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PREFACE

The research that led to the developments reported herein was conducted
under the auspices of Military Engineering Project 4AT62T19ATLO, Task A2,
Work Unit 011, Q6, entitled "Pavement Deterioration Analysis." This research
was also sponsored by the U. S. Department of Agriculture Forest Service.

This investigation was accomplished at the U. S. Army Engineer Waterways
Experiment Station (WES) by Dr. V. C. Barber, with the assistance of
Messrs. E. C. Odom and R. W. Patrick, under the general supervision of
Mr. J. P. Sale, Chief of the Geotechnical Laboratory, WES. This report is
essentially Dr. Barber's dissertation, which was submitted to Texas A&M
University in partial fulfillment of the requirements for the Doctor of
Philosophy degree. The authors were provided editorial assistance by
Mrs. L. M. Beall.

Directors of WES during the investigation were COL G. H. Hilt, CE, and

COL J. L. Cannon, CE. Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted to

metric units as follows:

Multiply By To Obtain
inches 2.54 centimetres
feet 0.3048 metres
miles (U. S. statute) 1.6093kk kilometres
square inches 6.4516 square centimetres
pounds (mass) 0.45359237 kilograms
pounds (force) L. Lu8222 newtons
kips (force) L4448, 222 newtons
tons (mass) 907.185 kilograms
pounds (force) per square 0.6894757 newtons per square
inch centimetre
feet per second 0.3048 metres per second

miles per hour 1.6093k44 kilometres per hour




INTRODUCTION

Background

Pavement design has traditionally been set apart from maintenance
and repair considerations. Early design procedures, by omission, pro-
vided for the design of pavements that were to perform some service up
to a point where sudden failure occurred as a result of some predeter-
mined quantity of traffic. This "failure" was some finite definition
of the pavement condition. However, it has always been intuitively ob-
vious that the pavement deterioration, or damage, began to occur upon
initiation of traffic and gradually accrued to some point where condi-
tions were unsatisfactory. It was also obvious to the designer that
this unsatisfactory condition varied from one facility to another de-
pending upon the needs and desires of the user.

More recently, and especially in the past decade, designers have
sought methodology to quantify deterioration of pavements in various
modes and to properly define failure of a pavement. These achievements
have been considered essential in order to not only design a pavement
but obtain the highest possible benefit from a pavement throughout its
entire life.

This concept has been termed "life~cycle management'" of pavements.
Life-cycle management of pavements is a new concept, but it is clearly
based upon the classical definition of engineering itself. Life-cycle

management can be described as the management of a pavement from its

The citations on the following pages follow the style of the Journal
of the Geotechnical Engineering Division, Proceedings of American Society

of Civil Engineers.




inception until the end of its life. The term then should include plan-
ning, design, maintenance, repair, and some control of usage.

In life-cycle management, essentially every tradeoff must be opti-
mized. Particularly, a design must be at some minimum cost with
respect to deterioration. Additionally, the design must be aimed di-
rectly at the level of reliability desired as a procedure for minimizing
design redundancy or desién insufficiency.

The U. S. Army Corps of Engineers (CE) has been typical in their his-
tory of developing pavement design procedures. During the early 1940's the
CE adopted the California Bearing Ratio (CBR) tests for defining material
strength and developed the CE design method for flexible pavements (1,2).1
This semiemphirical method was selected in a time of military need partly
for its ease of application. Similarly, a theoretical analysis character-
ized by an elastic plate on a liquid subgrade was selected for development
of the CE design method for rigid pavements. The foundation strength for
rigid pavement design was characterized by the modulus of subgrade reac-
tion (16). The CE design methods for rigid, flexible, and other pavement
types have undergone several modifications through the years and are still
in use today. These methods are deterministic in that they provide for
design of new pavements with respect to a specific failure cirterion, but
not for analysis of gradual deterioration in the respective modes, or
"system drift." This implies sudden failure of pavements upon application
of some computed quantity of traffic applications.

Major research programs have been undertaken in the ast decade to

lNumerals in paraentheses refer to corresponding items in Appendix
I.~--References.




improve CE pavement design and management capabilities. In the early
1970's the WES initiated research programs to improve design procedures
for the CE and other agencies. Theoretical design procedures using
basic material parameters have been developed as a result of research
sponsored by the CE and the Federal Aviation Administration (FAA).
These procedures apply chiefly to rigid (25) and flexible (4) airport
and road pavements as well as some variations of these pavement types.
However, these improved procedures are still deterministic in that
they utilize a specific failure criterion, assume one-time failure at
some point, and do not address rate of deterioration or pavement
reliability.

A program of study to fulfill the needs of the CE and FS was
approved and funded in 19Tk to develop life-cycle procedures for
pavements based upon pavement deterioration and statistical
reliability (3,10). This research is aimed at quantification of de-
terioration of pavements and assessing reliability. This program of
study, currently in progress, is partially sponsored by the U. S. De-
partment of Agriculture Forest Service (FS). The FS is participating
in the study as a result of their need to assess damage to roads caused
by logging operations (3). Data available or being collected are ex-
pected to provide for analysis of damage caused by various types of
vehicles. This capability will provide the basis for development of a
differential cost analysis procedure to aid in assessment of maintenance
costs to private sector timber industry.

The Department of Defense, through the CE, is participating in the

effort as a result of determination of the need not only to predict




deterioration of roads in a military scenario but to assess pavement re-
liability in military tactical and logistical operations. This capa-
bility, along with current reliability concepts that are being applied
to military vehicle operation, will provide for reliability of the over-
all systems that include ground and air vehicles as well as the mediums

(pavements) upon which they operate.

Objectives of This Study

The objective of this study is to investigate the hypothesis that
effective pavement life-cycle management can be achieved through utiliza-
tion of deterioration and reliability concepts. In order to accomplish
this investigation, several intermediate objectives are set forth as
follows:

1. Utilize the surface rutting mode of deterioration to develop a
pilot deterioration prediction procedure.

2. Further develop the rutting prediction procedure into a relia-
bility assessment system.

3. Combine the deterioration and reliability models into a deterio-
ration and reliability analysis procedure for use in life-cycle manage-
ment. This procedure will be a pilot procedure that incorporates the
rutting mode of deterioration.

k. Provide a basis for expanding these developments to include
other modes of deterioration.

Accomplishment of these objectives will establish a basis for the

development of an effective life-cycle management procedure.




Scope of Work

The initial efforts consisted of a search for existing data to de-
termine whether enough rutting data were available to provide a basis
for development of the deterioration and reliability models. The data
were analyzed and, being found tentatively satisfactory, were utilized
for this purpose.

Literature was reviewed, and studies were made to determine the
most suitable method of analysis of the available data. After selecting
a method for data analysis, a major portion of the research effort con-
sisted of analysis of data and comparison of existing data with that
being accumulated in ongoing field evaluations.

As deterioration and reliability models came forth from tha anal-
ysis, computer programs were developed to provide for computerized
operation of the various models.

Ultimately, deterioration and reliability models for the rutting
mode were developed for unsurfaced, gravel-surfaced, and two- and three-
layer flexible pavements, respectively. These models were then combined
to provide for deterioration and reliability analysis as well as for dif-
ferential damage analysis where mixed traffic occurs. This system is

termed the Differential Analysis System (DAS).

Definition of Terms

For clarity, certain terms pertinent to this document are listed and
defined as follows:
1. Pavement.--A horizontal structure intended to protect a subgrade

from the loading effects of wheeled vehicles.
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2. Three-layer flexible pavement.--A pavement comprised of an

asphalt concrete surface course, base course, and subbase course above

the subgrade.

3. Two-layer flexible pavement.--A pavement consisting of an as-

phaltic concrete surface course and a base course above the subgrade.

4., Gravel-surfaced facility.--Any facility intended for use of

wheeled vehicles and where a gravel course serves as the pavement
structure.

5. Unsurfaced facility.--A facility intended for use of wheeled

vehicles and where no pavement structure exists above the in situ
material.

6. Equivalent single-wheel load (ESWL).--That load on a single

wheel that produces the same effect (usually measured in terms of ver-
tical deflection) beneath the wheels as a group of wheels with the same
single-wheel contact area.

T. Operation or repetition.--One pass of one vehicle over a section

of pavement.
8. Coverage.--One pass of a wheel over every point in a trafficable
area.

9. Serviceability.--The capability of a facility to perform the

intended functions.

10. Deterioration.--Any departure from the as-constructed condition

of a facility that results in a reduction in serviceability.

11. Deterioration mode.--The nature of deterioration.

12. Structural mode.--A mode of deterioration that is in terms of

the structural properties or capabilities of a facility.




13. Functional mode--A mode of deterioration that is in terms of

a reduction in serviceability.

14k, Life-cycle management.--Quantative optimization of design,

maintenance, and repair, with respect to serviceability of a facility

from conception to the end of its life.




DESIGN PROCEDURES AND PREVIOUS RESEARCH

Design Procedures

Several design procedures currently exist for the determination of
thickness and strength requirements for protection of subgrades. Some
designs currently in use are the Texas, CBR (CE), Group Index, Califor-
nia, FAA, and Asphalt Institute methods. These designs are empirically
based, theory based, or in some cases a combination of both. The advent
of computers brought about more extensive utilization of elastic theory
in developing theoretical design procedures. Among these are the Shell,
Chevron, Asphalt Institute, and the recently developed CE design
procedures.

These procedures have served the respective agencies well in the
functions intended. However, as a general rule they have been applicable
only to preconstruction design of pavements. Some of the agencies have
modified their procedures for use in pavement condition surveys and for
overlay design tools.

The past decade has seen record pavement construction of all types.
Many of these pavements either are approaching or have already exceeded
their respective design lives and, therefore, lie in some state of de-

terioration and need of repair. The design procedures previously men-

tioned have usually been found inadequate as tools for quantification
of deterioration and subsequent repair needs. Therefore an era has
arrived where maintenance and rehabilitation are at the forefront and

where quantitative analysis procedures are either nonexistent or

lacking in adequacy or validation.

The CE design procedures for rigid (16), flexible (13), and

8
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gravel-surfaced pavements, as well as unsurfaced facilities (12), fall
into such a category and serve as examples of design procedures that do
not provide for analysis of deterioration or the reliability of a

pavement.

Deterioration and Reliability Investigations

The concepts of statistics and probability are certainly not new to
the field of engineering as a whole. However, the most significant
inroads to the utilization of these concepts have been made in recent
years. The First International Conference on Applications of Statistics
and Probability to Structural and Soils Engineering was held in Hong Kong
in 1971 (22). Material presented at that conference represents signifi-
cant beginnings in the overall application of these tools in the field
of civil engineering.

The utilization of probability and statistics to address deteriora-
tion and reliability of pavement life-cycle management is newer still.
Significant contribution was made in 1974 by Lu, Lytton, and Moore (20)
for the Texas Transportation Institute in cooperation with the Federal
Highway Administration. They utilized data collected from pavement test
sections in Texas to predict serviceability loss in flexible pavements.
The concept of probabilistic design used was formulated by Darter and
Hudson and applied to flexible pavement design systems in 1973 (9). ILu,
Lytton, and Moore developed a two-step constrained select regression pro-
cedure to examine the effect of each variable on pavement serviceability
loss. They also used stochastic reliability concepts to evaluate ex-

pected value and variance of serviceability loss. In 1975, Hudson et al.




(15,17), in a contract study for the WES, wherein the state of the art
in predicting pavement reliability was reviewed, recommended that re-
search should continue in the area of pavement reliability. The current
status of reliability assessment was also given in 1975 by Barker and
Brabston (4). Although the new design procedure for flexible airport
pavements (4) is innovative and provides greater capabilities in design,
they state that pavement deterioration is a continuous function but is
treated as discontinuous by criteria that label pavements as "failed" or
"unfailed." They further state that this is not the case but that un-
fortunately methodology still does not exist to predict deterioration
realistically.

The net result of these investigations is that not only is sto-
chastic reliability and deterioration a viable approach to life-cycle
management in view of material variability and other uncertainties, but
the state of the art exists for the application of these concepts to
various design procedures, such as the CE design procedure as illustrated

in this document.

The Pavement Deterioration Program

The need to more effectively construct new pavements and the neces-
sity to maintain many existing pavements has been a concern of various
Federal agencies. A pavement deterioration and reliability analysis
program was instituted at the WES in 1974 and sponsored by various
agencies for the purpose of developing methodology for the effective
life-cycle management of pavements. As the initial achievement,

methodology has been developed to analyze deterioration and to assess

10




reliability in terms of rutting. These concepts have been developed to
be applicable to the original CE design procedure for flexible pavements
and to utilize the parameters of that procedure. Rutting was chosen as
the initial mode of deterioration in which to test the hypothesis that
such achievements could be made due to availability of data and since
rutting has historically ?onstituted failure criteria for CE flexible
pavements.

This document, in the succeeding parts, will describe the test pro-
gram as well as the deterioration and reliability assessment methodology.

The overall research and data collection program is aimed at deteri-
oration and reliability assessment for rigid, flexible, and all other
types of pavements and includes all modes of deterioration. However,
this research is intended to set the technological framework for over-
all analysis by providing the procedures for dealing with all types of
deterioration on all pavements. When these procedures are eventually
applied to all deterioration modes and all pavements, a complete life-

cycle management system can be developed.

Ll




DATA COLLECTION AND CURRENT STUDIES

Earlier Tests and Data Collection

The CE design method has required revalidation and revision since
its adoption due to the ever-changing nature of traffic. Airfield design
criteria have seen the greatest change due to the increase in aircraft
weights, wheel loads, tire pressures, and number of operations. Road
and highway design criteria have also changed considerably over the years
due to changes in vehicle characteristics and modes and quantities of
operations. To stay abreast of these changes and to provide the most
applicable criteria possible, it has been necessary for the CE to con-
duct numerous prototype tests. These prototype tests have classically
proved the best approach until recently when such studies have become
cost prohibitive. The net result of such an extended series of tests
has been the accumulation of myriad prototype pavement performance data.
The data are necessarily in terms usable in the early CE design methods,
namely rut depths, thickness of layers, strengths of layers and subgrades
in terms of CBR, and vehicle characteristics, which include number and
configuration of wheels, tire pressures, and wheel loads. Although the
data were accumulated under closely controlled conditions, the re-
searchers were attempting to determine end-point fa: cure. The design
method was structured to determine thicknesses required to prevent sub-
grade deformation as a result of loading, and the failure criterion was
largely in terms of maximum allowable rut depths. Therefore, in the
process of repetitive loading and intermittent, frequent data collection,
large quantities of data were collected that characterize a change in

rut depth as a function of traffic.

12




Deterioration Data Search

A data search and analysis was conducted in the early stages of the
deterioration program to determine whether suitable data existed. The
study consisted of a two man-year effort to review all existing data at
the WES and to screen the data for overall applicability prior to initi-
ating the development research. The results were that a large quantity
of high-quality rutting data was available that applied to two- and
three-layer flexible pavements as well as gravel-surfaced and unsurfaced
facilities. The data were initially termed suitable if the variables
were within appropriate ranges and were all included and deliberately
recorded. Further analysis of distribution and range of data is pre-
sented later in this document.

The literature reviewed and utilized as data sources is tabulated
for reference uses in Appendix II. The 90 references, which are not
referred to individually, are considered to comprise results of essen-
tially all key tests at the WES in recent years.

A tabulation of the data ultimately used in this study is given in
Appendix III. These data represent the final data selected for develop-
ment of deterioration and reliability models and are by no means the
total data available. Criteria for rejection of certain data were gen-
erally based on range and reacticn of test pavements. Rejection cri-
teria will be discussed along with model development.

A prototype pavement test section typical of those upon which
traffic tests were conducted and data collected is shown in Fig. 1. Such
test areas are constructed under rigid controls to a specified design
requirement. Traffic is normally applied in a specified pattern to

simulate actual distribution. Specially designed trafficking vehicles

13




- T

having load wheels that exactly represent the desired tire sizes, pres-
sures, loads, and configurations, as shown in Fig. 2, are employed to
place the desired traffic upon the test area.

Various materials tests, surveys, and surface measurement are made
prior to, during, and after traffic to monitor all physical conditions
% and all changes. Fig. 3 gives a typical rut depth measurement, while 1
Fig. 4 shows a strength (CBR) measurement in progress on one of the
layers.

Although Figs. 1-U4 illustrate typical prototype test sections built
and tested to generate much of the data, a significant quantity of data
was accumulated on actual roads and airfields that were subjected to de- |
sign traffic either on an accelerated basis or in the normal mode of 4
operation. i

The availability of such a quantity of deterioration data in terms
of rutting on CE-designed pavements is the reason for selecting rutting
and CE design parameters for use in this basic research on deterioration
and reliability. As data are made available under the test program
described in succeeding paragraphs, the developments reflected in this
document will be expanded to other deterioration modes and to other de-~

sign procedures according to the needs of other governmental agencies.

Current Data Collection Programs

The CE-FS agreement (10) called for the pilot studies to develop
methodology as reported herein and for a large-scale field testing pro-
gram. The purpose of the program was to accumulate actual deterioration

data pertinent to FS and CE roads for use in validation of this procedure
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IG. 1.--PROTOTYPE FLEXIBLE PAVEMENT TEST SECTION

FIG.

2.=--LOAD CART WITH REPRESENTATIVE LOAD WHEEL USED IN

TRAFFIC TESTING
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for employment by the respective agencies. The modes of deterioration
considered parsmount for this study were rutting, roughness, slipperi-
ness, cracking, and surface loss on aggregate-surfaced roads. These
field tests have been in progress for approximately two years. Initial
liaison was established in most cases by FS personnel who also assisted
in establishing test sites at several locations throughout the United
States. Currently, approximately 4O test sites exist that are respec-
tively being monitored for deterioration in the various modes. It is
anticipated that the program will continue for approximately four more
years. During the latter stages, data collected will be applied to the
system developed herein.

Test sites have been selected at the various regional locations in
areas having suitable design and traffic features to provide a deterio-
ration environment. Test sections are established at these test sites
whereon surface conditions and pavement layer strengths and thicknesses
are monitored periodically. Fig. 5 gives a layout used at most test
sites. The layout shows locations of test pits as well as locations for
profiling for roughness and cross-section and rut depth measurements.
These tests are conducted in a conventional manner and in sufficient de-
tail to depict any deterioration. In addition to these tests, roughness
is monitored using a Mays ride meter. Skid resistance is measured in
terms of energy required to produce slip or loss of traction. The slip-
energy device and recorder were especially designed for this test. The
data collected from this test are also expected to be applicable to slip-
energy studies being conducted by the FS (9).

Fig. 6 illustrates rut depth measurement on a one-lane gravel-

surfaced road. The device used is a standard 10-ft straightedge, and
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the rut depth is considered to be the maximum deviation. Fig. 7 shows
survey personnel conducting profile and cross-section measurements, both
of which are normally taken at 1-ft intervals to provide for the maximum
practical definition of the surface configuration. Fig. 8 shows small
aperture testing (SAT) of layer strengths. The SAT procedure (11) pro-
vides a 6-in.-diam access hole through which layer strengths CBR values
as well as thicknesses in inches can be determined. Additionally, sam-
ples can be retained for moisture content determination. Moisture
content determination is frequently made using nuclear testing devices
(26) as is illustrated in Fig. 9. Such procedures, when used in con-
Junction with SAT, provide for more rapid and economical monitoring of
changes in pavement conditions.

In addition to these tests, climatological data are collected for
the area on a continuous basis.

Monitoring to determine type and quantity of traffic that brings
about deterioration has been of primary concern and interest throughout
the program. Several procedures and items of equipment have been
utilized with varying degrees of success. However, the greatest success
to date has been by use of an inductive loop counter synchronized with
a 35-mm movie camera. This combination provides for not only a traffic
count but a sequence of photographic frames that depicts each vehicle
crossing the loop, including those conducting maintenance. Fig. 10
shows the manner of installing the induction loop, while Figs. 11 and 12
show the hidden counter and camera, respectively. Fig. 13 gives an ex-
ample of heavy traffic that frequents many roads, especially in timber

sale operations in national forests. Figs. 14 and 15, show maintenance
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FIG.

9.--MOISTURE CONTENT DE-
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FIG. 10.--MANNER OF INSTALLATION OF INDUCTION LOOP
FOR TRAFFIC COUNTING
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FIG. 11.--VIEW OF HIDDEN TRAFFIC COUNTER 1
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operations on an unsurfaced logging road. Use of the induction loop
counter and camera will not only aid in counting and describing traffic
but also serve as a permanent maintenance record.

Tests similer to those described above are being conducted at mili-~
tary posts and in private industry forests in the South in cooperation
with the respective agencies in an attempt to further expand the data
base. The combination of tests and traffic monitoring, when successfully
pursued over a period of approximately six years, is expected to provide

abundant data for deterioration and reliability system validation.

Future Data Collection

Plans have tentatively been formulated to expand the testing
procedure to include aggregate surface loss tests. The surface loss mode
of deterioration is critical due to the high cost of replacement of
surface aggregate lost each year as a result of both traffic and mainte-
nance operations. The initial stages of surface loss studies would con-
sist of development of test procedures as well as preliminary determina-
tion of pertinent variables. Although aggregate loss is not held in
high regard universally as a deterioration mode, it carries significant
impact with the FS. It has been determined that annual cost of replace-
ment of aggregate on gravel-surfaced roads is a major cost item for that
agency. Inroads have been made into the surface loss problem by way
of slip-energy and associated tire wear concepts (9). However, it is
hypothesized that another valid approach is the deterioration and reli-~
ability concept set forth in this document. The cooperating agencies

therefore hope to achieve results through at least one of the approaches.
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The thrust of these paragraphs has been to set forth the overall
philosophy of the program. Namely, in order for the overall work to be
accomplished in the foreseeable future, existing data are used to explore
the hypothesis that deterioration and reliability concepts can be em-
ployed to effect life-cycle management while a full-blown data collection
program for validation is in progress. The succeeding portion of this
document reports findings as to the development of pilot procedures for

‘ predicting the deterioration and reliability of pavements.




DEVELOPMENT OF DETERIORATION MODELS

Initial Data Analysis

The primary objective in examining the hypothesis that the rate of
deterioration of a pavement structure can be quantified was the estab-
lishment of the rate of rut depth (RD) change as a function of the inde-
pendent variables. In the case of this work, where up to eight inde-
pendent variables were involved, it was recognized early that the
method of data analysis would be critical in terms of time, cost, and
overall results of the analysis. The initial analysis consisted of

utilizing a conventional one-step regression for the entire set of vari-

ables involved. The procedure quickly proved to be rather time-consuming

and produced rather poor correlation in cases where it was intuitively
obvious that better results could be attained. With this experience in
hand, other procedures were considered for analysis, including imposing
forms and coefficients onto the variables and performing regressions on
these "new" variables. Again, the results were not satisfactory.

The initial data analysis, although largely unsuccessful, provided
at least two results that would prove valuable in future efforts.
First, it was determined that some reasonable correlations did exist
between tlie rate of rutting and the nature of traffic on given pavement
structures. Second, it became possible to make the judgment that im-
posing what appeared to be a suitable form on the variables in some in-
stances could effectively provide for a better overall correlation and a

more direct route in attaining that correlation.
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Regression Analysis Procedures

The procedure of analysis ultimately selected for use is an orderly
method of developing mathemacical relations from sets of data using mul-
tiple regression analysis. This procedure was developed by Lu, Lytton,
and Moore (20), although the basic method has probably been employed by
others, due to its direct approach to the analysis of data. The pro-
cedure was first described in reference 20, although it was first used
by Lytton and Castleberry (6) in a study on damage to houses located on
expansive clays.

As originally developed, the procedure used the SELECT regression
program, which had been developed at Texas A&M University by researchers
with the Institute of Statistics, pamely R. R. Hocking, R. N. Leslie,

L. R. La Motte, and D. A. Debuse. Their development of the SELECT re-
gression method and computer program is recorded in references 8, 1k,
and 19. The SELECT procedure is desirable because of its several good
features and was utilized in the earlier stages of development of equa-~
tions shown herein. However, the final regressions performed herein
were conducted using a WES library program called STAT2l. The program
is similar to SELECT and was confirmed to produce nearly identical re-
sults. Its availability at WES dictated its use for this study.

The procedure utilized is termed a two-step constrained regression
procedure. The first step of this method is essentially a selection re-
gression procedure using a multiplicative model to obtain the approximate
exponents of the independent variables. The second step determines the
coefficients of linear combinations of the products. The final model is

selected based upon four factors:

28




1. As simple an expression as can reasonably describe what is
actually taking place in terms of the dependent variable and reflecting
the effect of the independent variables.

2. High multiple correlation of the model.

3. Small prediction error.

. Satisfaction of physical constraints.

The procedure used in this study represents an alteration of the
original procedure utilized in program SELECT. The departure was pos-
sible due to the fact that normally there were several measured values of
rut depth that increased according to the number of load repetitions for
each series of data. Since the dﬁta were composed of rut depth-load his-
tories, the regression itself was broken into several stages as described
in the following paragraphs. .

The variables involved in the equations are tabulated as follows:

RD = rut depth, in.

P = equivalent single-wheel load, 1b
tp = tire pressure, psi

R = number of load repetitions

ti = layer thickness, in.

C. = layer strength in CBR

i
] The total number of variables changes from one pavement type to
another depending upon the number of layers that make up the payment.
The procedure described below is in general terms and applicable to all
of the pavement types.

The first step in equation development is determining the rut depth

as a function of the traffic variables, which are equivalent single-wheel
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load, tire pressure, and number of repetitions. The equations thus de-

rived will take the form:
RD = fl(P,tp,R) + SEl

where SEl is the regression error due to lack of fit and to variables
that have not yet been included.
The next step was a regression upon a "normalized" rut depth, NRD,

given by the following equation:

NRD = EEY¥{%2:3$Y = fE(Citi) + SE,
This is termed "normalized" because any effects of loading are accounted
for in the new dependent variable. The remaining variables (pavement
structure) were used to show how their properties influenced rut depth.
The new regression error, SE2 , 1s affected by three factors, which are
lack of fit of the new equation, stochastic variation of the variables
and climatic variations, and other factors not explained in the
variables.

The third step consisted of multiplying ¢ by f2 and running the

i
regression a third time to correct the nonlinearities that were intro-

duced in the first two steps. The form of this third equation becomes

RD= £ 4 SE_ = a(flfq)b + SEg
This step is the final regression step and generally results in a higher

correlation coefficient, r , and lower error, SE3 , than all the

previous models.
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The last step is to determine the size of the error, SE3 » Which is

accomplished by getting the sum of square errors, between the ob-

2
Oy »

served and mean rut depths. This step is expressed as

- (RD; - RD, e
EE: N g
i=1
where
RD = the mean rut depth
RD = the observed value of rut depth

This sum of square errors is composed of the sum of the variances due to

the regression equation used and the lack of fit of the equation

c2 £ 02 & c2
t T Lof
where
2 : ;
or = variance due to regression
02 = variance due to lack of fit
Lof
The error SE3 is measured by the lack-of-fit variance and is determined
by A
5 Sy fan, = &b, 1
":Z_l‘*l‘
Lof n -1
i=1

A
where RDi is the value of the rut depth predicted by the regression
equation. The variance due to regression is determined by
A —
5 - (RD, - RD)°
S }Z o 8L
i=1

or the regression variance may be approximated by a method based upon the

T T T TV IV T ] 17 T eaey W pmmgue ot ey,

Taylor's series expansion of the predictive function.
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Development of Regression Models

The data shown in Appendix II were used to develop models for
rutting in the manner described in the preceding paragraphs. Experience
and familiarity in the area of CE pavement design procedures provided
some insight into the probable behavior of the variables; therefore, some
transformations were attempted in the case of many of the variables. The
thickness equations currently in use by the CE (13) were studied to de-
termine the most likely form that some of the variables might assume.
Although the procedure essentially provides for determining thickness
required to protect subgrades, rutting was normally the limiting cri-
terion. Therefore, the design equations can be considered as having the
ability to predict one certain value of a rut depth. If an inversion of
variables is envisioned, one can see that even in those equations,
rutting could be considered "dependent'" and thickness could be a con-
trolled variable. If this were the case, repetitions could be varied to
determine thickness required to produce the limiting rut depth. Thus,
certain forms were imposed upon the variables in an attempt to intui-
tively achieve better representation of the data in the regression
analysis.

First among these considerations was the indication from sample
data that the rut depth increased in some cases with the square root of
tire pressure and in others with the common logarithm of tire pressure.
Therefore, these two forms were attempted and can be seen in the
equations.

Additionally, thickness of some layers seemed to have various types

of correlation with rut depth. Some examples of the forms for thickness
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and tire pressure that were intuitively developed and employed in the

final equation are as follows:

HE oy i b P e
P

RD = veceees f[log(tp)] s s

RDIE s o LI+ log(tl)] S,

m=”“mfwﬁ+myuum

where a and b were constants usually having values of 1.00 and 1.25,
respectively, which are weighted coefficients intuitively selected.

The following four parts of this document give a description of the
development of the models for the four categories of pavements where

applicable data existed.

Unsurfaced Facility Model

The data available for development of rutting models fell into two
categories. The first category is one where the surface CBR (Cl) is
usually equal to or lower in value than the subgrade CBR (02). The sec-

ond category is when C is greater than C, and will be discussed sub-

&

sequently. These data typify many facilities where in situ materials are

2

used and the facility is constructed merely by grading a smooth surface.
The CBR in the upper portion is usually lower due to moisture or organic
materials, while the lower (subgrade) portion is more stable due to
lesser moisture fluctuation and other disturbances.

The data in this category were inspected, and a total of 142 data
points were retained for analysis. The variables influencing the rut

depth are shown in Table 1.
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TABLE 1.--VARTABLES FOR UNSURFACED AND GRAVEL-SURFACED
| FACILITY RUTTING MODELS

Index Variable
i ; RD = rut depth, in.
2 P = equivalent single-wheel load
(ESWL), 1b
3 t_ = tire pressure, psi
Y t = thickness of top layer, in.
5 *Cl = CBR of top layer
6 *C, = CBR of bottom layer
T R = repetitions of load or passes

* Cl < 02 for unsurfaced facilities.

Cl > C2 for gravel-surfaced facilities.

! The data used in development of the unsurfaced model are given in
Appendix III. Numerous iterations were performed using the regression
analysis techniques previously described. As models were developed, they
were rejected on one or more of the four criteria previously discussed.
The usual basis for rejection was low correlation of the data. However,

several models were rejected due to improper behavior of variables or

simply to unseemly appearance of the model when compared with forms found
in the earlier pavement thickness design equations.

Of the 142 unsurfaced data points where the surface CBR was lower
than the subgrade CBR, 8 points that had rut depths 9 in. or higher were
eliminated since it was considered unreasonable to predict such high

values. For the 134 remaining points, the equation considered best was
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0.4336
0. 00609 %_ t11).0&61 {1og t)1.0670 R0.5226
RD = 2
C2.0267
i

where the standard error of estimate (SE) and the coefficient of corre-
lation (r) equal 0.530 and 0.9137, respectively. This model shows an in-
crease in RD with an increase in P, t_ , t , and R and a decrease

P
in RD with an increase in C and C, . It should be noted that in

1 2

the case of the gravel-surfaced facility model where the top layer was
stronger, the RD shows a decrease with higher thicknesses, but in the
data points where the top layer is weaker, the RD shows an increase
with higher thicknesses. For this equation, the exponent of C2 is low
compared with the exponent of Cl . However, this equation was con-
sidered the best by comparison. Using the residuals of this equation,
20 "bad" data points were deleted leaving 11l points.

Using the remaining 114 data points, the equation considered best

was derived using the step regression as follows:

1. Step l.--Solve for RD as function of four variables:

Po.h976 to.8628 R0.5070

RD = 0.0025 2
01.9976’

1

where SE = 0.408 and r = 0.9373
2. Step 2.--Divide RD by the expression on the right, and solve
for the other two variables:

(log )0+ 4337

T.2130
Co

= 0.108

RD
p0-4976 0.8628 .0.5070

D
01.99767
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3. Step 3.--Multiply expression on right by denominator on left:

0.9898

p0-4976 L 0.8628 0.5070 )0 4337

(log t

1.9976 C1.2138
1 2

RD = 0.110

c

where SE = 0.399 and r = 0.9403

L. Step 4.--Multiply exponent of each variable by 0.9898, and the

final equation becomes

Po.h925 to.85h8 R0.5018 (Lo t)0.1;293

= P
SRS Okt L9713 L2005

I 2

where SE = 0.399 and r = 0.9403

With this step the outside radical can be eliminated.

This is the model finally selected as a result of regression
analysis. Other equations and partial step equations that were tried
and eliminated, along with the reasons for eliminating them, were as
follows:

Po.h712 1.0005 to.13h9 Ro.h610

t

b
1.9899 02.963h
1 2

RD = 17.T73

C

where SE = 0.401 and r = 0.9394

exponent of t too low; exponent of 02 too high
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; )o.sobz ,0-8895 0.4889
o

i P_ bl
RD = 0.0214 ( to,lghl 2011

il
where SE = 0.406 and r = 0.9380
tl not in numerator

P 0.1038 221’691‘3 Ro.sshs
RD = 0.00254 E; Cl ;67673;

where SE = 0.557 and r = 0.8797

tl not in numerator; exponent of g- too low
2

32-1-7”52 p0-1490 L 0.918k ~0.4k17
RD = 9,3839500 Cl 08.029
2

where SE = 0.492 and r = 0.9076
coefficient too high; exponent of 02 too high;

exponent of P too low

LR SR SRS RN S TR C R A T

P0.5053 t0.8692 Ro.h966

RD = 0.00296 P
c§'°11° (1og t)0.6’19‘8*

where SE = 0.409 and r = 0.9371

log t -not in numerator
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P0.1#700 t1.0025 (log t)0.14220 ROh613

RD = 26.302 o1-9888 2,996k
2

where SE = 0.401 and r = 0.9395

exponent of C too high

2

Gravel-Surfaced Facility Model

The gravel-surfaced facility data include a total of 299 data
points. The data typify a facility where a gravel or similar surface

generally referred to as '

'gravel" is placed upon the existing subgrade
to provide for protection of that subgrade. Therefore, these data are
characterized by gravel-surfacing CBR values (Cl) higher than the CBR

values of the subgrade (C2). The variables shown in Table 1 are appli-

cable to this model also. However, it should be noted that C, repre-

5
sents a surfacing of some type of gravel with a finite thickness t .

Numerous regressions were performed on the original 299 data points,
and the final equation was derived in steps as follows:

1. Step l.--Rut depth was determined as a function of three

variables:

RD = 0.0123 (%—

0.5439 R0.16247
l)

where SE = 0.611 and r = 0.6809

2. Step 2.--These three variables were transposed, and regression

was performed on the remaining three variables:

38




t0.531&3

RD p
= 0.0103
(P) 0.5439 £0.1647 06914 ,0.3340

] 2

where SE = 0.527 and r = 0.4982

3. Step J.--All variables were then moved to the right side, and a
third regression was performed to adjust the exponents and the slope
intercept:

0.5439 ,0.5343 L0.1647 1.1k10

o)
@ to.691h cg.33ho

where SE = 0.520 and r = 0.7820

In this particular version, the variable P 1is expressed in kips (PK).
L. Step 2a.--The term "log t" was substituted for the term "t",

and Step 2 was repeated:

|

5. Step 3a. Step 3 was repeated:

£ 0 5TTT

RD 2 D
= 0.00169
0.5L439 Ro.16h7 {iog t)1.6676 C2.3569

|t

where SE = 0.526 and r = 0.5035

1.1456
t0.5777 Ro.16h7

)0.5&39

P
RD = 0.00062| (=
(Cl (1og t)l.6676 C2.3569

where SE = 0.518 and r = 0.7842

Note: A higher r value was attained for Steps 2a and 3a than for

Steps 2 and 3; therefore, the imposed term "log t" was allowed to remain.
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6. Step 4.--The variable P in pounds was changed to PK in

kips to make the coefficient (0.00062) higher:

1.1457
(PK)0.5h39 0577 Ro.16h7
RD = 0.0459 |[—
cl o t)1J6676 00.3569

2

where SE = 0.517 and r = 0.7842

7. Step 5.--The exponents of variables were multiplied by 1.145T7:

0.6231 0.6619 R0.1887
- Py tp
RD = 0.0 —
cl (log t)1.9106'(32.1@89

where SE = 0.517 and r = 0.7842

Using the residuals of the equation from Step 5, 45 points that
were considered undesirable were deleted resulting in 254 data points.
The criteria in choosing the equation from Step 5 as the best of the
equations derived were first that this equation showed an increase in
RD with an increase in P , tp , and R and a decrease in RD with

an increase in C C2 , and t as should be expected. In addition,

] 3
the exponents of the variables seemed reasonable with the possible
exception of the exponent for repetitions R , which seemed to be low.
However, this equation was considered the best overall.

After the 45 points were deleted, a new set of equations was de-

rived from the remaining 254 data points. The equation considered the

best of these was

4o




K 02

2.0020 _0.9335
!

5)0.2848

t
Po.h707(_EJ g0+ 2476
RD = 0.17k41

(log t)

where SE = 0.294 and r = 0.9177

or by moving 02 to the denominator

pg-“707 t3-5695 20.2476
(1og +)50%H0 c0-93% Cg.28h8

RD = 0.1741

Other equations that were considered and eliminated were as follows:

PO.ShOl t0.6666 g0-2533
RD = 0.0723

K P
03'9383 {ioa t)2.0h67 Cg.lhhs
where SE = 0.292 and r = 0.9187

exponent of C. too low

2

P0.3933 to.h96h Ro.1829

£ K 3
RD = 0-124 0 8858 6. 6885 0.5725
1 ¥ 2

where SE = 0.310 and r = 0.9087

derived by steps; exponent of P and R too low
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P2.2328 t0.3088 R0.2221

hel
0.8699 0.5303
¢ (t x C,)

RD = 1.075

where SE = 0.325 and r = 0.8984

exponent of P too low

& 10-4190
p0- 3987 (_11) g0-2377
K c,

RD = 0.0348
05'9293 (108 t)1.8823

where SE = 0.302 and r = 0.9125

exponents of P and tp/C2 too low

--------

P, 0.6942 . 10.3724 ,0-2082
RD = 0.156 (== .

5 c, (Log ©)1-0838

where SE = 0.334 and r = 0.8921

[ exponent of R too low; r lower than others

----------

where SE = 0.294% and r = 0.9176

by changing P to PK final equation derived




> 0.2616
t 0.2548
Po.hu83 p R

Co

AR = 1.310 0.9550 _0.8125
¢, t

where SE = 0.297 and r = 0.9159

poor results with substitution of "t" instead of

"log t"

Po.517o t0.6191 R0.2607

by b
RD = 0.0186 20.9502 t0'8311 C0.1216

14 2

where SE = 0.295 and r = 0.9170

exponent of 02 too low.

Two-Layer Flexible Pavement Model

The data search resulted in the selection of 630 data points for
flexible pavements. The data are tabulated in Appendix III. Two
hundred and ninety-three of the data points were applicable to three-
layer flexible pavements.

The remaining 337 points represented a two-layer flexible pave-
ment, or one not having a subbase directly above the subgrade. The
variables considered in development ot the two-layer flexible pavement
model are shown in Table 2. Regression analysis was performed on the
337 data points in steps as previously described. Several forms were
imposed upon some of the variables, but certain of the data appeared to

be unreasonable in terms of conventional pavement design. The residual
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TABLE 2.--VARIABLES FOR TWO-LAYER FLEXIBLE
PAVEMENT MODEL

Index Variable
D RD = rut depth, in.
2 P = equivalent single-wheel load
(ESWL), 1b
3 tp = tire pressure, psi
L Y, = AC thickness, in.
5 t2 = thickness of base, in.
6 C, = CBR on top of base
T 02 = CBR on top of subgrade
8 R = repetitions of load or passes

error values between these preliminary equations and the actual data
were used to eliminate some of these points. A total of 60 points were
eliminated in this manner, and after one additional iteration, one more
data point that had been overlooked was removed. The final model was
therefore based upon 276 data points. Some of the equations developed

and rejected, along with reasons for rejecting them are shown as follows:

Pl.hOO R0.319

0.614% ,0.306 ,0.577 .1.206 .0.176
P b s ¢ Co

RD = 0.000831
t

where SE = 0.403 and r = 0.8834
tp in denominator, indicating that rut depth

decreases as tp increases, which is erroneous.

Lmd o ol Lode oot Sl e e b



P1.269 R0.319

0.230 ,0.755 ,1.756 .0.060
L s G Co

RD = 0.00250

where SE = 0.421 and r = 0.8720

omitted tp 3 exponent of C2 was low.

P1.285 R0.321

1.027 1.700 .0.077
2) gt = %o

RD = 0.00341

(tl+t
where SE = 0.416 and r = 0.8752

same as above

i o o aa svg o - on UhAd R gl g e Sy

Pl.276 RO.320
RD = 0.00430—
1«033 1.703 _0.072
(1-251:l +t,) c] C,

where SE = 0.415 and r = 0.8755

higher r than with (tl + te) but exponent of C2

still low

These examples, along with several others, represent the efforts made to

develop the correlation. The significant factor in this development,
however, was combining the thicknesses of the surface and base course

layers. The final selected model uses the combined form of the thickness

and indicates a common log relationship. Additionally, the sensitivity

of the subgrade CBR was increased to a more acceptable level. {
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The final form of the two-layer flexible pavement model is given

b s dan o Ul 4 e aas et £ 2ol ol i

as follows:

1.3127 ,0.0499 _0.3240
RD = 1.9431 Px % R

[log (1.25tl + t2)

o)
]3.h265 C1.6877 02'1156

where SE = 0.411 and r = 0.8779.
This version represents the best combination of variable co-

efficients and apparent behavior.

Three-Layer Flexible Pavement Model

The variables pertinent to the three-layer flexible pavement
model are shown in Table 3. The three-layer model includes nine

independent variables, whereas the two-layer model only included seven

TABLE 3.--VARIABLES FOR THREE-LAYER FLEXIBLE PAVEMENT MODEL

Index Variable
1 RD = rut depth, in.
2 P = equivalent single~-wheel load
(ESWL), 1b
3 tp = tire pressure, psi
I tl = thickness of AC, in.
s, t2 = thickness of base, in.
6 C, = CBR on top of base
i t3 = thickness of subbase, in.
8 C, = CBR on top of subbase
9 C3 = CBR on top of subgrade
10 R = repetitions of load or passes
46
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independent variables. The two additional variables are subbase thick-
ness (t3) and subbase CBR (C2), respectively.

Included in the three-layer flexible pavement data was one test
item, which was a multiple-layered system (more than three layers). For
the data analysis, the values used for the base, subbase, and subgrade
CBR variables of the 62 data points from the multiple-layered item were
usually an average CBR of two layers. Similarly, the thickness variables
were usually the sum of the thicknesses of the two layers. Since these
values may not have accurately represented the actual pavement structure
of the test item, the 62 data points were removed to see if the corre-
lation coefficient would improve. A better correlation was obtained, and
these 62 points were eliminated from further analysis.

As in the case of the previous equations, numerous computer runs
were tried using the remaining 231 points to obtain an equation con-
sidered the best fit. Some of the equations generated and rejected,

along with reasons for rejection, are as follows:

1.158 t0.256 R0.376 4 0-503

P
- ho) &
ST VR Ouit 0.536 .0.394 ,L0.527 .0.541 _0.289
s ¢ ts Co Sa

where SE = 0.528 and r = 0.8217

tl in the numerator indicating improper relation

to RD

W7




Pl.625 tO.llh R0.367

RD = 0.0000017 X
;0-531 [0.682 0,590 0.595 0.203

2 ! 3 2 3
where SE = 0.552 and r = 0.8037

omitted tl in attempt to improve correlation

0.291
P ) 1.506 (log t ) £0.330
1

1+ logt Cl

0.410 ,0.523 _0.61T7 .0.16L
2 s o “q

RD = 0.000011 (

t

where SE = 0.635 and r = 0.7281

exponent of Cl too low; r lower.

0.276
et [ ] se

1+ log t t,
0. 631 o 492" ,0.589
Ca

-h

RD = 0.000005

0.211

C, C

where SE = 0.638 and r = 0.7258

r still low

The final equation selected was one of three equations considered almost
equally good. To obtain a higher coefficient, the ESWL (P) was changed

from pounds to kips (PK) in each of the following three equations:

L8




P§'657 t0.0714 R0.3614

P
(tl + t2)O.hll CO.8hh t0.5&6

RD = 0.2218

0.563 0.267
1 3 Co 3

where SE = 0.564 and r = 0.7937

Pi'638 t0.085 R0.363

RD = 0.218%4 )0.335
2

0.864 to.53h Co.55h C0.302

(l.25tl +t 1 3 5 3

C

where SE = 0.566 and r = 0.7920

; Pi'6lh tg.ogh R0.363
RD = 0.2065
02570 J0.8TT . 0L523 0.545" (0,337
(l.25t1 + t2) Cy t3 c, c3

where SE = 0.568 and r = 0.7907

In the first of the three equations above, it can be noted that for two

different pavement structures, as long as the sum of tl and t2 are

equal it does not matter what the individual thicknesses of tl and t2

are; thus, no benefit is to be gained by using asphaltic concrete in lieu
of base course material. This was considered erroneous. However, in the
other two equations, if the sum of tl and t2
with the larger asphalt thickness would decrease the rut depth. Since

are equal, the pavement

the second equation has a higher correlation than the third, it was
selected as the best equation. Using the residuals of the second equa-
tion, 25 points that were considered erroneous were deleted, resulting in

206 data points.
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The selection of the best equation using the remaining 206 points
was again narrowed to one of three equations. The first equation was the

same form as that selected earlier.

P1.709 t0.050 R0.31&6

K P
)o.ﬂb3 Co.761 t0.582 C0.571 Co.269

2 1t 3 2 3

RD = 0.1846

(l.25tl +t

where SE = 0.445 and r = 0.8414

Substituting the common log of the thicknesses for the thickness vari-

ables resulted in the other two equations consa’-~red best.

0.0680Pi'730 tg.ohs R0.3h6

RD =

1.223 Co.759 t0.589 c0.578 Co.2h3

[1og (1.25tl + t2)] 1 3 5 3

where SE = 0.443 and r = 0.8425

0.0312pL+ 525 0.090 Ro.3h5
K D

RD =

0.551 C0.309

0.885 CO.762 (log t C2 >

)1.167
1 3

(1og (1.25t, + t,)]

where SE = 0.444 and r = 0.8418

All three of the above-mentioned equations showed an increase in rut
depth proportional to an increase in P , tp , and R and a decrease

in rut depth proportional to an increase in the other six variables. The
final selection of the best of these three models was delayed until the
analysis of the other group of flexible pavement data was performed. The

latter of these three models was then selected based upon the behavior of
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the thickness variables as well as its similarity to the two-layer
flexible pavement model. Carrying the exponents to four decimal places

and rearranging, the final equation becomes
RD = 0.03117 {Pﬁ'sess tg'0897 R0'3h53/[log (1.256,+ *c?_)]o'%l‘7

1.167Tk C0.7616 0-5505 c0.3089}

x (log t3) 1 2 3

where SE = 0.L44l4 and r = 0.8418
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DEVELOPMENT OF RELIABILITY MODELS

Development Procedure

The deterioration models for rut depth analyses of the four respec-
tive pavement types as developed previously are necessarily deterministic
models. They represent not necessarily the best fit of all the data, but
instead a "good fit" as indicated by the error and correlation values.
Therefore, the models predict rutting in a sense that the predictive
error could be either positive or negative depending upon the specific
set of data being used. To further expand the applicability and utility
of the models, statistical reliability concepts are invoked to account
for the variability of all input data and predict rutting in terms of
expected rut depth and variance from that expected rut depth. This con-
cept provides for models for each pavement type that utilizes a total
description of the input variables in terms of means and variances of a
set of values for one variable. This further accounts for the variabil-
ity of pavement properties in a statistical manner instead of accept-
ing only averages of values of measured parameters, such as thickness
and CBR. The statistical determination of the rut depth in terms of
expected value and variance provides not only for better analysis of rut
depth in terms of an expected rut depth and a probable deviation from
that value but also for an accounting for material variability in a
statistical manner. The primary benefit of using total input data and
determining the expected values and variances of a probability density
function of rut depth is the ability to evaluate the reliability of
the pavement. The reliability of a facility can be determined in

terms of the probability that a given rut depth will occur under given

e




circumstances. It follows then that such a system can be an excellent
evaluation tool as well as a design tool. The great advantage as a de-
sign procedure is the capability to adjust reliability or conservatism
to a desired value and to select design parameters to suit those con-
ditions. To address these concepts of reliability and the accounting
for material variability, it was necessary to develop stochastic models
for the definition of a probability density function of the rut depth.

Probabilistic pavement design concepts have been applied to pave-
ment studies since the 1960's. References 5, 7, 18, 2L, 23, and 2L give
illustrations of these studies wherein the concept of pavement relia-
bility has been adopted. The reliability of a pavement is a statis-
tical measure of the probability that a pavement will perform in a given
manner during its life. Lu, Lytton, and Moore (20) showed the use of the
above-mentioned expected value and variance equations as applied to fore-
casting serviceability loss in pavements. These principles were adopted
and utilized to develop expected value and variance equations for pre-
dicting change in rut depth. The methods for the determination of
expected value and variance of rut depth by a Taylor's series expansion
(20) are shown in the following paragraphs.

If rut depth (RD) is considered a continuous, random variable with
some probability density function f(RD) , the expected value of H(RD)

is defined as

o

E[H(RD)] = f H(RD) f(RD) dRD

-—00
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The expected value of RD is the mean or average of RD , which is
termed uRD , Or it can be written as uRD = E(RD) . The variance of RD

as a variable is denoted by 02 and is defined to be

RD
ohy = EL(RD - u.)°]
Its positive square root is the standard deviation of RD . Thus,
g = 02
RD RD

The operation of taking expected values and variances of random variables
is found in various textbooks and is illustrated by Lu, Lytton, and
Moore (20). Occasionally, taking the expected value of a complicated
function can be a difficult process as in the case of the rut depth
models previously shown. In order to overcome these difficulties, the
expected value was approximated by taking a Taylor's series expansion and

truncating all but the first three terms as follows:
f(RD) = f(RD - ARD) + f£'(RD - ARD)ARD + 1/2 F''(RD - ARD)ARD2 . R,

If ARD becomes RD - u then the final generalized form can be ex-

RD °

pressed as follows:

2

E[f(RD)] = f(uRD) + 18 f"(uRD)oRD

Taking the variance of the rut depth models was also a painstaking

operation, further complicated by the forms imposed upon some of the
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variables. The Taylor's series expansion was again applied. As was

previously stated, the variance was

2 2
9%p = [(RD - Mrp) ]

The variance of the rut depth models is denoted V(RD) and is expressed

as

o
)] 0RD i 0Eof

V(RD) = [£'(ug ) 1%00 - F [£"(n

no

RD

where is the variance of lack of fit.

02

fof
The deterministic rut depth analysis models have already been de-
rived in this document. The principles shown above were invoked to de-
velop the expected value and variance models from the original model.
The nature of the equations that provided for numerous mathematical oper-
ations precludes showing de.ails of development in this document. How-
ever, these mathematical operations are considered fundamental and are

not shown. The final forms of the equations are listed in the following

figures.

Expected Value and Variance Models

Figs. .6-19 show the expected value and variance models for the
four respective categories. The rut depth models previously discussed
are also shown. This version of the rut depth model differs from the
original model in that each independent variable actually represents

a mean value, and the equation is therefore redesignated "Q."
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FI1G. 16.--UNSURFACED FACILITY EXPECTED VALUE, VARIANCE,
AND RUTTING MODELS
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FIG. 17.--GRAVEL-SURFACED FACILITY EXPECTED VALUE,
VARIANCE, AND RUTTING MODELS
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FIG. 18.--TWO-LAYER FLEXIBLE PAVEMENT EXPECTED VALUE,
VARIANCE, AND RUTTING MODELS
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FIG. 18.--continued
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FIG. 19.--THREE-LAYER FLEXIBLE PAVEMENT EXPECTED VALUE,
VARIANCE, AND RUTTING MODELS
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Actually "Q" exists as a factored term from the expected value and
variance models, developed in the process of evaluating the first and
second partial derivatives of the original model.

As can be seen, the models are combined equations representing
the first three terms of a Taylor's series expansion. Many of the
terms have been allowed to remain in unfactored form to display the
actual nature of the models to the reader. Any attempt to solve the
models by hand should be preceded by as many simplifications of the
models as possible. However, hand solution of the models is necessarily
time-consuming and leaves room for many possible errors. The models have
been programmed for computer solution as part of the analysis model, as

shown in Appendix IV.

Determination of Reliability

It should be noted that each variable in the two models is used
in terms of its respective mean and variance and that in turn an expected

value and variance of rut depth is determined. As has been previously

stated, reliability as defined and used in this study is the probability
that the rut depth will not exceed some predetermined value subject to
conditions that are expressed by the independent variables.

The nature of the data including the range and distribution will
be discussed in succeeding parts of this document, along with an explana-
tion for assumption of normal distribution on the dependent variable. If
normality is assumed, the reliability statistic P used to determine the
reliability R that the rut depth will not exceed some maximum value

RDA can be expressed by
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el L

i RD, - E(RD)
A(RD)
where
E(RD) = the expected value of the rut depth as determined from the
appropriate model
V(RD) = the variance of the rut depth as similarly determined

Figure 20 illustrates a standard normal distribution curve and the param-
eters utilized to compute the reliability statistic P . Table 4 is a

table of areas under the standard normal distribution, or its entries are

:i-V'«Ro)
//R RD4 = PYV(RD) + E(RD)

PJV(RD)
E(RD) + E(RD)

ol
—- 1 o |

the values of reliability R .

FIG. 20. STANDARD NORMAL DISTRIBUTION CURVE ILLUSTRATING
E(RD) , N(RD) , and RDA

In order to determine reliability R from Table 4 or, that is, the area

under the distribution curve defined by E(RD) and V(RD) and to the

left of maximum rut depth RD, , enter the table with the value of P

determined previously and read the area under the distribution curve that ;
|

is the reliability. As an illustrative example, assume the following |

|
values: i
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TABLE 4,--NORMAL DISTRIBUTION FUNCTION

F(P) = R

B 0.00 0.01 0.02 0.03 0.0k 0.05 0.06 0.07 0.08 0.09

0.0 0.5000 0.5040 0.5080 0.5120 0.5160 0.5199 0.5239 0.5279 0.5319 0.5359
0.1 0.5398 0.5438 0.5478 0.5517 0.5557 0.5596 0.5636 0.5675 0.5T1%  0.5753
0.2 0.5793 0.5832 0.5871 0.5910 0.5948 0.598T7 0.6026 0.6064 0.6103 0.61k41
0.3 0.6179 .0.6217 0.6255 0.6293 0.6331 0.6368 0.6406 0.6443 0.6480 0.6517
0.4 0.6554 0.6591 0.6628 0.6664 0.6700 0.6736 0.6772 0.6808 0.6844 0.6879
0.5 0.6915 0.6950 0.6985 0.7019 0.7054 0.7088 0.7123 0.T157 0.7190 0.722k4
0.6 0.725T 0.7291 0.7324 0.7357 0.7389 o0.7k22 0.7454 0.7486 0.751T 0.T549
0.7 0.7580 0.7611 0.7642 0.7673 O0.T7T04 0.773% 0.7764 0.779% 0.7823 0.7852
0.8 0.7881 0.7910 0.7939 0.7967 0.7995 0.8023 0.8051 0.8078 0.8106 0.8133
0.9 0.8159 0.8186 0.8212 0.8238 0.8264 0.8289 0.8315 0.8340 0.8365 0.8389

0.8413 0.8438 0.8461 0.8485 0.8508 0.8531 0.8554 0.8577T 0.8599 0.8621
0.8643 0.8665 0.8686 0.8708 0.8729 0.8749 0.8770 0.8790 0.8810 0.8830
0.8849 0.8869 0.8888 0.890T 0.8925 0.894k 0.8962 0.8980 0.8997 0.9015
0.9032 0.9049 0.9066 0.9082 0.9099 0.9115 0.9131 0.9147 0.9162 0.9177
0.9192 0.9207 0.9222 0.9236 0.9251 0.9265 0.9279 0.9292 0.9306 0.9319

M b b
s s
FWN o

0.9332 0.9345 0.9357T 0.9370 0.9382 0.9394 0.9%06 0.9418 0.9%29 0.94k1
0.9452  0.9463 0.9474  0.9484 0.9495 0.9505 0.9515 0.9525 0.9535 0.9545
0.9554 0.9564 0.9573 0.9582 0.9591 0.9599 0.9608 0.9616 0.9625 0.9633
0.9641  0.9649 0.9656 0.9664 0.9671 0.9678 0.9686 0.9693 0.9699 0.9706
0.9713 0.9719 0.9726 0.9732 0.9738 0.9744 0.9750 0.9756 0.9761 0.9767

e
0 ®= W

0.9772 0.9778 0.9783 0.9788 0.9793 0.9798 0.9803 0.9808 0.9812 0.9817
0.9821 0.9826 0.9830 0.9834 0.9838 0.9842 0.9846 0.9850 0.9854 0.9857
0.9861 0.9864 0.9868 0.9871 0.9875 0.9878 0.9881 0.9884 0.9887 0.9890
0.9893 0.9896 0.9898 0.9901 0.9904 0.9906 0.9909 0.9911 0.9913 0.9916
0.9918 0.9920 0.9922 0.9925 0.9927 0.9929 0.9931 0.9932 0.9934 0.9936

FWwhKHOo

2.5 0.9938 0.994%0 0.9941 0.9943 0.9945 0.9946 0.9948 0.99%9 0.9951  0.9952
2.6 0.9953 0.9955 0.9956 0.9957T 0.9959 0.9960 0.9961 0.9962 0.9963 0.996L
2.7 0.9965 0.9966 0.9967 0.9968 0.9969 0.997T0 0.9971 0.9972 0.9973 0.997k
2.8 0.997T4 0.9975 0.9976 0.9977 0.9977 0.9978 0.9979 0.9979 0.9980 0.9981
2.9 0.9981 0.9982 0.9982 0.9983 0.9984 0.9984 0.9985 0.9985 0.9986 0.9986
3.0 0.9987 0.9987 0.9987 0.9988 0.9988 0.9989 0.9989 0.9989 0.9990 0.9990
3.0 0.9990 0.9991 0.9991 0.9991 0.9992 0.9992 0.9992 0.9992 0.9993 0.9993
3.2 0.9993 0.9993 0.999% 0.999%  0.999%  0.999% 0.999%  0.9995 0.9995 0.9995
3.3 0.9995 0.9995 0.9995 0.9996 0.9996 0.9996 0.9996 0.9996 0.9996 0.9997
3.5 0.9997 0.9997 0.9997 0.9997 0.9997 0.9997 0.9997 0.9957 0.9997 0.9998

6l




- =3 =1. If Table 4 is entered with a
/V(RD) i

value of 1 in the left-hand column, interpolation is not necessary.

RDA = 3 in.
E(RD) = 2 in.
V(RD) = 1 in.
RD, - E(RD) YL

then P =

Also, it can immediately be seen that R = 0.8413, which means that
there is a probability of 0.8413 that the rut depth will not exceed a
predetermined maximum value of 3 in. Table 4 is typical of similar
tables found in most statistics textbooks. Details for the operation

of the computer programs are presented in Appendix IV.
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DIFFERENTIAL ANALYSIS SYSTEM

Description

Fig. 21 gives a logic diagram of DAS as defined in this document.
The system provides for a utilization of the rutting models %o determine
the rate of deterioration and/or reliability of any of the four types of
facilities described in terms of rutting. The term "differential" has
been given to the computational system to emphasize the fact that dif-
ferences in results caused by changes in input can be determined by the
user in any assessment of damage caused by various vehicle types or the
effects of changes in the structure. The DAS, as shown in Fig. 21, pro-
vides for one automatic iteration of the computational processes. Dif-
ferential analysis as described above can be achieved simply by repeated
iterations of the system while changing any variable or variables de-
sired. The system as shown is adequate for limited use where the various
models apply and is adequate to develop the original hypothesis that
life-cycle management can be achieved througn deterioration and reli- é

ability concepts.

The DAS is programmed for computer solution. The program listing,
input listing, output listing, instructions for use, and some example

problems are given in Appendix IV. Appendix IV should be utilized by any

reader concerned with operating the system. The following is a descrip-
tion of the DAS (Fig. 21). Block numbers identify the particular block
in the logic diagram being discussed.

1. Blocks 1 and 2.--Blocks 1 and 2 provide for input of data

PUPTL Y T W Py

describing each independent variable considered. The data can be

entered in deterministic single-value form but should be entered in terms
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traffic RD
or P A

Input new or
existing design t;,

to, t3; CBR,, CBRs,
’CBR5 (u &’02) 3/—

Input traffic
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N, ESWL, TP
lu &‘cé)

F——__J’—_—‘T :

2

Future, roughness 3Compute E(RD)

1

: cracking, and : 1*

| surface loss | V(RD)i to get

L models J (”1’ 01)
_____ \—————

t
I

P
L T ¢
nput allowable RD Modify RDA'
d allowable R -
= R if
desirable

:

\n

Compute reliability for
each option

RD, - E(RD)

a1 f
conditions Dif- Yes
satisfied? ferential

FIG. 21.--DIFFERENTIAL ANALYSIS SYSTEM (DAS), LOGIC DIAGRAM (STAGE 1)
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of the mean and variance of a group of data in order to fully utilize the
potential of the DAS.

2. Block 3.--Block 3 consists of the models developed earlier in
this report, including the rutting, varience, and expected value models.
The models for all four types of structures are included, and the selec-
tion of the appropriate set is incumbent to using the DAS. Block 3 is
the point where RD , V(RD) , and E(RD) , respectively, are computed.

3. Block 4.--Block 4 provides for input of the allowable rut depth
and an allowable (minimum) reliability level. The actual input is at the
beginning of the system but is shown here as its first point of use.

4, Block 5.--Data are available at this point to determine the
reliability of the facility. This is accomplished as shown in Block 5
and in the earlier paragraph on reliability determination.

5. Block 6.--If the problem is a differential analysis problem,
Block 6 is the point where the decision is made to perform additional
iterations and obtain new rut depth and reliability values that reflect
effects of changes made in any variables.

6. Blocks 7 and 8.--These blocks provide for change in input to the

DAS in accordance with the type of differential analysis being conducted.

T. Block 9.--Block 9 is an additional decision point that provides
for new iterations when the limiting conditions of either rut depth or
reliability have not been met.

8. Block 10.--Block 10 provides for an output listing of the data
obtained. These data are actually asccessed at the decision points to
determine need and desirability of performing additional iterations.

Fig. 22 shows the logic of an expanded differential analysis system

that considers surface loss, roughness, and cracking as well as rutting.
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It uses the same logic as the system shown in Fig. 21 in determining de-
terioration and reliability but includes traffic design and economic J
considerations also. Consequently, it will require more iterations to
determine the optimal feasible solution. Although not considered es-
sential to this hypothesis development, it is shown here to give the
reader a concept of the validated and automated version of the DAS that
: will only be utilized by other agencies as the DAS is adopted.

Fig. 23 is another version of the second stage of the DAS, showing

[ Input Datagj
l

| | I 1

Rutting Cracking Roughness Surface Loss
Model Model Model Model
[ I T I
|
[ | |
Pavement Cost ! Maintenance Differential Analysis
Model Cost Model Model
L _ 1 J
I
Option
Selection
Output

FIG. 23.--DIFFERENTIAL ANALYSIS SYSTEM. SUMMARY ]
DIAGRAM OF STAGE 2 ]
the essential elements. The system will provide for optimization of
rutting and reliability values with respect to constraints imposed
through the input of values or ranges of values representing the vari-
Additional optimizafion will be achievable in terms of design
Litation costs as well as selection among the four pavements

inta pertinent to other pavement types, especially rigid
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pavements and selected hybrid pavements, become available, models will

be included for their analysis.

Range and Distribution of Variables

The DAS is considered to be applicable to design and evaluation
problems where normally encountered values of the variables are utilized.
The range of applicability of any computational system which uses empir-
ical formulas as developed herein is constrained by, if not limited to,
the range of observed data upon which it is based.

Figs. 24-55 graphically portray the range and distribution of vari-
ables upon which the DAS is based. As can be seen, the boundaries will
normally encompass most vehicle and road characteristics to be input as
variables.

The data are not normally distributed in most cases as was indicated

in tests for normality. However, it was realized that the data collected

" and utilized were not intended to group about any particular value as a

whole. Instead, the data shown in Appendix I group about various values
within each given series of tests in a normal manner. For this reason,
normal distribution is assumed in determining reliability as has pre-
viously been discussed. Validation of the DAS for use by various
agencies will necessarily include tests for normality or determination
of the nature of statistical distribution for the purpose of more suc-
cinctly determining reliability. In general, the DAS is applicable

within data ranges and especially where data are concentrated.
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Utilization of the DAS

There are numerous applications of the DAS that can be made by those
concerned with life-cycle management or any aspect thereof. It is again
pointed out that, as the case with any similar system, validation is re-
quired to render the DAS directly applicable to specific locales having
unique conditions. Previously discussed data collection programs that
are in progress are expected to provide data for this validation effort.
The data col.ected are expected to provide rate of change in rut depth as
a function of vehicle repetitions under several conditions of road types,
traffic levels, and climate. These rut depths will be predicted, along
with reliability levels, using the DAS. The predicted and measured rut
depth values will be compared. An acceptable comparison will coustitute
validation, but lack of acceptable comparison will dictate modification
of the expected value and variance models for use under those conditions.
The DAS is, however, applicable to all situations in a general or sto-
chastic sense and can be used accordingly by the discerning engineer.
Since this version is in terms of rut depth as the dependent variable and
major item of analysis, then rut depth is the primary criterion by which
to judge state of deterioration. Validation of the DAS not only can
achieve local applicability but can incorporate the other deterioration
modes as a data base is made available. Field data collection for vali-
dation purposes that is currently under way has been discussed previously.

Although the specific applications of the DAS are numerous and nec-
essarily depend upon user needs, some of the more prominent applications
are described as follows:

1. Design and Evaluation.--The DAS is applicable to CE design and
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evaluation problems in the same sense as are current criteria due to
similarity in data bases and results. The added features of the DAS are
namely the ability to (a) modify limiting failure criteria (rut depth),
(b) adjust conservatism to any desired degree by imposing a required
degree of reliability, and (c) determine the reliability of a facility.

2. Optimization.--Iterations of the DAS while making changes in
appropriate variables can provide for optimization of a design with re-
spect to cost, reliability, serviceability, layer properties, and
materials.

3. Differential Analysis.--Iterations of the DAS provide directly

for the analysis of the effects of different quantities and magnitudes

of loads. The equivalent single-wheel concept (12) makes this possible
by providing the capability to incorporate various vehicle configura-
tions. This feature provides a quantitative basis for assessment of
damages caused by various categories of vehicles and, when used on a rel-
ative basis, would not require locality validation of the DAS.

L. Planning.--The DAS can be considered an effective stochastic-
type planning tool for quantitative estimation of future maintenance and
repair needs as well as time-to-maintenance estimation. This feature, in
connection with such procedures as Critical Path Method (CPM) and Pro-
gram Evaluation and Review Technique (PERT), can be used to effectively
program work loads and expenditures.

5. Military Operations.--The tactical and logistical operations

that could benefit from use of the DAS are too numerous to mention in de-
tail. Such considerations as optimization of construction capabilities
by constructing facilities having only a required reliability and using

facility reliability concepts to aid in tactical planning and maneuvers
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are key considerations that could be better quantified using DAS
concepts.

The use of the DAS as it exists herein necessarily includes use of
the CBR method of strength evaluation, which is in itself not a true
physical material parameter. This feature is not to be considered a
deterrent, however, to prospective users bound to other design pro-
cedures. Material strength parameters can be stated in any suitable
terms where a sufficient data base exists for validation. True mate-
rial parameters, such as Poisson's ratio (u) and elastic properties
(E), in various forms can be utilized and would provide for a more
rational approach to the overall operation. Other methods of portray-
ing strength can be used where data are available. In all cases, any
bias is removed in the actual correlation indicated during the valida-
tion stage and should be the basis of judgment as to whether a partic-

ular procedure is employed.

Example Problem

The examples in Appendix IV illustrate the computer program and
show how it is used. An example is given here to illustrate the con-
cepts of deterioration and reliability. A "type 1" or gravel-surfaced
facility is selected having a surface CBR greater than the subgrade
CBR. The values of the variables are arbitrarily selected for illus-
tration and are shown in Table 5. In this example, the object is to
evaluate the rut depth and reliability at all repetition levels up to
10,000.

The allowable rut depth, RDA , selected is 2 in. Eleven iterations
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TABLE 5.--VARIABLES USED IN EXAMPLE PROBLEM

Index Variables Mean Variance
1% P 15 kips 423,333
2 tP 70 psi 58.33
3 % 9 in. 1.21
L c, 25 6
5 C, 10 2
Ga** Ry 100 10
6b R, 1,000 100
6c R3 2,000 200
6d R), 3,000 300
6e R5 4,000 400
6f Rg 5,000 500
6g Ry 6,000 600
6h Rg 7,000 700
6i R9 8,000 800
63 Rio 9,000 900
6k R, 10,000 1,000

* Values of variables 1-5 used for all iterations.
*% Value of variable 6 changed for each iteration.

of the problem are performed, each time changing the value of the num-

ber of repetitions, R . The results are portrayed graphically in

Fig. 56, where the values of rut depth in inches and the reliability are

shown as a continuous function of the number of 15-kip repetitions.
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The information shown in Fig. 56 gives the designer or evalustor
an illustration of the effect of repetitions upon both rut depth and
reliability. Although the maximum allowable rut depth is not exceeded,
it has an associated r " lilability of only 0.5. If a higher reliability
level were required, structural change in the facility would be neces-
sary. In this example, an increase in the thickness, t , and/or the

€BR, € of the gravel-surfaced course would bring about the desired

1
change. Additional iterations of the problem using new values of t
and Cl would be required for esvaluation. The data generated would
provide for additional rut depth and reliability relations to be
plotted on Fig. S6.

Although this example problem illustrates how the rate of deteri-
oration and the reliability can be evaluated, it also illustrated the
overall potential of the DAS, as follows:

1. A quantitative time and use rate of change is developed such
that the engineer is no longer constrained by failure point design
criteria.

2. Limiting serviceability criteria can be selected that best
suit an engineering requirement.

3. Any level of reliability, or degree of conservatism, can
be selected to meet the needs of the designer.

4. Quantitative bases for programming of maintenance and repair
exist as a result of the deterioration analysis capability.

5. Quantitative differential analysis is possible because the de-
gree of deterioration induced by different quantities and types of ve-

hicles can be determined.
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6. Military planning is enhanced through the ability to quantify
the state of deterioration at any anti- ‘pated level of traffic usage.

T. Thickness and strength design of facilities can be optimized
with respect to degree of deterioration, reliability, and use of avail-

able construction materials.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The conclusions drawn as a result of this study are as follows:

1. The hypothesis that effective pavement life-cycle management can
be achieved through the use of deterioration and reliability concepts has
been investigated and proven.

2. Models were developed that effectively portray the deterioration
of a facility and assess its reliability in terms of the rutting mode of
deterioration.

3. The DAS is a first-generation system that can be considered
validated for use to the extent of the current CE design procedure.

4. The deterioration and reliability models show high correlation
and small residual error and, therefore, when combined to form the heart
of the DAS, should provide for effective rut depth prediction and relia-
bility assessment.

5. The DAS can be used for design and evaluation , optimization,
differential analysis, planning, and military operations as described
in the section entitled "Utilization of the DAS."

6. The DAS, as a first-generation system, provides a basis for
the development of a complete life-cycle management system for all modes
of deterioration pertinent to all pavement types through expansion and
validation as data are made available.

T. The DAS can be used in its present form for relative differ-
ential analysis on roads where damage incurred by various vehicle types

must be determined as a basis for cost assessment.
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Recommendations

The scope of this study and the results obtained are limited in
terms of intended use. Although the results can be directly utilized for
some purposes, the basic intent is to establish the fact that deteriora-
tion and reliability concepts can play a vital role in improving the
state of the art in pavement design, evaluation, maintenance, and overall
life-cycle management. Additional validation and expansion are required
for verification and improvement of the overall system.

The following specific recommendations are considered appropriate:

1. The DAS should be validated for use in terms that satisfy the
needs of the using agency.

2. The DAS should be employed on a trial basis by the CE, FS, and
other appropriate agencies to increase awareness and determine possible
benefits that can be derived.

3. The current field evaluation programs should be continued and
improved to provide more closely controlled data and expanded to in-
corporate all of the more important deterioration modes.

4, The present research programs should be continued and expanded
in scope and lével of intensity to effectively provide for development
of a fully validated and comprehensive system within this decade. A
significant portion of these expanded programs should include the
investigation of the effects of vehicle dynamics as well as the investi-
gation of the correlation among steady state tangent operations, curve

operations, and acceleration-deceleration operations.
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GRAVEL-SURFACED FACILITY DATA

GSURF CONT 11:45: 2 04/21/78 FILE PAGE NO, 2
1.79 25000 115 18 8.2 3.3 29
1.96 25000 115 18 8.2 3.3 57
2,.86 25000 115 18 8.2 3.3 109
3.86 25000 115 18 8.2 3.3 144
1.39 25000 115 24 S 3.1 29
1.21 25000 115 24 S 3.1 57
1.50 25000 115 24 S 3.1 1089
2,31 25000 115 24 ] 3.1 144
3.37 25000 115 24 9 3.1 333
1.00 42000 'n 12 11 3.7 11
2.29 40000 ’A 12 11 3.7 56
3.61 40000 ' 12 11 3.7 0
1,72 40000 'R 18 9.3 3.4 187
2,22 AQORR ’A I8 9.3 3.4 262
2,84 AQR0Q {4 18 9.3 3.4 337
3.75 40000 {7 18 9.3 3.4 449
1.66 40000 ’0 6 9 3.7 8
3.47 A000Q 80 6 9 3.7 17
i.16 apnon fA 12 11 2.9 17
1.85 40000 80 12 11 2.9 55
2,44 AQRRN 0 12 11 2,9 16
3.54 AnANn 'R 12 11 2.9 og
.82 40000 9 I8 9.7 3.6 17
A.94 40000 A 18 9.7 3.6 55
1.57 aanpp e 18 9.7 3.6 76
.81 AQPPPR 80 I8 9.7 3.6 of
2,10 A0000 en 1R 9,7 3.6 157
2,82 ARAQQ fa 18 9.7 3.6 212
2,7% APQPQ fn 18 9.7 3.6 233
2.91 AQe00 ' 18 9.7 3.6 254
3425 A0000 |0 18 9.7 3.6 297
1.22 APPAP ' 24 9.7 4,3 212
1,19 ABPPP ] 24 9.7 4,3 233
1.16 AQ0PQ ' 24 9.7 4,3 254
1.32 A20eQ {7 24 9.7 4,3 297
1,62 40000 80 24 9,7 4,3 a24
1.72 AQone 80 24 9.7 4.3 636
2.25 49000 80 24 9.7 4.3 848
2,57 40000 80 24 9.7 4,3 1260
2,66 15000 165 6 11 4.4 8
3.36 15000 165 6 11 4,4 16
1.33 15000 165 12 10 3.8 8
1.48 15000 165 12 10 3.8 16
0.59 15000 165 18 13 4.5 8
AR5 15000 165 18 13 4,5 16
1.16 15000 165 IR 13 4,5 56
1.56 15000 165 18 13 4,5 'R
2,41 15000 165 18 13 4,5 127
2,97 15000 165 18 13 4,5 159
3425 15000 165 18 13 4,5 175
B#.65 15000 165 24 11 a,l R
N.97 15000 165 24 11 4.1 16
1.35 15000 165 24 11 4,1 56
1.97 15000 165 24 11 4,1 ]F
2,56 15000 165 24 11 4.l i2
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2,72 15000 165 24 11 4,1 159
3.07 15000 165 24 11 4,1 175
2 .63 APPAD 120 6 13 3.5 13
3.90 APPON 120 6 13 3.5 17
1.65 APORAR 120 12 12 4 17
3 718 Y 120 12 12 4 76
1.31 apeen 120 IR 11 4.7 17
2.28 APQRR 120 18 11 4,7 76
2.47 APePP 120 18 11 4,7 127
2.81 APPPA 120 18 11 4,7 170
3.20 AQQPQ 120 18 11 4.7 212
”.88 Apenp 120 24 11 . 17
1,53 apone 120 24 11 5.1 76
1.65 40000 120 24 11 5.1 127
2.04 40000 120 224 11 5.1 170
2,57 40070 120 24 11 - | 212
2 .66 APP00 120 24 1t S.1 254
2.75 AQPPP 12@ 24 11 S.1 297
2,25 apeep 12¢ 24 11 5.1 339
n.78 26600 120 12 10 4,3 5
1.88 26600 120 12 10 4.3 49
1.97 26600 120 12 10 4,3 22
2,50 26600 120 12 10 4.3 114
3.38 26600 120 12 1e 4.3 147
1.31 26600 120 1R 9.9 4,1 49
1.57 26600 120 18 9.9 a,l 114
1.97 26600 120 I8 9,9 a,1 147
2.28 26600 120 18 9,9 a.l1 196
2.29 26600 120 18 ~.9 a,l1 245
2,47 26600 120 18 S0 4,1 293
2.78 26600 120 18 9,9 a,l 342
3.16 26600 120 18 9.9 a,l 391
1.57 26600 120 24 11 4,4 a9
1.66 26600 120 24 11 4,2 114
1.94 26600 120 2a 11 4,4 147
2.07 26600 12¢ 24 11 4,4 196
1.94 26600 120 24 11 4,4 245
2.00 26600 120 24 11 4.4 293
2,16 26600 120 24 1 4,4 342
2.72 26600 120 24 11 4,4 391
2,50 26600 120 24 11 4,4 440
3.52 26600 120 24 11 4.4 473
2,38 25000 125 15 18 2.7 431
2.63 25000 125 15 18 2.7 545
2.94 25000 125 15 18 2.7 689
3 .56 25000 125 15 18 2.7 g6l
4,06 25000 125 15 18 2.7 o4l
2.19 25000 125 18 17 2.9 712
2.69 25000 125 18 17 2.9 g61
2 .81 25000 125 I8 17 2.9 94|
2.65 25000 125 18 17 2.9 1091
2,85 25000 125 IR 17 2.9 1538
3.00 25000 125 18 17 2.9 1722
3.25 25000 125 18 17 2.9 I1R66
4,00 25000 125 IR 17 2.9 2003
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GSURF CONT 11:45: 2 04/21/7% FILE PAGFE NO, 4
1.69 25000 125 21 17 2.6 1866
1.63 25000 125 21 17 2.6 2003
1.56 25000 125 21 17 2.6 2153
1.66 25000 125 21 17 2.6 2296
1,69 25e00 125 21 17 2.6 2440
1,75 25000 125 21 17 2.6 2583
1.81 25000 125 21 17 2.6 27217
1.88 25000 125 21 17 2.6 2870
2,06 LA 125 15 15 2.4 42
2,48 aQ000 125 15 15 2.4 85
2 .83 apenn 125 15 15 2.4 127
3.93 AQOQQR 125 15 15 2.4 170
2,12 40000 125 18 15 2.9 42
2,43 AQPQQ 125 I8 15 2.9 85
3.00 a4ppen 125 18 15 2.9 127
3.31 aApP0n 125 18 15 2.9 170
3 .62 APPOR 125 18 15 2.9 233
1.87 aPace 125 21 14 2.6 233
2,13 AQ00Q 125 21 14 2.6 276
2.13 apoen 125 21 14 2.6 318
2.38 AQ000 125 21 14 2.6 424
2,44 apepp 125 21 14 2.6 530
2,69 AP00R 125 21 14 2.6 636
2,81 agenpn 125 21 14 2.6 742
2,81 aQ00Q 125 21 14 2.6 gag
2,87 AQPAR 125 21 14 2.6 954
2,87 APP0P 125 21 14 2.6 1060
2,94 AQPPQ 125 21 14 2.6 1166
3.00 AQPAQ 125 21 14 2.6 1272
3,25 APPOR 125 21 14 2.6 1484
3,13 AQ0PR 125 9 12 2.4 11
5.62 40000 125 9 12 2.4 19
2,13 AQPQR 125 12 13 2.3 11
2,62 40000 125 12 13 2.3 19
3.25 A000A 125 12 13 2.3 37
1.75 40000 125 15 16 2.2 37
2,75 APAOR 125 15 16 2.2 75
3.06 40000 125 15 16 2.2 105
3.31 a0nnn 125 15 16 2.2 116
2.06 ACPRR 125 18 14 2.9 116
2,13 APPRD 125 18 14 2.9 15¢
2,25 APPPR 125 18 14 2.9 187
2.25 APPPD 125 18 14 2.9 224
2,50 40000 125 18 14 2.9 262
2,682 4000Q 125 18 14 2.9 299
2,75 40000 125 18 14 2.9 337
2,81 A0000 125 18 14 2.9 374
2 .87 40000 125 18 14 2.9 a1l
2,94 A000N 125 18 14 2.9 486
3.08 apann 125 18 14 249 524
3.20 AQ000 125 18 14 2.9 561
3.08 APPAR 125 18 14 2.9 59R
3.31 40000 125 18 14 2.9 636
3.50 apnpn 125 1R 14 2.9 673
1.75 Ap0PA 125 21 17 2.4 673

LT




GRAVEL-SURFACED FACILITY DATA

GSURF CONT 11:45: 2 04/21/78 FILE PAGE NO, 5

1.78 A0000 125 21 17 2.4 748

1.88 AQPPN 125 21 17 2.4 860

1.98 Agaen 125 21 17 2.4 935

2 .08 AQPPO 125 21 17 2.4 1047

2.09 40000 125 21 17 2.4 1183

2.13 ApP0R 125 21 17 2.4 1167

2,22 40000 125 21 17 2.4 1250

2.31 L ddid 12% 21 17 2,4 1403

1.3 25000 123 12 10 4,3 57

2.2 25000 123 12 10 4.3 115

2.6 2500@ 123 12 10 4,3 172

3.3 25000 123 12 10 4.3 230

3.8 25000 123 12 10 4,3 287

1.5 25000 123 12 10 3.9 57

2,1 25000 123 12 10 3.9 115

2.4 25000 123 12 12 3.9 172

3.2 2500p 123 12 10 3.9 230

4,5 25een 123 12 10 3.9 287 1

2.3 25000 123 12 10 3.8 115

2.7 25000 123 12 10 3.8 172

3.4 25000 123 12 10 3.8 230

4,1 25000 123 12 10 3.8 287

2,11 l1agoe 10e ] 120 6.2 35

2,19 10000 100 ! 120 6,2 141

.21 12000 100 g 100 6.2 353

@23 10000 180 B! 190 6.2 726

.29 1A000 170 g 100 6.2 3530

A.70 10000 120 o] 170 6.2 6001

n.12 10000 140 11 132 6.2 35

A.15 1000 100 11 132 6.2 141

P20 18000 190 11 132 6.2 353

a.2n 10000 1p0 11 132 6.2 706

A.19 10000 100 il 132 6,2 1765

n.20 10000 100 11 132 6.2 3530

a.30 10000 100 11 132 6.2 6001
|
!
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9.5 55.5 65
9.5 55.5 65
9.5 55.5 65
9.5 55.5 65
16 50 65
16 50 65
1§ Sa €5
16 50 65
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1 14 100
1 14 190
1 14 100
1 14 1e0
1 14 1e0
2 1 35
2 10 35
2 18 35
2 1@ 35
2 10 35
2 10 35
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3 25 190
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3 25 1oa
3 25 100
3 25 1na
3 25 100
3 25 100
3 25 100
3 25 100
3 25 100
3 25 100
3 25 1ea
119

FILE PAGE NO,

CBR2 REP
6.5 254
6,5 1247
8951
12700
254
1247
8951
12700
254
790
1247
85
170
1222
4080
1936
1647
137
328
10
10 50
210
530
2100
20
110
10860
2100
628
1727
3925
6280
9420
14353
24
A8
299
538
777
992
74
592
2553
AG2S
8771
74
592
6771
T4
592
2553
4625
6771
14467

@
AL AV RV RV RV RV }

BODUUDHEBEDELELEDVIOIVLVLAD
® 0 0 0 0 0 0 o * o 0 0 o
NNovOAIAMNINN

)

N O O A N e
NNSNNNNYR2ANIDS

(2R RE NP RN RV RV RV RV RV RV RV RV RV RV RV RV RE RN )

® & & 0 0 0 0 0 0 0 0 0 0

MARNNNNLEDLLLEDDLDDD




TWO-LAYER FLEXIBLE PAVEMENT DATA

T™OLAY CONT 13: 8156 P4/21/78 FILE PAGE NO, 2
30 Q40P 190 3 25 0@ 3.8 74
.80 °40PA 197 3 25 ie¢ 3.8 592
l.10 4ANA 190 3 25 a2 3.8 2553
1,40 4PNA 150 3 25 ip@ 3.8 4625
1,00 °400@ 150 3 25 le@ 3.8 €771
.90 040An 190 3 25 1ep 3.8 14467
o4y U4NAA 190 3 25 le@ 3.8 74
.70 AN 150 3 25 100 3.8 592
1.00 UreA 190 3 25 190 3.8 2553
1,40 4R 192 3 25 le¢ 3.8 4625
1.40 Ape 150 3 25 12¢ 3.8 6771
1.80 04008 197 3 25 120 3.8 14467
Y, 4apm  19¢ 3 25 96 4,9 74
.80 Qappp  1SP 3 25 6@ 4,9 592
1.50 U4ANA 190 3 25 96 4,9 2553
.30 AN 190 3 25 96 4,9 74
.80 4PNB 190 3 25 96 4,9 592
1.30 aaen 190 3 25 o6 4,9 2553
3N 400G 197 3 25 6 4,9 74
<60 apeA 150 3 25 96 4.9 592
l.10 400A 190 3 25 96 4,9 2553
.40 113000 250 3 25 1en 4 74
.40 113020 250 3 25 100 4 222
.70 113000 250 3 25 o 4 592
.40 113000 250 3 25 100 4 74
70 1130090 250 3 25 180 & 222
1.20 113000 250 3 25 178 4 592
oS¢ 113000 250 3 25 170 4 74
&0 113008 250 3 25 100 4 222
1.40 113000 250 3 25 lo¢ 4 592
<40 113000 250 3 25 1e¢ 3.2 74
.60 113000 250 3 25 100 3.2 222
1.10 113000 250 3 25 100 3.2 592
1,90 113002 250 3 25 100 3.2 1147
<47 113008 250 3 25 a0 3.2 74
.70 113000 250 3 25 1o 3.2 222
1.30 113000 25¢ 3 25 1ea 3.2 592
2,50 113000 250 3 25 190 3.2 1147
<40 1130080 25@ 3 25 o0 3.2 74
«80 113000 250 3 25 128 3.2 222
1.20 113000 250 3 25 108 3.2 592
1.90 113000 250 3 25 180 3.2 1147
.1 113000 250 3 25 108 5.2 74
1.7¢ 113000 250 3 25 108 5.2 222
<80 113000 250 3 25 120 5.2 74
1.60 113000 250 3 25 120 5.2 222
«80 113008 250 3 25 100 5.2 74
o15 15000 45 1.5 6.5 55 35 on
20 15000 a5 19 6.3 55 35 AQ
25 15000 45 1.5 6.5 55 35 100
30 15000 45 1.3 6.5 55 35 190
<40 15008 A4S 1.3 6.5 55 35 380
50 15000 45 1.5 6.5 55 35 o6M
55 15000 A5 1.5 6.5 55 35 191e
.60 15000 a5 1.5 6.5 5% 35 3820
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voLAY

«65
o15
20
35
50
<60

1.05
1.25
1.40
ol5
25
o4
35
o715

1.25
1.50
1.55
ol5
20
20
25
25
35
<40
45
<45
e
o5
20
25
S50
55
o1
«85
«35
+45
.5"
«65
95
1.20
1.50
1.80
2.00
.2“

60

«95

1.20
1.55
1.90
2,25
2.50

CONT

15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15200
15000
15020
15000
15000
1500
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000
15000

15000

15000
15000
15000
15000
15000
15000
15000
15020
15000
15000
15000
37000
37000
37000
37000
37000
37000
37000
37000
37000

TWO-LAYER FLEXIBLE PAVEMENT LATA

13 Rs56 04/21/78

45 145 6.5 55 35
a5 15 6.5 53 29
45 1.5 6.5 53 29
45 145 6.5 53 29
45 1.5 6.5 53 29
45 1.5 6.5 53 29
45 1.5 6.5 53 29
a5 1.5 6.5 53 29
45 1.5 6.5 53 29
45 1.5 6.5 53 29
A5 3 5 59 27
A5 3 5 59 27
a5 3 5 59 27
45 3 5 59 27
45 3 5 59 27
45 3 5 59 27
A5 3 5 59 27
45 3 5 59 27
45 3 5 59 27
45 3 5 55 35
45 3 5 55 35
45 3 5 55 35
45 3 5 55 35
45 3 5 55 35
45 3 5 55 35
45 3 5 55 35
45 3 5 55 35
45 3 5 55 35
a5 3 5 77 38
45 3 5 77 38
45 3 5 77 38
45 3 5 77 38
a5 3 5 77 38
45 3 5 17 38
45 3 5 77 38
45 3 5 77 38
45 3 5 77 38
45 1.5 6,5 61 A4
a5 1.5 6.5 61 a4
45 1.5 6,5 61 44
45 1.5 6,5 61 44
a5 1.5 6.5 61 44
45 1.5 6.5 61 A4
45 1.5 6.5 61 44
45 1.5 6.5 61 44
45 1.5 6.5 61 44
45 1.5 8.5 60 34
45 1.5 8.5 60 34
45 1.5 8.5 (Y 34
45 1.5 8.5 60 34
45 1.5 R.5 60 34
45 1.5 8.5 60 34
45 1.5 RS 60 34
45 1.5 8.5 60 34
A5 1.5 8.5 60 34

12l

FILE PAGE NO,

565¢
20
40
100
190
380
960
1910
3820
6690
20
A0
100
190
380
960
151@
3822
6690
20
a0
100
190
380
960
1910
3820
6650
20
a0
100
190
380
960
1910
3820
6650
20
a0
100
190
380
960
1910
382¢
6650
15
30
80
160
320
800
1590
3180
5570

3

sl




TWO-LAYER FLEXIBLE PAVEMENT DATA

TWOLAY CONT 132 8:56 0Q4/21/78 FILE PAGE NO, 4
25 37000 45 3 7 a8 32 15
AR 37000 45 3 7 &8 32 30
60 37000 45 3 7 88 32 80
90 3700 45 3 7 88 32 160
1.85 37400 A5 3 7 88 32 320
1.50 31000 45 3 7 88 32 80An
1.80 37000 45 3 7 e8 32 1590
2,10 37000 45 3 7 88 32 3180
2.45 37000 45 3 7 88 32 5570
50 370008 45 1.5 8.5 63 44 15
+85 37000 45 1.5 8.5 63 44 32
I.45 371000 A5 1.5 8.5 63 44 8a
1.95 37000 45 1.5 R.5 63 A4 160
2.50 37000 45 1.5 8.5 63 44 32e
3.00 370008 A4S 1.5 8.5 63 44 {44
3.50 370008 A5 1.5 8.5 €3 44 1590
4,00 37002 A4S INS 8.5 63 44 3180
4,15 37000 A5 1.5 8.5 63 A4 5570
20 37¢n0  AS 3 7 6@ 34 15
35 37808 4S5 3 7 (4 34 3
-1 371000 A5 3 7 (Y% 34 8Q
15 37000 4S5 3 7 60 34 160
1.00 37000 45 3 7 60 34 32
1.45 37000 A5 3 7 60 34 80Q
1.60 37000 45 3 7 60 34 1590
2.00 37800 A4S 3 7 (Y% 34 318@
2.10 37070 45 3 7 (4 34 5570
«65 37000 4S5 1.5 R.S 4l 29 3n
1.20 37000 a5 1.5 8.5 41 29 892
1 .85 37200 4S5 1.5 8.5 41 29 162
2,15 3TaP0 4S5 1.5 Re5 4] 29 doe
2.85 3700 4S5 1.5 8.5 4l 29 g0n
3.15 37000. 45 1.5 Re5 4] 29 1596
3.55 37000 4S5 1.5 8.5 4l 29 dige
3.00 371800 45 1.5 B.5 4] 29 5570
AP 3710pp 45 3 7 AR 27 8 ,
S0 37000  AS 3 7 ag 27 15
1,35 37000 4S5 3 7 ag 27 3n
2.10 37000 45 3 7 ag 217 80
2,80 370800 45 3 7 48 27 160
3.35 370p0 45 3 7 ag 27 320
4,00 37000 45 3 7 ag 217 gne
4,50 3700 A4S 3 7 AR 217 1590
4,95 37000 45 3 7 ag 27 318
5.085 37000 AS 3 7 ag 27 5570
25 Seppm 5@ 1.5 ReS5 65 34 15
40 sepae 50 1.5 R4S €5 34 30
«65 5ANN0 50 1.5 8e5 65 34 4
1.00 5aepa  S¢ 1.5 ReS5 65 34 160
1.30 50000 50 1.5 RS 65 34 320
.60 seppp 50 1.5 8e5 65 34 gAN
2.0 50000 50 1.5 R.5 65 34 1590
2,45 50000 @ 1.5 RS 65 34 318Q
2,55 5¢000 50 1.5 R.5 65 34 557¢
14 sanem Se 1.5 Re5 58 44 ]
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TWOLAY

.15
1,15
1.55
2,00
2,50
3.00
s.sn
a.00
4,40
.65
1.00
1.45
1.95
2,25
2.80
3.50
4,00
4,50
4,75
.15
25
.45
.60
.95
1.15
1,55
1,95
2.25
2,55
.90
1.40
2,00
2,40
2.8
3.45
3.80
4,20
4,50
.30
.45
.45
.45
.50
.5“
.55
.60
.70

A0
60

«65
«R0

«80
1.00
«90

CONT

50000
50000
50000
5000
50000
50000
5000A
5eana
50000
50000
50000
50000
50000
50000
50000
50000
50039
50000
50000
5ee00
50000
50000
50000
50200
5¢000
50000
5enen
50000
50000
5p000
50000
50000
50000
5A00n
50007
50000
50000
5A0¢A
12000
12000
72000
72000
72000
72000
72000
72000
72000
12000
79500
79500
79500
79500
79500
79507
79500
79500
79500

TWO-LAYER FLEXIBLE PAVEMENT DATA
13: R:56 04/21/78

50 1.5 85 58 a4
50 1.5 8,5 S8 44
5@ 1.5 R.5 58 A4
50 1.5 R.5 58 A4
50 1.5 8.5 58 a4
50 1.5 R.5 58 a4
50 1.5 R.5 58 a4
5@ 1.5 8.5 58 a4
50 1.5 8.5 58 44
50 1.5 R,5 52 29
5@ 1.5 R.5 52 29
50 1.5 8.5 52 29
5@ 1.5 2.5 52 29
50 1.5 2,5 52 29
50 1.5 Be5 52 29
50 1.5 8.5 52 29
50 1.5 R.5 52 29
5p 1.5 R.5 52 29
50 1.5 8.5 52 29
5Q 3 7 65 34
50 3 7 65 34
50 3 K 65 34
50 3 7 65 3a
5¢ 3 7 65 34
50 3 7 65 34
5 3 7 65 34
50 3 7 65 34
50 3 7 65 34
50 3 7 65 34
SQ 3 7 a1 27
50 3 7 41 27
5¢ 3 7 a1 27
50 3 i al 27
50 3 7 4] 27
50 3 7 41 27
50 3 7 a1 27
50 3 7 4] 27
50 3 7 41 27
140 3 17 100 19
140 3 17 100 19
140 3 17 100 19
140 3 17 100 19
140 3 17 100 19
140 3 17 100 19
140 3 17 100 19
142 3 17 100 19
1406 3 17 100 19
140 3 17 100 19
140 3 23 100 21
140 3 23 1e@ 21
140 3 23 100 21
1ao 3 23 100 21
140 3 23 100 21
140 3 23 100 21
140 3 23 100 21
140 3 23 100 21
140 3 23 100 21
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FILE PAGE NO.

15
30
80
160
320
800
1590
3180
557@
8

15
30
8a
160
320
800
1590
3180
5570

15
30
80
160
320
8A0
1590
3180
5570
15
30
80
160
320
800
1590
3180
5570
298
596
g4
1192
1490
1788
2086
2384
2682
2980
298
596
894
1192
1490
1788
2086
2682
2980




THREEL

RUT
31
a7
<60
.10
2 i
.87
1.01
1.10
1.15
1.21
25

FSwL
1126102
112612
112610
112610
112610
112610
112610
112610
112610
112617
4l
ROQQA
83700
Ay
go@en
77400
77400
77400
77400
77800
500
4500
4500
U507
[4500
[4500
Q4500
U500
4500
94500
[4500
4500
4500
24500
4500
U500
Q4500
4500
4507
04500
24500
94500
500
24500
U500
945¢¢
94500
04500
24500
1A9gAR
1P9RrAN
109800
109800
179gPA

THREE-LAYER FLEXIBLE PAVEMENT DATA
15: 6:32 04a/21/78

P THI  TH2 CBRI TH3
266 4 1 1oe 23
266 4 1 18 23
266 4 11 e 23
266 4 1 1ee 23
266 a 1 10 23
266 4 11 7@ 23
266 4 1l 100 23
266 4 1 178 23
266 a 1 1ee 23
266 4 1 1a 23
200 5 22 108 23
209 5 22 1e@ 25
200 5 22 Ipg 25
200 5 22 1@ 25
200 5 22 1@ 25
1A 3 6 190 15
T 3 6 0@ 15
100 3 6 190 15
100 3 6 190 15
120 3 6 192 15
1en 3 6 g2 24
100 3 6 g2 24
1e0 3 6 @2 24
100 3 6 g2 24
100 3 6 g2 24
100 3 6 g2 24
170 3 6 g2 24
100 3 6 g2 24
170 3 6 g2 24
120 3 6 g2 24
107 3 6 g2 24
100 3 6 g2 24
160 3 6 g2 24
100 3 6 g2 24
190 3 6 g2 24
100 3 6 66 24
100 3 6 66 24
120 3 6 66 24
100 3 6 66 24
100 3 6 66 24
100 3 6 66 24
120 3 6 66 24
100 3 6 66 24
170 3 6 66 24
100 3 6 66 24
100 3 6 66 24
190 3 6 66 24
100 3 6 66 24
100 3 6 66 24
100 3 6 9 33
170 3 6 9 33
170 3 3 a6 33
100 3 6 o6 33
100 3 6 o6 33
12k

FILE PAGE NO,

CBR2
30
3a
30
30
30
30
30
30
30
30
45
45
45
a5
a5
61
61
100
100

CBR3 REP

19
10
10
10
10
10
19
10
10
10
34
34
34
34

w
»

NVNANNIIIIIDIINVNYIINIVNISINDNDANDOPNDAIDIADADADIAADNDANINNANNNEDD

® & 9 9 9 8 6 0 % 2 0 0 0 8 8 0P 0 Y 0 0" e e e

163
408
652
978
1467
1793
3ns7
4727
5461
e150
2591
5552
7615
9891
14130
80
160
83
165
1787
355
821
1275
1897
2701
355
821
1275
18297
2701
355
821
1275
1897
2701
103
362
1282
1974
2708
103
362
1282
1904
2708
362
829
1282
1904
162
836
1290
1912
2712




THREE-LAYER FLEXIBLE PAVEMENT DATA

THREEL CONT 152 6332 04/21/78 FILE PAGE NO., 2

67 109gAA 100 3 6 a6 33 24 2.8 162
1,40  1P950Q 100 3 6 a6 33 24 2.8 836
1.40 109800 100 3 6 o6 33 24 2.8 1290
1.90  10980Q 100 3 6 o6 33 24 2.8 1912
2.18  1098R0 100 3 6 o6 33 24 2.8 2712
.80 109800 100 3 6 o6 33 24 2.8 836
1.10  109RAQ 120 3 6 Y6 33 24 2.8 1290
1,30 179800 100 3 6 o6 33 24 2.8 1912

» 1,70 1098AP 100 3 6 o6 33 24 2.8 2712
A0 50000 165 3 6 73 15 14 3.9 o3

. 1.00 50002 165 3 6 73 15 14 3.9 546
.50 s5eenn 165 3 6 73 15 14 3.9 93
2.'0  SPAA0 165 3 3 73 15 14 3.9 546

j <40 sAARQ 165 3 6 73 15 14 3.9 93

5 2.30  S0¢0Q 165 3 6 73 15 14 3.9 546

| 1.30 146400 225 3 6 71 33 24 3.2 74

‘ 3.80 la6apg 225 3 6 71 33 24 3.2 518

& 1.60  la6sap 225 3 6 71 33 oa. 3.2 98

| 2.5¢ 146409 225 3 6 71 33 24 3.2 SI8

: 1.10 146400 225 3 3 71 33 24 3.2 14

{ 2.3 146400 225 3 6 71 33 24 3.2 SI8

| I 3eenn 120 3 6 55 6 11 3.3 202

[ 1.90 3eoon 100 3 6 55 6 11 3.3 328

; .60 30000 100 3 6 55 6 11 3.3 202

| 1.30  3pp00 120 3 6 55 6 11 3.3 328

; .60 30000 120 3 6 55 3 1 3.3 2p2

; 1.70  3ppee 190 3 6 55 6 11 3.3 328

| 1.30 2peeon 15¢ 7 15 120 21.5 53 8 1ae

| 2,40  2¢0pen 150 7 15 122 21,5 S3 8 320

e 2.60 2ap0eQ 15¢ 7 15 172 21,5 53 8 740

{ 2,90 2reAn 150 7 15 1e@ 21,5 53 8 17260

| e 200000 150 7 15 100 24,5 53 9 12

; .50 20000 150 7 15 7@ 24,5 53 9 68

; 2.00  2ppp0R 150 7 15 170 24,5 53 9 33¢
2,90 2pp000 15¢ 7 15 1e@ 24,5 53 9 965
2.90 200000 150 7 15 190 24,5 53 9 2100
20 2aneoe 15¢ 6.5 13.5 1pp 31 53 8 68

| 1.40 2pe0ne 150 6.5 13.5 100 31 53 8 33¢

y 1.60 2¢peon 150 6.5 13.5 lep 31 53 8 965

v 1.60 2¢pn0e 150 6.5 13.5 100 3! 53 8 2100

ﬁ 30 200000 150 6.5 15 198 395 53 6 1a
.70 200000 150 6.5 15 120 39 53 6 68

f 1.70 200000 150 6.5 IS 100 39 53 6 965
1.0 200000 150 6.5 15 19p 39 53 6 2100
30 200000 150 7 14,5 190 45 53 10 330
.90 200000 15¢ T 14,5 108 45 53 19 1060
.00 2000a0 150 7 14,5 100 45 53 10 2100
.10 200000 15@ 6 12 100 42.5 14 14 2
S0 200000 15¢ 6 12 o7 42,5 14 14 e
.70 200000 150 4 12 197 42,5 14 14 20
2.30  2papen 150 6 12 100 42.5 14 14 Y
30 200eap 15¢ 6.5 14 120 45,5 16 16 17
1.20  20pp0p 15¢ 6.5 14 190 45,5 16 16 5p
2.3¢ 200000 150 €.5 14 10 45,5 16 16 110
2,90 200000 150 6.5 14 199 45,5 16 16 130
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THREE-LAYER FLEXIBLE PAVEMENT DATA

THREFL ConT 15¢ 6332 Qa/21/78 FILE PAGE NO. 3
1 .5P 2e0000 152 6.5 14,5 100 2 g7 13 11
4,00 2eco0n 15¢ 6.5 14,5 10@ 2 ’7 13 530
5.10 200000 152 6.5 14,5 100 2 ’7 13 100
30 200000 150 7 14 100 9 ]7 13 10
AP 200000 150 7 14 10¢ 9 ’7 13 110
1 .80 200000 150 7 14 122 9 87 13 1060
2.40 200000 150 7 14 100 9 87 13 2100
0 20000 15@ a 5.5 100 55 65 10 19
.20 2¢0000 150 4 5.5 1ea 55 65 19 50
.10 200000 150 4 5.5 120 55 65 10 21e
1.5¢ 200000 150 4 Fed 100 55 65 10 53¢
1.7¢ 200000 152 a 5.5 1ep 55 65 17 3180
30 bl ddd 150 6 a,5 100 54 65 14 10
« RS Al ddy 150 (3 4,5 100 54 65 14 11e
1.55 2eqqan 150 [ 4,5 100 54 65 14 530
1 .84 200000Q 15¢ (3 4,5 120 54 65 14 1060
1,95 2e0000 150 8 4,5 100 54 65 14 2100
e 200000 150 4,5 9 100 49 65 8 10
.6 200000 150 4,5 9 100 49 65 8 e
1,10 200e0n 150 4,5 9 100 49 65 8 530
1,40 220000 150 4,5 Q 100 a9 65 8] 1060
1,70 2000900 15@ a,5 S 100 a9 65 8 31ee
25 2eenn 150 Q,5 e ok 100 ag 65 13 50
1.75 200¢00 15¢ 9,5 5.5 10 Ao €5 13 53¢
1.90 200000 150 9,5 5.5 100 ag 65 13 1062
1.99 2eeepn 152 9,5 5D 180 ag 65 13 318@
.15 200000 15¢ 4,5 16.5 10@ a3 65 19 3
20 200000 156 4,5 16,5 10p a3 65 10 19
«55 2eca0n 15¢@ 4.5 16,5 108 43 65 10 210
1.20 200000 15n a.,5 16,5 1¢0 a3 65 10 1260
1.25 200e00 150 4.5 16,5 1@0 a3 65 10 3180
o15 200000 150 7 14,5 100 a5 65 11 2
<60 2eenpn 150 7 14,5 100 45 65 11 210
20 200000 150 7 14,5 100 45 65 11 a2p
l.l1a 200000 150 7 12,5 100 45 65 11 530
1.25 200000 156 7 14,5 100 45 65 11 2100
30 200000 150 10 12 100 a5 65 8 10
.1 200000 150 10 12 120 a5 65 8 1a
1.60 200000 150 1e 12 100 a5 65 ] 530
2.00 20¢00p 150 10 12 100 a5 65 8 2100
20 104000 190 3 6 e 24 Q4 5.6 74
1 1eaC0R 190 3 [ 88 24 Q4 5.6 592
<80 104000 190 3 [ 88 24 Q4 5.6 2553
1.20 104000 190 3 (3 33 24 Q4 5.6 4625
.40 124000 190 3 (3 g 24 04 5.6 6771
30 104000 190 3 6 ]88 24 Q4 5.6 74
«an 104007 190 3 6 8 24 04 5.6 592
iy 1rapoR 199 3 6 K!8 24 Q4 5.6 2553
.00 104000 190 3 6 88 24 94 5.6 4625
1.30 104000 190 3 [ 88 24 QA 5.6 6771
20 1PaQ0Q 190 3 s /e 24 Q4 5.6 74
AR 104000 190 3 6 ag 24 Qa4 5.6 592
.60 104000 190 3 6 g8 24 Q4 5.6 2553
O 1papeQ 190 3. (3 g8 24 04 5.6 4625
1.00 104appp 190 3 [ g8 24 94 5.6 6771
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«59

CONT

124000
124000
124000
124000
124000
124000
124000
124000
124200
124000
124900
124000
125000
125000
125000
125000
125000
125000
125000
125¢00
125000
125000
125000
125000
149p00
lacppn
143000
149000
1a20¢2n
149000
149000
14a9@@
149000
'5000

5000

85000

’5000

85000

75000

75000

75000

75000

THREE-LAYER FLEXIBLE PAVEMENT DATA

190
190
190
190
190
190
1@
190
190
190
190
190
250
250
250
25p
250
250
250
250
250
250
250
250
25@
250
250
250
250
250
25¢
250
250
200
2m0
20
200
200
200
200
200
200

15¢ 6:32 Q4/21/78

g b e b bt e (N O O 0 G G O O D G Gt G O G O G0 O O O G O O O O O O O e e e

ANAANRANNRNADANRNADADINADARADIDADINADRDADAADOODOIINIOD
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100
100
100
100
100
100
100
100
100
100
100
l10@
0@
100
100
100
100
100
100
100
lea
100
100
100
100
100
10e
100
100
100
100
170
100
120
100
100
100
100
10e
100
100
100

FILE PAGE NO,

52
-52
52
52
52
52
52
52
52
52
52
52
100
100
100
100
100
100
100
100
1ea
100
100
100
43
A3
a3
a3
a3
43
a3
A3
43
02
92
92
92
92
63
63
63
63
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T4
592
2553
4625
74
592
2553
4625
74
592
2553
4625
74
222
592
1110
74
222
592
1110
74
222
592
1110
74
222
629
74
222
629
74
222
629
63
628
6280
12560
14353
63
628
6280M
14353
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APPENDIX IV.--INPUT, OUTPUT, AND PROGRAM LISTINGS

The RUTDEP program was written in Fortran IV computer language and
was run using the WES 600 time-sharing computer system. A complete list-
ing of the program is included. With minor modifications, the RUTDEP
program should be adaptable to any computer system if the following
conditions are satisfied:

1. A time-sharing computer system that will allow Fortran IV
computer code must be used.

2. A remote terminal is necessary to access the time-sharing
computer system.

3. The RUTDEP program must be stored on disc in the time-sharing
system.

4. The ability to create and store input data files on disc in the
time-sharing system.

When these conditions are satisfied, the program can be executed as
shown in the following example. For ease in running the RUTDEP program,
the input data are entered in a step-by-step process in response to
questions printed by the remote terminal. Included with the example
problem shown below is a discussion of each step. The responses of the
computer user are underlined.

The initial step is to access the computer system and call up the
RUTDEP program. With the WES 600 computer system this is done as
follows:

ot WES-TSS NOTIFIED ik

HIS SERIES 600 ON 01/31/78 AT 10.750 CHANNEL 6575
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USER ID -ROSF1ll
PASSWORD--
XXXXXXXXXXX

SYSTEM ?FORTRAN

OLD OR NEW-OLD RUTDEP
READY

*RUN

After the RUTDEP program is called, the run command is given and

the computer asks for the type of problem to be run.

TYPE PROBLEM:
UNSURFACED C1>C2 = 1
UNSURFACED Cl<C2 = 2

ASPHALT WO/SUBBASE,8 VAR.
ASPHALT W/SUBBASE,10 VAR.

non
w

A listing of the four types of problems is printed out with an iden-
tification number (1, 2, 3, 4) for each type. The appropriate number is 1
then entered for the type of problem the user requires. In this example
an asphalt pavement with a subbase was required, so the number "L" was
entered. 1

INPUT - ALLOWABLE RUT DEPTR.
= 1.0

The next item of input is the allowable rut depth, which is used in
computing the reliability statistic. An allowable rut depth of 1.0 inch
was selected.

INPUT MODE - FILE(1l),KEYBOARD(2),COMBINATION(3)?
=2

The next question asked by the computer is how the actual problem

data will be entered into the computer; by a data file, by the keyboard
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on the terminal, or by a combination of these two. The computer user
selects one of the three modes by entering the identification number
(1, 2, 3).

Depending upon the mode selected the computer asks one of two ques-
tions. If all of the data are to be entered by the file mode (1) or if
part of the data are to be entered by a file (3), the computer responds
by asking for the name of the data file. Instructions on how to create
an input data file will be discussed later. In this example, the second
input mode was selected, which is input by the keyboard. Since no data
file is required with this mode, the computer did not ask for a file name
but went to the next step, asked for the input stat code of the vari-
ables, and listed the variables in order.

INPUT - STAT CODE - COMPUTED(Q), GIVEN(1)

P PR i LR 2 3 (R o2 S o Bl o
R e RS G

A zero or one should be entered on the keyboard by the user for
each variable listed. The number zero instructs the computer to compute
the mean and variance of the variable from the data file, while the
number one tells the computer that the mean and variance will be typed
in from the terminal. Since no data file was used for this example
problem, the number one was entered for all nine variables. The computer
then asks for the mean and variance of the first variable. The mean and

variance may be separated by a comma Or a space.

INPUT MEAN & VARIANCE FOR - P
=18000. 500000.

When the data are entered for the ESWL (P) the computer asks for

the input data of the second variable.
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INPUT MEAN & VARIANCE FOR - TP

=80. 60.

After the user responds to this question, the computer asks for the

mean and variance of the remaining variables one at a time.

INPUT MEAN

& VARIANCE FOR

=40000. 1000000.

INPUT MEAN
=2.5 0.5
INPUT MEAN

=6.,1.
INPUT MEAN

=50.,10.
INPUT MEAN
=6. 1.
INPUT MEAN
=25. 7.
INPUT MEAN
=10.,2.

& VARIANCE FOR

& VARIANCE FOR

& VARIANCE FOR

& VARIANCE FOR

& VARIANCE FOR

& VARIANCE FOR

R

T1
e
Cl
T3
c2

C3

In entering data by either a data file or by the keyboard, the ESWL

(P) should always be in pounds, the tire pressure (TP) should be in psi,

and all thicknesses should be in inches.

After the mean and variance

for the last variable is entered, the computer executes the program and

lists the output.

VARTABLE

P

TP
R

TL
T2
Cl
3
c2
C3

MEAN
18000.00
80.00
40000. 00
2.50
6.00
50.00
6.00
25.00
10.00

STAT

VARIANCE CODE
500000. 00 4
60.00 &
1000000.00 1
0.50 1
1.00 L
10.00 1
1.00 1
7.00 ik
2.00 B

The first item of input is a listing of the variables along with

the mean and variance of each variable.
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The stat code listing of the




output indicates if the mean and variance of each variable was computed

(0) or given by the user (1).

MEAN VALUE OF RUT DEPTH = 0.865862
EXPECTED VALUE OF RUT DEPTH = 0.900146
EXPECTED VARIANCE OF RUT DEPTH = 0.019569
RELIABILITY STATISTIC = 0.713800

The remaining output completes the problem. The computer then re-

peats the type of problem question.

TYPE PROBLEM:

UNSURFACED C1>C2 = 1
UNSURFACED C1<C2 = 2
ASPHALT WO/SUBBASE,8 VAR. = 3
ASPHALT W/SUBBASE,1Q VAR. = 4

If another problem is to be run, the user enters the proper identifi-

cation number as before. If no more problems are to be run, the number
9 should be entered and the computer will terminate the program.

In the above example, the mean and variance data were input from
the terminal keyboard. If the computer user had desired to respond to
the input mode question by selecting a file input mode (1) or a combina-
tion of file and keyboard (3), then a data file must be created and
stored before the RUTDEP program is run. The mean and variance is then
computed from the data points in the data file. With the file mode, the

data file should be created with the following format:

Line No. Ny
Line No. Value (1) Value (2) ceveses Value (Nl)
Line No. No
Line No. Value (2) Value (2) ....... Value (N2)
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i el

Line No. Ni

Line No. Value (1) Value (2) iens .. Value (Ni)
Where: ' h
Line No. = Line number which is needed for each line of data in 1

ascending order

Number of data points for ith variable

N. =
3
Value (i) = Value of individual data point. Each value in a line of
data should be separated by a comma or a space. It may
require more than one line to include all of the data
points for a given variable.
i = Number of dependent variables. For pavement. types 1 and 2,

i = 6; for pavement type 3, i = T; and for pavement type U4,
e G

After the data file is created, it should be stored under a unique
data file name, which may have a maximum of six alphanumeric character-
istics. An example of a data file for pavement type 1 is shown below.

It was stored under the file name "DATA 1."

*,IST DATAL

100 6

101 14000. 14400. 15000. 15300. 15300. 16000.
110 6

ST 60. 60. T10. 15 T5. 80,

120 5

121 4200. 4800. 5000. 5500. 5500.

130 i

131 M50 T80 850 v Gl TELer 3l 0
140 i

141 Fhe o5 " DO

150 3

151 9. 9. 12,

Data points for all six dependent variables were listed with three
seven points per variable.

When test data are available for only some of the variables, then a
combination of file and keyboard input (input mode 3) would be required. L
The data file would be created in a format similar to that of input .
mode 1. For variables without data points, a one would be entered for
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Ni , and a zero would be entered on the following line number where the
values of the data points would normally be listed. An example of this
type of data format, which was stored under the data file name "DATA 2,"

is shown below.

*¥LIST DATAZ2

100 6

101 1L4000. 1Lk400. 15000. 15300. 15300. 16000.
200 1

201 O.

300 1

3015 0

Loo 7

KoE 7.5 8. 8.5 9, 9. I0. 1.
500 4

SOH 2l o5 oo

600 1

601 0.

Data points for the first, fourth, and fifth variables are listed,
while a one and a zero are listed for the other three variables. The
sequence of line numbers for file "DATA 2" is different from file
"DATA 1." The sequence could have been identical if desired. The only
rule that must be followed is that the line numbers must be in ascending
order.

In the following examples, the three different types of input modes
were used to work one problem. When the file mode input (1) and combina-
tion mode input (3) are selected, the computer asks for the data file
name. In these examples, DATA 1 was given for mode 1, and DATA 2 was
given for mode 3. The next question for all three modes is the stat
code for all three modes. For mode 1, a zero is entered for all varia-
bles, and for mode 2, a one is entered for all variables. For mode 3, =

zero is given for the variables with data points, and a one is given for
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the variables where the user has to type in the mean and variance.

Following the last example, the computer again asked for the type

Of problem. A nine was entered and the program terminated.
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HIS SERIES 6@ ON @4a/21/78 AT 10,761 CHANNEL 5416

USER ID -

ILLEGAL ID-RETYPE~--R@ASFI111
PASSWORD--

QEABWBMRERRR

SYSTEM 7FORT
ALL USFRS SFE INFQ 7PESTORF FOR PESTORES FROM 7TRX 556BPI FILSYS SAVE TAB

OLD OR NEVW-NEVW

READY

*01L.D WESLIR/PAGER P@GFE

YOU HAVE FILE ACCESSED WITHCUT READ PERMISSION
SYSTEM ?FORT 0 WESLIB/PAGEP R

READY

*RUN

Pas21/7r 18,798

PROGPAM PAGER -- LISTS FROM ANY PAGE TO THE END OF THE FILE,
WITH OR WITHOUT SPECJAL NEW PAGE CHARACTER,

(PROGPAM PAGES LISTS SELECTED PAGES ONLY.)

ENTER T IF vOU WANT THE PAGED LISTING OF YOUR TIME-SHARING TERMINAL
OR B IF YOU WANT IT ON YOUR OFFICE S RATCH PRINTER -

=T

ENTER CATALOG DESCRIPTION (4@ CHARACTERS MAY) OP A
CAPRIAGE RFTURN" IF IT IS IN YOUR AFT OR USER
MASTER CATALOG =

ENTER FILE NAMF = PUTDEP

ENTEP PAGE SIZF IN JNCHESIZ 11

ENTER STARTIMG VALUE OF PAGE LOCATION NUMRER IN
FILE T0 RE LISTFD = |}

ENTEP STAPTING VALUE FOP PAGE NUMBER TO BE PRINTED
AT THF BOTTOM OF FACH PAGE (OMITTFD IF ZERO) =

ENTER YOUP “NEW PAGE™ JNDICATOR CHARACTER

. OR & "CARRIAGF FETURN™ TC NOT !SE ONF = *

EV PAGE JNDICATOP MIST RE IN FIRST 2@ COLUMNS OF LIME,
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RUTDEP

1A:50:40 Pa/21/78K FILE PAGE NO. 1

100PC***%x% =~-PAGE 1@~-~
100 1 C 5k ks sk ok o e ke o ik ok ko ik ak sk ok ok ko o ot o ke ok o ok o sk ok o ok sk o sk o e ok e s ko ok ok sk oo sk sk sk ko ok ok ok ok ok oK

1e20C
103¢C
184aeC
105aC
186uC
1870aC
legac
lasac
l1eac
111ec
t12ac
113ac

PROGRAM RUT - COMPUTES RUT DEPTH FOR FOUR POSSIBLE
PAVEMENT TYPES.

CODED FOR WES 60@ TIMESHARE COMPUIER SYSTEM,

CODED BY: M. R. AUSTIN
E, ohoMm
SOJLS & PAVEMENTS LAROPATCRY
WATERVAVS EXPERINMENT STATION
SEPTEMRER 1977

11 4 PAC 3k ks sk sk sk sk o e e sk 3k ok ok ok 3k ok e 3k 3k ok 3k sk ok s 3k 3 3k ok ok sk 3k 2k ok ok o ok sk ok ok e ok e 3 3 ok ok e ok ok o ok sk ok ok sk ok ok ok ok sk ok ok ook

1150
1160
1178
llea
llog
1200
1210
122@
1230
1240
1250
1260
1270
1280
1290C
13eec
1310
1320 1o1p
1330C
134pC
1350
1362 1020
1370C
1380C
1390
1400 1030
1410C
142¢C
1430
1440 1040
1450C
1460
14790 1090
Lagac
1490C
1500
1510
1520C

DIME{#SION RD(3AR) P (3AR) TP(30@) T1(3e@) T2(300) ,C1(300)
DIMENSION T3(3QAR) . C2(3AR) C3(3A0) F(30M)
DIMENSION CASE (&) .MC1@), V1@, COMPITECIR)

DIMENSTON SKIP (30()

INTEGER TYPE,COMPUTE ,CASE START STCP
REAL RD ,MP_MTP MT| MT2 mE&1 MT3.MC2,MC3 MR
REAL M X
CHAPACTER FNAME* 6 FNAMED*R
CHARACTEP CASE 1%2(6) ,CASE2#2(6) ,CASF3%2(T) CASEA%2(9)
DATA CASE/6,6,7,9/
DATA GASEL/Z P ~ "TPT "R T T C)
DATA CASE2/_P _,"TP_ 'R T, Cl  C2 7,
DATA CASE3/ P Sl R IR |
DATA CASFa/"P " ,"TP" "R oo e . - S

1=
COMTINUE

PEAD INPUT DATA
G0 TO 2@
CONTINUE

PRINT MEAN AND VARIANCE PRESULTS
GO TO 30
CONTINUE

SELECT AND SOLVE COPRECT PUT DEPTH FOUATION AND OUTPUT RESULTS
GO TOC(Al, 42,43 a&) TYPE
CONTINUE
LOOP BACK THROUGH FOR ANOTHER PROBLEM
GO TO 1010
CONTINUE

END OF PROGRAM 4
PRINT,” NOPMAL TERMINATION
STOP

153ACH*kx%% ---FEND OF PAGE 1P=-=~

139




RUTDEP

1540C*
155c
156AC
1570 202
1580C
1590C
1600
1610
162@
1630
1640
1650
1660
1672C
1680
1690
1700
1710C
172@C
1730C
1740
175
1760C
1778C
1780
1790C
1g0@ 11
18!aC
1g20C
1830C
1840
1850
1860 1
170
1880 2
1890
19008 13
1910
1920C
1930aC
1940C
1954C
1960
1970
1980
1990
2800C
2010C
2020
2030
2040
2050
2060
2079
20%¢

CONT 19:50: 40 P4/21/78 FILE PAGE NO, 2
---PAGE 2Q---
READ INPUT DATA
CONTINUE
J=I+1 =
PRIMT,"TYPE PROBLEM: =
PRINT, ™ UNSURFACED C1>C2 = 1]
PRINT, IINSURFACED C1<C2 = 2 2
PRINT,® ASPHALT W0 /SUBBASE,R VAR, = 3
PRINT, ASPHALT W/SUBRASE 1@ VAR, = 4
READ (5,20A3) TYPE

IF(TYPE.GT,4)G0 TO 1090 2
PRINT,"INPUT - ALLOVABLE RUT DEPTH,
READ (5, RAMARD

PRINT,"INPUT MODF - FILEC1),KEYROARD(2) ,COMRINATION(3)?"
READ (5, =amy10

GO TOCI1,13,11),10
DATA FILE WILL BE ISED
CONTINUE

DATA FILE WHERE PAVEMENT DATA IS STORED

PRIMT “DATA FILE NAME?™

READ (5, 1) FrAME

FORMAT (A 6)

FNCODE(FNAME2L2)" /™ FMAME " ¢"

FORMAT (A1 AG,A 1)

CALL ATTACHCi@,FNAME2 3.0, ,)
CONTINUE

NVAR =CASE (TYPE)

TYPE # | IF AN & VARIANCE WILL BE FURNISHKED FROM KEYROARD
TYPF A @ IF AN & VARIANCE COMPUTED IN SUBROUTINE STAT,

IF(TYPE LT, 3)PRINT g21 ,CASEI
IF (TYPE ,EQ ,3)PRINT 823 .CASE3
IF (TYPE ,FO ,4)PRINT R22.CASEA
READ (5, 8A) CCOMPUTE(T1),11=1,NVAR)

DO 199 L=1,NVAR
12:L
IF(COMPUTF (12) ,FO.@)CALL STAT(M,V,L2)
IFCI0,LT,3)G0 TO 1989
IF (CCOMPUTE (12) ,£0 ,@)GO TO 199
READ (10, 8AA) LINENO , NONE
STAPT=|

1ko




TN YT O T S

| R

RUTDFP

2090
2100 25
2110
212@a 22
2130
2140 21
2158
216n
2170
21804 199
21950 gAQ
2200 821
22104
2220 822
22304
224p 823
22504

22 60C

22 70C
2280
229
2300
2310
232@
2330 824
2340
2350 201
2360
2370C

RUTDEP

238@C ~
2390C
2400 30
2410C
2420C
2430C
2440
2450 825
24604
2470
2480
2490
2500
2510 826
2520 2pa
2530C
254aC
2550
2560C
2570
2580C
2590C

conT 10:50:40 0a/21/78 FILE PAGF NO, 3

STOP=8
CONTINUE
IF(NONE-STOP)22,22,2 1
READ (10, 8@8)LINENO , (SKIP (L3) L3=START NONF)
GO TO 199
PEAD (10, #@@) LINENO , (SKIP(13) ,L3=START ,STOP)
START=STOP+1
STOP-=STOP+8
GO TO 25
CONTINUF
FOPMAT (V) L
FORMAT (" INPUT - STAT COLE - COMPUTED(@) ,GIVENCI)
/6(82 ,2%))
FORMAT ¢("INPUT - STAT CO™E - COMPUTED (@) ,GIVENCI)”
/9CR2,2%))
FORMAT (" INPUT - STAT CODE - COMPUTED (@) ,GIVENCI)”
/7(A2,2Y))

PO 2@1 L=1_ NVAR
IF(COMPUTE (L) .EQ .A)GO TO 2¢1
IFCTYPE.LT.3)PRINT 824 CASEI (L)
IF(TVPE .EQ.3)PRINT €24 CASE3 (L)
IFCTYPE ,EQ ,8)PRINT 824,CASEA(L)

FORMAT ("INPUT MEAN & VARIANCE FOR -  ~ A2)
READ (5, 8A%) M(L) , V(L)
CONTINUE

GO T0 1020
---END OF PAGE 2P---

CONT 1A:5as40 Q4/21/7% FILE PAGF NO, 4

--<-PAGE3 P~~~

CONTINUE

PRINT MEAN & VARIANCE RESULTS,
PRINT 825

FORMAT (//4@) “STAT /,” VARIABLE MEAN VARIANCE"™

5%, "ODE” )
D0 2pa l’l 'NVAR
IF(TYP% L.T,3)PRINT 826,CASEI (L) ,M(L) V(L) COMPUTE (L)
IF(TYPE ,EQ 3)PRINT 826, ‘CASE3 (1) M(l) V(L) COMPUTE(L)
IF(TYPE .EQ ,4)PRINT 826, 'CASEACL) M(l) V(l) COMPUTE(L)
FORMAT CaX A2 Fla,2 FI4.2 18)
CONTINUE

RELEASE INPUT FILE
CALL DETACH(IM,,)

GO TO 10930

-=<END OF PAGF 3M---
11




RUTDEP CONT 1A:5As 40 MA/21/78 FILE PAGE WO,

26r@aC* -=-<~PAGF. 4] =---

26102C

262AC Cl > C2, 7 VAPIABLES

2630C

2640C

2650 a| CONIIMUE

2662 MP=M(1)

2670 MP =MP /1000,

2680 WP =V(l)

2690 VP =VP/120000A,

2700 MTP =M(2)

271e VTP =V (2)

2720 "R =M(3)

2730 VR =V (3)

2749 MT1=Mca)

2750 VT 1=V(a)

276@ MC1=M(5)

2770 Ve =V(5)

2780 MC2:=M(6)

2792 VC2=\(6)

2e00 K=0,17410

2810 L-A,4T707

2820 R=P,5695

2830 C=M.,2476

2840 D==2.,0020

2850 Fz-0,9335

2860 F--0,2848

2870 Q) =X %k MPxxAx MTPxkRx YRxxC

288p Q2=(ALOGIA(MI]))*%xD

2890 O3=MClxxFr M2%x%xF

2900 0 £1+02%x03

2910 P2=(Ax(A-1)%xVP)/MP*x2

2920 TP2=(Rx(B=1)*%VIP)/MTP%%2

2930 R2=(Cx(C-1,)*VR) /MRx*2

2940 TI2A 0, 43434 D% VT |

2950 TI2B=MT 1%xx2%AL0G1A(MT 1)

2960 TI2C =(@,8343%(D=-1,))/8L0GIACM 1)
2970 T12=T12A/T12Bx(T12C~-1,)

2980 Cl12=(CEx (FE=1,)%VC1)/MC1%*x2

2990 C22=(Fx (F=1,)%W2)/MC2%%x2

3000 FRD =0+ (0 ,5%0% (P2+ TP2+R2+ T12+4+C 124C22))
3ol Plz=(A%%2% VP ) /MP %%x2

3020 TP1=(B*%x2% VTP ) /MTP *%x2

3Jelo R1=(Cx%x2% W) /MR*x2

3040 TI1A (A, A343%D)*%x2%VT|

3050 THIR =(MT 1 )%#2% (ALOG12CMT ] ) )%%2
3060 TiI1=T11A/T11R

3070 ClI=Fx%x2%xVC | /MC | %%x2

3o8n C21=(Fxx2%xUC2) /MC2%*%2

3esn VRD=z0%22% (P I+ TPI+R 14+ TI 14C 1 14C2 1) = (P . 25%0%%2 )%
3. (P2%%24+ TP 2% % 24R 2% %24 T12%%x24C | 2% %24C22%%2)
3e WRITE(K,904)0

3120 WRITE(6,903) FRD

3130 HP]TF(G,Sﬂ?gWD .
3140 502 FORMAT C1pX,” FXPECTED VARIANCE OF PUT DEPTH=" [F16.6//)
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RUTDEP

3150 543
3160 SPa
317@
3180
3190 519
32anC
3210
322¢C
323@ac
32a40C

RUTDEP

32s5@c~
32 60C
327eC
3280C
329mC
3300 a2
33l
3320
3330
3340
3350
3360
3370
3380
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3450
3500
3510
3520
3530
3540
3550
3560
3570
3580
3590
3600
361@
3620
3630

CoNnT 10:50:40  04/21/78 FILF PAGE NC., 6
FORMAT (1@¥ ~FXPECTED VALUF OF RUT DFPTH =" F16.6//)
FORMAT (//1@% " MFAN VALUF OF RUT DEPTH = ,F16.67/)
REL = (ARD=-FRD) /VRD*%P,5
WRITE (6,919)FFL i
FORMAT (1@X " FELIABILITY STATISTIC = ,F16.67/)

G0 TO 1040

~~=END OF PAGE 8|---

CONT 1A:50:40 @4/21/78 FILE PAGE %0, U

---PAGF. 42 ---
Cl < C2, 7 VARIABRLES,

CONTINUE
MP =M( 1)
VWP =V (1)
MIP =M(2)
VTP =V (2)
MR =M(3)
WR =V (3)
MT1=M(2)
VT1=V(a)
MC1=M(5)
UC1=V(5)
MC2 =M(6)
VC2=V(6)
K=0.,11009
A =0,4925
B=0,8548
cC=p.5018
D=0,4293
E==~1,9773
F=-1,2015
Q] =KxMPxkpAx MTPxxB*x MRx%x(C
Q2=(ALOCIACMT 1))%%xD
Q3 =MC %% Bk MC2 %% F.
O 0I*Q2%03
P2=(A% (A =1)%VP) /MP*%x2
TP2=(R%x (B=1)*VTP) /MTP%%2
R2=(Cx(C=1,)* WR) /MP*%x2
TI2A=0,A383%Dx VT | )
TI2B =MT I%*2%pL 0OGIQACMT 1)
TI12C=(@,4343% (D=1 ,))/78L0GLIACMTL)
TI12=TI12A/T12Bx(T12C~1,)
Ci12=(Ex (F=1,)%VC1) /MCI%%2
C22=(F*(F=1,)*VC2) /MC2%%2
FRD=0+(N,5%0% (P2+ TP2+F2+ T)124C124C22))
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RUTDEP CONT 1A:50:240 @4as21/778 FILE PAGE NO, 8

3640 Plz(A%x%x2% VP ) /MP*%2
3650 TP1=(R*%2% VTP ) /MTP%%2
3660 Rl =(Cx*2% R) /MR*%2
367 TIIA =(P,2383%xD)%x%x2%x VT |
3680 THIR =(MT1)*x2% (ALOG 1@ (MT] ) )%%2
3690 Ti11=T11A/TI1IR
3700 Cl1=Fx%x2%xVC| /MC]1%%2
371 C2 1= (Fx%2%C2) /MC2 %*%2
3720 VRD =0%*2% (P 14+ TPI+R I+ TI [+C [ [4C2 [ )~ (A 25%O%%2 )%
3730& (P2%%2+ TP 2% *x24R2%x %2+ T1 2% %24C | 2%%24C22%%2)
3740 WRITE (6,904)0
3750 WRITE (6,503) FD
3760 WRITE (6, ,902) VRD
3770 RFEl =(ARD-EFD)/VRD*%0(,5
3780 WRITE(6,919)PFL
37s0C
3800 GO TO 1040
3s1aC
3g2¢ec
3830C -=--END OF PAGF 42---
3
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RUTDEP CONT 10250240 04a/21/78 FILE PAGE NO, 9

3gapc~ -==PAGFE. 43---

3850C

geggg ASPHALTIC CONCRETE WITHOUT SUBGRADE , 8 VARIABLES,
8

388¢C

3890Q A3 CONTJLUE

3900 MP =MC(C1)

3ol Y =MP/l100an,

3920 VP =V(1)

3930 VP =VP/100000R,

394ap MTP =M(2)

3950 VTP =V (2)

3960 MR MC3)

3970 R =\ (3)

3980 MT1=MCa)

3950 VTi=V(a)

4000 MT2 =M(5)

4010 VT2 =V (5)

4020 MC1=M(6)

4030 VC1:=V(6)

4040 MC2=M(T)

4950 C2:=V(7)

AN6AN K =1,9431

4070 A=1,3127

4080 B=0,M499

40950 C=0,324¢

4100 D=-3,4204

4110 F=-1,6877

4120 F=-0,1156

4130 Q) =¥k MPx*kpxk MTPkkB*k YR**(C

a1aq Q2=(ALOGIAC] 25%MT 1+ MI2))%xD
4150 Q3 =MC %% Bk MC2%x F

4160 0 0 1%02*03

4170 P2=(pA%x(A=1)%VP)/MP%%x2

4180 TP2=(B%(R=])* VTP ) /MTP*x%x2

41950 R2=(Cx(C=],)%WR) /MR**2

4200 TI2A =] 25%%2%(A,4343% Nk VT |

210 TI2ZB =(] 25% MT 14+ MT2 )**x2%xAL0GIA(] ,25% MT 14+ MT2)
4220 TI2C=((P,2343%(D=1,))/7AL0GIAC] 25%x M1+ MI2))
4230 TI2=T12A/T12R*(T12C~-1,)

4240 T22A -0 ,4343% D% VT2

4250 T22=T22~/TI12Bx(TI12C~-1,)

4260 Cl2=(Ex (F=1,)%WC1)/MC|%%x2
42170 C22=(Fx (F=] ,)*VC2) /MC2%%x2
4280 FRD =0+ (A ,5%0* (P2+ TP2+R2+ T12+ T22+C124C22))
4290 Pl=(A%%x2% P ) /MP%x2

4300 TP 1= (B%x%2% VTP ) /MTP%x%2

4310 R1=(Cx%x2% W) /MR%%2

A320 TIHIA =] 25%%2% (0 ,4343xN)*x2%VT |
A330 TIIR =(1 ,25% MT 14+ MT2 )*#2% (ALOG 1A (] 25% MT 1+ MI2 ) )%%2
4340 TI1=T11A/TIIR

4350 T2 1A =(A,8343%D)%x2% VT2

4360 T21:=T21A/TI1 IR

4370 Cl1=Fx%2%\C| /MC | %%2

4380 C21=(F&x2%VC2) /MC2%%2

1k45




RUTDEP

4390
44004
4219
4420
4430
4440
4450
4460C
4470
448nC
4490C
4500C

CONT 1925040 Ba/21/7R FILE PAGE NO.

UPD:C**?*(PI+TPI+RI+TII+T?I+ClI+C?l)-(ﬂ.25t91t?)*
(P2*%2+ TP 2% %x2+R2% %2+ T1 2% %2+ T2 2% %24 | 2% x24C22%%2)

WRITE(6,902)0

WRITE (6,9M3) FRD

WRITE(6,90M2) VRD

REL=(ARD-FRD ) /VRD*%Q,5

WRITE(6,919)REL

GO TO 1pap

---END OF PAGE 43---
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RUTDEP CONT 10250240 Qa/21/78 FILE PAGE NO, 1!
a510C~ ~==PpGE 44---
A520C \
AS30C ASPHALTIC CONCRETE WITH SUBGRADF, 1@ VARIABLES,
A540C
A550C
4560 44 CONTINUE
AS570 MP =M(1)
4580 MP=MP/10R0D,
4590 VP=V(1)
4600 UP =VP/I1cRa0RRA,
4610 MTP =M(2)
4620 VTP =V(2)
4630 MR =M(3)
4640 VR=V(3)
4650 MT1=MCa)
4660 VT1:=V(a)
4670 MT2 =M(5)
4680 VT2 =V (5)
4690 MC]=M(6)
4700 VCI=V(&)
4710 MT3=M(T7)
4720 VT3=\(7)
4730 MC2 =M(8)
4740 VC2=v(R)
4750 MC3=M(9)
4760 VC3I=V(9)
4770 K=0,031171
4780 A=l,.5255
4790 B=0,0897
4800 C 0,345
AR10 Dz=-p,8847
4820 Ez-P,7616
4830 Fz=1,1674
ABAQD G=-0,5505
4850 H=-0,3789 :
ABGH 01 =K * MPxk A% MTPxxBx MR*%C !
4870 02=(ALOG IR (1 ,25% MT |+ MI2 ) )% D 4
4880 O3 =MC ] %% Bk (ALOG 1AM 3) )k Fk MC2%k Gk M3k H
4890 Q@ DI*2%03 |
49500 P2=(px(A-]1)%VP) /MPx%x2
A910 TP2=(B* (R=1)% VTP ) /MTP*%2
4920 R2=(Cx (C-1,)%xVR) /MR**2
4930 TI2A =1 ,25%%2%0, 4343 Nx VT |
4940 TI2R =(] ,25% MT 1+ MI2 ) *%2%ALOGIAC] ,25% MT 1+ MT2)
4950 TI2C=((P,4343%(D-1,))/ALOGICGC(C] 25« M1+ MI2))
4960 TI2=T12A/T12Bx(T12C~-1,)
4970 T22A =0, 4343 Nk VT2
4980 T22=T22~/T12B%* (T12C~1,)
4990 Cl2=(Fx (F=1,)%VC1) /MC|%%2
5000 T32A -0, 4343%xFx VT3
5010 T32R =MT3x%x2%AL 0G 1A (M 3)
5020 T32C =0,4343% (F-1,)/AL.0GIACMI3)
5030 T32:=T32A/T32B*x (T32C~1,)
5040 C22:=(Gx(G=1,)%VC2) /MC2%%x2
5050 C32=(Hx(H=1,)%VC3) /MCI%*2
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RUTDEP comnTt

5860
5870
se8a
50950
S100
Slie
512
5130
5140
515@
Srem
517
S180
S190@
eon
e
208
R30&
ean
259
60
270
280
e9ec
5300
5310C
5320
5330C
3340C

1725040 04/21/78 FILE PAGE WO,

RD=Q+ (0, 5%0x (P2+ TP2+4R2+T12+ T224C 12+ T32+C224C32))
Pl=(A%%2% VUP) /MP%x%x2

TP I=(B*%x2& VTP ) /MTP*x2

R]=(Cx%x2% R ) /MR%%2

TILIA =1 25%%x2% (A, A3483%xD)*%2% VT |

THIB =1 ,25% MT 1+ MT2 )%%2% (ALOG 1@C1 ,25% M 1+ MT2 ) )%%2
Til=T11A/T1IR

T2 1A =(P,4343%D)*%2% VT2

T21=T2 1~0T1IB

Cl1=Ex%2%x\VC ] /MC ] *%2

T31A =(P,4343%F)%%x2% VT3

T3 IR =MT 3%%x2%p1.0G 10 ( MT 3)%%2

T31=T31A/T3IR

€21z (Gx%x2%x VC2) /MC2%%2

C31=(H*%x2%xVUC3 ) /MCI%%2

12

VRD =0 %%2% (P1+TPI+RI1+TI1 1+ T2 14C1 1+ T314C214C31)=(P,25%0%%2 )%
(P2%x24+ TP 2% %x24+R2%%2+ T12% %2+ T22%%x24C 1 2% %24 TI2%5:24+C22% %2

+C32%%2)
WRITE(6,904)0

WP1TE (6,903) FPD
WRITE(6,9A2) VRD

REL = (ARD-EPD) /VRD#*2,5
WRITE(6,919)REL

GO TO 1¢74Q

END

---END OF PAGE 44---
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33s5ac
3 60C
537aC
3380C
5390
54@ac
5410aC
542 aC
5430C
5440
5450
5460
5470C
5480C
5490C
S50n
551@
5520
5530
5540
5550
556@
5570
558¢
5590
5600
561¢
5620
5630C
5640C
5650C
5660
5670
5680
5690
5700
5710
5720
57130
5740
5750
5760
5770
5780
57s@acC
580AC
5810C
5820
se3e

-

15

10
/00

11

12

180

190

CONT 1P:50:40 Qa/21/78 FILE PAGE NO,

-=-PAGE 5f--=

READ DATA FROM FILE, COMPUTES MEAN & VARIANCE,
SURROUTINE STAT(M,V, 1)

READ DATA FROM FILE, COMPUTES MEAN & VARIANCE,

DIMENSION VALUE(3AM) M(18),V(IA:
INTEGER T0,GO
REAL EAN M

INPUT SCHEME FOR DATA FILE,

READ (1@,RAM) LINENO , N

G0=1

T0=R

CONTINUE

IF(N-T0)1M, 10,11
READ (1@, 8AA) LINENO, (VALUE (J) ,J=GO ,N)
FORMAT (V>
60 TO 12
READC1M,8AM)LINENO, (VALUE (J) ,4=60,TO)
GO=TO+I
T0=TO+®
GO TO 15

CONTINUE

CALCULATE MEAN & VARIANCE,

Slimm=0,

DO 180 J=I N
SUMM=VALUE (J)+SUMM

CONT] NUE

MEAN=SUMM/N

Slimv=0,

PO 190 J=1 N
SUMV=(VALUE ¢0) -MEAN ) %x24S UMY

CONTINUE

IF(N.GT.30) N=N-1

VAR SUMV/N

MCT)=MEAN

V(] ) =VAR

-==END OF PAGE 50---

RETURN
END
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In accordance with letter from DAEN-RDC, DAEN-ASI dated
22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog
card in Library of Congress MARC format is reproduced
below.

Barber, Victor C

The deterioration and reliability of pavements / by Victor C.
Barber, Eugene C. Odom, Robert W. Patrick. Vicksburg, Miss. :
U. S. Waterways Experiment Station ; Springfield, Va. :
available from National Technical Information Service, 1978.

xv, 149 p. : i1l1l. ; 27 cm. (Technical report - U. S. Army
Engineer Waterways Experiment Station ; S-78-8)

Prepared for Office, Chief of Engineers, U. S. Army, Washing-
ton, D. C., and U. S. Department of Agriculture Forest Service,
Washington, D. C., under Project 4A762719AT40, Task A2, Work Unit
011,Q6, and USDA Forest Service-OCE Interagency Agreement.

References: p. 98-109.

1. Pavement design. 2. Pavement deterioration. 3. Pavements.

4. Reliability. I. Odom, Eugene C., joint author. II. Patrick,
Robert W., joint author. III. United States. Army. Corps of
Engineers. IV. United States. Forest Service. V. Series: United
States. Waterways Experiment Station, Vicksburg, Miss. Technical
report ; S-78-8.
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