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ABSTRACT

This report presents the development and application of a scheme, in the
form of a computer program, for prioritizing and scheduling a set of rigid
pavements for rehabilitation within a specified time frame and budget
constraints. The program is intended to provide the Texas State Department
of Highways and Public Transportation with guidelines for generating decision
elements for the management of road maintenance funds.

The prioritization and scheduling scheme is based on observed distress
quantities; it makes use of distress 1indices and distress prediction
equations, for which a detailed description is given.

The immediate application of the computer program is to generate 1lists
of candidate pavements for rehabilitation. However, the use of the program
is extended to analyze the effect of several different budget policies on the
condition of the pavement network. Although availability of funds and
managerial preferences play an important role in the budget selection
procedure, the program can be used as an aid in the selection of a budget

policy.
Key Words: Rigid pavements, Maintenance and Rehabilitation Management,

prioritization, scheduling, budgeting, distress prediction,

condition surveys.
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SUMMARY

The main contribution of this report 1is a working scheme for
prioritizing and scheduling maintenance and rehabilitation in a rigid
pavement network. In additon to the procedure, other major contributions are
the development of a failure criteria for rigid pavements using distress
quantities and stressing the use of distress concepts in pavement management
systems. The material 1in this report is part of an effort to develop a
pavement maintenance and rehabilitation management system.

The prioritization and scheduling process starts by collecting field
information to assess the current condition of the network. The information
collected is the input to a computer program, PRPOl, which helps management
select rehabilitation candidates for the next vyear. Therefore, the
collection and preparation of information for analysis is discussed in
detail. The following topics are presented and discussed: the data
processing procedure, the evolution of condition surveys carried out in the
state, and the possibilities of sampling.

The scheme makes use of a distress index as a decision criterion to
determine when a pavement has reached its terminal condition and to
prioritize a group of pavements. The distress index 1s calculated by
combining into a single number the various distress manifestations occurring
in a pavement section. Several approximate methods aimed at developing a

distress 1index are presented and discussed; i.e., subjective parameters,

ix



regression analysis, factor analysis, and discriminant analysis. The latter
was selected because 1t conformed better to the available data used in the
analysis.

The initial pavement condition is determined from the field condition
surveys, and the future condition is determined by means of prediction
models. The development of distress prediction equations for rigid pavements
and AC overlaid rigid pavements is presented. Regression analysis was used
to obtain the equations for each type of distress considered.

The application of the distress 1indices and the distress prediction
equations 1is presented in both the network and the project levels. At the
network level, a program was develop to prioritize and/or schedule rigid
pavements for rehabilitation. The program was tested using CRCP field dataj;
similar runs are intended to help the SDHPT with future rehabilitaion
decisions. At the project level, a design and maintenance evaluation program
is presented, with 1illustrative examples. Guidelines are suggested for
applying a program similar to that used in the derivation or improvement of
the distress index equations.

The use of the prioritization and scheduling program, PRPOl, is
presented in detail (1) to generate a 1list of candidate pavements for
rehabilitation within a design period and (2) as a tool in the analysis of
alternatives to select budget policies. Conclusions are made on the impact
of different budget levels, the time value of money, and the postponing of

the date to overlay in the selection of a budget policy.



IMPLEMENTATION STATEMENT

A scheme for prioritizing a set of rigid pavement sections for
rehabilitation and maintenance within a given time frame was developed and
implemented into a compter program. As an application of the program, a list
of candidate projects for rehabilitation for the next five years was
generated using East Texas CRCP sections surveyed in 1980. In addition the
program, PRPOl, was used to analyze the impact on the future distress history
of a pavement network of several different budgeting policies. It was
concluded that the program is a very useful tool for selecting an adequate
budgeting policy.

It is recommended that the Texas SDHPT implement the computer program
using current information; that is, another condition survey is required in
order to obtain an updated rehabilitation schedule and an estimate of budget
requirements for rehabilitation of rigid pavements in the State in the near

future.
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CHAPTER 1. INTRODUCTION

The expenditures required to rehabilitate and maintain pavements in the
USA have been estimated to exceed $20 billion per year in the coming years
(Refs 1 and 2). Because of the 1large amount of money involved, any
improvements in management and technology for the rehabilitation and
maintenance of pavements could result in significant savings.

So far, a relatively small amount of research effort has been directed
toward the activities related to the restoration of old pavements as compared
with the activities aimed at providing new facilities. One of the main
reasons for this 1lack of attention is that most of the capital investments
have been centered on procurement rather than the maintenance of roads.
However, this trend 1is reversing and the effort is shifting toward the
rehabilitation and maintenance of existing pavements.

This report deals with the use of distress concepts in Pavement
Management Systems (PMS) for rigid pavements. Special emphasis is placed on
the development of a Network Rehabilitation and Maintenance Scheme. This
scheme, in the form of a computer program, is intended to help the Texas
State Department of Highways and Public Transportation in the management of
its road network. A detailed description of the derivation of the models

which compose the scheme is presented.



BACKGROUND

This section presents an overview of recent developments in the area of

pavement management and its application in Texas and defines rigid pavements.

PMS Developments

During the 1last decade, systems engineering has been successfully
employed 1in various branches of civil engineering, including pavement
management being one of them. The term Pavement Management System (PMS) 1is
used to designate a technique aimed at achieving the best value possible for
the public funds expended for pavements, by using a systems approach to
pavement management. The concept of PMS can be considered a breakthrough in
pavement technology because it provides a framework for integrating the
activities associated with the planning, design, construction, maintenance,
evaluation, and research of pavements into a comprehensive and coordinated
set, 1in contrast to the traditional approach, which considers the various
activities separately, without coordination (Refs 3, 4 and 5).

A PMS involves the application of systems engineering by decision makers
to find optimum strategies for providing and maintaining pavements in a
serviceable condition over a given period of time. The development of a PMS
is a cyclic procedure leading toward an ideal system in which improvements
are achieved by continuous upgrading of the schemes, the models, and the
solution algorithms. An ideal system should be capable of predicting
precisely the future condition of each pavement in a given network, the
proper timing and type of maintenance required, the date to overlay, the

costs, and the consumption of resources. Of course, the recommendations



should represent the optimal solution for the constraints and the design
period considered. However, it is important to realize that a perfect, or
ideal, PMS 1is only an abstraction and that any working system will not be
perfect at any stage of development. Nevertheless, such an ideal PMS
provides guidelines to direct the research effort.

Because no PMS is yet perfected, it is now necessary to continuously
evaluate the condition of the pavements in a network. Pavement condition
involves five main components: riding quality, distress condition, 1load
carrying capacity, safety, and aesthetics.

Although many schemes have been proposed, there 1is no completely
operational PMS, and the existing systems are in the early stages of
development. However, there is a growing interest in developing a reliable
PMS, derived from the realization by highway agencies that sound management
of the billions of dollars invested in roads 1is mandatory. The immediate
need 1is for a simplified PMS that will assist in the planning and management
of rehabilitation activities for existing pavements (Ref 5).

The management decisions involved in pavements can be considered, from
the standpoint of pavement management, at two different levels: the network
and the project. A network consists of a group of projects under the
jurisdiction of an agency. A project is a pavement unit which, has similar
characteristics throughout its length. The activities related to pavements
at the network level are concerned with decisions on a group of projects. 1In
the existing PMS schemes, each individual project 1is considered in detail
once the decisions on the network have been reached. Coupling or interaction
of the two levels is possible at the higher stages of PMS development, as is

discussed later.



Although a PMS is not a computer program per se, the amount of
calculations necessary renders it essential to develop computer programs to
transform the concepts into working reality. The key goal of any PMS 1is to

move past the conceptual stage and develop an actual working svstem.

Developments in Texas

Since this report is part of a research effort on a rigid pavement
overlay system, it 1is necessary to present past achievements in Texas
specifically, the development of a condition survey approach for rigid
pavements and the development of a pavement overlay design procedure. The
rehabilitation prioritization and scheduling scheme presented in this report
uses condition survey information for a pavement network to generate a list
of candidates for rehabilitation within a certain design period. The
selection of candidates for rehabilitation is preliminary to the design of an
overlay; once the sections requiring overlay have been identified, the
overlay design procedure is carried out for each pavement.

The condition survey approach for rigid pavements, which is covered in
more detail in Chapter 3 and in Appendix A, was proposed by Strauss (Ref 52)
and later implemented and modified by others (Refs 42, 43 and 72). The
information collected in the condition surveys is used to develop the models
in the scheme presented in this study. Part of such information is also used
to demonstrate and test the capabilities of the scheme.

The pavement overlay design procedure evolved from a rationale presented
by McCullough (Ref 53) using layered theory and the concept of the remaining
life in the design procedure. Following this rationale, Schnitter et al

(Ref 27) developed a computer program for designing overlays on rigid



pavements. The models in this program were later improved by Taute et al
(Ref 39). Seeds et al (Ref 21) extended the overlay design procedure into a
"systems” design approach, i.e., a computer program to optimize the design of
overlays on rigid pavements by selecting the best overlay alternatives from a
great number of feasible strategies.

This report brings together the various research efforts mentioned and
completes the picture of the PMS for rigid pavements developed in CTR

Research Study 249.

Definition of Rigid Pavements

In this study, the pavement structure 1s considered as the upper portion
of the road and includes all the layers resting on the subgrade. The two
basic types of pavements are flexible, i.e., asphalt concrete pavements, and
rigid, 1i.e. portland cement concrete pavements. The main concern of this
report are the latter.

Rigid pavements are classified by whether or not they contain joints and
reinforcement, as indicated in Table 1.1. The main purpose of the joints and
the reinforcement is to control cracking in the concrete. Table 1.1 1s a
list of the possible combinations of joints, reinforcement, and prestressed
reinforcement. The case not having steel and joints is not included. Some
of the cases are only theoretical possibilities, i.e., pavements not actually
built arising from the possible combinations of the variables. 0f these
combinations only JCP, JRCP, and CRCP have been studied at the Center for

Transportation Research thus far.



TABLE 1.1. CLASSIFICATION OF RIGID PAVEMENTS IN TERMS
OF THE POSSIBLE COMBINATIONS OF JOINTS AND

REINFORCEMENTS
Longitudinal Reinforcement
Reinforcing
Rigid Pavements Joints Bars Prestressed
JCP* YES NO NO
JRCP* YES YES NO
CRCP* NO YES NO
Total YES NO YES
JPCP
Partial YES YES YES
Total NO NO YES
CPCP
Partial NO YES YES

*Currently used in Texas

Key: JCP - Jointed concrete pavements
JRCP -~ Jointed and reinforced concrete pavements
CRCP - Continuously reinforced concrete pavements
JPCP -~ Jointed prestressed concrete pavements

CPCP - Continuocusly prestressed concrete pavements



OBJECTIVES

This report focusses on the use of distress quantities for rigid
pavements within a Pavement Management System. The main objective is the
development of a working rehabilitation scheduling scheme. These are the

specific objectives of the study:

(1) To present a detailed discussion of the data collection procedure
and of the possibilities of sampling to collect information. The
current state of technology in the pavement field is imperfect and
requires wupgrading on a continuing basis. This can best be
accomplished by collecting feedback information from in-service
pavement sections. However, the data collection needs to be
carefully planned; the selection of the type, the amount, and the
quality of the information to be gathered depends mainly on the
specific future applications intended.

(2) To pinpoint the importance of distress as an output function to be
used in PMS. A system output function in PMS should consider all
the relevant pavement factors, such as riding quality, skid
resistance, distress, structural capacity, traffic, and costs;
nevertheless, riding quality has been prefered over the others. In
the case of pavements with good periodic maintenance, distress
appears to be a more relevant factor in the decision making process
than riding quality.

(3) To develop a distress index for rigid pavements. A distress index
combines into a single number several different distress quantities
to facilitate comparison among projects. An approach different
from the traditional ones is offered.

(4) To develop a terminal condition criterion for distress in rigid
pavements. The failure of a pavement 1is not a catastrophic
occurrence; but it indicates that the pavement did not meet the
conditions which it was designed to fulfill. An excessive amount
of distress can be considered as a terminal condition of the
pavement due to 1its implications for the costs of maintenance or
its effects on the riding quality of the pavement.

(5) To develop distress prediction models for rigid pavements. These
models are intended to forecast the different distress quantities
as functions of age, traffic variables, environmental conditions,
and pavement material characteristics.

(6) To present the implementation of the models developed in the
context of a PMS.



(7) To analyze the impact of several different budgeting policies using
the rehabilitation scheduling scheme developed in this study and
condition survey information collected in Texas during 1980.

RESEARCH APPROACH

The main issue of the report 1is the preparation of a working
rehabilitation scheduling scheme to help the Texas SDHPT with decisions about
maintenance and rehabilitation of rigid pavements at the network level. The
development of such a scheme involves several steps, which are described in
the following paragraphs.

The first step is the conceptual formulation of the problem. At this
stage, the capabilities and 1limitations of the scheme to be developed are
defined. Also, the availability of models for the scheme 1is studied; if
models are required, data requirements are established.

The models in the system were developed using field data collected from
Texas roads during the last decade. 1In addition, other data found in the
literature were used. Although the field information wused represents a
unique set of data, it was not collected to fulfill the requirements for
developing a PMS but to assess the condition of the roads; therefore, our
models are limited by the availability of data.

The distress models in the system were developed using standard
statistical techniques. Discriminant analysis was used to develop a distress
index and the terminal condition criterion. For the distress prediction
equations, regression analysis techniques were used.

A computer program was written integrating the distress models developed

into the conceptual scheme of PMS. Using field data, sample runs were made



to predict the maintenance requirements of the rigid pavements in the state

of Texas.

SCOPE AND ORGANIZATION

The scheme developed represents a first stage in the development of a
network level PMS for rigid pavements. Guidelines are provided for future
developments.

Chapter 2 presents a conceptual formulation of the scheme developed and
contains a brief description of PMS theory. 1In addition, it presents a
justification for wusing distress quantities instead of other pavement
attributes as an output function of the system.

In Chapter 3 the collection and preparation of condition survey
information for analysis 1s discussed. The following topics are presented
and discussed: the data processing procedure, the evolution of the condition
surveys carried out in the state, other sources of information, and the
possibilities of sampling.

The analysis of the data is presented in Chapters 4 and 5. Chapter 4
contains the development of a distress index and the terminal condition
criterion through discriminant analysis. Other analysis techniques for
developing index type equations are also investigated. Chapter 5 1is
dedicated to the development of distress prediction equations. Models are
presented for Continuously Reinforced Concrete Pavements (CRCP), Jointed
Unreinforced and Reinforced Concrete Pavements (JCP and JRCP), and for

asphaltic concrete overlays on rigid pavements.
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Chapter 6 is devoted to the description of the program written to
implement the developed models in a PMS. In addition, sample applications
are presented using field information.

Chapter 7 presents additional applications of the rehabilitation
scheduling program presented in Chapter 6. The capabilities of the program
are demonstrated by analyzing the effects of different budgeting policies
using field data from a condition survey performed in 1980.

Conclusions and recommendations made throughout the report are

summarized in Chapter 8. Guidelines for future developments are also given.



CHAPTER 2. CONCEPTUAL FORMULATION OF THE SYSTEM

This chapter contains a description of PMS concepts to provide a
perspective of the problem. The principal objective is to present the
conceptual formulation of the scheme developed in the following chapters.
The concepts described in this chapter deal with the PMS decision levels:
the network level, where decisions that affect the entire road network are
made, and the project level, where decisions for specific projects are made.
In addition, a justification for using distress quantities instead of other

pavement characteristics as an output function is presented.

ANALYSIS AT THE NETWORK LEVEL

At the network level, the management system provides information to help
decision makers in the development of agency-wide programs of new
construction, maintenance, or rehabilitation which will optimize the wuse of
available resources (Ref 5).

The basic inputs for a network level analysis are road need studies for
new pavements, and periodic evaluations of existing pavements. Additional
information is required, such as traffic studies and cost records, depending

on the application intended and the sophistication of the system. The

11
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results of the analysis are a program for construction, maintenance, and
rehabilitation of pavements within available resources.

Among the network PMS studies, the methods for planning maintenance and
rehabilitation have become important in recent years. The desired result
from this type of application is a maintenance and rehabilitation (M & R)
schedule for each year during a period of several years. However, different
degrees of complexity can be achieved, and an agency without PMS experience
should start with a simplified version progress in a staged manner (Ref 6).

The following stages can be identified in the development of a
maintenance and rehabilitation system; the stages are not intended to be

unique, and several of the existing M & R systems fall within the stages

presented:

(1) The first stage is a simplified version of the M & R system which
considers planning one year at a time and provides a prioritized
listing of projects to be rehabilitated for the next year. The
requirements for this stage are some form of prioritization index,
which may include several pavement outputs, for ranking the various
projects; decision criteria for selecting the projects requiring
rehabilitation; and costs, which, at least in an average form, can
be 1included to help in the preparation of a budget or, in case the
budget already exists, as another restraint 1in the selection of
projects for rehabilitation.

(2) The next stage of development can follow two different paths; one
includes the selection of maintenance alternatives and the other
extends the design period to provide a prioritization listing for
several years.

(a) For the case including maintenance, the additional
requirements are some rational determination of maintenance
needs and maintenance costs.

(b) To extend the design period, prediction equations are required
for all the variables in the prioritization index in addition
to the requirements listed in the first stage.

(3) The third stage is a combination of the two paths presented in the
previous stage; that is, the system should consider a design period
and several maintenance alternatives at the same time. This stage
involves prediction models which account for different maintenance
and rehabilitation possibilities, a procedure to select among
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competing maintenance alternatives, and an algorithm to optimize
the timing of M & R for the design period considered, within a
budget and using available resources.

Existing M & R Schemes

Several schemes for maintenance and rehabilitation management have been
presented in the literature or are currently in use by state agencies. The
following review is not comprehensive but offers a sample to 1indicate the
extent of development of network level PMS activities.

New York has developed a scheme to identify deficient pavement sections
(Ref 12). A single response, pavement serviceability rating, is used to
evaluate the complete network and to rank candidate projects. The procedure
involves calculations with current values only and does not consider
prediction models. After a project has been selected, it is necessary to
perform a detailed evaluation, select the rehabilitation option, and
calculate the cost of rehabilitation; that is, no attempt 1s made to evaluate
the effects of single decisions 1in the overall network. The New York
procedure includes both flexible and rigid pavements.

Pedigo and Hudson (Ref 6) developed guidelines for a simplified network
level PMS and indicated how such a framework can be applied to produce a
priority ranking. Among the guidelines presented, suggestions are given for
formuléting a Prioritization Index (PINDEX) using subjective information.
This approach can be readily implementable even if objective data are not
available.

The State of Washington combines roughness and distress 1into a single
pavement rating (Refs 5 and 13). The future condition of the pavement is
projected in terms of this rating, using prediction models based primarily on

subjective data. Rehabilitation alternatives are considered whenever this
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index falls below a predetermined value, and rehabilitation 1s contemplated
when the rating reaches a critical level.

Karan and Haas (Ref 14) have suggested a priority programming model
which minimizes the 1loss in total net present value of annual benefits for
all the projects in a network to determine the best timing for repairing each
of the projects within a design period. Thils method was concelved for urban
pavements and it makes use of a Urban Serviceability Index which can be
forecast wusing a Markov process. In addition, a relation is given for
determining average operating costs for different values of the Urban
Serviceability Index.

Researchers from Texas A & M (Refs 15, 16, 17 and 18) developed a
Rehabilitation and Maintenance System for the Texas flexible pavement
network. The system contains several computer programs (a) identifying and
scheduling effective strategies, (b) quantifying 1its benefits, (c) deriving
working plans within system constraints, and (d) determining optimal
policies. The sequence of activities involved in the optimization process
can be summarized as follows:

(1) The first program in the series 1is wused to check the field
information collected by the districts before it is sent to the
state authorities.

(2) An approximate strategy for the highway segments and the upper and
lower budget 1limits for the districts are determined by a second
program.

(3) The optimal rehabilitation and maintenance strategies and the
benefits for one year planning horizons are determined by a third
program for each district. In addition, a mwmulti-period resource
effective highway maintenance schedule can be obtained using a
fourth computer program.

(4) The fifth computer program 1s capable of selecting the most
promising set of budget 1levels for the districts under a fixed

statewide budget. At the same time, another program, the sixth, is
used to determine the best rehabilitation and maintenance strategy



15

for each section, and the resources and budget allocation district
by district.

(5) The last program, which 1is basically the same as the sixth,
optimizes the district fund allocations to its residencies by
selecting the best strategy on each project.

The scheme developed by Texas A & M is a comprehensive system which
involves activities at the network and project levels. The combined and
sequential use of programs is aimed at helping management allocate money,
men, equipment, and materials in an efficient manner. This system
contributes several mathematical formulations which can be adopted by other

agencies. The main drawbacks of the scheme are the costs and the prediction

models therein which require further refinement.

Evaluation of Existing Network Level Schemes

A sample of the different degrees of complexity which can be found in
existing network level maintenance and rehabilitation prioritization schemes
has been presented. The existing schemes provide valuable information for
the development of new schemes. However, the adoption of an already existing
scheme is not possible without major modifications because the existing
schemes have been conceived with specific needs in mind and under particular
conditions.

A scheme which uses only serviceability index does not seem applicable
to the rigid pavements in Texas since, according to information presented in
Fig 2.4, this parameter does not indicate when a pavement with heavy
maintenance is reaching terminal condition.

Optimization techniques based on user costs are not readily
implementable because of the lack of cost information if an attribute other

than PSI is used in the prioritization scheme.
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It is the general consensus that, when developing a PMS, one should
start from simplified schemes and evolve into more complicated forms as
experience 1s accumulated (Ref 6). Therefore, a simplified scheme 1is

formulated here with guidelines for its future development.

Proposed Network Level Scheme

The purpose of the scheme developed in this study 1is to provide
maintenance management with a multi-period list of candidate rehabilitation
projects. Figure 2.1 is a flow chart of the main steps involved in an M & R
scheme. The scheme uses field information on the group of projects composing
the network under analysis; the input information varies, depanding on the
models used within the program.

The first step in the program is the computation of a prioritization
index for each project that transforms all of the pavement responses into a
single number, which facilitates comparison among projects. In the program
developed, only distress manifestations were considered in the prioritization
index; although, in a more refined stage, the index should resemble the
system output function described at the end of the chapter. With the
prioritization index, the projects can be sorted out to define the priorities
for rehabilitation and maintenance. After the priorities for the first year
are defined, the next step involves the prediction of the future condition of
the pavement sections in order to repeat the prioritization cycle for the
following years. The cycle is repeated until the time frame of analysis 1is

fully covered.
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ANALYSIS AT THE PROJECT LEVEL

At the project level, detailed consideration 1s given to alternative
design, construction, maintenance, or rehabilitation activities for a
particular sectlon or project within an overall program. The 1inputs for a
project level analysis are 1load, envirommental conditions, materials
characteristics, construction and maintenance variables, and costs. The
specific information varies, depending on the models in the system. The
output of the analysils consists of a set of the best possible strategiles to
provide, maintain, or rehabilitate a pavement structure. The selection of
alternatives is made from a detalled design, which includes the prediction of
some or all of the pavement responses, and an economic evaluation of the
alternatives under consideration.

Most of the research effort on PMS has been centered on project 1level
analysis to provide new facilities. Progress in this area transformed the
design concept from the one shot design approach into the selection of an

optimum strategy.

Existing Design Systems

The first major working systems were developed during the late 1960's
and early 1970's; among them i1s the Rigid Pavement System (RPS), the only
working program for rigid pavements, which was developed by Kher et al
(Refs 19 and 20). There are several highly developed design systems for
flexible pavements and descriptions of them can be found elsewhere (Refs 3

and 5); this report is centered on rigid pavements.
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The Rigid Pavement System (RPS) was developed at The University of Texas
to design rigid pavements. RPS presents the designer with a set of best
alternatives. The program utilizes 115 different input variables. All
possible solutions, within the 1limits specified by the designer, are
analyzed; costs incurred are calculated for each strategy and the optimal
pavement strategies are selected primarily on the basis of minimum total
overall costs. Other factors are utilized as constraints 1in the selection
procedure, including availability of funds and minimum safety provisions.
For those designs that reach the minimum level before completition of the
analysis period, stage construction concepts are utilized.

The Rigid Pavement Rehabilitation Design System (RPRDS) recently
developed by Seeds et al (Ref 21) to optimize the design of overlays on rigid
pavements generates a number of feasible overlay design strategies based on
user 1inputs, performs a present value cost analysis on each strategy, and
then presents those which are optimal. The program considers several types
of overlays, i.e., asphalt concrete, CRCP, and JCP.

Several M & R design systems can be found in the literature; of these,
the one developed by Shahin et al (Refs 22 and 55) for the U. S. Air Force
and the Army has the capability to account for jointed concrete pavements.
This system uses a Pavement Condition Index (PCI) to evaluate the structural
integrity of the pavement sections. Depending on the PCI level, several
categories of M & R are indicated. On the basis of the results of the
evaluation and the guidelines for M & R selection, the engineer may want to
consider several alternatives for restoring the structural integrity and
operational condition of the pavement. The selection of the best alternative

involves performing an economic analysis to compare the costs of all feasible
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alternatives. The optimum alternative is selected from the economic analysis

results, the mission of the pavement, and the policies of the management.

Evaluation of Existing Models at the Project Level

The model used in RPS to determine pavement thickness is based on the
results of the AASHTO Road Test (Refs 23, 24, and 25) and, therefore, the
main factor in the analysis 1is the serviceability versus traffic
relationship. On the other hand, RPRDS uses elastic layered theory coupled
with a fatigue-like equation to determine overlay thicknesses. The fatigue
equation, in the case of rigid pavements, is related to the occurrence of
severe cracking in jointed pavements (Ref 26). The two programs were
developed wusing the best state-of-the-art information; however, neither of
them is useful in predicting distress quantities for maintenance management
purposes.

The distress index developed by Shahin et al was developed from the
collective judgement of experienced pavement maintenance engineers, and it
seems to render accéptable results. However, it was developecd to be applied
to airport pavements.

Using more refined equations in a network level prioritization as
opposed to the project level may result in more data requirements, more
computer time, and, therefore, more money without affecting considerably the
results of the procedure. One way to improve the procedure without
excessively increasing the requirements 1is by developing approximate
equations through computer simulation wusing a project level program. One
such program was developed in this study to illustrate how to Iimprove the

prioritization equations. This program is conceptual rather than a working
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program since cost models as a function of distress are not available.
However the program can be used to evaluate the design of existing projects.
In conclusion, a specific overlay can be designed more accurately using
programs like RPRDS; however, the fact that it 1is not oriented to the
prediction of distress quantities, plus the extensive input data and running

time required, prevent the use of such programs at the network level.

Proposed Project Level Scheme

In rigid pavements, the derivation of an optimum maintenance or
rehabilitation strategy, by means of economic analysis, is difficult due to
the lack of cost and prediction models. Furthermore, the serviceability
performance concept, which has been successfully used in flexible pavements,
may be an 1inappropriate model for rigid pavements. Therefore, a
rehabilitation and maintenance design approach is presented which replaces
the serviceability performance concept with the distress history of the
pavement.

The scheme proposed 1is not intended to replace more sophisticated
schemes, such as RPRDS, but to 1llustrate 1ts applications for future
developments as better information  becomes available. Among these
applications, the scheme 1s suggested as an alternative approach for
developing or improving distress index equations.

Figure 2.2 presents the basic steps in the proposed scheme. The design
life and costs are calculated for several feasible alternatives, the purpose
being to define the most effective rehabilitation and maintenance strategy

from several under consideration. If wuser costs related to distress are not
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available, rehabilitation is optimized not from the standpoint of economic

analysis but from the results of a distress index.

INTERFACED ANALYSIS

A coupled or interfacing PMS is the combination of the two levels
described before. Network and project decisions interact with one another.
A good estimate of the resources to be used at the network 1level requires
information on maintenance and rehabilitation for individual projects. On
the other hand, timing of rehabilitation for an individual project depends on
the network decisions.

This may be better explained using Fig 2.3, which prescents a matrix of
the allocation of certain resources among competing projects within a certain
time frame. The columns in the figure are for the years considered in the
analysis while the rows represent each of the projects. The amount of
resources consumed in each block depends on the maintenance strategy selected
for that project in that year. The purpose of the anlaysis might be to
minimize the amount of resources consumed in each project and at the same
time not exceed the available budget. The interaction between projects and
network is evident if one considers that, in order to match the budget for
each year, it is necessary to modify the sequence of maintenance alternatives
and the rehabilitation timing of the projects until a best solution is
obtained.

At the present time, the coupling of project and network level analysis
is possible only in a simplified manner. The coupling of the two levels is

deterred because
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(1) the data collection requirements at the project level are very
detailed and expensive when compared to the network level
requirements;

(2) due to the lack of accurate prediction equations, two different
sets of models are employed at the two levels; and

(3) the computer costs would be excessive if detailed models were to be
used at the network level.

A simplified form of an interfaced system is currently being wused by

agencies which have a multi-period network level analysis.

SYSTEM OUTPUT FUNCTION

Among the important developments required in PMS is an output function
involving the various parameters which affect decision making in pavements,
such as riding quality, skid resistance, distress, traffic, and costs. The
problem is not only the determination of the output function but the
capability to predict éach of the output parameters in the equation wunder
variable conditions. Generally, riding quality has been the most important
factor considered, primarily because of the influence of the AASHTC Road

Test, where the concept of Present Serviceability Index (PSI) was developed.

Distress Types

Since the report focusses on the use of distress quantities in PMS, an
overview of what distress 1is wmust be given. In Ref 7, the following
definition is given: "Any indication of poor or unfavorable performance or
signs of 1iImpending failure; any unsatisfactory performance of a pavement

short of failure.” Another definition, given in Ref 3, considers distress as
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"a limiting response of the pavement when one of the primary responses, i.e.,
stress, strain, or deflection, is taken to a limit."

Distress is commonly grouped into three modes or categories: (a)
fracture, (b) distortion, and (c) disintegration. Table 2.1 presents
a schematic summary of the distress groups. For each mode, individual
distress manifestations can be identified; detailed definitions of each
individual manifestation are provided by Smith et al (Ref 9). Some of the

distress mechanisms are also presented in Table 2.1.

Serviceability vs. Distress

In a large number of the cases observed in practice, the pavement
serviceability history does not appear to change with time or traffic, while
the distress condition does. Figures 2.4 and 2.5 show how serviceability and
distress vary with traffic for Texas pavements. Each point represents a
surveyed section of CRCP in Texas (Refs 11 and 37). The serviceability index
was derived from roughness data obtained using profilometer measurements.
The traffic figures were provided by the Planning Survey Division of the
Texas SDHPT. The number of failures (punchouts and patches) per mile was
obtained from the records of the CRCP condition surveys peformed in the State
of Texas 1in 1974 and 1978 and described in the next chapter. From the
figures, it appears that the serviceability index 1is 1ndependent of the
traffic, i.e., the serviceability index value does not vary. One likely
reason for having a constant serviceability is the continuous repair of the
highway performed by the District's staff. Although from a structural or
economics standpoint the section is approaching the end of its 1life, the

riding quality remains unchanged. Thus, the use of distress measures may be
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TABLE 2.1. DISTRESS MODES, MANIFESTATIONS AND MECHANISMS (Ref 8)

Distress Distress
Mode Manifestation Examples of Distress Mechanism

Excessive loading

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

Moisture changes

Slippage (horizontal forces)
Fracture Shrinkage

Cracking

Excessive loading

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

Moisture changes

Spalling

Excessive loading
Time-dependent deformation
Permanent (e.g., creep)
deformation Densification (i.e., compaction)
Consolidation
Distortion Swelling
Frost

Excessive loading

Densification (i.e., compaction)
Consolidation

Swelling

Faulting

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

Disinte-
gration Adhesion (i.e., loss of bond
Raveling Chemical reactivity
and Abrasion by traffic
scaling Degradation of aggregate

Durability of binder
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a more realistic way to evaluate a pavement's terminal condition. This
statement 1is contrary to the AASHTO guide concepts (Ref 25); however, the
AASHO concepts, which are based on the AASHTO Road Test results (Ref 23), do
not consider pavement sections deteriorating without maintenance.

Therefore, it appears that distress manifestations, in this case
failures per mile, are better indicators of the deterioration of a CRCP than
the serviceability index as evidenced by the variability. In other words, in
a CRCP with heavy maintenance, distress appears to be a more significant
factor in the decision making process than the serviceability index. Other
factors may seem more relevant in other cases, depending on the particular
circumstances.

An additional advantage of using distress is that it relates directly to
maintenance requirements and indirectly measures other pavement functional
indicators, such as serviceability. Among the disadvantages of using
distress manifestations is the lack of applicable cost equaticns since past

research has made more extensive use of the PST concept.

SUMMARY

This chapter presented the conceptual formulation of a rehabilitation
prioritization scheme wusing distress quantities. These are the principal
points presented in the chapter:

(1) It was decided that a simplified scheme should be formulated as a

starting point and that some guidelines should be provided for
future evolution into more complicated forms as experience is

accumulated.

(2) The proposed scheme will provide maintenance management with a
multi-period list of candidate projects for rehabilitation. The
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prioritization procedure is based on a distress index and several
distress prediction equations.

(3) It was suggested that a project level program be used as a
simulation tool to generate improved prioritization or distress
index models. This approach would be feasible if better prediction
and cost models were available.

(4) From experience in Texas with rigid pavements, it 1is felt that
distress is a Dbetter indicator of the condition of the pavements.
Therefore, it is recommended that distress be used as the central
factor to be considered in the prioritization scheme.

The main concern of this report is to develop a scheme for scheduling
rehabilitation of rigid pavements based on distress quantities. A computer
program 1is developed in the process. The program, a rehabilitation
prioritization program presented in Chapter 6, produces a set of ordered
candidate pavements for maintenance and rehabilitation. This program uses
only distress quantities 1in the prioritization procedure. However, it
appears reasonable to include in future versions the impact of other
variables, such as traffic and climatic conditions, in the procedure. Also,

in order to optimize the prioritization procedure, user and agency costs

should be considered.
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CHAPTER 3. DATA COLLECTION AND REDUCTION

The current technology in the pavement field is imperfect and requires
information on a continuing basis. In addition, management decisions depend
on supporting data. Therefore, the importance of collecting feedback
information from in-service pavement sections is apparent. The objective of
this chapter is to summarize and discuss the collection and processing of
information, basically condition surveys, for analysis. The following topics

are presented and discussed:

(1) the conceptual development of a data processing procedure,
(2) the sources of information used in this study,

(3) the possibility of collecting information through sampling within a
project, and

(4) the programs used to report and summarize the informationm.

Additional information is presented in Appendix A, which deals with the

evolution of the procedure and the recording forms used in the condition

surveys performed by the CTR through the years.

CONCEPTUAL DEVELOPMENT OF A DATA PROCESSING PROCEDURE

Figure 3.1 is a flowchart of the data processing procefure. The first
step 1is the collection of data, which is followed by proper storage for
future use. With the help of computer software, the step of data reduction

and analysis yields results in the form of reports for the various agency
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departments which make use of this information. Before the information is
used, it is necessary to evaluate the results and decide if more information
is required. Once the information is evaluated, it will be applied in the
different activities of the Pavement Management System. Of course, 1in order
to upgrade the models and the information in the system, there 1is a
continuing feedback procedure.

In the following paragraphs, a conceptual discussion of the various
steps in the data processing procedure is presented. First, several possible
information applications are mentioned to explain the purposes for
collecting the data. Then, guidelines are provided for determining the
quality and quantity of the data and deciding which information should be
collected and how it should be collected. To complete the theoretical

discussion, the data reduction and analysis step is also covered.

Applications: Purposes of Collecting the Data

A PMS consists of the comprehensive set of activities that go into
planning, design, construction, maintenance, evaluation, and research of
pavements. Pavement evaluation provides information to the rest of the
activities; the information channelized through research is redirected,
after further processing, to the other activities. The following is a partial

list of PMS activities where the condition survey information is used:

(1) Planning

(a) network evaluation,

(b) prioritization of pavement sections,

(¢) short-term programming and budgeting, and
(d) long-term programming;

(2) Design
(a) information for overlay design,

(b) evaluation of design in a pavement section, and
(¢) evaluation of design equations;
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(3) Maintenance
(a) short term scheduling of maintenance,

(b) 1long term scheduling of maintenance, and
(¢) evaluation of maintenance techniques and materials;

(4) Construction

(a) evaluation of construction in a new pavement section, and
(b) evaluation of construction techniques and materials.

All of the PMS activities depend on accurate information, obtained
either from pavement surveys or from prediction models. At the present time
the use of models to predict pavement responses 1is restricted by their
imperfect state. Therefore, the importance of continuously obtaining
information for the correct functioning of a PMS 1is apparent. Table 3.1
indicates activities which could make good use of distress prediction models.
Those applications which appear not to require prediction models make use of

"fresh" data.

Data Collection Considering Quality and Quantity

The quality and quantity of information varies in each of the PMS
activities. Table 3.1 shows the types of condition survey recuired for each
of such activities; in addition, it indicates whether or not distress models
are used to process the data. Different types of condition surveys can be
conducted, depending on the type of pavement and the application for which
they are intended. For the purposes of this report, they have been divided in
terms of their quality and quantity.

For quantity, the terms used in Table 3.1 are defined as follows:

(1) Census or mass survey. As the term implies, this type of condition
survey involves surveying the complete network.




TABLE 3.1.

TYPE OF CONDITION SURVEY RECOMMENDED FOR SEVERAL DIFFERENT

PAVEMENT MANAGEMENT APPLICATIONS.

Condition Survey

Distress
Application Quantity Quality Models
PLANNING:

. network evaluation (1) or (2) (a) or (b) Yes

. prioritization (1) (b) Yes
short term planning (1) (b) Yes
long term planning (1) or (2) (b) Yes

DESIGN:
information for design (4) (b) or (c) Yes
. evaluation of design (4) (a) or (b) No
. evaluation of equations¥* (1) or (3) (c) No
MAINTENANCE:
short term scheduling (1) (b) or (c¢) No

. long term scheduling (1) (b) Yes
evaluation of techniques (3) (b) or (c) No
and materials¥*

CONSTRUCTION:

. evaluation of pavt. section (4) (a) or (b) No
evaluation of techniques (3) (b) or (c) No
and materials*

*Research activities

Quality Quantity

(a) Reconnaisance (1) Census

(b) Tally or semi-detailed (2) Network sample (stratified)

(c) Detailed or photographic (3) Experimental design

(4) Project
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(2)

(3)

(4)

Sampling. Sampling can be performed from the network by selecting
representative sections or from each project by selecting
representative subsections within a project. Sampling from the
network has been used for quick evaluation of the network or to
make a broad estimate of the long-term condition of the network
(Refs 1 and 28). An attempt was made in this study to obtain
samples within specific projects and from them to infer the

condition of the whole project; the results were discouraging
(Ref 29).

The quantity of information sampled by some state agencies appears
to vary from 100 percent to 8 percent of the network. Sampling
intervals range from 1000-sq-ft areas every 1/3 mile to 100-ft.
long segments every mile within selected projects (Ref 30).

Experimental design. A factorial design is mandatory in some of

the condition surveys, as in the case of developing or evaluating
design methods which need to be applicable to a variety of
conditions. Furthermore, the factorial matrix should be specified
in terms of "ranges" and not "points'"; the reason being that, due
to the scarce research resources, measurements and observations
need to be made from existing in-service roads; the adoption of
point levels would make the field search for test sections next to
impossible (Ref 33).

In the case of evaluating maintenance or construction techniques,
simpler experimental designs have been wused. Usually test and
control sections are monitored to detect differences in the overall
performance among both types of sections and to assess the
advantages or disadvantages of the technique under study.

Project. When the information required is for designing an
overlay or evaluating the design or construction ¢f a pavement
section, the condition survey refers only to that single section.

For quality, the terms used in Table 3.1 are as follows:

(1

(2)

(3)

Reconnaisance. These surveys consist of visual inspection and
qualitative  judgment of the pavement made by a qualified
individual.

Tally or semi-detailed. In this type of survey a pavement section
is divided 1into subsections. The distress manifestations are
tallied and, once the subsection has been completed, the quantities
are transferred to the field sheets.

Detailed or photographic. The exact location of each distress
manifestation is recorded in this type of condition survey. Usually
sketches or photographic techniques are used. The use of

photographic techniques 1is not limited to detailed condition
surveys; they can be used when the survey operation interferes to
a large extent with the traffic, as in urban areas.
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Additional Information. The information <collected for pavement

management activities can be classified as pavement responses or attributes
(dependent variables) and additional information (independent variables). The
pavement responses are dependent variables only if some form of forecasting
is involved. The additional information can be further subdivided into fixed
and variable, indicating if such information is constant or varies with time.

The selection of the type and quality of information to be gathered
depends on the application intended. For instance, 1in order to evaluate the
condition of a roadway network, only responses of the pavement such as
riding quality, load response, distress, and safety are required. On the
other hand, 1in the case of research activities, it may be worthwhile to
collect all types of information.

Table 3.2 indicates which additional information may be required 1in
several PMS activities. In Table 3.2, the quality of the information is not
specified, although economics and the degree of accuracy required will
dictate the quality of the information. Of course, there 1is a minimum
quality for each application. For example, prediction equations derived
through research require less accuracy at the network level than they do at
the project level. Therefore, the quality of information used at the network
can be different than that used at the project level.

Some applications make indirect use of the information, such as the ones
that involve the use of prediction equations. These applications can be

carried out even without the indirectly required information,

Data Reduction and Analysis

After the information has been collected, it must be organized,

summarized, and documented. Due to the extensive amount of information, the
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TABLE 3.2. ADDITIONAL INFORMATION TO THE CONDITION SURVEY REQUIRED FOR VARIOUS

PMS ACTIVITIES

Application Traffic Materials Construction Maintenance Costs Environment
PLANNING
Network evaluation N N N N N N
Prioritization Y N N N Y Y
Short term planning Y N N N Y N
Long term planning Y I I I Y I
DESIGN

Information for design Y Y
Evaluation of design
Eval. of design equations Y N

MAINTENANCE
Short-term scheduling I N N N
Long -term scheduling I
Eval. of maintenance I Y N Y N

techniques and matls.

CONSTRUCTION
Eval. of pavt. section N N Y Y
Eval. of construction Y N

techniques and matls.
RESEARCH Y Y Y Y Y Y

= information required
= information not required

= information indirectly required

oY
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use of computer facilities is mandatory. By analyzing the information,
future conditions may be inferred. As stated before, the models used in
pavement technology are far from accurate, and continuous upgrading is

necessary; these models are the result of the analysis of the information.

SOURCES OF INFORMATION

This section presents the sources of information used in this report.

Field data were collected for CRCP and AC overlaid pavements, and literature

information was collected for jointed pavements. The information has been
used, first, to develop prediction models and, last but not least, to test
and demonstrate the applications of the rehabilitation and prioritization
program presented in Chapter 6.

The data collection procedure involves the following (Ref 30):

(1) determination of what attributes of the pavement should be measured
and what type of information needs to be acquired;

(2) field measurement of attributes, such as structural capacity, ride
quality, distress condition, and skid resistance, on a sample or
mass inventory basis and to a degree of accuracy and frequency

appropriate to the class of road, agency resources, use of the
data, etc;

(3) collection of data from as built pavements and maintenance,
including costs;

(4) traffic measurements;
(5) determination of environmental conditions;
(6) 1inventory of available resources (materials, equipment, manpower,
budget, etc.).
In the following paragraphs a description is given of the distress
information collected through condition surveys of the various types of

pavements included in this report: CRCP, jointed pavement, and AC overlaid
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rigid pavement. The final part of this section describes the sources of

additional information.

CRC Pavements Condition Surveys

Condition surveys, 1i.e., field measurements of distress aimed toward
assessing the pavement condition, have been carried out by the CTR in rural
and urban districts. The condition survey procedure in urban zones 1is
different from the one used in rural zones due to the different traffic
conditions.

Table 3.3 presents in condensed form the various condition surveys
performed on CRCP in the state. The rural districts were surveyed in 1974,
1978, and 1980; the wurban districts were surveyed in 1976 and 1981.
Figure 3.2 shows the locations within the state of the districts surveyed.
The distress manifestations measured were somewhat different 1in each
condition survey, but the following are the manifestations measured:
transverse cracking, localized crackiung, spalling, pumping, punchouts, and
patches. Detailed information on the condition survey procedure is given 1iun
Appendix A.

Table 3.4 presents a summary of the information collected in the rural
condition surveys. The summary is organized by districts and by the year of
the condition surveys. The information provided is length surveyed, length
overlaid, age range, distress manifestitions (cracking, spalling, and
failures), and average and standard deviation of the riding quality or
serviceability index of the pavements surveyed.

Condition Surveys for Jointed Pavements

Although jointed pavements (JCP and JRCP) are not uncommon in the

state, rvregular monitoring of this type of pavement has not been carried out



TABLE 3.3. SUMMARY OF CONDITION SURVEYS PERFORMED IN THF. STATE
OF TEXAS AND MEASURED DISTRESS MANIFESTATIONS

Condition Survey*

Rural Urban®*
Distress Manifestation Intensity 74 78 80 76 81
Minor . .
Transverse
Severe . .
Cracking Longitudinal .
Localized Minor )
Severe .
Spalling Minor ’ : ’
Severe * . . . .
Minor . . .
Pumping Severe . . .
Punchouts Minor ' ' ’ : )
Severe . . . . .
Patches Asphalt ) ) )

PC Concrete

*Refer to Appendix A for details
#%Not included in this study

43



44

(///,

Urban Districts

Rural Districts

Fig 3.2.

Location of rural and urban districts surveyed
to collect CRC pavement information.




TABLE 3.4. SUMMARY INFORMATION OF CRC PAVEMENTS IN TEXAS FROM 1974,
1978, AND 1980 CONDITION SURVEYS

(A A LA AL I LRI YT Y YL LI L Y Y TP T Y Py YL A PP L L Y P L L R YL L e e Ll ey Ll 1T P Y Pl R T R d 1 2]

DISTRICT YEAR LENGTH AGE RANGE CRACK sPC MIN SPALL SEv sPall FAI_LURES RQ
NO, TOT OVl FROM TO MEAN 8D MEAN 8D MEAN 80 MEAN 8D MEAN 8D

LAAA L L L AL LI Y P YL LYY PY L AL PP Y T T DT T Y TY I T I T PN L Y DL L L D R L LYY L DL DL P L L L L LAY PP R L L L L LA L L2

(miles) (years) (ft) (%) %) (No)

17 1980 238,08 Si,2 8,2 16,9 4,8 »,5 14,2 5.7 tel 2.1 1.6 3,7 www wme
17 1978 238,2 51,2 6,2 14,9 4,8 2,.% 13,6 6,1 deb 1.1 2.2 2.7 3,6 0,3
17 1978 238,3 8,8 2,2 13,0 4,2 2,5 ess eee  ee.  we= 4,0 16,3 3,6 0,3
19 1980 219,7 24,4 8,5 15,8 3,6 2,7 20,8 12,3 Be2 11,5 8.8 13,8 cuw wae
19 1978 219,3 20,4 ¢,5 13,8 3.6 2,7 19,8 12,5 5.7 10,9 L.2 8,3 3.6 2,4
19 1974 219,06 9,8 2,% 9.8 3.6 2.7 cse  wue e=e Te= 1,1 2,0 3.4 0,3
20 1089 78,8 22,2 8,4 17,4 4,2 v, 7.5 7,0 sea8 8,3 146 &,2 -
20 1978 78,2 21,2 6,4 l!,a 4,2 1,2 6,3 7.% 3.9 6,7 el 3,9 3.1 8.4
20 1970 7%.6 8.8 2,8 11,4 6,2 3.9 caw “ew avg csew P8 2,4 3,0 8,3
24 1978 99,4 9,8 3,0 8.9 5,5 2,8 28,2 18,0 de2 0,2 2.1 9,2 3,7 9,2
24 1974 83,0 a,8 g.z 4,9 s.s 2 8 wew “ww ewy oee P2 0.1 onw eme
2s 1978 61,2 9,8 3,8 13,2 3,8 §,8 10,2 3,1 2.8 0,0 2,1 0,1 4,8 2,3
2s 1978 SQ.Q 9,0 1,2 6,2 3,0 3.4 suw weow Y. LT Pe? B0 3.7 8,2

.O..'...I'.’.O..ﬂ.O--....-..‘-I.....-..-...-.....-..I-.‘-.'.....-.-....-...---.--..-.--...-..---.--

{continued)

Sy



TABLE 3.4. (continued)

DISTRICT YEAR  LENGTH AGE RANGE  CRACK sPC MIN SPALL SEvV gPaALL FAILURES RQ

NO, TO0T OVL FROM YO MEAN 8D MEAN 8D MEAN 8D MEA4 8D MEAN 8D

LI A AL LD Y Y YT I PRI AL A Y I I T I P I Y Y I R LR L AT Y R L AR LY R Yl Ll Y Al L] ]
(miles) (years) (ft) (%) (%) (No)

1 ie8p 99,2 1.6 5,5 16,5 6.5 48,2 39,8 1s,4 e 1ol 2.2 2,7 cee eee

| 1978 89,2 1.6 3,5 14,8 6,5 a,2 24,1 15,6 ‘o0 Ba7 te? 1,4 3.4 0,2

1 1974 7'.6 0,0 3.5 10.5 b.S a.,2 (XY} ese ee g L L .Y ] 8.7 3.1 " 9 }

3 1978 19,8 4,2 S,0 14,3 6,3 3,7 18,9 8,9 Yoo 3.0 2.1 0,2 3.1 9,3

3 1974 120,88 98,0 1,6 10,3 6,3 3.7 “es  aaw ee, o= Pel 0,3 3,1 9,3

] 1978 87,4 0,8 6,2 16,1 3,3 1.8 18,5 8,1 Ve De& 2,8 2,9 3,4 0,4

4 197a 87,3 0,0 2,2 3.3 1.0 se® awe ae, v fed 0O,6 3,2 0,4

9 1960 4%,2 16,2 9,9 ie,0 8,0 3,1 27,2 19,2 2.7 2.7 1.4 2,2 cee eoe

9 1978 a%,2 16,2 7,9 1ta,e 8,4 13,1 27,2 19,2 1e8 2,0 2e9 1,3 2.9 0,3

9 1974 45,2 0.0 3,9 14,90 8.6 3,1 woe caw ey L) 1.8 2,6 2,7 8,2

10 1980 166,9 0,8 13,3 7.2 6,8 a,2 S3,8 12,6 19 2,2 7.3 8,7 ces oee
10 1978 167.3 8.0 11,3 15,2 6,8 a4, Sa,0 12,4 1.0 2,2 4,8 4,7 3,4 8,3
10 1974 170,4 0,0 7.3 1t,2 6,8 a,¢@ see  eae e, @©eee 1e0 1,6 3.2 9,2
{3 1988 294,2 37,2 6,3 17,4 s.1 3,6 27,9 12,2 5,2 5.8 e 3,7 eee wo=
13 1978 29,2 11,6 4.} 16,1 5.1 3,6 15,3 9,¢ 3. 4,2 tel 243 3,4 4,3
13 1974 26%,.8 6.0 €.,3 12,1 S.1 1.6 ®es eae eeg see 2,2 0,4 3,5 92,3

9%
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regularly in the field. Therefore, other sources of information were used in
this study. Table 3.5 presents data used by Carey and Irick (Ref 34) to
develop the serviceability-performance concept. The same information is used
in this report to develop some of the distress models, as discussed in
Chapter 4. Other models have been adopted from the literature (Refs 23, 35

and 36).

Condition Surveys for AC Overlaid Rigid Pavements

The monitoring of overlaid rigid pavements was only recently begun, and,
therefore, the existing information does not present extensive time-histories
of distress occurrence. Futhermore, only a few sections with the status of
experimental sections are monitored. However, among these experimental
sections there is one, known as Walker County, which represents one of the
oldest, better monitored asphalt concrete overlays on rigid pavements in the
state. Walker Co. contains several experimental sections, with varying AC
overlay thicknesses, constructed on IH-45. The total project length is 11.4
miles. 1In order to monitor the distress condition of the overlay, condition
surveys have been carried out before and at 20, 28, 55, and 71 months after
the overlay was placed. Table 3.6 presents a summary of the 1information
collected in such sections, including percentage of distress reflected in the
various overlay thicknesses and the rut depths measured for the different

overlay thicknesses.

Sources of Additional Information

In the following paragraphs, a description is presented of the sources
of additional information, 1i.e., information other than distress quantities.
Although the description 1is applicable to the three types of pavements

included in this report, emphasis is placed on CRCP due to the fact that, so
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TABLE 3.5. DATA FOR 49 SECTIONS SELECTED BY CAREY AND IRICK (REF 34)
TO DEVELOP THE PRESENT SERVICEABILITY INDEX FOR RIGID
PAVEMENTS USED IN THE AASHO ROAD TEST.

O O S P R N P e P R PR P T R P D RN PN T RO NP P P P P RN P e N P P PR P PR e P P e PO P sP e elieorse S @, aw

SECTInN ACCFPTARILITY CRACKING SPALLING PATCHINA FayLTING pal

CODF APINTNNS < ft ) < ft )( sq ft ) < in. )

sq £ 1000 ft

YFS N 1000 sq ft 1000 sq ft/\1000 sq ft
R R e e P T o N N R e e T R P C s T R P R e R e e PP EE P PR T e e A e T R AN TR I S e S gee

R1 a LA $3.0 a4 A0 2.9 1.7
R2 1,7 ) f,8 " n ] 3.7
R3 .2 o5 42 ,” @ 11,0 @ 2,3
RY A 5 46,90 @ 7.V 7,0 2.2
RS A 1,0 122,0 v 28,9 1,9 1,4
Qe o ol 15,4 2,2 1,9 3. 2,5
R7 1, ¢ @ 1 4 ) @ 4,8
RA v 1 ¥ 65,4 11,¢ 5, 3¢ 1.5
R9 0 1,4 74,0 19,¢ 65,9 1,0 o2
291 o 1,2 da, e 6, ¢ Sq . 1, o 1,0
292 " 1.0 23.4 i, 66,0 4 2.1
203 o 9 47,0 1,9 4y,2 9 .1
244 1,9 o u,N @ 2 ) 4.3
225 1,0 9 2,2 @ A 4 4,9
29e ) ? 1d .4 ") 1,0 1,0 1.0
2a7 L4 o? 27,0 ¢ A 1.0 3.3
208 .3 o4 14,% » @ 4 3,2
249 o] b 14,4 @ A 7 2.,
21 v 1, 16,1 503, 0 12,1 B 1,4
211 1,4 A 2 ¢ . 2 4,3
212 1,4 A 7 o 1) @ 4,1
213 1,0 A %) “ B ] 4.
214 1,4 a @ 4 A a |
215 1,9 2 @ 7 X v 4.4
210 1,9 ? ¢ ] ) 0 3.8
217 a 1,2 76,9 2.9 1.0 o 1,9
218 v 1.9 64,9 4 @ 10,9 2.1
219 ¥ ) Q7,7 ) 1.9 4.2 2,7
224 1,0 ) " ” a 2 4.
401 1,4 a a 1,0 ] 2,0 3.8
432 1,7 A 11,0 1,7 A 4,0 3.5
4a3 9 2 2,0 4,0 ] 1,0 3.7
udy .6 o2 1,4 1,9 2,0 4. 3,4
4ns W3 . 72,4 13,4 o S,? 2,5
uas L4 ] 70,0 14,9 1,7 5,2 2,8
4u7 o1 R a1, @ 4,0 29,@ 1,0 1.6
48 o1 «8 42,0 R, 37,0 2,2 1,5
489 o? 8 52,9 7,2 29,94 1,0 1,8
419 .2 .8 Re, M 5,4 33,7 2.0 1,9
a1 W o8 ug .0 6,0 65,0 2 1,5
412 ] ol 81,0 3,7 5.7 S,M 2.7
U1} 1,¢ ) ] 1.0 @ 1,0 3,9
414 1, 8 ¥ a 2 1,9 u @
415 1.2 2 a ) 2 1,0 3.8
4t 2 9 Su,n 1,9 2l9,0 8,8 .S
a7 W1 .7 16,4 1,0 Q 18,0 2.2
u18 1,4 0 d @ 2 1,0 4,1
419 .S o3 5.4 2,0 13,9 2,9 3.0
42 o I 3 5.2 7.0 16,2 2. 2,7



TABLE 3.6. PERCENT REFLECTED DISTRESS AND RUT DEPTH INFORMATION
COLLECTED DN AN ASPHALT CONCRETE OVERLAY PROJECT IN

WALKER COUNTY, TEXAS

NVERLAY LENGTYH Z PCY REFLECTED NISTRESS RUY DERYH pCT REPAIRS
THICKNESS ¢ IND)
(INY teTY 2e 28 L1 71 1] 71

2.5 26275 1.0 2,81 0,11 1,485 1,49 2,87 o,11 b8,
547% B.16 A 3,02 @,07 0,12 - - 65,
179 R.46 n 2 t.m2 1,04 . b1t 8o,
a127 2,46 a #,82 @44 92,53 2,86 .49 53,
1873 #,32 @ P Q.0e 8,12 - - A,

627 I @ 2 o,s¢ 2,%@ - - 8a,
274w 2,52 @ f 2 2 - . 5@,
1589 2,44 @ ¢ p,82 @,67 - 2,91 e,
S¢aw 1.38 2 W 2,23 2,03 - - 199,
2175 d,u8 3 0,35 a,84 1,59 - - 67,
u?s9 u,72 ¢ P,34 1,89 2,06 U,.p6 0,16 ue,
8275 “.?) n ﬂ.lﬂ 1.“1 1.35 - {;’«'1“ 33.
5ARGE 7 3,10 B,s4 98,95 v,p6 0,10 s5e,

LA AL R L A LA P T P Y P AL PP Y LT P P YL Tt PR L LT AT T P e o ey e Y L L 1 L o

4,9 128w 2,80 ] "] ] [*) - - 129,
1600 1.83 2 8 2,81 9,11 B.08 0,11 56,
853 2.,4% » 2,81 2,20 0,62 - - 67,
SREN D,72 " 2,83 2,07 @,12 A.06 1,18 67,
atTpn " a,81 08,16 2,28 3,08 r.15 63,

L 518> 2,48 a @ Aa,p2 0,089 - a,17 92,
548 9,74 ] B P.m2 ?,03 3,23 p,34 50,
Lep N, 469 f 0,29 p.»7 8,33 - - 50,
RTRr a 7,03 8,10 2,15 - -1 64,

PRAPOOURR BT RO RNERE RN IR TS ERERER RN, PR RNt o TR Ny aEEe,, W

6,8 1160 3,31 o e 2 a P32 7,15 ipe,
19pa B,1R o] [ @ 2 - Fel ire,

eTRY L ) 4 @ B o B.36 eo? 58,

5189 2,1° a ¥ BB 08,19 - g8 a2,

1827 1.8 2 8 a,11 B, 2.27 .14 u2,

21714 [} 2 o.pe6 9,085 2,25 I 1) 68,

LA AL AL L 2T P DY Y R A A 2 L Al P i a ld  d b Py 22 2 2 X1 4) (AT A T3 2 2 e ey g T 2 21 1 % 3

* SECTIONS WITH LESS THAN Sap FT,
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far, most of the information collected by the CTR has consisted primarily of

this pavement type.

Construction and Maintenance. The sources of construction and

maintenance information are the SDHPT Construction Division (D-6), the Safety
and Maintenance Operations Division (D-18), and each of the Districts. The

types of information included are

(1) geometry,

(2) construction records (procedures, materials, costs, etc.),

(3) as-built properties, and

(4) maintenance records (preventive or corrective, procedure,

materials, costs, etc.).

In Table 3.2 costs are considered apart from construction and
maintenance records (a) to consider every type of cost, agency, and user,
under one heading and (b) to stress the importance of this type of
information.

Costs. The type of costs which are to be kept in a PMS are

(1) agency costs (administrative, labor, materials, equipment)
(a) construction,
(b) periodical maintenance, and
(¢) overlays;
(2) user costs
(a) operational (operation, maintenance and deprciation of
vehicles; time, accident, and discomfort) and
(b) extra operational during maintenance and overlaying
operations.
Agency costs can be collected relatively easily compared to user

costs, which fall completely into the research domain. The lack of accurate

cost models 1is considered one of the major deficiencies in existing PMS
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(Ref 3). Costs play a major role at the network level for the proper
planning of improvements and at the project level for the selection of
alternative strategies through economic analysis. The CTR data base lacks

information on any type of costs,

Materials Characteristics. The sources of information regarding

materials characteristics are the SDHPT Materials and Tests Division (D-9),
the Construction Division (D-6), the Highway Design-Research Division (D-8R),
and each of the state Districts.

The minimum information which should be available in a data base, 1if

accurate models are to be developed, includes

(1) 1layer thickness,
(2) concrete flexural strength and modulus of elasticity, and

(3) subbase strength and resilient modulus, and stress sensitivity.

Machado et al (Ref 37) gathered some information for the CTR by sending
a questionnaire to the District Engineers. The questionnaire, according to
Ref 37, was tailored to provide only information that could not be found in
construction plans and specifications. Much of this information is
qualitative; for instance, the concrete is classified by aggregate type
(siliceous, limestone, mixture, and other) rather than by physical
properties. Information on field material characteristics for a few projects
has been collected by Kennedy et al (Ref 54).

Material characteristics can also be estimated for projects 1in which
Dynaflect deflections are available in the data base. The properties are
estimated by fitting the deflection basin to the one obtained by theoretical

analysis (Ref 39).
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Traffic. Traffic information in the CTR files was obtained from the
Transportation Planning Division (D-10) of the SDHPT. The information 1is
estimated from data collected using an in-motion weighing system.

Different amounts of distress have been found in opposing lanes of a
roadway (Ref 76). One possible reason is the difference in load distribution
between lanes, 1i.e., the directional distribution of load. Further research
needs to be carried out to define the conditions leading to this difference
in distress.

Planning activities make use of traffic figures in the decision process,
not only because large amounts of traffic will accelerate the deterioration
of the pavement but also because of the benefits to a larger number of users.
It may be argued that the selection of a certain maintenance technique or
material is influenced by the traffic, Therefore, it was decided to include
traffic (equivalent 18-kip single axle loads) in Table 3.2 as information
indirectly required for short-term scheduling. Accurate traffic information
is of wvital importance for research: to develop and evaluate models, to

evaluate construction and maintenance under different traffic conditions,

etc.

In order to establish the priority of projects needing overlay, the
1980 traffic for each of the projects was required. Based on the 1978
traffic survey and on the predicted traffic from the date of construction for
20 years provided by the SDHPT, the cumulative traffic for 1980 was computed

by means of the following formula (Ref 40):

365 EALO n
= — 9 + i) - .1
EALn o (D) [(1 i) 1 (3.1)
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where
EAL = equivalent 18-kip single axle load at any year n ,
n
EAL = initial daily EAL on the day traffic is opened on the
° road, and
i = rate of traffic increase expressed at percent per year.

Then, by means of some algrebraic transformations on Eq 3.1, we can obtain

the rate of traffic increase as follows:

“a o lasots)]
EAL r. .\ B 1 )
B L\l + i) - lJ
where
EALA = traffic from date of construction to traffic survey
(1978) and
EALB = traffic from date of construction to 20 years.

Figure 3.3 1is a plot of a typical project showing the procedure to obtain the

cumulative 18-kip single axle applications based on the data givem by the

SDHPT.

Environmental Conditions. The types of environmental conditions which

should be contained in a data base include

(a) moisture,
(b) temperature and solar conditioms,
(¢) freeze-thaw cycles, and

(d) site geological conditions.

For a more extensive discussion of environmental variables, Ref 3 may be

consulted.
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Fig 3.3. Example projection of equivalent 18-kip single axle applications
using data provided by SDHPT.



55

Machado et al (Ref 37) collected this type of information and it 1is
available in the CTR data base. The information is very general to be used in
the derivation of accurate prediction models. Figure 3.4 is an example of the
type of information contained in Ref 37; additional maps are provided for
solar radiation, freeze-thaw cycles, and temperature constants.

Deflections, Riding Quality, and Skid Resistance. Although the

discussion has been centered on condition surveys so far, it is important to
mention again that the pavement evaluation involves several aspects: (a)
riding quality, (b) load carrying capacity, (c) distress, (d) safety, and (e)
aesthetics. At present, there is no precise formula to consider all these
aspects in an integrated manner (Ref 3).

The quantity and quality of this information 1is similar to the
requirements for condition surveys, shown in Table 3.1, for the different
applications in a PMS.

Pavement engineers suspect that there is some correlation among riding
comfort, distress, and load carrying capacity or behavior. Nevertheless,

conclusive information has not yet been presented.

SAMPLING WITHIN PROJECTS

Several condition survey sampling procedures were investigated using
existing CRC pavement condition survey data. Cursory observation of some of
the pavements led to the idea that distress occurs in clusters and 1is not
evenly spread throughout the length of the pavement. If this is the case,
then random sampling procedures could result 1in extremely erroneous
estimations of the actual extent of distress. Simulation of a random sampling
procedure was carried out by sampling the data that was collected during the

1978 CRCP statewide condition survey. Predictions based on the samples taken
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Fig 3.4.

Contours of Thornwaite moisture index for Texas.
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were compared with the actual distress observed when the entire pavement was
surveyed. The results of the analysis revealed the extent of the probable
errors in prediction associated with the different levels of sampling.

Sampling Punchouts and Patches

Taute and Noble (Ref 29) analyzed various samples of failures (punchouts
and patches) drawn from all 237 CRCP sections surveyed in 1978. The
distribution of errors associated with samples of varying size was plotted on
a frequency diagram. Figure 3.5 indicates the probability of being within
+ 25 percent of the correct answer for four different sample sizes, i.e.,
20, 40, 60, and 80 percent. By inspecting this diagram, they found that 80
percent of the roadway needs to be surveyed for an error smaller than 20
percent with a confidence of 75 percent. In other words, sampling of
punchouts and patches is not feasible. However, they pointed out that rigid
and flexible pavements may exhibit different behavior regarding the
occurrence of failures, and, thus, one may hesitate to apply these rasults
summarily to flexible pavements. It should, however, be noted that the
sections 1into which the 1978 CRCP condition survey and this analysis were
separated were the 1individual pavement construction jobs. The subgrade
support along the length of such a job may vary considerably. TI1If the
condition survey sections were split up further into much smaller lengths,
based on a cursory examination of the pavement, the error might be reduced

considerably.

Sampling Spalling

Using existing CRC pavement condition survey data from two districts,

the possibility of sampling spalled cracks was investigated. Two sampling
schemes were considered: (1) sampling from each mile in a project and (2)

sampling a continuous length at the end of a project.
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The percent error as a function of the percent of the project length

sampled was obtained as follows:

SP - SP,
i

- 1 100 3.3
PEi 5P (3.3)

where

PEi = percent error of the sample,
SP = true number of spalled cracks in a project, and

SP, = number of spalled cracks estimated from the sample.
i

The first scheme of sampling studied was a systematic sampling; for
instance, for a 20 percent sample size, the first two-tenths of each mile
were 1ncluded in the sample. The second scheme consisted of taking a single
sample at the beginning of each project; for instance, for a 20 percent
sample size in a 5-mile project, the first mile was sampled.

For each of the schemes, the percent error was considered normally
distributed and, wusing a 95 percent confidence level, the percent error
versus the percent sampling was calculated. Figure 3.6 shows the results of
the analysis; two curves are shown in the figure, one for each sampling
scheme. It is apparent that the first sampling scheme provides better results
than the second one.

The analysis was originally performed using information from one
district. 1In order to corroborate the results, the analysis was repeated for
another district. Figure 3.7 shows the results of sampling in two districts
following the first sampling scheme. It appears that the results are about

the same; therefore, the results from the first district sampled are valid.
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A replication study was conducted in the 1978 CRCP condition survey to
evaluate the precision of the measurements (Ref 41). Two different teams
surveyed the same sections in various districts and the results were compared
to assess the precision of measurements. A large difference was observed
when spalling was measured. Table 3.7 shows the differeat results from each
team when measuring spalling.

The results 1illustrate the need to constantly be aware of proper
definitions and calibration if different teams are used. For example, for
District 19, where a large difference is noted the team were working
independently and at different times during the first phases of the project.
For the two cases in District 24, i.e, a and b, the same problems existed for
the first projects surveyed a large error existed, but later projects where
better control existed the error was much smaller. The errors are also
smaller in the other Districts where better calibration control was
exercised. Thus, these results indicate the need for constant calibration by
the teams.

Another alternative to sampling which was tried in the field by SDHPT

and CTR personnel was to conduct the survey at a higher speed than the
normally recommended 5 mph, Reasonable accuracy, less than 15 percent error,
was obtained at 10 mph when the number of spalled cracks was less than 30
percent of the existing cracks. This result could be used in conjunction with

the required degree of accuracy to speed up the condition survey procedure.

Recommendations for Sampling Within Projects

(1) 1In aggrement with Ref 29, the number of failures per mile can not
be sampled but needs to be counted for the whole section.

(2) Pumping, although a major cause of failures, can be neglected when
the purpose of the condition survey is to collect information to
prioritize pavement sections for rehabilitation. The reason for



TABLE 3.7. RESULTS OF REPLICATE SECTIONS FROM THE 1978 TEXAS CRCP
CONDITION SURVEY INDICATING THE NUMBER OF MINOR SPALLS
PER MILE PER SECTION AND THE ERROR BETWEEN TEAMS

Team Effect on
Spalling Discriminant
District 1 2 Error (%) Score (%)
3 61.3 35.3 1.55 2.33
4 36.6 70.1 1.02 1.53
10 77.7 75.5 0.14 0.21
13 31.1 30.9 0.01 0.02
19 70.8 18.2 1.84 2.76
24a 86.2 |133.7 2.25 3.38
24b 54.6 46.8 0.55 0.83
25 90.6 70.0 0.57 0.86
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this is that pumping is not an 1important factor in the
prioritization equation developed in Chapter 4.

(3) Spalling, both minor and severe, may be sampled, depending on the
amount of spalling in the pavement and the accuracy required.

(4) 1If the condition survey sections were split up further into smaller

lengths, using a cursory examination of the pavement  or
deflections, the sampling error might be reduced considerably.

DATA REDUCTION

In this section, the programs which have been used to summarize and
report the condition survey data are presented and discussed: the program
CONSRV  for CRC pavements, CONOVL for overlaid sections, and CONSMS for
experiﬁental sections. Additional information on each program can be found in

the CTR documentation.

Data Reduction for CRCP: Program CONSRV

The condition survey program CONSRV is used to process and summarize
condition survey data collected in various highway districts in Texas.

CONSRV produces the following reports:

(1) project identification information, including the CTR number,
length, construction data, and location of each project within a
district;

(2) a failure summary, including the total and unoverlayed length,
total and per-mile number of failures, and per-mile counts of
spalling, patches, and punchouts for each project in each vyear
surveyed;

(3) a riding quality summary, including serviceability indices for each
project in each year surveyed; and

(4) detailed project sumary sheets which itemize all the survey data
recorded 1in the latest survey for each project, broken down into

one-mile segments and including mile posts, mile points, total and
overlayed project lengths, serviceability indices, means and
standard deviations of crack spacing, minor and severe spalling,
minor and severe pumping, the number of minor and severe spalled
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cracks, the number of minor and severe punchouts greater than and
less than 20 feet, and the number of AC and PCC repair patches.
In addition, CONSRV produces a project-by-project year—by-year summary file
suitable for analysis by other programs.

Figure 3.8 is a flowchart of the different reports and files produced by
CONSRV. The program produces all these summaries from the condition survey
files, each of which contains data for one district; these condition survey
files are stored as permanent files in our data base.

In Ref 42, a description is given of CONSRV. 1In general terms the
description 1is still valid; some changes have been made to the program to
work with 1980 information: the failure summary prints out information for
all the condition surveys, 1i.e., 1974, 1976, and 1980; and in the project
summary sheets pumping is reported as a yes—no condition.

The program has been modified each time a condition survey 1is made and
major work is needed to make it a general program. Currently work is under
way to process the urban condition surveys, i.e., 1976 and 1981, wusing

CONSRV.

Data Reduction for JCP and JRCP

At this time, no program is available in the CTR to process jointed
pavements information. CONSRV may provide a basic model for developing such a

program for JRCP and JCP.

Data Reduction for Overlays: CONOVL

CONOVL reports the condition survey information for AC overlays. The
printout shows the results of all the condition surveys performed on a
section so that the deterioration process is obvious from a simple inspection

of the data. Figure 3.9 is a sample printout from program CONOVL.
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Reports and files produced by program CONSRV used to
process and summarize CRCP condition survey information.
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ACP OVERLAY CONDITION SURVEY
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FAILURES /NO,PER MIg 8/ 8,0 2/ 0,0
LOSS oF ROND FATLURES: @ 14

MEAN RUT DEPTHK (1IN
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Fig 3.9. Sample output from program CONOVL used to report condition
surveys on AC overlays on rigid pavements.
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Slight modifications need to be made to the output; it prints only star
symbols when the quantities exceed the printing format, which is a common
case.

Data Reduction for Special Projects: Program CONSMS

CONSMS reports the condition survey of small CRCP sections. The output
is similar in form to that for AC overlays, but the distress manifestations

are different. Figure 3.10 1is a sample output of CONSMS.

SUMMARY
The collection and preparation of condition survey data for analysis
has been presented. An attempt has been made to explain the data processing

procedure, about which the following statements can be made:

(1) The condition survey procedure, in terms of quality and quantity,
depends on the intended applications. That is, when deciding which,
and how much information should be collected, it is mnecessary to
have in mind the applications for which the data will be used.

(2) The limitations and additional information required in our data
base can be assessed by comparing it to the standard information
required for future applications. That is, at the present time
analysis at the network level, verification of existing design
methods, and some specific special studies are possible, but
improvement of design methods or accurate predictions are not
possible with the information available.

(3) Sampling within sections was attempted but the results are
discouraging. If the existing projects could be broken into
smaller sections by cursory examination or using deflections so as
to reduce heterogenity within the sections, then the variability
could be reduced.

(4) The computer programs used to report the information have been
described. Program CONSRV needs to be modified to deal with future
condition surveys. A more sophisticated data system would be of

great help for the increasing amount of information being
collected.

(5) 1In Appendix A, the developement of the condition survey procedures
used by the CTR is presented. Updating of the procedures can be
made when relevant variables are identified for specific
applications.
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Fig 3.10. Sample output from program CONSMS used to report
condition surveys on small (experimental) sections.
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CHAPTER 4. DISTRESS INDEX AND DECISION CRITERIA INDEX

This chapter presents some of the approximate methods found 1in the
literature to derive distress indices and decision criteria indices. Before
discussing the methods, the concepts of distress are defined. The

approximate methods presented in the literature review are

(1) subjective parameters,

(2) regression analysis,

(3) factor analysis, and

(4) discriminant analysis.

After the various methods were reviewed, discriminant analysis was
selected for the development of the indices used in this study, because it
appears to be the most appropriate technique for the data available and

because of its encouraging results.

DEFINITION OF THE INDICES

The following paragraphs define distress and decision criteria indices
as commonly understood in the field of pavements. The definitions are given
in a simplified form in this Chapter; Hudson and McCullough present a more

detailed description in Ref 47.

71
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Distress Index

Distress 1is the visible consequence of carrying to a limit the response
of the pavement to load, enviromment, and other inputs. Distress index is
the combination of distress manifestations to ascertain with a single number
the amount of pavement pavement deterioration (Ref 47).

A simple form of an equation used to combine the various distress

manifestations into a distress index (DI) is

n
m,
DI = A +1I i (4.1)
o} VE
i M.
i
where
m, = amount of distress manifestation 1 ,
i
Mi = terminal condition of a pavement section 1f distress type i
is an isolated occurrence,
Ao = constant, and
n = number of distress types.

Another way of presenting the same equation 1s to substitute the Mi 's

with 1/Ai to give

DI = A + I Am, (4.2)
(0] . 1 1

where the Ai is a are constant. This last equation is the one used for the

rest of the discussion.



73

Decision Criteria Index

A decision criteria index is the combination of distress manifestations
which 1is considered to indicate the failure condition of a pavement section
associated with age, traffic, and pavement structure (Ref 47). That is, the
decision criteria index when compared to the distress index will indicate if
a pavement section has reached its terminal condition.

Theoretically, the decision criteria should include riding quality,
safety, and economics, but in this report only the implications of distress

are considered.

LITERATURE REVIEW

The existing equations which are used as distress and decision criteria
indices involve subjective preferences. The only way to avoid subjective
decisions is to have accurate cost and prediction models. In this case, the
indices are developed only to avoid the data requirements and computer costs
involved in using an optimization procedure to find the optimum time to
rehabilitate a pavement section. This approach is discussed in more detail
in Chapter 5.

The equations covered in this chapter involve subjective preferences and
decisions. The equations covered under the heading "Subjective Parameters”
are those in which the parameters, i.e., the relative weights of the
variables in Eq 4.2, are assigned using only experience and engineering
judgement. The other three types of approximate equations covered in this
chapter involve some form of correlational procedure: regression, factor, or

discriminant analysis.
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Subjective Parameters

These are by far the most common types of index equation available.
Almost every highway agency has its own and, of course, each equation
reflects local conditions and experience. Lytton et al (Ref 48) give a
summary of such types of equation. Several of the techniques which can be
followed to develop an index are presented in Ref 49; among them are the ones
presented below.

Pedigo and Hudson (Ref 6) present a methodology to formulate a

subjective index; the procedure involves the following steps:

(1) selection of variables to be included in the index,

(2) categorization of the selected variables,

(3) assignment of numerical values for each category, and

(4) establishment of weighting factors to adjust the calculated values.

Utility theory is an exteansively recognized techanique £or developing
index type equations. The application of utility theory to measure pavement
performance has been reported by Arizona and Texas (Refs 50 and 51).
Basically, the procedure involves the assessment of utility functions which
express a decision maker's preference over different levels of selected
variables. These functions are developed primarily by soliciting expert
opinion through intertviews.

Fernando (Ref 49) discusses the use of Rational TFactorial Rating to
develop index type equations. The procedure consists of selecting the
variables to be included in the index and presenting decision makers with
combinations of such variables at different levels so that they rate each of
the combinations. The combinations are carefully selected from experimental

design so that a regression analysis or analysis of variance of the results
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can be performed. This approach substitutes the selection of representative
pavement sections in the field for numbers on paper. It is a feasible
approach if economical resources are scarce or as an initial analysis to

select the variables in a more complex study.

Regression Analysis (Refs 60 and 61)

To develop a distress index equation through regression analysis, it is
necessary to select pavement sections covering the distress manifestations,
severity levels, and combinations thereof for which the equation is intended.
Each member of a rating panel is required to rate each pavement section using
a predetermined scale. The regression analysis 1s performed using the scores
given by the rating panel as a dependent variable and the various distress
measures as independent variables. The relative weighting coefficients for
each type of distress are obtained from the analysis. Shahin et al (Ref 55)
document the development and application of one such type of equation used in
airport pavements. This approach was originally used by Carey and Irick
(Ref 34) to develop the serviceability performance concept.

A decision criteria index can be derived using regression analysis by
asking the rating panel to accept or reject each pavement section and then

using this decision as a dependent variable.

Factor Analysis

Factor analysis is a generic name for several techniques which can be
used to reduce the dimensionality of a set of variables in terms of a much
smaller number of latent variables. The new variables are simply 1linear

combinations of the original variables.



76

Oehler and Holbrook (Ref 56) document the use of this technique to
develop an "objective"” rating score for pavement structural performance.
Their key assumption is that, 1f the distress variables linearly measure
general structural performance in varying degrees, they will be
intercorrelated accordingly.

The outcome of the factor analysis is an equation or set of equations
which account for the variation among subjects on the observed variables; the
other statistical techniques presented in this chapter answer a specific

question: Is the pavement structurally acceptable?”. The problem with
factor analysis 1is the interpretation of the resulting indices: the
intercorrelations obtained might be indicating the relative effects of the
different distress mechanisms or any other common caracteristic of the
distress manifestations instead of measuring structural performance.

It is felt that the research question should dictate the appropriate

statistical analysis rather than fitting the outcome of a certain technique

to our research problen.

Discriminant Analysis (Refs 57, 58, and 59)

Discriminant analysis is a statistical technique used to classify data
into groups; 1its objective 1is to construct a boundary, that is, a
discriminant equation, such that the elements of each group can be separated.
Once the equation is defined, any new element can be assigned to one of the
predetermined groups.

The authors of this report participated in a study in which this
technique was applied to develop an equation to discriminate CRC pavements

with an acceptable 1level of distress from pavements requiring overlay
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(Ref 11). Distress data, including before overlay condition, of several
pavements in Texas were used to determine the reasons leading to overlay;
that is, having data from two groups, overlaid and non-overlaid pavements, an
equation was developed to differentiate between the groups.

The outcome of the discriminant analysis is a decision criteria index
and its relative magnitude can be used as a distress index. Further details

on the application of this technique are presented in the following sections.

Evaluation of the Methods

Data for jointed concrete pavements from Carey and Irick (Ref 34) and
for CRC pavements from Gutierrez de V. and McCullough (Ref 11) were used to
further investigate and compare the various methods previously discussed.

Because of the lack of information regarding the dependent variable
(distress rating score from a panel), the regression analysis of the data was
not performed. Therefore, the comparison was reduced to factor versus
discriminant analysis. Equations were derived using each of these techniques
from the appropriate subroutine of computer program SPSS (Ref 59). To
simplify the comparison among variables within each of the equations, the
weighting coefficients were made independent of the measuring units by
normalizing the variables.

Careful examination and interpretation of the results 1is required in
factor analysis: the factor scores are latent variables which are the best
intercorrelation among the original variables; nevertheless, there 1is no
support for the assumption that the latent variables are a measure of the
deterioration of the pavement. Furthermore, a single equation is not

defined; instead a set of equations 1s defined, which will increase in number
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as the number of independent variables 1is increased. For instance,
examination of the equations derived for CRCP showed that failures and
pumping are highly correlated and the two can be combined to form another
variable or factor score. This can be explained by the fact that pumping is
an indicator of future punchouts. That is, some of the punchouts are formed
because of inadequate support of the pavement slab produced by pumping of
material from underneath. A second equation obtained for CRCP revealed
correlation between minor and severe spalls, with opposite signs. This is
not surprising since the spalled cracks in a pavement are classified in one
or the other category: if the percent of severe spalls increases, the
percent of minor spalls is reduced.

The results from the discriminant analysis were encouraging: 92 percent
of the cases for jointed pavements and 88 percent of those for CRCP were
correctly classified; therefore, this type of approach was adopted to develop
a decision criteria index and a distress index. The relative weighting
coefficients obtained by factor analysis do not compare wéll with the ones

obtalned using discriminant analysis.

DISCRIMINANT ANALYSIS OF DATA

In the following paragraphs, a detailed description of the discriminant
analysis of the data is presented. The data wused in the analysis are
described, the equations developed are presented, and, finally, the

shortcomings of the analysis approach are discussed.
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Q@ta Base

Distress condition surveys of CRCP in Texas were performed in, among
others, 1974 and 1978. Several distress manifestations were recorded,
namely, punchouts and patches per mile, percent of minor spalling, percent of
severe spalling, and percent of pumping. Some of the pavements surveyed
during 1974 were overlaid prior to the survey in 1978. These data are used
to determine the reasons leading to the decision to overlay using data on
several variables from two groups (overlaid and non-overlaid pavements) to
describe their differences.

The jointed pavement data used in the analysis are the data wused by
Carey and 1Irick (Ref 34) to develop the serviceability-performance concept.
The justification for wusing this information is based on findings by
Hutchinson (Ref 62) and Weaver (Ref 63). Hutchinson found that subjective
estimation procedures, typified by Road Test panel ratings, were
inappropriate for the task because they tended to measure pavement distortion
and deterioration rather than riding quality, which is the essence of
serviceability. Weaver reinforces this point in his results for developing a
serviceability index for New York. He found that inclusion of “experts” in
the rating panels or inappropriate definition of objectives biased the
results of serviceability studies. Therefore, it has been assumed that the
acceptability or unacceptability of pavement sections in the Road Test was

influenced by the pavement condition.

Analysis

Using the statistical package SPSS, the following discriminant equations

were obtained. The discriminant score can be interpreted as follows: if it
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is positive for a given pavement section, then the section 1is in good
condition; if the score 1s negative (smaller than zero) the section is

considered to be failed. The larger the magnitude of the discriminant score,

the better the condition of the pavement.

Equation for CRC pavements (Ref 11). The equation obtained for

continuous pavements was of the form

Z = A -1,13Z..-0.492Z -0.,122 + 0.04 Z (4.3)
< o) ff ms Ss PP
where
ZC = discriminant score for CRC pavements,
Ao = constant,

fo = normalized value of failures per mile,

st = normalized value of percent minor spalling,

Zss = normalized value of percent severe spalling, and
‘

pr = normalized value of percent pumping.

As an example, the normalized value for failures per mile is calculated as

FF - FF
Zee = b, o
ff
where
FF = number of failures (punchouts and patches) per mile for the

project in question,



FF = mean number of failures per mile for all sections 1in the
discriminant analysis, and
Sfo = standard deviation of the number of failures per mile for all

the sections in the analysis.

Similar definitions apply for the rest of the variables.

It was decided that inclusion of the pumping term in the equation would
be misleading because of its counter intuitive sign. Thus, another equation
was developed without considering percent of pumping. A possible explanation
for the positive sign is the high correlation between failures and pumping.
In addition, the percentage of pumping observed in the sample data was of
small magnitude in both good and poor conditioned pavements and, therefore,
the influence of the pumping term in the equation is negligible.

The equation neglecting pumping can be further simplified by introducing
the appropriate values of the means and standard deviations of the distress

manifestations, given in Table 4.1, to obtain

z, = 2.113 - 0.138FF - 0.032MS - 0.020SS (4.5)

or dividing by 2.113 so that the equation is of the form of Eq 4.2:

ZC = 1.0 - 0.065FF - 0.015MS - 0.009sS (4.6)
where
FF = failures per mile,
MS = percent minor spalling, and
S8S = percent severe spalling.



TABLE 4.1. STATISTICAL PARAMETERS OF THE CRCP DATA USED FOR THE
DISCRIMINANT ANALYSIS

(4%

Means Standard Deviations
Condition Overlaid Non-Overlaid Total Overlaid Non-Overlaid Total
Failure 15.56 2.01 3.99 14.08 4,20 8.14
Minor Spalling 32.12 19.52 21.36 22.38 12.76 15.16
Severe Spalling 4.96 2.74 3.06 5.61 6.11 6.08

Pumping 5.79 3.43 3.77 6.54 5.73 5.90
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In Eq 4.3 the most important variable is failures per mile, followed by
minor spalling and severe spalling. The equation classified correctly 88
percent out of 224 cases. The cases used to test the prediction capability
of the discriminant equation were the same as the ones used to develop the

equation.

Equation for Jointed Pavements. The equation obtained for  jointed

pavements was the following, after algebraic manipulation so that it

resembles Eq 4.2,

Zj = 1.0 - 0.028C - 0.004S - 0.007P - 0.019F (4.7)
where
Zj = discriminant score for jointed pavements;
C = cracking, ft per 1000 sq. ft.;
S = spalling, ft per 1000 sq. ft.;
P = patching, sq. ft. per 1000 sq. ft.; and
F = faulting in wheelpath, inches per 1000 ft.

In the normalized equation, heavier weight 1s assigned to cracking,
while low weights are given to spalling and patching. That is, cracking has
a large influence in the decision to accept or reject a jointed pavement.
Equation 4.7 classifies correctly 92 percent of the 49 cases.

It was mentioned that the acceptability or wunacceptability of the
pavement sections wused in the derivation of the discriminant equation for
jointed pavements was originally formulated serviceability, a concept

completely different from distress. However, the coefficients derived in
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Eq 4.7 are supported by an independent analysis suggested by Zaniewski
(Ref 64). He recommended transforming the equation developed for CRCP by
substituting the distress terms with equivalent distress manifestations in
jointed pavements (the magnitude of the new variables was scaled so the range
was equal to one of the original variables). The coefficients obtained by
this method were about the same as the ones derived by Discriminant Analysis
(Ref 65). The approach suggested by Zaniewski appears to be viable when data
are not available. Nevertheless, the approach requires good engineering

judgement.

Commentaries on the Discriminant Analysis Approach

At this stage, it is important to mention some assumptions inherent in
the discriminant analysis that might invalidate the results if not satisfied:
(1) That the discriminant functions obtained are 1linear. This might
not be correct. This situation arises from the fact that the
mathematics involved in the discriminant analysis are based on the
assumption that distributions of the groups are equivalent
(variance and covariances should be the same in both groups).
(2) That the variables are considered normally distributed.
Non-parametric and non-linear discriminant analysis techniques could be
used if assumptions (1) and (2) or are not found to be valid. Regardless of
the restrictions mentioned above, the prediction results obtained with the
discriminant equations are encouraging.
In addition to the previously mentioned assumptions, the following
points should be considered:
(3) The data points used are not comprehensive. That is, for distress

values outside the range of our data, the equations derived are not
applicable.



(4) The subjective decisions for overlaying the sections were assumed
to be correct and not affected by availability of funds.

(5) Not all the factors have been included. The criterion followed for
deciding to overlay some of the sections used in the CRCP analysis

is not clear. The coefficient derived could be different if all
the factors involved in the decision process were included.

SUMMARY

Several approximate methods aimed at developing a distress index have
been presented and discussed; 1i.e. subjective parameters, regression
analysis, factor analysis, and discriminant analysis. The following
conclusions have been drawn from the study of these methods:

(1) The equations with subjective parameters rely heavily on
engineering judgement and experience and, therefore, are useful
when sufficient information is not available.

(2) Factor analysis is difficult to interpret and there is no support
to the assumption wused 1in this approach that the resulting
equations measure structural performance or deterioration of a
pavenent section.

{3) Regression analysis and discriminant analysis are viable techniques
for developing distress and decision criteria indices, the
selection of one or the other being dependent on the dependent
variable selected.

An alternative procedure for developing distress indices is presented in

Chapter 6. Such a procedure makes use of the distress models presented in

the next chapter plus cost equations which are a function of the distress

condition of the pavement section.
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CHAPTER 5. DISTRESS PREDICTION EQUATIONS

This section describes the derivation of distress prediction equations
for concrete pavements. Field data were wused to obtain models for CRCP and
AC overlaid rigid pavements, while, for jointed pavements, models  have
been adopted from the literature. The models derived assume that at some
point 1in time information on the distress of a pavement was collected, and
such information is used to forecast the future condition of the pavement.

The models developed predict failures (punchouts and patches), minor
spalling, and severe spalling in the case of CRCP pavements; cracking,
spalling, and faulting for jointed pavements; and reflected distress for AC

overlaid rigid pavements.

APPROACHES TO DISTRESS PREDICTION

Although it 1is not generally accepted, pavement models can  Dbe
categorized as mechanistic and empirical. The former are theoretical models
which make use of established mechanical principles and variables to estimate
a pavement response. Data are used to corroborate the applicability of the
model. The empirical models usually involve statistical analysis to fit an
equation to field data; that is, the data are wused to generate the wmodel.
Sometimes, this approach is used because the form of the model is not easily
conceived, the relevant variables are unknown beforehand, or the indirect

variables are included in the analysis. An important difference between the

87



38

two types of models is that mechanistic models are bounded by the hypothesis

used in 1its derivation, while empirical models are bounded by the maximum

ranges of the data used in the analysis.

Due to the complexity of considering all the factors involved, such as the
pavement structure, traffic, and environmental conditions, plus construction
and maintenance variables, the existing prediction equations rely more on
empirical results and engineering judgement than on theoretical concepts.
However, theories exist that attempt to explain the formation of distress by
means of distress mechanisms which make use of concepts familiar to
engineers, such as stress and strain (Refs 66, 67, and 68).

A review of the methodologies reported in the literature indicates which
are the techniques more commonly being used to predict distress quantities,

as discussed in the following paragraphs.

Markov Process

The Markov approach wuses the concept that a pavement gradually
deteriorates 1in a series of transitions of pavement conditions, from the
initially good condition to the less desirable conditions. This process takes
into account only the present situation and predicts future distress on ‘the
basis of this present situation. The approach can use both objective and

subjective information (Refs 50, 68, and 69).

Regression Analyses

Multiple regression analysis techniques are most commonly used for the

development of distress prediction equations. The approach 1is used to

quantify pavement distress as a function of those variables which have a

significant influence in the deterioration of a pavement.



Method of Analysis

Regression analysis was used for the derivation of the distress
prediction equations wused in this study. Several procedures in current use
were available to perform the necessary calculations, including all possible
regressions, backward elimination, forward selection, and stepwise regression
(Ref 60). Because of its advantages over the other procedures, a stepwise
regression was wused 1in the analyses. The regression subroutine from SPSS
(Ref 59) was chosen to perform the stepwise regression.

The requirements for adopting a prediction model were adequate R and
standard error, inclusion of significant variables, and acceptable plot of
residuals. These requirements are presented Ffor each of the equations

adopted. Guidelines for reliable models are presented in Refs 6l and 71.

EQUATIONS FOR CRC PAVEMENTS

In the next paragraphs, the development of distress prediction equations
for CRC pavement is presented. The data base used is documented, the
aquations derived for failures, minor spalling, and severe spalling are

presented; and, finally, the results are discussed.

Data ngg

The data base utilized in this study is an extension of the material
presented by Machado et al (Ref 37) in 1974 and also more recent data which
have been collected on the same Texas rural highway section during 1978 and

1980 (Refs 11 and 72), as described in Chapter 3. The same pavement sections
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were surveyed in 1974 and 1978; however, some of the sections were overlaid
after the 1974 survey and were not included in the 1978 data set. 1In the
1980 condition survey, only the east portion of the state was monitored.

Five types of data were considered in the development of the distress

prediction models:

(1) environmental factors,
(2) mwmaterials,

(3) traffic,

(4) age, and

(5) pavement distress.

The selection of factors was made on the basls of data availability. A
detailed description of these factor can be found in Chapter 3.

The models developed for CRCP have as 1inference space Texas CRC
pavements 8-inches thick and between 2 and 17 years old. Extreme caution
shduld be exercised when attempting to extrapolate these models outside this

inference space because unrealistic predictions may result.

Description of the Model for Fallures

Several investigators, including Faliz and Yoder (Ref 73) and McCullough
and Treybig (Ref 74), point out the following as the major causes of distress

in CRCP

(1) 1loss of support,
(2) 1inadequate design,
(3) excessive traffic, and

(4) construction problems.
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Inadequate design and construction problems can not be predicted unless
an after construction monitoring of the pavement is made. Therefore,
attempts to develop prediction equations from initial conditions have not
been successful. Machado et al (Ref 37) and Potter (Ref 75) developed
failure prediction equations using the 1974 data. These equations were
updated by Noble and McCullough in 1978 as more information became available
(Ref 76). The last equation was checked using the 1980 condition survey, and
it was found that the equation tended to overpredict. A likely reason for
this appears to be the various changes in measuring units for the various
condition surveys. In 1974 failures were measured as an area, while in 1978
and 1980 the actual number of failures per mile was counted. Therefore, the
previous equations were neglected and a new analysis performed.

Strauss et al (Ref 77) developed distress prediction equations for CRCP
using theoretical formulations and fileld observations. However, their
equations are given in units different from the ones required by the distress
index and contain too many variables for a network level analysis.

The distress prediction model obtained for failures is summarized in the
following paragraphs. The model assumes that condition survey information is
taken at some time in the life of a selected CRC pavement and this
information is wused with the equation given below for the prediction of

failures at some later time during the pavement's life. The equation is

X
Log (FF_, + 1) = 2 Log (FF, + 1) (5.1)
2 X1 1
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where

FF2 = predicted number of failures per mile,
FFl = failures per mile at time of condition survey,
X2 = pavement age at time chosen for distress prediction, years,
and
X1 = pavement age at time of condition survey, years

The relevant summary statistic for the regression analysis from which
the equation was determined 1is standard error = 0.267 (using logarithmic
transformation of the dependent variable) for 147 cases. The R statistic
is not significant since the regression was forced through the origin.
Figure 5.1 1s a plot of the predicted versus the actual number of failures

per mile.

Description of the Model for Minor Spalling

Early attempts were made by Machado et al (Ref 37) and Potter (Ref 75)
to develop an equation to predict spalling using Texas CRCP information from
the 1974 condition survey. In both cases, the resulting equations were not
useful for prediction purposes.

If data on the spalled condition of a pavement section are known at some
point in time, the prediction procedure is greatly simplified. An inspection
of the data and the fact that the highest possible amount of spalling is 100

percent suggested an exponentially asymptotic model of the form

MS = AO + Al « exp (B - Xl)
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where
MS = percent minor spalling,
Xi = age at time 1 , and
A, A, and B = constants.
o 1

B can be estimated, if past information is available, as

B = Ln (1.0 - MSl/100.0)/X1 : (5.2)

and so the equation becomes

= o 5.3
MS, A + A exp (B X)) (5.3)
where

M82 = predicted percentage of minor spalling at future age;
MSl = percentage minor spalling at time of condition survey;

X2 = pavement age at time of prediction, years;

Xl = pavement age at time of condition survey, years;

AO = 92.357; and

Al = —-87.764.

A() and A]_ are the coefficients obtained from the regression analysis.
Relevant statistics for the regression are R2 of 0.846 and standard error
of 6.606, with 139 cases used in the analysis. Figure 5.2 is a plot of the

predicted versus the actual percentage of minor spalling.
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One problem with the equation is that it considers percent spalling
rather than the actual number of spalled cracks in a mile, which seems more
appropriate for picturing the distress of a road section. Percent spalling
is used because the distress index equation, developed in Chapter 4, was

derived partly using 1974 data, which was estimated as a percentage.

Description of the Severe Spalling Model

The reasoning behind the severe spalling model 1is the same as the
reasoning used in developing the minor spalling model. Therefore, the

following equation can be used to predict severe spalling:

= . 5.4
ss, A+ A exp (B - X)) (5.4)
where
882 = predicted percentage of severe spalling;
X2 = pavement age at time of prediction, years;
B = Ln(l.0 - S5, /100.0)/x1;
SSl = percentage severe spalling at time of condition survey;
Xl = pavement age at time of condition survey, years;
Ao = 93.804; and
Al = -92.857.

Relevant statistics for the regression are R2 of 0.860 and standard
error of 2.575, with 139 cases. Figure 5.3 is a plot of the predicted versus

the actual percentage of severe spalling.
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Discussion of Equations

The information used for the development of the CRCP equations did not
come from an experimental design but from data collected primarily for the
purpose of evaluating the Texas CRCP network. Further improvement of the
models should consider experimental design techniques. Useful guidelines for
such design have been developed by Pedigo and Hudson (Ref 38).

All the equations presented consider past conditions as an independent
variable. This factor helps to "characterize"” the pavement sections, i.e.,
accounts for material properties, envirommental conditons, and construction
variables, as well as previous age and traffic conditions. However, new
pavements or modification of these variables in existing pavements can not be
handled by the equations to forcast future conditions.

Since the highly deteriorated pavements are wusually overlaid, the
prediction equations are biased because only "good"” pavements were used in
their development. In addition, the application of the equations is bounded

by their inference space.

EQUATTONS FOR JOINTED PAVEMENTS (JCP AND JRCP)

In order to include jointed rigid pavements in the rehabilitation
scheduling scheme under development, and since field information has not been
gathered by the CTR for this type of pavement, it is necessary to review the
work done on the subject by other agenclies. The distress index equation
derived from Carey and Irick's data involved the following distress
manifestations: cracking, spalling, faulting, and patching. Therefore,

distress prediction equations for such distress manifestations are required.
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Patching can be confounded with cracking since it is wusually performed
to cover excessively cracked areas. The results from the factor analysis
mentioned in Chapter 4 support this simplification, since it appeared that
cracking and patching can be substituted for another single variable.
Similar substitutions have been used before; for instance, in the AASHO Road
Test (Ref 23) "patched area” was assigned the cracking equivalent of one foot
of crack for each square foot of patch to form the wvariable C', total
projected length of all cracks.

In the next paragraphs, the selection of equations is presented for the
various distress types in jointed pavements. The selection is made by
comparing the advantages and disadvantages of the equations found in the

literature.

Prediction of Cracking

Cracking occurs when the tensile stresses in the concrete slab exceed
the strength of the concrete. The tensile stresses result from traffic, loss
of foundation support, and temperature and moisture changes.

Fatigue cracking, that produced by repeated loading from traffic, has
been used successfully in the development of design equations for jointed
pavements (Refs 78 and 79). However, these design approaches use a limiting
amount of cracking rather than predicting the actual quantity.

An attempt was made in the AASHO Road Test to develop equations to
predict cracking (Ref 23). The factorial experiment considered the following
factors: traffic applications, axle load and configuration, slab thickness,
subbase thickness, and reinforcing; other factors, such as material

characteristics, construction procedure, environmental conditions, and joint
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spacing, were fixed. Each test section was inspected weekly for defects,
such as cracking. Plots of cracking versus axle load applications suggested

the following model:

1
C
= = - L D 5.5
Log > Log Ao + Al Log Ll A2 og D, ( )
W
where
Cl = cracking index, defined as the total projected length of all
cracks, in feet per 1000 sq ft of pavement area;
W = cumulative axle load applications;
Ll = axle load, kips;
D2 = glab thickness, inches; and
Ao’ Al and A2 = constants determined from the analysis.

Although several equations were developed for various combinations of
axle configuration and reinforcing, only the general form of the equation is
of interest to the following development.

For a specific pavement section, the values of L and D are
constants; therefore, it is possible to estimate the future value of cracking

if one point in the cracking history of the pavement is known; that is,

(5.6a)

= | a
N
[
= (@)
N NN
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and

Aol ool 2 (5.6b)

where

C, = predicted cracking index for W, ;
Wz = axle load application at a future date;
Cl = cracking index at Wi measured in the field; and

W, = axle load applications at the time of the field evaluation.

Another study conducted to develop distress prediction equations, by

Darter et al (Ref 36), derived a crack deterioration model of the following

form:
1.113 4.584 1.129
— % -] . + —_——
e X ESAL 1.5+ D2 % ASTEEL * L STAR + 1
(5.7
where
TC = deteriorated transverse cracks, no./mile;
X = age of the pavement, years;
ESAL = equivalent 18-kip single axle loads, millions;
ASTEEL = area of longitudinal steel, in.z /ft;

L = joint spacing, ft;
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STAB =1, if stabilized subbase is used, or 0, if granular subbase;
and
D2 = glab thickness, inches.

The statistics reported for the equation are R2 of 0.52 and standard
deviation of 39 cracks/mile, with 622 observations. The inference space
includes age (0-22 years), equivalent axle loads (0-18 million), slab
thickness (8-12.5 1in.), joint spacing (40-100 ft), reinforcement content
(0.09-0.17 in./ft), and subbase type (granular and stabilized).

For a specific pavement section, the values of D, , ASTEEL, 1L, , and
STAB are constants; therefore, it 1s possible to estimate the future number

of deteriorated cracks using the equation

*
X2 ESAL2

2 1 X, * ESAL;

(5.8)

where the sub index 1 refers to measured values, and the sub index 2 refers
to a future point in time.

The difference between Eqs 5.6b and 5.8 is readily apparent. The AASHO
equation is a function of squared axle load applications while that of Darter
et al is a function of the product of age and axle 1load applications.
However, the equations are similar if the rate of axle load applications in
the Road Test is considered. The comparison between equations 1is possible
regardless of the different units of C' and TC.

For this study Eq 5.8 is adopted. If prediction of cracking for new

pavements 1s required, Eq 5.7 has more appeal because of the variables in it.
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Prediction of Spalling

Spalling can be present at both cracks and joints. Several factors have
been identified as causatives of spalling, including infiltration of
incompressibles, weak concrete, poorly designed or constructed load transfer
devices, and excessive deflection.

Spalling was not studied at the AASHO Road Test because this defect was
included in the classification of cracking stages. Darter et al (Ref 36)
developed a prediction model for joint deterioration which includes joint
spalling; however, the model can not be easily reduced into a simple form
because of the intrinsic algebraic form and the large number of dependent
variables in the equation. Therefore, a spalling prediction model for cracks

and joints of the form of the one derived for CRC pavements was adopted:

82 = 100.0 * [ 1.0 - exp (B * XZ)} (5.9)
where
82 = percent spalling at a future date;
X2 = age at which prediction is required, years;
B = [Ln(l.0 -8, /100.0)]/x1;
S1 = percent spalling at Xl ; and
Xl = age of pavement section at the time of measuring Sl , years.

The form of the model has been determined using engineering judgement,
and validation of the model becomes mandatory as soon as field information

becomes available.
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Prediction of Faulting

Faulting occurs at joints and cracks with time and traffic as the joints
or cracks lose their 1load transfer efficiency through pumping and
deterioration of the aggregate interlock or of the concrete surrounding the
dowel bars.

Faulting was not studied at the AASHO Road Test. Faulting at cracks
sometimes occurred in the 1later stages of pavement deterioration, but
faulting at joints was notably absent throughout the test.

Gulden (Ref 35) carried out a pavement faulting study on Georgia
Interstate Highways. The pavement sections studied were 9 or 10 inches
thick, the subbase was in most cases bituminous or cement stabilized, and
joint spacing on most of the projects was 30 ft, with expansion joints only
at bridge structures. Equations were developed for both bituminous and

cement stabilized subbase. The equations are of the form

0.4
FL = A % (TA) 3 (5.10)

where

FI = faulting index, the average expected accumulative amount of
faulting for five consecutive joints, expressed in units of
1/32 of an inch;

TA = accumulative annual average number of daily one-way tractor-
semitrailer combinations; and

A = constant.
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2 of 0.87 using 28 data points was reported for the bituminous

subbase model and an R,z of 0.88 with 9 points was reported for the cement

An R

stabilized subbase. Only the term AO is significatively different 1in the

two equations. The equations can be manipulated to obtain

0.45
TAZ

) (5.11)
FI, FL TA,

where the subindex 1 refers to measured values and the subindex 2 refers to a

future condition.

Darter et al (Ref 36) developed a faulting prediction model of the form

Ln (F+ 1) = (-0.091 + 0.0001 * BSTRESS) * Ln (ESAL + 1) (5-12)

where
F = transverse joint faulting of adjacent slabs, inches;
ESAL = cumulative applied 18-kip equivalent single axle loads in the
given lane, millions; and
BSTRESS = maximum bearing stress of the dowel bars as determined by

Friberg's method for an 18-kip single axle load.

2
The statistics reported for the model show R not meaningful, since
the equation was forced through the origin, standard error of 0.09 in., and
coefficlent of variation of 60 percent, for 284 cases. Through algebraic

manipulation, the following equation was obtained:
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ESAL2 + 1 0

= | —— (5.13)
(Fy + 1 F, +D ESAL, + 1

where
= -0.091 + 0.0001L*BSTRESS

and the subindexes 1 and 2 are interpreted as before.

In order to compare the equations, calculations of future values of
faulting were pecformed using various 1levels of BSTRESS, axle load
applications, and initial faulting. Table 5.1 presents the results of such
analysis. The comparison 1is possible regardless of the different units in
the two equations. It appears that, as the ratio of traffic approaches
unity, the equations produce similar results. The 1argest‘difference between
equations is obtained at low values of BSTRESS and high traffic ratios. The
traffic ratios which will be wmore commonly used in the scheduling scheme
under development are close to unity.

Equation 5.11 was adopted for this study because it has a simpler format
and involves 1less input data than Eq 5.13. If faulting for a new JRC
pavement is required, then the equation of Darter et al (Eq 5.12), seems more
appropriate because the BSTRESS term can be extended to different cases of
slab thickness or foundation support. Notice that the equation selected 1is

applicable to both JCP and JRCP.
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TABLE 5.1. COMPARISON OF RESULTS FROM TWO FAULTING PREDICTION
EQUATIONS FOR JOINTED PAVEMENTS

+ F
Traffic, Traffic, Faulting, Faulting, 2
ESAL
BSTRESS 1 ESALZ f Gulden Darter et al
0.2 0.273 0.204
1.0 2.0
0.6 0.820 0.606
1000
0.2 0.448 0.214
1.0 6.0
0.6 1.344 0.618
0.2 0.273 0.306
1.0 2.0
0.6 0.820 0.741
0.2 0.448 0.559
3000 1.0 6.0
0.6 1.344 1.079
0.2 0.217 0.239
5.0 6.0

0.6 0.651 0.652
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EQUATIONS FOR AC OVERLAID RIGID PAVEMENTS

In the next paragraphs, the development of distress prediction equations
for AC overlaid rigid pavements 1is presented. The data base used is
documented, the equations derived for old and new overlays are presented,

and, finally, the results are discussed.

Data Base

Several experimental sections of AC overlay on CRCP were constructed on
IH-45, Walker County, in 1974. The total length is 11.4 miles. Since IH~45
is the primary connection between Houston and Dallas, the percentage of truck
traffic 1is high. The estimated cumulative 18-kip ESAL was 5.25 x 106 in
both directions between the date of placement of the overlay and the latest
condition survey, in 1980.

The typical pavement section consists of 6.0 inches of 1lime stabilized
subbase, 6.0 inches of crushed stone base, 8.0 inches of CRCP, and variable
thicknesses of overlay, i.e., 2.5, 4.0, 5.0, and 6.0 inches.

In order to monitor the distress condition of the AC overlay, condition
surveys were carried out before and at 20, 28, 55, and 71 months after the
overlay was placed. Twenty-four sections were surveyed. The distress
manifestations recorded are number of reflected cracks, patches, reflected
failures, loss of bond, and mean rut depth. A sample of the condition survey

report printout was given in Fig 3.8.
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Analysis Approach

A distress index was used to group the different reflected distress
manifestations into a single figure. Loss of bond was not included in the
index since it did not occur in any of the sections analyzed. Rut depth was
considered separately.

The distress index used in the anlaysis was similar to the discriminant
scores presented in Chapter 4. The discriminant score for CRC pavements,
Eq 4.6, was modified so it could be applied to AC overlays on rigid
pavements. It was decided to include patches and failures per mile in the
failures per mile term of the equation, and reflected cracks in the spalling
term. Furthermore, since the analysis is conducted in terms of percentage of
distress from the before overlay condition, the AO coefficient was

subtracted from the equation. The resulting equation is

Z = Z - A = -A. (RF+P) - A (RC) ' (5.14)
o 1 2

where

Z = distress index for AC overlaid rigid pavements,

2y = modified Z,

A, =1.0,

Al = 0.065,

A2 = 0.015,

RF = number of reflected failures per mile,
p = number of patches per mile, and

RC = percent of reflected cracks.
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Table 3.6 presents a summary of the percentages of distress and rut
depth in relation to the before overlay condition for the various ages of the
overlay. Column 1 contains the overlay thicknesses, column 2 presents the
gsection lengths, column 3 contains the discriminant scores for the before
overlay condition, columns 4 through 7 are the percentages of reflected
distress, columns 8 and 9 are the measured rut depth in inches, and column 10
gives the percentage of failures repaired before the overlay was placed.

From Table 3.6 it is apparent that

(1) distress increases with age,
(2) distress decreases with overlay thickness,
(3) rut depth increases with age, and

(4) rut depth increases with overlay thickness.

Figures 5.4 and 5.5 are plots of the data presented 1in Table 3.6.
Average values of distress for each thickness were used in these figures.
Tyner et al (Ref 80) obtained similar results in AC oVerlays on jointed
pavements; their observations at 48 months yielded the following values: 100
percent reflected cracks for 2.0-inch overlays, 75 percent for 4.0-inch, and

24 percent for 6.0-inch.

Description of Distress Prediction Models

Linear regression analysis was used to analyze the data and to develop
equations to predict distress in new and existing overlays. 1In the following

paragraphs, both equations are presented and discussed.

Prediction of Distress in New Overlays. The equation for new overlays

was developed using percent distress as the dependent variable and age and



111

100 —

»
§ 2.5"Overlay
- Thickness
172
et
»
o
©
 ed
o
S
€ |
2
e 4n
P33

51!

6"

| 1
0 20 40 60 80 00

Age ,months

Fig 5.4. Plot of average percent distress time history for different overlay
thicknesses as monitored in Walker County, Texas.



112

0.5

0.4

o
o

o
N

Rut Depth, in.

Overlay
© 6" Thickness

80 100

Age, months

Fig 5.5. Plot of average mean rut depth time history for different

overlay thicknesses as monitored in Walker County, Texas.



113

thickness as the independent varilables. The equation, obtained with 21

observatlons at four different ages, was

=t

(X - 1.667) (5.15)

D2.8
o

= 3.012 *

<

I
N ‘N
o =

where

Y = predicted distress percentage;
X = age of overlay when prediction 1s required, years; and
DO = thickness of overlay, in.

The equation R2 is 0.682 with a mean standard error of 0.289 and a
poor plot of residuals. Figure 5.6 presents a comparison of actual versus
predicted reflected distress as obtained from Eq 5.15. By analyzing the
residual plots, it was found that other independent variables are required in
the equation to account for the quality of the supporting soil and the
quality of the pavement structure beneath the overlay.

Figure 5.7 indicates the increase in variance of the predicted distress
with age for the 2.5-1nch overlay; furthermore, the variance 1s different for
the various thicknesses. It is felt that the 1nclusion of wvariables to
account for the soil and the pavement structure will overcome this problem.

The equation was retained because it accurately predicts avErage values.
In future analyses, the sections need to be separated using lengths with
similar Dynaflect deflections, representing sections with similar soil and

pavement structure quality.
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Prediction of Distress in Existing Overlays. The equation for existing

overlays was developed using percent distress as the dependent variable and
thickness, previous age, previous percent distress, and age at time of
prediction as the 1independent variables. The equation obtained with 21

observations at six different age increments was

X2 - 1.67
= S .16
Y27 | X - 167 (5-16)
where
Z
Y2 = 7 predicted distress percentage at age X2 H
o
Zl
Yl = "1 , previous distress percentage at age Xl H
ZO
X2 = age of overlay when prediction is required, years; and
Xl = previous age of overlay, years.

The equation R2 is 0.968, with a standard error of 0.066 and good
plots of residuals (Fig 5.8). The inclusion of previous distress at a given
age accounts for the quality of the soil and the pavement structure. This
equation has better prediction capabilities than Eq 5.15 but it requires the

knowledge of previous distress history of the overlay.

Discussion of Equations

In regard to the analysis approach, the following commentaries can be

made:



117

e
e

T
[

ir

" LT"

e

|
.

u

L J1ddkd

e 4iad

PCT)

ey
~4 s

E

Comparison of actual versus predicted reflection distress

for AC overlays on rigid pavements.

Fig 5.8.



118

(L)

(2)

The analysls approach, i.e., pulling together all the distress
manifestations 1into a single index, appears to be helpful in
simplifying the analysis.

Nevertheless, a discriminant score (or distress 1index) which
includes 1loss of bond and rut depth needs to be developed for AC
overlays.

In relation to the regression equations derived, the following comments

can be made:

(3)

(4)

(5)

The prediction equations correctly model the change of distress
with age and overlay thickness.

Nevertheless, their prediction capabilities are restricted to AC
overlays with conditions of pavement structure, traffic, and
environmental conditions similar to those of overlays in Walker
County.

Therefore, it is recommended that future analyses 1include other
overlay projects with different traffic and envirommental
conditions.

Finally, in relation to the results obtained from the analysis, the

following comments can be made:

(6)

(7)

(8)
(9

Initial distress of the overlays occurred after 20 months.

Therefore, it secems that the first survey can be postponed for
about 2 years.

The analysis supports the conclusion derived in a previous study of
the Walker County overlay project (Ref 8l), specifically, that
there is a maximum thickness beyond which the rate of failures 1in
the AC overlay decreases to a minimum amount, from the standpoint
of maintenance.

Thick overlays need to be checked against rut depth.
For future analysis, sections with similar overlay thicknesses need

to be separated using Dynaflect deflections to reduce the variance
of the observations.
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SUMMARY

This chapter describes the development of distress prediction models for
rigid pavements and AC overlaid rigid pavements. Regression analysis was
used to obtain equations for each type of distress considered in the distress
indices developed previously. The application of both the distress indices

and the distress prediction equations is shown in the next chapter.
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CHAPTER 6. APPLICATIONS OF THE DISTRESS MODELS

A system is not a computer program per se; however, the large number of

calculations involved make it essential to develop a program to move past the

conceptual stage into a working system.

The purposes of this chapter are to

(1)

(2)

(3)

(4)

(5)

demonstrate the application of the distress models developed in
Chapters 4 and 5 in a PMS at the network and project levels.

document the development of a computer program to prioritize a set
of rigid pavement sections for maintenance and rehabilitation
within a certain time frame.

generate a list of candidate projects for rehabilitation using
Texas CRCP condition survey information. It is intended that this
type of list help the Texas State Department of Highways and Public
Transportation in planning future allocation of money for
rehabilitation.

present a project level program for the evaluation of design and
maintenance of specific projects.

indicate how the distress index equations can be improved by means
of computer simulation using a project level design and maintenance
evaluation program.

NETWORK LEVEL APPLICATION: REHABILITATION PRIORITIZATION AND SCHEDULING

The first part of this chapter is concerned with the applications of the

distress

models at the network level. This 1includes development of a

rehabilitation prioritization and scheduling program and the use of such a

121
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program in preparing a list of candidate rehabilitation projects for the
Texas network.

The section begins with an explanation of the scheduling procedure
before describing the computer program. The capabilities of the program are
described and some sample runs are made to illustrate such capabilities.
Appendix D presents a list of recommended projects for rehabilitation in the

next five years, using field information as an input.

Rationale of the Prioritization and Scheduling Scheme

Figure 6.1 depicts the distress history of three hypothetical projects
(A, B, and C) that will be used to explain, using a heuristic approach, the
procedure used in the prioritization scheme presented in this section. Each
of the plots on the graph corresponds to one of the projects; the Y-axis is
the distress index and the X-axis is time in years. A broken 1line 1in the
figure indicates an acceptable maximum level for the distress index. That
is, when any project reaches that level, it is considered tc have reached
terminal condition and needs to be rehabilitated.

Assume that a condition survey of the network is performed in 1982 and
the resulting information indicates that rehabilitation of the projects needs
to be programmed. The problem seems fairly easy, i.e., determine the date on
which each of the pavement sections reaches the terminal condition and
prepare a list showing that. An output list is shown in Fig 6.1.

There are several problems which complicate the procedure:

(1) Which pavement responses should be considered in ascertaining the

condition of the pavement?

(2) What levels of the responses or combinations thereof are to be
considered terminal condition?
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(3) How accurate are the response prediction equations?

(4) Are there any budget constraints?

The first three questions were addressed in past chapters. This section
is concerned with presenting the developmentof a program which produces an

ordered set of pavement sections requiring rehabilitation with and without

budget constraints.

Description of Program PRPOl

A program named PRPO1l was developed to schedule rehabilitation of rigid
pavements (JCP, JRCP, and CRCP) within a certain design period. The input
data are condition survey information on a set of rigid pavements for the
same year. The solution is obtained using distress models: distress indices
and distress prediction equations. All of the distress wodels were
integrated as subroutines in the program in order to facilitate future
modifications.

The program output has several alternatives:

(1) A prioritized list of pavement sections according to their distress

condition at the time of the condition survey.

(2) A multi-period rehabilitation schedule of the pavement sections
without considering budget constraints. The selection of
candidates for each year is made on the basis of the magnitude of
the distress index.

(3) A multi-period rehabilitation schedule of the pavement sections
accounting for budget restrictions. The selection for each year
depends on the magnitude of the distress index and the budget
availability.

Figure 6.2 is a simplified flowchart of the computer program.

Information on the distress condition of each project is required as an

input. The program starts by calculating the distress index for each
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Fig 6.2. Simplified flowchart of the computer program (PRP$1) developed
in this report to prioritize and schedule rehabilitation.



section. The sections are prioritized according to the magnitude of their
distress indices. At this stage, a check is made of the design period. 1f
the design period is set equal to zero, the program prints the priority list
and stops, but, if the design period 1s larger than =zero, the progranm
continues. Next, a check is made for budget restrictions and two different
criteria are followed, depending on the existance of budget constraints. If
no budget constraints are imposed by the user, the rule for selecting the
rehabilitation candidates 1is very simple: all the pavements which have
reached terminal condition are included in the list for that year. If budget
constraints are preseant, the selection of candidates is made on the basis of
budget availability. The already prioritized sections are considered one by
one, and the rehabilitation cost of each is calculated and accumulated until
the budged 1is satisfied. A list of candidate projects is printed for each
year of the design period. The program checks to see if the design period
has been covered, in which case it exits; otherwise, conditions are predicted
for the next year and the program returns to the step in which the distress
indices are calculated.

The possibility exists of optimizing the average condition of the
sections using budget restrictions; however, it was thought this would
complicate the program unnecessarily. A Dbetter objective function for
optimization would consider user and maintenance costs, which, at this time,
are not available in terms of distress.

In Appendices B, C, and D, relevant information on the program is given.
Appendix B contains the FORTRAN listing of the program, Appendix C an input

guide, and Appendix D sample input and outputs.
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Distress Models in the Program. Table 6.1 presents in summary form the

equation numbers used in the report for the distress models in program
PRPO1.

A couple of modifications were made to the distress index equation
formulated for jointed pavements. First, the cracking and patching terms
were pulled together since, usually, patching 1is the repair of cracking.
Second, the spalling term had different units than the prediction equation
and it was modified to appear as a percentage instead of feet per 1000 square
feet. The reasoning behind the wunits change is the following: percent
spalling is the ratio of the number of spalled cracks and joints to the total

number of discontinuities; if an area of 83 x 12 sq ft (1000 sq ft) is

considered,
PS = (spalled discontinuties/total no. of discontinuties) x 100
$/12
= L (100.0)
= § « L/10.0
where
S = spalling in ft per 1000 sq ft, and
L. = spacing between consecutive discontinuities.

If the spacing, L, is not available, an assumption is needed for estimating
this value. Usual joint spacings are from 15 to 50 ft, the smallest value
being used for JCP (no reinforcement), and, if intermediate cracking occurs,

L =7.5.
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TABLE 6.1. EQUATION NUMBERS USED IN THIS REPORT FOR THE DISTRESS
MODELS IN COMPUTER PROGRAM PRP@1.

Distress Prediction Distress
Pavement Type Manifestations Equations Index Eqgs.

Punchouts and

patches (5.1)
Spalling (5.3)
CRCP (4.6)
Scaling (5.4)
Pumping NC*
Cracking (5.8)
Spalling (5.9)
JRCP and JCP (6.1)
Patching (5.8)
Faulting (5.11)
Reflected (5.15)
Punchouts and (5.15)
AC Qverlay on patches (5.14)
Rigid Pavement NC
Loss of bond
Rutting NC

*NC: Not considered
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An additional modification was to transform the terms 1in the equation
into per mile figures instead of the original units. Substituting the

modifications into the distress index equation, the following is obtained:

Z., = 1.0 - 0.005 Cm - 0.006 PS - 0.003 F {(6.1)
]

where
cm = C+ 0.25P (6.2)

and all the rest of the terms are as previously defined.

Several distress manifestations were not considered in the distress
index equations. Pumping was not considered in the case of CRCP because its
inclusion resulted in an illogical equation, as described before. In the
case of overlaid rigid pavements, loss of bond did not appear in the sections
congsidered for the development of the distress index equation. Rutting,
although not included in the distress index of overlaid pavements, is a very
important factor and needs to be considered when an éverlay is designed.

A key assumption made in the program is that all of the distress indices
are equivalent. This assumption in based on the fact that the best possible
value for all the Indices is wunity and the terminal condition is zero.

However, no formal proof of the assumption is given.
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Sample Runs Using the Prioritization and Scheduling Program PRPO1

Figures 6.3, 6.4, and 6.5 are partial outputs of sample runs made with
the prioritization and scheduling program PRPOl. These sample outputs are
used to explain the contents of the lists produced by the program for the
various available options. 1In addition, the program automatically prints the
input 1information, except that printing detailed information £from the
condition survey is left as an alternative to the user.

Figure 6.3 is the type of output generated when the option selected is
the prioritization of projects wusing the condition survey information
directly. This option does not involve any type of distress prediction. The
program calculates the distress index for each of the sections and sorts them
all according to the relative magnitude of the indices, with the worst
condition first. The output contains 4 columns. The first one is the
section identifications; the second is the distress indices (note that the
numbers increase progressively, as the condition of the sections does); the
third column is the cumulative equivalent single axle loads, which were input
by the wuser; and the last column is the ranking of each section as obtained
from the distress indices, with the poorest pavement listed first.

Figures 6.4 and 6.5 are the type of output obtained for both the second
and third options of the program, 1i.e., multi-period rehabilitation
scheduling without and with budget constraints, respectively. Any of these
options prints a 1list of projects requiring overlay for each year of the
design period similar to Fig 6.4, plus a summary of the design period similar
to Fig 6.5, In Fig 6.4, which represents the year-by-year output, each of
the lists indicates the number of years after the condition survey for which

it is generated. The output contains 6 columns: the first one is the
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gsection 1dentifications; the second one 1is the sorted distress indices
calculated from the distress predicted for that year; the third one is the
cumulative equivalent single axle loads estimated for that year; the fourth
column contains the section length; the fifth column contains the estimated
cost of each overlay; and the sixth column shows the ranking given to each
section as a function of the distress indices. At the bottom of the printout
the total length and the total cost to overlay the candidate sections for
that year are printed.

For the second option, i.e., scheduling of pavement sections without
budget constraints, the distress indices for years other than the first one
are very close to zero and they are not very differeat; therefore, further
ranking of the sections can be made in terms of cumulative ESAL.

Figure 6.5, which presents the summary of the year-by-~year analysis
contains, for each year, the following information: the average distress
index calculated for the network, the total length of projects recommended
for rehabilitation, and the yearly budget. An overall sﬁmmary is printed at
the lower part of the table.

Appendix D contains a list of CRC pavements suggested for rehabilitation
in the five years after the 1980 condition survey. Forecasts for longer

periods would reduce the accuracy of the predictions.

PROJECT LEVEL: DISTRESS AND MAINTENANCE EVALUATION SCHEME

In order to complete the discussion on the use of distress uwodels in

PMS, this section presents the application of such models at the project
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level. The project level schemes can be used to accomplish several different
tasks:

(1) Pavement design — The current design schemes are based on the
prediction of serviceability-history or by fatigue prediction
approaches. Since design 1is accomplished by deriving cost
effective alternatives, the cost models should include maintenance
and user's costs related to pavement distress.

(2) Definition of optimal maintenance strategies — If the effect of
maintenance on the future occurrence of distress is ascertained,
comparisons among different maintenance strategies can be performed
to derive the more cost effective ones (Refs 69, 88, and 89).

(3) Improvement of distress index equations - An alternative procedure
for the development or improvement of a distress index equation can
be performed by computer simulation, using a project level program,
to determine the optimal rehabilitation timing from cost
standpoint.

The development of a design and wmaintenance evaluation program is
presented 1in the next pages for illustrative purposes. At the present time,
it is considered difficult to implement distress models in a working program
for rigid pavements to successfully accomplish tasks similar to the ones
mentioned previously.

In the case of pavement design, distress models are commonly used in the
design procedure to evaluate maintenance costs but they are not a factor in
defining the pavement structure. This is easily understood if one considers
the poor prediction capabilities of the available models. The most effective
overlay thickness can be derived with the program presented if cost
optimization 1is derived from the use of the distress index instead of the
optimal timing approach.

For the derivation of optimal maintenance strategies, adequate
information is not extensively available. Reference 90 presents the

evaluation of several maintenance methods for CRCP. Similar information 1is

currently being collected by the CTR to ascertain the effectiveness of
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maintenance methods, such as void grouting, underdrains, special patching
techniques, and fabric underseals.

The improvement of distress index equations requires for its
implementation the derivation of user's costs related to the degree of
distress of the pavement. Guidelines are presented in this section for
improving the distress indices through computer simulation.

In the next paragraphs, a rationale is presented for the derivation of a
design and maintenance scheme at the project level. Guidelines are presented
to transform the scheme into a working program. Finally, an application of

such a program is suggested to develop a distress index.

Rationale of a Design and Maintenance Evaluation Scheme

The distress history of a given pavement is shown in Fig 6.6. For each
age, there is a corresponding distress level in the pavement; at each stage,
a decision is needed as to whether to overlay the pavement or to accept a
higher 1level of distress. If the decision is to overlay, the pavement will
have zero distress immediately after the overlay is placed and a new rate of
distress occurrence will begin. When a higher level of distress is accepted,
the distress rate will keep on increasing until, eventually, the rate becomes
excessive from a cost standpoint. There are a number of different
rehabilitation strategies which can be followed and, obviously, one of them
is the most economical.

By performing an economic analysis for a specific pavement, the failure
condition, 1i.e., the distress level at the optimum time to overlay, can be
defined for that pavement. Of course, the failure condition will be

different for different pavement structures, traffic, and envirommental
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conditions. Furthermore, this method can be used to define the traffic or
years left to an existing pavement before overlaying 1is required. If
overlaying is needed for causes other than distress, i.e., safety or riding
quality, this "remainiang life" prediction will be useful in designing thinner
overlays.

In order to develop such an analysis, distress prediction equations and
accurate cost functians are needed. Also, the effect of periodic maintenance
should be accounted for. Because the current models are not accurate and
because of the computer and manpower costs, this type of analysis does not
appear more beneficial than the use of approximate methods at the network
level. However, this approach can be used to develop approximate equations.

Daniel et al (Ref 82) developed a methodology to determine the optimum
time to overlay a pavement structure based on the total cost encountered over
the entire design life. The models developed in that refereace failed to
minimize the cost function and, therefore, do not optimize the number of
years to overlay within the range of years to overlay selected for the
experiment.

Although the approach presented in this section is similar to the one
recommended 1in Ref 82, there are several differences, the most important
being the distress models and the emphasis placed on distress for the

selection of a pavement overlay thickness.

Description of the Program DMEOL

Program DMEOlL was developed for illustrative purposes only, and
extensive improvements are required 1f significant results are to be obtained

from it. The program reads as input information the condition of a pavement
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at a given time and iterates to determine the timing of overlays, calculating
the user and agency costs incurred in each case. If there is an optimum time
to overlay, it is optimal from the standpoint of economics, i.e., it is the
timing with the minimum overall cost.

Figure 6.7 is a sample output of the program for a specific timing. The
first column is the pavement age; the second is the traffic volume; the third
one contains the present value interest factor for each year since the costs
are discounted to the first year for comparative purposes among the different
alternatives. The fourth contains the amount of distress calculated for each
specific year, and the fifth shows the incremental distress from one year to
the other. Columns 6 and 7 are the agency and user's costs estimated for the
maintenance, or excess cost, required by the distressed state of the road;
the last column gives the overall cost for each year. 1In the lower part of
the page, the totals discounted to the first year are given.

Similar output pages are produced for other overlay timings. The timing
which produces the minimum overall cost is the optimum time to overlay. The
FORTRAN listing of the program is wunot documented since the purpose of
developing it was to illustrate concepts rather than produce a working

program.

Models Used by DMEOL. The distress models used by the program are the

ones presented in Chapter 5. With current condition survey information as a
starting point, the program uses models for the particular pavement type to
predict future distress. When the section is theoretically overlaid, models

for overlay pavements are used for distress prediction.
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Fig 6.7. Sample output of a project level program which makes use of distress
quantities to evaluate alternatives.
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Descriptions of the models, which can be used to calculate the cost
components, can be found elsewhere (Refs 82 and 83) with the exception of the
user's operational cost. Several sources, such as Winfrey, Claffey,
McFarland, and Zaniewski et al {(Refs 84, 85, 86, and 87) present user's
operational cost data for various highway types and design characteristics.
However, McFarland was the first to considers the effects of varying pavement
serviceability on user's cost. None of the above mentioned references
consider the effects of distress on user's operational costs. This is the

primary flaw of the scheme proposed.

Alternative Procedure to Derive a Distress Index

The purpose of this section is to sketch an alternate procedure for
developing a distress index and/or an output function for the prioritization
and scheduling procedure at the network level. The alternative procedure
involves the following steps:

(1) Prepare or select a project level computer program with the

capacity to generate the optimum time to overlay and the costs of

maintenance and rehabilitation for a specific section.

(2) Set an experimental design to derive, through  regression
techniques, approximate models to calculate

(a) the optimum time to overlay and

(b) costs of maintenance and rehabilitation for different overlay
timings.

(3) With these equations, introduce an improved distress index into the
prioritization scheme, as a function of

(X, - X))
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where
Xi = time of overlaying,
Xo = optimum time to overlay,

or, introduce cost equations to optimize the scheduling procedure

by minimizing costs.

SUMMARY

This chapter presents the application of distress models at both the
network and project levels. At the network level, a program was developed to
prioritize or/and schedule rigid pavements for rehabilitation. The program
was run using Texas CRCP field data, and the outputs are shown in Appendix D;
similar runs are intended to help the State Department of Highways and Public
Transportation with future rehabilitation decisions. At the project level, a
design and maintenance evaluation program was presented for {llustrative
purposes. Guidelines were suggested to apply a similar program for the

derivation or improvement of the distress index equations.



CHAPTER 7. APPLICATIONS OF THE REHABILITATION SCHEDULING PROGRAM PRPO1

The most obvious application of the computer program PRPOlL 1is to
generate lists of candidate pavements for rehabilitation similar to the ones
presented in Appendix D. However, the use of the program can be extended to
analyze the impact of several different budgeting policies on the condition
of the pavement network. The purpose of this chapter 1is to present the
effects of different budget policies using information from the 1980 East
Texas CRCP condition survey. The data used for the analysis came from 139
sections, representing 7 districts, with a total length of 756.5 miles and an
age range of 9 to 18 years. These specific questions will be dealt with:

(1) What is the effect of various yearly budgets on the distress

condition of the pavement network?

(2) What is the effect of considering the time value of money 1n the
analysis?

(3) What is the additional cost incurred 1if a pavement section 1is

overlaid at a later date than the one recommended using the
distress index?

ANALYSTS APPROACH

As described in Chapter 6, program PRPOl can generate lists of candidate

pavements for rehabilitation with and without budget restrictions. The

analysis approach followed makes use of this capability: several computer
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runs were performed for a 10-year analysis period using several budget
levels, 1i.e., 5, 10, 15, 20, and 30 million dollars per year. An additional
computer run was carried out without considering budget restrictions. The
output of the runs was plotted to observe the effect of the various yearly
budgets on the distress condition of the pavement network. The same results
were used to perform an economic analysis of the various budget levels
considered.

A different approach was followed to ascertain the additional cost
incurred when the overlay date is postponed. Several runs were carried out,
first using only the pavement sections which required overlay the first year,
assuming a zero budget for the first year, and then those which required
overlay for the first and second years, and so on. From the output, the
percent 1Increase in cost of postponing an overlay is obtained for severe and
slightly distressed sections and for the network as an average. The numbers
used in the analysis are not definitive since the cost of overlay used was
approximate. An accurate figure should include costs such as the cost of

handling traffic, materials, equipment, labor, etc.

ANALYSIS OF THE RESULTS

Effect of Yearly Budget

Tables 7.1 and 7.2 present in summary form the results from the computer
runs performed using several budget 1levels. Table 7.1 presents summary
information for each budget level considered: the second column contains the
total number of miles repaired for the desiga period considered; the third

column contains the total budget used in the design period in millions of
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TABLE 7.1. SUMMARY INFORMATION FOR SEVERAL DIFFERENT BUDGET
LEVELS FROM THE COMPUTER PROGRAM PRP@1 USING
TEXAS CRCP INFORMATION

Budget Level Length Budget Used Avg. Overlay
(millions/year Repaired (millions Cost Per Mile Avg. Distress
of dlls) (miles) of dlls) (10% dlls/mi) Index
Variable 532.2 119.957 225.40 0.628
5 70.8 35.052 495.09 -0.670
10 261.0 91.934 352.24 -0.128
15 506.3 137.974 272.51 0.154
20 756.5 169.515 224,08 0.415
30 756.5 157.850 208.66 0.648

*10-year analysis period
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TABLE 7.2. SUMMARY TABLE OF AVERAGE DISTRESS INDEX PREDICTIONS FOR

VARIOUS BUDGET LEVELS FROM PROGRAM PRP@1 USING TEXAS
CRCP INFORMATION

Budget Level

Year V% 5 10 15 20 30
1 -0.09 ~-0.09 -0.09 -0.09 -0.09 -0.09
2 0.74 -0.20 -0.16 -0.07 0.03 0.14
3 0.74 -0.32 ~0.14 -0.01 0.13 0.32
4 0.73 -0.41 -0.13 0.04 0.20 0.53
5 0.71 -0.55 -0.11 0.08 0.35 0.70
6 0.69 -0.69 ~0.12 0.15 0.45 0.91
7 0.68 ~0,85 ~-0.14 0.23 0.55 1.00
8 0.67 ~1.03 -0.15 6.33 0.70 1.00
9 0.69 ~1.22 -0.13 0.40 0.83 1.00

10 0.72 ~-1.33 -0.09 0.50 1.00 1.00

*
V = Variable Budget
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dollars; the fourth column contains the average overlay cost per mile for
each budget level, without considering the time value of money. The average
overlay cost per mile was obtained by dividing the total budget by the number
of miles repaired. Column five presents the average distress index for each
budget level. The poor condition of the network for the low budget levels,
exemplified by negative average distress index values, 1s obvious, as 1is the
improved condition for higher budgets.

Table 7.2 presents summary information on the average distress index
predicted each year within the design periocd for the network and for the
varlous budget levels. Figure 7.1 presents the same information 1n graphical
form. In this figure it 1is readily apparent that the rate of deterioration,
i.e., the slope of any of the lines in the figure that occur when a low
budget is wused, 1.e., 5 million dollars per year, can be diminished or even
reversed 1f higher budgets are adopted. Also, it can be noticed that there
is a yearly budget, i.e., 10 million dollars, for which the condition of the
network is maintained at a constant level. This budget level may not be
recommendable because of the low initial distress condition of the network,
i.e., the average distress index in year one. The use of a variable budget
involves investing an extensive amount of money the first year, about 84
million dollars for the problem in question, to bring up the condition of the
network, and a yearly budget of about 4 million dollars (lower than the 10
million per year required 1f the network 1s not restored to a better
condition) for the rest of the design period.

In order to help the reader visualize the meaning of the distress index,
Fig 7.2 was produced. A 0.2-mile section with several different stages of
distress 1s depicted 1in the figure. Notice the different stages of

deterioration corresponding to various magnitudes of the distress index.
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Fig 7.1. Average distress index for the network through time for various

yearly budgets using Texas CRCP information.
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Then, if a low budget is used, the deterioration of the pavement follows

stages similar to the ones presented in Fig 7.2.

Effect of the Time Value of Money

Table 7.3 is a summary of the computations performed as part of an
economic analysis to ascertain the effect of the time value of money in
choosing a budgeting policy; a 10 year analysis period was used. This table
contains the average cost per mile of overlay to the agency for various
budget levels and interest rates. Caution is recommended when the results of
this analysis are used since user costs are not considered. The results
presented in Table 7.3 are plotted in Fig 7.3.

From the plot, it can be observed that a minimum average cost per mile
exists for the problem under analysis. This outcome is not surprising if one
considers that as the budget increases above the minimum, the number of
sections repaired 1in the short range increases. On the other hand, budget
levels below the minimum tend to exclude sections requiring overlay. An
important observation to be made is that the yearly budget which produces the
minimum cost per mile of overlay is not necessarily the budget producing the

"ideal” average distress index (Table 7.1).

Cost of Postponing an Overlay

Table 7.4 presents the results of the analysis carried out to
investigate the additional cost incurred when postponing the recommended date
of overlay. The time lags considered were from one to five years. Table 7.4
indicates the 1increased cost per mile of overlay for three different cases:

first, for the network as an average, 1i.e., when all the sections which



TABLE 7.3. AVERAGE COST PER MILE OF OVERLAY FOR VARIOUS
BUDGET LEVELS AND INTEREST RATES USING TEXAS

CRCP INFORMATION

Budget Interest Rate (Percent)
Level
(10° dlls/year) 0 5 10
Variable 225.40 211.13 201.26
5 495.09 405.90 342.88
10 352.24 284.90 237.23
15 272.51 219.79 182.56
20 224.08 185.94 157.94
30 208.66 187.75 170.69
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TABLE 7.4. ADDITIONAL COST INCURRED WHEN POSTPONING THE OVERLAY OF A PAVEMENT
SECTION DEVELOPED FROM TEXAS CRCP INFORMATION

Severely Slightly
Network Average Deteriorated Section Deteriorated Section
Cost Cost Cost
Year of Per Mile Percent Per Mile Percent Per Mile Percent
Overlay (10% dils/mi) Increase (10% dlls/mi) Increase (10° dlis/mi) Increase
1 247.87 - 478.16 - 180.37 e
2 265.30 7.03 545.20 14.02 182.22 1.03
3 284.65 14.84 624.59 30.62 184.07 2.05
4 306.22 23.54 718,06 50.17 185.93 3.08
5 330.37 33.28 828.06 73.18 187.96 4,21

€Lt
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should have been overlaid in year one were postponed a certain time lag and
the average cost incurred was calculated; second, for a severely deteriorated
section with a high rate of deterioration; and, finally, on the other side of
the spectrum, for a slightly deteriorated section with & 1low rate of
deterioration.

The results indicate that, on the average, a 7 percent increase in cost
per year may be expected if the recommended date of rehabilitation is
postponed. This cost increment varies, for the information wused in the
analysis, from one to 14 percent per vyear, depending on the specific

conditions of the pavement section under consideration.

DISCUSSION OF RESULTS

Availability of funds and managerial preferences play an important role
in the budget selection procedure; however, program PRPO1l, or similar
computer programs, can be used as an aid in the selection of a budget policy.
The use of the program for the purposes of this report has indicated that its
results are supported by a—priori considerations.

From the analysis conducted in this chapter the followiag conclusions
are drawn. Although they may seem obvious, the program corroborates and
provides means for estimating them.

(1) A minimum budget 1is required to maintain the condition of a
pavement network. This minimum 1is variable depending on the
original condition of the network.

(2) 1If the network is allowed to deteriorate, the amount of money
required to upgrade its condition to a certain level will increase

with time. That is, more money will be needed to wupgrade the
network as time goes by.
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(3) 1In addition to availability of funds and personal preferences, an
economic analysis is an important factor in the selection of a
budget. However, since wuser costs are not 1included in the
analysis, in the computer program presented, detailed consideration
should be paid to
(a) the initial distress condition of the network and

(b) the predicted distress history of the network.

SUMMARY

This chapter is devoted to demonstrating the capabilities of the
rehabilitation prioritization and scheduling program presented in Chapter 6.
The program can be used

(1) to generate a list of candidate pavements for rehabilitation within

a design period and

(2) as a tool in the analysis of alternatives to select budget
policies.

The use of the program in the selection of budget policies is explained
and demonstrated in the course of the chapter. Conclusions are derived on
the impact of different budget levels, the time value of money, and the

postponing of the overlay date in the selection of a budget policy.
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CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS

This chapter presents the principal conclusions and recommendations
derived in this study. The first section of the chapter is dedicated to
summarizing the work accomplished and to presenting the status of this effort
in the context of an M & R management system. The principle conclusions and
recommendations, already presented throughout the report, are grouped and
organized in the second section of the chapter. This section has been
further subdivided into conclusions and recommendations related to (a) the

scheme in general and (b) the models therein.

SUMMARY OF WORK ACCOMPLISHED

The main contribution of this report is a working scheme to prioritize
and schedule M & R iIn a rigid pavement network. In addition to the
procedure, other major contributions have been made, such as developing a
failure criteria, and stressing the use of distress quantities in PMS. The
scheme makes use of a distress index as a decisfon criterion to determine
when a pavement has reached its terminal condition. The distress index is
calculated by combining into a single number the various distress

manifestations occurring in a pavement section. The 1initial pavement
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condition is determined from field distress condition surveys, and the future
condition is determined by means of prediction models.

The material presented in this report is part of an effort to develop an
M & R management system. Figure 8.1 presents, the pavement maintenance and
rehabilitation management system currently under development in CTR Research
Project 249. The flowchart indicates the activities carried out in the PMS
at the network and project levels. The cycle starts by collecting field
1nformationr to assess the current condition of the network. The information
collected 1s the input data for Program PRPOl, which helps management select
rehabilitation candidates for the next years. Once the selaction has been
made, the activities are carried out at the project level. Several Project

249 reports dealing with project level activities have been published.

CONCLUSIONS AND RECOMMENDATIONS

The principal conclusions and recommendations derived in this study
concerning the rehabilitation prioritization and scheduling scheme for rigid

pavements at the network level are summarized here:

(1) When the computer program was used to analyze the impact on the
future distress history of a pavement network of several different
budgeting policies, it was concluded that the program 1is a very
useful tool for selecting an adequate budgeting policy. From the
analysis conducted, the following additional conclusions were
drawn:

(a) A minimum budget is required to maintain the condition of a
pavement network. This minimum is variable, depending on the
original condition of the network.

(b) If the network 1is allowed to deteriorate, 1i.e., 1is not
maintained, the amount of money required to upgrade its
condition to a certain level will increase with time.
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(2)

(3)

(c) 1In addition to availability of funds and personal preferences,
an economic analysis is an important factor in the selection
of a budget. However, since user costs are not included in
the analysis, detailed consideration should be paid to the
initial distress condition and the predicted distress history
of the network.

It is recommended that the program be implemented, using current
information, 1in order to obtain an updated rehabilitation schedule
and budget. That 1is, performing another condition survey is
recommended, for estimating future maintenance requirements.

The program estimates, in terms of both dollars and distress
predictions, need to be verified to corroborate and improve the
scheme. As with any PMS, continuous upgrading is required to
achieve improved management of funds.

In relation to the models within the rehabilitation prioritization and

scheduling

derived:

(1)

(2)

(3)

scheme, the following conclusions and recommendations have been

From experience in Texas with rigid pavements, it appears that
distress 1is a better indicator of the conditicn of a pavement
section than riding quality. Therefore, it 1is recommended that
distress be wused as the decision criterion in the prioritization
and scheduling scheme.

The distress index wused to prioritize and schedule pavement
sections for rehabilitation should include other variables such as
traffic and environmental conditions. Future efforts should be
aimed towards 1including these variables in order to improve the
decision criterion.

The following conclusions were obtained from the study of several
approximate methods aimed at developing a distress index, i.e.,
subjective parameters, regression analysis, factor analysis, and
discriminant analysis.

(a) The equations with subjective parameters rely heavily on
engineering judgement and experience and, therefore, are
useful when sufficient information is not available.

(b) Factor analysis is difficult to interpret and there 1is no
support to the assumption wused 1In thils approach that the
resulting equations measure structural performance or
deterioration of a pavement section.

(c) Regression and discriminant analyses are viable techniques for
developing distress and decision criteria indices. Because of
the configuration of the information available, the latter was
selected in this report to derive a distress index.



(4)

(5)

(6)

(7)

(8)

(9
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An alternative procedure has been sketched for developing distress
indices for the prioritization and scheduling procedures at the
network level. This alternative procedure involves the use of cost
equations which are functions of the distress condition of a
pavement. At the present time, this type of equations 1s not
available. Therefore, reseach should be conducted to estimate user
cost equations as a function of the distress of the pavement.

If the rehabilitation scheduling procedure is to include flexible
pavements, similar distress indices need to be developed so as to
have a common "yard stick” for evaluating both types of pavements,
i.e., rigid and flexible.

Field data were used to obtain models for CRCP and AC overlaid
rigid pavements; for jointed pavement, the models have been adopted
from the literature. When applying these models, the following
points should be kept in mind:

(a) All the equations presented consider past condition as an
independent variable. This factor helps to "characterize” the
pavement sections, i.e., it accounts for material properties,
envirommental conditions, and construction variables as well
as previous age and traffic conditions. However, any change
in these variables from previous conditions can not be
accounted for; also, new pavements can not be handled by these
equations.

(b) 1In the case of parent pavements, the highly deteriorated
pavements are usually overlaid; therefore, the prediction
equations are biased because only "good"” pavements were used
in their development.

(c) The equations presented are bound by their inference space.

(d) The information used for the development of the equations came
not from an experimental design but from data collected
primarily for evaluating pavement conditions.

The distress prediction equations need to account for the effect of
preventive maintenance. Therefore, 1t 1is recommended that the
monitoring of experimental sections to assess the impact of
different maintenance techniques on the rate of deterioration of a
pavement section be continued.

Future improvements of distress prediction equations should
contemplate experimental design techniques. Guidelines exist in
the literature (Ref 38) for that purpose.

Accurate traffic information 1is of wvital importance in the
prioritization and scheduling procedure. Current practice followed
by the Texas SDHPT involves estimating traffic from data collected
using a few in-motion weighing scales. A more extensive weighing
system should be procured to obtain accurate information, as
recommended in Ref 52.
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(10)

In order to have homogenous sections for the development of
improved distress prediction equations or to be able to sample
within projects, it is recommended that the existing sections be
broken 1into smaller sections using the Dynaflect to characterize
the subgrade and the pavement structure.
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APPENDIX A. CONDITION SURVEYS: EVOLUTION OF PROCEDURES AND FORMS

This appendix is devoted to presenting the different types of condition
surveys which have been carried out by the Center for Transportation Research
to study rigid pavements in the state. Each of the pavement condition
surveys 1is categorized in regard to 1its quantity and quality, and the
evolution of the condition survey procedure and forms is presented.

For the purpose of the presentation, the pavements have been divided as

follows:

(1) rigid pavements;

(2) overlaid rigid pavements
(a) AC overlays,
(b) rigid overlays; and

(3) special projects.

Portland cement concrete pavements, 1i.e., rigid pavements, are
classified according to whether or not they contain joints and reinforcement,
as shown in Table 1.1, Chapter 1.

The CTR is currently monitoring a number of overlaid rigid pavements.
The overlays have been classified as either flexible, i.e., AC overlay; or
rigid, i.e., PC overlaid. The rigid overlays can be further subdivided as
the rigid pavements, and only AC, JRCP, and CRCP overlays have been studied

in our research projects.
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"Special projects” includes innovative maintenance construction, or
design features which are being tested to assess the benéfits they provide to
the pavement and to check if they are cost effective. In a more detailed
fashion, the special projects 1include new materials, new procedures, new
design features, maintenance (i.e., prestressed slab repairs, grouting,
drains, concrete shoulder addition, fabriﬁs), etc. The CTR is currently

monitoring several of these projects.

CONDITION SURVEYS FOR CONTINUOUSLY REINFORCED CONCRETE PAVEMENTS

Condition surveys for CRC pavements have been carried out in rural and
urban districts; the condition survey procedure in urban zones is different
from the one used in rural zones due to the different traffic conditions.
The rural districts were surveyed in 1974, 1978, and 1980; the urban
districts were surveyed in 1976 and 198l1. 1In some cases, different criteria
were followed in measuring the same distress manifestation; the
transformations used to put the information into common wunits will be

mentioned.

CRCP Condition Survey Procedure

Rural Districts (Ref 6 and 9). 1In 1974, the road was surveyed by two

persons in one vehicle, travelling on the shoulder at approximately five
miles per hour. Only the outside 1lane was surveyed. The driver, while

noting the condition of the shoulder to comment on it later, had to assess
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the section length that was subjected to pumping, count the punchouts, and
determine the size of the repair patches.

The passenger, who sat behind the driver to get a better view of the
road, quantified transverse and 1localized cracking and made a note of the
spalling encountered.

The road was surveyed in sections of 0.2-mile, and the driver informed
the passenger of his findings at the end of every section. This, with his
own assessment, was entered in one column of the survey sheet. Therefore,
only one survey sheet was used between the two raters.

At the end of every three miles, when a sheet of the survey form had
been completed, the condition of the shoulder was discussed and commented on.
Other obvious distress phenomena or interesting facts about the road were
also noted under general comments.

In the 1978 condition survey, the driver noted the punchouts and pumping
along the roadwayv while the passenger noted the minor and severely spalled
cracks and patches. A 300-foot portion of each project, roughly in the
middle of the section, was selected for measuring crack spacing.

In 1980, in order to expedite the condition survey procedure, only the
structural failures, i.e., punchouts and patches, were counted in detail.
Minor and severe spalling were counted the first mile of a project; 1if no
difference was detected from the 1978 condition survey, then spalling was not
considered for the rest of the surveys; if it was found to be different, then
it was counted for the rest of the project. Pumping was not measured or

estimated but its occurrence was noted as a yes-no condition.

Urban Districts (Ref 5). Before the 1976 condition survey, a study was

conducted to develop a technique for surveying heavily trafficked highways.
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Because of the need to be able to conduct a survey at a speed of at least 30
miles per hour (48 km/h), the possibility of utilizing photographic
techniques was 1investigated; accuracy, speed, and reasonable cost are
important criteria for a successful condition survey on urban highways.

It was found that by mounting a camera with a shutter speed of up to
1/2000 second and capable of taking 4 to 5 frames per second on a boom
hanging in front of a vehicle so that the line through the camera lens 1is
perpendicular to the road surface, a birdseye view of the distress can be
obtained on film. By adjusting the vehicle speed and equipment, a survey of
the condition of a CRCP pavement is possible. The difference in quality
between a visual and a photographic survey 1is minimal.

In 1976, the condition survey was conducted using photographic
techniques, Sample lengths of about 300-feet per mile were used and it was
recognized that cracking, spalling, and pumping were accurately represented
by the sample, but punchouts and patches were not; therefore, it was
suggested that all these structural failures be counted. Although pictures
provide an excellent record of pavement condition, the analysis of the
photographs is a time consuming task.

In 1981, it was decided to return to the visual survey. The procedure

adopted was similar to the 1978 rural condition survey.

CRCP Distress Discriptions (Refs 4 and 6)

Transverse Cracking. All CRCP show transverse cracking; the design

concept of this type of pavement 1s to replace the joints by closely spaced

narrow cracks, and cracking per se 1s not a distress manifestation. Only
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cracks that deviate from the regular crack pattern and at spacing closer than
about 2 feet can be considered as distress.

During 1974, the different lengths of road, within the section surveyed
that experienced crack spacing of less than 18 inches were added up and the
accumulated length of the road as a percentage of the section length, 1i.e.,
0.2-mile, was entered 1in the survey sheet. The intensity of cracking was
further divided into minor and severe: minor transverse cracks were defined
as cracks which were newly formed, narrow, or not easy to be seen; and severe
transverse cracks as big, well defined openings.

In 1978, it was decided to measure the crack spacing by taking 300-foot
samples around the middle of the job. The crack spacing is the distance in
feet between transverse cracks in the outer lane of the roadway.

In 1980, cracking was not measured. The percent transverse cracking
below 18 inches can be estimated from the 1978 condition survey using the
frequency or cumulative distribution of the crack spacing sample.
Measurements of crack spacing in experimental sections appears to indicate
that it does not change after the first year of the pavement. Figure A.1l,

developed from 1978 data, seems to corroborate this observation.

Localized Cracking. The formation of Y-cracks that link the transverse

cracks, which occurs when the closely space transverse cracks start to
deteriorate, 1is called localized cracking.

Localized cracking was measured only in 1974. The amount of 1ocaliéed
cracking was determined using the same method as described in transverse

cracking.
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Fig A.1. Plot of measured crack spacing versus age in the 1978
Texas CRCP condition survey.
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Spalling. Spalling is defined as the widening of existing cracks by
secondary cracking or breaking of the crack edges. The depth of a spall is
generally less than one inch but it can be very wide. Minor and severely
spalled cracks are distinguished by the width of the spall. Minor spalling
is defined as a condition of edge cracking in which the loss of material has
resulted in a spall roughly one half inch in width. Severe spalling is
defined as a condition in which the spall is wider than one-half inch.

In 1974, an estimate of the percentage of cracks that showed minor and
severe spalling was recorded. The percentage was not exact since four
categories were provided for estimating the quantity.

In 1978, the actual number of cracks showing either type of spalling was
recorded; that 1is, they were keyed into a mechanical counter and every
0.2-mile were transferred to the surveying form. This counting procedure
happened to be very time consuming; therefore, in 1980, samples were taken to
see if there was no difference with 1978. When the sample was different from
that in the previous survey, all the spalled cracks in the section were
counted.

In order to compare the 1974 condition survey to the 1978 and 1980

results, the following equation can be applied:

NSPL * CSPC

1056.0 (A.1)
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where

PS = percent spalling in a 0.2 mile section,

NSPL = number of spalled cracks in a 0.2 mile section, and

CSPC = mean crack spacing for the project.

Pumping. Pumping is said to occur if water penetrates through cracks
and openings 1in the pavement and then, when a load, such as a heavy vehicle
passing over a crack, is applied, 1s pressed out again, taking fine material
of the sublayers with it.

Pumping may occur at construction joints that have opened up
longitudinal cracks or transverse cracks. However, for the purpose of these
surveys, only pumping at the edge of the pavement was recorded. The edge in
this case is the joint where the pavement and the shoulder meet.

Minor pumping occurs when water is pumped out leaving streaks of fines
on the surface of the shoulder or pavement. Severe pumping Is indicated by a
severe loss of fines from the sublayers and 1t 1s also associated with
vertical movement of the pavement where pumping occurs.

The percentage of section length that 1is subjected to pumping 1is
recorded. The worst condition of pumping again defines the quality of
pumping at that section, although some minor pumping may also experienced
within the section. If a few distinct spots of pumping are found, say 300
feet apart, they are handled as separate sectlons subjected to pumping and
are assessed as minor or severe separately. The minor sections are added
separately from the severe sections and recorded.

The same measuring criterion was used in 1974 and 1978. In the 1980

survey, pumping was recorded as a yes—no occurrence; therefore, it can be
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assessed only if pumping, minor or severe, appeared in a section from 1978 to

1980.

Punchouts. When closely spaced transverse cracks are linked by
longitudinal cracks to form a block, the block is called a punchout. This
must not be confused with longitudinal cracking, which is not recorded on the
sheet. A minor punchout is defined as a condition where, although a block
has formed, no sign of movement under the traffic is apparent. The cracks
surrounding the punchout are narrow and few signs of spalling are apparent.
A severe punchout is recorded when the block moves under traffic. The
surrounding cracks will be wide and signs of pumping around the edge of the
block may be apparent.

Punchouts were divided into four categories in the 1974 survey according
to their lengths, namely 1-3, 4-9, 10-19, and above 20 feet. 1In 1978 and
1980 minor and severe punchouts per 0.2-mile sections were recorded in two

categories: those shorter than 20 feet and those longer than 20 feet.

Repair Patches. The pavement needs to be repaired in the final stages

of distress. Repairs can be made with either portland cement concrete or
asphalt cement concrete. The condition of the repair patch 1is not
determined. Columns are provided to record whether the patch is made of
asphaltic or portland cement concrete.

It is important to note that repair work that is done over the full
depth of concrete thickness 1is classified as a repair patch. Patching of
spalling and overlaying part of the concrete pavement is not classified as
patch work. The former is defined as spalling and the latter is commented on

under General Comments.
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To determine the amount of patching that was involved in 1974, a scale
was provided for in square feet of patch work. The scale is divided into
four categories, namely 1-15, 16-120, 121-240, and greater than 241 square
foot patches. The category under which every patch falls is determined, and
the number of patches for every category is counted and the figure entered on
the survey sheet.

In 1978 and 1980 only the number of repair patches observed was
recorded. In some cases, fewer patches were observed in 1973 than in 1980,
because several adjacent patches observed in 1978 were replaced 1in several

instances by a larger single patch.

CRCP Survey Forms

Slightly different condition survey forms have been wused for the
different surveys. The modifications to the survey form are related to the
changes in the procedure or in the criteria to measure the distress
manifestations.

A copy of the survey form used in the 1974 rural survey is included as
Fig A.2. At the top of the sheet, a few details are given to define the
position of the section. Space is provided for the control number, section
number, highway number, district number and county in which the sections are
located. The exact location of the section must be described to facilitate
reference to or a detailed survey of the section at a later stage.

The names of both raters must be listed as well as the date of survey.

It is imperative to tie the sections to the mileposts alongside the

road. The trip recorder of the vehicle may be used to facilitate the
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subdivision of section lengths into 0.2-mile sections. The milepost
readings, however, must be entered in the space provided.

The sheet is divided into nine main columns, of which five are
subdivided into two columns each, designated by "M" and "S", which stand for
"minor” and "severe”, to describe the severity of the different distress
phenomena. Distress on the other hand is quantified by estimating length or
area or by counting the spots of distress. The transverse cracks, localized
punchouts, and repair patches that fall under the same category are counted
and entered in the column provided. The figure that represents rating of
ride 1is written 1in, as shown. This is discussed later. However, it is
necessary to draw attention to the fact that the amount of distress is
divided into four categories, which makes it unnecessary toc determine the
exact quantity. A good estimate 1is sufficient for the purpose of this
survey.

A copy of the survey form used in 1978 is shown in Fig A.3, and Fig A.4
shows a copy of the crack spacing field sheet. The survey form shows the
modifications for measuring distress manifestations. The crack spacing form
was used only in the 1978 survey. It provides space to identify the county,
district, highway, and direction, as well as the control number, section, job
number and location. The cumulative readings from the measuring device, a
rolotape, are input in the form.

In 1980, the survey form shown in Fig A.3 was used, the difference was
that pumping was entered as a yes or no condition instead of percentages.

Crack spacing was not measured.
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CONDITION SURVEYS FOR PLAIN AND REINFORCED JOINTED CONCRETE PAVEMENT

This jointed pavement condition survey procedure has not been used to a
large extent 1in the field. It is based on concepts used In the development
of the CRCP condition survey procedure which has been used with success in
the statewide condition survey in Texas.

In order to make the survey procedure as comprehensive as possible, a
large number of different distress manifestations are observed. Relnforced
and unreinforced pavements may exhibit different distress types. A
transverse crack In an unreinforced pavement may cause more structural damage
than a transverse crack in a reinforced pavement.

Different  joint types may also exhibit different distress
manifestations. For example, spalls along a wrinkled tin joint may be fairly
deep before significant load transfer 1is lost at the joint. In the case of a
dowelled jolnt, such a deep spall may result In further cracking and loss of
load transfer.

In order to make the survey as objective as possible, most of the
distress manifestations are counted and not estimated. 1In this manner no
subjective measurement of the severity and extent of a distress manifestation
will result. In the 1interests of speed, time consuming measurements are
avolded.

Regular surveys of the distress manifestations should provide conclusive
results regarding the significance of each type of distress 1In the gradual

development of pavement failure.
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Procedure for the Jointed Concrete Pavement Condition Survey

The procedure for the survey is as follows. The roadway is divided into
sections which correspond to the SDHPT control sections and job numbers. The
road is surveyed by two people who travel in a vehicle on the shoulder at
approximately 5 miles per hour. Depending on the condition of the roadway,
the driver and passenger may keep track of different distress manifestations.
The driver will typically note distress manifestations which can be seen from
a distance. This will enable the driver to concentrate on driving as well as

surveying.

Distress Description for JCP and JRCP

Slab Associated Distress. These distress manifestations occur along the

length of the slab and not 1in the vicinity of a joint. The first three

distress manifestations relate only to jointed reinforced concrete pavement.

(a) Transverse Cracks. Transverse cracks occur at intervals along the
slab. Transverse cracks in the vicinity of a joint, which may have
resulted from some joint defect, do not fall into this category.
Transverse cracks occur as a result of temperature drop stresses,
drying shrinkage, and traffic loading.

(b) Spalled Transverse Cracks. Spalling is the widening of existing
cracks by secondary cracking or breaking of the concrete at the
edges. Spalling results from traffic loading and from stresses
which occur because of material which enters the crack an resists
thermal expansion. Both these situations result in high stresses
in the wupper edge of the concrete along the crack, and a spall
results.

The number of spalled cracks in the outer lane is recorded. If the
spall 1is 1less than an inch wide and deep and only a few of these
spalls occur along the length of a crack, the crack is not counted
as spalled. For a crack to be counted as spalled, a significant
amount of spalling must have occurred and a drop in the riding

quality of the pavement must result. If the spall has been
patched, the spalled crack should be counted, not the patch.
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(d)

(e)

(£)

(g)
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Faulted Transverse Cracks. Faulted transverse cracks occur as a

result of a 1loss 1n subgrade support and traffic loading. The
concrete in the lmmediate vicinity of the steel will break off and
the final result will be the difference in the level of the slab
across the crack. This will result in a significant loss of riding
quality.

The number of faulted transverse cracks in the outer 1lane of the
roadway per 0.2-mile section is recorded.

Crack Slabs. Typical unreinforced slabs are 15 feet long. A crack

in this type of slab results in two smaller slabs, which may begin
to move under load. The number of cracked slabs in both the inside
and the outside lane are counted. Corner breaks are not counted as
cracked slabs, but rather as joints with cracking. If the joint
side of the corner break triangle 1s longer than half a lane width,
then the corner break 1s counted as a cracked slab. Longitudinal
cracks may also result in cracked slabs.

Shattered Slabs. These slabs are counted similarly to the cracked

slabs except that the slab should be broken into three distinct
pieces in order to be counted as a shattered slab.

Slab Patches. The number of repair patches in both lanes of the

roadway 1s recorded. Portland cement concrete and asphalt concrete
patches are recorded separately. Neither the condition nor the
size of the patch 1s recorded.

Edge Pumping. Water passes through cracks in the pavement and

penetrates the sublayers. When a load, such as a heavy vehicle
passes over the crack, the water 1Is forced out of the crack, taking
fine material of the sublayers with it. This 1s defined as
pumping. TFrom the survey vehicle, pumping 1s generally evident
from an accompanying stain on the shoulder of the road.

The length of the edge crack causing this staining is estimated and
divided by the length of the section (approximately 1000 feet) to
arrive at a percentage. Because it is difficult to estimate the
length of the edge crack which is pumping, this result will be
slightly subjective.

Joint-Assoclated Distress. This distress should be directly related to

the joints in the pavement.

(a)

Spalled Joints. Spalled joints occur in a manner similar to the

occurrence of spalled cracks. The number of joints exhibiting
spalls which are wider and deeper than one inch is recorded. The
whole joint across both trafficked lanes should be examined for
spalls.
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to

(b)

(c)

(d)

(e)

(£)

Faulted Joint. The number of faulted joints per 0.2-mile section

are recorded. The joint should be examined across both lanes for
faulting.

Joints with Cracking. A large number of different crack types and

patterns occur at Jjoints. In order to simplify the recording of
this distress form, all the crack types have been grouped under one
heading. Figure A.3 shows a number of different crack patterns at
a joint. The number of joints with cracking in every 0.2-mile
section are recorded. The joint should be examined across both
lanes widths for cracking.

Patched Joints. When the cracking at a joint becomes severe, the

joint 1is repaired with a patch. The number of patched joints per
0.2-mile section is recorded. The joint should be examined for
patches in both trafficked lanes. Care must be taken to count a
repaired spall in the spalled joint category rather than in this
category.

Bad Joint Sealant. Traffic and environment will cause a

deterioration of the joint sealant in the pavement. Eventually
some of the sealant will be stripped out of the joint and water may
pass through the joint. The number of joints in which the sealant
is significantly damaged is recorded. The joint should be examined
across both lanes of the roadway.

Pumping Joints. Once the joint sealant has failed, water may pass

through the joint and pumping may occur. Telltale pumping stains
will be removed by traffic in the dry season. Thus, if any
accurate record of this distress manifestation is required, the
condition survey should be carried out immediately after a period
of rainfall. The number of joints exhibiting pumping in one
0.2-mile section is recorded. The joint should be examined across
both traffic lanes for pumping.

JCP and JRCP Survey Form

A copy of the survey form is shown in Fig A.5. The form provides space

identify the county, district, highway, and direction, as well as the

control, section, and job number. The exact location of the section must be

fixed by relating the ends of the section to some detail which can be located

on a map of the area. The date of the survey and the name of the survey team

should also be entered on the sheet. The slab joint spacing is also entered

on the field sheet.



JOINTED CONCRETE PAVEMENT CONDITION SURVEY
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Fig A.5. Field sheet for recording distress of jointed concrete pavements.
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In the field, the only references to position arxe the mileposts.
Further subdivision into O0.2-mile segments 1s facilitated by the trip
recorder of the vehicle. 1In order to tie the various 0.2-mile sections in
with SDHPT records, space 1s provided for the mile points of the highway.
These mile points can be obtained from road logs.

Between the column provided for mile points and the column for the
number of spalled transverse cracks, space is provided for comments about
bridges and other structures or landmarks within the 0.2-mile section. The
observed quantities of the various distress manifestations should be
right-justified on the field sheets.

Although distress manifestations are observed between, for example,
mileposts 128.8 and 128.6, the rows of the field sheet are not staggered as
one would expect in order to note the distress between the mileposts: for
ease of computation, the distress manifestations are noted in the same row as
the preceding milepost. If for example, 100 minor spalled cracks were
counted when traveling from milepost 128.8 to milepost 128.6, this figure
would be written in the same row as milepost 128.8. When travelling 1in the
opposite direction, from milepost 128.6 to milepost 128.8, the observations

would be noted in the same row as milepost 128.6.

CONDITION SURVEY OF OVERLAID SECTIONS

Procedure

The overlays that are currently monitored by the CTR fall 1in the

category of experimental sections. That is, the condition survey procedure
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is of the detailed type; nevertheless, the additional information 1is not
detailed to the standard of the condition survey.

The distress manifestations are sketched on a sheet of opaque plastic.
The same sheet is used in follow up surveys using different colors. Once in
the office, the information is transferred into the survey form and input

into the computer.

Distress Descriptions of Overlaid Sections

The distress manifestations surveyed are described in the following
paragraphs. Only the AC overlays are considered since the distress

manifestations of rigid overlays are similar to the ones in rigid pavements.

Reflection Cracking. Cracks and joints of the underlaying pavement may

reflect 1into the wupper layer. The before overlaying condition is recorded
and if a crack appears in the same location after the overlay is placed it is

recorded as a reflected crack.

Failures. Punchouts and patches which have reflected through and which

will soon require patching are named failures.

Patches. Repaired failures found in the overlay are recorded as

patches.

Bond Failures. Bound failures can be described as areas of the pavement

where the asphalt overlay has separated from the underlying layer, exposing

the original pavement.

Rut Depth. A form of surface distortion which is manifested as a

longitudinal depression along the wheel path.
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Overlaid Sections Survey Form

In Fig A.6 the condition survey form for the overlays 1s presented.
Space 1s included in the form to enter the project identification: district,
control, section, job number, CTR number, highway and direction, and county;
using an 80 space format, fields are provided to record all the distress
manifestations mentioned above. Note that the number of manifestations 1is

entered in each field except for rut depth, which is measured and recorded

using inches as unit.

CONDITION SURVEY OF SMALL SECTIONS (EXPERIMENTAL)

In order to standardize the condition surveying of small sections of CRC
pavement, a survey procedure was developed. This procedure is used on short
gections of road which need to be surveyed. The distress manifestations
measured are the same as those In a more general survey but the exact

location of each distress 1s properly recorded.

Survey Procedure and Forms for Small Sections

This survey procedure should be applied only to sections of road which
are shorter than 1,000 feet. The persons making the survey walk along the
side of the road while measuring the distance to the various distress
manifestations with a rolotape. All the distress manifestations are sketched
on a sheet of opaque plastic. The advantage of this type of survey procedure
is that the initial distress need be plotted only once. All subsequent

distress manifestations are merely added to those which already exist on the
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sheet. Different colors may be used for different surveys in order to show
the development of distress. A copy of such an opaque sheet 1is shown in
Fig A.7. The number of spalled cracks and the 1linear feet of pumping
observed along the edge of the roadway are not sketched on the survey sheet.
These distress manifestations can be entered onto the survey form directly at
the site, or a separate note can be made for subsequent transfer to the
survey form in the office.

Once all the distress manifestations have been marked on the sheet the
survey 1in the field 1is complete. 1In the office, the number of individual
distress manifestations is taken off the sheet and transferred to a survey
form. The form is shown in Fig A.8. Space should be left on the survey form

for subsequent surveys of a particular section. This is shown in Fig A.8.
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86T

| m
|
DISTRICT|CONTROL | SECTION | JOB N® |CFTR # |HIGHWAY AND DIRECTION COUNTY DATE
IEERNRNENIRRBARNNNNEEED ANEEENERRRNARERRRRRRARRERRNNNRRERRNRERRARENEERENE
NUMBER OF .
LOCATIONS » DATE OF NUMBER |spaL LED CRKS PUNCHOUTS PATCHES | PUMPING
COMMENTS SURVEY OF MINOR SEVERE
FROM TO CRACKS  |minor |severe <20-l26520- <205 207 A-C| PCC [MINOR [SEVERE
1 2345673910II|2I3I4I5I6|7|8fl902I2 2+ 26272 3031|3233, 3435[3637|38{39 41 434445 46]47146] 49 b 152)53 56{57|58139 180K ! [62]63 5] 686917071 4 T6{77|7B{79B O
|
]
| |
il |
i i ;
|
| T | |
l i il
) ! - ' |
i |
|
i
| 1
; ! |
! :
L L
. 1 ~
[
|y
1]2131s|siej7islolian i2i3lis|1siefi7)ie{l9j20] 21j22]2 32 2 31{3: 34 37 41 j4 34344 Ti48]a S1]535334{53 345 $ 6 [7\[72[r T4 ITS[re{77]7 [

Fig A.8. CRCP condition survey form for small sectiomns.



APPENDIX B

FORTRAN LISTING OF THE REHABILITATION
SCHEDULING PROGRAM PRP@1



This page replaces an intentionally blank page in the original.
-- CTR Library Digitization Team



c
¢
C
c
€
c
c
c
C
o
C
c
c
C
c
€
4
c
c
4
€

s XaNaleRal AT MY

YOO

PROGRAM PRPR1LCINPUT,OUTPUT, TAPEESINPUT)
ARRATERARN R AN R RO AAR A RARNR RN N AR A A RA NN AR AR A AR N AR R I AR AR A&

COMPUTER PROGRAM WRITYEN BY M, GUTIERREZ DE v,
CENTER PR TRANSPORTAYION RESEARCH
UNIVERSITY OF TYEXAS AT AUSTIN
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THIS PROGRAM PRTYDRITIZES A S8BT OF RIGID PAVEMENTS

tJCP,SRCP, AND CRCPY POR REWABILITATION WITHIN A
GIVEN TImg PERTOD, YTHME PRIORITIZATION PROCEDURE
18 PERFORMED USING A DISTREX INDEX FNR EACH

PAVEMENT

TYPE AND SEVERAL DISTRESS PREDICTION

EQUATIONS, RUDGET CONSTRAINTS CAN BE CONSIDERED
IN THF PRIORITIZAYION PROCEBURF,

DIMENSION TITLE(L8), TITLE2(6), RE26Y, Dri(%e@),
nT2eseay, DYS(Sp0Y, AGE(S00), ESAL (SB0Y,
66508y, X NT (832}, xNL (820, NPT(SRR),
IND(SQ2), ZEYA(sEd), zetsed), XMP (300,
SECID(SQ@), CO0ST(sday), THSEE)Y, SZETAC22),
AZETAC200Y, AXLNT¢20Y, AC(29)

NPAGESY

wak QEAD AND PRINT INPUT DATA

** PRINY MEADINGS
PRINT adp
PRINT 8%
PRINY A1Q
PRINT BOSN

weINPUT DATA

TITLEL(LY w ALPMANUMERIC FIELD FnR NESCRIPTION OF PROBLEM,
TITLE2(L) = IBIDENM,

READ(6,848 Y (TITLELIL),L®1,6)

READ(6,818) ¢TITLE2¢L),Lu1,6)

PRINT 816, (TITLEI(L),Lu1,6)

PRINT B17,(TITLE2(LY,Ls1,6)

NSW! = BKITCH TO CONSIDERE BUDGET CONSTRAINTS,
Ir @ BUDGET I8 NOT CONSIDERED,
Ir 1 BUDGET IS CONSIDERED,

NPER « ANALYSIS PERIOD, YEARS,

READ(6,B820IN8W1 ,NPER

PRINY 821 ,NPER

IP(NPERetgY101,101,100

PRINTY 822

srop

* CHECK OF NBWi 7O FIND OUT IF CONSTRAINTS ARE Y0 BE
READ,

181 IFP(NSW{Y1a4,103,1024
143 PRINY 824

201
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184

188

i1e

115

129

125

130

GN YO 110
IFINSWL,FR, 1160 TO 1S
PRINY B82S

ST0P

PRINT A3p

RtJY « RUDGET IN DLLS, FOR EACH YEAR, Jsi,NPER,
IF NSWiz@ THIS CARD IS8 NOY REQUIRED,

READ(6,8353(B(IY,Ja1,NPER)

PRINY 83¢

PRINT A37,¢J,B¢1),Jet,NPER)

PRINT A3s

COL = €OSY OF OVERLAY, DLL8,/IN, PER 80,FT,
READ(6,8a4)COL
PRINY 8d41,cC0L

NSEC « TOTAL NUMBRER OF SECTION OF ALL TYPFS

NI1 = NUMRER OF SECYIONS OF TYPE {, JCP AND JRCP,
N12 « NUMBRER OF SECYIONS OF TYYPE 2, CRCP,
READCH,BUSINSEC,NT1,NY2
IF(NSECenNTIaNI2Y115,122,118

PRINT Bds

srop

NSW2 o SWYTCH TO PRINY OUT INPUT INFORMATION
IF @ INPUT 18 NOT PRINTED
IF { INPUT TS PRINTED,

READ(S,B50IN3W2

IF(NSW2,Fn,®)G0 TO 136

JIF(NSW2,EQ, 1360 TO t2$s

PRINT 854

sYoOp

NPAGESNPAGEe!

PRINT 8%, ,NPAGF

PRINT 816, (TITL EL(L),Lul,b)

PRINT 817,(TITLE2(L),Lul,6)

PRINT 853

PRINT 8Su4

NLINFe26

*4 DISTRESS MANIFESTATIONS AND BECYION INFO,1

SECIN(I) « ALPHANUMERIC SECTION IDENYIFICATION,
FOR JCP AND JRCPt DT1€I) = CRACKING AND PAYCH]NG,
Ft. PER 1pg@p SQ,FT,
NT2¢1) = JOINTS AND CRACKS SPALLING,
PERCENTY,
DT3CY) =« FAULTING, IN, PER 1@@0 FT,

FOR CRCPs DYL(I) » CRACKING AND PATCHING,
NUMBER PER MILE, .

DT2(1) » PERCENT MINOR SPALLING,

NT3(1) « PERCENT SBEVERE SPALLING,
AGE(I) » SECTION AGE AT TIME OF CONDITION SURVEY,
ESAL(YY « CUMULATIVE EQUIVALENT SINGLE AXLE LOAD

APPLICATIONS AY TIME OF CONDITION SURVEY,
G(I) » E8AL GROWTH RATE,
XLNT(IY = SECTION LENGTYH, .
ANL DY « NUMBER OF LANES IN SECTION,

SUMxme 8
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135

140

14%

2ea

146

147
281

2853

2858

203

UMY isg, o
SUMIPeC, 0
N 20@ Imy,NS8EC
REANCG, B8 I8ECIDC(IY,0T1€1),DY2¢1),DY3(1),AGECT), EBALIYY,
1 LYY, XLNTOTY, XNL(Y)Y
INDET)mT
TH{TYSA,N
SUMYNSUMYS XL NTET) .
INDCIY = INDICATOR USED IN THE BORTING SUBROUTINE,
IPCI,GE,NT161)G0O TO 138
HPT(1Yal
SUMTIRSUMTLoXLNY (]
NPT(1) » TNDICATOR QF PAVEMENT TYPE4
{ FOR JCP AND JRCP,
? FOR CRCP,
% FOR AC OVERLAVYS,
GO TD 144
NPT¢1Y=2
SUMT2e8UMT2eXLNT(])
IF(NSW2,EQ,8YG0 YO 204
PRINY BSe,8FCIDCI),DTL1C1Y,DT2(1),073¢I),AGE(Y),ESALIY),
1 GCYI) ,XENTCIY ,XNL (DY
NLINE=NL INE#
IF(NLINE«SY 202,200,148
NPAGEZNPAGF +
PRINT AS),NPAGE
NLINESRY
CONTINUE

PRINY B2%,NY1,8UMI{,N12,8UMT2,NSEC,81MY
Je@

0 281 Y=y,NSEC

GO Tﬂflﬁéﬁiaf’NPTtII

CALL ZETA{(DT1(I),DT2(1),DT3CI),ZETACI))
6O Tn 204

CALL ZETA2(DY1¢I),0T2€1),073¢I),2ETACIY)
CONTINUE

IF(NPERNF,@)IG0 YO 149
CALL INDSRY(2ETA,IND,NIEE)

FIRBT ALTFRNATIVE

IF nNeERsg A LISY OF PRIORITIZED PAVEMENY SECTIONBl
AT THE TIME OF THE CONDITION SURVEY, I8 PRINTED,

N#isgsupxgtox

PRINT 8%52,NPAGE

PRINT 16, CTITLEL(L),Ln1,8)

PRINT B17,(TITLE2¢(LY,Lul,8)

PRINT 28%7%

FORMAY(SX,#L18Y OF PRIORITIZED SECTIONS AT TIME OF C8¢,//)
PRINT 190%

PRINT 288¢

FORMAT(3X, #SECTION#,3X,«DISTRESSw, 2, #*CUMULATIVER,6X, *RANKS,/,
1 O, xIDw ,BX, INDEX ,BX,%ESALw,/,

2 25X, % (MILLIONS)#», /)

PRINT t92%

NLINE=22
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PO

s BeEaRaNe NeNaNal o

[« XaRel

1202

292

149

151

152

153
22@

PO 282 lm{,NSEC

KsIND(Y)

PRINT B3R, SECINCK),ZETACK) ,EQA| (K),?
NLINESNLINE#!
IF(NLINESTY2@2,202,1202
NPAGEZNPAGE +1

PRINT 8S2,NPAGE

NLINE®Y

CONTINUE

PRINT {90%

GO T0 o@p

tna COMPUTATIONS

IFCI.EQ.NPERIGO TO 901
JaJey

AC(1)=O, 7

AXLNY(J)en, @
SZETAt))ap, 0

DO 227 lmi,NSEC

INDCYIYSRY

LR RS EET N

GO v0r1%1,152,153)INPT(])

CALL PREDJ(DTI(TI),DT2(1),DT3¢),A6E¢3),6C1),E8ALCI))
CALL ZETASC(PTI(1Y,DT2¢1),DT3¢1),ZETACI)Y)

GO YO 229

CALL PRED2(DTL¢T1),DT2(1),DTI(Y),AGECI),GCI),EQALCIY)
CaLl ZETAX(DTL(1),072C1),DT3CI),ZEVACIY)

GO T0 22@

CoLL PREZ?IC(ZETACI),ZQCIY,AGECIN,G(I),ESALCYY,TH(I))

CONTINUE

CALL INDSRT(ZETA,IND,NSEC)

SECOND ALTERNATIVE

IF RUDGFY CONSTRAINTS ARE NOT CONSIDERED, THE SELECTION
OF PAVEMENT SECTIONS YO BE OVERLAID 18 MADE DEPENDING ON
THE MAGNITUD OF THE DISTRESS INDEX,

NPAGEENPAGE + 1

PRINT 852 NPAGE

PRINT llb‘(TITLElfL)oLli.bi
PRINT 819, (TITLE2{L),L=1,8)
PRINTY 8%y

PRINT 18%4,)

PRINY 9@y

PRINT 1885

PRINTY 9@%

NUINF®23

IFI(NSW],,FQ,1)60 T0O &@n

DO 232 lauq,NSEC
KsINDCI)
IFCZPETA(KY) 158,155,154

AT THIS POINT SELECYION CAN BE MADE AMONG VARIOUS
MAINTENANCE POLICIES,
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(o] s RaBuNs RaBeRal >

{154

15%

123¢@

230

43

4ne

157

1308

300

156

XMP (Ym0 @
SIETACI I mRZEYACIYS2FTA(KY
60 10 230

XMP kYl @

I3 (kynPEYACK)

NPT(KInd

ovit:)xe;a

DT?(I):@,?

BT (1val n

CALL THICKIZAIKY,THIX))
COBTIKIMYMIKYRYLNTYERI®(63360,0nXNLCK)INCOL
AXLNYCIYBAXUNTCI) XL NTEK)
ACCIImACEIYeCOST (KD

PRINT B62,SECIDIKY ZETALK) JEBAL (KY,XULNT(K) ,CO8T¢K),]
SIETAC ) mQ2FTACI)ISZETA(K)
NLINEaNLINE#]

IFENL INEe®ST7Y 230,238,123
NPAGEENPAGE « |

PRINT 853, NPAGE

NLINFRY

CONTYINIE

GO TO 1%

THIRD ALYERNATIVE

IF BUNRGET CONSTRAINTS ARE TO BE CONSIDERED, THE SELECTION
OF PAVEMENY SECTIONS IS MADE DEPENDING ON BUDGEY AVAILABILITY,

KOUNT§

PO 308 Imi,NSEC

KkmInpel)d

28I ZETAL)

CALL THICKIZO(K),THIN))
IFCTN(KYe2,B)1%6,u82,402 _
COST(MIRmTMEKICXLNTEKI (636D, BaXNL(KYIaCOL
ACCIYmACLIY4LOST(X)

IFtRe YAt I))1%6,1%7,157

AXLNT (I Y maXUNT (I e XLNTYCK)

KOUNTEKOUNTS L

NBPT(K)a}

XMPexIEl QA

DTLtKIaD &

PT2(x)=0 o
OTI(K VxR @

PRINT 860,8FCIDIK),ZETACKY,ESAL(KY,XLNT(K),CO8T(K),T
SZETAC ) mQZETACIISZETA(KY

NLINEWNLINE®Y

IFINLINELRTYI00,308,1300

NBAGE-NPAQE¢1

PRINY 853, ,NPAGE

NLUINEmY

CONTINUE

GO TO 198
ACCIYRAC L) eCOST(K)

DO 33t IsvQUNT, NSEC
KsINDID)

205
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IO

Y OBCY

SZETALIYINGZETA(IYZETA(K)
XMP (K)s@B 0

AT THIS POINT SELECTYION CAN BE MADE AMONG VARIOUS
MAINTENANCE PDLICIES,

391 CONTINUE
1858 XNSECaFLEATINSED)
AZETALIYuQZETALT) /UANSEL

PRINT 9073

PRINT B62,AZETACIY ,AXLNY(IY4C¢)
GO TO 149

FORMATY

AAD FORMATC1H{Y
AOS FORMATCIN /7,20 30N ANANRA RN AR AR ARV R AN RANARRA RN A AW )

RID FORMATLIX,/,25X,% PROGRAM PrP21{ LT
] 222%% % CTR = UY AUSTIN .,
2 /+25%,% VERSION MAR 1@,19R24)

8315 FORMAT(Sx, 6A12)

ale FURMAT(%X /I/ KX,6A10)Y

817 FORMATtS!.bAiG /77/7)

828 FORMAT(21S)

821 FORMAT(SX, tANALVS!S PERIODa*,12,/)

a2z FORMAT (8x, tANALVSIS PERIOD BHOULD BE SMORTER THAN {1t YR8 v, /)
823 FORMAT %y, -SUMMARY OF SECTIONS CONSIDERED IN THE ANALYSISw,//,

1 Sx ﬂﬁH---u---..-..--...-'...a-n.n'.....n......o-.w--,/'
2 Sx o w SECTION No, OF MILES %/
3 Sxe#  TYPE  BECTIONS , “, 7/,
a4 5!.§5H---wwn---n.-¢HCQO.GUOQUQQQOQO'QOQOQ'Q-----'..-'/,
5 Sy o { " 16,10%,F12,2,/,

® Sx o # 2 " 16,18%,F12.2,7

7 Sx,ﬁbH..-.--o-.-...-.....-a..o...‘-.-.Q'..puccucnunn’/'
8 222;!& 18X, Plz 2)

R24 FORMAT(SX,#NO BUDGEY CONSTRAINTS AREF Tp RE CONSIDERED®, /)
az2s ’OﬁNinsx ,ANSK] SHOULD BF @ OR 1#,/)
832 FORMATEIYX, II;SX *BUDGEY CONSTRAINTS FOR EACH YEARw,/,
§ SX,nIN THE ANALYSIS PERIODw,/,
SX,i-.-.--.-------.----.--!,/3
ass FO“HAT(f?F!ﬂ 21y
a3 'OﬂMAYfSX‘*YEiRQQSX;*BUDGEY‘ /,
1 3" tn...-ou.-.-p.-......--i'/\
A37 FORMAT (S¥ !3.“!.!13 81
(5 1] FORNA?(SX *--'-.-.-.c--o---'-----t,//’
a4 FOR”AT(F’G.G)
AUt raRuArtsx.tUNIT cosy oF OVERLAVING--,Fo 1,
1 1%, ,#DLLS, fIN,PER QQ.FT.Q¢I3
YL FORNAT(SIﬁ’
BU46 FORMATISY , «§OME MISTAKE IN THE ND. OF SECTIONSe,/)
as5e FORMAT(!S\
A%y FORMAT(Sy aNSk2 SHOULD BE & OR {n,/)
a5 FORNAT(IH‘,S!,*PPOGRA" PRP21w, 48X, *PAGER,1%,///)
AS3 FORMAT(Sx wACCORDING YO YOU INPUT INFORMATIONs,/,

{ Sy, wTHE roLLowING DATA SET WAS READw,//,
2 Sy,aFROM COL, TO COL,#)
pS4 FORMATtlEx,- 1 » Tu,7X#3ECTION IDENTIFICATIONS,/,
] 10x,0 B = 140, TX,#DISTRESS TVPE (2,/,
2 lﬂx,tis w 2w 7%, wDISTRESS TYPE 24,/,
3 10%,w22 o 28%,7X,«DISTREAS TYPE 3n,/,
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[ Ko

(g R [a Ne Ny Ne

&5%
ase
A58
860
a62
1853
18%¢
1835

991

904

DN

& ol Ny -
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18%,229 o 35#,7X,%AGE OF PAVT AT (C8w,/,

18%,%436 o 2w, 7TX,aCUMULATIVE AXLE LOADS AT CS+,/,
{0y, vd3 9w, TR, wESAL GROWTH R‘TE'./‘

(BY, %58 = Sow, TX,w8ECTION LENGTHw,/,

10,#%7 « 63%,7X,4NUMBER OF LANESw,///)

FORMAT (1X, 46, ewvye)

FORMAT (1X,A6,8F7,2)

FORMAT (dy ,Ab,%Sx,2F 10, 3, X, 15

FORMAT(UX A6,2¢2X,F10, 3) 2X, riu 2,2%,F12,0,2%,1%)
ronMATrix.//.tax Fi@, 3 1ax.F|a z 2%,F12,90)
FORMAT (Sy, L 18T OF PAVEHENT stcTIONa RenurnrNs OVERLAY®)
FORMAT tSx,«YEARS AFTER CONDITION SURVEYE®,13,////)
FORMATCBx.-sscr!ON-.sx *DISTRESS e, 3X, *CUMULATIVEY,

Gy,
%y,

wSECTIUNt.SX *OVERLAY®, 84X, aRANKR, /,
»1Dw, 1@x.-1~u£x-.ax.-zsALt,

71;-LENGYH«.7X,ac037w./;
2N wCMTLLTONS Wy dX w(MILES) w, 58X, *(DLLSYw,//)

PRINYING OF SUMMARY TARLF FOR ALTERNATIVES 2 AND 3

NPAGEINPAGEOX

PRINT
PRINT

PRINT
PRINT
PRINT
BPRINY
PRINT
SUMAL

852,
ate

NPAGE
CTITLEL(LY Lu],8)

517.f'ITLE2(L’0LI1'6)

992
901
9@y
933

=0,

8UMA232,n
SUMA3EA, 9
RO 934 Jeq,NPER

PRINT SUS, J,AZFTA(JY AXLNT(J),AC(])
SUMALESLIMAL14AZRTALSY
BUMA288UMA2eAXLNTIDY
SUMARBSBUMAB4ACET)

CONTINUE

PRINT

90y

XNPEReFLNATINPER)
ASUMAT®S(|MAL /XNPER

PRINT QE@,

SUMA],SUMA2,SUMAY

B2 FORMAT(ix,///;1%5X,w SUMMARY TARLE #,///)
087 FORMAT(YY, wYFARw, 1IN, 2AVE, DIw, 8%, %) ENGTHw, 14X, sBUDGETw,/,
wS!gu’H’LEq?iyQSX,i(DLLS’u,/I7

nAs 'ORMAqui ggH'-Qvn-u.u-----.un---n.--i-.'id'indc‘

1

1

}SH.-.nn--w.--.----.-.-q--...----..--.’

198 FORMATY (¥, ESH--a.wq----.---n-.-.-w..o.‘

ESH--Q-------q-.---..o.o.--.\

i
90% FORMAT(1X,/, EX,14,7%,F8,3,7X,Fn 2:12!07!2 a2)
996 FURMAT(!&X F8,3,7Y%, FG z.iax.rlz f)

enp CALL €x1IT

END

S R a2 A A xR A A R X X XA 12 A R RS R 2 2]

SUBROUTINE PREDI(CRK,PS,FLT,AGE,G,ESAL)

THE FUNCTTON OF SURROUTINE PREDY 18 TO CALCULATE FUTURE
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IO CTIOO

GO0 MNO IO

[aNels N Re Ne Uiy Ne Ne ] OO0

DISTRESS £ONDITION OF THE JOINYED PAVEMENT SECTIONS
¢JCP AND JRCP),

PARAMETERS ®

CRK » CRAFPKING,FY PER 1000 8C r7Y,

PS » PERCENY SPALLED JOINTS AND CRACKS,

FLY « FAULTING IN WWEELPATH,IN PER 10@0 FTY,

AGE e« AGE OF PAVEMENT SECTIDN IN YEARS,

6 = ESAL GRNAWTH RATE,

ESAl. » CUMULATIVE EQUIVALENTE SINGLE AXLE LOADS,

[FlcRK Eq D awcnuu1 )

CRKaCRK® ¢ rAGE+Y @) aESAL®(Y, #eG)/ (AGE#ESAL)Y)
B€?A=fttsrél E)IAGEiaALOGti 2ep8/10a,@)
psziaa, Gati G-EthBETﬁ))

FLT:PLY*({l zer’-.a 4%y

AGE=AGF+1.D

ESAL:EsALgfl “BeB)

RETURN

EnD

AR RN LA AR RN G RN TR AN AN RN AN R RN AN R R RN NN ANAO AN R AR R AR R A AR

SUBROUTINE PRED2(FPM,PMS,PSS,AGE,G,ESAL)Y

THIS SUBRROUTINE IS USED TO PRENICY TWE FUTURE DISTRESS
CONDITION OF THME CRCP PAVEMENY SECTIONS,

PARAMFTERSR

FPM « FAY URES PER MILE,

FPMS = PERFENT MINOR SPALLING,

PSS » PERCENTY SFVERE SPALLING,

AGE » ABE OF PAVEMENTY S8ECTION IN YEARS,

G » ESAL aROWTH RATE,

ESAL =~ CUMULATIVE EQUIVALENTE SQINGLE AXLE LOADS,

1FtppM EQ R . D)FPMEE,S

FPMa(FPMyt, @)% ((AGE+1,0) /AGE) a1, 0
BETAia((Astos 3)/ACE)#ALOGC], AuPM8/100,0)
Pua-qa.ssv.sr 764« (EXP(BETALY)
BE?AES(tar!+1.e!/AGE)tiLnsti P-PS8/100,0)
P3S893,8084.92, ASTa (EXP(AEYA2))

AGESAGE+{ .9

ESALEESAL#(},046)

RETURN

END

(22232333 022  PPT R 2122222 a1 R A2 3 22 232 0222021322222 221}

SUBROUTINE PREZIC(IEYA,28,AGE,G,E8AL, TH)

THIS SURRNUTINE CALCULATES THE FUTURE DISTRESS
INDEX nF aN AC QVERLAID RIGID PAVEMENT SECTION,

PARAMETERSY

2ETA « DISYRESS INDEX,

2¢ « DISYRESS INDEX OF TWHE SECTION CONSIDERED
BEFNRE OVERLAY WAS PLACED,

AGE « AGE OF PAVEMENTY SECTION IN YEARS,

G » E8aAL GROWTH RATE,



OO

OO OO s NeXeNe]

VIO D

DN OO

OO TOHIIIOOO (s Bz NeXel

ESAL = CUMULATIVE EQUIVALENTE SINGLE AXLE LOADS,
TH @ THICKNESS OF THE OVERLAY, INCHES,

GAMMARD, 10U« ( (| ,B/TH)an2.0)
ZETAS(GAMMARZD ) (1 ,0eGAMMA)
AGE=AGE+1 .0

ESAL sPSA|L a1 ,@e6)

RETURN

END

SRR AT EXASS SRR RS RS SRR X RSN RS R RRdR] ] ]

SUBROUTINE ZETAL(CRK,P8,FLT,Z2ETA)

THIB SUBRNLITINE DETERMINES THE DISTRESS INDEX FOR
JOINTED PAVEMENY SECTIONS USING DISTRESS VALUES A8 AN
INPUT,

JETASY ,Pul B2B#CRKeE,0064PSad, 019wFLY
RETURN
END

122200222 NS 3R R R A2 AR AR 2R 22222 )]

SUBROUTINF TETA2(FPM,PHI, P8S,ZFTA)

THIS SUBRAUTINE DETERMINES THE DISTRESS INDEX PFOR
CRC PAVEMENT SECTIONS USING DISTRESS VALUES AS AN
INPUT,

26TAz) 0l ,0654FPMad,B15aPMSad 010%PSS
RETURN
END

(2 XA SR R XY R R A2 R 2 YR R R R R R 22222202 ]

SUBROUTINE THICK(ZD2,TH)

THIS SUBRNAUTINE CALCULATES A RECOMMENDED THICKNESS
FOR AC OVERL_AYS ON RIGID PAVEMENTS, THIS THICKNESS
13 APPROYIMATE AND NEEDS TO ME CORRNBORATED By MORE
ACCURATE nESIGN PROCEDURES,

THES 4G ({ . 0eZB)wnd S
RETURN
END

(23R R T YRR A2 a2 AR R0 20 R 12 X122 222 ]

SUBROUTINE INDSRT(X,INN,N)

INDSRY ACCEPTS AN ARRAY OF KEYS QR DATA ITEMS AND RETURNS
AN ASSOCTATED ARRAY OF INDICES SORTED ACCORDING TO THE
ORDER OF THE KEYS,

PARAMETERS?
X o ARRAY OF KEYS IN RELATION 7O WHEICH THE INDICES ARE
TO BE AORTED IN ASCENDING ORDER ¢X 18 NOY MODIFIED)Y)

209
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s Be XNyl (g Ng] oy (o s N2l OO

(¢ el

« oy

€

IND « ARRAY OF INDICES POINTING YO ELEMENTS OF x9

N = NUMBER OF ELEMENTS IN ARRAYS X AND IND,
IF N I8 NEGATIVE, IND IS NOYT INRITIALIZED AND THE ORDER
OF ANY PREVIQUS SECONDARY SORTS 18 PRESERVED,

ALGORITHM TAKEN FROM GROGOND,*PROGRAMMING IN PASCAL®,P, 168,

DIMENSION XIN),IND(NY
LOGICAL PONE

#% INTITIA|T7E ARRAY OF INDICES
IF (N LT, M) GO 1o &
ng s I'ip”

§ INDEYY B v

6 CONTINUE

JUMP = TARSY? N/2 )

an JUMP=STIZE LOOP
12 CONTINUE

w% LOOP TA SCAN ARRAY UNTIL NO MORE INYERCHANGES ARE POSSIBLE

% WITH CURRENT VALUE OF JUMP
2@ CONTINUE

DONE=, TRUF ,

we | OOP YO MAKE ONE SCAN OF Dava
DO 38 Isg, (NeJUMP)
J = TeJUMP L.
IF ¢ XCINDCIYY (LE. XCINDCJY) 3 GO TO 3@

w% MAKE INTERCHANGE
TTEMP = IND(I)
INDCIY = INDLD)
IND(J) = TTEMP
NONE = FALSE,
30 . CONTINUE

IF(.NOT ,DONEIGO TO 20

JUMPaIUMP /2

IFLIUMP ,,GY,@)60 TO 1@

RETURN

END

I3 T3 1 T2 3232332223223 323 2 2323223 ¢33 222222222 231842}
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APPENDIX C. INPUT GUIDE TO THE PROGRAM PRPOl

DESCRIPTION

The computer program PRPOl prioritizes a set of rigid pavements (JCP,
JRCP and CRCP) for rehabilitation within a specified time period. The input
data are distress condition survey information on the current state of the
pavement sections to be analyzed. The prioritization procedure is based on a
distress index which results from the combination of several distress types.
Future condition of the pavement 1is estimated using distress predicition
models. In addition, budget constraints can be considered in the

prioritization procedure.

LIMITATIONS

(1) Only rigid pavements (JCP, JRCP, and CRCP) are processed by the
computer program.

(2) The analysis period should be less than 10 years.
(3) The maximum number of pavement sections is 500.

INPUT CARDS

The notation CC refers to card columns, with the range of columns being

inclusive. All REAL values are punched with a decimal point as a part of the

213
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value and all INTEGER values are punched without a decimal point and right

justified in the data field.

Card Type 1 (2 cards)

CC 6-60 (ALPHANUMERIC) any combination of alphanumeric characters may be

used to identify the problems to be solved.

Card Type 2

CC 1-5 (INTEGER) switch to specify 1if budget constraints are to be
considered; if O budget is not considered, if 1 budget is considered.

CC 6~10 (INTEGER) analysis period, years; from 0O to 10 years are
processed by the program.

The program provides for the following alternatives:

(a) Prioritized list of pavement sections for rehabilitation using the

condition survey information; thus altermative is run by making the
analysis period equal to zero.



215

(b) Multiperiod rehabilitation schedule without budget constraints;

to
run this alternative the budget switch should be eugal to zero.

(c) Multiperiod rehabilitation schedule with budget constraints; to run
this alternative the budget switch should be equal to one.

Card Type 3 (one or two cards, as needed; cards required only if the

budget switch in Card Type 2 is equal to one)

! 0 H 20 21 30 6l 70

CC 1-10 (REAL) budget constraint specified for the first year in the

analysis period. CC 11-20 (REAL) budget constaint specified for the second

year in the analysis period.

CC 61-70 (REAL) budget constraint specified for the seventh year in the

analysis period.

Card Type 4

CC 1-10 (REAL) cost of overlay, dlls./in per square foot; a detailed

analysis needs to be carried out to determine this cost figure which should

include all of the agency costs.
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Card Type 5

| 56 10 11 15

CC 1-5 (INTEGER) total number of pavement sections to be processed by

the program.

CC 6-10 (INTEGER) number of jointed sections (JCP and JRCP).

CC 11-15 (INTEGER) number of continuous sections (CRCP).

Card Type 6

CC 1-5 (INTEGER) switch to print input informations; if 0 input 1is not

printed, if 1 input is printed.

Card Type 7 (as many cards as number of sections specified)
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CC 2-6 (ALPHANUMERIC) section 1dentification.

If jointed pavement section (JCP and JRCP):

CC 7-13 (REAL) cracking and patching, number per mile.
CC 14-20 (REAL) joint and crack spalling, percent.

CC 21-27 (REAL) faulting, number per mile.

If continuous pavement sections (CRCP):

CC 7-13 (REAL) punchouts and patching, number per mile.

CC 14-20 (REAL) percent minor spalling.

CC 21-27 (REAL) percent severe spalling.

CC 28-34 section age at time of condition survey, years.

CC 35-41 cumulative equivalent single axle load applications at time of
survey, ESAL-18R.

CC 42-48 ESAL growth rate.

CC 49-55 section length, miles.

CC 56-62 width of the pavement section including shoulders.
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APPENDIX D. SAMPLE INPUT AND OUTPUTS TO THE PROGRAM PRPO1

This appendix contains sample input and outputs of the program PRPO1l as

follows:

(1) Sample INPUT.
(2) Sample OUTPUT using alternative 1, i.e., printing of a prioritized
list of pavement sections for rehabilitation using the condition

survey directly.

(3) Sample OUTPUT using alternative 2, i.e., printing of a multiperiod
rehabilitation schedule without considering budget constraints.

(4) Sample OUTPUT using alternative 3, i.e., printing of a multiperiod

rehabilitation schedule taking into acount budget constraints.

The information contained in the sample INPUT is real CRCP field
information collected 1in east Texas in 1980. Therefore, the runs presented
are of direct use to the Texas State Department of Highways and Public
Transport to assess the current condition of its CRCP network and the needs

of rehabilitation in the next few year presented.
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SAMPLE INPUT
BRIORITY LIST 0F TX CPAP FOR REMARILITATINN
INPUT DAYA FROM {9AQ CONDITION SIIRVEY
1 10
3ennanan, la0anana, 30na300a, 3a00000a, 38AP800A° 34008AAA, 30800070
Ieacuaqe, vaaven, 310a00004,

2,25
139 119
11 ER 6,90 3p,ap T8 17,88 5,92 .72 5,88 2,.,¢a
1n1 wWRh 2,30 3Ix,p2 20 17,838 5,92 .38 5,60 2.00
1¢2 ER R, 92 134,64 LA 17,00 5 45 K1) 1,80 2,00
132 WB  t1,14% 2R,20 42 17,80 = 4% .78 1,80 2,02
134 ER 2,24 1% _BW 1,12 (4, 84 5,44 .98 S, 4P 2.08

led W 3,24 58, 5@ SP 1h,30 5 4u IR 5,40 2.00
18% B8 2,54 109,60 .60 15,80 85,43 .30 §,20 2490

115 WA 4,70 S& B9 « 78 18,40 5,33 N1 5,40 2.0
1«8 NB 4,07 3p. 3p 1,78 14,49 3,2% 48 9,00 2.0
IrR SR 13,200 v, 79 1,78 (4,30 % 28 Pu 9,20 2.90
112 NA 1,#%  Jx RO 3,08 11,68 2 8p L U8 2,08 2.082
143 NR (.26 2p,10 4,63 10,80 2,56 08 14,20 2,00
113% SR 2,54 16,99 1,18 108,84 ?.56 N5 2,70 2.00
974 MR 8,92 ;.28 2,90 16,89 7,22 B 1,90  2.02
98 5B Be,1* 14,°0 5,28 18,80 7,22 e 1,88 2.00
94k Np B, 70 1A.,69 1,48 {6,827 haTb o1k 88 200
915 §B 3. TA 10,48 2,48 16,80 5,76 6 .88 2,88
907 NR 20, 4n R,O¢ 4,28 14,00 5.83 Y 1,99 é.00
977 SB A 13,74 9,40 14,70 5,83 JAu 1,00 2,09
9.rn NR ” 8,27 2 19,00 5,60 NI .80 2.30
9nA 8B A 11,1¢ BV 13,22 8,60 Y .80 e
1#3TFR 2W,50 41,50 {.32 15,008 S, 4% Pa 4,8¢ 2.00
13ME] 21,80 s8,29 5.4 18,23 5,79 .87 4,88 2,080
1 8ER 1.,9¢ S1,.0¢ 92 16,40 4,99 A B,20 .20
1 ¢ YAER 9,40 €5,68 6,84 17 .09 5,68 -1 R, 00 2.08
100 2ER 4,39 s9,10 LOP 17,70 5,85 .27 6.60 2.008
Pvu3F8 14,54 318,9¢ 1.2¢ 17,80 5,085 -7 6,27 2.3
1 AI9FR R.28 4a»,1m oSO8 18,20 5«01 .35 7,60 2.08
tHIHER 14,72 Sy, 8¢ 1.18 15,20 S.13 oBh T2 2.80
1#14FB 29,53 Sp,20 2,40 15,00 5,16 .10 8,20 2.00
1RGAER 19,80 31,40 LM 18,84  4,ua8 .15 4,88 2,80
181 1FR 6,54 18, 98 49 18,00 4,63 1% 4,00 2.00
101268 5,60 0. 78 5% o, a0 5,88 B0  &,48 2,00
t113ER 2.27% 31,99 AP 18,80 85,72 -1 1,80 2.08
1614MR 9,30 48 82 .28 14,40 4,63 o1 4,00 2.38
1RAMR 1,70 37, 2¢ Lu4 185,03 4,48 W18 4,82 2.99
TU{4WR 1§ i0 €7, ,59 W00 15,24 5,16 Ao B4p 2,00
i kg 1,19 a4 6¢ S40 14,886 R,72 -1 1,80 2e08
1.1 WA 8,84 s7_ap 1.290 18, 8¢ 5,13 o926 7.48 2e 30
19wy S,42 Ba e 80 15,00 §.61 + 28 7.88 2.30

13 WA .iv 3R.10 1,48 17,00 5,05 88 4,20 2.00
1A323KA 2.32 848,39 .52 {7,08@ 5,88 A7 6,60 2.00
foBaKR R 40 eq 1@ 8,18 17,79 S.68 «P7 8,19 2.00
1798WR 1,80 &Y, 14 L8 16,78 4,99 A8 8,40 2.ap
1rdimg 20,34 39,00 1,69 (R, 32 5,79 » 37 3,60 2.0
1pP7WR 3Q.24 74,50 4,32 15,08 5.83% «Ph 5,00 .00
1n86hR 26 59 sy, @0 2,98 15,78 5.94 86 5,20 2.00
1315F8 2.79 21,390 .50 9,86 1,65 A S. 60 2.08
131S»B 3,00 24,60 B2 9,38 1,65 .0 5,60 2,09

1343FR 2,18 30,%@ .98 f1,80 1,91 .06 5,60 2,08
131388 16,99 44,38 1,80 11,80 1,91 A6 9,80 2.90
1314FR 2 17,32 @ 11,90 1,18 .26 .40 2.0p

1314%B v 43,59 2 1,40 1.15 <06 28 2.0



1311FR
1311hQ
12R6FR
13RpwR
1387FR
13ATwB
1 3A3FR
1393uR
131288
132588
139558
1365Ng
{308ER
1 TwAMR
13108R
1313MB
13U98R
13w90G
17P2NR
L7v 28R
{7P3INR
{74938R
1744NR
1703458
1737ME
171788
f710NB
IS ARL
1 7A9MB
171988
{7uRNR
170RSAH
1T7TP6NKH
{1 7Tvie SR
1961EK
19¢2ER
{Q9GUER
19ASER
1996FR
1Q37€B
1908FR
{9u9F R
1911E8
1914ER
{9{SER
193 7ER
{91 8FR
1019ER
19¢ {¥WAR
{9¢2HRB
{9FUWR
193%5wR
1Qro kB
199Rwy
{Q20UWR
1911KWR
1014Wg
1Q1SHR
1917WR
{91 7kR
1Q1RWR
1219nWA

-4
4,4
3,60

14,20
P.20
B,%a

1u, 50

15,74
1.1°

194

S2.40
52,72
38,40
46,60
U6 .30
ua .59
52.R0
b4,54
14,60
24,00
SA.60@
37.39
45,1
41,19
58,2¢
53,70
m, 10
46,72
13,27
17.3¢

7,3
11,67
9,57
1h,60
9,14
Q.13
12.8¢
2P, RO
21,40
26,70
7.8@
P8,9¢
38,20
34,020
15,5¢@
12.,7¢
31,47
2%,30
4a,2a
29,18
63,10
Sh97

K30

?.20
ap, 2@
19,60
14,30
1%,39
14,80
17,88
318,19
16,80
31,70
Ib,49
6!.‘6
12,29
16,37
26,90
7,70
7.70
n,y0
17,560

.79
17,90

8,90
[ )
4%, 49

13,50
-1

49

12,90
12,90
12,40
12,29
12,00
12,04
18,80
18,90
12,04

9,a4
13,00
13,0¢
12,29
12,00
12,09
12,99
12,00
12,4¢
17,09
17,22
13,73
13,9
13,3¢
13,80
11,49
11,00

9,72

9,73

9,24

9,00
10,89
10,00
12,20
12,70
16,90
16,70
15.%9
14,00
14,40
14,00
14,00
14,92
18,90
13,80
13,30
10,02

9,9u
10,00
16,00
16,99
18,02
14,04
16,00
14,90
14,00
16,89
13,P0
13,00
17,80
19,82

9,00
10,092

1.22
1,22
1.82
1,82
1.51
1.51
2.92
2,82
1.16
1.16
1,49
1,49
1,40
1.40
1.34
1.31
.67
2,67
7.77
7.77
5,74
8,74
5eT4
€. 74
Se12
5.10@
Ue78
4,78
4,82
4,82
4,38
4,38
S5e49
5,49
6,55
S.77
be16
4,R7
5.3
5.31
5,48
6,42
4,49
3.76
3.24
3,9¢
3.47
3,49
6,55
Se?7
6.16
44,87
5.31
5.48
bo4d2
Y
3,76
3.24
31,90
3,90

3.47

3.49

6,20
6,20
5,90
5,008
12,44
10,29
12,49
12,19
3,898

8,32
8,80
3,20
3,40
1,60
1,80
1,00
1,00

13,80

13,84

12,80

12,80
6,18
5,60

16,20

16,00

17,29

17,00

.60

12,20
12,29
2,48
?.3“
7.00
5,60
9,20
9,60
7,28

9,80
7.18
4,608
2.60
3,48
7.09
7.00

10,00
7.10
6,20
8,20
9,40
6,80

10,00
7.00
4,22
3,00
3,40
7.88
7,02
7.0@

19,00

2.79
2¢Q0
2400
2.40
2.0p
2e00
2.00
2,07
2.00
2.00
2490
2.00
2,00
200
2.00
2.002
2.00
200
2000
2.02
celR
200
2.32
2.00
2.00
2.00
2ed0
200
2.900
2.90
230
2.00
2ePQ
2eR0
290
2.00
2e.02
2.90
2.00
2.2P
2e AP
2eB@
2.00
.00
2eP0
2.70
Ce 20
2e0Y
2.00
2.00
2.00
2.00
2.00P
2.00
2.08
2.00
€.00
2.08
2.00
2400
rd
2010

223
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CHAPNR
2IASNR
2H0sNR
2ny2NR
2P 2NR
292308
2e 28R
20588
2rU6SR
evi18R
2011 28R
2;'1 388
2r158R
2c228R
en238y
PEAQFR
2001 7FRB
2v18FR
2HA1FR
Ful-1wh
2N Iwl
2RAOWR
2UiOWR
2U26VR

2,59
2,30
22,54
o

o7
2,90
12,Pa
B AN
26,30
LUf
1,74

5,99
9,40
6. SG
R, 90
9,20
B AC
1,67
14,00
13,10
2,308
4,20

10,1
1,92
%, 29

29,44
?.83
Tt
17,82

RIS B

1P, 72

23,30
T, 30
%.KB

18,20
17,69
17,00
16,439
12,90
16,808
18,4¢
17,20
17,42
16,08
16,00
16,94
14,00
12,89
19,40
16,22
14,20
14,40
11,00
18,00
fR, 49
16,4
13,89
Q.43

4,7%
3.72
S.17
4,03

4,7
3,72
5.17
4,92
4,93
2.9%
4,39

4,78
3.16

1.78
3,16
1,65
1.35

1,49
1,84

.99
1,00
1,27
2,22
1,60
1,60

3.20
1.00

]
2,20
1.2¢
2,20
8,00

70
2,80
4, ua

L]
4,00
5,60
2.40

.60

200
2.08
e+40
2000
2.00
2.00
1?.9“
2430
2.80
2.00
2+30
2.080
2.20
2.20
228
2.08
2989
2.00
2,008
QeAR
2470
2400
2.92
2.00



SAMPLE OUTPUT - ALTERNATIVE 1
RAREARRA KRR AR R gk R Rk Rk

PROGRAM PRPAI
CTR = UY AUSTINM
VERSION mAR 18,1982

ARRAR R AR R A RRAR R I AR AR AR AR Ak R

PRICRITY LTSYT OF Tx CRCP FMR REWABILITATILN
TNRPUT DATA FROM $985 (ONDITION SURVEY

ANALYSTS PFRIODSp
NGO BUDGEY CONSTRAINTS ARF TO BE CCNSIDERED
UNTT CAST OF OVERLAYINGE 250 DULS,/INJPER SQR.FT,

SUMMARY OF SFCTIONS CONSIDEREN In THE ANALYSIS

YT XL ey yepaety ¥ ¥ PR F T T Y 2 Yy TR YRy e pageaapeeepges yeeey T 3 1 2

SFCTTION NO, UF MILES

TYPE SECTIONS
1 -y 1%
l 139 756,5¢

139 756,50
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PROGRAM PppOti PAGE 2

PRIORITY L TST OF Tx CRCP FOR KEMABILITATIUN

INPUT DATA FROM {988 CANDITION SURVEY

LIST nF PRINPITIZED SECTIONS AT TIME OF €S

SECTINON NISTRESS CUMULATIVE RANK
T TNDEX FSAL
(ILLIONS)
1SAREH =4 476 5,489 1
19RBWA 2,215 5,489 2
10ATWY =2,124 5.83¢ 3
190cEd -2, 041 5,319 4
LU UEY -1,694 5,160 5
1006wy 1,688 5,940 6
aa SH =1,65¢ L -rit 7
1A 1ED 1,494 5,700 8
1eRTER 1,304 5,83 9
161 d Wi -1,19 5,680 19
1393wd -1,273 2,128 11
29 uiy -1,062 3,160 12
19WR2EN =1,057 5,774 13
19UR WL -1 207 S5.318 t1d
fevtiwk -, 941 5,7@4 15
27NAOE it -,9¢9 3,168 16
1343EY -,864 2,020 17
1@tdwy -,R5E S.,108 14
JRUBENR =.76¢ 4 0u¢ 19
10193 - 738 5,139 o¢
134584 -, 683 1,490 21
1376 uWH -,693 1,827 22
1VRUFE ~,513 S,680 23
2997 N =475 5,832 24
1912wy =, 0465 5,778 25
121dwt - 445 5,132 26
1313wt ~,391 1,914 27
161 1KWe - 334 4,639 28
1¢8 8H - 29¢ 3,259 29
1AU3IED - 276 5,95¢@ 3¢
1347we =, 245 1,519 31
{90QEY =,242 b,U20 32
19A4NWG =, 238 6,160 33
1@RPEB - 2u¢ 5,869 34
19Q4ER -.19¢ 6,160 35

170688 ., 198 5,492 36
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PRUGRAM PRpuat PAGE 3
1¢5 wt S 5,834 37
1069¢ER 157 5,614 348
1w wi -, 145 5,450 39
1311@840 - 132 1,31¢ ue
1 309nH -, 118 5,614 u1
19¢9wH -, 113 6,424 ae
tu2 by -, 1901 5,450 43
10{5FHY -,091 1,240 44
2430 1 wh -, 29 1,dub a5
131 1wH -, a89 1,220 ue
L JUSNIS -, 278 1,490 a7
2118588 -, 263 4,390 uh
198BSk -, A58 4,990 49
131NY - a3y 1,314 Su
181168 -, 1y 4,634 51
177888 Lk 4,389 52
1 7R6NH - 5,494 53
104 Wi L,u19 S,444 54
ST 321 4,99¢ 558
10 2wR .327 S5.860¢ 56
121280 9335 %.58¢ 57
139Ny .67 2,670 S8
9uy Nd A9 7,224 59
13Q7EH W18 1,514 14
1 3RLEN o123 1,828 61
1997EB o128 S.31¢ 62
13088H . 129 1,400 63
9¢S NH L 146 hel6% 64
181 Ed 0153 5,924 65
131169 ,194 1,220 66
191 1wR 27 g uey 67
LERIWH o213 5,950 68
131251 0223 1,164 69
125 EH ,238 5,034 76
2083wl LT 1,788 71
130RANY 0253 1,464 72
170438H 0253 5,740 73
le]l3wh 256 S5.726 74
198 NH «2hS 3,259 75
104 EH ¢ 349 S.UQM 76
1008wy « 327 4,440 77
177481 328 5,749 78
171088 <334 4,784 79
181 wh 0353 5,920 849
139988 .358 2,679 a1
1314w o377 1,159 Ae
1915wH . 183 3,246 a3
1013Ew « 391 5,72¢ 8d
1315w . 398 1,657 85
131 3EN Luer 1,91¢ 86
2021E WUl L5640 87
1911E4 Tl 4,400 88
9ys SH LUS1 6,762 89
1914wWH ,u9e 3,760 99
1719Ny L, 499 4,780 91
1315€4 2 50¢ 1,650 - 92

190 1WH 519 6,554 93



228

PROGRAM PRPMY

1921€y
113 Suo
2UYBEL
11% NY
{70953
19ASEn
13258H
fCignNy
178254
200581
1998w
ZhidaNH
F4 LT
{ 708N
1 749N
2017EH
§1TAUNT
112 w4
1919€
{91RE
173758
97 84
1Q19w:3
1703ANG
101763
1314EH
1722N
2En
2U22NRA
2U2254
1614Ey

2u128h
PRA2330
201288
{ 7ATNR
2u26wh
QU8 S4
1917wy
191 7wd
2EU2NE
2R3N
1918K8
QR NB
2v1188
231941
20138n

.536
574

,784
o 794
,791
. 796
L BLE
JR2U
WR2E
L,B2E
L8389
R48
.B48
JB5S
874
«877
+ 901
.922
1,08¢

6,550
2:564
L
2,561
4,R2¢
4,879
1,160
4,139
7770
3,728
4,870
170
5,170
4,360
4,824

JHOU
S, 74U
2,56¢
3,49¢
3,472
5,184
5.,R3¢
3,499
85,74¥
3, 9uu
1,158
7,770
3,729

2739

o 730
3,748
4,030
4,718
4,750
5,120
1,35¢
Se0v1
3,906
3,908
4,750
4,710
3,479
5,600
4,920
1,658
2,93¢

94

95

96

97

98

Q9
100
131
1082
103
194
165
106
187
108
109
116
111
112
113
114
115
110
117
118
119
120
121
122
123
124
125
1de
127
128
129
134
131
132
133
134
135
136
137
138
139

PAGE

4



SAMPLE OUTPUT - ALTERNATIVE 2

e I I T T R R R T IT R T2 T R
PRNGRAM PRPHY

CTR = UT AUSTIN
VERSTINN MAR 14,1982

I PR XTI AR TR I S TR 2SS 222 22 Y

PRIORITY LIST NF tY CPCO FOR RENMARILITATION
INPUT DATA FpOM 1984 CANNITION SUIRVEY

ANALYSIS PERINDEL®
NA RUPGEY ConSTRAINTS ARF YO RE CONSINERED
UNIT COST QF nVFRLAYING2 259 DLLS.Z7IN.PER gQ,FT,

SUMMaRY OF SEeTIONS CONSTNRERED TN THE ANALYSTS

sECTINN NO, OF MILES
TYPE SeCTIONS
LA 2 R L B R L A " rrews 2o T A L A A 1Y 2 L L LY L0 & A 4 X & 2 B F % J
1 - &
? 139 756,50

(A L A XA A A A S 2 e 2 TR LR T TR LT Y Y T L L X 1 % 4 1 Jog

130 756,5a

229
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PROGEAM PRPWY PAGE @

PRIORITY LISY OF tX CRCP FNR REHARTILTTATION
I04PUT DATA FpOM 1980 CNNDITION SURVEY

LIST OF PAVEMENT SPCTIONS REQUIRING OVERLAY
YFARS AFTER CONPITION SIIPVEYR

SECTTNN MISTRESS  CUMULATIVFE SECTION OVERLAY RANK

In INDE X ESAL LENGTH cosT
(MILLIDNS) (MTLES) (OLLS)

1948E 1 6. 037 5.918 9,80 4686232, 1
193RWH -3,755 5,918 10,80 3629779, 2
1966F1) =2_784 5.07%9 7.082 2454482, 3
1207k 2617 6.18¢ 5,00 1714050, 4
994 8§ 2322 7.653 1,80 591402, 5
1U1dFR -2 21k 5.676 8,7¢ 2651398, 6
1 0ARWE 27123 6,296 S.29 1656Su6, 7
1A04ER -1 709 6,099 4,80 1195507, 8
1 2ATED -1.517 0,187 u,80 1399609, 9
1942ER 12522 6,116 5,60 1643383, 10
2009w -1_%p22 3,318 5,60 1662953, 1
190K -1, 157 5.629 6,80 1921479, 12
REITIE 1,426 6, A7R 8,10 2274259, 13
2240Fn -1_287 T,31A 8,00 2180830, 14
13wy -y.24% 2,101 12,190 3265159, 15
1w =1..22% 6,009 3,60 967917, 16
1OB&F )} -1_1@6 S.106 4,80 1255741, 17
1y awn =y 06T S.hT6 & un 2176828, 18
1373En -1.73% 2,161 12,40 3187083, 19
1C10FD -~ 958 5,u%8 7,402 1866743, 20
1306WA - 01Y 1.947 5,09 1253184, 21
907 Ni - 877 0,645 1,00 246949, 22
13458, - 75% 1,699 8,80 2101669, 23
190218 " 751 6,116 6,20 14785401, 24
IBER LI -_hp2 2.42S 5,80 1331354, 2s
19V dE = 815 6,078 A,00 1832703, 26
{IRERL ~_554 5,438 7.40 1662619, 27
1¢R S - 532 3,380 9,20 2052866, 28
101 M5 - 476 5.232 4,09 876016, 29
1V 3EN - 42y 6,307 6,20 1332374, 39
17068 - ayQ 5_R19 2.32 692294, 131
19644p - 408 6,534 8,20 1753988, 32
1337w ~ 402 1,691 10,20 2175739, 133
190 4F -_38s 6,510 8,20 1740206, 34

132 W3 =318 5,886 1,80 372433, 3§



PrIGdAM PRP1y

1 QUSF g
?\'1 SS;‘
?"i’.] Wi
$QF 3
1CUPER
1 7UAShH
jii2 ER
fO18E
1L5 wh
§iAQwi,
131 1we
1317283
170 aNA
1 THENA
1S gw,
{ALLFR
VUAKE
QU M
{B12E
131M
985 AN
1:90 w

bl LA S g A At A At A TS 2 2 L P A Al TR EL LYY L DT F Y Tyvpmy W F Sy T YT L ey YIS ¥ ¥ )

- 315
- 2RAE
LY
~ 277
-2
- 213
-, 212
- 22%
- 221
- {RA
- 161
L)
-132
« 126
- 126
a; 1 >3
-_{ug
c;‘ﬂb;
- 61
.;a;;
., 2B
- 302

- fOY

5,94
4,697
1,498
5,891
b 274
4,643
5, 886
1.694
5,483
S, R9]
1,348
1,402
5,819
1,679
6,934
5,232
5,189
7,553
bHR2
1,432
7,642
5,R7S

7,10
2,00
.50
7.60
6,64
12,00
1,80
3,40
5,40
7.80
6,28
1,68
2,47
8,80
7.00
4,00
A,2n
1,90
6,00
1,80
B0
5,40

319,80

PAGE

1467837,
45ades7,
1az2e14,

{Su8188,

1321222,

2401526,
159914,
677844,

1876418,

1532584,

12084129,
3189321,
460308,

1683397,

1339246,
763149,

1558444,
153485,

1188348,
332741,
{4818,
974142,

84224928,

16
37
38
39
ud
41
ue
u3
44
45
ue
a7
a8
49
52
51
52
53
54
sS
56
57

3

231
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PLRNGRAM DRODAY PAGFE a4

PRINKITY LI1sT 0OF TX CRCP FnNw RFEHARILITATION
NPT DATA FphHM 1982 COANDITINN SIIRVEY

LTIST OF PaAVEMENT SECTIONS RPEQUIRTING OVERLAY
YEALRS AFTFR €nNNITION SURVEYS 2

b LI LY LI AL LRI ET TSI LY LA TP I AT R R YT L L ALY R Iy DX TR L DL A Y L P X ]}

SFCTIU DTRYRFSS CUMIILATIVE SECTION OVERLAY RANK
[N INDEX FSAL LENGTH casrT
CMILLLIONS)Y (MILES)Y (oLLSY

174580 -.133 5,572 12,80 2456138, 1
19976, - 132 5,960 o 30 57531, 2
17108k -_Mk 5,279 17,70 InTUT4, 3
270U - 232 2,838 4,00 721689, 4
SUCLE - i 1, A0V 1,80 180285, 5

_T44 35,12 64B9917,



PRNGRAM DRPAY PAGE  §

ReTOMITY LIgT NF tX CRED FOR REHARTL ITATION
THPGY DATA FrNm 19BA COMNITION SURVEY

LIST e PavEMENT SECTIONS REQUIRING NVERLAY
YHAR: AFTER CANDITION SURVEYEs 3

AL I AL PP LI L PPN I L AL AL P I T 2 e 21 2 2 2 1 2 e 22 2T 2 L T 2 AT A 2 Y &L

SECTION DNTSTRFSS CHUMII_ATIVE SFCTION OVERLAY RANK
In InNDEX FSapl LENGTH cnsY
(MILLINNSY (MILES)Y (DLLRY

{73481 . 187 71,432 5.60 1nasrY2, 1
1 30TE -_20 1,798 18,40 1899243, 2
191wt =" AE 5.494 4,20 T62U8S, 3

LT L Y 2 A Rl At P PP YT T A T T L R e YT Y TR e A T L AL L D A Y L g L

741 2e,20 37450890,

233
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POIIGHRAM PRPAY PAGE &

PRIGRITY | LTST OF tX CKC® FOR REHARYLITATION
THPUT DATA FOOM 1982 CONDITION SURVEY

LIST 0OF PavEMENT SFCTIONS REQUIRING OVERLAY
YEARS AFTER CNNDITION SHIRVEYS O

SECTION DISTRESS CUMIE ATIVE SECTION OVERLAY RANK
I TNPNEYX FRAL LENGTH cosry
(MILLINNS) (MILES) (OLLS)

LA A A R T A2 A L Al T Y P AT IRY ALAL T Y R A2 Pl 22 A d l L P L 22 LAl X b g L Ll X B0 1
1710N8 ..192 5,811 17,20 3384971, 1
13408, . 813 1,838 1,20 583532, 2

(I TR YL L L T e T T I P Y LR R Y P 2L 2 D A L e L AL Al DA D g LAl

L1917 20,40 3665503,



PROBRAM PROWY PAGE 7

PRIGRTITY LISY NF TX FRCP FOR RFHABILITATION
THRYT DATA FoQOm 10872 CONDITINY SHRVEY

LIST OF PLVEMENT SECTTOMNS RERUIRING OVERLAY
YFEARKS AFTER CNANDTITTIAN SurvVEYs §

SECTION DISTRESS CUMH_ATIVH SECTION OVERLAY RANK
n INDEYX ESaL LENGTH cosrT
tMTLL INNS)Y (MILES) (DLLS)

1918w - d28 6.238 3.49 621482, 1

(AL LA L PRI L LIL PPN I PRI L2 LYY PR RN L L L LY R Yoy L Y L L Al PN LA X LN 3L J

TR 3.40 621482,

235
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PRORKAM PRDRY PAGE {3

ERIGRITY LTSY OF TX CREP FOR REHARILITATION
JTPHIIT DATA FpDM 1982 CONDITINAN SURVEY

SUMMARY TARLFE

bl 24 Al Sl Sl Al T2 R P P A A AL LT DY R T L PR 2 R L L T e Y 2 L L L e P L T Y
YF 4R sVG, DI LENGTH RUDGET
(MILESY (oLLS?

A X LA AL AL AL R AL L YT T Y Y P L AL I I T Y T I 2 L 2 I Y T RIS AL T IA  0 2 )

1 -, 094 139 8¢ BU22492b,
2 L7084 i5.1m 6489917,
g LU e 2n 3745099,
4 727 24,49 3965503,
s L7108 3,40 621482,
s LBRe Pu e 1505814,
7 JRRD 14,10 2612384
] 673 11,74 2134872,
9 .693 dm L 7379061,

i 722 27,00 4979300,

AT T L LR P Il A Ty P P A I P T Y LRI R PR PR AL P P P L Y TR TS DA AL P 2 g XY )

b2R 532,20 119957249,
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SAMPLE OUTPUT — ALTERNATIVE 3

ERANN RN ANRA NP AN NN AR AR RNy

PROGRAM PRPQAY
LTR » UT AHSTIN
VFRSION MAP 10,1982

EAS AR ARSI 22222220 d Rl Y]

PRIORITY LYIST OF TY ORECP FNN RFHARILITATION
INPUY DATA FROM 1984 LONNTITION SURVEY

ANALY3IS PERIND=19

BUDGET CONSTRAINTS FOR FACH YFAR
IN THE ANALYSTS PERIDD

YEAR RIIDGFY

LA I A 2 L3 A L2 L X3 3 B 1 3 2 )

150pRRHA,
160RARAHR,
1504000,
15ABARAR
15A0R080
15HABA0R,
1s5apua0e,
15aa0a04¢,
15002009 ,
1 15ARIPNR

OGN NE ey -

UNTT COST OF OVERLAYINGE (250 NLLS./IN,PER Q0,FT,
SUMMARY 0F SFCTYONS CONSIDERED IN THE ANALYSTS

LA 2 A A X 2 L L2 A T FL A B L2 A 2 L3253 T3 P 3 2 2 11 XYY 1 2 2 4 4.4 2 2 T8 4

SECTION NO, OF MILES
TYRE SECTIONS
.................-........-.......-.'-....0-.‘
[ g a
2 139 756,50

139 756,5a
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PRNGRAM PRPAY PAGE 2

PRINRITY LT8Y OF TX CRCP® FOR RFHARILITATYION
INPHT DATA FROM 1982 CONDITYION SHRVEY

LIST OF PAVEMENT SECTTONS REQUIRING BVERLAY
YEARS AFTFR CONDIYION SURVFYS

‘.----.-....-...------.....O-------.--....-----..-.-..-..I..--...--.:.

SECTION PYISTRESS CUMILATIVF SECTION OVERLAY RANK

1 INDEX FSAL LENGTH cosy

(MILLINNS)Y (MILES) (DLLS)

---------.-...---.---.--n......--.----.-.-.—....-.------......-.----_-

194REB -6 A%Y 5.918 9,80 4686232, $
19ARNY -3, 5% 5,918 19,00 3629778, 2
19V6ER -2 7RG 5.629 7.90 2454482, 3
1 4RTWR 2,517 6,186 5,00 17140%0, 4
94y 8B w2 322 7,653 1.80 591402, S

-.A94 3,60 13775936,



PROGRAM PRPU1 PAGE 3}

PRIORITY LIST OF TX CRCP FOR REHARILITATION
INPUT DATA FROM 1982 CONDITION SURVEY

LIST OF PAVEMENT SECTIONS REQUIRING OVERLAY
YEARS AFTER CNNDITION SURVFYE 2

~
A L LI I DL LY PR LI L LA A YT Y PRSP RS L L L P L XY LY LYY L L e

SECTION DISTRESS CUMIILATIVF SECTION OVERLAY RANK
n INDEX ESAL LENGTH coSsY
(MYLLINNS)Y (MILES) tnLLS)
1R14ED -?.864 6,200 8,20 2906949, 1
{deWR -2_h68 6,674 5.27 1795225, 2
19V2ER 2 274 6,487% 5,69 1769767, 3
2849W3 - 87H 3,484 5,60 1768659, 4
19MLER 2,964 6,526 4,00 1262079, 5
L -? 007 5.966 6,80 2125731, 6
1397€B -2.7901 6,551 4,80 1498947, ?

Fa66 am, 29 13127357,
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PROGRAM PRPAY PAGE «

PRIORITY L7181 OF TX CRCP FNR REHARTLITATION
INPIIT DATA FROM 19R4 CONNITINN SURVEY

LIST OF PAVEMENT SECTIONS REQUIRING OVERLAY
YEARS AFTER CONDITION SURVEYa 3

..--..-u-----------I---.-I-.--.-....-QQCQO&..-ﬂ-..U--....w-q....'.-.:.

SECTION NISTRESS CUMILATIVE SECTION AVERLAY R ANK
1n INDEX FSAL LENGTH cosT
fMILLIONSY (MILES) tHLLS)

-
L L LI L AL L AL Y P i S LA S DAL LI Y P R L AL DL LY L L L Dl Ll D L ) e

2IM0ER 2,263 3,6%A 8,0¢ 2604807, 1
1 aWh -2 _N37 6H,9%A B.19 2544698, 2
1HRRER -2 P85 6,753 4,80 1499847, 3
19R NG i, Y35 &,9A3 3,680 {11169, 4
Q37 N8B -1.925 A.617 1,90 308296, 5
1 3aNR =1, 5RR 2,219 S,02 1477803, 6
1143wy =1, 579 2,475 12,12 3869961, 7

Ad
bdd L DAL R 2 A2 AL T Y T I LA LA AT Y I Y D D Ll Al L Pl L i ALy Y L2 21

-3¥313 42,60 13117103,



PROGRAM PRPRAY PAGE &

ORINRITY LISTY OF TX CRECP FOR REMARILITATION
INPUT DATA FROM 1982 CONDITION SURVEY

LLIST OF PAVEMENY SECTIONS REQJQUIRING OVERLAY
YFARS AFTER CONDITYIOM SURVEYs 4

....-...'--...-.....-.--.-..---......-....---.---..-..---.......'--...

SECTION NYSTRESS CUMILATIVE SECTION OVERLAY RANK
In TNDEX ESAL LENGTH cosr
CMTLLINONS) (MILESY (DLLSY

-
bl L LS PRI L DI IR D LD ARl YT LI R LT i Ll D Ll DL Ll bl Dl el TR Lt L Lo

141 4mRB 2,907 7.555 8,40 2628724, 1
111PEH ny_ 887 6,477 T.60 2266492, 2
IR UELT -y 982 7,284 6,24 1897154, 3
1 SHRER -1 716 2.64R 12,49 36R3411, 4
1313W8 -t b3 2.4811 5,80 1695970, 5
108 8§ L 3,802 9,20 2624958, 6

.A8¢ 49,49 14793704,
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PRNGRAM PRPUY PAGE &

PRIORITY LYSY DF TXx CRECP FNR REHARILITAYION
INPUT DATA FROM 19R2 CONDITION SURVEY

LISY OF PAVEMENY SECTIONS REQUIRING OVERLAY
YEARS AFTER CONDITION SURVFYEs §

SECTION DYSTRESS CUMIH_ATIVE SECYION OVERLAY RANK
10 INDF X FSal LENGTH cosry
tMILLINNS) fMILES) (HLLS?

hadod LA DL E L LA LT DI LA A L P AT P L Ll bl AL P T Al Tl Ll A T Ll L L ]

17088y -1, 717 5,861 12,00 3565491, 1
174688 -t 577 7.3a7 2,30 678317, 2
70188 «i 510 6,157 2,29 628841, 3
1904ER w)_ Uns R,243 8,20 2292338, u
19RaNn -1_327 8,24% 8,20 2254784, 5
1307W8 -1, 286 7,921 14,20 2780204, 6
IS RL!] -1.279 8, 534 4,00 1AABSS3 7
POM(WA -1.225 1,964 .50 134431, A

..-000-......u-...n-..-...---...--.--.-.q...ﬂ..--.---.--u----..‘...-..

W75 47,60 13422948,
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FROGRAM PRpAY PAGE 12

PRIDRITY LY§T OF TX CRCP FOR REHARILITATION
INPUT DATA FROM 1984 CONDITION SURVEY

SUMMARY TABRLE

--...-.....n-.-.....o...--....-.....-----.--.--.-.-...v....o'.--'-.-.:-
YE AR AVG, DI LENGTH BUDGE Y
(MILES) (DLLS)

1 ., 894 313,60 13875936,
2 - P66 (T 13127387,
3 -, P13 42,60 13117103,
4 NTT 49,49 14793704,
5 L75 47,60 13422948
6 108 5Q,80 13914914,
7 . 225 46,10 123727068,
8 . 325 59_.40 : 14969859,
9 402 64,80 14489676,
10 L 498 71,82 18693569,

L
.---.-..-...-..Q.-‘.---...-..----..---.l.-n...-..-l'--.-.-.-.------...

154 5a6,30 137973772,
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