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equipment at a minimum cost. A U.S. Department of Defense objective in sponsor-
ing preparation of this document was that it serve as a guide for application to a
wide range of different types of military equipment.

There are essentially only four types of tasks in a scheduled maintenance program.
Mechanics can be asked to:

Inspect an item to detect a potential failure

Rework an item before a maximum permissible age is exceeded

Discard an item before a maximum permissible age is exceeded

Inspect an item to find failures that have already occurred but were not evident
to the equipment operating crew

A central problem addressed in this book is how to determine which types of sched-
uled maintenance tasks, if any, should be applied to an item and how frequently
assigned tasks should be accomplished. The use of a decision diagram as an aid in
this analysis is illustrated. The net result is a structured, systematic blend of
experience, judgment, and operational data/information to identify and analyze
which type of maintenance task is both applicable and effective for each significant
item as it relates to a particular type of equipment. A concluding chapter emphasizes
the key importance of having a mutually supportive partnership between the per-
sonnel responsible for equipment design and the personnel responsible for equip-
ment maintenance if maximum RCM results are to be achieved.

Appendices are included as follows:

Procedures for auditing the development and implementation of an RCM
program

A historical review of equipment maintenance evolution

Techniques of performing actuarial analyses

An annotated bibliography
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THIS VOLUME provides the first full discussion of reliability-centered
maintenance as a logical discipline for the development of scheduled-

maintenance programs. The objective of such programs is to realize the-

inherent reliability capabilities of the equipment for which they are
designed, and to do so at minimum cost. Each scheduled-maintenance
task in an RCM program is generated for an identifiable and explicit
reason. The consequences of each failure possibility are evaluated, and
the failures are then classified according to the severity of their conse-
quences. Then for all significant items— those whose failure involves
operating safety or has major economic consequences— proposed tasks
are evaluated according to specific criteria of applicability and effective-
ness. The resulting scheduled-maintenance program thus includes all
the tasks necessary to protect safety and operating rehab1l1ty and only
the tasks that will accomplish this objective.

Up to this point the only document describing the use of decision
diagrams for developing maintenance programs has been MSG-2, the
predecessor of RCM analysis. MSG-2 was concerned primarily with the
development of prior-to-service programs and did not cover the use of
operating information to modify the maintenance program after the
equipment enters service or the role of product improvement in equip-
ment development. The chief focus was on the identification of a set of
tasks that would eliminate the cost of unnecessary maintenance without
compromising safety or operating capability. There was no mention of
the problem of establishing task intervals, of consolidating the tasks
into work packages, or of making decisions where the necessary infor-
mation is unavailable. The treatment of structure programs was sketchy,
and zonal and other general inspection programs were not discussed
at all.
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The difficulty that many people experienced in attempting to apply
the concepts of MSG-2 indicated the need for changes and additions
simply to clarify many of the points. It was also abundantly clear, how-
ever, that the scope of the material should be expanded to cover the topics
that had not been discussed in that document. This volume includes a
major expansion of the discussion on the problem of identifying func-
tionally and structurally significant items. The RCM decision diagram
itself is quite different from the one used for MSG-2. Instead of beginning
with the evaluation of proposed maintenance tasks, the decision logic
begins with the factor that determines the maintenance requirements of
each item —the consequences of a functional failure— and then an evalu-
ation of the failure modes that cause it. This new diagram also recog-
nizes the four basic maintenance tasks that mechanics can perform
(instead of three maintenance processes), thereby clarifying the treat-
ment of items with hidden functions. The role of a hidden-function
failure in a sequence of multiple independent failures is stressed, and
it is also shown that the consequences of a possible multiple failure are
explicitly recognized in the definition of the consequences of the first
failure.

Another important aspect of the RCM decision logic is that it
includes a default strategy for making injtial maintenance decisions in
the absence of full information. There is a full discussion of the problem
of assigning task intervals, particularly those for first and repeat on-
condition inspections. The role of age exploration and the use of infor-
mation derived from operating experience, both to modify the initial
maintenance program and to initiate productimprovement, is discussed
at length. The content of scheduled-maintenance programs developed
by experienced practitioners of MSG-2 techniques may be quite similar
to the programs resulting from RCM analysis, but the RCM approach is
more rigorous, and there should be much more confidence in its out-
come. The RCM technique can also be learned more quickly and is more
readily applicable to complex equipment other than transport aircraft.

Part One of this volume presents a full explanation of the theory
and principles of reliability-centered maintenance, including a discus-
sion of the failure process, the criteria for each of the four basic tasks,
the use of the decision logic to develop an initial program, and the
age-exploration activities that result in a continuing evolution of this
program after the equipment enters service. Part Two describes the
application of these principles to the analysis of typical items in the
systems, powerplant, and structure division of an airplane; the consid-
erations in packaging the RCM tasks, along with other scheduled tasks,
for actual implementation; and the information systems necessary for
management of the ongoing maintenance program. The concluding
chapter discusses the relationship of scheduled maintenance to operat-
ing safety, the design-maintenance partnership, and the application of



RCM analysis both to in-service fleets and to other types of complex
equipment.

The text is followed by four appendices. Appendix A outlines the
principles of auditing a program-development project and discusses
some of the common problems that arise during analysis. This material
provides an excellent check list for the analyst as well as the auditor and
should be especially useful as a teaching aid for those conducting train-
ing groups in RCM methods. Appendix B is a historical review of the
changes in maintenance thinking in the airline industry. Appendix C is
a discussion of the engineering procedures and techniques used in
actuarial analysis of reliability data. Appendix D, written by Dr. James
L. Dolby, is a discussion of the literature in reliability theory, information
science, decision analysis, and other areas related to RCM analysis and
provides an annotated guide to this literature as well as to the specific
literature on reliability-centered maintenance. Dr. Howard L. Resnikoff
has written an accompanying mathematical treatment of the subject,
titled Mathematical Aspects of Reliability-Centered Maintenance.

A book of this nature is the result of many efforts, only a few of
which can be acknowledged here. First of all, we wish to-express our
gratitude to the late W. C. Mentzer, who directed the pioneering studies
of maintenance policy at United Airlines, and to the Federal Aviation
Administration for creating the environment in which this work was
developed over the last twenty years. We also thank Charles S. Smith
and Joseph C. Saia of the Department of Defense, who defined the con-
tent of the present text and counseled us throughout its preparation.
James L. Dolby of San Jose State University, in addition to preparing
the bibliography, contributed his expertise to the text. In particular,
he helped to develop the concept of partitioning to identify significant
items and the concept of default answers as part of the decision logic,
as well as advising us on the actuarial appendix. Nancy Clark edited
our efforts and organized them for clear exposition. Her logical thought
processes resulted in numerous major improvements throughout and
made possible the successful translation of our manuscript to textbook
form.

Much help on specific areas of the text has come from friends and
coworkers in the industry. We especially wish to thank Mel Stone of
Douglas Aircraft for his extensive help with the structure chapter, John
F. McDonald of the Flying Tiger Line for his comments on the theoretical
chapters, and John F. Pirtle of General Electric for his comments on the
powerplant chapter. Of the many others whose contributions influenced
the text in some important respect, we give particular thanks to Thomas
M. Edwards of United Airlines, Thomas D. Matteson of United Airlines,
Ernest Boyer of the Federal Aviation Administration, Captain L. Ebbert
of the U.S. Navy, Edward L. Thomas of the Air Transport Association,
and Robert Gard of the University of Missouri.
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We are also grateful to the many people at United Airlines who pro-
vided us with specific help and assistance. The manuscript itself would
not have materialized without the efforts of Marie Tilson, who cheerfully
typed and retyped the material through many drafts. We also thank
Claudia Tracy, whose artwork made the draft manuscript more readable,
and ]. Douglas Burch, whose efforts throughout the project helped bring
it to completion. Finally, we would like to thank the management of
United Airlines for its patience and our wives for their encouragement
over the many long months of authorship and publication.

F. Stanley Nowlan
Howard F. Heap



PREFACE vii

A MAINTENANCE PHILOSOPHY xvi

CHAPTER ONE rcm: a maintenance discipline

1+t THE EVOLUTION OF RCM ANALYSIS 4
1-2 THE BASIS OF RCM DECISION LOGIC 6
1-3 RELIABILITY PROBLEMS IN COMPLEX EQUIPMENT 9

14 AN OVERVIEW OF MAINTENANCE ACTIVITY 11

contents

PART ONE THEORY AND PRINCIPLES 15

CHAPTER TWO the nature of failure 16

2+1 THE DEFINITION OF FAILURE 17

2:2 THE DETECTION OF FAILURES 20
2:3 THE CONSEQUENCES OF FAILURE 25
2+4 MULTIPLE FAILURES 28

2:5 THE FAILURE PROCESS 31

2-6 FAILURE IN COMPLEX ITEMS 37

X/



2-7 QUANTITATIVE DESCRIPTIONS OF FAILURE 39

2:8 AGE-RELIABILITY CHARACTERISTICS 45

CHAPTER THREE the four basic maintenance tasks 5o

31 SCHEDULED ON-CONDITION TASKS 51

3:2 SCHEDULED REWORK TASKS 56

3-3 SCHEDULED DISCARD TASKS 58

3:4 SCHEDULED FAILURE-FINDING TASKS 61

3-5 CHARACTERISTICS OF THE BASIC TASKS 65

3:6 THE DIMENSIONS OF A SCHEDULED-MAINTENANCE PROGRAM 71

3:7 PRODUCT IMPROVEMENT AS PREVENTIVE MAINTENANCE 75

- CHAPTER FOUR developing the initial program 73

4-1 THE NATURE OF SIGNIFICANT ITEMS 80
4-2 THE RCM DECISION PROCESS 86

4-3 USE OF THE RCM DECISION DIAGRAM 91
4-4 DETERMINING COST EFFECTIVENESS 100
4-5 AGE EXPLORATION 106

4-6 PACKAGING THE MAINTENANCE TASKS 109

CHAPTER FIVE evolution of the rcm program 112

5-1 THE USES OF OPERATING DATA 113

5:2 REACTING TO SERIOUS FAILURES 116

5°3 REFINING THE MAINTENANCE PROGRAM 121

5+4 REVISIONS IN MAINTENANCE REQUIREMENTS 126
5:5 THE PRODUCT-IMPROVEMENT PROCESS 128

56 RCM PROGRAMS FOR IN-SERVICE EQUIPMENT 137

i



PART TWO APPLICATIONS
CHAPTER SIX applying rcm theory to aircraft 140

6-1 A SUMMARY OF RCM PRINCIPLES 141
6:2 ORGANIZATION OF THE PROGRAM-DEVELOPMENT TEAM 145
6-3 BEGINNING THE DECISION PROCESS 147

6-4 THE INFORMATION FLOW IN DECISION MAKING 153

CHAPTER SEVEN rcm analysis of systems 158

7-1 CHARACTERISTICS OF SYSTEMS ITEMS 159
7:2 ASSEMBLING THE REQUIRED INFORMATION 161
7-3 ANALYSIS OF TYPICAL SYSTEMS ITEMS 166

7-4 ESTABLISHING TASK INTERVALS 192

CHAPTER EIGHT rcm analysis of powerplants 194

8+1 CHARACTERISTICS OF POWERPLANT ITEMS 195
8-2 ASSEMBLING THE REQUIRED INFORMATION 199
8-3 FAILURES OF THE BASIC ENGINE FUNCTION 205
8-4 FAILURES OF SECONDARY ENGINE FUNCTIONS 217

8-5 THE ROLE OF AGE EXPLORATION 224

CHAPTER NINE rcm analysis of structures 223

9-1 CHARACTERISTICS OF STRUCTURAL ITEMS 229

9:2 THE STRUCTURAL INSPECTION PLAN 238

9+3 ASSEMBLING THE REQUIRED INFORMATION 247
9-4 RCM ANALYSIS OF STRUCTURAL ITEMS 252

95 ESTABLISHING INITIAL INSPECTION INTERVALS 256

96 STRUCTURAL AGE EXPLORATION 273

i

139














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































