLE PER SQ. YD. ~OR INITtAL nESIr.N (nOLLARS) 
MAXI~UM ALLOWED THICKNESS Of' INITIAL CONST!:)IICTI"N lYNCHES) 
MINIMUM OVERLAY THICKNtSS (INCHES) 
ACCUMULATEU MAXIMUM DEPTH OF ALL OVFRLAyS ITNCH~S) 

3 
3 

2.2 
12.0 

30.0 
4.2 
4.2 
1.5 

4.20 
0.0000 

1370 
1371 

1102700 
6.0 

.5 

.5 
2.2 
2.2 

15.00 
60.0 

0.0 
8.0 

ASPHALTIC CONCRETE PROUUCTION RATE ITONS/HnIJR) 75.0 
ASPHALTIC CONCRETE COMPACTED DENSITY (T~NS/C.Y.) 1.AO 
C.L. DISTANCE OVER WHICH TRAFf'yC IS SLO~ED TN THE 0.0. (MrL~S) 0.00 
C.L. DISTANCE OVER WHICH TRAFFyr. IS SLO~ED rN THE N.O.D. (MTLES) 0.00 
DETOUR DISTANCE AROUND THE OVERLAY 7 0 NE (MILES) 0.00 
OVERLAy CONSTRUCTION TIME (HOURS/DAY) 0.0 
NUMRER OF OPEN LANES IN RESTRICTED ZONE IN ".0. 1 
NUMBER OF OPEN LANES IN RESTRICTED ZONE IN N.o.n. 2 

PROPORTION OF VEHICLES STOPPED ~Y ROAD EQUTPMENT IN 0.0. (PERCENT) 
PROPORTION OF VEHICL~S STOPPED RY ROAD EQUTPMENT IN N.O.D. (PERCENT) 
AVERAGE TIME STOPpEl) By ROAD EQIJIP~ENT TN n.D. (HOURS) 
AVERAGE TTME STOPPEQ BY ROAD EQUIP~~NT TN M.O.D. (HOURS) 
AVERAGE APPROACH SPEED TO THE OVERLAY ZnNE (MPH) 
AVERAGE SpEED THROUGH OVERLAY ZONE TN 0.0. (MPH) 
AVERAGE SPEED THROUGH OVERLAY ZONE yN N.o.n. (MPH) 
TRAFFIC MODEL USED IN THE ANALYSIS 

FIRST YEAR COST OF ROUTINE MAINTENANCE IDOLLARS/LANE ~ILE) 
INCREMENTAL INCREASE IN MAINT. COST PER YEAP (DnLLARS/LANE ~ILE) 
COST OF A SEAL COAT (DOLLARS/LANE ~TLE) 
INTEREST RATE OR TI~E VALUE OF MONEY (P~RC~~T) 

0.00 
0.00 

0,000 
0.000 
35.0 
35.0 
35.0 

3 

50.00 
20.00 

~OO.OO 
~.O 

(Continued) 
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TABLE A9.5. (Continued) 

FOR THE l LAYER DESIGN WITH THE FOLLOWING MAT~RIALS--
MATERIALS COST STR. ~IN. MAX. SALVAGE 

LAyER 
1 

CODE NAME 
A ASpHALT CONCRETE 
R RAC;E MATERIAL 

PER Cy COe:FF. n~PTH nEpTH 
10.00 ,90 '.00 3.00 

DCT, 
50.00 
50.00 
5l'1.00 

2 
3 C SU~BASE MATERIAL 

SURBGRADE 

5.00 .45 ~.OQ 6,00 
2.00 .30 R,OO 8,00 
0.00 .17 0.00 0. 00 1'1.00 

3 THE OPTIMAL DESIGN FOR THE MATERIALS UNnFR cnNSIDERATION--
FOR INITIAL CONSTRUCTION THE DEPTHS SHI"\IJLD FIE 

ASPHALT CONCRETE 1.00 INCH~~ 
RASE MATERIAL 6.0Q INCH~~ 
SUBBASE ~ATERIAL 8.00 INCH~~ 

THE SCI OF THE INITIAL STRUCTURE a 1.469 
THE L TFE OF THE INIT IAL STRUCTURE.:II • C;3 VFARS 
THE OVERLAY SCHEDULE IS 

3.00 INCH (ES) (INCLlJDING 1 TNCH LEVFL-UP) AFTER 
TOTAL LIFE = 2.31YEARSI 

THERE SHOULO NOT BE ANY SEAL CnATS. 

THE TOTAL COSTS PER SQ. YO, FOR THE~E 
INITIAL CONSTRUCTION Cn~T 
TOTAL ROUTINE MAINT~NANCE COC;T 
TOTAL OVERLAV CONSTRUCTION CI"\ST 
TOTAL USER COST OURING 

OVERLAY CONSTRUCTION 
TOTAL SEAL COAT COST 
SALVAGE VALUE 
TOTAL OVERALL COST 

I"nNsrnERATyONS 
2.111 

.014 

.194 

0.000 
0.000 

-i.19R 
1.721 

NUMBER OF FEASIBLE DESIGNS FXA~rNED FOQ THI~ SET -- 1 

AT THE OPTIMAL SOLUTIONtT~E FOLLOWINr. 
ROU~DARY RESTRICTIONS ARE ACTIVE--

1. THE MINIMUM DEPTH O~ UYER 1 
2. THE MAXIMUM OEPTH 0':- LayER 1 
3. THE MINIMUM DEPTH 01=' LAYER 2 
4. THE MAXIMUM OEPTH OF LIIYER 2 
5. THE MINIMU~ DEPTH O~ LAVER 3 
6. THE MAXIMUM DEPTH OF LAVE:R 3 

A SUMMARY OF THE 8EST UESIGN FO~ EACH COMBINATION 
OF MATEQIALS' IN ORDER OF INC~EASING TOTAL Cn~T 

DESIGN NUMBER 
3 

TOTAL COST 
1.121 

THE MATERIALS ASSOCIATEO WITH EACH OF THE FOLLOWING OESIGN 
NUMBERS nO NOT HAVE AT LEAsT ONE FrAsIqLE nESIAN, 

1 
2 
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