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Foreword

A Workshop on Maintaining the Maintenance Managecmcnt
System was held July 6-8, 1980, at Hilton Head,
South Carolina, and was the fourth in a series of
maintenance management workshops. The workshop was
cosponsored by the American Association of State
Highway and Transportation Officials (AASH1T0), the
South Carolina Department of Highways and Public
Transportation, the Federal Highway Administration
(FHWA) , and the Transportation Research Board.

The Iowa Maintenance Study in 1961 led to what
has come to be called maintenance management.
Several states and Canadian provinces initiated
comprehensive research programs leading to the first
workshop at Ohio State University in 1968. The
purpose of the workshop was to provide an
opportunity for states to compare notes and to learn
about this new development. Emphasis was on work
measurement, planning and scheduling, and reporting
of work accomplishment. The proceedings were
published in HRB Special Report 100.

By 1970, maintenance management was in widespread
use; the workshop that year at the University of Il-
linois emphasized problems encountered in implement-
ing performance standards and reporting systems, es-
tablishing maintenance levels, and organizational
structure and training. The proceedings and related
papers were published in Highway Research Record 347.

During the next five vyears the extent of
maintenance needs was delineated through the
maintenance management system, and it became obvious
that many legislative bodies were not allocating
adequate resources to maintenance. In 1975, a third
workshop was held in Las Vegas, Nevada; its focus
was on the interface between maintenance managers
and such decision makers as budget and fiscal
managers, system analysts, and personnel analysts.
Proceedings were not published.

Presentations published in this Transportation
Research Record represent a combination of reports
reflecting the experience of participants involved
in managing mature systems, refinements for
components of maintenance management systems, and
concepts that are just beginning to attract the
attention of maintenance managers to whom this
report is addressed.

Quality standards are  fundamental to any
maintenance management system and discussions of the
subject have been included in all of the workshops.
To date, no one has established a way of providing
objective guality standards; however, improvements
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arée cCoutlnually Dbeing made. Two sophisticated
approaches (as compared with those reported in
earlier workshops) are herein put forth. Ram B.
Kulkarni outlines a procedure that uses decision
analysis that has been tested on an experimental
basis for two maintenance elements. Work is
continuing and maintenance managers are encouraged
to monitor future developments closely. In a second
report, Michael J. Markow describes the development
of models of practical use in maintenance policy
planning and management. The example cited
illustrates the use of data to provide factual
guidance to making objective decisions; however, at
this stage of development managers must be
imaginative and innovative because procedural
manuals do not yet exist to guide analyses of this
type. It is hoped that this work will spur efforts
in the area to the end that practice manuals can be
prepared.

The second session on measuring performance also
introduces a number of advanced or new concepts.
Pavement maintenance management, a subsystem of
pavement management, is hampered by the difficulty
of acquiring suitable maintenance data and of
relating data to performance. Photographic or
television imagery provides an enormous amount of
data at very low cost but extraction of pertinent
data is very difficult; hence, only limited use is
being made of the material. Theodore H. Poister's
effort in his report on an initial stage of a study
has a broader aim than use of performance indicators
as a tool for fairly allocating funds to districts
(the primary use in the pioneering Chio work). He
envisions it as a tool to review progress and trends
in the provision of transportation services, for
budget justification, for in-depth program evalua-
tion and program analysis, to encourage employee mo-
tivation, to assess the performance of contractors,
to provide guality control checks on efficiency mea-
surements, and to improve communications between
citizens and government. For example, given the
overall objective of fast, safe, and efficient high-
way transportation, the most straightforward wmea-
sures of effectiveness would relate to the costs in-
currea by users, and accident rates; travel times
and maintenance expenditures should be reflected
therein.

Another «concept in the forefront of modern
management is simulation. James Pruett's paper
describes the development of a mathematical model



that provides highway maintenance engineers with a
computer-alded laboratory in which to test and
evaluate various alternative courses of action.
This innovative work also requires imagination by
maintenance managers, but the lack of handbooks will
probably inhibit immediate and widespread acceptance
of the concepts presented.

Finally, risk assessment is an inherent
responsibility of management. For example, what is
the risk of an accident if a maintenance crew
assigned to fixing a pothole neglects replacement of

vii

a crash attenuator? Attempts are being made to
place values and to make an assessment of risk to
aid managers toward soundly based decisions. A
large storehouse of knowledge exists on risk
assessment procedures, but very 1little of this
knowledge has been adapted for use by maintenance
managers.

Financial support from the National Highway
Institute (FHWA) for the workshop and for
publication of the proceedings 1is gratefully
acknowledged.
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REMARKS BY SECRETARY WILLIAM N. ROSE,
FLORIDA DEPARTMENT OF TRANSPORTATION

I am pleased to be here today. I could stretch
a point and tell you that I am surprised any of us
are here -- or that this meeting is being held.

It was not to long ago, in 1965, that I attended
a Highway Research Board meeting in Washington for
the specific purpose of learning about the develop-
ment of maintenance management systems in the State
of Virginia and in the Province of Ontario. At that
Research Board Session the Maintenance Committee
was discussing whether or not to proceed with
research aimed at developing maintenance management
concepts that could be applied in all state highway
agencies. TFollowing a very professional presenta-
tion by the Virginia Department of Higlways, I was
convinced that the highway maintenance management
practices being developed by the VirginiaDepartment
in its research project were applicable to the
management problems faced by maintenance engineers
throughout the country. These practices seemed to
hold a potential to effectively improve the
utilization of resources applied to highway
maintenance.

The second part of that meeting involved lengthy
explanations by state highway maintenance engineers
representing several of our largest states explain-
ing why maintenance operations could not be managed
in the manner proposed by proponents of the Virginia
research findings. Unpredictable weather, unantici-
pated damage caused by accidents, fluctuating
seasonal conditions, and other unanticipated demands
on state maintenance forces were factors which
rendered highway maintenance impossible to manage--
planned quantities of work supported by planned
allocations of resources -- manpower, equipment,
and materials. It was simply assumed by many of
the senior members of the maintenance committee
that the need for maintenance forces to react to
unusual and unanticipated conditions could not be
accommodated in a management system.

Fortunately, maintenance management research did
continue. State after state developed and imple-
mented maintenance management practices. Now
virtually every state in the union has applied some
maintenance management concept to highway mainte-
nance operations. In 15 short years, the highway
industry has come from a position of skepticism to
the situation we find ourselves in today -- our

problem is not, if management systems are needed,
but how can we refine and improve current mainte-
nance management systems to make them more effective.
If the program for this series of meetings at Hilton
Head was distributed at that Highway Research Board
meeting 15 years ago, I am sure all of us would have
been barred from the meeting. I might add that

those states most vocal in their opposition to
maintenance management concepts being applied in
state highway agencies at the 1965 meeting are all
represented here today -- as a matter of fact, some
of them are recognized as leaders and innovators in
development and implementation of their management
processes.

I have been involved in helping state, county and
city public works agencies improve management prac-
tices for the past twenty (20) years. I have
enjoyed being involved with several agencies in
helping to develop highway maintenance management
systems. New ideas are developing every day.

There 1s a trend developing that I expect most of
you know about. It would be inappropriate not to
mention that trend as we begin our meetins this
week, Our ability to define the quantities of work
necessary to adequately maintain highways and to
allocate resources for the accomplishment of those
activities has enabled every state to improve the
utilization of scarce resources —-- manpower,
equipment, and materials purchased with hard to
come by tax dollars. That capability not only
permits us to better utilize state resources, it
permits state highway agencies for the first time
to effectively develop contracts that will permit
performance of routine maintenance services by
private contractors. Several public agencies
around the country have elected to perform all of
their public works maintenance services by private
contract and have enjoyed a 15 to 30 percent reduc-
tion in the costs of performing those services with
public forces. This same productivity improvement
opportunity exists for every state highway agency.

In Florida we are embarking on several demonstra-
tion projects to establish the criteria for
switching from state force to private contract.

The first bids for selected maintenance activities
were opened this past April. Bids, after being
adjusted by adding a 31 percent overhead and



supervision factor, were about 15 percent less than
the cost of performing the same work with state
forces.

While preliminary indications are that costs can
be reduced by 15 percent -- I expect even greater
improvement as the demonstration projects develop
more data and department engineers develop more
effective contracting techniques. Similar projects
are underway in Pennsylvania where the Department
of Transportation is contracting for the manage-
ment of highway maintenance forces.

I think we are at the same point today in the
development and acceptance of the concept of
contracting for maintenance services that we were
in 1965 when we were considering applications of
maintenance management practices to highway
maintenance work. Fifteen (15) years from now, the
concept of doing most maintenance work by private
contract will be accepted throughout the country.

State highway agencies have developed a very
effective contracting system for the ronetruction
of new highways. We have excellent plans, special
provisions, specification and contract wording
coupled wiithh an excellent contract administration
and construction inspection system that ensures
performance of contract construction according to
specification. As we develop a similar capability
to define maintenance contracts and to administer
and inspect contract maintenance work, we will be
organizing to perform highway maintenance just as
we now do for highway construction -- developing
a force of highly qualified engineers, technicians,
and administrators to oversee work by private
enterprise.

I'd like to propose that this committee seriously
consider the conduct of further research to develop
those practices necessary to effectively design
and administer maintenance contracts. Let's meet
back here again in 15 years and see if we haven't
made as much progress in performing meaintenance
work by private contract as we have in the past
15 years in developing and implementing highway
maintenance management systems,

TRANSPORTATION RESEARCH RECORD 781
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REMARKS BY DEPUTY FEDERAL HIGHWAY ADMINISTRATOR
JOHN S. HASSELL, JR., BEFORE THE NATIONAL RESEARCH
COUNCIL, HILTON HEAD, SOUTH CAROLINA, JULY 7, 1980

It is indeed a pleasure for me to be here and
to discuss highway maintenance and some of the
challenges we are facing in this area. I want to
thank the Transportation Research Board for holding
this workshop and inviting me to speak to you today.

These are times of inflation and energy short-
ages, a combination that serves to make our efforts
in the maintenance of our highway system a demanding
task. We have been asked to carry out our goals
of preserving the Nation's highway systems, and
providing for their safe and efficient use, at the
same time that we have been faced with reduced
budgets and, in many cases, manpower reductions as
well. The present decrease in motor fuel tax
revenues, coupled with spiraling inflation,
compounds the highway maintenance situation.

These are not new problems, by any means.

Mr. Francis Turner, former Director of the Bureau
of Public Roads, said to the Highway Research

Board in 1968: "As in the past, there will in the
future be just so much money available for highway
purposes, and any dollar wasted on inefficient
maintenance practices is a dollar deducted from the
funds available for new facilities."

We have the same problems today. In fact,
highway maintenance has now become a major issue
and we are facing a highway program for the 80's
that will be restructured to preserving the highways
we already have.

FHWA's Interest in Highway Maintenance

Although legislative restraints prohibit the
use of Federal funds for highway maintenance, the
FHWA has a deep interest in seeing that the highways
are properly maintained because of the tremendous
Federal investment in construction of these road-
ways. Indeed, Title 23 states in Section 115,

"It shall be the duty of the State highway depart-
ment to maintain, or cause to be maintained, any
project constructed under the provisions of this
chapter . . ." and "If at anytime the Secretary
shall find that any project constructed under the
provisions of this chapter, . ., is not being
properly maintained, he shall call such fact to the
attention of the State highway department. If
within 90 days . . such project has not been put
in proper conditions of maintenance, the Secretary
shall withhold approval of further projects of all
types in the entire State . . .'" Congress and

the FHWA view maintenance very seriously.

The States have also shown their interest in
the proper maintenance of the highways by placing
increasing amounts of their funds into maintenance.
The 1980 Highway Meeds and Performance Study is
finding that State disbursements for maintenance
have kept pace with, and in many States, exceeded
the rate of cost increases. In fact, maintenance
is the one area of the highway program where
expenditures have remained stable in constant
dollars.

However, Congress is still very concerned and
in the Surface Transportation Assistance Act of
1978 Congress required guidelines for Interstate
Maintenance. As a result of the 1978 Highway Act,
the FHWA has recently issued a regulation that
requires State highway agencies to submit an initial
plan to explain how they are going to manage their
Interstate Maintenance program by July 25. These
reports will include a discussion of the State's
method of program management, including copies of
operating documents, and a general description of
the resources and activity levels the State intends
to devote to meeting the stated objectives in each
cited element.

The law also requires an annual certification
by the State that it does have an Interstate
Maintenance program and that it's routes are being
maintained in accordance with that program. Each
year the State will be required to update its
initial program and provide information to FHWA on:
condition of interstate routes and deficiencies,
maintenance priorities, maintenance budget and
exceptions and/or revisions to the initial sub-
mission.

The regulation provides for sanction procedures
whereby the Secretary of Transportation can reduce
the State's Interstate apportionment by 10 percent
for failure to certify as required or if it has
been determined that the State is not adequately
maintaining its Interstate routes in accordance
with its own maintenance program.

Allow me to illustrate a few of the problems
that we now face in the Interstate System which
have major implications for maintenance.

The designated 42,500 mile Interstate System
deteriorated from 1975 to 1980. During this period,
pavement conditions changed from 4 percent of all
mileage needing rehabilitation or reconstruction to
13 percent needing resurfacing and 13 percent of all
bridges on the Interstate System are deficient. 1In
addition, an average of 2,000 miles (or 4.7% of the




total system) is reaching its 20 year design age each
year. Federal Interstate completion and Interstate 3R

funds (including the Interstate 10 percent state match)

now account for about 98 percent of all capital
improvements on the Interstate System. This means
that States are using virtually none of their other
Federal (such as Primary System) or State-only
funds for Interstate Resurfacing, Restoration, and
Rehabilitation (I-3R) work. The updated pavement
and bridge deck needs were estimated at $20.1
billion (in 1979 dollars) for the 1l0-year study
period in comparison to the previous estimate of
$18.5 billion (in 1975 dollars) for a 20-year period.
Since the earlier study, in 1975, over $500 million
has been obligated for 3R projects. Overall, the
study Indicates an average annual need of about
$2.0 billion whereas the 1977 study showed an
annual need of $0.9 billion (dm 1975 dollars).

With these conditions, the financial situation
all Government agencles are facing and the
congressional direction we have, I believe you can
see why the FHWA is very concerned about maintenance.

However, much more than concern is needed if
we are tn addrese the highway maintenconce problcom.
We have become increasingly aware of the need to
properly manage the highway systems thenselves.

This need we have categorized under the title of
Pavement Management (PM), and have divided it into
six major categories: planning, design, construc-
tion, maintenance, pavement monitoring and research.

Effective PM involves the use of feedback of
information on pavement performance, pavement
maintenance, pavement rehabilitation activities,
and the cost of providing and maintaining pavements.
Our goal must be to improve the process of coordi-
nating and managing all activities related to
pavements to reduce the life-cycle cost for provid-
ing and maintaining pavements in a serviceable
condition.

Most States have adopted the concept of
maintenance management to improve the productivity
in highway maintenance through effective planning,
scheduling, reporting, monitoring, and budgeting
of maintenance activities. The States have
developed the tool to use this management philosophy
either internally with their own forces or through
the expertise of a consultant,

Ongoing and bkuture Activities

The FHWA has over the years participated, at
the request of the States, in research to develop
maintenance management systems in order to increase
maintenance productivity and utilize resources more
efficiently. An effective Federal/State relation-
ship in the area of highway maintenance has resulted
principally due to the States' and FHWA's keen
interest in improved management and the cooperative
attitude both agencies have.

We are fortunate in that so many State highway
agencies recognize that pavement maintenance can
significantly affect pavement performance. The
maintenance required to keep a pavement above some
planned serviceability threshold is a measure of
the effectiveness of pavement managemerit in
programming, design and construction quality. 1In
this vein, maintenance activities and expenditures
provide essential feedback into the programming,
design, and constructiog of new pavements.
Maintenance must be carefully planned and implement-
ed to include proper reporting and easy data
retrieval.

One of our most meaningful contributioms to the
systematic management approach to highway maintenance
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has been the introduction of the concept of Value
Engineering. This concept is simply the systematic
application of recognized techniques that identify
the function of a product or service, establish a
dollar value for that function, and reliably provide
the necessary function at the lowest overall cost.

One of the major steps leading toward increased
value-for-dollar maintenance techniques has been:
that of increased mechanization of maintenance in
order to increase productivity. Multiple-use
equipment has been introduced to reduce fleet sizes
and it quickly became evident that keeping downtime
to a minimum was the one way to ensure adequate
return on investment.

Problems with downtime, which is actually
maintenance time for the equipment, quickly gave
rise to the equipment support system. Guided by
input from the various State highway maintenance
organizations, the FHWA awarded a research project
concerning equipment management. The input from a
dozen or so States was analyzed and a design manual
for an equipment management system resulted.

On-site surveys of the equipment management and
funcifous in § States included evaluation of exist-
ing systems and system elements and the documenta-
tion of management practices.
and users at all levels were interviewed as part of
the program to determine how to improve equipment
management information and operations. On the basis
of these surveys, common equipment management
objectives, based on apparent levels of demand for
equipment services, structures, or equipment cost,
and opportunities for management improvement were
established.

In other areas of maintenance research bridges,
have come under detailed maintenance studies, and
over the past 2 years we have been working with the
AASHTO Highway Subcommittee on Maintenance in the
development of a guide for bridge maintenance
management. Its purpose is to provide a summary of
current successful management techniques, bridge
maintenance specifications and work standards that
various State highway agencies use and it will
provide guidance for all bridge maintenance personnel
in managing the structure maintenance program. The
concept of a preventive maintenance program for
bridges is stressed in order to protect the costly
capital investment.

As we have developed our maintenance management
concept, we began to assist the States in promoting
maintenance management through a program of process
reviews for highway maintenance management. The
objective of these process reviews is to evaluate
the management process of the State highway agencies
maintenance program to better understand the
development of effective and adequate maintenance
programs for highway facilities. To further
demonstrate our interest in the management of
highway maintenance by a systematic approach, FHWA
headquarters and division offices have sent qualified
representatives to various State highway departments
to receive training in maintenance management with
the intent of having these persons handle future
process reviews.

Equipment managere

Closing

I think you can see from what I have said that we
in FHWA are vitally interested in all phases of
this important subject-and these programs, and
others that are planned, are but a part of our
efforts to improve the maintenance management system
and the quality of highway maintenance.

I am happy to note that the workshpp will address
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many major issues of highway maintenance and I wish
you a full and complete program. I expect that many
of you will contribute as much to the discussions
as you learn and that all of you will benefit from
the sessions.

I feel confident this workshop will give you
insight into techniques to maintain the management
system. There is a great need to preserve the
system with refinements due to the shortage of
precious highway dollars. The results of this
workshop should help all States to accomplish better
and more cost effective maintenance.
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A SYSTEMATIC PROCEDURE FOR THE DEVELOPMENT OF MAINTENANCE LEVELS OF SERVICE

Ram B. Kulkarni, Kamal Golabi, Fred N. Finn and
Rubin Johnson, Woodward-Clyde Consultants

One of the basic requirements for the proper
management of highway maintenance activities

is the establishment of maintenance levels-of-
service, 1l.e., at what levels or conditions
should a maintenance activity be initiated. A
systematic methodology was developed for deter-
mining the maintenance levels-of-service that
would maximize the user benefits subject to the
constraints of available resources. This paper
describes a demonstration of the methodology for
two maintenance problems in a state.

The necessary inputs for the methodology were
obtained from the data base of information
currently available to the state transportation
department. The data base included information
available in the literature, studies conducted
within the department, information available from
maintenance management systems, and experience
and judgment of knowledgeable individuals within
the department. Results of the analysis pro-
duced levels-of-service that were intuitively
satisfactory. Sensitivity analyses were con-
ducted to determine the impact of conditions

such as budget cuts and changes in the relative
welghts of different considerations on the deter-
mination of optimum levels-of-service.

While the demonstration phase of the project was
limited to two problems, the results indicate
that the methodology can work and should be
implementable by state agencies.

Maintenance levels-of-service are defined as
threshold conditions at which maintenance is con-
sidered to be needed. As such, these levels-of-
service will influence work scheduling requirements,
resource allocations and work priorities. Selection
of the maintenance levels-of-service is influenced by
a number of considerations such as safety, comfort,
protection of investment, environmental impact,; and
aesthetics.

At the present time there 1s no systematic,
structured procedure for establishing maintenance
levels-of-service or to adjust such levels when
resources are constralned or increased. Woodward-
Clyde Consultants has completed a study for the

National Cooperative Highway Research Program (NCHRP)
to develop a methodology for establishing levels-of-
service based on well documented principles of
decision analysis.

The purpose of this report is to describe the
methodology by means of a demonstration of the proce-
dures for two maintenance problems in the state of
Louisiana.

In order to facilitate the description of the
procedures the following terminology has been estab-
lished.

1. Maintenance Element - a part of the highway
system that requires maintenance (e.g., traveled-way,
roadside, drainage, traffic services).

2, Maintenance Condition -~ a deficient condition
of a maintenance element that needs to be repaired
or corrected (e.g., cracking and rutting--for
traveled-way; grass growth and litter and debris-—-
for roadside).

3. Maintenance Activity - work required to
repair or correct a maintenance condition (e.g.,
filling--for cracking; mowing--for grass growth).

4. Level-of-Service (quality standard) - thresh-
old deficiency level of a maintenance condition that
should trigger an appropriate maintenance activity
(e.g., grass should be mowed when it is 12 inches
high; a drainage ditch should be cleaned when 50 per-
cent of its area is blocked).

5. Considerations ~ the factors used in evalu-
ating the performance of maintenance elements (e.g.,
safety, riding comfort, economics, aesthetics).

6. Attribute - a numerical scale for measuring
the effect on a given consideration (e.g., frequency
of accidents—-for safety; roughness--for riding
comfort).

Approach

The methodology to select maintenance levels-of-
service involves the following steps:

1. Structuring the problem.

2. Estimation of the effects of alternative
maintenance levels-of-service on various considera-
tions (e.g., safety, aesthetics).

3. Evaluation of the effects of alternative
maintenance levels-of-service.
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4. Determination of the optimum combination of
maintenance levels-of-service.

5. Sensitivity analysis.

6. Recommendations.

A computer program ASOP (acronym for Algorithm
for the Selection of Optimum Policy) has been written

for implementation of all calculations required by
the methodology.

Structuring the Problem

The following tasks are involved in structuring
the problem:

1. Select maintenance elements (e.g., shoulders,
pavement) .

2. Select maintenance conditions (e.g., edge of
traveled-way drop-off) for each maintenance element
(e.g., shoulders).

3. Specify alternative levels-of-service for
each maintenance condition.

4. Select considerations (e.g., safety) for each
maintenance element (e.g., shoulders).

5. Select attributes (e.g., percentage of drivers
who cannot recover) for various considerations (e.g.,
safety).

6. Identify the maintenance conditions (e.g.,
edge of traveled-way drop-off) which affect each
attribute (e.g., percentage of drivers who cannot
recover) .

The implementation of the above tasks in Louisiana
is described below.

Select Maintenance Elements

For the demonstration example, two malntenance
elements—=-shoulders and roadside vegetatlon—--were
analyzed.

Select Maintenance Conditions for Each Maintenance
Element

For shoulders, the edge of traveled-way drop-
off 1s the maintenance condition of concern.

For roadside vegetation, the maintenance condi-
tions of concern may include grass growth, weed
growth, and brush and tree growth. The discussions
with the Louisiana landscape specialist indicated
that a combined mowing and herbicide spraying pro-
gram 1s used for the maintenance of roadside vegeta-
tion.

Select Alternative Levels-of-Service for Each Main-
tenance Condition

The following procedure can be used to gener-
ate alternative levels—of-service. The department
specialists for a given maintenance condition are
asked to assume that there are no constraints of
resources (dollars, manpower, etc.) for the parti-
cular maintenance condition under consideration.
How would the specialists improve the level-of-
service for that condition? Discussion of this
question would provide a level-of-service which is
generally higher than the current level-of-service
used by the agency. Next, the specialists are told
that there are moderate and severe budget cuts,
successively for the maintenance condition. In
order to accommodate the budget cuts, a reduced
level~of-service would have to be adopted. How

would the agency reduce the level-of-service in

each case? Responses to this question would generate
two levels-of-service which are generally lower than
the current level-of-service. If it is meaningful

in practice, some intermediate levels-of-service may
also be considered.

At the conclusion of this step, a spectrum of
alternative levels-of-service ranging from the
highest (ideal) to the lowest (barely tolerable) are
generated. Table 1 shows the alternative levefq-of-
service selected for edge of traveled-way drop-off
and vegetation growth.

Table 1. Alternative levels-of-service for mainten-
ance conditions of given maintenance ele-
ments.

Maintenance Maintenance

element conditions Alternative levele-of-service

Shoulders Edge of (1) Repair when drop-off is l-inch.
traveled-way (2) Repair when drop-off is 2 inches.
drop-of f (3) Repair when drop-off is 3 inches.

(4) Repair when drop-off is 4 inches.

(5) Repair when drop-off is 5 inches.
Roadside Vegetation (1) Mow 500,000 acres and spray
Vegetation growth 120,000 acres annually.

(Mow full right-of-way before
grass reaches 8 inches.)

2

~

Mow 300,000 acres and spray
120,000 acres annually.

{Urban area: mow full width
before grass
reaches 8 inches.

Rural area: mow 30 feet from
edge of traveled
surface after grass
exceeds 12 inches.)

(3) Mow 200,000 acres and spray
60,000 acres annually,

(Urban area: mow full width
after grass exceeds
18 inches.

Rural area: mow one machine
pass after the
grass exceeds 18
inches.)

(4) Mow 150,000 acres and spray
60,000 acres annually.
(Mow for safety only.)

For edge of traveled-way drop-off, the alterna-~
tive levels-of-service were specified in terms of the
threshold amount of drop-off at which a shoulder
should be repaired.

For roadside vegetation growth, the current main-
tenance practice in Loulslana consists of a combined
mowing and herbicide spraying program. It was,
therefore, appropriate to consider alternative
levels-of-service in terms of increased or decreased
amounts of mowing and spraying. Appropriate combina=-
tions of numbers of acres mowed and numbers of acres
sprayed were selected in consultation with the
department specialists to represent four alternative
levels~of-service for controlling roadside vegetation.
For a proper understanding and implementation of the
levels-of-service in the field, it was also necessary
to specify for each level-of-service the threshold
height at which grass would be mowed and the width
of mowing. Since urban and rural areas present
different roadside environments, different provisions
for these areas were made under each level-of-service.
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Table 1 shows the alternative levels-of-service for
roadside vegetation both in terms of (1) number of

acres mowed and sprayed and (2) threshold height of
grass and width of mowing for urban and rural areas.

Select Considerations for Each Maintenance Element

Considerations are the factors which affect
highway users through the choice of maintenance
levels-of-service for a given maintenance element.
With regard to maintenance of shoulders, safety and
preservation of Investment appear to be the pertinent
considerations. Aesthetics and environmental pollu-
tion are the appropriate considerations with regard
to roadside vegetation maintenance. It should be
noted that even though economics (maintenance cost)
1s an important consideration, it is viewed as a
constraint on the system rather than as a user-related
consideration.

Select Attributes for Various Considerations

An attribute is a numerical scale for measuring
the effect of alternative maintenance levels-of-service

i At A tmd bt~
on a given consideration, Table 2 lists the attributes

of various considerations for each malntenance element.

Table 2, Considerations, attributes, and maintenance
conditions affecting each attribute.
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silons, the specialists were asked to extrapolate the
available information to the real-world situation,
based on their experience and judgment.

Percentage of Drivers Who Cannot Recover

Assessment of the percentage of drivers who can-
not recover for given amounts of edge of traveled-way
drop-off was dome in two steps:

1. What percentage of drivers will encounter the
drop-off problem (i.e., accidentally drive over the
edge of the traveled-way)?

2. Of the drivers who encounter the problem,
what percentage would not be able to make a normal
recovery?

Table 3 shows the results of the assessments. It
is acknowledged that some of the estimates may be
high. More time and background information would be
necessary to improve on these estimates of the impact
of various levels-of-service. The methodology, per
se, would not be affected by any changes in these
estimates.

Table 3. Effect of alternative levels-of-service of
edge of traveled-way drop-off on percentage
of drivers who cannot recover.

Percentage
Threshold Percentage of drivers Percentage
amount of drivers who cannot recover of drivers
Maintenance con- of edge of who drive over if they drive who
Maintenance ditions affecting traveled-way the edge of over the edge of cannot
element Considerations  Attributes an attribute drop-of £ traveled-way traveled-way recover
Shoulders Safety Percentage of Edge of traveled=- (a) (b) (¢ = ab/100)
drivers who way drop-off
cannot recover 1 15 0.01 0.0015
Protection of Percent change in  Edge of traveled=- 2" 14 0.5 0.07
investment pavement rehabili- way drop-off
tion cost 3" 13 15 1.95
Roadside Aesthetics Index of pleasing Vegetatlon growth 4" 12 55 6.60
vegetation appearance
(4-point scale) 5" 10 90 9.0
Ecology Index of environ- Vegetation growth

mental pollution
(4-point scale)

Identify the Maintenance Conditions Which Affect Each
Attribute

The maintenance conditions affecting each attri-

bute are shown in Table 2.

Estimation of Effects of Alternative Maintenance
Levels-of-Service on Various Considerations

The effect of alternative maintenance levels-of-
service on a given consideration (e.g., safety) is
estimated in terms of the attribute of the considera-
tion (e.g., percentage of drivers who camnot recover).
The effects were estimated in Louisiana by interview-
ing the department speclalists for given attributes.
To asslst the specialists in the estimation, pertinent
information and data available in the literature were
reviewed with the specialists.

Because of limitations and applicability asso-
ciated with information in the literature it was con-
cluded that this source could not be used directly
to establish the effects or impact of levels-of-service
on pertinent comsiderations. Based on these conclu-

Percent Change in Pavement Rehabilltation Cost

High levels of allowable drop-off at the edge of
the traveled-way may require extra preparation work
on the edge of the pavement at the time an overlay is
applied. No quantitative information was found in
the literature to indicate the influence of edge of
traveled-way drop-off on the change in pavement re-
habilitation costs. Therefore, the specialists had
to rely on theilr experience and judgment to estimate
the amount of additional pavement work required prior
to an overlay as a function of the amount of edge of
traveled-way drop-off.

Table 4 shows the assessment of percent change in
pavement rehabilitation cost for various amounts of
edge of traveled-way drop-off.

Index of Pleasing Appearance

The alternative levels-of-service for roadside
vegetation define a 4=-point scale for the index of
pleasing appearance. It 1is reasonable to assume
that the levels-of-service incorporating higher
amounts of mowing and spraying would enable the
maintenance engineer to provide a more pleasing
appearance to the roadside.



TRANSPORTATION RESEARCH RECORD 781

Effect of alternative levels-of-service of
edge of traveled-way drop-off on percent
change in pavement rehabilitation cost.

Table 4.

Percent change in pave-
ment rehabilitation cost

Threshold amount of edge
of traveled-way drop-off

v 0
2" 1
3w 5
4" 12
5% 15

Index of Environmental Pollution

The potential for environmental pollution is
a function of the amount of herbicide spraying.
The alternative levels-of-service for roadside
vegetation, which specify the number of acres
sprayed with herbicides, define a 4-point scale
for the index of enviroumental pollution.

Evaluation of the Effects of Alternative Maintenance
Levels-of-Service on Various Considerations (E.g.,
Safety, Aesthetics)

The objective of this step 1s to establish a
preference (value) structure for evaluating the
effects of alternative levels-of-service on various
considerations, such as safety, aesthetics, etc. The
effects on the considerations are measured in terms
of the selected attributes. For example, for edge
of traveled-way drop-off the effect of level-of-
service on safety is measured in terms of the percent-
age of drivers who cannot recover.

The assessment of preferences involves two steps:

1. Assessing individual value functions of
different attributes. The objective of this step
is to determine how much better (or worse) one level
of an attribute (e.g., percentage of drivers who
cannot recover = 5) 1s relative to another (e.g.,
percentage of drivers who cannot recover = 10).
assessment 1s best done by those individuals in a
state agency who are most knowledgeable with regard
to a given attribute.

2. Assessing value tradeoffs between different
attributes, If a decision problem involves multiple
attributes and limited resources, it may not be
possible to achileve the best levels of all the
attributes. The decision maker, therefore, is
required to think about how much he/she may be
willing to sacrifice on one attribute (e.g., aesthe-
tics) in order to improve another (e.g., change in
rehabilitation cost). These value tradeoffs deter-—
mine the relative weights of the attributes. The
assessment of value tradeoffs should involve indivi-
duals who are responsible for setting and implementing
maintenance levels-of-service.

This

The first step was completed during meetings with
the department specialists with regard to edge of
traveled-way drop-off and roadside vegetation control.
The second step was completed during a group session
which involved maintenance engineers from both head-
quarters and the district offices. The details of
the specialists' meetings as well as the group
session are provided below.

Assessing Different Drop-Off Attributes With
Specialists

The objective of these meetings was to assess
relative values of different levels of the attri-
butes relevant to edge of traveled-way drop-off.
The attributes were: percentage of drivers who
cannot recover and percent change in pavement rehabili-
tation costs.

A general procedure used in assessing relative
values of an attribute involves the following steps:

1. A range for an attribute is selected such that
it would contain the highest and the lowest assessed
levels of the attribute. For example, the attribute
"percentage of drivers who cannot recover" had highest
and lowest assessed levels of 9 and 0.0015, respect-—
ively (see Table 4). A range of 0 to 10 was, there-—
fore, chosen for this attribute. Similarly, an appro-
priate range for "percent change in pavement rehabili-
tation cost" was 0 to 35.

2. The end-points of the range of an attribute
are assigned arbitrary values, a common choice being 0
and 1. Then, a midvalue point on the range of the
attribute 1is assessed. To illustrate this procedure,
consider the attribute 'percentage of drivers who
cannot recover." We denote this attribute by 6, and
its value function by V_(.). Values of 0 and 1 are
assigned to the end-points of 6,. Noting that lower

levels of Gl are more desirable, we get

Vl(IO) =0 and Vl(O) = 1.

Now, we want to assesg a point, say 9*, which has a
value of 0.5; i.e., 91 is the midvalué point on the
range of 8, .

To do %his, different levels of 8, are succes-
sively proposed to the specialist. Tﬁe specialist is
asked to examine a given level of 8, and judge whether
that level divides the total range of 8, into two
parts, each having the same value. The analyst
attempts to bracket the midvalue point by approaching
it from both ends. For example, one can start with
91 = 1. The specialist is asked: "Which is better--
decreasing the percentage of drivers who cannot
recover from 10 to 1 or decreasing it from 1 to 07"
Let us say the specialist indicates that decreasing
the attribute from 10 to 1 is better. Next, 91 =9
is proposed. The question is asked: '"Which is
better--decreasing the percentage of drivers who
cannot recover from 10 to 9 or decreasing it from
9 to 0?" The specialist may say that decreasing the
attribute from 9 to 0 is better. By systematically
varying the proposed levels of the agtribute, one
can zero in on the midvalue point, 8. .

3. The end points and 91 provide three points
on the value function V, (.).  Additional points may
be assgssed bx dividing each of the two ranges,

0 to 8, and 8, to 10, into two equal value parts. A
smooth curve can be drawn through the end points and
the assessed intermediate points. A mathematical
equation can be derived to best fit this curve.
equation represents the individual value function
V. (.) for Ol. The computer program ASOP automatically
fits a quadratic value function, given the end points
and the midvalue point for an attribute. The form of
the function is

This

2
Vi(Oi) =a + bGi + cGi.

Using the above procedure in Louilsiana, the indivi-
dual value functions for the following attributes
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were assessed:

[ =]
[

| = percentage of drivers who cannot recover.
percent change in pavement rehabilitation
cost.

©
N
"

Both the value functions were linear. This implies
that a change in the same magnitude in the attribute
anywhere in its range has the same value.

Assessing Different Roadside Vegetation Attributes
With Specialists

The objective of these meetings was to assess
the individual value functions for the following
attributes:

©
!

q = index of pleasing appearance.
% index of environmental pollution.

L2
I}

Both roadside vegetation attributes are repre-
sented on a 4-point discrete scale. Each point is
assoclated with an alternative maintenance level=-of=-
service (see Table 1). The procedure for assessing
midvalue points discussed previously 1is not practical
in the case of an attribute represented on a discrete
scale with a limited number of points. The reason
is that none of the points on the scale may provide
a midvalue point. An alternative procedure, based
on the concept of willingness to pay, was used.

To 1llustrate this procedure, consider the index
of pleasing appearance. The participants were asked
how much more they would be willing to pay in order
to improve the index of pleasing appearance from its
lowest level (number of acres mowed = 150,000; number
of acres sprayed = 60,000) to each of the other
levels. Following some discussion, the response of
the participants was that they would be willing to
pay 50 percent more to go to Level 3 and 200 percent
more to go to Level 2. With regard to Level 1, the
specialists did not see much benefit in moving from
Level 2 to Level 1, and hence were willing to pay
very little to go from Level 2 to Level 1. However,
it was Indicated that other individuals in the de-
partment, particularly those at the district level,
might respond differently about going from Level 2
to Level 1., For this reason, it was decided to ob-
tain group consensus on this question of how much one
would be willing to pay to Increase the maintenance
level-of-service from Level 2 to Level 1. The group
sesslon, which is discussed in the next section,
indicated that the group would be willing to pay
about 8 percent more to go from Level 2 to Level 1.

The above assessments provided relative values
of the four levels of the index of pleasing appear-
ance (8,). Letting V3(i) denote the value of the
i levél, we get

V,(3) = 1.5 V,(4)
VI(2) =3V @)
V() = 3.08 V().

If V. (4) 1is set to 1, the other relative values

would be: V,(3) = 1.5, V,(2) = 3 and V,(1) = 3.08.

Since the end points of a“value functioh were assumed

to be 0 and 1, a linear transformation of the rela-

tive values was made by subtracting the minimum value

(1.e., 1) and dividing by the range (i.e., 2.08).
Thus, the relative values are:

TRANSPORTATION RESEARCH RECORD 781

Vy(1) = 1; Vy(4) = 0
i N
V302 =g = 096
and
L AEed
Vg =i o~ 124

With regard to the index of environmental pollu-
tion (8,), the specialists were asked: 'How much
would ié be worth to reduce the number of acres
sprayed from the highest level (defined as 150,000)
to each of the other two levels (120,000 and 60,000)?"
Assuming the cost of the highest level to be 100
units, the response of the specialists was that, from
the viewpoint of reducing pollution, it would be
worth 15 and 30 units, respectively, to reduce the
amount of spraying from the highest level to Levels 2
and 3. This yielded the following relative values

of the levels of 94:

V4(2) =1.15 Vv, (1)

v4(3) = 1.30 v*(1).
<4 4

Since the fourth level (see Table 2) involves
the same number of acres sprayed as the third level,
it follows that V4(4) =V,(3). By assigning the
values of 0 and 1 to the end points of the scale, we

get

1.15 = 1
V(1) =05 V,(2) = 4255—a—= 0.5
_1.3-=1 _
WO EEET T C L@

The results of assessment of individual value
functions are summarized in Table 5.

Table 5. Assessment of individual value functions of
various attributes.

Midvalue
point for a Values of inter-
Best  Worst continuous mediate levels for
Attribute level 1level attribute a discrete attribute

1. Percentage of 0 10 5 —
drivers who
cannot recover

2, Percent in- 0 35 17.5 -
crease in pave-
ment rehabili-
tation cost

3. Index of 1 4 - Value of level 2 =
pleasing 0.96

appearance Value of level 3 =
0.24

4. Index of 4 | - Value of level 2 =
environmental 0.5

pollution Value of level 3 =

1.0

Group Session for the Assessment of Value Trade-offs

The specifications of a value function over
multiple attributes requires the assessment of trade-
offs between competing attributes based on the value
judgments of decision makers., In public policy deci-

1



TRANSPORTATION RESEARCH RECORD 781

sions, a number of individuals may share the respon-
sibility of deciding acceptable tradeoffs. It would,
therefore, seem desirable that value judgments of
decision makers be somehow "pooled" to obtain a
"group consensus" that would be used in lieu of the
opinion of any one individual. It 1is generally
assumed that group consensus would have greater
validity than individual value judgments in the
assessment of tradeoffs. The technique used for
trying to obtain group consensus values was the
Delphi procedure.

The Delphi group sessions included eight indivi-
duals within the Louisiana Department of Transporta-
tion and Development who were involved in establish-
ing current levels-of-service.

The sessions included a period of orientation
during which pertinent background information was
discussed. The procedures were explained and
illustrative examples were acted out for the group.

Assessment Forms. Three assessment forms were
used 1in the group sessions.

Form A: assessment of tradeoff between percent-
age of drivers who cannot recover and index of pleas-
ing appearance.

Form B: assessment of tradeoff between percent
change in pavement rehabilitation cost and index of
pleasing appearance.

Form C: assessment of tradeoff between percent-
age of drivers who cannot recover and index of envi-
ronmental pollution.

A blank copy of assessment Form A is shown in

Figure 1.

Figure 1. Form A,

TRADEOFF ASSESSMENT USING DELPHI PROCEDURE
Form A

Date:
Iteration Number:

You have the cholce between the following options:

Percent of Drivers Who
Will Encounter Drop-off
and Not Recover

Index of Pleasing

Appearance

Acres Acres

Mowed  Sprayed Urban Rural
Option A 10 300,000 120,000  8"-Full 12"-30'
width width

Option B X 150,000 60,000 Mow only for safety

At what level of X, would you be indifferent between
the two options?

X =

The results from the group sessions are summar-
ized in Table 6.

Determination of the Optimum Combination of Mainten-
ance Levels-of-Service

The objective of this step is to find the optimum
combination of maintenance levels-of-service for all
of the maintenance conditions included in the system.

The criterion used for optimization is to maximize the

overall value of highway user benefits subject to the
constraints of available resources (dollars, person-

11

Table 6. Consensus value tradeoffs between different
pairs of attributes.

Percentage of drivers Index of pleasing

who cannot recover appearancex
Option A 10 Balancing 1
] Reward ] Penalty
Option B 5.9 4
Percent increase in pave- Index of pleasing
ment rehabilitation cost appearance
Option A 35 1
Option B 15.4 4
Percentage of drivers Index of environmental
who cannot recover pollution
Option A 10 4
Option B 8.6 1

days, etc.). The user benefits are specified in
terms of the effects of levels-of-service on various
conslderations, such as safety, aesthetics, and pro-
tection of investment. The effects on these consid-
erations are measured by the appropriate attributes,
such as percentage of driver who cannot recover,
index of pleasing appearance, and percent change in
pavement rehabilitation cost.

Optimization Program

Mathematically the optimization problem is
formulated as follows:

Let xij
1 1f the jthalternative level-of=-service
(e.g., repalr when edge of traveled-way
dyrop-off is 2 inches) is selected for the
1" maintenance condition (e.g., edge of
traveled-way drop=-off).

denote a binary variable such that

X,
1]

0 if the jth alternative level-of-service
is not selected.

The objective of the analysis is to determine X

all 1 and j to maximize V(8,,6,,...,8 ) subject
1°72 n

the following constraints:

for
3,

2 2 C..X., < available budget, B
. ij7ij
i 3
2: z: Mijxij < available person-days, M

i3

2: Xij = 1 (Only one of the alternative levels-
al of-service for each maintenance
condition 1s to be selected.)

in which Cij = cost of implement%ﬂg the jth level~of-
service for the 1~ maintenance condi-
tion, and
M1j = persoggdays required for 1mp1ement%gg

the j level-of-service for the i
maintenance condition.
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A nonlinear integer programming algorithm has
been developed to solve the above optimization prob-
lem. The algorithm has been coded in the computer
program ASOP.

Estimation of Attribute Levels. The following
estimation model 1s used in the program:

15%13

6= 2 X B
iy 54

in which 6 = an attribute

h
Xij

1 1f the jth level-of-service for the it
maintenance condition 1s selected.

= 0 if the jth level-of-service is not
selected.

ant which
1 effect of X,, on 8.

The first summation in the above equation 1s over all
the maintenance conditions which affect 6, and the
second summation is over all alternative levels-of-
service for each of these maintenance conditions.

For the demonstration example 1n Louisiana, each
attribute is affected by only one maintenance condi-
tion. Percentage of drivers who cannot recover (8,)
and percent change in pavement rehabilitation cost
(8,) are affected only by edge of traveled-way drop-
off. Similarly, index of pleasing appearance (8,)
and index of environmental pollution (B8,) are affected

only by roadside vegetation growth. &

Program Output

The program output consists of the following
parts:

Print Input Data. All input data are printed so
that the accuracy of the data can be checked and
information useful in evaluating the results is
readily available.

Print Parameters of Value Function. The program
computes the constants of the value function for
each attribute in a quadratic form. These constants
are printed.

The tradeoff information is used to calculate
the scaling constants (relative welghts) of different
attributes. The scaling constants are also printed.

Print Estimation Coefficients. The estimation
coefficients, Bij are printed for each attribute.

Print Results of Base Case Analysis. The output
describes the optimum solution, i.e., the level-of-
service which should be adopted for each maintenance
condition so as to maximize overall value (to highway
users) while satisfying the resource counstraints.

The actual resources required to implement the opti-
mum solution are displayed. The overall value of the
optimum solution (on a scale of 0 to 1) is printed
along with the contributions of the various attri-
butes to the overall value.
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Results of Base Case Analysis

Figure 2 shows the results of the base case
analysis included in the program output. The optimum
levels—of-service are:

1. Repair when edge of traveled-way drop-off is
l-inch.

2. Mow 300,000 acres and spray 120,000 acres.
(This vegetation control program would allow mowing
grass full width before it reaches 8 inches in urban
areas and mowing grass 30 feet from the edge of the
traveled surface after 1t exceeds 12 inches in rural
areas.)

Figure 2. Results of the base case analysis.

Complete Enumeration

The selected policy is:

Edge of traveled-way drop-off
Vegetation grnwth

Repair when drop-off is l-inch.

Mars 200 00D an=n
Mow 200,000 zeozc

120,000 acres.

Costs of the Selected Policy

Materials (thousands of dollars) Available - 5130, used - 5130
Thousands of Labor-Hours Available - 644, used - 644
Equipment (thousands of dollars) Available - 3380, used - 3377

Evaluation of the Attributes

Safety--percent of drivers who cannot recover
Individual value - 1.000 Welghted value - 438

Percent change in rehabilitation costs
Individual value - 1.000 Weighted value - .321

Pleasing appearance
Individual value - 0.962 Weighted value = 0.173
Environmental pollution

Individual value - .500 Weighted value - .031

THE VALUE OF THIS POLICY IS 0.96

The levels=-of-service currently used in Louisiana
for the two maintenance conditions are also the
optimum levels-of-service selected by the program.
This was to be expected because only a few variables
had to be considered for the example, the analysis
assumed the resources currently used for the two
maintenance conditions, and the value judgments of
those involved in setting the current levels-of-
service were used. The strength of the methodology
is that it will consistently select optimum levels-
of-service when a large number of maintenance condi-
tions were analyzed and when changes in the current
maintenance budget become necessary. The overall
value of the optimum solution is 0.96. The optimum
levels-of~service provide the highest user benefits
possible for the two maintenance conditions. No
improvement in these levels-of-service would be
possible even 1if higher amounts of resources were
available. An examination of the contributions of
the four attributes to the overall value reveals
that the two attributes related to edge of traveled-
way drop-off (percentage of drivers who cannot
recover and percent change in rehabilitation cost)
contribute 79 percent of the total value, while the
remaining 21 percent of the total is contributed by
the roadside vegetation attributes.
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Sensitivity Analysis

The objective of this step is to assess the
influence of changes in some of the major inputs and
assumptions on the selection of the optimum combina-
tion of levels-of-service. The output of this
analysis would identify the parameters to which the
selection of optimum levels-of-service is very sensi-
tive., The assessment of such parameters would ob-
viously warrant more careful consideration.

The computer program ASOP has been designed to
perform the following types of sensitivity analyses
when requested by the user:

1. Effect of Changes in Available Resources.
Available amounts of one or more resources may be
changed and the effect on optimum levels-of-service
may be examined.

2. Changes in Tradeoffs. The tradeoffs used in
the base case analysis represent group consensus
values obtained in the Delphi procedure. These
tradeoffs yleld the relative weights of various
attributes. If significant differences of opinions
were observed during the group session, different
tradeoffs between attributes may be used in finding
optimum levels-of-service. If the effect on optimum
levels=of-service 1s significant, the differences in
opinions are clearly critical and need to be resolved
before levels-of-service can be selected.

3. Mandatory Inclusion of Specified Levels-of-
Service. For certain important maintenance condi-
tions, relatively high levels-of-service may be re-
quired; for example, the edge of traveled-way drop-
off may be required to be less than l-inch. The pro-
gram can fix such levels-of-service and optimize on
the remaining maintenance conditions.

4, Mandatory Exclusion of Specified Levels-of-
Service. Certain levels-of-service may be considered
to be impractical or infeasible. For example, with
respect to edge of traveled-way drop-off, the lowest
level-of-service (repair when drop-off is 5 inches)
may be excluded from the analysis. The program will
eliminate such a level-of-service from the search for
the optimum solution.

5. Exclusion of Best Solution. This option
would find the second best solution. If the value
of this solution is nearly as good as that of the
best solution, but the resources required for the
second best solution are significantly lower than
those required for the best solution, then the
second best solution may be preferred.

In conducting the sensitivity analyses for the
demonstration example in Louisiana, advantage can be
taken of the fact that none of the attributes is
simultaneously affected by both the maintenance
conditions. Consequently, 1t is possible to deter-
mine the complete contribution of a given level-of-
service of each maintenance condition to the overall
value. The results are shown in Figure 2.

Recommendations

Recommendations are formulated after evaluating
the results of the base case and the sensitivity
analyses. The recommendations should include the
following:

1. The optimum level-of-service for each main-
tenance condition in the system.

2. Resources which would be used in implementing
the optimum levels-of-service.

3. Scenarios (e.g., budget cuts) which would
require significant changes in the optimum levels-of-
service.
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Conclusions

The effort in Louisiana shows that it is feasible
to use the methodology developed in this project to
select levels-of-service for highway maintenance which
would maximize user benefits subject to the con-
straints of available resources. The types of inputs
required for the analysis can be obtalned from the
data base of information currently available to a
state transportation department. The data base in-
cludes information available in the literature,
studies conducted within the department, information
available from maintenance management systems, and
experience and judgment of knowledgeable individuals
within the department.

The methodology requires the assessment of value
judgments regarding tradeoffs between different con-
siderations, such as safety, protection of investment,
aesthetics, and environmental pollution. A Delphi
procedure was used in Louisiana to obtain group con-
sensus regarding tradeoffs from a number of indivi-
duals responsible for selecting levels-of-service
both in the field and at headquarters. Certain im-—
provements in the implementation of the Delphi proce-
dure would seem desirable based on the experience in
Louisiana. However, the types of assessment questions
which need to be asked in the Delphi procedure are
certainly practical and relevant to individuals
involved in highway maintenance.

It would be desirable to provide certain types
of objective data to the participants in the Delphi
exercise in order to obtain more consistent and
reliable value judgments. Examples of such data
include statistics on accldents resulting from driving
over the edge of traveled-~way with various amounts of
drop-off and surveys of user opinions regarding
aesthetics of roadside vegetation under varying
levels-of-service. These kinds of data are currently
not available. The initial implementation of the
methodology will identify the critical parameters on
which objective data would be most useful. Limited
studies to collect these data can be undertaken. The
reliability of the results of the methodology would
be expected to increase with the availability of addi-
tional data.

The computer program prepared for the use of the
methodology facilitates the analysis significantly.
The program is designed such that the assessed data
can be directly input and all parameters (such as
value coefficients, relative welghts, and regression
coefficients) are computed internally in the program.
This relieves the user of the burden of making exter-—
nal calculations, which would require some theoretical
background in decision analysis techniques.

The demonstration example in Louisiana involved
only two maintenance conditions--namely, edge of
traveled~way drop-off and roadside vegetation growth.
The complete system of highway maintenance could in-
volve 20 to 25 maintenance conditions of practical
significance.
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ENGINEERED PERFORMANCE STANDARDS

15

Marshall L. Stivers, P.E., Florida Department of Transportation

Maintennace Management was adopted by most
states because it provided managers with the
ability to plan, organize, direct and control
maintenance activities. Although Florida's
system has significantly advanced since its
implementation, we still were concerned about
our inability to consistently verify our
performance standards. These standards were
initially established and modified each year
based on subjective judgment resulting in con-
siderable and often non-conclusive discussion.
Realizing that Performance Standards are the
basic building block of a properly functioning
Maintenance Management System (MMS), we decid-
ed to seek professional assistance. In 1974
we entered into a research contract with the
University of Florida Industrial Engineering
DePartment to develop a method of analyzing
maintenance crew activities to be used to
create 'Engineered Standards'. The final pro-
quct of the research developed a method utiliz-
ing motion pictures supplemented with stop-
watch times. The results of this type of
analization enables an observer to determine
the actual percentage of time each worker was
engaged in productive work. Using this pro-
cess, a standards committee can not ascertain
the correct blend of resources required to per-
form an activity and has resulted in assigning
unused workers to other tasks. Generally this
analysis produces an increase in productivity
which was our desired goal and at the :same time
it has improved the credibility of Maintenance
Management with all levels of management.

Most states adopted a Maintenance Management
System (MMS) because it provided managers with the
ability to plan, organize, direct and control main-
tenance activities. While many variations of
Maintenance Management Systems exist, most accom-
plish the same basic function of providing mana-
gers with a timely overview of field operations.

In spite of occasional short term setbacks in MMS
development, the Florida Department of Transporta-
tion has significantly advanced its reliability
since implementation. This implementation, which
began in 1973, was the result of an opportunity to
study, develop, and design our own system using in-
house personnel. Not only did this opportunity
provide a custom-made system, its developers re-

tained a familiarity of the system enabling them
to continue improving the benefits received.
However, throughout this process, we were concern-
ed with our inability to consistently verify per-
formance standards to any degree of certainty.

Initially our Standards were established
using subjective judgements and were confirmed by
field reports of crew operations. Periodic ad-
justments to these standards were also based on
subjective judgement which oftentimes results in
considerable and sometimes non-conclusive dis-
cussion. |t soon became apparent that without
a clear cut scientific method of determining an
accurate standard, our entire MMS was lacking.

Realizing that Performance Standards are the
basic building block of a properly functioning MMS,
we began to investigate the ''State of the Art' in
other states. The response to our inquiries led
us to the conclusion that other states had not
developed a procedure to produce the desired re-
sults either. Their responses did, however,
verify our earlier conclusion that the develop-
ment of such a procedure was indeed possible. The
traditional time-and-motion studies, which we
currently utilized, not only were costly and time
consuming, they also did not readily lend them-
selves to developing credibility with most Depart-
ment of Transportation managers. At this point we
convinced top management to allow us to develop a
methodology to analyze maintenance crew activities.
With their approval we decided to seek professional
assistance in the art of Methods Engineering.

In 1974, we entered into a research contract
with the University of Florida's Industrial
Engineering Department to develop a method for
analyzing maintenance crew activities. The end re-
sult of this method would be to create '"Engineered
Standards''. This research finalized a procedure
which recommended the extensive usage of a movie
camera supplemented by stopwatch timing as used in
time-in-motion studies. The results of this type
of analyzation enabled observers to determine the
actual percentage of time each worker was engaged
in productive work and also provided a training
medium for crews, supervisors and performance
standards development committees.

The '"Engineered Standard'' study procedure re-
quires two persons, a clipboard, a stopwatch, a
16mm movie camera and projector, a movie film edi-
tor and a film splicer. With these resources,
plus transportation, the majority of maintenance
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operations can be studied. Normally each work
activity consists of a series of basic cycles
which are repeated several times at different
locations during the workday. A crew study re-
quires only the observations of a complete cycle
and not the entire daily operation. While some
inefficiencies may exist outside of the work cyc-
les, the primary goal of the observer is to deter-
mine the labor, equipment and materials required
to perform each cycle. The number of cycle obser-
vations required must be sufficient to provide a
statistical pattern, normally this is a minimum
of ten (10) and a maximum of Fifty (50) observa-
tions.

To perform a cycle observation with a study
team the following procedure is used:

1. Designate one individual to operate the
stopwatch and clipboard; the other person will
operate the movie camera.

2. As the work cycle begins the stopwatch is
started and the clipboard operator begins a time-
and-motion study. When the action becomes too
fast to take hand notes or if the work method
shiouid be recorded tor later reviewing, the camera
operator will begin filming. At this time the
camera operator advises the ctopwatch operator whw
stops his hand note procedure and notes the time
filming began. When the filming ends, the stop-
watch operator notes and enters the time and re-

sumes taking hand notes until the end of the cycle.

Each cycle may require several starts and stops of
the filming. This method not only saves money,
when compared to continuous filming, it also pro-
vides a detailed record of the operations.

3. Combine stopwatch and clipboard observa-
tions onto Multiple Man {(Crew) Activity Chart.
Table 1 is an example of a four man pavement sym-
bols crew observation.

4. Produce Activity Graphs using Activity
Chart data. Table 2 is an example of the same
four man pavement symbols crew. The heavy line
indicates when a worker is busy or performing
necessary work. By observation you can see the
percentage of time when each worker is busy during
the cycle and conversly you can determine when no
productive effort is evident. These percentages
are totaled and shown as a composite for the crew.
In this case, to accomplish the cycle a four (4)
man crew utilized approximately 273% of the L400%
of available time.

(Four (4) men times 100% = L00%)
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Table 2 -
- P —
31.7
2
100
3
86.5
A.F_F_l_l‘_q_l_l_L#
54.8
o 20 4u 60 80 100
PERCENT
TOTAL TIME: Busy = 273.0%
ldle = 127.0%

After fifteen (15) observations of the same opera-
tion, the average busy time dropped to 214% out of
a possible 400%. Further analysis determined that
two (2) men performed the cycle operations as fast
as the four (4) man crew and required less man-
hours to accomplish each cycle. Based on these
observations, a determination was made to establish
two (2) man work crews for this activity for ex-
perimental purposes. These crews were allowed to
develop their own working procedures and after a
short adjustment period the crew study group per-
formed observations of similar work cycles. Tables
3 and 4 show the Multiple Man Activity Chart and
the Activity Graph for a two (2) man crew perform-
ing the identical operations in the same locations
used to develop the information shown in Tables 1
and 2. Note that the total busy time for the two
(2) man crew is 184% out of a possible 200% avail-
able.

TABLE | - MILTIPLE MAN (CREW) ACTIVITY CHART - ACTIVITY NUMBER 532

FLtst Movler Second Worker

Third Worker

Fourth Worker

Name: Smith Name: Brown Name: Jones Name: White
Title: Foreman |1 Title: Tech 11 Title: Tech 1} Titte: Tech |1
(Painter) (Beads) (Template)
Run Run Run Run
Time Activity Time Activity Time Activity Time Activity
0.20 Place Cone 0.34 Start Comp. 0.28 Get Beads 0.40 Get Template
0.29 Idle 0.51 Remove Wand 0.60 Idle 0.59 Idle
0.91 Adjust Air 0.57 Begin Painting 0.97 Sprinkle Beads 0.68 Get Template
1.00 Idle 0.90 Idle 1.10 Place Template 0.78 Idle
1.40  Ajust Air 1.05 Painting 1.18 Sprinkle Beads 1.01 Move Template
1.46 Idle 152 ldle 1.51 Idle 1.18 Idle
2.50 Load 1.60 Walking 1.65 Walking 1.46  Move Template
2.72  End 1.67 Painting 1.80 Sprinkle Beads 1.66 Idle
1.85 Idle 1.89 Idle 1.87 Move Template
2.01 Painting 2.08 Move Template 1.95 Idle
2.38 Loading 2:.37 Sprinkle Beads 2.39 Move Template
2,72 End 2.49 Idle 2.50 Load
2.55 Loading 2:72 End
2 ]2 End
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TABLE 3 - MULTIPLE MAN (CREW) ACTIVITY CHART
ACTIVITY NUMBER 532
First Worker Second Worker

Name: Smith Name: Jones
Title: Foreman |1 Title: Maint. Tech. I

Run Run

Time Activity Time Activity

0.08 Place Cones 0.07 Get Template

0.31 Remove Hoses 0425 Get Beads

0.50 Begin Painting 0.52 Sprinkle Beads

0.72 Clean Pavement 0.70 Move Template

0.85 Idle 0.88 Get New Template

1.10  Painting 111 Sprinkle Beads

1.28  Walking 1.28 Walking

1.39 Painting 1.40  Sprinkle Beads

1.52 Clean Pavement 1457 Move Template
1

1.65 Idle .85 Sprinkle Beads
1.90 Painting 2.10 Replace Beads
211 Replace Hoses 2.30 Idle
2.29 Pick Up Cones 2.44  End
2.44  End
Table L
1
81.2
2
100
0 20 L0 60 80 100
PERCENT
TOTAL TIME: Busy = 184.2%

Idle - 15.8%

When presented with this information, the Stand-
ards Committee agreed to alter the performance
standard for the pavement symbols activity using
the procedures developed for the ''Engineered
Standard" method. The results obtained from the
new procedure are included on Table 4, This table
shows the man-hours per unit rate obtained before
and after the 1977-78 implementation date of the
new standard. You will note that the results
actually received appear smaller than they thco-
retically should be. This situation was caused by
the necessity to modify work procedures which added
additional man-hours to complete the same task.
These modifications allowed the task to be repeated
at two (2) year intervals instead of at six (6)
month intervals as in the past. The net result of
using the new procedure is approximately a 14% in-
crease in productivity, while decreasing the total
workload. Similar results are now being obtained
on other activites.

TABLE 5
FISCAL YEAR MANHOURS/UNIT

75-76 0.0256

76-77 0.0254

77-78 0.0227

78-79 0.0216
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Managers of maintenance operations should con-
sider the benefits which may be obtained from the
Engineered Standard'' process. The existence of a
MMS is not the only criteria to a successful main-
tenance program. |If it were, it would be a simple
matter to plan your work and let it run its own
course. Maintenance work is difficult at best, it
is subject to weather, traffic, monetary and
political influences and needs to be constantly
managed in order to meet the objectives established
by top management. To do this, you will need to
review performance data, to constantly evaluate
field conditions against planned conditions, and to
modify the system to improve results. A MMS quanti-
fies maintenance activities and provides a basic
tool to manage maintenance resources. Incorpora-
tion of the ""Engineered Standards Method'' can pro-
vide additional insight for the management process,
which if used properly, will provide the best main-
tenance service that can be afforded with the funds
that are available.
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INCORPORATING QUALITY STANDARDS AND IMPACTS WITHIN HIGHWAY MAINTENANCE MANAGEMENT

Michael J. Markow, Massachusetts Institute of Technology

Assessments of future maintenance needs, levels
of effort, aud cusis nave traditionally been
expressed through predictions of maintenance
supply (generally in units like dollars or man-
hours per lane mile). Although this approach

is adequate for many management needs, it does
not enable one to explore systematically the
effects of changes in maintenance policy on
future costs and road performance. However, the
increasingly important strategic role to be
played by maintenance and rehabilitation, and
higher costs of providing maintenance services,
have recently focused attention on better man-
agement practices to define maintenance demands,
establish priorities among maintenance activi-
ties, and relate alternative policies to future
impacts on road service. This paper describes
the development of demand-responsive concepts
for maintenance planning and policy formulation,
based upon work conducted in separate projects
for the Commonwealth of Massachusetts and the
Federal Highway Administraiton. Analytical
components of the demand-responsive approach
include (1) numerical measures of maintenance
levels of service, or quality standards; (2)
quantitative model to predict the condition or
deterioration of specific road features as a
function of the relevant physical, environmental
and traffic factors; and (3) quantitative models
to assess the impacts of maintenance perfor-
mance, as for example in the areas of preserva-
tion of investment, user consequences, and acci-
dent prediction.

Historical Perspective

Maintenance programs at the state level histori-
cally have been subject to several simultaneous con-
straints —-- budget limitations imposed by the execu-
tive or legislative branch, labor and equipment
restrictions, seasonal limitations on certain work
activities, inability to shift work from emergency
to preventive maintenance, and methods of budgeting
and appropriation based upon line-item or accounting
categories (rather than upon program priorities),
to name a2 few. These constraints have influenced
not only the past thinking of maintenance managers,
but also the fundamental structure and approach of
the maintenance management systems that have evolved

over the past fifteen years.

The objectives of the systems developed by
individual states were to help plan, budget and
manage highway maintenance. To overcome the manage-
ment weaknesses of the line-item or accounting
budget, principles of performance budgeting were
introduced. Performance budgets organized planning
and control around specific maintenance tasks,
permitting a more comprehensive and objective re-
view of the distributions of costs by activity,
location, or cost element, and fostering compari-
sons of projected expenditures versus maintenance
program objectives. The planning and scheduling
components of these systems enabled managers to
allocate scarce resources over a year, and to
strike a better balance between maintenance priori-
ties and seasonal resource constraints. A work
monitoring subsystem, coupled with proper field
reporting procedures, provided comparisons between
actual and predicted costs, work performance, pro-
ductivity, and resource consumption, pinpointing
maintenance jurisdictions or activities requiring
closer attention.

Furthermore, as part of the performance budget-
ing approach, maintenance models were developed to
predict future labor, equipment and materials costs
by activity. The approach taken within these
models typically involved either (1) regression
relationships between annual maintenance costs (or
manhours) per unit of road and relevant physical
or operating variables (width, pavement type and
thickness, average dailly traffic, envirommental
parameters, etc.); or (2) average workload rates,
called quantity standards, observed in past main-
tenance operations and expressed in terms of
annual measures of work per unit of road (e.g. for
pavement patching, number of tons of material
placed per lane mile). The former allowed some
variation by location or in year-—to-year predic-
tions to account, say for increases in traffic
volume or changes in road characteristiecs; the
latter represented essentially statewide averages
of maintenance activity performance, and were thus
static over different types of roads and over time.

Although the various state systems in use today
differ in their scope and level of detail, in
general they are characterized by the fact that,
in predicting future maintenance requirements,
their primary focus is on the ability to supply
maintenance services. In other words, the pre-

dictive models employed estimate the labor,
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equipment, material, or dollar resources needed to
produce some level of maintenance effort, but not
the factors that caused the maintenance requirement
in the first place. Although this approach is open
to criticism, it is understandable in light of the
organizational and administrative realities sur-
rounding maintenance program development which were’
true in the past, and persist to some extent to this
day.

There were some key advantages to structuring
early maintenance models based upon predictions of
supply. First, they were a simple and direct means
of estimating future budget requirements using an
objective analytic approach. Second, they could
implicitly account for special local conditions that
would affect the aggregate amount of maintenance
required (e.g. types of subgrade soil; local cli-
matic conditions; quality of pavement construction;
and so forth), and that might otherwise be difficult
to represent explicitly.

Perhaps most importantly, however, these supply-
oriented models satisfied local management needs.
The institution of performance budgeting measures
placed budget development on a more rational basis,
but it could not eliminate constraints on the main-
tenance effort imposed by budget ceilings, labor
and equipment limitations, and the like. Rather
than concerning themselves with the moot 1ssue of
actual maintenance demand, therefore, managers
directed themselves instead to the pragmatic ques-—
tion of how to accomplish maintenance more effi-
ciently under a fixed level of resources. Perfor-
mance budgeting concepts, assisted by models based
upon maintenance supply, were adequate for this
task.

Demand-Responsive Concepts

Motivation

Several trends through the 1970s have advanced
maintenance management needs beyond work monitoring,
budget prediction and cost control, to broader
issues of maintenance policy planning. First, the
national highway investment has grown by at least
$200 billion in 1979 dollars (1), due largely to
near completion of the Interstate program. Many
of these highways are approaching ages of 15-20
years; maintenance responsibilities, and the need
to estimate and allocate available resources effec-
tively, will increase accordingly. Second, sig-
nificant changes in the funding of highway mainten-
ance and rehabilitatlon appear forthcoming, as
evidenced by declines in user tax collections and
initial Federal involvement through the 3-R program;
procedures to allocate available funds, and to
assess the impacts of maintenance deferred or fore-
gone, will likely be required. Third, several inde-
pendent developments -- such as heavier allowable
vehicle loads, the advent of new maintenance tech-
nologies, and stricter legal interpretations of
highway maintenance liability -- collectively imply
changes in maintenance needs and methods of perfor-
mance over time. The tendency is growing to
counter arbitrary annual budget restrictions with
better information on what impacts the provision or
rejection of additional maintenance dollars will
cause.

Planning Requirements. Managing this changing
maintenance program and developing the capability
to assign priorities among ever—increasing main-
tenance demands requires information and analytic
methods to properly assess competing needs, and to
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evaluate costs and impacts of different policies on
a national scale. Moreover, to be comprehensive
such management approaches must recognize high-
way maintenance within a broader context of trans-
portation planning and administration, and to

view maintenance policy formulation at several
levels.

Strategic. First, at a very broad level are
strategic decisions concerning use of maintenance
versus capital investment to provide a designated
level of road performance. The most prevalent
examples of these types of decisions are in pave-
ment design, where a close interaction exists be-
tween initial design quality and future maintenance
needs. Taken to its extreme for very high-volume
roads, this type of decision leads to the design
of premium or "zero maintenance" pavements invol-
ving significant capital investment but eliminating
any practical need for maintenance. However,
similar investment-maintenance tradeoffs can be
cited regarding pavement maintenance versus
programs of periodic reconstruction or strengthen-
ing; the need for perilodic bridge painting versus
use of self-oxidizing steels; and construction of
paved waterways versus cleaning and shaping of
natural ditches, to name a few. In each case the
choice of which policy to follow will depend not
only on the cost differential between respective
alternatives but also on the relative capacity to
provide adequate levels of transportation service
into the future.

Competing Activities. At a second level lie
decisions among several maintenance activities
competing for limited maintenance resources. Given
a fixed maintenance budget, any increase in the
level of maintenance quality provided under omne
activity is usually accomplished only at the ex-
pense of decreased levels of quality in other
activities. Therefore a manager faces the problem
of allocating resources in such a way as to remain
within budget while minimizing adverse impacts
(both short and long range) on the utility, safety,
and service life of the highway system.

Timing. At a third level there exists for
each maintenance activity a tradeoff between the
timing and the intensity of the action to be
taken, commonly discussed as a question of
"deferred maintenance." The impacts of deferred
maintenance must be assessed in terms of, first,
the costs of performing perhaps more extensive
maintenance later; second, the differences in
levels of service to users provided under the two
maintenance options; and third, any reduction in
the expected remaining life of the facility due to
the deferred maintenance.

Commentary. Policy determinations of this type
are inherently different from the decisions for
which current maintenance management systems were
designed. As a result, the models described
earlier to predict maintenance requirements on the
basis of supply lack the conceptual structure to
address these broader management issues. Regres-—
sion analyses and quantity standards drawn from
historical data or existing practices implicitly
include a particular level of maintenance perfor-
mance -- namely, the standards to which the road
system has been or is currently being maintained.
Moreover, they assume a constant rate of deteriora-
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tion throughout the road system. Thus the models
are insensitive to changes in maintenance policy,
and are incapable of evalauating either the costs or
the impacts of alternative policies. Moreover, to
the extent that the regression models predict
directly the costs (or labor manhours) required,
without computing first an estimate of damage re-
paired, they deal with work outputs rather than
inputs, and are therefore ill-equipped to treat
variations in input values (such as productivity,
unit costs, or maintenance technology) among geo-—
graphic regions or over time,

Required Approach. In general, to be able to
evaluate competing maintenance (and investment)
strategies requires a fundamentally different ap-
proach to maintenance prediction, looking at the de-
mand for maintenance as well as supply. The reason
is that different maintenance policies are impli-
citly statements on particular levels of road
quality to be retained or restored. However, the
workload (and by implication, the costs) required
to achieve a given quality depend upon the prior
condition of the road system —— 1i_ e, the tctzol main
tenance backlog or deficiency caused by normal wear
and tear, aging, and increased probability of fail-
ure. 1In an analytical sense maintenance may thus
be viewed as a controlled response to the physical
state of the highway network, to upgrade or retain
highway quality to an acceptable level.

Treating maintenance as a demand-responsive
operation requires that three additional concepts be
introduced within existing management models. The
first is that predictions of future maintenance
effort and costs cannot be extrapolated from past
trends, but rather must be based upon structural and
operational deficiencies in the road system caused
by use and deterioration. The second is that in
designing models to be sensitive to the implications
of different policies, there must be unambiguous
statements of the malntenance policy itself, defin-
ing the types of future corrective actions to be
taken, and when and where they are to commence. The
third is that new relationships need to be identi-
fied between the as-maintained state of the highway
network and the economic and non-market impacts to
both the road agency and the motoring public, pro-
viding a measure of the benefits (or disbenefits) of
each policy at the costs incurred above.

Since this demand-responsive approach is founded
upon the prediction of road condition, it follows
that any corrective action that restores the high-
way condition in some way needs to be accounted for.
Thus the scope of this approach must be given an
expansive interpretation, to include the relevant
effects of betterments, rehabilitation and recon-—
struction, with those of maintenance. This view
simply reflects the common-sense notion that capital
investments do in fact influence the future demand
for maintenance, and vice versa. Moreover, in this
sense the demand-responsive methodology provides
a fundamental engineering and economic basis for
evaluating maintenance policy against alternative
investment strategies.

Schematic illustrations of the concepts under-
lying the demand-responsive approach will be shown
in Figures 1 through 8 to be introduced below. The
curves in Figures 1 through 8 represent models
which, in actual maintenance management systems,
would be developed individually for each element of
the highway system -- pavements, bridges, drainage
systems, signs, and so on -- or for each mainten-—
ance activity. For simplicity and generality in
the following discussion, however, let us consider
these curves for the time being to represent gener-
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alized relationships, applicable to a composite
malntenance activity over the highway system as a
whole.

Maintenance Level of Effort and Costs

Figures 1 through 3 identify those data neces-
sary to predict maintenance level of effort and
resulting changes in road condition as a function
of different maintenance policies. These data also
form the basis for the estimation of future main-
tenance costs as a function of policy.

Road Deterioration. The changing state of the
road system over time is captured within a deter-
ioration relationship defining the system's capa-
city to withstand the effects of time, traffic
loadings, and the environment, as shown in Figure 1.
For generality we define road 'damage' as any
degradation in road condition from its as-con-
structed state, and 'deterioration'" to be the net
result of accumulated damage. The initial condi-
Livu Cy and rate of deterioration depend upon the
quality of initial design and construction, and
upon past maintenance performed. Thue the deter-
ioration relationship in Figure 1 provides the
engineering basis on which one may investigate
different maintenance versus investment options.

Figure 1. Determining maintenance level of effort
under a demand responsive approach: deterioration
relationship.
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Road
Condition
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Time

Quality Standards. Maintenance policies may be
expressed through '"quality standards" defining
thresholds at which work should be performed. The
interaction between two alternative quality stan-
dards, Qi and Q2, and respective road system con-
ditions is illustrated in Figure 2. The different
quality standards result (not unexpectedly) in two
different trends in road condition over time. If
we adopt a simple time average for illustration,
the higher quality standard Q) results in a higher
average system-wide condition C;. Also, the fre-
quency of maintenance under Q] is greater than that
under Qp, in that t1 < tj.

Unider this approach quality standards have a
unit of measure commensurate with that of the
deterioration model. Decomposing the condition
of the road system into its constituent elements,
we see, for example, several indices appropriate
for pavements. One is a measure of pavement ser-—
viceability, such as AASHTO's Present Service-
ability Index (PSI), or Canada's Ride Comfort Index
(RCI). A second would be a measure of surface
damage, such as skid number (SN), roughness value
(R), cracking index (CI), or mean rut depth (RD)
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Determining maintenance level of effort
quality stan-

Figure 2.
under a demand responsive approach:
dards defining thresholds.
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defined by many states employing surface measurement
equipment. A third might be a measure of available
pavement capacity or response, such as dynamic de-
flation. Analogous measures could be established
for other highway elements; e.g. lineal feet of
guardraill damaged, area of bridge deck damage, and
depth of siltation in culverts, to name a few.

For some highway elements, however, it may be
theoretically possible to identify a physical mea-
sure of condition, but it may not be practical to
use within a quality standard. Consider, for in-
stance, the replacement of defective signal lamps,
which usually must be done soon after failure. A
possible measure for signal condition would be
"probability of lamp failure within the next so-many
months,'" but it is typically more convenient for the
quality standard to use instead some frequency of
lamp replacement which anticipates lamp failure.
Figure 2 demonstrates that for a given deterioration
curve, specifying the frequency of maintenance is
equivalent to establishing some implicit quality
level. This concept may be used to advantage in the
identification of quality standards for particular
maintenance activities.

Variation in Application of Standards. In Fig-
ure 2 it was assumed in each case that all current
maintenance deficiencies were fully corrected. A
more realistic situation, however, is that at any
given time only a portion of the accumulated damage
in the system is repaired through maintenance.

From a policy perspective this type of decision can
be controlled by how the quality standards are
applied on a system-wide basis. Figure 3 illus-
trates two different applications of a given
quality standard Q: one results in relatively fre-
quent but minor correction I,, while the other un-
dertakes less frequent but major Ip. Note that
neither Ij or I are sufficient to restore the
system to its initial condition at construction.

Figure 3, Determining maintenance level of effort
under a demand responsive approach: application of
quality standards defining extent of repair.

There are three general ways in which the appli-
cation of quality standards may be varied to pro-
duce different levels of repair. One is by ad-
justing quality standards among different activi-
ties which in some sense substitute for one
another. For example, the extent to which correc-
tions of pavement damage are remedied by overlays
(as opposed to routine maintenance activities) will
influence the magnitude of I achieved overall in
a given work period. A second way is by assigning
different quality standards among various links
within the network. Since repair of some locations
will implicitly be given priority over other loca-
tions, thils variation in quality standards will
also affect the extent of improvement I on a system
wide basis. Finally, quality standards (and their
associated maintenance actions) may be restricted
to those classes of damage most critical to road
integrity and performance. For example, the
"percent of pavement area cracked" may be inter-
preted to include only cracks greater than a cer-
tain width; "guardrail damage," to comprise broken
and severely deformed sections, but not dented ones;
and ''grass height requiring mowing," evaluated only
within a certain distance of the pavement edge, but
not over the entire mowable area. Qualifications
of this type intentionally limit the extent of
improvement I in comparison to the total deteriora-
tion absorbed by the system.

Maintenance Costs. In Figures 2 and 3 the total
maintenance level of effort over the system life
under policy Q is a function of the product of the
frequency of maintenance (proportional to 1/t) and
the improvement in condition I each time mainten-—
ance is performed. The costs of different main-
tenance policies may then be computed by calcula-
ting the costs to accomplish respective improve-
ments I, discounting these at an appropriate rate
according to their projected time of occurence t,
and summing the discounted totals for each policy
alternative.
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From our discussions earlier, the units of mea-
sure of system condition C, and therefore of the ex-
tent of improvement I, may be in terms of service-
ability indices, damage indices, or road response
indices. Regardless of the measure of I employed,
however, it is obvious that an improvement in condi-
tion must be accompanied by the correction of a cer-
tain amount of damage, whether for example in square
feet of pavement cracking filled, lineal feet of
guardraill straightened, number of signal lamps re-
placed or lineal feet of drainage lines cleaned.

The explicit measure of damage corrected we will
call the maintenance workload W. In mathematical
terms, then, an improvement in condition I implies
a particular maintenance workload W, or I » W. (In
some cases the units of I and W may be identical.
In others a function must be identified relating I
and W.)

Maintenance workload provides the basis for es-
timating maintenance costs, as shown in Figure 4,

To a given workload may be applied a production rate
(e.g. average number of damage units repaired per
day) to obtain overall crew time requirements.
Workload and crew time may be translated into re-
sources consumed (manhours, equipment hours,
materials quantities) through unit labor, equipment
and materials usage (e.g. number of laborers or
pleces of equipment per crew, materials quantity
required per unit of damage), all a function of the
maintenance technology employed. Finally, resource
requirement may be multiplied by the respective unit
costs of labor, equipment and materials to obtain
total maintenance costs desired.

The relationships in Figure 4 point to the sup-
ply side of maintenance, and are thus similar to
models employed in contemporary maintenance manage-
ment systems discussed earlier in this paper. The
difference between the two approaches (that in
Figure 4 versus exlsting models) is in the estima-
tion of the workload itself. Whereas existing
models predict workload (or some proxy for workload)
directly from past experience, in Figures 2 and 3 we

Figure 4. Calculation of the maintenance costs.

MAINTENANCE
WORKLOAD
MAINTENANCE
PRORR%ION sy T
REQUIREMENTS
UNIT LABOR, MAINTENANCE
EQUIPMENT, AND = RESOURCES
MATERIAL USE CONSUMED
UNIT TOTAL
COSTS OF [—————=>| MAINTENANCE
RESOURCES COSTS
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have predicted it based upon demand-side considera-
tions of system condition and maintenance policy.
The separation of demand-side and supply-side con-
tributions to maintenance costs (represented by
Figures 2, 3, and 4 respectively) 1s a particularly
valuable management capability where, as identified
at the beginning of this paper, several aspects of
highway maintenance and operation are changing
simultaneously.

For example, the demand-side relationships in
Figures 2-3 account for not only variations in
maintenance policy, but also for the effects of
higher (perhaps unforeseen) traffic volumes and
weights, unusually adverse weather conditions, and
changes in highway design and construction stan-
dards. For a given maintenance policy the contri-
butions of these effects to maintenance costs are
transmitted via changes in the maintenance workload.

On the other hand, the supply-side relation-
ships in Figure 4 account explicitly for changes in
maintenance technology, work practices, supervisory
requirements, crew productivity, and unit costs of
maintenance resources. The contributions of these
factore to total maintonance Costs are superlimposed
upon, but independent of, the costs attributable to
total workload arising through maintenance demand.

Maintenance Impacts

Better maintenance policies will generally cost
more. In evaluating the merits of different
policies, therefore, one cannot look only at the
costs incurred, but must also judge whether what
is gained under higher quality standards is worth
the additional dollars spent. Fortunately, the
process of predicting the impacts of maintenance
is directly compatible with the demand-responsive
concepts introduced in Figures 2-3 earlier. The
mechanics of assessing maintenance impacts are
illustrated in Figures 5-8.

The relationship needed to predict maintenance
impacts is illustrated schematically in Figure 5.
The measure of road condition shown on the ab-
cissa 1s identical to that discussed in Figures 1-3.
Consistent with other aspects of our example,
maintenance impacts are shown in very general form
on the ordinate. These impacts may in fact en-—
compass diverse results of maintenance performance,
such as the contribution to remaining road life,
decreases 1in user operating costs, and increases in
motorist safety and convenience. (For simplicity
we assume, both in Figures 5-7 and in the discus-
sion below, that maintenance impacts are cast in
the form of relative benefits. However, they may
also be represented as disbenefits as for example,
in added congestion costs due to road occupancy
for maintenance. The conceptual approaches to both
benefits and disbenefits would be similar.)

As before, the condition denoted by the quality
standard Q defines the threshold at which main-
tenance will be performed; Q is a control variable
expressing maintenance policy. In Figures 2-3 it
was assumed that the system condition does not
fall below Q. From Figure 5, then, the minimum
level of impacts that can be experienced in the
road system is Bg, and the points lying within
the hatched area denote conditions and impacts that
should be absent within a road system subjected to
a quality standard Q.
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Figure 5. Determining maintenance impacts under a
demand responsive approach: malntenance impact
relationship.
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Performing maintenance will improve the system
in some sense, thereby also providing positive im-
pacts to the road agency or the motoring public.
Figure 6 illustrates this for the case of modest
maintenance improvement Ij; and Figure 7, for a
more substantial improvement 12. (Refer to Figure 3
for illustrations of different levels of maintenance
improvement.) Both of these improvements are gauged
from the same quality level Q. On the other hand,
Figure 8 illustrates the effects on maintenance im-
pacts of varying both the quality standard Q and
the associated level of improvement I.

Figure 6. Determining maintenance impacts under a
demand responsive approach: benefits from mainten-
ance.
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Figure 7. Determining maintenance impacts under a
demand responsive approach: greater benefits from
increased maintenance.
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The benefits of maintenance accrue among sev-
eral aspects of highway structure and operation.
We have chosen three major areas of impacts --
preservation of the road investment, user travel
and operating costs, and safety -- for initial
investigation under a research project for FHWA.
Others could also have been chosen -- highway
aesthetics or environmental effects, for example.
The point is that some, but not all, maintenance
impacts can be reduced to monetary bemefits. This
fact in turn implies a need for a multidimensional
analysis of maintenance impacts above and beyond
traditional approaches such as benefit-cost compari-
sons.

Another point has to do with the magnitude of
benefits received for a given improvement in road
system condition. This relationship depends upon
the shape of the impacts vs. road condition func-
tion, which we have hypothesized in Figures 5-8 to
take the form of an S-curve. The assumption here
is that the marginal benefits of maintenance per-
formance are greatest within some mid-range of
highway system condition. If the system has
deteriorated completely, then virtually nothing is
to be gained by doing modest amounts of mailnten-
ance; wholesale repairs, overlays, and rehabili-
tation are needed instead to restore more favorable
impacts. On the other hand, performing excessive
maintenance can lead to diminishing returns. In

Figure 8. Maintenance impacts under different
quality standards and levels of improvement.

A. Maintenance improvements under higher quality
standards.
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such cases, the costs of providing this very high
degree of maintenance may be questioned, particu-
larly if the reallocation of malntenance dollars
among other maintenance activities (or road sec-
tions) presents the possibility for greater mar-
ginal benefits.

Management Implementation

The concepts embodied in Figures 1 through 8
collectively define a management approach to
evaluating future maintenance policies or strate-
gies. Organization of these ideas within a unified
structure is shown in Figure 9, whose key elements
are summarized below.

Annual maintenance is viewed as a demand-
responsive operation; that is, a function of the
demand accumulated in the highway system in a given
year. This deterloration can be estimated from the
initial condition of the system (i.e. its as-
constructed quality), its rate of deterioration over
time, and past maintenance performed. Beyond these
physical conditions, however, maintenance workload
requirements are also subject to policy decisions
detining the type, location, and extent of work to

Figure 9. Approach to demand-responsive mainten-
ance management.
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be provided. Maintenance policies are expressed
through quality standards specified for the set

of maintenance activities over all sections of the
road system. Elements of this demand-responsive
methodology were introduced in Figures 1-3 and are
summarized in the top half of Figure 9.

For a given strategy the estimated maintenance
workload may then be costed according to the pro-
cedures set forth in Figure 4. At the same time,
the simulated accomplishment of this maintenance
will improve the condition of the road system,
generating a set of maintenance impacts as envi-
sioned in Figures 5 through 8. The calculation of
costs and impacts of a given strategy are thus seen
as parallel computations in Figure 9.

Maintenance policy evaluation entalls a com-
parison of both relative costs and relative impacts
between the strategy under consideration and other
maintenance and investment options available. If
maintenance impacts could be reduced completely to
monetary units, then techniques such as benefit-
cost or net-present-value analyses could be applied
to determine the optimal strategy. However, in the
more general case where impacts are multidimen-—
sional, it hecomeg difficult to state vhat the

"best" maintenance strategy should be. We have

AND REITERATE

QUALITY ROAD CONDITIONS
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MAINTENANCE
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therefore suggested in Figure 9 an iterative ap-
proach, wherein the results of one strategy can be
analyzed to suggest further options more favorable
in terms of costs, impacts, or both. By adjusting
quality standards through successive trials, main-
tenance managers can identify a maintenance policy
encompassing acceptable (or at least non-objection-
able) costs and impacts. Although this procedure
requires a subjective assessment of the impacts
of different strategies, its value lies in the
fact that the consequences of performing or,
alternatively, deferring different highway mainten-
ance activites are explicitly spelled out (with
costs) for each maintenance policy considered.
Broadly speaking, the approach in Figure 9 may
be applied to address two types of situations. The
first situation would be to constrain the values
of the impacts desired -- in other words, to estab-
lish some range of road system benefits that must
be sustained through maintenance and rehabilitation,
and not to allow the road system to degrade below
the established threshold. Through the iterative
procedures in Figure 9 one could infer both the
maintenance policies and costs necessary to accom-
plish this target level of service. The second
type of situation would be to constrain costs --
in other words, impose a budget limitation. The
iterative methodology in Figure 9 could again be
applied, this time to vary maintenance policies to
attempt to maximize (in a subjective sense) favor-
able impacts while remaining within the cost ceil-
ing.

Applications

The demand-responsive concepts above are now the
subject of research, to formulate them within models
of practical use in maintenance policy planning and
management. Two projects are worthy of note.

The first project, completed in 1978, involved
the design and development of a statewide highway
maintenance management system for the Commonweath
of Massachusetts. Included within this system is
a budgeting component to enable the state to pre-
dict maintenance work requirements and costs one to
two years hence, for submission as part of the
state's routine process of legislative fiscal re-
view and approval. This budgeting system is unique
in that it employs numerical quality standards as
expressions of maintenance policy, and analytic pre-
dictions of resulting system conditions and main-
tenance impacts. The relevant models were devel-
oped in preliminary form for the 50-odd activities
to be managed under the system, and are described
in (2). Massachusetts is now completing its collec-—
tion of road inventory data and maintenance unit
cost and production information necessary to imple-
ment the budgeting procedure.

As a follow-on to the Massachusetts work, we
are now conducting a DOT University Research Project
through FHWA to formalize the concepts of demand-
responsive maintenance predictions and to derive
generalized models of deterioration and of main-
tenance impacts, with associated quality standards,
for the activities listed in Table 1. Models will
be developed in analytical form suitable for inclu-
sion in maintenance planning or management systems
if desired.
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Table 1. Candidate activities for FHWA study.

1. ROAD SURFACE

- Flexible Pavement Patching
— Rigid Pavement Crack and Joing Sealing
- Flexible Pavement Overlays

2. ROADSIDE AND RIGHT OF WAY

— Clean, Reshape Ditches
- Litter Pickup

3. TRAFFIC SERVICES

- Pavement Lane and Edge Shaping
- Relamp Signals

4. STRUCTURES (Conditional)
- Deck Repair
5. APPURTENANCES (Conditional)

— Repair Guardrail

As examples of the types of models proposed,
Figures 10 and 11 give two examples drawn from
our earlier Massachusetts work, showing respec-
tively deterioration and impact models for the
activity of placing thin surfacings to improve
pavement skid resistance. Figure 10 shows plots of
exponential functions relating decline in average
skid number (ignoring seasonal effects) to cumula-
tive traffic levels. The families of curves illus-
trate sensitivity of the model to calibration para-
meters included in the exponential relationship.
Similarly, Figure 11 illustrates the projected
effect of the decline 1n average skid number on the
ratio of wet accidents to total accidents. Again,
the family of relationships is attributable to the
calibration parameters employed (Note that the "B"
term in Figure 11 is different in meaning from
that in Figure 10). The quality standard in this
case is expressed as the minimum acceptable skid
number that is to be allowed. Analogous models and
standards were developed for other pavement and
highway maintenance actilvities as well.

The DOT University Research Project with RHWA
is scheduled to be completed in June 1981.
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Figure 10. Skid relationship.
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as function of skid number.
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Foreword

A Workshop on Maintaining the Maintenance Management
System was held July 6-8, 1980, at Hilton Head,
South Carolina, and was the fourth in a series of
maintenance management workshops. The workshop was
cosponsored by the American Association of State
Highway and Transportation Officials (AASHTO), the
South Carolina Department of Highways and Public
Transportation, the Federal Highway Administration
(FHWA) , and the Transportation Research Board.

The Iowa Maintenance Study in 1961 led to what
has come to be called maintenance management.
Several states and Canadian provinces initiated
comprehensive research programs leading to the first
workshop at Ohio State University in 1968. The
purpose of the workshop was to provide an
opportunity for states to compare notes and to learn
about this new development. Emphasis was on work
measurement, planning and scheduling, and reporting
of work accomplishment. The proceedings were
published in HRB Special Report 100.

By 1970, maintenance management was in widespread
use; the workshop that year at the University of Il-
linois emphasized problems encountered in implement-—
ing performance standards and reporting systems, es-
tablishing maintenance 1levels, and organizational
structure and training. The proceedings and related
papers were published in Highway Research Record 347.

During the next five years the extent of
maintenance needs was delineated through the
maintenance management system, and it became obvious
that many legislative bodies were not allocating
adequate resources to maintenance. In 1975, a third
workshop was held in Las Vegas, Nevada; its focus
was on the interface between maintenance managers
and such decision makers as budget and fiscal
managers, system analysts, and personnel analysts.
Proceedings were not published.

Presentations published in this Transportation
Research Record represent a combination of reports
reflecting the experience of participants involved
in managing mature systems, refinements for
components of maintenance management systems, and
concepts that are just beginning to attract the
attention of maintenance managers to whom this
report is addressed.

Quality standards are fundamental to any
maintenance management system and discussions of the
subject have been included in all of the workshops.
To date, no one has established a way of providing
objective quality standards; however, improvements
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are continually being made. Two  sophisticated
approaches (as compared with those reported in
earlier workshops) are herein put forth. Ram B.
Kulkarni outlines a procedure that uses decision
analysis that has been tested on an experimental
basis for two maintenance elements. Work is
continuing and maintenance managers are encouraged
to monitor future developments closely. In a second
report, Michael J. Markow describes the development
of models of practical use in maintenance policy
planning and management. The example cited
illustrates the use of data to provide factual
guidance to making objective decisions; however, at
this stage of development managers must be
imaginative and innovative because procedural
manuals do not yet exist to guide analyses of this
type. It is hoped that this work will spur efforts
in the area to the end that practice manuals can be
prepared.

The second session on measuring performance also
introduces a number of advanced or new concepts.
Pavement maintenance management, a subsystem of
pavement management, is hampered by the difficulty
of acquiring suitable maintenance data and of
relating data to performance. Photographic or
television imagery provides an enormous amount of
data at very low cost but extraction of pertinent
data is very difficult; hence, only limited use is
being made of the material. ‘Thecdore H. Poister's
effort in his report on an initial stage of a study
has a broader aim than use of performance indicators
as a tool for fairly allocating funds to districts
(the primary use in the pioneering Chio work). He
envisions it as a tool to review progress and trends
in the provision of transportation services, for
budget justification, for in-depth program evalua-
tion and program analysis, to encourage employee mo-
tivation, to assess the performance of contractors,
to provide gquality control checks on efficiency mea-
surements, and to improve communications between
citizens and government. For example, given the
overall objective of fast, safe, and efficient high-
way transportation, the most straightforward mea-
sures of effectiveness would relate to the costs in-
curred by users, and accident rates; travel times
and maintenance expenditures should be reflected

therein.
Another concept in the forefront of modern
management is simulation. James Pruett's paper

describes the development of a mathematical model



that provides highway maintenance engineers with a
computer-aided laboratory in which to test and
evaluate various alternative courses of action.
This innovative work also requires imagination by
maintenance managers, but the lack of handbooks will
probably inhibit immediate and widespread acceptance
of the concepts presented.

Finally, risk assessment is an inherent
responsibility of management. For example, what is
the risk of an accident if a maintenance crew
assigned to fixing a pothole neglects replacement of

vii

a crash attenuator? Attempts are being made to
place values and to make an assessment of risk to
aid managers toward soundly based decisions. A
large storehouse of knowledge exists on risk
assessment procedures, but very 1little of this
knowledge has been adapted for use by maintenance

managers.

Financial support from the National Highway
Institute (FHWA) for the workshop and for
publication of the proceedings is gratefully

acknowledged.
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REMARKS BY SECRETARY WILLIAM N. ROSE,
FLORIDA DEPARTMENT OF TRANSPORTATION

I am pleased to be here today. I could stretch
a point and tell you that I am surprised any of us
are here —-- or that this meeting is being held.

It was not to long ago, in 1965, that I attended
a Highway Research Board meeting in Washington for
the specific purpose of learning about the develop-
ment of maintenance management systems in the State
of Virginia and in the Province of Ontario. At that
Research Board Session the Maintenance Committee
was discussing whether or not to proceed with
research aimed at developing maintenance management
concepts that could be applied in all state highway
agencies. Following a very professional presenta-
tion by the Virginia Department of Highways, I was
convinced that the highway maintenance management
practices being developed by the Virginia Department
in its research project were applicable to the
management problems faced by maintenance engineers
throughout the country. These practices seemed to
hold a potential to effectively improve the
utilization of resources applied to highway
maintenance.

The second part of that meeting involved lengthy
explanations by state highway maintenance engineers
representing several of our largest states explain-
ing why maintenance operations could not be managed
in the manner proposed by proponents of the Virginia
research findings. Unpredictable weather, unantici-
pated damage caused by accidents, fluctuating
seasonal conditions, and other unanticipated demands
on state maintenance forces were factors which
rendered highway maintenance impossible to manage--
planned quantities of work supported by planned
allocations of resources -- manpower, equipment,
and materials. It was simply assumed by many of
the senior members of the maintenance committee
that the need for maintenance forces to react to
unusual and unanticipated conditions could not be
accommodated in a management system.

Fortunately, maintenance management research did
continue. State after state developed and imple-
mented maintenance management practices. Now
virtually every state in the union has applied some
malntenance management concept to highway mainte-
nance operations. In 15 short years, the highway
industry has come from a position of skepticism to
the situation we find ourselves in today —- our

problem is not, if management systems are needed,
but how can we refine and improve current mainte-
nance management systems to make them more effective.
If the program for this series of meetings at Hilton
Head was distributed at that Highway Research Board
meeting 15 years ago, I am sure all of us would have

been barred from the meeting. I might add that

those states most vocal in their opposition to
maintenance management concepts being applied in
state highway agencies at the 1965 meeting are all
represented here today -- as a matter of fact, some
of them are recognized as leaders and innovators in
development and implementation of their management
processes.

I have been involved in helping state, county and
city public works agencies improve management prac-
tices for the past twenty (20) years. I have
enjoyed being involved with several agencies in
helping to develop highway maintenance management
systems., New ldeas are developing every day.

There is a trend developing that I expect most of
you know about. It would be inappropriate not to
mention that trend as we begin our meetins this
week. Our ability to define the quantities of work
necessary to adequately maintain highways and to
allocate resources for the accomplishment of those
activities has enabled every state to improve the
utilization of scarce resources -- manpower,
equipment, and materials purchased with hard to
come by tax dollars. That capability not only
permits us to better utilize state resources, it
permits state highway agencies for the first time
to effectively develop contracts that will permit
performance of routine maintenance services by
private contractors. Several public agencies
around the country have elected to perform all of
their public works maintenance services by private
contract and have enjoyed a 15 to 30 percent reduc-
tion in the costs of performing those services with
public forces. This same productivity improvement
opportunity exists for every state highway agency.

In Florida we are embarking on several demonstra-
tion projects to establish the criteria for
switching from state force to private contract.

The first bids for selected maintenance activities
were opened this past April. Bids, after being
adjusted by adding a 31 percent overhead and



supervision factor, were about 15 percent less than
the cost of performing the same work with state
forces.

While preliminary indications are that costs can
be reduced by 15 percent -- T expect even greater
improvement as the demonstration projects develop
more data and department engineers develop more
effective contracting techniques. Similar projects
are underway in Pennsylvania where the Department
of Transportation is contracting for the manage-
ment of highway maintenance forces.

I think we are at the same point today in the
development and acceptance of the concept of
contracting for maintenance services that we were
in 1965 when we were considering applications of
maintenance management practices to highway
maintenance work. Fifteen (15) years from now, the
concept of doing most maintenance work by private
contract will be accepted throughout the country.

State highway agencies have developed a very
effective contracting system for the construction
or new highways. We have excellent plans, special
provisions, specification and contract wording
coupled with an ewcellent contract admimlstration
and construction inspection system that ensures
performance of contract construction according to
specification. As we develop a similar capability
to define maintenance contracts and to administer
and inspect contract maintenance work, we will be
organizing to perform highway maintenance just as
we now do for highway construction -- developing
a force of highly qualified engineers, technicians,
and administrators to oversee work by private
enterprise.

I'd like to propose that this committee seriously
consider the conduct of further research to develop’
those practices necessary to effectively design
and administer maintenance contracts. Let's meet
back here again in 15 years and see if we haven't
made as much progress in performing maintenance
work by private contract as we have in the past
15 years in developing and implementing highway
maintenance management systems.
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REMARKS BY DEPUTY FEDERAL HIGHWAY ADMINISTRATOR
JOHN S. HASSELL, JR., BEFORE THE NATIONAL RESEARCH
COUNCIL, HILTON HEAD, SOUTH CAROLINA, JULY 7, 1980

Tt is indeed a pleasure for me to be here and
to discuss highway maintenance and some of the
challenges we are facing in this area. I want to
thank the Transportation Research Board for holding
this workshop and inviting me to speak to you today.

These are times of inflation and energy short-
ages, a combination that serves to make our efforts
in the maintenance of our highway system a demanding
task. We have been asked to carry out our goals
of preserving the Nation's highway systems, and
providing for their safe and efficient use, at the
same time that we have been faced with reduced
budgets and, in many cases, manpower reductions as
well. The present decrease in motor fuel tax
revenues, coupled with spiraling inflation,
compounds the highway maintenance situation.

These are not new problems, by any means.

Mr. Francis Turner, former Director of the Bureau
of Public Roads, said to the Highway Research

Board in 1968: "As in the past, there will in the
future be just so much money available for highway
purposes, and any dollar wasted on inefficient
maintenance practices is a dollar deducted from the
funds available for new facilities."

We have the same problems today. In fact,
highway maintenance has now become a major issue
and we are facing a highway program for the 80's
that will be restructured to preserving the highways
we already have.

FHWA's Interest in Highway Maintenance

Although legislative restraints prohibit the
use of Federal funds for highway maintenance, the
FHWA has a deep interest in seeing that the highways
are properly maintained because of the tremendous
Federal investment in construction of these road-
ways. Indeed, Title 23 states in Section 116,

"It shall be the duty of the State highway depart-
ment to maintain, or cause to be maintained, any

project constructed under the provisions of this

chapter . . ." and "If at anytime the Secretary
shall find that any project constructed under the
provisions of this chapter, . . ., is not being

properly maintained, he shall call such fact to the
attention of the State highway department. If
within 90 days . . such project has not been put
in proper conditions of maintenance, the Secretary
shall withhold approval of further projects of all
types in the entire State . . .'" Congress and

the FHWA view maintenance very seriously.

The States have also shown their interest in
the proper maintenance of the highways by placing
increasing amounts of their funds into maintenance.
The 1980 Highway Needs and Performance Study is
finding that State disbursements for maintenance
have kept pace with, and in many States, exceeded
the rate of cost increases. In fact, maintenance
is the one area of the highway program where
expenditures have remained stable in constant
dollars.

However, Congress is still very concerned and
in the Surface Transportation Assistance Act of
1978 Congress required guidelines for Interstate
Maintenance. As a result of the 1978 Highway Act,
the FHWA has recently issued a regulation that
requires State highway agencies to submit an initial
plan to explain how they are going to manage their
Interstate Maintenance program by July 25. These
reports will include a discussion of the State's
method of program management, including copies of
operating documents, and a general description of
the resources and activity levels the State intends
to devote to meeting the stated objectives in each
cited element.

The law also requires an annual certification
by the State that it does have an Interstate
Maintenance program and that it's routes are being
maintained in accordance with that program. Each
year the State will be required to update its
initial program and provide information to FHWA on:
condition of interstate routes and deficiencies,
maintenance priorities, maintenance budget and
exceptions and/or revisions to the initial sub-
mission.

The regulation provides for sanction procedures
whereby the Secretary of Transportation can reduce
the State's Interstate apportionment by 10 percent
for failure to certify as required or if it has
been determined that the State is not adequately
maintaining its Interstate routes in accordance
with its own maintenance program.

Allow me to illustrate a few of the problems
that we now face in the Interstate System which
have major implications for maintenance.

The designated 42,500 mile Interstate System
deteriorated from 1975 to 1980. During this period,
pavement conditions changed from 4 percent of all
mileage needing rehabilitation or reconstruction to
13 percent needing resurfacing and 13 percent of all
bridges on the Interstate System are deficient. 1In
addition, an average of 2,000 miles (or 4.77% of the




total system) is reaching its 20 year design age each
year. Federal Interstate completion and Interstate 3R

funds (including the Interstate 10 percent state match)

now account for about 98 percent of all capital
improvements on the Interstate System. This means
that States are using virtually none of their other
Federal (such as Primary System) or State-only
funds for Interstate Resurfacing, Restoration, and
Rehabilitation (I-3R) work. The updated pavement
and bridge deck needs were estimated at $20.1
billion (in 1979 dollars) for the 1l0-year study
period in comparison to the previous estimate of
$18.5 billion (in 1975 dollars) for a 20-year period.
Since the earlier study, in 1975, over $500 million
has been obligated for 3R projects. Overall, the
study indicates an average annual nced of about
$2.0 billion whereas the 1977 study showed an
annual need of $0.9 billion (in 1975 dollars).

With these conditions, the financial situation
all Government agenciles are facing and the
congressional direction we have, I believe you can
see why the FHWA is very concerned about maintenance.

However, much more than concern is needed if
we are to address the highway maintenance problem.
We have become increasingly aware of the need to
properly manage the highway systems thenselves.
Thie need we have categorized under the title of

Pavement Management (PM), and have divided it into

six major categories: planning, design, construc-
tion, maintenance, pavement monitoring and research.

Effective PM involves the use of feedback of
information on pavement performance, pavement
maintenance, pavement rehabilitation activities,
and the cost of providing and maintaining pavements.
Our goal must be to improve the process of coordi-
nating and managing all activities related to
pavements to reduce the life-cycle cost for provid-
ing and maintaining pavements in a serviceable
condition.

Most States have adopted the concept of
maintenance management to improve the productivity
in highway maintenance through effective planning,
scheduling, reporting, monitoring, and budgeting
of maintenance activities. The States have
developed the tool to use this management philosophy
either internally with their own foreces or through
the expertise of a consultant.

Ongoing and Future Activitics

The FHWA has over the years participated, at
the request of the States, in research to develop
maintenance management systems in order to increase
maintenance productivity and utilize resources more
efficiently. An effective Federal/State relation-
ship in the area of highway maintenance has resulted
principally due to the States' and FHWA's keen
interest in improved management and the cooperative
attitude both agencies have.

We are fortunate in that so many State highway
agencies recognize that pavement maintenance can
significantly affect pavement performance. The
maintenance required to keep a pavement above some
planned serviceability threshold is a measure of
the effectiveness of pavement managemerit in
programming, design and construction quality. In
this vein, maintenance activities and expenditures
provide essential feedback into the programming,
design, and cdnstructioq of new pavements.
Maintenance must be carefully planned and implement-
ed to include proper reporting and easy data
retrieval.

One of our most meaningful contributions to the
systematic management approach to highway maintenance
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has been the Introduction of the concept of Value
Engineering. This concept is simply the systematic
application of recognized techniques that identify
the function of a product or service, establish a
dollar value for that function, and reliably provide
the necessary function at the lowest overall cost.

One of the major steps leading toward increased
value-for-dollar maintenance techniques has been -
that of increased mechanization of maintenance in
order to iIncrease productivity. Multiple-use
equipment has been introduced to reduce fleet sizes
and it quickly became evident that keeping downtime
to a minimum was the one way to ensure adequate
return on investment.

Problems with downtime, which is actually
maintenance time for the equipment, quickly gave
rise to the equipment support system. Guided by
input from the various State highway maintenance
organizations, the FHWA awarded a research project
concerning equipment management. The input from a
dozen or so States was analyzed and a design manual
for an equipment management system resulted.

On-site surveys of the equipment management and
functions in 9 States included ewaluation of ewict-—
ing systems and system elements and the documenta-
tion of management practices. Equipment managers
and users at all levels were interviewed as part of
the program to determine how to improve equipment
management information and operations. On the basis
of these surveys, common equipment management
objectives, based on apparent levels of demand for
equipment services, structures, or equipment cost,
and opportunities for management improvement were
established.

In other areas of maintenance research bridges,
have come under detailed maintenance studies, and
over the past 2 years we have been working with the
AASHTO Highway Subcommittee on Maintemance in the
development of a guide for bridge maintenance
management. Its purpose is to provide a summary of
current successful management techniques, bridge
maintenance specifications and work standards that
various State highway agencies use and it will
provide guidance for all bridge maintenance personnel
in managing the structure maintenance program. The
concept of a preventive maintenance program for
bridges is stressed in order to protect the costly
capital investment.

As we have developed our maintenance management
concept, we began to assist the States in promoting
maintenance management through a program of process
reviews for highway maintenance management. The
objective of these process reviews is to evaluate
the management process of the State highway agencies
maintenance program to better understand the
development of effective and adequate maintenance
programs for highway facilities. To further
demonstrate our interest in the management of"
highway maintenance by a systematic approach, FHWA
headquarters and division offices have sent qualified
representatives to various State highway departments
to receive training in maintenance manageément with
the intent of having these persons handle future
process reviews.

Closing

I think you can see from what I have said that we
in FHWA are vitally interested in all phases of
this important subject-and these programs, and
others that are planned, are but a part of our
efforts to improve the maintenance management system
and the quality of highway maintenance.

I am happy to note that the workshop will address
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many major issues of highway maintenance and I wish
you a full and complete program. I expect that many
of you will contribute as much to the discussions

as you learn and that all of you will benefit from
the sessions.

I feel confident this workshop will give you
insight into techniques to maintain the management
system. There 1s a great need to preserve the
system with refinements due to the shortage of
precious highway dollars. The results of this
workshop should help all States to accomplish better
and more cost effective maintenance.
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A SYSTEMATIC PROCEDURE FOR THE DEVELOPMENT OF MAINTENANCE LEVELS OF SERVICE

Ram B. Kulkarni, Kamal Golabi, Fred N. Finn and
Rubin Johnson, Woodward-Clyde Consultants

One of the basic requirements for the proper
management of highway maintenance activities

is the establishment of maintenance levels-of-
service, 1.e., at what levels or conditions
should a maintenance activity be initiated. A
systematic methodology was developed for deter-
mining the maintenance levels-of-service that
would maximize the user benefits subject to the
constraints of available resources. This paper
describes a demonstration of the methodology for
two maintenance problems in a state.

The necessary inputs for the methodology were
obtained from the data base of information
currently available to the state transportation
department. The data base included information
available in the literature, studies conducted
within the department, information available from
maintenance management systems, and experience
and judgment of knowledgeable individuals within
the department. Results of the analysis pro-
duced levels-—of-service that were intuitively
satisfactory. Sensitivity analyses were con-
ducted to determine the impact of conditions

such as budget cuts and changes in the relative
welghts of different considerations on the deter-
mination of optimum levels-of~service.

While the demonstration phase of the project was
limited to two problems, the results indicate
that the methodology can work and should be
implementable by state agencies.

Maintenance levels-of-service are defined as
threshold conditions at which maintenance is con-
sidered to be needed. As such, these levels-of-
service will influence work scheduling requirements,
resource allocations and work priorities, Selection
of the maintenance levels-of-service is influenced by
a number of considerations such as safety, comfort,
protection of investment, environmental impact, and
aesthetics.

At the present time there is no systematic,
structured procedure for establishing maintenance
levels—of-service or to adjust such levels when
resources are constrained or increased. Woodward-
Clyde Consultants has completed a study for the

National Cooperative Highway Research Program (NCHRP)
to develop a methodology for establishing levels-of-
service based on well documented principles of
decision analysis.

The purpose of this report is to describe the
methodology by means of a demonstration of the proce-
dures for two malntenance problems in the state of
Louisiana.

In order to facilitate the description of the
procedures the following terminology has been estab-
lished.

1. Maintenance Element - a part of the highway
system that requires maintenance (e.g., traveled-way,
roadside, drainage, traffic services).

2. Maintenance Condition - a deficient condition
of a maintenance element that needs to be repaired
or corrected (e.g., cracking and rutting--for
traveled-way; grass growth and litter and debris--
for roadside).

3. Maintenance Activity - work required to
repair or correct a maintenance condition (e.g.,
filling=-for cracking; mowing-~-for grass growth).

4. Level-of-Service (quality standard) - thresh-
old deficiency level of a maintenance condition that
should trigger an appropriate maintenance activity
(e.g., grass should be mowed when it 1s 12 inches
high; a drainage ditch should be cleaned when 50 per-
cent of its area is blocked).

5. Considerations - the factors used in evalu-
ating the performance of maintenance elements (e.g.,
safety, riding comfort, economics, aesthetics).

6. Attribute - a numerical scale for measuring
the effect on a given consideration (e.g., frequency
of accidents--for safety; roughness--for riding
comfort).

Approach

The methodology to select maintenance levels-of-
service involves the following steps:

1. Structuring the problem.

2. Estimation of the effects of alternative
maintenance levels-of-service on various considera-
tions (e.g., safety, aesthetics).

3. Evaluation of the effects of alternative
maintenance levels-of-service.
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4. Determination of the optimum combination of
maintenance levels-of-service,

5. Sensitivity analysis.

6. Recommendations.

A computer program ASOP (acronym for Algorithm
for the Selection of Optimum Policy) has been written
for implementation of all calculations required by
the methodology.

Structuring the Problem

The following tasks are involved in structuring
the problem:

1. Select maintenance elements (e.g., shoulders,
pavement) .

2. Select maintenance conditions (e.g., edge of
traveled-way drop-off) for each maintenance element
(e.g., shoulders).

3. Specify alternative levels-of-service for
each maintenance condition.

4, Select considerations (e.g., safety) for each
maintenance element (e.g., shoulders).

5. Select attributes (e.g., percentage of drivers
who cannot recover) for varlous considerations (e.g.,
safety).

6. Identify the maintenance conditions (e.g.,
edge of traveled-way drop-off) which affect each
attribute (e.g., percentage of drivers who cannot
recover).

The implementation of the above tasks in Louisiana
is described below.

Select Maintenance Elements

For the demonstration example, two maintenance
elements—-shoulders and roadside vegetation--were
analyzed.

Select Maintenance Conditions for Each Maintenance
Element

For shoulders, the edge of traveled-way drop-
off 1s the maintenance condition of concern.

For roadside vegetation, the maintenance condi-
tions of concern may include grass growth, weed
growth, and brush and tree growth. The discussions
with the Louislana landscape specialist indicated
that a combined mowing and herbicide spraying pro-
gram is used for the maintenance of roadside vegeta-
tion.

Select Alternative Levels-of-Service for Each Main-
tenance Condition

The following procedure can be used to gener=-
ate alternative levels-of-service. The department
specialists for a given maintenance condition are
asked to assume that there are no constraints of
resources (dollars, manpower, etc.) for the parti-
cular maintenance condition under consideration.
How would the specialists improve the level-of-
service for that condition? Discussion of this
question would provide a level-of-service which is
generally higher than the current level-of-service
used by the agency. Next, the specialists are told
that there are moderate and severe budget cuts,
successively for the maintenance condition. 1In
order to accommodate the budget cuts, a reduced
level-of-service would have to be adopted. How

would the agency reduce the level-of-service in

each case? Responses to this question would generate
two levels—of-service which are generally lower than
the current level-of-service. If it is meaningful

in practice, some intermediate levels=-of-service may
also be considered.

At the conclusion of this step, a spectrum of
alternative levels-of-service ranging from the
highest (ideal) to the lowest (barely tolerable) are
generated., Table 1 shows the alternmative levefq—of-
service selected for edge of traveled-way drop—off
and vegetation growth.

Table 1. Alternative levels-of-service for mainten-
ance conditions of given malntenance ele-
ments.

Maintenance Maintenance

element conditions Alternative levels-of-service

Shoulders Edge of (1) Repair when drop-off is l-inch.
traveled-way (2) Repair when drop-off is 2 inches.
drop=of f (3) Repair when drop-off is 3 inches.

(4) Repair when drop-off is 4 inches.

(5) Repair when drop-off is 5 inches.
Roadside Vegetation (1) Mow 500,000 acres and spray
Vegetation growth 120,000 acres annually.

(Mow full right-of-way before
grass reaches 8 inches.)

(2) Mow 300,000 acres and spray
120,000 acres annually.

(Urban area: mow full width
before grass
reaches 8 inches.

Rural area: mow 30 feet from
edge of traveled
surface after grass
exceeds 12 inches.)

(3) Mow 200,000 acres and spray
60,000 acres annually.

{Urban area: mow full width
after grass exceeds
18 inches.

Rural area: mow one machine
pass after the
grass exceeds 18
inches.)

(4) Mow 150,000 acres and spray
60,000 acres annually.
(Mow for safety only.)

For edge of traveled-way drop-off, the alterna-
tive levels-of-service were specified in terms of the
threshold amount of drop-off at which a shoulder
should be repaired.

For roadside vegetation growth, the current main-
tenance practice in Loulsiana consists of a combined
mowing and herbicide spraying program. It was,
therefore, appropriate to consider alternative
levels-of-service in terms of increased or decreased
amounts of mowing and spraying. Appropriate combina-
tions of numbers of acres mowed and numbers of acres
sprayed were selected in consultation with the
department specialists to represent four alternative
levels=of=service for controlling roadside vegetation.
For a proper understanding and implementation of the
levels-of-service in the field, it was also necessary
to specify for each level~of-service the threshold
height at which grass would be mowed and the width
of mowing. Since urban and rural areas present
different roadside environments, different provisions
for these areas were made under each level-of-service.



Table 1 shows the alternative levels-of-service for
roadside vegetation both in terms of (1) number of

acres mowed and sprayed and (2) threshold height of
grass and width of mowing for urban and rural areas.

Select Considerations for Each Maintenance Element

Considerations are the factors which affect
highway users through the choice of maintenance
levels-of-service for a given maintenance element.
With regard to maintenance of shoulders, safety and
preservation of investment appear to be the pertinent
considerations. Aesthetics and environmental pollu-
tion are the appropriate considerations with regard
to roadside vegetation maintenance. It should be
noted that even though economics (maintenance cost)
1s an important consideration, it is viewed as a
constraint on the system rather than as a user-related
consideration.

Select Attributes for Various Conslderations

Au aitribute is a numerical scaie for measuring

the effect of alternative maintenance levels-of-service
on a given consideration. Table 2 1lists the attributes

of various considerations for each maintenance element.

Table 2. Considerations, attributes, and maintenance
conditions affecting each attribute.
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sions, the specialists were asked to extrapolate the
avallable information to the real-world situation,
based on their experience and judgment.

Percentage of Drivers Who Cannot Recover

Assessment of the percentage of drivers who can-
not recover for given amounts of edge of traveled-way
drop-off was done in two steps:

1. What percentage of drivers will encounter the
drop-off problem (i.e., accidentally drive over the
edge of the traveled-way)?

2. Of the drivers who encounter the problem,
what percentage would not be able to make a normal
recovery?

Table 3 shows the results of the assessments. It
is acknowledged that some of the estimates may be
high. More time and background information would be
necessary to improve on these estimates of the impact
of various levels-of-service. The methodology, per
se, would not be affected by any changes in these
estimates.

Table 3. Effect of alternative levels-of-service of
edge of traveled-way drop-off on percentage
of drivers who cannot recover.

Percentage
Threshold Percentage of drivers Percentage
amount of drivers who cannot recover of drivers
Maintenance con- of edge of who drive over if they drive who
Maintenance ditions affecting traveled-way the edge of over the edge of cannot
element Considerations Attributes an attribute drop=off traveled-way traveled-way recover
Shoulders Safety Percentage of Edge of traveled- (a) (b) (c = ab/100)
drivers who way drop-off
cannot recover 15 0.01 0.0015
Protection of Percent change in  Edge of traveled- M 14 0.5 0.07
investment pavement rehabili- way drop-off
tion cost 3y 13 15 1.95
Roadside Aesthetics Index of pleasing Vegetation growth 4" 12 55 6.60
vegetation appearance
(4-point scale) Ly 10 90 9.0
Ecology Index of environ- Vegetation growth

mental pollution
(4-point scale)

Identify the Maintenance Conditions Which Affect Each
Attribute

The maintenance conditions affecting each attri-

bute are shown in Table 2.

Estimation of Effects of Alternative Maintenance
Levels-of-Service on Various Considerations

The effect of alternative maintenance levels-of-
service on a given consideration (e.g., safety) is
estimated in terms of the attribute of the considera-
tion (e.g., percentage of drivers who cannot recover).
The effects were estimated in Louisiana by interview-
ing the department specialists for given attributes.
To assist the specialists in the estimation, pertinent
information and data available in the literature were
reviewed with the specialists.

Because of limitations and applicability asso-
ciated with information in the literature it was con-
cluded that thils source could not be used directly

to establish the effects or impact of levels-of-service

on pertinent considerations. Based on these conclu=-

Percent Change in Pavement Rehabilitation Cost

High levels of allowable drop-off at the edge of
the traveled-way may require extra preparation work
on the edge of the pavement at the time an overlay is
applied. No quantitative information was found in
the literature to indicate the influence of edge of
traveled-way drop-off on the change in pavement re-
habilitation costs. Therefore, the specialists had
to rely on their experience and judgment to estimate
the amount of additional pavement work required prior
to an overlay as a function of the amount of edge of
traveled-way drop=-off.

Table 4 shows the assessment of percent change in
pavement rehabilitation cost for various amounts of
edge of traveled-way drop-off.

Index of Pleasing Appearance

The alternative levels-of-service for roadside
vegetation define a 4-point scale for the index of
pleasing appearance. It 1s reasonable to assume
that the levels-of-service incorporating higher
amounts of mowing and spraying would enable the
maintenance engineer to provide a more pleasing
appearance to the roadside.

[ ¥ |
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Effect of alternative levels~of-service of
edge of traveled-way drop-off on percent
change in pavement rehabilitation cost.

Table 4.

Percent change in pave-
ment rehabilitation cost

Threshold amount of edge
of traveled-way drop-off

kg 0

Vi 1
ki S
4" 12

58 15

Index of Environmental Pollution

The potential for environmental pollution 1is
a function of the amount of herbicide spraying.
The alternative levels-of-service for roadside
vegetation, which specify the number of acres
sprayed with herbicides, define a 4-point scale
for the index of environmental pollution.

Evaluation of the Effects of Alternative Maintenance
Levels~of-Service on Various Considerations (E.g.,
Safety, Aesthetics)

The objective of this step is to establish a
preference (value) structure for evaluating the
effects of alternative levels-—of-service on various
considerations, such as safety, aesthetics, etc. The
effects on the considerations are measured in terms
of the selected attributes. For example, for edge
of traveled-way drop-off the effect of level-of-
service on safety is measured in terms of the percent-
age of drivers who cannot recover.

The assessment of preferences involves two steps:

1. Assessing 1ndividual value functions of
different attributes. The objective of this step
1s to determine how much better (or worse) one level
of an attribute (e.g., percentage of drivers who
cannot recover = 5) 1s relative to another (e.g.,
percentage of drivers who cannot recover = 10).
assessment 1s best done by those individuals in a
state agency who are most knowledgeable with regard
to a given attribute.

2. Assessing value tradeoffs between different
attributes. If a decision problem involves multiple
attributes and limited resources, it may not be
possible to achleve the best levels of all the
attributes. The decision maker, therefore, is
required to think about how much he/she may be
willing to sacrifice on one attribute (e.g., aesthe-
tics) in order to improve another (e.g., change in
rehabilitation cost). These value tradeoffs deter-
mine the relative weights of the attributes. The
assessment of value tradeoffs should involve indivi-
duals who are responsible for setting and implementing
maintenance levels-of-service.

This

The first step was completed during meetings with
the department specialists with regard to edge of
traveled-way drop-off and roadside vegetation control.
The second step was completed during a group session
which involved maintenance engineers from both head-
quarters and the district offices. The details of
the specialists' meetings as well as the group
session are provided below.

Assessing Different Drop-Off Attributes With
Specialists

The objective of these meetings was to assess
relative values of different levels of the attri-
butes relevant to edge of traveled-way drop-off.
The attributes were: percentage of drivers who
cannot recover and percent change in pavement rehabili-
tation costs.

A general procedure used in assessing relative
values of an attribute involves the following steps:

1. A range for an attribute is selected such that
it would contain the highest and the lowest assessed
levels of the attribute. TFor example, the attribute
"percentage of drivers who cannot recover" had highest
and lowest assessed levels of 9 and 0.0015, respect-
ively (see Table 4). A range of O to 10 was, there-
fore, chosen for this attribute. Similarly, an appro-
priate range for '"percent change in pavement rehabili-
tation cost" was 0 to 35.

2. The end-points of the range of an attribute
are assigned arbitrary values, a common choice being 0
and 1. Then, a mlidvalue point on the range of the
attribute is assessed. To illustrate this procedure,
consider the attribute "percentage of drivers who
cannot recover.'" We denote this attribute by 8, and
its value function by V. (.). Values of 0 and 1l are
assigned to the end-points of 8,. Noting that lower
levels of 91 are more deslrable, we get

Vl(IO) = 0 and Vl(O) = 1.

Now, we want to assesg a point, say 9*, which has a
value of 0.5; i.e., Ol is the midvalué point on the
range of 6. .

To do %his, different levels of 6, are succes-
sively proposed to the specialist. Tée specialist is
asked to examine a given level of 8, and judge whether
that level divides the total range of 8, into two
parts, each having the same value. The analyst
attempts to bracket the midvalue point by approaching
it from both ends. For example, one can start with
8, = 1. The specialist is asked: "Which is better--
décreasing the percentage of drivers who cannot
recover from 10 to 1 or decreasing it from 1 to 07"
Let us say the specialist indicates that decreasing
the attribute from 10 to 1 is better. Next, 8, = 9
is proposed. The question is asked: '"Which 1s
better--decreasing the percentage of drivers who
cannot recover from 10 to 9 or decreasing it from
9 to 0?" The specilalist may say that decreasing the
attribute from 9 to 0 is better. By systematically
varying the proposed levels of the agtribute, one
can zero in on the midvalue Roint, e, .

3. The end points and 91 providé three points
on the value function V,(.).  Additional points may
be assgssed by dividing each of the two ranges,

0 to 6. and 8, to 10, into two equal value parts. A
smooth curve can be drawn through the end points and
the assessed intermediate points. A mathematical
equation can be derived to best fit this curve,
equation represents the individual value function
V. (s) for 91. The computer program ASOP automatically
fits a quadratic value function, given the end points
and the midvalue point for an attribute. The form of
the function is

This

=a + bo, + 092
i

vi(e 1

0

Using the above procedure in Louisiana, the indivi-
dual value functions for the following attributes
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were assessed:

o
[

= percentage of drivers who cannot recover.
percent change in pavement rehabilitation
cost.

®
N -
[}

Both the value functions were linear. This implies
that a change in the same magnitude in the attribute
anywhere in its range has the same value.

Assessing Different Roadside Vegetation Attributes
With Specialists

The objective of these meetings was to assess
the individual value functions for the following
attributes:

o]
1

q ™ index of pleasing appearance.
P index of environmental pollution.

D
I

Both roadside vegetation attributes are repre-
sented on a 4-point discrete scale. Each point is
assoclated with an alternative maintenance level-of-
service (see Table 1). The procedure for assessing
midvalue points discussed previously is not practical
in the case of an attribute represented on a discrete
scale with a 1imited number of points. The reason
is that none of the points on the scale may provide
a midvalue point. An alternative procedure, based
on the concept of willingness to pay, was used.

To illustrate this procedure, consider the index
of pleasing appearance. The participants were asked
how much more they would be willing to pay in order
to Improve the index of pleasing appearance from its
lowest level (number of acres mowed = 150,000; number
of acres sprayed = 60,000) to each of the other
levels. Following some discussion, the response of
the participants was that they would be willing to
pay 50 percent more to go to Level 3 and 200 percent
more to go to Level 2. With regard to Level 1, the
specialists did not see much benefit in moving from
Level 2 to Level 1, and hence were willing to pay
very little to go from Level 2 to Level 1. However,
it was indicated that other individuals in the de-
partment, particularly those at the district level,
might respond differently about going from Level 2
to Level 1, For this reason, it was decided to ob-
tain group consensus on this question of how much one
would be willing to pay to increase the maintenance
level-of-service from Level 2 to Level 1. The group
session, which 1s discussed in the next section,
indicated that the group would be willing to pay
about 8 percent more to go from Level 2 to Level 1.

The above assessments provided relative values
of the four levels of the index of pleasing appear-
ance (63). Letting V3(i) denote the value of the
17 level, we get

V,(3) = 1.5 V_(4)
3 @)

V) =3v
3
V() = 3,08 V(4.

If V,(4) 1s set to 1, the other relative values

would be: V_(3) = 1.5, V_ (2) = 3 and V3(1) = 3.08.

Since the end points of a”value function were assumed

to be 0 and 1, a linear transformation of the rela-

tive values was made by subtracting the minimum value

(i.e., 1) and dividing by the range (i.e., 2.08).
Thus, the relative values are:
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V3(1) = 1; V3(4) =0

5N S
V3@ = =5Tos -1 0.96
and
N
Vy3) = 35— = 0.2

With regard to the index of environmental pollu-
tion (8,), the specialists were asked: "How much
would i% be worth to reduce the number of acres
sprayed from the highest level (defined as 150,000)
to each of the other two levels (120,000 and 60,000)?"
Assuming the cost of the highest level to be 100
units, the response of the specialists was that, from
the viewpoint of reducing pollution, it would be
worth 15 and 30 units, respectively, to reduce the
amount of spraying from the highest level to Levels 2
and 3. This ylelded the following relative values

of the levels of 94:

V,(2) = 1.15 v, (1)
Vv, (3) = 1.30 Vv, (1).

Since the fourth level (see Table 2) involves
the same number of acres sprayed as the third level,
it follows that V4(4) = V4(3). By assigning the
values of 0 and 1 to the end points of the scale, we

get

v, (1)

H

o

<t

E -

1~
N
~

I

v,(3)

The results of assessment of individual value
functions are summarized in Table 5.

Table 5. Assessment of individual value functions of
various attributes.

Midvalue
point for a Values of inter-
Best  Worst continuous mediate levels for
Attribute level level attribute a discrete attribute

1. Percentage of 0 10 5 -—
drivers who
cannot recover

2. Percent in- 0 35 17.5 —_—
crease in pave-
ment rehabili-
tation cost

3. Index of 1 4 - Value of level 2 =
pleasing 0.96
appearance Value of level 3 =
4, Index of 4 1 - Value of level 2 =
environmental 0.5
pollution Value of level 3 =

1.0

Group Session for the Assessment of Value Trade-offs

The specifications of a value function over
multiple attributes requires the assessment of trade-
offs between competing attributes based on the value
judgments of decision makers. In public policy deci-
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sions, a number of individuals may share the respon-
sibility of deciding acceptable tradeoffs. It would,
therefore, seem desirable that value judgments of
decision makers be somehow "pooled" to obtain a
""group consensus' that would be used in lieu of the
opinion of any one individual. It is generally
assumed that group consensus would have greater
validity than individual value judgments in the
assessment of tradeoffs. The technique used for
trying to obtain group consensus values was the
Delphi procedure.

The Delphi group sessions included eight indivi-
duals within the Louislana Department of Transporta-
tion and Development who were involved in establish-
ing current levels-of-service.

The sessions included a period of orientation
during which pertinent background information was
discussed. The procedures were explained and
illustrative examples were acted out for the group.

Assessment Forms. Three assessment forms were
used in the group sessions.

Form A: assessment of tradeoff between percent-
age of drivers who cannot recover and index of pleas-
ing appearance,

Form B: assessment of tradeoff between percent
change in pavement rehabilitation cost and index of
pleasing appearance.

Form C: assessment of tradeoff between percent-
age of drivers who cannot recover and index of envi-
ronmental pollution.

A blank copy of assessment Form A is shown in

Figure 1.

Figure 1. Form A.

TRADEOFF ASSESSMENT USING DELPHI PROCEDURE
Form A

Date:
Iteration Number:

You have the choice between the following options:

Percent of Drivers Who
Will Encounter Drop-off
and Not Recover

Index of Pleasing
Appearance

Acres Acres

Mowed  Sprayed Urban Rural
Option A 10 300,000 120,000 8"-Full 12"-30'
width width

Option B X 150,000 60,000 Mow only for safety

At what level of X, would you be indifferent between
the two options?

X =

The results from the group sessions are summar-
ized in Table 6.

Determination of the Optimum Combination of Mainten-
ance Levels-of-Service

The objective of this step is to find the optimum
combination of maintenance levels-of-service for all
of the maintenance conditions included in the system.
The criterion used for optimization is to maximize the
overall value of highway user benefits subject to the
constraints of available resources (dollars, person-
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Table 6. Consensus value tradeoffs between different
pairs of attributes.
Percentage of drivers Index of pleasing
who cannot recover appearancex
Option A 10 Balancing 1
] Reward ] Penalty
Option B 359 4

Percent increase in pave~ Index of pleasing

ment rehabilitation cost appearance
Option A 35 1
Option B 5.4 4

Percentage of drivers Index of environmental

who cannot recover pollution
Option A 10 4
Option B 8.6 1
days, etc.). The user benefits are specified in

terms of the effects of levels-of-service on various
considerations, such as safety, aesthetics, and pro-
tection of investment. The effects on these consid-
erations are measured by the appropriate attributes,
such as percentage of driver who cannot recover,
index of pleasing appearance, and percent change in
pavement rehabilitation cost.

Optimization Program

Mathematically the optimization problem is
formulated as follows:

Let Xij denote a binary variable such that

Xij =1 1if the jthalternative level-of-service
(e.g., repair when edge of traveled-way
d{ p-off 1s 2 inches) is selected for the
1" maintenance condition (e.g., edge of
traveled-way drop-off).

0 if the jth alternative level-of=-service
is not selected.

The objective of the analysis is to determine Xi f
all i and j to maximize V(91,92,...,9n) subject 40
the following constraints:

or

™
-™
A

13545 S avallable budget, B

IA

Mijxij available person-days, M

of=-service for each maintenance
condition is to be selected.)

2: Xij =1 (Only one of the alternative levels-
]

in which Cij = cost of implement%gg the jth level=-of-
service for the 1~ maintenance condi-
tion, and
Mi' = persogﬂdays required for implement%ﬁg
J the j level=-of~service for the i

maintenance condition.
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A nonlinear integer programming algorithm has
been developed to solve the above optimization prob-
lem. The algorithm has been coded in the computer
program ASOP.

Estimation of Attribute Levels. The following
estimation model is used in the program:

B, X .
ij7ij

8= X X
3

in which 8 = an attribute

Xi' =1 if the jth level-of-service for the ith
J maintenance condition is selected.
= 0 1if the jth level-of-service is not
selected.
i = coefficient which estimates the incremental

effect of X,, on 6.
ij

The first summation in the above equation is over all
the maintenance conditions which affect 8, and the
second summation is over all alternative levels—of-
service for each of these mailntenance conditions.

For the demonstration example in Louisiana, each
attribute 1s affected by only one maintenance condi-
tion. Percentage of drivers who cannot recover (8.)
and percent change in pavement rehabilitation cost
(8,) are affected only by edge of traveled-way drop-
off. Similarly, index of pleasing appearance (8,)
and index of environmmental pollution (94) are affected
only by roadside vegetation growth.

Program Output

The program output consists of the following
parts:

Print Input Data. All input data are printed so
that the accuracy of the data can be checked and
information useful in evaluating the results is
readily available.

Print Parameters of Value Function. The program
computes the comstants of the value function for
each attribute 1n a quadratic form. These constants
are printed.

The tradeoff information is used to calculate
the scaling constants (relative weights) of different
attributes. The scaling constants are also printed.

Print Estimation Coefficients. The estimation
coefficients, Bij are printed for each attribute.

Print Results of Base Case Analysis. The output
describes the optimum solution, i.e., the level-of-
service which should be adopted for each maintenance
condition so as to maximize overall value (to highway
users) while satisfying the resource constraints.

The actual resources required to implement the opti-
mum solution are displayed. The overall value of the
optimum solution (on a scale of 0 to 1) is printed
along with the contributions of the various attri-
butes to the overall value.
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Results of Base Case Analysis

Figure 2 shows the results of the base case
analysis included in the program output. The optimum
levels—-of-service are:

1. Repair when edge of traveled-way drop-off is
l=inch.

2. Mow 300,000 acres and spray 120,000 acres.
(This vegetation control program would allow mowing
grass full width before it reaches 8 inches in urban
areas and mowing grass 30 feet from the edge of the
traveled surface after it exceeds 12 inches in rural
areas.)

Figure 2. Results of the base case analysis.

Complete Enumeration

The selected policy is:

Edge of traveled-way drop-off
Vegetation growth

Repair when drop-off is l-inch.
Mow 300.000 acres and spray
120,000 acres.

Costs of the Selected Policy
Materials (thousands of dollars) Available - 5130, used - 5130
Thousands of Labor-Hours Available - 644, used - 644
Equipment (thousands of dollars) Available - 3380, used - 3377
Evaluation of the Attributes

Safety--percent of drivers who cannot recover
Individual value - 1,000 Weighted value - .438

Percent change in rehabilitation costs
Individual value - 1.000 Weighted value - ,321

Pleasing appearance
Individual value - 0.962 Weighted value - 0,173
Environmental pollution

Individual value - .500 Weighted value - .031

THE VALUE OF THIS POLICY IS 0.96

The levels=-of-service currently used in Louisiana
for the two maintenance conditions are also the
optimum levels-of-service selected by the program.
This was to be expected because only a few variables
had to be considered for the example, the analysis
assumed the resources currently used for the two
maintenance conditions, and the value judgments of
those involved in setting the current levels—of=-
service were used. The strength of the methodology
1s that it will consistently select optimum levels-
of-service when a large number of maintenance condi-
tions were analyzed and when changes in the current
maintenance budget become necessary. The overall
value of the optimum solution is 0.96. The optimum
levels—of-service provide the highest user benefits
possible for the two maintenance conditions. No
improvement in these levels-of-service would be
possible even 1f higher amounts of resources were
available. An examination of the contributions of
the four attributes to the overall value reveals
that the two attributes related to edge of traveled-
way drop-off (percentage of drivers who cannot
recover and percent change in rehabilitation cost)
contribute 79 percent of the total value, while the
remaining 21 percent of the total is contributed by
the roadside vegetation attributes,

Bl
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Sensitivity Analysis

The objective of this step is to assess the
influence of changes in some of the major inputs and
assumptions on the selection of the optimum combina-
tion of levels—of-service. The output of this
analysis would identify the parameters to which the
selection of optimum levels-of-service 1s very sensi-
tive. The assessment of such parameters would ob~
viously warrant more careful consideration.

The computer program ASOP has been designed to
perform the following types of sensitivity analyses
when requested by the user:

1. Effect of Changes 1in Available Resources.
Available amounts of one or more resources may be
changed and the effect on optimum levels-of-service
may be examined.

2. Changes in Tradeoffs. The tradeoffs used in
the base case analysis represent group consensus
values obtained in the Delphi procedure. These
tradeoffs yield the relative welghts of various
attributes. If significant differences of opinions
were observed during the group session, different
tradeoffs between attributes may be used in finding
optimum levels-of-service. If the effect on optimum
levels=of-service 1s significant, the differences in
opinions are clearly critical and need to be resolved
before levels~of-service can be selected.

3. Mandatory Inclusion of Specified Levels-of=-
Service. For certain important maintenance condi-
tions, relatively high levels-of-service may be re-
quired; for example, the edge of traveled-way drop-
off may be required to be less than l=-inch. The pro-
gram can fix such levels-of-service and optimize on
the remaining maintenance conditions.

4, Mandatory Exclusion of Specified Levels=of=~
Service. Certaln levels-of-service may be considered
to be impractical or infeasible. For example, with
respect to edge of traveled-way drop-off, the lowest
level-of-service (repair when drop-off is 5 inches)
may be excluded from the analysis. The program will
eliminate such a level-of-service from the search for
the optimum solution.

5. Exclusion of Best Solution. This option
would find the second best solution. If the value
of this solution 1is nearly as good as that of the
best solution, but the resources required for the
second best solution are significantly lower than
those required for the best solution, then the
second best solution may be preferred.

In conducting the sensitivity analyses for the
demonstration example in Louisiana, advantage can be
taken of the fact that none of the attributes is
simultaneously affected by both the maintenance
conditions. Consequently, it 1s possible to deter-
mine the complete contribution of a given level-of-
service of each maintenance condition to the overall
value. The results are shown in Figure 2.

Recommendations

Recommendations are formulated after evaluating
the results of the base case and the sensitivity
analyses. The recommendations should include the
following:

1. The optimum level-of-service for each main-
tenance condition in the system.

2. Resources which would be used in implementing
the optimum levels-of-service.

3. Scenarios (e.g., budget cuts) which would
require significant changes in the optimum levels=-of=-
service.
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Conclusions

The effort in Louisiana shows that it is feasible
to use the methodology developed in this project to
select levels-of-service for highway maintenance which
would maximize user benefits subject to the con-
straints of available resources. The types of 1inputs
required for the analysis can be obtained from the
data base of information currently available to a
state transportation department. The data base in-
cludes information available in the literature,
studies conducted within the department, information
available from maintenance management systems, and
experience and judgment of knowledgeable individuals
within the department.

The methodology requires the assessment of value
judgments regarding tradeoffs between different con-
siderations, such as safety, protection of investment,
aesthetics, and environmental pollution. A Delphi
procedure was used in Louisiana to obtain group con-
sensus regarding tradeoffs from a number of indivi-~
duals responsible for selecting levels-of-service
both 1in the field and at headquarters. Certain im-
provements in the implementation of the Delphi proce-
dure would seem desirable based on the experience in
Louisiana. However, the types of assessment questions
which need to be asked in the Delphi procedure are
certainly practical and relevant to individuals
involved in highway maintenance.

It would be desirable to provide certain types
of objective data to the participants in the Delphi
exercise in order to obtain more consistent and
reliable value judgments. Examples of such data
include statistics on accidents resulting from driving
over the edge of traveled-way with various amounts of
drop-off and surveys of user opinions regarding
aesthetics of roadside vegetation under varying
levels-of-service. These kinds of data are currently
not available. The initial implementation of the
methodology will identify the critical parameters on
which objective data would be most useful. Limited
studies to collect these data can be undertaken. The
reliability of the results of the methodology would
be expected to increase with the avallability of addi-
tional data.

The computer program prepared for the use of the
methodology facilitates the analysis significantly.
The program is designed such that the assessed data
can be directly input and all parameters (such as
value coefficlents, relative weights, and regression
coefficients) are computed internally in the program.
This relieves the user of the burden of making exter-
nal calculations, which would require some theoretical
background in decision analysis techniques.

The demonstration example in Louisiana involved
only two maintenance conditions--namely, edge of
traveled-way drop-off and roadside vegetation growth.
The complete system of highway maintenance could in-
volve 20 to 25 maintenance conditions of practical
significance.
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ENGINEERED PERFORMANCE STANDARDS

15

Marshall L. Stivers, P.E., Florida Department of Transportation

Maintennace Management was adopted by most
states because it provided managers with the
abflity to plan, organize, direct and control
maintenance activities. Although Florida's
system has significantly advanced since its
implementation, we still were concerned about
our inability to consistently verify our
performance standards. These standards were
initially established and modified each year
based on subjective judgment resulting in con-
siderable and often non-conclusive discussion.
Realizing that Performance Standards are the
basic building block of a properly functioning
Maintenance Management System (MMS), we decid-
ed to seek professional assistance. In 1974
we entered into a research contract with the
University of Florida Industrial Engineering
DePartment to develop a method of analyzing
maintenance crew activities to be used to
create "Engineered Standards'. The final pro-
duct of the research developed a method utiliz-
ing motion pictures supplemented with stop-
watch times. The results of this type of
analization enables an observer to determine
the actual percentage of time each worker was
engaged in productive work. Using this pro-
cess, a standards committee can not ascertain
the correct blend of resources required to per-
form an activity and has resulted in assigning
unused workers to other tasks. Generally this
analysis produces an increase in productivity
which was our desired goal and at the :same time
it has improved the credibility of Maintenance
Management with all levels of management.

Most states adopted a Maintenance Management
System (MMS) because it provided managers with the
ability to plan, organize, direct and control main-
tenance activities. While many variations of
Maintenance Management Systems exist, most accom-
plish the same basic function of providing mana-
gers with a timely overview of field operations.

In spite of occasional short term setbacks in MMS
development, the Florida Department of Transporta-
tion has significantly advanced its reliability
since implementation. This implementation, which
began in 1973, was the result of an opportunity to
study, develop, and design our own system using in-
house personnel. Not only did this opportunity
provide a custom-made system, its developers re-

tained a familiarity of the system enabling them
to continue improving the benefits received.
However, throughout this process, we were concern-
ed with our inability to consistently verify per-
formance standards to any degree of certainty.

Initially our Standards were established
using subjective judgements and were confirmed by
field reports of crew operations. Periodic ad-
justments to these standards were also based on
subjective judgement which oftentimes results in
considerable and sometimes non-conclusive dis-
cussion. It soon became apparent that without
a clear cut scientific method of determining an
accurate standard, our entire MMS was lacking.

Realizing that Performance Standards are the
basic building block of a properly functioning MMS,
we began to investigate the ''State of the Art' in
other states. The response to our inquiries led
us to the conclusion that other states had not
developed a procedure to produce the desired re-
sults either. Their responses did, however,
verify our earlier conclusion that the develop-
ment of such a procedure was indeed possible. The
traditional time-and-motion studies, which we
currently utilized, not only were costly and time
consuming, they also did not readily lend them-
selves to developing credibility with most Depart-
ment of Transportation managers. At this point we
convinced top management to allow us to develop a
methodology to analyze maintenance crew activities.
With their approval we decided to seek professional
assistance in the art of Methods Engineering.

In 1974, we entered into a research contract
with the University of Florida's Industrial
Engineering Department to develop a method for
analyzing maintenance crew activities. The end re-
sult of this method would be to create ''Engineered
Standards''. This research finalized a procedure
which recommended the extensive usage of a movie
camera supplemented by stopwatch timing as used in
time-in-motion studies. The results of this type
of analyzation enabled observers to determine the
actual percentage of time each worker was engaged
in productive work and also provided a training
medium for crews, supervisors and performance
standards development committees.

The '"Engineered Standard'' study procedure re-
quires two persons, a clipboard, a stopwatch, a
16mm movie camera and projector, a movie film edi-
tor and a film splicer. With these resources,
plus transportation, the majority of maintenance
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operations can be studied. Normally each work
activity consists of a series of basic cycles
which are repeated several times at different
locations during the workday. A crew study re-
quires only the observations of a complete cycle
and not the entire daily operation. While some
inefficiencies may exist outside of the work cyc-
les, the primary goal of the observer is to deter-
mine the labor, equipment and materials required
to perform each cycle. The number of cycle obser-
vations required must be sufficient to provide a
statistical pattern, normally this is a minimum
of ten (10) and a maximum of fifty (50) observa-
tions.

To perform a cycle observation with a study
team the following procedure is used:

1. Designate one individual to operate the
stopwatch and clipboard; the other person will
operate the movie camera.

2. As the work cycle begins the stopwatch is
started and the clipboard operator begins a time-
and-motion study. When the action becomes too
fast to take hand notes or if the work method
should be recurded {or iater reviewing, the camera
operator will begin filming. At this time the
camera operator advises the stopwatch operator whe
stops his hand note procedure and notes the time
filming began. When the filming ends, the stop-
watch operator notes and enters the time and re-

sumes taking hand notes until the end of the cycle.

Each cycle may require several starts and stops of
the filming. This method not only saves money,
when compared to continuous filming, it also pro-
vides a detailed record of the operations.

3. Combine stopwatch and clipboard observa-
tions onto Multiple Man (Crew) Activity Chart.
Table 1 is an example of a four man pavement sym-
bols crew observation.

L. Produce Activity Graphs using Activity
Chart data. Table 2 is an example of the same
four man pavement symbols crew. The heavy line
indicates when a worker is busy or performing
necessary work. By observation you can see the
percentage of time when each worker is busy during
the cycle and conversly you can determine when no
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Table 2

31.7

100

86.5

.

8 20 Lo 60 80 100
PERCENT

TOTAL TIME: Busy = 273.0%

Idle = 127.0%

After fifteen (15) observations of the same opera-
tion, the average busy time dropped to 214% out of
a possible 400%.

Further analysis determined that

two (2) men performed the cycle operations as fast
as the four (4) man crew and required less man-

hours to accomplish each cycle.

Based on these

observations, a determination was made to establish
two (2) man work crews for this activity for ex-

perimental purposes.

develop

These crews were allowed to
their own working procedures and after a

short adjustment period the crew study group per-

formed observations of similar work cycles.

3 and 4

Tables
show the Multiple Man Activity Chart and

the Activity Graph for a two (2) man crew perform=-

ing the
used to

identical operations in the same locations
develop the information shown in Tables 1

s : . d 2. Note that the total busy time for the two
productive effort is evident. These percentages an : . 9 e
are totaled and shown as a composite for the crew. (Ez man crew 15 184% our of a possfble 200% aval
In this case, to accomplish the cycle a four (4) SRR
man crew utilized approximately 273% of the 400%
of available time. (Four (4) men times 100% = 400%)

TABLE | - MILTIPLE MAN (CREW) ACTIVITY CHART - ACTIVITY NUMBER 532

Elrst borker Second Worker

Third Worker

Fourth Worker

Name: Smith Name: Brown Name: Jones Name: White
Title: Foreman |! Title: Tech 11 Title: Tech 11 Title: Tech I
(Painter) (Beads) (Template)
Run Run Run Run
Time Activity Time Activity Time Activity Time Activity
0.20 Place Cone 0.34 Start Comp. 0.28 Get Beads 0.40 Get Template
0.29 ldle 0.51 Remove Wand 0.60 Idle 0.59 Idle
0.91 Adjust Air 0.57 Begin Painting 0.97 Sprinkle Beads 0.68 Get Template
1.00 Idle 0.90 Idle 1.10 Place Template 0.78 Idle
1.40  Ajust Air 1.05 Painting 1.18 Sprinkle Beads 1.01 Move Template
1.46 Idle 1: 52 Idle 1.51 Idle 1.18 ldle
2.50 Load 1.60 Walking 1.65 Walking 1.6  Move Template
2.72  End 1.67 Painting 1.80 Sprinkle Beads 1.66 Idle
1.85 Idle 1.89 Idle 1.87 Move Template
2.01  Painting 2.08 Move Template 1.95 ldle
2.38 Loading 2.37 Sprinkle Beads 2.39 Move Template
2:72 End 2.49 Idle 2.50 Load
2.55 Loading 2.72 End
2,72 End
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TABLE 3 - MULTIPLE MAN (CREW) ACTIVITY CHART
ACTIVITY NUMBER 532
First Worker Second Worker

Mame: Smith Name: Jones
Title: Foreman 11 Title: Maint. Tech. 1!

Run Run
Time Activity Time Activity
0.08 Place Cones 0.07 Get Template
0.31 Remove Hoses 0.25 Get Beads
0.50 Begin Painting 0.52 Sprinkle Beads
0,472 Clean Pavement 0.70 Move Template
0.85 Idle 0.88 Get New Template
1.10 Painting 111 Sprinkle Beads
1.28  Walking 1.28 Walking
1.39  Painting 1.40  Sprinkle Beads
§.52 Clean Pavement 1.57 Move Template
1.65 Idle 1.85 Sprinkle Beads
1.90 Painting 2.10 Replace Beads
2.11 Replace Hoses 2.30 Idle
2.29 Pick Up Cones 2.4 End
2.44  End
Table &
1

81.2
2
100

0 20 40 60 80 100

PERCENT
TOTAL TIME: Busy = 184.2%

Idle - 15.8%

When presented with this information, the Stand-
ards Committee agreed to alter the performance
standard for the pavement symbols activity using
the procedures developed for the ''Engineered
Standard'' method. The results obtained from the
new procedure are included on Table 4. This table
shows the man-hours per unit rate obtained before
and after the 1977-78 implementation date of the
new standard. You will note that the results
actually received appear smaller than they theo-
retically should be. This situation was caused by
the necessity to modify work procedures which added
additional man-hours to complete the same task.
These modifications allowed the task to be repeated
at two (2) year intervals instead of at six (6)
month intervals as in the past. The net result of
using the new procedure is approximately a 142 in-
crease in productivity, while decreasing the total
workload. Similar results are now being obtained
on other activites.

TABLE 5
FISCAL YEAR MANHOURS/UNIT
75-76 0.0256
76-77 0.025k
77-78 0.0227

78-79 0.0216
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Managers of maintenance operations should con-
sider the benefits which may be obtained from the
"Engineered Standard'' process. The existence of a
MMS is not the only criteria to a successful main-
tenance program. If it were, it would be a simple
matter to plan your work and let it run its own
course. Maintenance work is difficult at best, it
is subject to weather, traffic, monetary and
political influences and needs to be constantly
managed in order to meet the objectives established
by top management. To do this, you will need to
review performance data, to constantly evaluate
field conditions against planned conditions, and to
modify the system to improve results. A MMS quanti-
fies maintenance activities and provides a basic
tool to manage maintenance resources. Incorpora-
tion of the "Engineered Standards Method'' can pro-
vide additional insight for the management process,
which if used properly, will provide the best main-
tenance service that can be afforded with the funds
that are available.
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INCORPORATING QUALITY STANDARDS AND IMPACTS WITHIN HIGHWAY MAINTENANCE MANAGEMENT

Michael J. Markow, Massachusetts Institute of Technology

Assessments of future maintenance needs, levels
of cffort, and costs have traditionally been
expressed through predictions of maintenance
supply (generally in units like dollars or man-
hours per lane mile). Although this approach

is adequate for many management needs, it does
not enable one to explore systematically the
effects of changes in maintenance policy on
future costs and road performance. However, the
increasingly important strategic role to be
played by maintenance and rehabilitation, and
higher costs of providing maintenance services,
have recently focused attention on better man-
agement practices to define maintenance demands,
establish priorities among maintenance activi-
ties, and relate alternative policies to future
impacts on road service. This paper describes
the development of demand-responsive concepts
for maintenance planning and policy formulation,
based upon work conducted in separate projects
for the Commonwealth of Massachusetts and the
Federal Highway Administraiton. Analytical
components of the demand-responsive approach
include (1) numerical measures of malntenance
levels of service, or quality standards; (2)
quantitative model to predict the condition or
deterioration of specific road features as a
function of the relevant physical, environmental
and traffic factors; and (3) quantitative models
to assess the impacts of maintenance perfor-
mance, as for example in the areas of preserva-
tion of investment, user consequences, and acci-
dent prediction.

Historical Perspective

Maintenance programs at the state level histori-
cally have been subject to several simultaneous con-
straints -- budget limitations imposed by the execu-
tive or legislative branch, labor and equipment
restrictions, seasonal limitations on certain work
activities, inability to shift work from emergency
to preventive maintenance, and methods of budgeting
and appropriation based upon line-item or accounting
categories (rather than upon program priorities),
to name a few. These constraints have influenced
not only the past thinking of maintenance managers,
but also the fundamental structure and approach of
the maintenance management systems that have evolved

over the past fifteen years.

The objectives of the sysitems developed by
individual states were to help plan, budget and
manage highway maintenance. To overcome the manage-
ment weaknesses of the line-item or accounting
budget, principles of performance budgeting were
introduced. Performance budgets organized planning
and control around specific maintenance tasks,
permitting a more comprehensive and objective re-
view of the distributions of costs by activity,
location, or cost element, and fostering compari-
sons of projected expenditures versus maintenance
program objectives. The planning and scheduling
components of these systems enabled managers to
allocate scarce resources over a year, and to
strike a better balance between maintenance priori-
ties and seasonal resource constraints. A work
monitoring subsystem, coupled with proper field
reporting procedures, provided comparisons between
actual and predicted costs, work performance, pro-
ductivity, and resource consumption, pinpointing
maintenance jurisdictions or activities requiring
closer attention.

Furthermore, as part of the performance budget-
ing approach, maintenance models were developed to
predict future labor, equipment and materials costs
by activity. The approach taken within these
models typically involved either (1) regression
relationships between annual maintenance costs (or
manhours) per unit of road and relevant physical
or operating variables (width, pavement type and
thickness, average daily traffic, environmental
parameters, etc.); or (2) average workload rates,
called quantity standards, observed in past main-
tenance operations and expressed in terms of
annual measures of work per unit of road (e.g. for
pavement patching, number of tons of material
placed per lane mile). The former allowed some
variation by location or in year-to-year predic-
tions to account, say for increases in traffic
volume or changes in road characteristics; the
latter represented essentially statewide averages
of maintenance activity performance, and were thus
static over different types of roads and over time.

Although the various state systems in use today
differ in their scope and level of detail, in
general they are characterized by the fact that,
in predicting future maintenance requirements,
their primary focus is on the ability to supply
maintenance services. In other words, the pre-

dictive models employed estimate the labor,



TRANSPORTATION RESEARCH RECORD 781

equipment, material, or dollar resources needed to
produce some level of maintenance effort, but not
the factors that caused the maintenance requirement
in the first place. Although this approach is open
to criticism, it is understandable in light of the
organizational and administrative realities sur-
rounding maintenance program development which were-
true in the past, and persist to some extent to this
day.

There were some key advantages to structuring
early maintenance models based upon predictions of
supply. First, they were a simple and direct means
of estimating future budget requirements using an
objective analytic approach. Second, they could
implicitly account for special local conditions that
would affect the aggregate amount of maintenance
required (e.g. types of subgrade soil; local cli-
matic conditions; quality of pavement construction;
and so forth), and that might otherwise be difficult
to represent explicitly.

Perhaps most importantly, however, these supply-
oriented models satisfied local management needs.
The institution of performance budgeting measures
placed budget development on a more rational basis,
but it could not eliminate constraints on the main-
tenance effort imposed by budget ceilings, labor
and equipment limitations, and the like. Rather
than concerning themselves with the moot issue of
actual maintenance demand, therefore, managers
directed themselves instead to the pragmatic ques-—
tion of how to accomplish maintenance more effi-
ciently under a fixed level of resources. Perfor-
mance budgeting concepts, assisted by models based
upon maintenance supply, were adequate for this
task.

Demand-Responsive Concepts

Motivation

Several trends through the 1970s have advanced
malntenance management needs beyond work monitoring,
budget prediction and cost control, to broader
issues of maintenance policy planning. First, the
national highway investment has grown by at least
$200 billion in 1979 dollars (1), due largely to
near completion of the Interstate program. Many
of these highways are approaching ages of 15-20
years; maintenance responsibilities, and the need
to estimate and allocate available resources effec-—
tively, will increase accordingly. Second, sig-
nificant changes in the funding of highway mainten-
ance and rehabilitation appear forthcoming, as
evidenced by declines in user tax collectlons and
initial Federal involvement through the 3-R program;
procedures to allocate available funds, and to
assess the impacts of maintenance deferred or fore-
gone, will likely be required. Third, several inde-
pendent developments -- such as heavier allowable
vehicle loads, the advent of new maintenance tech-
nologies, and stricter legal interpretations of
highway maintenance liability -- collectively imply
changes in maintenance needs and methods of perfor-
mance over time. The tendency is growing to
counter arbitrary annual budget restrictions with
better information on what impacts the provision or
rejection of additional maintenance dollars will
cause.

Planning Requirements. Managing this changing
maintenance program and developing the capability
to assign priorities among ever—increasing main-
tenance demands requires information and analytic
methods to properly assess competing needs, and to
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evaluate costs and impacts of different policies on
a national scale. Moreover, to be comprehensive
such management approaches must recognize high-

way maintenance within a broader context of trans-
portation planning and administration, and to

view maintenance policy formulation at several
levels.

Strategic. First, at a very broad level are
strategic decisions concerning use of maintenance
versus capital investment to provide a designated
level of road performance. The most prevalent
examples of these types of decisions are in pave-
ment design, where a close Interaction exists be-
tween initial design quality and future maintenance
needs. Taken to its extreme for very high-volume
roads, this type of decision leads to the design
of premium or "zero maintenance" pavements invol-
ving significant capital investment but eliminating
any practical need for maintenance. However,
similar investment-maintenance tradeoffs can be
cited regarding pavement maintenance versus
programs of periodic recomstruction or strengthen-
ing; the need for periodic bridge painting versus
use of self-oxidizing steels; and construction of
paved waterways versus cleaning and shaping of
natural ditches, to name a few. In each case the
choice of which policy to follow will depend not
only on the cost differential between respective
alternatives but also on the relative capacity to
provide adequate levels of transportation service
into the future.

Competing Activities. At a second level lie
decisions among several maintenance activities
competing for limited maintenance resources. Given
a fixed maintenance budget, any increase in the
level of maintenance quality provided under one
activity is usually accomplished only at the ex-
pense of decreased levels of quality in other
activities. Therefore a manager faces the problem
of allocating resources in such a way as to remain
within budget while minimizing adverse impacts
(both short and long range) on the utility, safety,
and service life of the highway system.

Timing. At a third level there exists for
each maintenance activity a tradeoff between the
timing and the intensity of the action to be
taken, commonly discussed as a question of
"deferred maintenance.' The impacts of deferred
maintenance must be assessed in terms of, first,
the costs of performing perhaps more extensive
maintenance later; second, the differences in
levels of service to users provided under the two
maintenance options; and third, any reduction in
the expected remaining life of the facility due to
the deferred maintenance.

Commentary. Policy determinations of this type
are inherently different from the decisions for
which current maintenance management systems were
designed. As a result, the models described
earlier to predict maintenance requirements on the
basis of supply lack the conceptual structure to
address these broader management issues. Regres-
sion analyses and quantity standards drawn from
historical data or existing practices implicitly
include a particular level of maintenance perfor-
mance —- namely, the standards to which the road
system has been or is currently being maintained.
Moreover, they assume a constant rate of deteriora-
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tion throughout the road system. Thus the models
are insensitive to changes in maintenance policy,
and are incapable of evalauating either the costs or
the impacts of alternative policies. Moreover, to
the extent that the regression models predict
directly the costs (or labor manhours) required,
without computing first an estimate of damage re-
paired, they deal with work outputs rather than
inputs, and are therefore ill-equipped to treat
variations in input values (such as productivity,
unit costs, or maintenance technology) among geo-
graphic regions or over time.

Required Approach. In general, to be able to
evaluate competing maintenance (and investment)
strategies requires a fundamentally different ap-
proach to maintenance prediction, looking at the de-
mand for maintenance as well as supply. The reason
1s that different maintenance policies are impli-
citly statements on particular levels of road
quality to be retained or restored. However, the
workload (and by implication, the costs) required
to achieve a given quality depend upon the prior
condition of the road system —- i.e. the total main-
tenance backlog or deficiency caused by normal wear
and tear, aging, and increased probability of fail-
ure. In an analytical sense maintenance may thus
be viewed as a controlled response to the physical
state of the highway network, to upgrade or retain
highway quality to an acceptable level.

Treating maintenance as a demand-responsive
operation requires that three additional concepts be
introduced within existing management models. The
first is that predictions of future maintenance
effort and costs cannot be extrapolated from past
trends, but rather must be based upon structural and
operational deficiencies in the road system caused
by use and deterioration. The second is that in
designing models to be sensitive to the implications
of different policies, there must be unambiguous
statements of the maintenance policy itself, defin-
ing the types of future corrective actions to be
taken, and when and where they are to commence. The
third is that new relationships need to be identi-
fied between the as-maintained state of the highway
network and the economic and non-market impacts to
both the road agency and the motoring public, pro-
viding a measure of the benefits (or disbenefits) of
each policy at the costs incurred above.

Since this demand-responsive approach is founded
upon the prediction of road condition, it follows
that any corrective action that restores the high-
way condition in some way needs to be accounted for.
Thus the scope of this approach must be given an
expansive interpretation, to include the relevant
effects of betterments, rehabilitation and recon-
struction, with those of maintenance. This view
simply reflects the common-sense notion that capital
investments do in fact influence the future demand
for maintenance, and vice versa. Moreover, in this
sense the demand-responsive methodology provides
a fundamental engineering and economic basis for
evaluating maintenance policy against alternative
investment strategies.

Schematic illustrations of the concepts under-
lying the demand-responsive approach will be shown
in Figures 1 through 8 to be introduced below. The
curves in Figures 1 through 8 represent models
which, in actual maintenance management systems,
would be developed individually for each element of
the highway system —- pavements, bridges, drainage
systems, signs, and so on —— or for each mainten-—
ance activity. For simplicity and generality in
the following discussion, however, let us consider
these curves for the time being to represent gener-
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alized relationships, applicable to a composite
maintenance activity over the highway system as a
whole.

Maintenance Level of Effort and Costs

Figures 1 through 3 identify those data neces-
sary to predict maintenance level of effort and
resulting changes in road condition as a function
of different maintenance policies. These data also
form the basis for the estimation of future main-
tenance costs as a function of policy.

Road Deterioration. The changing state of the
road system over time is captured within a deter-
ioration relationship defining the system's capa-
city to withstand the effects of time, traffic
loadings, and the environment, as shown in Figure 1.
For generality we define road "damage" as any
degradation in road condition from its as-con-—
structed state, and "deterioration" to be the net
result of accumulated damage. The initial condi-
tion €, and rate of detcrioraticn depend upon the
quality of initial design and construction, and
upon past maintenance performed. Thus the deter-
ioration relationship in Figure 1 provides the
engineering basis on which one may investigate
different maintenance versus investment options.

Figure 1. Determining maintenance level of effort
under a demand responsive approach: deterioration
relationship.

(Good)
%o

Road
Condition

(Poor)

Time

Quality Standards. Maintenance policies may be
expressed through "quality standards" defining
thresholds at which work should be performed. The
interaction between two alternative quality stan-
dards, Qi and Q2, and respective road system con-
ditions is illustrated in Figure 2. The different
quality standards result (not unexpectedly) in two
different trends in road condition over time. If
we adopt a simple time average for illustratiom,
the higher quality standard Qj results in a higher
average system-wide condition Cj. Also, the fre-
quency of maintenance under Qi is greater than that
under Qy, in that t1 < tj.

Under this approach quality standards have a
unit of measure commensurate with that of the
deterioration model. Decomposing the condition
of the road system into its constituent elements,
we see, for example, several indices appropriate
for pavements. One is a measure of pavement ser-
viceability, such as AASHTO's Present Service-
ability Index (PSI), or Canada's Ride Comfort Index
(RCI). A second would be a measure of surface
damage, such as skid number (SN), roughness value
(R), cracking index (CI), or mean rut depth (RD)
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Determining maintenance level of effort
quality stan-

Figure 2.
under a demand responsive approach:
dards defining thresholds.
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defined by many states employing surface measurement
equipment. A third might be a measure of available
pavement capacity or response, such as dynamic de-
flation. Analogous measures could be established
for other highway elements; e.g. lineal feet of
guardrail damaged, area of bridge deck damage, and
depth of siltation in culverts, to name a few.

For some highway elements, however, it may be
theoretically possible to identify a physical mea-
sure of condition, but it may not be practical to
use within a quality standard. Consider, for in-
stance, the replacement of defective signal lamps,
which usually must be done soon after failure. A
possible measure for signal condition would be
""probability of lamp failure within the next so-many
months," but it is typically more convenient for the
quality standard to use instead some frequency of
lamp replacement which anticipates lamp failure.
Figure 2 demonstrates that for a given deterioration
curve, specifying the frequency of maintenance is
equivalent to establishing some implicit quality
level. This concept may be used to advantage in the
identification of quality standards for particular
maintenance activities.

Variation in Application of Standards. 1In Fig-
ure 2 it was assumed in each case that all current
maintenance deficiencies were fully corrected. A
more realistic situation, however, is that at any
given time only a portion of the accumulated damage
in the system is repaired through maintenance.

From a policy perspective this type of decision can
be controlled by how the quality standards are
applied on a system-wide basis. Figure 3 illus-
trates two different applications of a given
quality standard Q: one results in relatively fre-
quent but minor correction 1, while the other un-
dertakes less frequent but major Ip. Note that
neither Ij or Iy are sufficient to restore the
system to its initial condition at construction.

There are three general ways in which the appli-
cation of quality standards may be varied to pro-
duce different levels of repair. One is by ad-
justing quality standards among different activi-
ties which in some sense substitute for omne
another. For example, the extent to which correc-
tions of pavement damage are remedied by overlays
(as opposed to routine maintenance activities) will
influence the magnitude of I achieved overall in
a given work period. A second way is by assigning
different quality standards among various links
within the network. Since repair of some locations
will implicitly be given priority over other loca-
tions, this variation in quality standards will
also affect the extent of improvement I on a system—
wide basis. Finally, quality standards (and their
associated maintenance actions) may be restricted
to those classes of damage most critical to road
integrity and performance. For example, the
"percent of pavement area cracked" may be inter-
preted to include only cracks greater than a cer-
tain width; 'guardrail damage," to comprise broken
and severely deformed sections, but not dented ones;
and "grass height requiring mowing," evaluated only
within a certain distance of the pavement edge, but
not over the entire mowable area. Qualifications
of this type intentionally limit the extent of
improvement I in comparison to the total deteriora-
tion absorbed by the system.

Maintenance Costs. In Figures 2 and 3 the total
maintenance level of effort over the system life
under policy Q is a function of the product of the
frequency of maintenance (proportional to 1/t) and
the improvement in condition I each time mainten-
ance 1s performed. The costs of different main-
tenance policies may then be computed by calcula-
ting the costs to accomplish respective improve-
ments I, discounting these at an appropriate rate
according to their projected time of occurence t,
and summing the discounted totals for each policy

alternative.

Figure 3. Determining maintenance level of effort
under a demand responsive approach: application of
quality standards defining extent of repair.
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From our discussions earlier, the units of mea-
sure of system condition C, and therefore of the ex-
tent of improvement I, may be in terms of service-
ability indices, damage indices, or road response
indices. Regardless of the measure of I employed,
however, it is obvious that an improvement in condi-
tion must be accompanied by the correction of a cer-
tain amount of damage, whether for example in square
feet of pavement cracking filled, lineal feet of
guardrail straightened, number of signal lamps re-
placed or lineal feet of drainage lines cleaned.

The explicit measure of damage corrected we will
call the maintenance workload W. In mathematical
terms, then, an improvement in condition I implies
a particular maintenance workload W, or I+ W. (In
some cases the units of I and W may be identical.
In others a function must be identified relating I
and W.)

Maintenance workload provides the basis for es-
timating maintenance costs, as shown in Figure 4.

To a given workload may be applied a production rate
(e.g. average number of damage units repaired per
day) to obtain overall crew time requirements.
Workload and crew time may be translated into re-
sources consumed (manhours, equipment hours,
materials quantities) through unit labor, equipment
and materiale usage {(e.g. number cof laborers or
pieces of equipment per crew, materials quantity
required per unit of damage), all a function of the
maintenance technology employed. Finally, resource
requirement may be multiplied by the respective unit
costs of labor, equipment and materials to obtain
total maintenance costs desired.

The relationships in Figure 4 point to the sup-
ply side of maintenance, and are thus similar to
models employed in contemporary maintenance manage-~
ment systems discussed earlier in this paper. The
difference between the two approaches (that in
Figure 4 versus existing models) is in the estima-
tion of the workload itself. Whereas existing
models predict workload (or some proxy for workload)
directly from past experience, in Figures 2 and 3 we

Figure 4. Calculation of the maintenance costs.

MAINTENANCE
WORKLOAD
MATNTENANCE
PROg:%ION " [
REQUIREMENTS
UNIT LABOR, MAINTENANCE
EQUIPMENT, AND > RESOURCES
MATERIAL USE CONSUMED
UNIT TOTAL
COSTS OF [ | MAINTENANCE
RESOURCES COSTS
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have predicted it based upon demand-side considera-
tions of system condition and maintenance policy.
The separation of demand-side and supply-side con-
tributions to maintenance costs (represented by
Figures 2, 3, and 4 respectively) is a particularly
valuable management capability where, as identified
at the beginning of this paper, several aspects of
highway maintenance and operation are changing
simultaneously.

For example, the demand-side relationships in
Figures 2-3 account for not only variations in
maintenance policy, but also for the effects of
higher (perhaps unforeseen) traffic volumes and
weights, unusually adverse weather conditioms, and
changes 1n highway design and construction stan-
dards. For a given maintenance policy the contri-
butions of these effects to maintenance costs are
transmitted via changes in the maintenance workload.

On the other hand, the supply-side relation-
ships in Figure 4 account explicitly for changes in
maintenance technology, work practices, supervisory
requirements, crew productivity, and unit costs of
malntenance resources. The contributions of these
factors to total maintenance costs are superimposed
upon, but independent of, the costs attributable to
total workload arising through maintenance demand.

Maintenance Impacts

Better maintenance policies will generally cost
more. In evaluating the merits of different
policles, therefore, one cannot look only at the
costs incurred, but must also judge whether what
is gained under higher quality standards is worth
the additional dollars spent. Fortunately, the
process of predicting the impacts of maintenance
is directly compatible with the demand-responsive
concepts introduced in Figures 2-3 earlier. The
mechanics of assessing maintenance impacts are
illustrated in Figures 5-8.

The relationship needed to predict maintenance
impacts is illustrated schematically in Figure 5.
The measure of road condition shown on the ab-
cissa is identical to that discussed in Figures 1-3.
Consistent with other aspects of our example,
maintenance impacts are shown in very general form
on the ordinate. These impacts may in fact en-
compass diverse results of maintenance performance,
such as the contribution to remaining road life,
decreases in user operating costs, and increases in
motorist safety and convenilence. (For simplicity
we assume, both in Figures 5-7 and in the discus-
sion below, that maintenance impacts are cast in
the form of relative benefits. However, they may
also be represented as disbenefits as for example,
in added congestion costs due to road occupancy
for maintenance. The conceptual approaches to both
benefits and disbenefits would be similar.)

As before, the condition denoted by the quality
standard Q defines the threshold at which main-
tenance will be performed; Q is a control variable
expressing maintenance policy. In Figures 2-3 it
was assumed that the system condition does not
fall below Q. From Figure 5, then, the minimum
level of impacts that can be experienced in the
road system is Bgs and the points lying within
the hatched area denote conditions and impacts that
should be absent within a road system subjected to
a quality standard Q.
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Figure 5. Determining maintenance impacts under a
demand responsive approach: maintenance impact
relationship.
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Performing maintenance will improve the system
in some sense, thereby also providing positive im-
pacts to the road agency or the motoring public.
Figure 6 illustrates this for the case of modest
maintenance improvement Ij; and Figure 7, for a
more substantial improvement I,. (Refer to Figure 3
for illustrations of different levels of maintenance
improvement.) Both of these improvements are gauged
from the same quality level Q. On the other hand,
Figure 8 illustrates the effects on maintenance im-
pacts of varying both the quality standard Q and
the associated level of improvement I.

Figure 6. Determining maintenance impacts under a
demand responsive approach: benefits from mainten-~
ance.
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Figure 7. Determining maintenance impacts under a
demand responsive approach: greater benefits from
increased maintenance.
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The benefits of maintenance accrue among sev—
eral aspects of highway structure and operation.
We have chosen three major areas of impacts --
preservation of the road investment, user travel
and operating costs, and safety -- for initial
investigation under a research project for FHWA.
Others could also have been chosen -- highway
aesthetics or environmental effects, for example.
The point is that some, but not all, maintenance
impacts can be reduced to monetary benefits. This
fact in turn implies a need for a multidimensional
analysis of maintenance impacts above and beyond
traditional approaches such as benefit-cost compari-
sons.

Another point has to do with the magnitude of
benefits received for a given improvement in road
system condition. This relationship depends upon
the shape of the impacts vs. road condition func-
tion, which we have hypothesized in Figures 5-8 to
take the form of an S-curve. The assumption here
is that the marginal benefits of maintenance per-
formance are greatest within some mid-range of
highway system condition. If the system has
deteriorated completely, then virtually nothing is
to be gained by doing modest amounts of mainten-
ance; wholesale repairs, overlays, and rehabili-
tation are needed instead to restore more favorable
impacts., On the other hand, performing excessive
maintenance can lead to diminishing returns. 1In

Figure 8. Maintenance impacts under different
quality standards and levels of improvement.

A. Maintenance improvements under higher quality
standards.
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B. Maintenance improvements under lower quality
standards.
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such cases, the costs of providing this very high
degree of maintenance may be questioned, particu-
larly if the reallocation of maintenance dollars
among other maintenance activities (or road sec-
tlons) presents the possibility for greater mar-
ginal benefits.

Management Implementation

The concepts embodied in Figures 1 through 8
collectively define a management approach to
evaluating future maintenance policies or strate-
gies. Organization of these ideas within a unified
structure is shown in Figure 9, whose key elements
are summarized below.

Annual maintenance is viewed as a demand-
responsive operation; that is, a function of the
demand accumulated in the highway system in a given
year. This deterioration can be estimated from the
initial condition of the system (i.e. its as-—
constructed quality), 1ts rate of deterioration over
time, and past maintenance performed. Beyond these
physical conditions, however, maintenance workload
requirements are also subject to policy decisions
defining ihe Lype, location, and extent of WOrk to

Figure 9. Approach to demand-responsive mainten—
ance management.
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be provided. Maintenance policies are expressed
through quality standards specified for the set

of maintenance activitiles over all sections of the
road system, Elements of this demand-responsive
methodology were introduced in Figures 1-3 and are
summarized in the top half of Figure 9.

For a given strategy the estimated maintenance
workload may then be costed according to the pro-
cedures set forth in Figure 4. At the same time,
the simulated accomplishment of this maintenance
will improve the condition of the road system,
generating a set of maintenance 1mpacts as envi-
sioned in Figures 5 through 8. The calculation of
costs and impacts of a given strategy are thus seen
as parallel computations in Figure 9.

Maintenance policy evaluation entalls a com-—
parison of both relative costs and relative impacts
between the strategy under consideration and other
maintenance and investment options available. If
maintenance impacts could be reduced completely to
monetary units, then techniques such as benefit-
cost or net-present-value analyses could be applied
to determine the optimal strategy. However, in the
more general case where impacts are multidimen-
sional, it becomes difficult to state what the
"best' maintenance strategy should be. We have

AND REITERATE

QUALITY ROAD CONDITIONS
STANDARDS AT GIVEN TIME
MAINTENANCE
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RGAD
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therefore suggested in Figure 9 an iterative ap-
proach, whereln the results of one strategy can be
analyzed to suggest further options more favorable
in terms of costs, impacts, or both. By adjusting
quality standards through successive trials, main-
tenance managers can identify a maintenance policy
encompassing acceptable (or at least non-objection-
able) costs and impacts. Although this procedure
requires a subjective assessment of the impacts
of different strategies, its value lies in the
fact that the consequences of performing or,
alternatively, deferring different highway mainten-
ance activites are explicitly spelled out (with
costs) for each maintenance policy considered.
Broadly speaking, the approach in Figure 9 may
be applied to address two types of situations. The
first situation would be to constrain the values
of the impacts desired -- in other words, to estab-
lish some range of road system benefits that must
be sustained through maintenance and rehabilitation,
and not to allow the road system to degrade below
the established threshold. Through the iterative
procedures in Figure 9 one could infer both the
maintenance policies and costs necessary to accom-
plish this target level of service. The second
type of situation would be to constrain costs --
in other words, impose a budget limitation. The
iterative methodology in Figure 9 could again be
applied, this time to vary maintenance policies to
attempt to maximize (in a subjective sense) favor-
able impacts while remaining within the cost ceil-
ing.

Applications

The demand-responsive concepts above are now the
subject of research, to formulate them within models
of practical use in maintenance policy planning and
management. Two projects are worthy of note.

The first project, completed in 1978, involved
the design and development of a statewide highway
maintenance management system for the Commonweath
of Massachusetts. Included within this system is
a budgeting component to enable the state to pre-
dict maintenance work requirements and costs one to
two years hence, for submission as part of the
state's routine process of legislative fiscal re-
view and approval. This budgeting system is unique
in that it employs numerical quality standards as
expressions of maintenance policy, and analytic pre-
dictions of resulting system conditions and main-
tenance impacts. The relevant models were devel-
oped in preliminary form for the 50-odd activities
to be managed under the system, and are described
in (2). Massachusetts 1s now completing its collec-—
tion of road inventory data and maintenance unit
cost and production information necessary to imple-
ment the budgeting procedure.

As a follow-on to the Massachusetts work, we
are now conducting a DOT University Research Project
through FHWA to formalize the concepts of demand-
responsive maintenance predictions and to derive
generalized models of deterioration and of main-
tenance impacts, with associated quality standards,
for the activities listed in Table 1. Models will
be developed in analytical form suitable for inclu-
sion in maintenance planning or management systems
if desired.
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Table 1. Candidate activities for FHWA study.

1. ROAD SURFACE

- Flexible Pavement Patching
- Rigid Pavement Crack and Joing Sealing
- Flexible Pavement Overlays

2. ROADSIDE AND RIGHT OF WAY

- Clean, Reshape Ditches
- Litter Pickup

3. TRAFFIC SERVICES

- Pavement Lane and Edge Shaping
~ Relamp Signals

4, STRUCTURES (Conditional)
— Deck Repair
5. APPURTENANCES (Conditional)

- Repair Guardrail

As examples of the types of models proposed,
Figures 10 and 11 give two examples drawn from
our earlier Massachusetts work, showing respec-
tively deterioration and impact models for the
activity of placing thin surfacings to improve
pavement skid resistance. Figure 10 shows plots of
exponential functions relating decline in average
skid number (ignoring seasonal effects) to cumula-
tive traffic levels. The families of curves illus-
trate sensitivity of the model to calibration para-
meters included in the exponential relationship.
Similarly, Figure 11 illustrates the projected
effect of the decline in average skid number on the
ratio of wet accidents to total accidents. Again,
the family of relationships is attributable to the
calibration parameters employed (Note that the "B'"
term in Figure 11 is different in meaning from
that in Figure 10). The quality standard in this
case is expressed as the minimum acceptable skid
number that is to be allowed. Analogous models and
standards were developed for other pavement and
highway maintenance activities as well.

The DOT University Research Project with RHWA
is scheduled to be completed in June 1981.

Acknowledgements

The work reported herein was performed by the
author under the two projects mentioned above. The
Massachusetts work was conducted through CMT
Incorporated under contract to Byrd, Tallamy,
MacDonald and Lewis for the Commonwealth of
Massachusetts. I wish to acknowledge the interest
and cooperation of Mr. L.G. Byrd of BTML and Mr.
Robert Keef of the Maintenance Management Section,
Massachusetts Department of Public Works. The
DOT University Research Project is being performed
in the Department of Civil Engineering at the
Massachusetts Institute of Technology. Mr. William
Kenis of FHWA is the Contract Monitor.



26 TRANSPORTATION RESEARCH RECORD 781

Figure 10. Skid relationship.
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Figure 11. Model of wet pavement accident frequency
as function of skid number.
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RATING SYSTEM FOR NEW MEXICO'S MAINTENANCE MANAGEMENT PROGRAM

Charles H. Barbee, New Mexico State Highway Department

The New Mexico State Highway Department develop-
ed a method to rate the use of its Maintenance
Management System. This paper describes the
reasons for developing the system, defines the
system, explains what is rated and how the
system was developed, gives an overview of how
the rating can and has been used, and describes
problem areas associated with the use of this
rating.

During the final stages of implementation of
the Maintenance Management System, the New Mexico
State Highway Department developed a method to
rate the use of that system.

Our discussions of this rating system will
attempt to:

+ outline the reasons for developing the

system,

+ define the system,

+ explain what is rated and how the system

was developed,

+ give an overview of how the rating has been

used,

+ cover additional areas where the rating

could be used, and

+ describe the problem areas associated with

the rating as experienced by the New Mexico
State Highway Department.

Why was the Rating System Developed

The rating system was developed at the request
of the Chief Highway Administrator. He wanted an
objective indicator that would show how field
managers were using the new management system.

What is the Rating System

The management rating system is an analytical
performance index for maintenance managers. Each
management unit is rated quarterly. The rating
scheme ranges from 0 to a maximum score of 10. As
originally developed, it was anticipated that the
ranges of scores shown inFigure 1 would indicate
how a manager is performing.

Figure 1. Interpretation of Rating

Range of Scores Rating

10 to 8.5 Excellent-deserves special recognization,
8.4 to 7.0 Good-deserves recognization,
6.9 to 5.5 Acceptable-shows reasonable management
capability,
5.4 to 4.0 Fair-needs additional attention, and
3.9 to 0.0 Poor-unacceptable, requires immediate
management attention.

What is rated and how was the System Developed

Two separate ratings are computed to form the
management index--plan compliance and use of
standard crew sizes.

The plan compliance portion of the management
index is based on how well maintenance managers
are able to perform work on their work plan. This
rating uses routine work activities---those activi-
ties which the manager has been told should be
done regardless of staffing. By limiting the
rating to these activities, over or under staffing
should not penalize a manager. Only work activi-
ties which require significant resource commitment
are used in this analysis.

The numerical value is computed in the follow-
ing manner:

Step 1 - Select routine work activities to be

used for plan compliance rating.
These activities may vary from season
to season.

Step 2 - Compute ratings at the crew level for

each percent of plan range using the
following formula:

(Percent of Evaluated Activities

within specific Percentage Range X wiﬁgﬂﬁfd= Rating
of Plan)
Percent of Plan Weighted Value
Ranges By Range
90-110% 10
80-90% and 110-120% 7
70-80% and 120-130% 5
More than 30% away from 0*

plan
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Step 3 - Compute the average rating for the
ranges using the following formula:

(Ratings for each Percent Range) = Average Rating

Step 4 - Calculate average plan compliance rat-
ing for higher management levels by
averaging the ratings for all sub-
ordinate managers. For example, the
average plan compliance rating for all
foremen reporting to an assistant
superintendent becomes the plan com-
pliance rating for the assistant
superintendent.

*(Not computed-only to ensure 100% of activities
are considered)

The second part of the management index is
based on how often maintenance managers assign the
recommended number of workers to do a specific work
activity. This rating uses only those activities
for which productivity is measurad in units other
than man-hours and which have a recognized optimum
crew size. By 1imiting the rating to these activi-
ties, crews wnich do betterment, special projects
and/or other maintenance (for which standard crew
size is not meaningful) are not penalized.

The numerical value is computed in the follow-
ing manner:

Step 1 - Select work activities to be used for
standard crew size rating. These
activities may vary from season to
season.

Step 2 - Compute ratings at the individual crew
level for each crew size range using
the following formula:

(Percent of Evaluated Activities

within Crew Size Range) y Weighted

Value ~Bating

Crew Size Range Weighted Value

Standard Crew Size 10
Standard Crew Size +1 7
Standard Crew Size +2 5
Standard Crew Size + More than 2 o*

Step 3 - Compute the average rating for the
ranges using the following formuia:

(Rating for each Crew Size Range) = Average
Rating

Step 4 - Calculate average crew size rating
for higher management levels by
averaging the ratings for all sub-
ordinate managers.

*(Not computed-used only to ensure 100% of
selected activities are considered).

The final management index is computed by
averaging the ratings computed for plan compliance
and use of standard crew sizes. A sample work
sheet used to derive a crew's rating is shown in
Figure 2.

The rating was originally computed manually
and required approximately three man-days to com-
plete for all management units. It was programmed
to run directly from the management system reports
during the last year substantially simplifying the
procedure.
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How has the System been used

The rating system has been used as an indicator
to locate areas of the departments' maintenance
operation where in-depth analysis will provide a
better understanding of how work is being accom-
plished. Analysis of very high rated or very low
rated crews provides insight to problems that can
effect plan compliance and/or use of standard crew
sizes. The factors that cause low ratings can
often be controlled or improved by first-Tine
managers. It must be realized, however, that some
Tower ratings can result from conditions that a
foreman has lTittle or no control over.

The rating has been used to identify areas
where the work plan does not meet the needs of a
group of management units or a particular manage-
ment unit. Analysis of low plan compliance in
several instances resulted in a determination that
the procedures used in developing the work plan
did not provide for an acceptable level of service
for particular management units.

An important area where the rating can focus on
needs i in training. Repuriling prubiems have been
highlighted by exceptionally low or high ratings.
Areas have also been identified where managers need
additional support in the scheduling process.
Emphasis in the area of improving scheduling pro-
cedures and improving communication between first
and second Tine managers have resulted in improved
plan compliance ratings. A few isolated cases of
s1ightly Tower ratings have resulted when emphasis
was placed on identifying work that needed to be
done that was not included in the work plan. This
information has also been used in evaluating the
work plan for future improvements. Very low rat-
ings in use of standard crew sizes have isolated a
few cases where incorrect reporting was a problem.

A statewide average has been monitored since
the base year of 1977-78 to determine if our crews
are raising the rating or if we are moving further
away from plan compliance/use of standard crew
sizes.

Figure 3 shows the average crew rating for
1977-78, 1978-79 and the current rating for this
fiscal year as of March 7, 1980. The Tower rating
for 1979-80 has been effected partially by a re-
quired reduction in the work program due to a short
fall in revenues beginning last October. Critical
work on routine activities was delayed because our
department had a cash flow problem and reduced
materials purchases to provide only for emergency
work. The cash flow problem improved late this
spring and our crews have been completing routine
work that had to be delayed and it is expected
that the overall rating will improve slightly.

To date, our use of the management rating
system has been as an indicator to direct us to
areas that need more analysis and field review.
The rating is used to supplement the more detailed
reports that are part of the management system.
The rating by itself does not answer questions,
but it can indicate where we should be looking to
determine a cause and effect that will help us
better understand how, why, and where we are using
our maintenance resources.

What additional uses can be made of the rating

Several additional items have been discussed
for possible use of the rating including:
+ evaluation for merit or extra merit raises,
+ as part of a performance rating, and
+ to grovide special recognization to managers
that maintain high standards of plan com-
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Figure 2. Management System Rating Worksheet
INDIVIDUAL MMS MANAGEMENT SCORECARD

MANAGEMENT LEVEL

DISTRICT MGT UNIT

I. PLAN COMPLIANCE
THIS PERIOD

Number of Percent of

Percent of Plan Activities x Activities x Value

90 - 110% X x 10
80 - 120% . W meme—e X T
70 - 130% s X meeen X 5
<70 >130% x x 0

Overall Rating

IT. USE OF STANDARD CREW SIZE
THIS PERIOD

Percent of
Activities x Value

Standard Crew Size e e x 10
Standard Crew Size +1 X /o
Standard Crew Size +2 —— X 5
Standard Crew Size +y2 = x 0

Overall Rating

ITI. MANAGEMENT INDEX

Index
This Period

pliance and standard crew size usage.

What problems have been associated with the rating

The major problem the New Mexico State Highway
Department had with the rating system was the con-
troversy that developed at most levels of manage-
ment when the rating was originally introduced.

Many maintenance supervisors look upon the
rating as a report card and will still identify it
as the major item that caused many people to resist
the changes required to utilize the new management
system. There has been concern that the rating
system will encourage field managers to report
planned work rather than actual accomplishment.

The information generated by an effective
maintenance management system makes all levels of
management more accountable as to why, where, when,
and how work is being performed. Our field
managers were in the early stages of adjusting to
this new accountability when they became aware of
the rating system. Apparently this was a case of
moving too rapidly in a sensitive area and a very
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