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Preface
In today's global economy, only those nations that lead in technology will lead the world. Within technology, we include research,
development, and manufacturing, as well as maintenance and maintainability. Various studies have indicated that for many large systems
or pieces of equipment, maintenance and support account for as much
as 60 to 75 percent of their overall life cycle costs, and sometimes
much more.
This is probably why there is an increasing emphasis on maintainability during product design. But even though the first book on
maintainability, Electronic Maintainability, appeared in 1960, there are
still only a handful of books available on the subject. In recent years,
many new concepts and techniques have been developed to meet the
challenges of maintaining modem engineering systems. A professional
needing information on these developments generally faces a great deal
of difficulty and inconvenience, because they are generally discussed
in various technical papers and in specialized books but have not been
treated within the framework of a single volume on maintainability.
This book is an attempt to present both traditional and modern maintainability concepts in a single volume to meet the challenges of
modern system design. Every effort was made to treat the topics
discussed in such a manner that the reader will need minimum previous knowledge to understand the contents.
If the reader desires to delve deeper into a specific area, references
provide the sources of most of the material presented. Furthermore,
the volume contains numerous examples to facilitate understanding of
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the material, as well as challenging problems to test reader comprehension. Professional engineers, design and maintenance managers, university professors, along with undergraduate and graduate engineering
students, should all find this book useful.
I am indebted to my friends, colleagues, students, various maintainability professionals, and others for their interest and encouragement throughout this project. I am grateful to Josee Rocheleau for
typing the first draft of this book. I also thank my children, Jasmine
and Mark, for their patience during this project. Last, but not least, I
thank my wife, Rosy, for typing various portions of this book, for her
help in proofreading, and for her unending patience.

B. S. Dhillon, Ph.D.
University of Ottawa
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Introduction
WHAT

IS M A I N T A I N A B I L I T Y ?

Maintainability refers to the measures taken during the development,
design, and installation of a manufactured product that reduce required
maintenance, manhours, tools, logistic cost, skill levels, and facilities, and
ensure that the product meets the requirements for its intended use.
The precise origin of maintainability as an identifiable discipline
is somewhat obscured, but in some ways the concept goes back to the
very beginning of the twentieth century. For example, in 1901 the
Army Signal Corps contract for development of the Wright Brothers'
airplane stated that the aircraft should be "simple to operate and
maintain" [1]. In the modern context, the beginning of the discipline
of maintainability may be traced to the period between World War II
and the early 1950s, when various studies conducted by the United
States Department of Defense produced startling results [2, 3]:
9 A Navy study reported that during maneuvers electronic equipment was operative only 30% of the time.
9 The U.S. Army's Eighth Air Force, stationed in Britain during
World War II, reported that only 30% of the heavy bombers stationed
at one airfield were in operational readiness condition at any given
time and that the situation at other airfields was quite similar.
9 A study conducted by the Army reported that approximately twothirds to three-fourths of equipment was either out of service or
under repair at any given time.
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Another step in the discipline's development was a 12-part series
of articles that appeared in Machine Design in 1956 and covered
subjects such as design of electronic equipment for maintainability,
design of maintenance controls, factors to consider in designing
displays, design of covers and cases, designing for installation, recommendations for designing maintenance access in electronic equipment,
a systematic approach to preparing maintenance procedures, and design
recommendations for test points [4]. In 1957, the Advisory Group on
Reliability of Electronic Equipment (AGREE), established by the Department of Defense, published a report containing recommendations
compiled by nine AGREE task groups. These recommendations have
served as a basis for most of the current standards on maintainability [5].
In 1960, the United States Air Force initiated a program to develop
an effective systems approach to maintainability, which led to the development of specification MIL-M-26512. This specification provided
program guidance and established maintainability procedures to assure
that systems and equipment would satisfy qualitative and quantitative
operational requirements.
An appendix to specification MIL-M-26512 contained a method for
planning maintainability demonstration tests, addressing issues such
as sample size, data evaluation, control of the test, and sample selection. It also served as the basis for MIL-STD-471, an important later
Department of Defense document on maintainability testing [4, 6].
In the latter part of the 1960s many military documents related
to maintainability appeared: MIL-STD-470 (Maintainability Program
Requirements) [7], MIL-STD-471 (Maintainability Demonstration) [8],
MIL-HDBK-472 (Maintainability Prediction) [9], and MIL-STD-721B

(Definition of Effectiveness Terms for Reliability, Maintainability,
Human Factors, and Safety) [10]. Two important military documents that
appeared in the 1970s were AMCP 706-134 (Engineering Design
Handbook: Maintainability Guide for Design) [11] and AMCP 706133 (Engineering Design Handbook: Maintainability Engineering
Theory and Practice) [1].
In 1984, the United States Air Force launched the Reliability and
Maintainability (R & M) 2000 Initiative. The main objective of this
initiative was to give R & M characteristics equal weight with factors
such as performance, cost, and schedule during the development and
decision process. The Army and Navy launched similar initiatives. In
particular, the Army set a goal of cutting the operating and support
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costs related to reliability, maintainability, availability, and durability
in half by 1991 [5].
Three important commercially available publications that appeared
in 1960, 1964, and 1969, respectively were Electronic Maintainability
[12], Maintainability [13], and Maintainability Principles and Practices
[ 14]. There have been many important publications since then; references
15 and 16 give a comprehensive list of publications on maintainability.

T H E I M P O R T A N C E , PURPOSE, A N D RESULTS
OF M A I N T A I N A B I L I T Y EFFORTS
The alarmingly high operating and support costs of systems and
equipment, in part due to failures and the necessary subsequent repairs,
are the prime reasons for emphasizing maintainability. One study
conducted by the United States Air Force in the 1950s reported that
one third of all its personnel was involved in maintenance and one
third of all Air Force operating costs stemmed from maintenance. Some
examples of the costs are the expense of maintenance personnel and their
training, maintenance instructions and data, repair parts, test and support
equipment, training equipment, repair parts, and maintenance facilities.
The objectives of applying maintainability engineering principles to
engineering systems and equipment include:
9 Reducing projected maintenance time and costs through design
modifications directed at maintenance simplifications
9 Determining labor-hours and other related resources required to
carry out the projected maintenance
9 Using maintainability data to estimate item availability or
unavailability
When maintainability engineering principles have been applied
effectively to any product, the following results can be expected [1]:
9 Reduced downtime for the product and consequently an increase
in its operational readiness or availability
9 Efficient restoration of the product's operating condition when
random failures are the cause of downtime
9 Maximizing operational readiness by eliminating those failures
that are caused by age or wear-out

4

Engineering Maintainability

MAINTAINABILITY
IN T H E G O V E R N M E N T
P R O C U R E M E N T P R O C E S S A N D IN T H E
COMMERCIAL SECTOR
Over the years, the United States Department of Defense (DOD)
has played an instrumental role in providing direction and standards
for the application of maintainability principles. Even though other
government agencies such as the National Aeronautics and Space
Administration and the Department of Energy have recognized the
importance of maintainability to their missions and have taken appropriate measures, the DOD has been the most effective in implementing
maintainability principles [5].
DOD Directive 5000.40 (Reliability and Maintainability) outlines
specific objectives, policies, and responsibilities for addressing maintainability issues in the procurement process. Specifically, the directive
states the need to decrease the demand for maintenance and logistics
support and to manufacture items that can be operated and maintained
with available manpower, skills, and training facilities in the field. The
DOD has produced some of the other key documents on maintainability and has taken various initiatives to improve the reliability and
maintainability of its equipment and systems.
Market pressure has been the primary force behind the application
of maintainability principles in the commercial sector. But the private
sector's emphasis on maintainability is still a long way behind that
of the government. Probably the most effective maintainability effort
has been in the commercial aircraft industry, where aircraft availability
has become an important index of an airline's ability to satisfy the
needs of its market. The maintainability of an aircraft has a fundamental influence on its availability or dispatch reliability. Thus the
main aim of maintainability efforts is to improve dispatch availability
or reliability through factors such as the following [5]:
9 Interchangeability. This is the extent to which one item can be
readily replaced with an identical item without a need for recalibration. Such flexibility in design reduces maintenance work and
in turn maintenance costs.
9 Accessibility. This is the ease and rapidity with which an aircraft
part can be reached and the required maintenance performed. Poor
accessibility leads to increased downtime and, in turn, lower revenue.
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Thus, one design goal should be to provide access to failed parts
that does not require removing other parts.
M a i n t e n a n c e frequency. This is the frequency with which each
m a i n t e n a n c e action must be conducted and is central to the
preventive, schedule, or corrective maintenance requirements of
an aircraft.
Simplicity. This is the simplification of maintenance tasks associated with the aircraft system. System simplification helps to
reduce the costs of spares and improves the effectiveness of
maintenance troubleshooting.
Visibility. This measures how readily the aircraft part requiring
maintenance can be seen. A blocked view can significantly increase downtime.
Testability. This is the measure of fault detection and fault
isolation ability. Fault diagnosis speed can significantly influence
downtime and maintenance costs.
S t a t e - o f - t h e - a r t . Technological advances can help to improve
maintainability and decrease maintenance costs.

MAINTENANCE
ENGINEERING VERSUS
MAINTAINABILITY
ENGINEERING
Maintenance and maintainability are closely interrelated, and many
people find it difficult to make a clear distinction between them. Maintenance refers to the measures taken by the users of a product to keep
it in operable condition or repair it to operable condition. Maintainability refers to the measures taken during the design and development
of a product to include features that will increase ease of maintenance
and will ensure that when used in the field the product will have
minimum downtime and life-cycle support costs [1, 17].
More simply [ 18]:
9 Maintenance is the act of repairing or servicing equipment.
9 Maintainability is a design parameter intended to minimize repair
time.
Maintenance engineers use time design reviews and test results to
reduce maintenance support requirements. Because it is the responsibility
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of the maintenance engineers to ensure that equipment design and
development requirements reflect the user's maintenance needs, they
are concerned with factors such as system mission, operational, and
support profiles, the levels and kinds of maintenance and other support
resources required, and the environment in which the system will be
operated and maintained.
Because engineers should consider maintenance requirements before
designing a product, maintainability design requirements can be determined by processes such as maintenance engineering analysis, the analysis
of maintenance tasks and requirements, the development of maintenance
concepts, and the determination of maintenance resource needs.

MAINTAINABILITY

SCIENCE AND

DOWNTIME

Maintainability engineers must use a scientific approach to measure
the maintainability qualities they build into manufactured products.
They should also use a scientific method to rate and examine indistinct
maintainability concepts and to review new ways to rectify deficiencies
in products [11]. A scientific approach to maintainability should
include good maintainability principles and guidelines; controlling
mechanisms to ensure that maintainability is built in; simple and
straightforward maintainability measuring methods that mean fewer
and less complicated tasks during the design process and other processes;
good interaction between design and maintainability professionals; and
good record keeping to allow statistical analyses and reviews of maintainability action effectiveness.
Because equipment downtime consists of many components and
subcomponents, as shown in Figure 1-1 [19], there are numerous engineering and analytical efforts required to reduce downtime. The three
main components of equipment downtime are logistic time, administrative time, and active repair time [20].
Logistic time is that portion of equipment downtime during which
repair work is delayed because a replacement part of other component
of the equipment is not immediately available.
Apart from the fact that replacement parts needs are affected by
factors such as operating conditions and the equipment's inherent capability to tolerate operating stress levels, logistic time is largely a matter
of management. Acquisition personnel can play an important role in
minimizing logistic time by developing effective procurement policies.
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Figure I-I. Equipment downtime components.
Active repair time is that portion of equipment downtime during
which the repair staff is actively working to effect a repair. Its six
elements are fault location time, preparation time, failure verification
time, actual repair time, part acquisition time, and final test time, as
shown in Figure 1-1. Usually, the length of active repair time reflects
factors such as product complexity, diagnostic adequacy, nature of
product design and installation, and the skill and training of the
maintenance staff. All in all, since active repair time is largely determined by the equipment's built-in maintainability characteristics, the
manufacturer of the equipment plays a key role in influencing how
much active repair time is required.
Administrative time is that portion of equipment downtime not taken
into consideration in active repair time and in logistic time. Required
administrative activities and unnecessarily wasted time are both included in administrative time. This time is a function of the structure
of the operational organization and is influenced by factors such as
work schedules and the nontechnical duties of maintenance people.

MAINTAINABILITY STANDARDS, HANDBOOKS,
A N D I N F O R M A T I O N SOURCES
Over the years, there have been many standards, specifications, and
handbooks developed that directly or indirectly relate to maintainability. Some of these documents are [15, 21, 22]"
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9 MIL-STD-470A, Maintainability Program for systems and Equipment, Department of Defense, Washington, D.C.
9 MIL-STD-2084 (AS), General Requirements for Maintainability,
Department of Defense, Washington, D.C.
9 MIL-STD-2165, Testability Program for Systems and Equipment,
Department of Defense, Washington, D.C.
9 MIL-STD-471 A, Maintainability/Verification~Demonstration/Evaluation, Department of Defense, Washington, D.C.
MIL-HDBK-472, Maintainability Prediction, Department of Defense,
Washington, D.C.
9 MIL-STD-721 C, Definition of Terms for Reliability and Maintainability, Department of Defense, Washington, D.C.
9 AMCP 706-134, Maintainability Guide for Design, Department
of Defense, Washington, D.C.
9 AMCP 706-133, Maintainability Engineering Theory and Practice, Department of Defense, Washington, D.C.
9 Handbook of Product Maintainability, Reliability Division, American
Society for Quality Control, Milwaukee, Wisconsin, 1973.
9 ISO 8107, Nuclear Power Plant Maintainability Terminology, International Organization for Standardization, Geneva, Switzerland.
9 MOD UK DSTAN 00-25: Part II, Human Factors for Designers
of Equipment; Part H: Design for Maintainability, Issue 1 (08.88),
Department of Defense, London, U.K.
9 NATO ARMP-1 ED2, NATO Requirements for Reliability and Maintainability, North Atlantic Treaty Organization, Brussels, Belgium.
9 NATO ARMP-5 AMDO, Guidance on Reliability and Maintainability
Training, North Atlantic Treaty Organization, Brussels, Belgium.
9 NATO ARMP-8 AMDO, Reliability and Maintainability in the
Procurement of Off-The-Shelf Equipment, North Atlantic Treaty
Organization, Brussels, Belgium.
9 NATO STANAG 4174 ED 1 AMD1, Allied Reliability and Maintainability Publications, North Atlantic Treaty Organization,
Brussels, Belgium.
9

Other sources of maintainability-related information are:
9 Ankenbrandt, E L., editor. Electronic Maintainability. Engineering
Publishers, Elizabeth, New Jersey, 1960.
9 Goldman, A. S. and Slattery, T. B. Maintainability. John Wiley
and Sons, New York, 1964.
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9 Blanchard, B. S. and Lowery, E. E. Maintainability Principles and
Practices. McGraw-Hill Book Company, New York, 1969.
9 Cunningham, C. E. and Cox, W. Applied Maintainability Engineering. John Wiley and Sons, New York, 1972.
9 Smith, D. J. and Babb, A. H. Maintainability Engineering. Pitman,
New York, 1973.
9 Blanchard, B. S., Verma, D. and Peterson, E. L. Maintainability:

A Key to Effective Serviceability and Maintenance Management.
John Wiley and Sons, New York, 1995.

Maintainability Data Sources
9 IEC 706 PT3, Guide on Maintainability of Equipment, Part III:

Sections Six and Seven, Verification and Collection, Analysis and
Presentation of Data, first edition, International Electrotechnical
Commission, Geneva, Switzerland.
9 RAC EEMD1, Electronic Equipment Maintainability Data. Reliability Analysis Center, Rome Air Development Center, Griffis Air
Force Base, Rome, New York.
9 SAA AS2529, Collection of Reliability, Availability and Main-

tainability Data for Electronics and Similar Engineering Use
(R 1994), Standards Association of Australia, Melbourne.
9 GIDEP Data. The Government Industry Data Exchange Program
(GIDEP) is a computerized data bank. Originally, GIDEP was
jointly established by the National Aeronautics and Space Administration, the Canadian Military Electronics Standards Agency, the
U.S. Air Force Logistics Command, the U.S. Navy, the U.S. Army,
and the U.S. Air Force Systems Command. The data bank is
managed by the GIDEP Operations Center, Fleet Missile Systems,
Analysis and Evaluation, Department of Defense, Corona, California.

9 Reliability and Maintainability Data for TD-84-3, Industrial
Plants, A.P. Harris and Associates, Ottawa, Ontario, 1984.

MAINTAINABILITY

TERMS A N D D E F I N I T I O N S

Some of the terms and definitions used in maintainability work are
[1, 20, 23, 24]:

I0

Engineering Maintainability

9 M a i n t a i n a b i l i t y . This refers to the aspects of a product that
increase its serviceability and repairability, increase the costeffectiveness of maintenance, and ensure that the product meets
the requirements for its intended use.
9 Downtime. This is the total time during which the product is not
in an adequate operating state.
9 Repairability. This is the probability that a failed product will
be repaired to its operational state within a given active repair time.
9 Serviceability. This is the degree of difficulty or ease with which
a product can be restored to its operable state.
9 Availability. This is the probability that a product is available for
use when needed.
9 Active r e p a i r time. This is that segment of downtime during
which repair staff work to effect a repair.
9 Logistic time. This is that segment of downtime occupied by the
wait for a needed part or tool.
9 Design adequacy. This is the probability that the product will
complete its intended mission successfully when it is used according to its design specifications.

PROBLEMS
1. Write an essay on the history of maintainability.
2. What are the reasons for the emphasis on maintainability during
design?
3. Discuss the results that can be expected when maintainability
principles are applied during the product design.
4. Define the following terms:
9 Repairability
9 Maintainability
9 Active repair time
5. Describe the following:
9 Maintainability in the government procurement process
9 Maintainability in the commercial sector
6. Compare between maintenance and maintainability.
7. Discuss the principal elements of active repair time.
8. Discuss at least two data banks for obtaining maintainabilityrelated information.
9. Discuss the principal components of downtime.
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CHAPTER

Maintainability
Management
INTRODUCTION
The effective practice of maintainability design and engineering
requires a systematic management approach. Maintainability management may be discussed from a variety of perspectives. Among them
are the management of maintainability as an engineering discipline,
the place of the maintainability function within an organization's
structure, and the role maintainability plays at each phase in the life
cycle of the product being developed. That is, there are aspects of
maintainability management and organization that may need to be
altered depending upon the current design stage or phase in the life
cycle. Effective maintainability management depends upon other
factors as well, including [1]:
9 Acceptance by upper management that maintainability is an
important characteristic of equipment design
9 Establishment of a maintainability engineering entity at a level
within the organization that allows effective relationships and
functions with respect to other organization entities [2]
9 Acceptance throughout the organization of maintainability as a
technical discipline on a par with design, maintenance, human
factors, reliability, testing and evaluation, integrated logistic
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support, and safety engineering, which are all disciplines to which
maintainability has strong links
9 Planning, organizing, directing, controlling, budgeting, and monitoring of the maintainability function in a manner similar to the
management of other disciplines
This chapter describes some of the most important aspects of
maintainability management. For a more detailed discussion, see B. S.
Dhillon and H. Reiche, Reliability and Maintainability Management [3].

MAINTAINABILITY
IN T H E P R O D U C T

MANAGEMENT
LIFE C Y C L E

FUNCTIONS

An important element in achieving an efficient and effective design
is serious consideration of the maintainability issues that arise throughout the product life cycle. An effective maintainability program incorporates a dialogue between the user and manufacturer during the total
life cycle of the product. This dialogue concerns the user's maintenance requirements and other requirements for the product and the
manufacturer's response to those requirements.
The product life cycle is composed of the four phases shown in
Figure 2-1" the concept development phase, the validation phase, the
production phase, and the operation phase. Specific maintainability
functions are associated with each of these phases.

Concept
development
phase

Validation
phase

1

Production
phase

Operation
phase

2

-- Product life cycle

Figure 2-1. Product life cycle phases.
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Concept Development Phase
During this phase, the operation needs of the product are translated
into a set of operational requirements, and high-risk areas are identified. In other words, the objective of the concept development phase
is to develop and choose the most appropriate method of meeting the
identified operational needs. The method must be proven viable from
technical, schedule, and cost standpoints. A product development plan,
implementation plans for the recommended method, advanced development objectives, and any other necessary plans or objectives should
also be prepared.
The primary maintainability task during this phase is to determine
product effectiveness requirements and to determine, from the purpose
and intended operation of the product, the field support policies and
other provisions required. Product effectiveness can be defined as the
probability that the product can successfully satisfy an operational
demand within a defined interval when used according to design
specifications. The most frequently used measures of product effectiveness are probabilities, expected value, and rates [1].
In order to establish product maintainability requirements, it is
necessary to determine product utilization rates, mission time factors,
and product life cycle duration, including product use and out-ofservice conditions. It is also necessary to describe mission and performance expectations, product operating modes, and the overall logistic
support objectives and concepts.

Validation Phase
In this phase the operational requirements developed during the
concept development phase are refined further in terms of product
design requirements. The main objective of the validation phase is to
ensure that no full-scale development takes place until associated costs,
schedules, and performance and support objectives have been prepared
and evaluated with utmost care.
During this phase, maintainability management tasks include:
9 Developing a maintainability program plan that meets contractual
requirements
9 Developing a plan for maintainability testing and demonstration
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9 Determining specific maintainability, reliability, and product
effectiveness requirements
9 Developing maintainability incentives or penalties
9 Coordinating and monitoring maintainability efforts throughout the
company
9 Developing maintainability policies and procedures for both the
validation phase and the subsequent full-scale engineering effort
9 Providing assistance to maintenance engineering in areas such as
performing maintenance analysis and developing logistic policies
and product effectiveness requirements
9 Developing a planning document for data collection, analysis, and
evaluation
9 Performing maintainability predictions and allocations and participating in trade-off analyses
9 Participating in design reviews
Because the most crucial part of the maintainability effort occurs
during the concept development and validation phases, effective
maintainability management is especially important at these stages.
In particular, some of the functions that must be completed before
the production phase are updating the maintainability program plan to
meet final specification requirements for the project; monitoring the
maintainability efforts of subcontractors; issuing detailed program
schedules, milestones, work orders, and budgets, and periodically
reviewing and updating them; predicting and addressing maintainability
requirements in quantitative terms, down to the lowest-level product
component; preparing specific maintainability test and demonstration
plans; and monitoring the maintainability effort, following the maintainability program plan and management policies and procedures.

Production Phase
During this phase the product is manufactured, tested, delivered, and
in some cases installed in accordance with the technical data developed
in the earlier phases. Even though at this stage the maintainability
design effort will be largely completed, design should be reviewed and
updated as engineering changes, initial field experience, and logistic
support modification require. The production phase maintainability
effort includes production process monitoring; examining production
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test trends from the standpoint of adverse effects on maintainability
and maintenance requirements; evaluating all proposals for change
with respect to their impact on maintainability; ensuring the eradication
of all discrepancies that may diminish maintainability; and taking part
in the development of controls for process variations, errors, and other
problems that may affect maintainability.

Operation Phase
During this phase, the user puts the product into operation, logistically supports it, and modifies it as appropriate. It is in this phase
that the supply, maintenance, training, overhaul, and material readiness
requirements and characteristics of the product become clear. Therefore, although there are no specific maintainability requirements at this
time, the phase is probably the most significant because the product's
true cost-effectiveness and logistic support are now demonstrated and
maintainability data can be collected from the experience for use in
future applications.

MAINTAINABILITY ORGANIZATION
F U N C T I O N S A N D TASKS
The functions and tasks performed by the maintainability organization may be grouped into many general functions: administrative,
analysis, design, documentation, and coordination [1].

Administrative
The administrative function encompasses those tasks concerned with
cost, performance, and schedule, and it provides overall direction and
control to maintainability program management [4]. Some of the tasks
involved are preparing a maintainability program plan; organizing the
maintainability effort; participating in design reviews and program
management; assigning maintainability-related responsibilities, tasks,
and work orders; preparing budgets and schedules; developing and
issuing policies and procedures to be used in maintainability efforts;
participating in meetings and conferences regarding maintainability
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management; monitoring the maintainability organization's output;
acting as a liaison with upper-level management and other concerned
bodies; and providing maintainability training as appropriate.

Analysis
A maintainability organization spends considerable effort on various
analytical projects such as maintainability allocation, maintainability
prediction, and field data evaluation. Some tasks related to maintainability analysis are examining product specification documents with
respect to maintainability requirements; performing maintainability
allocation and prediction studies; analyzing maintainability feedback
data obtained from the field and other sources; taking part in product
engineering analysis to safeguard maintainability interests; preparing
maintainability demonstration documents; participating in or performing required maintenance analysis; and participating in meetings and
conferences regarding maintainability analysis.

Design
Product maintainability design deals with those features and characteristics of the product that will increase ease of maintenance, make
maintenance more cost-effective, and in turn lower logistic support
needs. Some of the activities involved are reviewing product design
with respect to maintainability features, preparing maintainability
design documents, taking part in the development of maintainability
design criteria and guidelines, participating in design reviews to
safeguard the interests of maintainability, approving design drawings
from the standpoint of maintainability, participating in meetings and
conferences regarding maintainability, and providing consulting services to professionals such as design engineers.

Documentation
The maintainability effort produces and uses a significant amount
of information and data. For the sake of achieving a cost-effective,
coherent, and comprehensive design, the effective and efficient handling of this information is crucial. Maintainability documentation
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consists of tasks such as developing maintainability data and feedback
reports, establishing and maintaining a maintainability data bank and
a library containing important maintainability documents and information, documenting information related to maintainability management,
preparing and maintaining handbook data and information with respect
to maintainability, documenting maintainability trade-offs and the
results of maintainability analysis, and documenting the results of
maintainability design reviews.

Coordination
Coordination and liaison account for much of the maintainability
management effort. This coordination effort is a critical factor in
assuring an effective and optimized design. Some of the elements of
maintainability coordination are interfacing with product engineering
and other engineering disciplines; acting as a liaison with subcontractors on maintainability matters; coordinating with bodies such
as governments, professional societies, and trade associations on
maintainability-related activities; and coordinating maintainability
training and information efforts for all personnel involved.

MAINTAINABILITY
STRUCTURES

ORGANIZATIONAL

For an effective maintainability effort, it is important to carefully
decide where to place the maintainability organization within the
overall organizational structure. There is no one conventionally accepted
norm. Manufacturers and user organizations have structured the maintainability function in many different ways, depending on factors
such as the enterprise's organizational philosophy and its method of
doing business, the overall size of the enterprise, the size and complexity of projects, and the emphasis placed on maintainability. Nonetheless, top-level management should carefully consider the following
ways the maintainability function can fit into the enterprise's overall
structure [1, 5]:
9 As a fully integrated, undifferentiated element of the engineering
organization
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9 As a centralized, distinct line organization within the framework
of the engineering department
9 As a staff function that operates in an advisory capacity to project
management and in a consultative capacity to designers
9 As a decentralized element of program management or system
engineering in an organization with a project or matrix structure
In small enterprises, maintainability tends to be a fully integrated
part of the engineering design team's work. The following treats the
other kinds of structures, in which one or more distinct maintainability
groups exist.

Centralized Organization
As shown in Figure 2-2, in this case the maintainability function
operates as a distinct line organization within the overall engineering
department. The entire maintainability effort is centralized under the
authority of a single manager or chief. This arrangement gives emphasis to maintainability as a design discipline and is most effective and
efficient when both managers and engineers recognize maintainability
as a natural part of good engineering design. It works particularly well
when there is only one major project or there are a number of small
projects involving basically similar products or customers.

Engineering division chief

1
Design engineering
chief

System engineering
chief

Development
engineering chief

Product design
manager

Maintainability
manager

Test engineering
manager

1
Figure 2-2. Maintainability as a line organization within the overall
department.

engineering
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Advisory or Consultative Staff Function
In this case, maintainability is considered to be basically a management and analytic function rather than a design function. Maintainability personnel provide services to system engineers such as performing maintainability demonstration requirements, computing mean
time to repair, and analyzing maintenance tasks and requirements with
regard to product effectiveness and product design specifications. They
also provide consulting services to design engineers. In many enterprises that use this structure, the maintainability staff reports to the
system effectiveness manager, who in turn is under the authority of a
system engineering manager.

Decentralized Organization
Establishments that regularly handle large and complex projects
often break down the maintainability effort according to the functions and tasks described earlier. In one example of such a structure,
a small maintainability program group, located in the project office,
handles maintainability-related program and coordination activities.
The second maintainability group performs analytic activities within
the product effectiveness organization. The third maintainability group,
assigned to the design engineering organization, deals with maintainability design features. The fourth maintainability group falls within
the overall documentation and data organization and handles maintainability documentation requirements. This type of arrangement is often
found in aerospace and military organizations that have a project or
matrix organizational structure.
It can be difficult to coordinate the efforts of different maintainability groups separated from one another on the management
ladder. There is therefore the risk of decreased efficiency with this
kind of structure.

MAINTAINABILITY

PROGRAM PLAN

During the conceptual design phase, the overall system requirements
are established on the basis of customer needs and maintainability
planning begins. The latter means the preparation of the maintainability
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program plan. Normally, the person who is responsible for implementing program requirements also takes responsibility for preparing
the plan. But depending on the nature of the project under consideration, either the user or the manufacturer could develop the maintainability program plan. Figure 2-3 shows some of the key elements
of a maintainability program plan are [5]: objectives; references;
technical communications; organization; maintenance concept; maintainability design criteria; policies and procedures; organizational
interfaces; maintainability program tasks; program review, evaluation,
and control; and subcontractor/supplier activity.
The objective is a description of the overall requirements for the
maintainability program and the plan's goals. It also usually includes
a brief description of the product under consideration. The reference
section lists all documents relevant to the maintainability program
requirements, such as specifications, applicable standards, and plans.
The technical communications section briefly describes each deliverable data item and the associated due dates. The organization section
depicts the overall structure of the enterprise and provides a detailed
organizational breakdown of the maintainability group involved in the
project. This section also shows the work breakdown structure, describes
the background and experience of the maintainability group personnel,
and indicates the personnel assigned to each task.

I

Policies and
procedures

Objectives
Maintainability
design criteria

Organizational
interfaces

References

Maintainability
program tasks

Maintainability
program plan

I

Technical
communications

Program review,
evaluation, and
control

Organization

Subcontractor/
supplier activity

Maintenance
concept

Figure 2-3. Maintainability program plan elements.
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The maintenance concept section presents the product's basic maintenance requirements and describes in sufficient depth issues such as
qualitative and quantitative objectives for maintenance and maintainability, spare and repair part factors, operational and support concepts,
test and support equipment criteria, and organizational responsibilities.
Similarly, the maintainability design criteria describes or references
specific maintainability design features applicable directly to the
product under consideration. Also, this description may relate to
quantitative and qualitative factors concerning part selection, interchangeability, accessibility, or packaging. The main purpose of the
policies and procedures section is to assure customers that the group
implementing the maintainability program will do so effectively. The
section also references or incorporates management's overall policy
directives for maintainability efforts. The directives address topics such
as techniques to be used for maintainability allocation and prediction, task
analysis, maintainability demonstration methods, participation in design
review and evaluation, data collection and analysis, and trade-off studies.
The organizational interfaces section discusses the relationships and
lines of communication between the maintainability organization and
the overall organization. Areas of interface include product engineering, reliability engineering, testing and evaluation, design, human
factors, and logistic support, as well as customers and suppliers. The
maintainability program tasks, or work statement, section describes
each program task, task schedule and major milestones, task input
requirements, expected task output results, and projected cost. The
program review, evaluation, and control section describes the methods
to be used for program reviews, technical design review, and feedback
and control. The section also discusses the evaluation and incorporation of proposed changes and appropriate corrective measures to be
initiated in given situations, and outlines a risk management plan. A
final section addresses the organization's relationships with subcontractors and suppliers connected to the maintainability program, and
procedures to be used for review and control within those relationships.

PERSONNEL ASSOCIATED
MAI NTAI NAB ILITY

WITH

Beside maintainability engineers, there are many other engineering
professionals who indirectly contribute to product maintainability.
Among them are reliability engineers, quality control engineers, human
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factors engineers, and safety engineers. This section discusses the functions of maintainability engineers and of these other professionals [3, 6].

Maintainability Engineer
This person plays an instrumental role in product design, and has
often served before as a design engineer. Some of a maintainability
engineer's tasks are maintainability prediction, maintainability allocation,
developing maintainability demonstration documents, performing analysis
of maintainability feedback data, reviewing product design with respect
to maintainability features, participating in the development of maintainability design criteria, and preparing maintainability design documents.

Reliability Engineer
As is the case with the maintainability engineer, the reliability
engineer is often a former design engineer. This person assists management in defining, evaluating, and containing risks. Responsibilities
include reliability allocation, reliability prediction, analyzing customer
requirements, developing reliability growth monitoring procedures and
reliability evaluation models, monitoring subcontractor reliability
programs, participating in design reviews, developing reliability test
and demonstration procedures, and assessing the effect of environment
on product reliability.

Quality Control Engineer
While this individual does not necessarily belong to one of the
engineering disciplines, he or she plays an important role during the
product life cycle, especially during the design and manufacture
phases. The quality control engineer develops and applies appropriate
inspection plans, evaluates the quality of procured parts, develops
quality related standards, analyzes quality associated defects, uses
statistical quality control methods, participates in quality related
meetings, and audits the quality control system at appropriate times [7].

Human Factors Engineer
The maintainability of the product will depend to a large degree
on the decisions made by the human factors engineer, who should be
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trained in fields such as anthropometry, physiology, and/or psychology
[8]. The human factors engineer determines the tasks required to make
full use of the product; the most appropriate way of grouping the
various tasks required into individual jobs; the best way of displaying
specified information, and of arranging visual displays to ensure
optimum use, especially when the user must split his or her attention
between two or more displays; how to label control devices most
clearly; the arrangement of control devices that generates optimum use;
what level of information flow or required decision making overburdens operators; how human decision-making and adaptive abilities
can be put to best use; the environmental conditions that affect individual performance and physical well-being; and other similar matters [9].

Safety Engineer
The role played by this professional during the design phase is very
critical, as the newly designed product must be safe to operate and
maintain. Some of the safety engineer's tasks include analyzing historical data on product hazards, failures, and accidents; analyzing new
designs from the standpoint of safety; keeping management continually
informed about safety program performance; monitoring subcontractors' safety efforts; providing safety-related information to those
concerned; establishing criteria for analyzing any accident associated
with a product manufactured by the company; and developing safety
warning devices.

M A I N T A I N A B I L I T Y DESIGN REVIEWS
The design review comes during the product design phase and is a
critical component of modern design practice; its primary objective
is to determine the progress of the design effort and to ensure that
correct design principles are being applied. Participants in a design
review evaluate items such as sketches, models, drawings, assemblies,
and mock-ups associated with a product. They assess potential and
existing problems related to manufacture of the product, its functional
capability, logistics support it requires, and its safety, reliability,
maintainability, and human factors aspects [10]. Usually, representatives of the various groups responsible for these aspects of the
product attend design reviews, as the decisions made during these
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reviews determine future change to the design. According to some
experts, design reviews represent between 1 and 2% of the overall
engineering cost of a product [11].
Design reviews fall into three distinct categories: the preliminary
design review, the intermediate design review, and the final design
review. All three reviews require input as applicable from maintainability staff.
The preliminary design review comes before formulation of the
initial design. Its purpose is the careful examination of the functions
the product must perform and the standards it must meet; the accuracy,
validity, and completeness of the design specification requirements that
have been established; any design constraints; the available data on
similar products; cost objectives; current and future availability of the
necessary components or materials; scheduling requirements; and
required tests and documentation [11, 12].
The intermediate design review, held before the detailed production
drawings are developed, has as its purpose comparison of each specification requirement with the proposed design. These requirements may
involve maintainability, maintenance, reliability, safety, human factors,
cost, performance, schedule, and usage of standard parts.
The final design review, sometimes also referred to as the critical
design review, takes place soon after the completion of production
drawings. At this stage, the design team has available information such
as cost data, test results, and the results of preceding design reviews.
This review emphasizes factors such as manufacturing methods, value
engineering, design producibility, analysis results, and quality control
of incoming parts.
There are many maintainability issues that require attention during
design reviews. Some of these are [10]:
9
9
9
9
9
9
9

Design constraints and specified interfaces
Maintainability prediction results
Use of on-line repair with redundancy
Results of maintainability trade-off studies
Results of failure mode and effect analysis
Use of unit replacement approach
Identified maintainability problem areas and
proposed corrective measures
9 Use of automatic test equipment
9 Use of unit-replacement approach
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9
9
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Use of built-in monitoring and fault-isolation equipment
Physical configuration and layout drawings, and schematic designs
Conformance to maintainability design specifications
Selection of parts and materials
Verification of maintainability design test plans
Maintainability assessment using test data
Assessment of maintenance and supportability
Maintainability demonstration test data
Maintainability test data obtained from experimental models and
breadboards
Corrective measures proposed and taken
Proposed alternatives for correction action
Proposed changes to the maintenance concept
Summary of maintainability design status
Summary of current and potential maintainability problems identified

Design Review Team
The members of the design review team share the overall objective~
to produce an effective product or system. The maintainability engineer
or specialist is an important member of this team. The team usually
consists of one or more project engineers, design engineers, senior
engineers, electrical, mechanical, and manufacturing engineers, management representatives, logistics representatives, maintenance representatives, and customer representatives. The number of design review
team members may vary from one project to another but should never
be more than twelve [11]. The team members raise questions about
subjects such as performance; maintainability, including interchangeability of parts, approach to minimizing downtime, and the maintenance philosophy being applied; specifications, including the validity
of the specifications that have been established and adherence to those
specifications; standardization; safety; value engineering; reliability,
including reliability allocation, reliability predictions, reliability tests,
and results of failure modes and effect analysis; human factors issues,
such as the design, labeling, and marking of controls and displays, and
the reduction of glare; electrical issues, among them circuit analysis,
design simplification, and prevention of electrical interference; mechanical issues, such as thermal analysis, balance, and connectors; finishing; product reproducibility, including machine tool effectiveness, part
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suppliers, and assembly economics; and drafting issues, such as
dimensions, tolerances, accuracy, and completeness.

Design Review Board Chairman
The design review board chairman is probably the most important
member of the design review team and should always belong to the
engineering department. Often, especially in the case of military
equipment development, the configuration manager leads the design
review team [13]. The following factors need to be considered in
appointing the design review board chairman:
9 He/she should not be in a direct line of authority over the professionals whose work is to be reviewed.
9 He/she should effectively understand the technical problem under
consideration.
9 He/she should possess the necessary level of skill to lead a
technical team.
9 He/she should possess a pleasant personality.
9 He/she should be capable of exercising tact and discretion as the
need arises.
The design review board chairman leads the design review meetings, establishes guidelines for selecting items for review, determines
the types of design reviews to be performed and their frequency,
evaluates the results of each review and directs follow-up actions,
distributes the agenda and related material to all concerned parties well
ahead of each design review, supervises publication of the minutes of
each review and distributes them, and coordinates the team's efforts.
Even though a design review board chairman may establish his or
her own style of leading design review meetings, it will usually be
important to:
9 Describe the design approach to be followed.
9 Highlight important factors associated with the design under
consideration.
9 Provide appropriate background information on the design to be
reviewed.
9 Highlight expected difficulties with the proposed design.
9 Discuss how the proposed design satisfies the original specifications.
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Maintainability Design Review Checklist
The maintainability staff usually develops a checklist to assist in
reviewing design from the maintainability perspective. This checklist
should include all important areas related to maintainability in addition
to individual features considered crucial to the type of product under
review. One important advantage of developing the maintainability
checklist is that it can also allow individuals unfamiliar with maintainability to conduct the design review when people with expertise
are unavailable. The checklist may encompass many subjects [14, 15]:
the maintenance plan, modular versus non-modular decisions, built-in
test equipment, standard circuits, simplicity of design, support requirements, criticality of adjustment requirements, adequacy and location
of test points, calibration requirements, criticality of design as it affects
maintenance, logistic interfaces, ease of maintenance, testing methods
and their adequacy, packaging concepts, producibility versus maintainability, failure records versus maintainability, engineering changes
versus maintainability, and comparison of maintainability goals and
specifications to attained maintainability.

PROBLEMS
1. Discuss maintainability functions in the product life cycle.
2. Discuss the following maintainability organization functions:
9 Design
9 Analysis
9 Administrative
3. What are the options that top-level management should carefully consider when placing the maintainability function within
the enterprise's overall structure?
4. Describe three different structures of maintainability in an
organizational setup.
5. Discuss the following elements of a maintainability program plan:
9 Maintainability design criteria
9 Organizational interfaces
9 Maintenance concept
9 Maintainability program tasks
9 Subcontractor/supplier activity
9 Policies and procedures
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6. Discuss the functions of the following two professionals:
9 Maintainability engineer
9 Reliability engineer
7. Describe the following two design reviews:
9 Preliminary design review
9 Critical design review
8. List the maintainability-related topics normally reviewed during
product design reviews.
Discuss the composition of a typical design review team.
10. What are the factors to be carefully considered in appointing
the design review board chairman?
11. Develop a 20-question maintainability checklist for use in
design review meetings.
,

REFERENCES
1. AMCP-706-133, Engineering Design Handbook: Maintainability
Engineering Theory and Practice. Department of Defense, Washington,
D.C., 1976.
2. Blanchard, B. S. and Lowery, E. E. Maintainability. McGraw-Hill
Book Company, New York, 1969.
3. Dhillon, B. S. and Reiche, H. Reliability and Maintainability Management. Van Nostrand Reinhold Company, New York, 1985.
4. MIL-STD-470, Maintainability Program Requirements for Systems
and Equipment. Department of Defense, Washington, D.C., 1966.
5. Blanchard, B. S., Verma, D. and Peterson, E. L. Maintainability: A
Key to Effective Serviceability and Maintenance Management. John
Wiley & Sons, New York, 1995.
6. Dhillon, B. S., Engineering Management: Concepts, Procedures and
Models. Technomic Publishing Co., Inc., Lancaster, Pennsylvania,
1987.
7. Hayes, G. E. and Romig, H. G. Modern Quality Control. Collier
MacMillan Publishers, London, 1977.
8. Woodson, W. E. Human Factors Design Handbook. McGraw-Hill
Book Company, New York, 1981.
9. McCormick, E. J. Human Factors Engineering. McGraw-Hill Book
Company, New York 1970.
10. Patton, J. D. Maintainability and Maintenance Management. Instrument Society of America, Research Triangle Park, North Carolina,
1980.

Maintainability Management

]I

11. Hill, P. H. The Science of Engineering Design. Holt, Rinehart, and
Winson, New York, 1970.
12. Carter, C. L. The Control and Assurance of Quality, Reliability, and
Safety. C. L. Carter & Associates, Inc., Richardson, Texas, 1978.
13. AMCP-706-196, Engineering Design Handbook: Development Guide
for Reliability (Design Reliability). Department of Defense, Washington,
D.C., 1976.
14. AMCP-706-134, Engineering Design Handbook: Maintainability
Guide for Design. Department of Defense, Washington, D.C., 1970.
15. Pecht, M., editor. Product Reliability, Maintainability and Supportability Handbook. CRC Press, Inc., New York, 1995.

CHAPTER

Maintainability
Measures, Functions,
and Models
INTRODUCTION
Reliability and maintainability are important measures of the effectiveness of systems or products. One way to define the difference
between reliability and maintainability is that while reliability is the
probability that a failure will not occur in a particular time, maintainability is the probability that required maintenance will be successfully completed in a given time period. Maintainability is a design
characteristic that affects accuracy, ease, and time requirements of
maintenance actions. It may be measured by combining factors such
as frequency of maintenance, maintenance costs, elapsed maintenance
or repair times, and labor hours.
These measures make possible the quantitative assessment of product
maintainability. The primary purpose of maintainability measures is
to influence design and subsequently produce a more cost-effective and
maintainable end product.
When a repair starts at time t = 0, the probability that the repair
will be completed in a given time t will affect a variety of decisions.
Many mathematical models are available to calculate associated measures
and functions of maintainability.
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M A I N T A I N A B I L I T Y MEASURES
The measures used in maintainability analysis include mean time
to repair, mean active preventive maintenance time, and mean active
corrective maintenance time, maximum corrective maintenance time,
and mean maintenance downtime [1-4].

Mean Time to Repair ( M T T R )
This widely used maintainability measure is easy to quantify. MTTR
measures the elapsed time required to perform a given maintenance activity and is subsequently used to calculate system availability
and downtime.
MTTR, also referred to as mean corrective maintenance time or
typical corrective maintenance or repair cycle, is composed of five
steps: fault/failure detection, fault/failure isolation, disassemble to gain
access, repair, and reassembly.
MTTR is defined by

MTTR

-

~iTi
i~l

/

~i

(3.1)

"

where m is the total number of units.
T~ is the corrective maintenance or repair time needed to repair
unit i; for i = 1, 2, 3 . . . . .
m.
~i is the constant failure rate of unit i; for i = 1, 2, 3 . . . . , m.
Exponential, lognormal, and normal probability distributions can all
represent mean time to repair. The exponential distribution is assumed
for electronic equipment with an effective built-in test capability along
with a rapid remove-and-replace maintenance concept. However, the
exponential assumption for mean time to repair may lead to wrong
conclusions as most repair actions consume some degree of repair time.
The lognormal distribution is often assumed for electronic equipment without a built-in test capability, and it can also be used for electromechanical systems having widely variant individual repair times. The
normal distribution is normally assumed for mechanical or electromechanical equipment with a remove-and-replace maintenance concept.
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Except for the exponential distribution, MTTR does not provide
sufficient information concerning the tails of the distribution, such as
the frequency and duration of excessively long maintenance actions
[2]. Nonetheless, it is still an important design parameter for complex
systems and can be measured by testing the hardware.

Example 3-1
Assume that a system is composed of four replaceable subsystems,
A, B, C, and D, with respective failure rates as follows" Z.A = 0.0001
failures/hour, Z.a = 0.0002 failures/hour, Z.c -- 0.0003 failures/hour, and
Z.D = 0.0004 failures/hour. The respective corresponding corrective maintenance times for subsystems A, B, C, and D are T a = 0.5 hour, T a = 1
hour, T c = 1.5 hours, and T o = 2 hours. To calculate the mean time to
repair (MTTR), we substitute the given data into Equation 3.1 and get
MTTR - (0.0001)(0.5) + (0.0002)(1) + (0.0003)(1.5) + (0.0004)(2)
(0.0001) + (0.0002)(0.0003) + (0.0004)
= 1.5 hours
The system mean time to repair is 1.5 hours.

Mean Preventive Maintenance Time
Preventive maintenance activities such as inspections, calibrations,
and tuning keep equipment at a specified performance level. The
objective of a preventive maintenance program is to postpone the point
at which the equipment or any of its components wears out or breaks
down. A carefully planned preventive maintenance program can help
to reduce the equipment's downtime and improve its performance. On
the other hand, a badly tailored preventive maintenance program can
have a negative impact on equipment operation.
The mean preventive maintenance time is expressed by

rm p

k
. ~ (Ympi )(Fpti )
1--1 k
i--1

Fl:,ti

(3.2)
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w h e r e Tmp is the mean preventive time.

Tmpi is the elapsed time for preventive maintenance task i, for
i= 1,2,3 .....
k.
Fpti is the frequency of preventive maintenance task i, for i =
1, 2, 3 , . . . , k .
k is the number of preventive maintenance tasks.
It is to be noted that if the frequencies Fpt i a r e specified in maintenance tasks per hour, then t h e Tmpi should also be expressed in hours.

Median Corrective Maintenance T i m e
This is a measure of the time within which 50% of all corrective
maintenance can be completed. Calculation of the median corrective
maintenance time depends on the distribution describing time to repair.
Thus, for exponentially distributed repair time, the median corrective
maintenance time is given by
Tmed = (0.69) MTTR

(3.3)

Tme d - 0.69/~t

(3.4)

or

where ~t is the repair rate. For the exponential distribution, it is the
reciprocal of the MTTR.
Similarly, for lognormally distributed repair time, the median corrective maintenance time is defined by
Tme d - M T T R / e x p ( o 2 / 2 )

(3.5)

where ~2 is the variance around the mean value of the natural logarithm
of repair times.

M a x i m u m Corrective Maintenance T i m e
This measures the time required to complete all potential repair
activities up to a given percentage, often the 90th or 95th percentiles.
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For example, in the case of the 95th percentile, the maximum corrective
maintenance time is the time within which 95% of all maintenance
activities can be completed. In other words, no more than 5% of the
maintenance activities will take longer than the m a x i m u m corrective
maintenance time.
The calculation of maximum corrective maintenance time depends
on the distribution used to describe the repair times. For three different
repair time distributions, the m a x i m u m corrective maintenance times
are as follows:

Lognormal Distribution
Tmc m =

antilog (t m + ko)

(3.6)

where Tmc m is the maximum corrective maintenance time.
t m is the mean of the logarithms of the repair times.
o is the standard deviation of the logarithms of repair times.
k is equal to 1.28 or 1.65 for the 90th and 95th percentiles,
respectively.

Exponential Distribution
For this distribution, Tmc m is approximately expressed by
Tmc m = 3 ( M T T R )

(3.7)

Normal Distribution
Tmc m =

where

(l n

MTTR + k o .

(3.8)

is the standard deviation of the normally distributed maintenance time.

Mean Maintenance D o w n t i m e
This is the total time needed either to restore equipment to a specified
performance level or to maintain it at that level of performance. Thus it
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includes not only active corrective and preventive maintenance times
but also administrative and logistic delay times. Administrative delay
time is the equipment downtime created by some administrative
constraint or priority. Logistic delay time is the time spent waiting for
a required resource, such as a specific test, a spare part, or a facility.
Mean maintenance downtime is expressed by
Tmm d = Tma m -I- Tad + T l d

(3.9)

where Tmmd is the mean maintenance downtime.
Tmam is the mean active maintenance time, or mean time required to conduct corrective and preventive maintenance
related tasks. (For formulas to compute this time, see
References 2 and 4.)
Tad is the administrative delay time.
Tad is the logistic delay time.

MAINTAINABILITY

FUNCTIONS

As they do in many other engineering disciplines, probability and
statistics play an important role in maintainability. Various probability
distributions may be used to present an item's repair time data. Once
the repair time distributions are identified, the corresponding maintainability functions may be obtained. The maintainability functions are
used to predict the probability that a repair, beginning at time t = 0,
will be accomplished in a time t.
The maintainability function, m(t), for any distribution is expressed by
t

m(t) - S fr(t)dt

(3.10)

o

where t is time.
fr(t) is the probability density function of the repair time.
The following are maintainability functions for the various probability distributions.
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Exponential Distribution
This is a simple distribution to handle and is useful for presenting
corrective maintenance times. The exponential distribution probability
density function is defined by

1 )ex,(

MTTR

t)

MTTR

(3.11 )

where t is the variable repair time.
MTTR is the mean time to repair.
By substituting Equation 3.11 into relationship 3.10, we get
t

m(t)---f(

1

1

0

(3.12)
-1-exp

(-MTTR)

Example 3-2
A mechanical system's mean time to repair (MTTR) is two hours.
Calculate the probability that a repair will be completed in three hours,
if the time to repair is exponentially distributed.
Substituting the specified data into Equation 3.12 yields
m(3)=l-exp

(-3)

- 0.7769
There is a likelihood of approximately 78% that the repair will be
accomplished in three hours.

Lognormal Distribution
This is probably the most widely used probability distribution in
maintainability work and is defined by
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fr(t) - (t - 0)o 2 ~ ~

exp

{1- - ~ [ln(t - O) - 13]2}
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(3.13)

where 0 is a constant denoting the shortest time below which no
maintenance activity can be carried out.
o is the standard deviation of the natural logarithm of the
maintenance times around the mean value [3.
13 is the mean of the natural logarithm of the m a i n t e n a n c e
times.
The following relationship provides an estimate of the mean, [3"
[3 = (lnt 1 + lnt 2 + lnt 3 + . . .

+ lntm)/m

(3.14)

where m is the number of maintenance activities performed.
t i is the maintenance time i, for i = 1, 2, 3, . . . , m.
The standard deviation, o, is given by the following relationship
1/2

o -

(ln t i -13) 2 / ( m -

1)

(3.15)

i-l

The maintainability function, m(t), is expressed by

m(t) =

f tfr(t)dt
0

1

1 (lnt - [3~2]

oo

o~/2~ f0 exp

--21~

o

)

(3.16)

dt

Weibull Distribution
This is a distribution sometimes used to represent field maintenance
times for complex electronic equipment. Under certain circumstances,
the distribution of administrative delay times for field maintenance can
be described by using the Weibull distribution [5].
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The probability density function of the Weibull distribution is
expressed by
fr(t)

= (b/@)t b-1 exp [- (t/y) b]

(3.17)

where y is the scale parameter.
b is the shape parameter.
Inserting Equation 3.17 into Equation 3.10 yields
t

m(t) =

f(b / ~/b)tb-1

exp [-(t /

~t)b]dt

0

(3.18)

= 1 - exp [-(t / ~/)b]
At b = 1, Equation 3.18 reduces to
m(t) = 1 - exp [-(fly)]

(3.19)

Equation 3.19 is for the exponential distribution and, for ~, = MTTR,
it is identical to Equation 3.12. For b = 2, Equation 3.18 becomes the
maintainability function for Rayleigh distribution. In this case, the
equipment repair time is increasing at a linear rate.
The Weibull mean maintenance time, T w, from Equation 3.19 and
Reference 6 is
oo

Tw = f [ 1 - m(t)]dt
0
oo

=

f (1 -

{1 - exp [-(t / ~,)b]})dt
(3.20)

0

_ ,r(1 +
where F(1

+1) is

a form of the gamma function expressed as follows:
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00

F(b) = f t b - l e - t d t

(3.21)

0

N o r m a l Distribution
This is another distribution that can be used to represent maintenance times. The probability density function of the normal distribution is defined by

fr(t) -

1

[ 1 /'t- ~]

(3.22)

where ~t is the mean of maintenance times.
o is the standard deviation of the variable maintenance time t
around the mean value ~t.
Inserting Equation 3.22 into E q u a t i o n 3.10, we get the f o l l o w i n g
maintainability function:

m(t)_ 1 t

off2-~ _~
fexp

[ 1/'t-[a] 2]
- - 2 ~, o

)

dt

(3.23)

The standard deviation, o, is expressed by

1/2
O={ ~} (tii - -~t)21/(m - 1)

(3.24)

where m is the number of maintenance activities performed.
t i is the maintenance time i, for i = 1, 2, 3 . . . .
, m.
The mean value, ~t, of the maintenance times is given by
in

~t - ~ t i / m
i=l

(3.25)
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G a m m a Distribution
This is a two-parameter distribution used to represent various types
of maintenance time data. The probability density function of the
gamma distribution is expressed by
fr(t)

Cb
-

~

(3.26)

tb-le-ct

r(b)

where b is the shape parameter.
c is the scale parameter.
The gamma function, F(b), is defined by
oo

F(b) = fxb-le-Xdx

(3.27)

o

Inserting Equation 3.26 into Equation 3.10 yields

cb

f tb-le-Ctdt

(3.28)

m ( t ) - F(b) 0

For b = 1, Equation 3.28 becomes the maintainability function for the
exponential distribution. The mean, M, of the gamma distributed
maintenance times is
M = b/c

(3.29)

The standard deviation, o, of the gamma distribution is given by
(3.30)

O = ( M / c ) 1/2

Some of the special case values of Equation 3.27 are as follows:
9 b = positive integer values
ob=0,1,2,...
ob=l
b=0.5
9

r(b) = ( b - 1)!
F(b + 1) = b!
r(1) = 1
r(o.5) =
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Erlangian Distribution
This is a special case of the gamma distribution in which the gamma
distribution shape parameter takes positive integer values. In this case,
Equation 3.27 yields
r(b)

= (b - 1)!

(3.3 ~)

The probability density function of the Erlangian distribution from
Equation 3.26 is
b

fr(t) - ~

t b-le-ct

(3.32)

(b - ~)!

Substituting Equation 3.32 into Equation 3.10, we obtain
b-1

m(t) - 1 - ~ {e-Ct(ct) i / i!}
i--0
oo
-

~ {e-Ct(ct)i / i!}

(3.33)

i--b

SYSTEM EFFECTIVENESS A N D RELATED
A V A I L A B I L I T Y A N D D E P E N D A B I L I T Y MODELS
System effectiveness is the extent to which a system, product, or
piece of equipment is capable of carrying out its assigned functions.
The United States Army Material Command defines system effectiveness as the probability that a system can successfully satisfy an
operational demand within a specified time period when used under
designed conditions. There are various models and formulas that can
represent aspects of effectiveness such as availability, dependability,
and technical and performance parameters.

Availability Types
The types of availability include inherent availability, achieved
availability, and operational availability. Inherent availability is a
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measure of the variables inherent in the design that affect availability.
In the calculation of downtime it usually includes only active repair
time; it does not include preventive maintenance time and administrative or logistic delay times. The inherent availability of a system
or product is expressed by

IA -

MTBF
MTTR + MTBF

(3.34)

where IA is the inherent availability.
MTBF is the mean time between failures.
MTTR is the mean time to repair.
Achieved availability is the probability that an item, when used
under designed conditions in an ideal support environment, will
perform satisfactorily. It includes both active repair time and preventive
maintenance time but excludes administrative and logistic delay times.
Achieved availability is expressed by
MTBM
A C H - Tmam + MTBM

(3.35)

where ACH is the achieved availability.
MTBM is the mean time between corrective and preventive maintenance actions.
Operational availability is the probability that an item, when used
under designed conditions in an actual operational environment, will
perform satisfactorily. It includes active repair time, preventive maintenance time and administrative and logistic delay times. Operational
availability is defined by

OAV

MTBM
MTBM

-- Tmmd -I-

where OAV is the operational availability.

(3.36)
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Dependability
Dependability is the measure of a system or product's condition
during a mission, provided that it is operational and available at the
beginning of the mission. Dependability can also be described as the
probability that a system or product will accomplish its assigned
mission, again provided that it was available for operation at the
beginning of the mission. System reliability significantly impacts
the dependability of an unmanned system/item.
Careful consideration given to maintainability and human factors
during the design of manned systems and equipment can improve
dependability. The dependability of a system or product is defined as [4]
D s = OM(1 - O R ) + OR

(3.37)

where D s is the dependability.
OM is the operational maintainability and is expressed as probability that the system or product will be repaired or restored
to a given operational state or retained in that state within
a specified time period, when maintenance tasks are conducted by properly trained persons following the procedures
prescribed.
OR is the operational reliability.
At OM = 0, Equation 3.37 reduces to complete operational reliability.

MATHEMATICAL MODELS
The numerous mathematical models directly or indirectly concerned
with maintainability include models for determining required spare part
quantity, estimating annual average maintenance labor hours, determining the probability of fault detection, and estimating mean time
to fault detection.

Required Spare Part Quantity Estimation
In maintainability work, it is very important to determine the
quantity of spare parts a system or product will require. This quantity
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depends upon many factors including the reliability of the system or
product under consideration, the probability of having a spare part
available when required, and the number of components that make up
the system [4]. The following formula based on the Poisson distribution can be used to determine required spare part quantity:
I11

SP --- ~ [(-1) ln(e-n~'t)]ie -n~'t / i!

(3.38)

i=0

where SP is the probability of having a spare of a specific part
available when required.
n is the number of spares of a specific type used.
t is time.
/~ is the constant failure rate of a spare of a specific type.
m is the number of spare parts carried in stock.
Sometimes SP is called the safety factor, because it indicates the
desired level of certainty that a spare part will be available when
needed. As Equation 3.38 shows, the higher value of SP, the greater
the quantity of spares required, and the higher purchasing and inventory costs will be.

Annual Mean Maintenance Labor, Hours Estimation
Annual mean maintenance labor-hours are the average total of
preventive and corrective maintenance labor-hours expended over the
course of a year. After determining MTTR and preventive maintenance
times, the value of the annual mean maintenance labor-hours can be
calculated using the following relationship [1]:

MLHa -

Ts (MTTR)(Nc)
+ Tpm(Np)
MTBF

where MLH a is the mean maintenance labor-hours per year.
T s is the number of operating hours per year.
MTBF is the mean time between failures.

(3.39)
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MTTR is the mean time to repair.
N c is the mean number of persons required to perform a
corrective maintenance task.
Tpm is the annual mean preventive maintenance time.
Np is the mean number of persons required to perform a
preventive maintenance task.
Alternatively, Equation 3.39 can be expressed as follows:
k (Ncj)(Tdj)(MTTRj)
MLHa - (8760)E
MTBFj
j=l

n

+ E (Npi)(fi)Tpi
1=1

(3.40)

where k is the total number of elements.
n is the total number of preventive maintenance tasks.
Ncj is the mean number of persons required to perform a corrective maintenance task to repair the jth element.
Tdj is the duty cycle time of jth element, in other words, the
fraction of calendar time in which the jth element is operating.
MTBFj is the mean time between failures of the jth element, expressed in hours.
MTTRj is the mean time to repair of the jth element, expressed in
hours.
Npi is the mean number of persons required to perform the ith
preventive maintenance task.
Tpi is the duration of the ith preventive maintenance task, expressed in hours.
is the required frequency of ith preventive maintenance task.

Fault Detection Probability Estimation
Fault detection probability is an important piece of information as
equipment availability depends upon fault detection accuracy. The
probability of detecting faults correctly is expressed by [1]

PDcf

(k

) n
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where n is the total number of items.
k is the total number of items possessing some degree of fault
detectability.
Z.j is the failure rate of item j.
Ldj is the detectable failure rate for item j.
0j is the portion of the failure rate that is detectable for item j.
PDcf is the probability of detecting faults correctly.

Mean T i m e to D e t e c t Estimation
When an item is dormant and cannot be monitored on a continuous
basis, periodic testing will determine its suitability for an effective
operation. Any failures that occur during dormancy are only detectable
through periodic testing. The time to detect the failure of a dormant
item may simply be described as the time between the failure and the
test. The mean of such times is the mean time to detect and is defined
by [1]:
T
MTTD - (1

- e -kIT)

1
~i

(3.42)

where MTTD is the mean time to detect.
T is the test period, expressed in hours.
Z,I is the item failure rate, given in failures per hour.

PROBLEMS
1. Compare corrective maintenance time and preventive maintenance time.
2. Three subsystems, i, j, and k, form an electronic system. The
constant failure rates of these subsystems a r e ~ i "- 0.002 failures
per hour, ~,j = 0.004 failures per hour, and Z.k = 0.006 failures
per hour. The corresponding estimated corrective maintenance
times a r e T i = 2 hours, Tj = 3 hours, and T k = 4 hours, respectively. Estimate the mean time to repair (MTTR) for the
overall system.
3. Discuss the following two items:
9 Maximum corrective maintenance time
9 Median corrective maintenance time
4. Define the maintainability function verbally and mathematically.
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5. Obtain maintainability functions for the following distributions:
9 Exponential
9 Lognormal
6. After a detailed analysis of repair data associated with an
engineering system, it was concluded that the system mean time
to repair (MTTR) is 3.5 hours. Calculate the probability of
completing a repair in 2.5 hours, if the times to repair are
described by an exponential probability density function.
7. Prove that the mean, M, of the gamma distributed maintenance
time is given by
M=m/k
where m is the shape parameter associated with gamma
distribution.
k is the scale parameter associated with the g a m m a
distribution.
What is the difference between the following types of availability?
9 Inherent availability
9 Achieved availability
9 Operational availability
Describe the relationship between system effectiveness and
dependability.
10. What are the important assumptions associated with the equation that determines the probability of having a spare of a
specific item available when required?
@

@
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Maintainability Tools
INTRODUCTION
Over the years, reliability and maintainability professionals have
developed various methods and techniques of analysis. Some of these
approaches are only suitable for reliability, some only for maintainability, and some can be applied, with varying degrees of effectiveness, to either. Two methods applicable to both reliability and maintainability are failure mode and effects analysis (FMEA) and fault tree
analysis (FTA). Both techniques were developed to handle reliability
problems in defense and aerospace systems. They have since proven
useful in many other industrial sectors and in addressing maintainability problems.
There are many other approaches to the various types of maintainability problems, among them cause and effect diagrams, total quality
management (TQM), statistical control charts, and maintainability
allocation determination.

FAILURE MODE, EFFECTS, A N D
C R I T I C A L I T Y ANALYSIS
Failure mode and effects analysis (FMEA) is a structured qualitative
analysis of a system, subsystem, component, or function that highlights
potential failure modes, their causes, and the effects of a failure
on system operation. When FMEA also evaluates the criticality of
the failure, that is, the severity of the effect of the failure and the
probability of its occurrence, the analysis is referred to as failure mode,
50
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effects, and criticality analysis (FMECA) and the failure modes are
assigned priorities [1].
The FMEA technique was developed in the early 1950s to analyze
flight control systems [2, 3]. During the course of the next decade,
FMECA grew out of FMEA, and in the 1970s the United States Department of Defense developed a military standard [4] entitled Procedures
for Performing a Failure Mode, Effects, and Criticality Analysis. The most
important revision of the document occurred in 1984 [5]. See Reference 6 for a comprehensive list of publications on FMEA and FMECA.
There are three distinct types of FMECA: system level FMECA,
design level FMECA, and process level FMECA. Of these three, the
highest level of analysis is the system level FMECA, which usually
consists of a collection of subsystem FMECAs. Performed in the initial
design concept phase, the system level FMECA highlights potential
system or subsystem failures so that they can be prevented. The design
level FMECA helps identify and prevent failures stemming from the
product design. It analyzes the design that has been developed and
examines how failures of individual items would affect the system
functioning or operation. The purpose of the process level FMECA is
to analyze the process by which the product or system is to be built
and assess how potential failures in the manufacturing or service
process would affect the product/system functioning or operation. All
three types of FMECA consist of the following basic steps [1]:
9 Understanding system parts, operation, and mission
9 Identifying the hierarchical, or identure, level at which the analysis is to be performed
9 Defining each item expected to be analyzed~for example, component, module, or subsystem
9 Establishing associated ground rules and assumptions~for example,
system mission and operational phases
9 Identifying possible failure modes for each item
9 Determining the effect of each item's failure for every possible
failure mode
9 Determining the effect of group failures~failures of more than
one i t e m ~ o n system operation and mission
9 Identifying methods, procedures, or approaches for detecting
potential failures
9 Determining any provisions or design changes that would prevent
failures or mitigate their effects
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F M E C A Users and Information Needs
The FMECA must satisfy the needs of groups, among them design,
reliability, maintainability, manufacturing, systems, testing, quality
assurance, system safety, and integrated logistics support staff; prime
contractors; the company's internal regulatory agency or customer
representatives; and government agencies.
The information required to perform an FMECA includes, in the
case of design-related information, equipment and part drawings;
functional block diagrams; design descriptions and design-change
history; system schematics; narrative descriptions; operating specifications and limits; configuration management data; relevant military,
commercial, company, and/or customer specifications; interface specifications; guidelines for the design under consideration; effects
that environmental factors such as temperature, humidity, vibration,
dust, moisture, and radiation have on part and equipment reliability;
part failure rates; field service data; and reliability data, including
historical data on failures and cause and effect analyses of previous
failures. Information related to an FMECA and sources for obtaining
it are"
9 Item identification numbers, available from the parts list for the
system or product
9 Item nomenclature/functional specifications, available from the
design engineer or from the parts list
9 System or product function, available in the customer requirements or from the design engineer
9 Provisions or design changes to prevent or compensate for failures, available from the design engineer
9 Mission phase/operational mode, available from the design engineer
9 Failure effects, available from the safety engineer, design engineer,
and reliability engineer
9 Failure modes, causes, and rates, available from the factory database and the field experience database
9 Failure probability/severity classification, available from the safety
engineer
9 Failure detection method(s) available from the maintainability
engineer and the design engineer
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Criticality Assessment
This assessment ranks potential failures identified during the system
analysis based on the severity of their effects and the likelihood of
their occurrence. The two methods most often used for making a
criticality assessment are risk priority number (RPN) method and
military standard method.

Risk Priority Number Method
This technique, commonly used in the automotive industry, bases
the risk priority number for an item failure mode on three factors:
probability of occurrence, the severity of the failure's effects, and
probability of failure detection. The probability of occurrence is the
likelihood of failure, or relative number of failures, expected during
the item's useful life. Table 4.1 describes the rankings of probability
of occurrence [7]. The severity of effect of an item's failure is the
consequences it will have for the next highest level of the system, the
system as a whole, and/or the user. Table 4.2 describes the rankings
of severity of effect [7]. The probability of failure detection is an
assessment of the proposed design verification program's ability to

Table 4. I
Rankings of Probability of Occurrence and Associated Descriptions
Description of Ranking
Very high (the failure is very likely
to occur
Very high
High (the failure will occur often)
High
Moderate (the failure will occur
occasionally)
Moderate
Moderate
Low (the failure will rarely occur)
Low
Remote (the failure is unlikely to
occur)

Probability of Occurrence

Rank

1 in 2

10

1 in 8
1 in 20
1 in 40
1 in 80

9
8
7
6

1 in 400
1 in 1,000
1 in 4,000
1 in 20,000
<1 in 106

5
4
3
2
1
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Table 4.2
Rankings of Severity of Failure Effect and Associated Descriptions
Level of Severity

Very high (the failure will affect safe product operation)
High (there will be a high degree of customer dissatisfaction
because of the failure)
Moderate (the failure will generate some customer dissatisfaction)
Low (the failure will only cause minor customer annoyance)
Minor (customer may not even become aware of the failure)

Rank

9,10
7,8
4,5,6
2,3
1

Table 4.3
Rankings of Likelihood of Detection and Associated Descriptions
Likelihood of Detection

Non-detection inevitable (potential design problems cannot be
detected by the program)
Very low (program probably will not be able to detect a potential
design problem)
Low (program is unlikely to detect a potential design problem)
Moderate (program may detect a potential design problem)
High (there is a good chance that the program will detect a
potential design problem)
Very high (it is almost certain that the program will detect a
potential design problem)

Rank

10

7,8
5,6
3,4
1,2

detect a potential problem before the item involved goes into production. Table 4.3 describes the rankings of probability of detection [7].
The risk priority number is expressed by
RPN = (OR) (SR) (DR)

(4.1)

where OR is the ranking of probability of occurrence.
SR is the ranking of severity of effects.
DR is the ranking of probability of detection.
Failure modes with a high RPN are more critical and given a higher
priority than ones with a lower RPN. When the scales used range from
1 to 10, the value of an RPN will be between 1 and 1,000. The scales
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and categories used may, of course, vary from one o r g a n i z a t i o n
to another.

Military Standard Method
The Department of Defense, in Procedures for Performing a Failure
Mode, Effects, and Criticality Analysis [5] set forward a technique for
ranking potential failure modes that is often used in the defense,
aerospace, and nuclear p o w e r generation industries. The military
standard method consists of distinct qualitative and quantitative approaches. The qualitative approach, used when failure rate data are not
available, groups occurrence probabilities for individual item failures
together into levels that establish qualitative failure probabilities.
Table 4.4 presents the set of levels and associated guidelines used
in the military standard method. After the failure-mode probability
level is determined, the probability level and severity classification
of the failure mode are plotted on a criticality matrix, as shown in
Figure 4-1. Table 4.5 presents the failure mode severity classifications.

T a b l e 4.4

Qualitative Ranking of Failure Probabilities
Level of
Probability
of Occurrence

Short
Description
of the
Rank Level

Detailed Description
of the Rank Level

......

V

Extremely
unlikely

IV

Remote

III

Low to
moderate

II

Moderate

I

High

The probability of a failure during
the item's functional period is
virtually negligible.
The probability of a failure during
the item's functional period is
remote.
The probability of a failure during
the item's functional period is
low to moderate.
The probability of a failure during
the item's functional period is
moderate.
The probability of a failure during
the item's functional period is
high.
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Figure 4 - I . Criticality matrix for comparing failure modes with respect to severity.

Table 4.5
Classification of Failure-mode Severity

Severity
Classification

D

Short
Description
of the
Classification
Minor

Marginal

Critical

Catastrophic

Detailed Description
of the Classification
The failure will lead to unscheduled
maintenance or repair but will
not be serious enough to result
in injury, property damage, or
system damage.
The failure will lead to delay or
loss of availability or mission
degradation and may also cause
minor injury, minor property
damage, or minor system
damage.
The failure will lead to mission loss
and may also cause severe injury,
major property damage, or major
system damage.
The failure may result in death or
system loss.
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The criticality matrix presented in Figure 4-1 provides a mechanism
for comparing the probability and severity of failure modes. The
criticality matrix represents the combined factors of the severity of the
potential failure's effects and the probability that the failure will occur.
This matrix can help set priorities for addressing potential failures and
developing appropriate corrective measures. The area of the matrix
labeled "approximate desirable design region" indicates a low probability of failures with class A and B severity effects and anywhere
from a low to high probability of class C and D failures that can be
tolerated. Nonetheless, every possible step should be taken to eliminate
class A and B failure modes, or at least to reduce their probability of
occurrence, by making appropriate design changes.
The quantitative approach, used when failure rate data are available,
defines the failure-mode criticality number, Nee, by
Ncf = ~,pT0n

(4.2)

where ~p is the constant failure rate of the item.
T is the item operating time.
0 is the conditional probability that the effect of the failure
will match the identified severity classification. Table 4.6
presents quantified values for 0.
is the failure mode apportionment ratio, or the probability
that the item will fail in the specific failure mode under
consideration. In other words, it is the fraction of the item
failure rate that can be apportioned to the failure mode of
interest. Furthermore, when all failure modes of an item are
specified, the sum or addition of the apportionments is equal
to unity. Table 4.7 presents examples of failure mode apportionment ratios.

The item criticality number, Ci, is calculated for each severity class.
It is the total of the critical numbers associated with each of the item's
failure modes that fall into the severity class under consideration:

k
k
C i - Z (Ncf)i- Z (XoT0n)i
i=l
i=l

(4.3)

where k is the number of item failure modes that fall into the severity
classification under consideration.
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Table 4.6
Failure Effect Probability Values
Failure Effect Description

Value for 0 (probability)

No effect
Possible loss
Probable loss
Actual loss

0
Between 0 and 0.10
Between 0.10 and 1.00
1

Table 4.7
Examples of Part Failure Mode A p p o r t i o n m e n t s

Item Description

Hydraulic valve

Variable resistor

Relief valve
Fixed resistor

Item Failure Mode

a)
b)
c)
a)
b)
c)
a)
b)
a)
b)
c)

Stuck closed
Stuck open
Leaking
Open
Short
Erratic output
Prematurely open
Leaking
Short
Open
Parameter change

Apportionment Value
(or probability
value for n)

0.12
0.11
0.77
0.53
0.07
0.40
0.77
0.23
0.05
0.84
0.11

When an item failure mode results in multiple severity-class effects,
each with its own occurrence probability, only the most critical should
be used in the computation C i [8]. Otherwise, the result may be mistakenly low values of C i for the less critical severity classes. Therefore,
0 values should be calculated for all severity classes associated with a
failure mode, including those associated with class B, C, and D failures.

F M E C A Benefits
Some of the advantages of performing an FMECA are that it [9]"
9 Proves useful for making design comparisons
9 Generates input data for use in test planning
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9 Serves as a visibility tool for managers
9 Provides a systematic approach to classifying hardware failures
9 Identifies all possible failure modes and their effects on mission,
personnel, and system
9 Generates useful data for use in system safety and maintainability
analyses
9 Helps improve communication among design interface personnel
9 Effectively analyzes small, large, and complex systems
9 Is easy to understand
9 Starts from the level of greatest detail and works upward

FAULT TREE ANALYSIS
This powerful reliability analysis tool can be used for various
maintainability-related problems. Fault tree analysis (FTA) defines an
undesirable state of the system or product and then analyzes the system
or product, in terms of its operation and environment, to determine
all possible ways in which the undesirable event can occur. An FTA
is a useful tool to identify all possible failure causes at all possible
levels associated with a system and to identify the relationship between
causes. It can thus improve the design of any specified system,
product, or process. An FTA normally takes place during the early
design phase and then is progressively refined and updated as the
design develops.
Bell Laboratories developed the FTA technique in the early 1960s
to evaluate the reliability and safety of the Minuteman Launch Control
System. Reference 10 describes the method in detail and Reference 11
gives a comprehensive list of sources on the subject.

Fault Tree Logic and Event Symbols
There are many logic and event symbols used to construct fault trees
[10]. Figure 4-2 presents the two most commonly used logic symbols:
the OR gate and AND gate.
The OR gate symbol signifies that an output fault event occurs if
one or more of the m input fault events occur. The AND gate symbol
denotes that the output fault event only occurs if all of the m input
fault events occur.
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Inputfault
events

Figure 4-2 Two commonly used fault tree logic symbols: (a) OR gate, (b) A N D gate.

Figure 4-3 shows two frequently used fault event symbols, the circle
and the rectangle. The circle denotes the failure of an elementary
component or a basic fault event that need not be traced back any
further. The fault parameters such as the failure rate, the probability
of occurrence, and the repair rate can be obtained from the field failure
data or other similar sources. The rectangle denotes a fault event that
results from a combination of preceding fault events.

Objectives and Prerequisites
Fault tree analysis of a system can be used to: identify critical areas
and cost-effective improvements; provide input to testing, maintenance,
and operational procedures and policies; confirm the ability of the
system to fulfill its imposed safety requirements; meet jurisdictional
requirements; provide input for cost-benefit analysis of trade-offs;
evaluate performance of systems or products for bid-evaluation purposes; and highlight requirements or targets for systems.
The prerequisites for a fault tree analysis include clearly defined
analysis scope and objectives, clear identification of assumptions, welldefined level of analysis resolution, thorough understanding of the
system's design and its operation and maintenance aspects, welldefined physical bounds and interfaces for the system, a comprehensive review of system operational experience, and a clear definition
of what constitutes system failure or undesirable events.
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(a)
Co)
Figure 4-3 Two commonly used fault event symbols: (a) circle; (b) rectangle.

Fault Tree Analysis Steps
The basic steps involved in performing fault tree analysis are as
follows [12]:
9 Define the system, the assumptions involved in the analysis, and
the events or states that would constitute failure.
9 If simplification of the scope of analysis is desirable, establish a
system block diagram indicating inputs, outputs, and interfaces.
9 Establish the top-level fault event.
9 Use fault tree logic and fault event symbols and apply deductive
reasoning to identify what could cause the top-level fault event
to occur.
9 Continue developing the logic tree by identifying causes for
intermediate fault events, that is, the fault events that can cause
the top-level fault event to occur.
9 Develop the fault tree to the desired lowest level, that of the most
basic fault events.
9 Analyze the completed fault tree qualitatively and quantitatively.
9 Identify appropriate corrective measures.
9 Document the analysis and take appropriate measures to rectify
problem areas.

Example 4-1
Assume that a workshop repairs failed electric motors. Develop a
fault tree for the following undesired e v e n t ~ a n electric motor will not
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be repaired by a given point in t i m e - - u s i n g the fault tree symbols
described earlier. Consider only these four factors:
9
9
9
9

Motor is too damaged to repair
Skilled manpower is unavailable
Spare parts are unavailable
Repair tools or facilities are unavailable

Figure 4-4 shows the fault tree for this example. In this figure, T
identifies the top-level fault event; I identifies the intermediate fault
event; and B i identifies the basic or primary fault event, for i = 1, 2,
3, 4, 5. The top-level event, T, will occur if any of the fault events
that appear within a c i r c l e ~ B 1, B 2, B 3, B 4, or B s ~ occurs.

Electric moter will not be repaired by a
given point in time

T

No spare parts

B1

B5

B4

BE
Figure

4-4. A fault tree for Example 4-1.

B5
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Fault Tree Probability Evaluation
When the occurrence probability of
available, the probability of occurrence
obtained for fault trees containing AND
evaluation for both these gates appears

basic or other fault events is
of the top-level event can be
and OR gates. The probability
in the following [10].

OR Gate
Figure 4-5 shows an m input fault events OR gate. The probability
of occurrence of the OR gate output fault event X is given by
m

P(X) = 1 - l ' ] [ 1 - P(xi) ]

(4.4)

i=l
where P(X) is the probability of occurrence of the OR gate output
fault event X.
P(xi) is the probability of occurrence of the x i independent
input fault event, for i = 1, 2, 3 . . . . .
m.
m is the number of input fault events.

X

Output fault event

xt

x2

Figure

x3

x~

(Input fault events)

4-5. An m input fault events OR gate.
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For m = 2, Equation 4.4 reduces to
2
P(X) = 1 - I I [ 1 - P ( x i ) ]
i=l

= 1 - [ 1 - P(Xl)][1- P(x2) ]

(4.5)

= P ( x l ) + P(x 2) - P(xl)P(xz)
If the probability of occurrence of each input fault event is less than 0.1,
Equation 4.4 may be approximated, as can be seen from Equation 4-5,
by the following expression"
m

P(X) -~ E P(xi)
i=l

(4.6)

A N D Gate
Figure 4-6 shows an m input fault events AND gate. The probability
of occurrence of the AND gate fault event Y is given by
In

P(Y) - ~ P(Yi)
i=l

(4.7)

where P(Y) is the probability of occurrence of the AND gate output
fault event Y.
P(Yi) is the probability of occurrence of the Yi independent
input fault event, for i - 1, 2, 3, . . . , m.

Example 4-2
Assume that the probability of occurrence of Figure 4-4 basic fault
events B 1, B 2, B 3, B 4, and B 5 are as shown in Figure 4-7. Using
Equations 4.4 and 4.7, calculate the probability of occurrence of the
top-level fault event T: electric motor will not be repaired in a given
point in time.
Substituting the specified values for fault events B 2 and B 3 into
Equation 4.4 yields the probability of occurrence of the intermediate
fault event I:

Maintainability Tools

Y

Output fault e v e n t
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Figure 4-6.

I

f

Y2
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Ym

An m input fault events A N D

gate.

P(I) = 0.02 + 0.03 - (0.02) (0.03)
P(I) - 0.0494
Inserting into Equation 4.4 this result, and the other specified data
for basic fault events B 1, B 4, and B 5 given in Figure 4-7, the top-level
fault event T occurrence probability is given by
P(T) = 1 - ( 1 - 0 . 0 4 9 4 ) (! - 0 . 0 1 ) ( 1 - 0 . 0 4 )

(1 - 0 . 0 5 )

= 1 - ( 0 . 9 5 0 6 ) (0.99) (0.96) (0.905)
= 0.1417
The occurrence probability of the top-level event, the electric motor
will not be repaired by a given point in time, is 0.1417.

FTA Advantages and Disadvantages
As is the case with any technique, fault tree analysis has certain
advantages and disadvantages. Some of the advantages, as mentioned,
are that it provides insight into system behavior; can handle complex
systems more easily than some other techniques; provides a visibility
tool that management, designers, and users can use to justify design
changes and trade-off studies; and permits either qualitative or quantitative

Engineering Maintainability

66

[

0.1417

IT

0.0494

0.04

Bi

B4

Bz

Figure 4-7.

0.05

B5

B3

Fault tree with given basic fault event probabilities.

analysis. But it can also be a costly, t i m e - c o n s u m i n g method of
analysis, which has difficulty in handling states of partial failure and
whose results can be difficult to check.

CAUSE AND

EFFECT DIAGRAM

This technique is also known as an Ishikawa diagram, after its
originator, Professor K. Ishikawa of Japan, or as a "fishbone" diagram.
The latter term comes from the fact that the diagram resembles the
skeleton of a fish. The cause and effect diagram is a deductive analytical approach useful in maintainability work. It makes use of a graphic
"fishbone" to depict the cause and effect relationships between an
undesired event and its associated contributing causes. In other words,
it simply displays the factors that cause an effect such as a given
problem: the effect represented can also be something positive, such
as a goal to be attained.

Maintainability Tools

67

Figure 4-8 shows a typical cause and effect, or fishbone, diagram.
The box, or the "fish head," on the right side represents the effect
(the problem or goal). The dotted box on the left side contains "fish
b o n e s " that can be any set of factors c o n s i d e r e d to be i m p o r t a n t
causes. For example, in the cause of a control valve failure, the effect
could be "control valve failed to operate," and the main cause factors
could be manpower, materials, machinery, methods, and environment.
Examples of subcause factors for each of these main cause factors
might be [12]:
9
9
9
9
9

M a n p o w e r : assembly error, insufficient m a n p o w e r
M a t e r i a l s : defective value, wrong material for valve parts
M a c h i n e r y " loss of power, leak in piping system
M e t h o d s : faulty circuit, no input signal
E n v i r o n m e n t : contamination, too cold or too hot

The subcause factors may have any number of subfactors of their
own. The basic steps in developing a cause and effect diagram are [13]:
9 Establishing a problem statement or identify the effect to
be investigated.
9 Conducting brainstorming session(s) to identify possible causes.
9 Grouping important causes into categories and stratify them.
9 Developing the diagram.
9 Refining the categories by asking questions such as " W h y does
this condition exist?" and "What causes this?"
Causes

Center line or "fish spine"
Cause factor D \

7/

Cause factor E

Causefactor B

Effect or "fish head"
( problem or goal )

---/

__Z______
Cause factor C

I
I

Cause factor A ,
!

Figure 4-8. Cause and effect diagram layout.
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A cause and effect diagram, like a fault tree analysis, seeks to
identify the causes of problems, but a fault tree analysis examines
causes in a more highly structured manner.

TOTAL QUALITY MANAGEMENT
Total quality management (TQM) is a philosophy of pursuing
continuous improvement in every process, through the integrated or
team efforts of all individuals associated with an organization. It has
proven useful to organizations seeking to improve the maintainability
of their products.
There is a commonly held belief that the TQM concept originated
in Japan. While it was tested and enriched in that country, TQM can
be traced to the work of quality experts such as W. E. Deming, J. Juran,
and A. V. Feigenbaum in the late 1940s [13]. The Japanese Union of
Scientists and Engineers (JUSE) asked General Douglas MacArthur
to bring W. E. Deming to lecture in Japan. In July 1950, Deming
delivered his first lecture on the elementary principles of statistical
control of quality to an audience of Japanese engineers and scientists
[14]. The next year, JUSE established the Deming prize, to be awarded
to the company that had most effectively implemented quality control
policies and measures [15].
In 1985, an American behavioral scientist, Nancy Warren, coined
the term Total Quality Management [16]. Two years later, the United
States government established the Malcolm Baldrige Award after
witnessing the success of the Deming prize in Japan. The first Malcolm
Baldrige Award went to the cellular telephone division of Motorola
in 1988, for its reduction of defects from 1,000/106 to 100/106 between
1985 and 1988 [17, 18]. Over the years many people have contributed
to the development of TQM, and a large number of publications are
available on the subject.

Traditional Quality Assurance Programs
( T Q A P ) versus T Q M
In order to understand the TQM concept, it is important to distinguish between it and traditional quality assurance programs (TQAP).
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A comparison between the two, on the basis of some key factors,
follows [15, 18]:
9 D e f i n i t i o n of p r o g r a m

9 T Q A P : product-driven
9 T Q M : customer-driven
9 O b j e c t i v e of p r o g r a m

9 T Q A P : to find faults
9 T Q M : to prevent faults
9 D e f i n i t i o n of q u a l i t y

9 T Q A P : products satisfy specifications
9 TQM: products are suitable for consumer use and/or application
9 Cost

9 T Q A P : improved quality results in greater cost
9 T Q M : improved quality lower cost and increases productivity
9 A p p r o a c h to c u s t o m e r r e q u i r e m e n t s

9 T Q A P : ambiguous comprehension of customer requirements
9 T Q M : well-defined mechanism to understand and satisfy customer requirements
9 R e s p o n s i b i l i t y for q u a l i t y

9 TQAP: responsibility belongs to the quality control department
or inspection center
9 T Q M : every individual in the organization shares responsibility
9 Decision making

9 T Q A P : top-down approach
9 T Q M : team approach, with each employee part of a team

TQM Principles and Elements
Two fundamental principles of TQM are customer satisfaction,
whether the customer is inside or outside the organization, and continuous improvement. The use of this "market-in" concept allows a
healthy customer orientation that recognizes that every work process
is composed of stages [19]. Consequently, at each stage TQM seeks
customer input to determine changes that would help better fulfill
customers' needs.
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The other principle, continuous improvement, requires that management continuously improve, and strive to make important breakthroughs in, the techniques, procedures, and processes used. The
important elements of TQM fall into seven distinct categories, as
shown in Figure 4-9 [19].
Management commitment and leadership is critical to the success
of a TQM effort. Senior management must thoroughly understand the
TQM concept to play a leadership role. Only then can management
establish effective new goals and directions for the organization and
play the leadership role in achieving those goals and directions.
A firm's ability to produce a quality product depends in part on the
relationship among all parties involved. Thus supplier participation is
an important element of TQM. To achieve supplier responsiveness,
partnership and mutual trust are key. Some companies also require
their suppliers to have formal TQM programs.
The team approach involves all parties, including vendors, customers, and subcontractors, in the TQM effort. The quality team can
range in size from 3 to 15 members who usually serve on a voluntary
basis. The team members possess skills in areas such as cost-benefit
analysis, statistics, brainstorming, planning and controlling projects,
and creating flow charts. The team leader, who usually belongs to
management, chairs the team meetings.
As the demand for higher quality increases, customer involvement
becomes increasingly important. A representative of customer service
should therefore be part of the quality team, and customer interests,

Cost of quality

Statistical tools

Management commitment
and leadership

Important
TQM
elements

Supplier participation

Team effort

Training
Customer service

Figure 4-9. Important elements of TQM.
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like other such interests, should be reflected in the goals, plans, and
controls that the quality team develops.
A basic quality measurement tool is the cost of quality. This tool
can be applied in monitoring the effectiveness of the TQM process,
selecting quality improvement projects, and justifying the cost to
doubters. It is an effective tool for raising awareness of quality issues
and for communicating to management the benefits of the TQM
concept in terms of dollars.
A Japanese axiom states that "quality starts with training and ends
with training" [20]. Under TQM, each individual employed by the
company is responsible for quality. The training effort must therefore
be targeted at every level of the company, and specifically tailored
for the needs of management, engineers, support personnel, field labor,
technicians, and other groups.
Statistical tools useful in solving TQM-related problems, include
control charts, Pareto diagrams, cause and effect diagrams, scatter
diagrams, flow charts, and graphs and histograms. Some of their
applications are [ 19, 21 ]"
9 Identifying and classifying the causes of quality problems
9 Verifying, repeating, and reproducing measurements based on data
9 Making decisions on facts based on data rather than the opinions
of individuals
9 Communicating information in a language that can easily be
understood by all quality team members

Deming's TQM Philosophy and the "Deadly Diseases"
of American Management
W. E. Deming's TQM philosophy is based on fourteen points [22]:
create a constancy of purpose towards improvement; adopt the philosophy "quality first"; drive out fear; institute leadership; end dependence
on mass inspection and instead prevent defects; take action toward
change; eliminate numerical quotas; end awards on cost savings alone;
remove barriers to pride of workmanship; institute training in job
skills; improve the system constantly and always; institute a vigorous
program of education and retraining; break down barriers between
staff; and eliminate slogans, exhortations, and targets.
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The seven "deadly diseases" of American management, as defined
by Deming, are lack of constancy of purpose, excessive liability costs
(the U.S. is the world leader in lawsuits), excessive medical costs
(General Motor's highest-paid supplier is Blue Cross), overemphasis on
short-term profits, mobility of managers (which works against understanding and long-term efforts), performance reviews (which destroy
teamwork and build fear), and management based on visible figures
alone (the effects of a dissatisfied customer cannot be measured) [22].

TQM Tools
There are a large number of analytical approaches, both basic and
advanced, that can be used in practicing TQM. The following seven
analytical approaches belong to the basic category [22-23]"
displays the factors that
cause a given effect such as a problem to be addressed or a goal
to be attained. This approach was described earlier in the chapter.
Pareto c h a r t ~ S h o w s graphically the relative magnitude of output
from different factors.
C h e c k l i s t ~ A means of collecting data, especially of recording
events that occur against a list of possible events.
Control c h a r t ~ H i g h l i g h t s statistically significant changes that
may happen in a process. In other words, a control chart is a
graphic presentation of data collected over a time period that show
upper and lower limits for the process to be controlled.
Flow c h a r t ~ A diagram showing the inputs and outputs of all
operations in a process.
S c a t t e r g r a m ~ A test for correlation between two factors. For
each point, data is collected, and then the value of one factor is
plotted vertically and the other horizontally.
H i s t o g r a m ~ E m p l o y e d to show the distribution of outcomes of
a repetitive event.

9 C a u s e a n d effect d i a g r a m ~ S i m p l y

9
9
9

9
9

9

Analytical approaches belonging to the advanced category include:
on a matrix that
compares "what" to "how." More specifically, QFD is a formal
process used for translating customer requirements into appropriate
technical requirements.

9 Quality function deployment (QFD)~Based
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9 Quality loss f u n c t i o n ~ A concept developed by Genichi Taguchi,
a Japanese statistician, and is based on the premise that the cost
of quality increases not only when the finished product falls
outside certain specifications but also when it deviates from a set
target value within the specifications.

T Q M Implementation and Related Pitfalls
The implementation of TQM involves five basic steps" creating a
vision, planning an action, creating a structure (for example, instituting
appropriate training, involving employees, eliminating roadblocks, and
creating cross-functional teams), measuring progress, and updating the
plans and vision as appropriate.
Some difficulties many firms have had in implementing TQM
include: failure of top management to devote sufficient time to the
effort, management insistence concerning implementing processes in
a way employees find unacceptable, unsatisfactory allocation of
resources for developing and training manpower, and failure of senior
management to delegate decision-making authority to lower organizational levels [ 13].

MAINTAINABILITY ALLOCATION
Maintainability allocation may be described as analysis of equipment or system design, with the goal of allocating specified quantitative maintainability requirements down to the level of subsystems
and/or components. These allocations relate to corrective maintenance
characteristics and throughout the product development program help
determine how well the design meets the overall maintainability
requirements. They are a design and management tool that the customer,
prime contractor, and/or subcontractor uses to [24]:
9 Provide maintainability and design professionals with a document
for monitoring and evaluating subcontractors' compliance with
specified maintainability goals.
9 Establish "not to exceed" maintainability targets for the product's
or system's lower-level elements.
9 Highlight aspects of the system that will require high levels of
maintenance work, so that these problem areas can be analyzed
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and the design changes that will have the greatest maintainability
impact can be made.

Maintainability allocations for a complex system begin during the
early design phase and are revised as appropriate throughout the
development cycle. The maintainability allocation process begins with
an examination of the system's design, which is then broken down into
subsystem, assembly, and component levels. The specified maintainability values are allocated first from system to subsystem levels and
then to progressively lower levels as the design develops.
Parameters such as mean time to repair (MTTR), maximum corrective maintenance time, and maintenance manhours per operating hour
are often specified at the system level. Among the various approaches
to maintainability allocation is the following:
The maintainability allocation method makes use of various weighting factors, which are related to environment, accessibility, handling,
packaging, fault isolation techniques, complexity, and other issues, in
allocating specified mean active corrective maintenance times for the
system, subsystem, and component levels. The items with high failure
rates are allocated the least time, and those with the lowest failure rates
are allocated the most time. This is based on the premise that the more
often an item is maintained or repaired, the less time it takes to do
so. A weighting factor, 0j, for a particular item is expressed by [25, 26]

k
0j -- E 0i / k
i=l

(4.8)

where k is the number of weighting factors associated with an item.
0 i is the value of the weighting factor i, for i = 1, 2, 3, . . . k.
Assuming that each sub-item for which there will be an allocation has
a weighting factor, the weighting factor for the item as a whole is
given by

0 t -- s ~j0j / ~
j=l
where 0j is the sum of weighting factors for the item.
n is the number of sub-items.

(4.9)
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~j is the failure of sub-item j.
n

j=l

Solving Equation 4.9 for ~,, we get

s

(4.10)

~Lj0j [ 0 t

j=l

Now consider that the mean active corrective maintenance time of an
item is expressed by

Tac

= s ~jTacj/ ~'

(4.11)

j=l

where Tacj is the mean active corrective maintenance time of sub-item j.
Rearranging Equation 4.11, we get

s ~'iTacj/ Tac

(4.12)

j=l

Equating Equations 4.10 and 4.12 results in

0t/(

ac/

(4.13)

Rearranging Equation 4.13 yields

t

acl/
~"~

Thus,
Oj

Ot

Ta~J_ - 0
Tac

(On ~ac/

"]- "~" "k" ~n Ott

Y__acn = 0

(4.14)
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Therefore,
(4.15)

Tacj - 0jTac /r 0t

Tables 4.8 to 4.15 present examples of factors for accessibility, complexity, environment, packaging, fault isolation, and handling.

Table 4.8
Selected Accessibility Factor Values
Factor Type

Factor Value

Difficult
Simple
Direct

(01)

Considerations

4
2
1

Screw cover
Quick release cover fasteners
No cover

Table 4.9
Selected C o m p l e x i t y Factor Values for Units
Unit Type

Simple Power Supply
Complex power supply
Digital computer
Keyboard

Factor Value

(02)

Considerations

2
3
2
2.5

Inclusive of power supply
Inclusive of code/decode and
lamp drivers

Table 4. I 0
Selected C o m p l e x i t y Factor Values for Parts
Part Type

Switch
Variable resistor
Transformer
Relay
Lamp

Factor Value

(03)

Considerations
m

m

m

Mechanical
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Table 4. I I
Selected C o m p l e x i t y Factor Values for Assemblies
Assembly Type

Factor Value (04)

Considerations

Digital circuit card assembly
Low level analog circuit assembly
Control
Simple power supply

1
2
3
2

Small
Large
Complete
Complete

Table 4.1 2
Selected E n v i r o n m e n t Factor Values
Factor Type

Factor Value (0s)

Mild

1

Mild

2

Severe

3

Severe

6

Considerations

Normal indoor temperature and
relative humidity
Outdoor temperature: : 50-90~
Relative humidity: <90%
Zero wind and precipitation
Indoor temperature: between 32~
and 100~
Moderate outdoor tempeature but
rain or snow and heavy wind

Table 4.13
Selected Package Factor Values
Factor Type

Factor Value (06)

Quick disconnect circuit card assembly
Circuit card assembly with solder
connections
Pigtail connector circuit card
assembly

Considerations

No fasteners
With screw fasteners
With screw fasteners

Table 4.14
Selected Fault Isolation Technique Factor Values
Factor Type
Manual

Automatic
Semi-automatic

Factor Value (07)
0.5

1
3

Considerations

Using portable test equipment at
circuit test points to make
measurements manually
Built-in computerized test
Built-in test circuits, controlled
manually
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Table 4.15
Selected Handling Factor Values
Factor Type

Factor Value (08)

Considerations

Difficult (awkward)
Simple (light weight)

3
1

Two persons required
Only one person required

Example 4-3
Assume that a system is made up of units A, B, and C and that its
specified mean active corrective maintenance time, Tac, is 0.5 hour.
The estimated failure rates of units A, B, and C, along with their
applicable values for 01, 02, 05, 07, and 08, are specified in Table 4.16.
Allocate system Tac among its units by using the given information.
Using the data given in Table 4.16 and Equation 4.8, we obtain the
values for units A, B, and C as presented in Table 4.17.
Using the data given in Table 4.16, we get the following failure rate
for the entire system:
~,=50+

25 + 10

= 85 failures/106
where ~, is the system failure rate.
Substituting this value, and the one obtained in Table 4.7, into Equation 4.9 yields
0t -- E

=

~jOj

]

167
= 1.9647
85

Inserting the given and calculated values into Equation 4.15, we get
Ta~j - 0j(0.5)/(1.9647)
- (0.2545) 0j

(4.16)

When the calculated values for 0j given in Table 4.17 are substituted
into Equation 4.16, we get the allocated mean active corrective maintenance time for units A, B, and C, presented in Table 4.18.
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Table 4.16
Failure Rate and Factor Values for Example 4-3
Unit

Failure Rate, ~i (failures/I 06)

01

0z

0s

07

0s

A
B
C

50
25
10

2
4
1

2
2
2.5

1
3
1

0.5
1
3

3
3
1

Table 4.17
Calculated Values for Units A, B, and C
Unit

ei

A
B
C

~iei

1.7

85

2.6
1.7

65
17
~ j O j = 167

-

-

Table 4.18
Allocated Mean Active Corrective
Maintenance T i m e for System Units
m

System Unit

Tacj

A
B
C

0.4326
0.6617
0.4326

Thus the allocated mean active corrective maintenance times for
system units A, B, and C are 0.4326, 0.6617, and 0.4326 hours,
respectively.

PROBLEMS
1. What is the difference between an FMEA and an FMECA?
2. Describe the basic steps used to perform an FMECA.
3. Discuss the following two techniques associated with an FMECA:
9 Risk priority number method
9 Military standard method
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,

5.
6.

,

,

9.
10.
11.
12.

List the important advantages of an FMECA.
Comparisons between an FTA and an FMECA.
Describe the following two logic symbols associated with an FTA:
9 AND gate
9 OR gate
Assume that a windowless room has one light bulb and one
switch. The switch never fails to open. Develop a fault tree for
the event "Dark Room."
What are the benefits and drawbacks of performing an FTA?
Describe a cause and effect diagram and its associated basic steps.
Discuss the important elements of TQM.
What are the pitfalls related to TQM?
Define the term maintainability allocation.
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CHAPTER

Specific
Maintainability
Design Considerations
INTRODUCTION
A cost effective and supportable design must take into account the
maintainability considerations that arise at each phase in the life cycle
of the system or product. It is therefore the role of maintainability
engineering to ensure that those considerations, and the design factors
related to them, receive full attention during the design process.
All efforts to establish maintenance concepts and requirements will
be of little use if the design effort does not take into consideration
the particular features that will enhance field maintenance. Thus careful
planning and systematic effort are needed to bring attention to important maintainability design factors such as maintainability allocation,
maintainability evaluation, maintainability design characteristics,
maintainability parameters, and maintainability demonstration. Each of
these factors involves various subfactors~for example, packaging,
standardization, interchangeability, human factors, safety, and testing
and checkout all play a role in the final product's maintainability
design characteristics. Standardization, interchangeability, modular
design, and accessibility are important considerations in every aspect
of maintainability design.
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DESIGN CHARACTERISTICS

These are the features and design characteristics that help reduce
downtime and enhance availability. The goals of maintainability design
include minimizing preventive and corrective maintenance tasks;
increasing ease of maintenance; decreasing support costs; and reducing the logistical burden by decreasing the resources required for
maintenance and support, such as spare parts, repair staff, and support equipment.
The most frequently addressed maintainability design factors, ranked
in descending order, are: accessibility; test points; controls; labeling
and coding; displays; manuals, checklists, charts and aids; test equipment; tools; connectors; cases, covers and doors; mounting and fasteners;
handles; and safety factors. Other factors are standardization, modular
design, interchangeability, ease of removal and replacement, indication
and location of failures, illumination, lubrication, test adapters and test
hookups, servicing equipment, adjustments and calibrations, installation, functional packaging, fuses and circuit breakers, cabling and
wiring, weight, training requirements, skill requirements, required
number of personnel, and work environment [1].

STANDARDIZATION
This important design feature restricts to a minimum the variety of
parts and components that a product or system will need. Standardization can also be described as the attainment of maximum practical
uniformity in a product's design [2, 3]. It represents the choice, design,
or manufacture of parts, assemblies, equipment, associated tools,
service materials, and/or procedures that are identical to or replaceable
with other items or procedures. Standardization should be a central
goal of design, because the use of non-standard parts may lead to
lower reliability and increased maintenance. But while standardization
is highly desirable, it cannot be allowed to interfere with advances in
technology or improvements in design. Study of the advantages and
disadvantages of standardization in this regard should therefore precede decision making. Lack of standardization is usually due to poor
communication among design engineers, contractors, subcontractors,
users, and other parties [4].
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Standardization Goals
Some of the primary goals of standardization include maximizing
the use of common parts in different products; minimizing the number
of different types of parts, components, assemblies, and other items;
maximizing the use of interchangeable and standard or off-the-shelf
parts and components; minimizing the number of different models and
makes of equipment in use; controlling and simplifying inventory and
maintenance; reducing storage problems, and the effort spent on part
coding and numbering.

Contributory Factors to a High Failure
Rate for Nonstandard Items
Factors that contribute to the high failure rate for nonstandard items
include [3 ]:
9 Poor uniformity of manufacture in small production runs. Consequently, parts would need to be ordered more frequently, increasing the logistical burden. Also, small production runs could make
the parts more difficult to obtain.
9 Lengthy storage periods for items for which there is low demand
and the resulting deterioration of the items during this time.
9 Incorrect use, application, handling, installation, or maintenance
of parts and components that are less familiar to workers.

Specific Applications of Standardization
There are many ways to make use of standard parts, components,
and circuits. For example, equipment can contain interchangeable items
such as batteries, controls, air cleaners, starting motors, and instruments. Regulators and supply voltages can be set to standard values.
The materials, such as oils and fuels, used to service equipment can
be made as uniform as possible. The advantages of standardization are
shown in Figure 5-1.
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5-1. Benefits of standardization.

INTERCHANGEABILITY
This is an important maintainability design factor that is made
possible through standardization. Interchangeability means that, as an
intentional aspect of design, any component, part, or unit can be
replaced within a given product or piece of equipment, by any similar
component, part, or unit. There are two types of interchangeability,
functional interchangeability and physical interchangeability. In functional interchangeability, two specified items serve the same function.
In physical interchangeability, two items can be mounted, connected,
and used effectively in the same locations and in the same manner.
Interchangeability requirements should take into account field use
conditions and the economy of manufacture and inspection.
Basic interchangeability principles include:
9 Liberal tolerances.
9 In equipment, products, or units that require frequent replacement
and servicing of component parts due to wear or damage, each
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and every part must be totally interchangeable with each and
every other like part.
9 In equipment, products, or units that are normally expected to
operate without part replacement, strict interchangeability could
be uneconomical.

The two broad categories of interchangeable parts are universally
interchangeable parts and locally interchangeable parts. Universally
interchangeable parts must be interchangeable in the field environment
even if they have been produced by different facilities. Locally interchangeable parts are interchangeable with other like parts manufactured at the same facility but are not necessarily interchangeable
with parts produced at different facilities. A design engineer must
ensure the following to achieve maximum interchangeability of parts
and units in a specified system [1]:
9 When physical interchangeability is a design characteristic, there
should also be functional interchangeability.
9 When functional interchangeability is not desired, physical interchangeability is not necessary.
9 Differences should be avoided in mounting, size, shape, and other
such characteristics.
9 Part and unit modifications should not change the methods of
mounting and connecting. If this is not possible, incorporate them
in a system or an assembly.
9 There should be enough information available in job instructions
and on plate identification so that the user can decide with confidence whether or not two like parts or units are interchangeable.
9 All parts and units expected to be identical should be totally interchangeable and should be identified as interchangeable, carrying some
manufacturer's number or other appropriate identification.
9 If possible, there should be adapters provided to make physical
interchangeability possible in situations where t o t a l ~ b o t h functional and physical~interchangeability is not practicable.
Checklists for effectively incorporating interchangeability into
equipment and product design contain questions such as [3]"
9 Is there functional interchangeability whenever physical interchangeability is feasible?
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9 Is there total interchangeability wherever possible?
9 Does complete interchangeability in fact exist for items that are
expected to be identical and interchangeable?
9 Does interchangeability exist for items with high failure rates?
9 Are differences in mounting, size, and shape being avoided unless
these differences serve a functional purpose?
9 Are identical parts or components used w h e r e v e r feasible in
similar products or systems?
9 Is sufficient and appropriate information provided on identification
plates so that the user can easily judge whether like items are
interchangeable ?
9 Are items such as parts, connectors, and cables standardized
throughout the equipment in question?
9 Are parts and units designed for functional interchangeability
where complete interchangeability is not feasible?
9 Are items such as screws and bolts the same size for all covers
and cases?
9 Does total electrical and mechanical interchangeability exist on
all similar removable parts?
9 Will mounting holes and brackets handle parts from different
manufacturers?

MODULARIZATION
Modularization is the division of a system or product into physically
and functionally distinct units to allow removal and replacement. Each
system or subsystem, from the highest to the lowest level, can be
designed as a removable entity. Questions of cost, practicality, and
function dictate the degree of modularization. However, modular construction should be used wherever it is logistically feasible and practical, and will reduce training costs or provide other concrete benefit.

Modularization Design Guidelines
Some of the guidelines for designing modularized products are to
[3, 5]:
9 Divide the equipment into many modular units.
9 Make modules and parts as uniform in size and shape as possible.
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9 Match the functional design of the equipment with division of the
equipment into removable and replaceable units.
9 Aim to design all equipment so that a single person can replace
any malfunctioning component.
9 Design control levers and linkages to permit easy disconnection
from components, so that replacing components is a simpler
process.
9 Take an integrated approach to d e s i g n - - t h a t is, consider the
problems of component design, materials, and modularization
simultaneously.
9 Design the modules for greatest ease of operational testing when
they are removed from the equipment.
9 Strive to make each module capable of being inspected independently.
9 Place emphasis on modularization for forward levels of maintenance to increase operational capability.
9 Aim to make each modular unit small and light enough that a
single person can handle and carry it without any difficulty.

Advantages of Modularization
Some of the many advantages associated with modularization are [3]:
9 It is relatively easy to maintain a divisible configuration.
9 Modular replacement in the field requires lower skill levels and
fewer tools.
9 Modularization can simplify new equipment design and shorten
design time.
9 Fully automated methods can be used to manufacture standard
"building blocks."
9 It is easier to divide up maintenance responsibilities in the most
effective manner.
9 Training maintenance staff becomes less costly and less time
consuming.
9 As recognition, isolation, and replacement of faulty items becomes
easier, maintenance becomes more efficient and equipment downtime decreases.
9 Existing equipment can be modified, with the latest functional
units replacing their older equivalents.
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Disposable Modules
Disposable modules are designed to be discarded rather than repaired once they fail. The use of disposable modules makes most
sense when:
9 Repair is either costly or impractical.
9 There is a considerable and favorable difference between the cost
of disposable and maintainable modules, and between the acquisition, storage, and supply costs for the two kinds of modules.
9 The maintainable modules require significant e x p e n d i t u r e in
materials, tools, and labor time.
9 The advantages of disposable modules, discussed in the following
text, outweigh the disadvantages.

Disposable Module Design Requirements,
Advantages, and Disadvantages
Requirements
Disposable modules must be designed, produced, and installed so that:
9 Parts with long lives are not discarded because of the failure of
parts with short lives.
9 Expensive parts are not discarded because of the failure of less
expensive parts.
9 Disposable modules are encapsulated as much as possible.
9 The modules carry a statement that they should be discarded at
failure.
9 The level of maintenance disposable modules may receive before
being discarded is clearly defined.
9 The tests to be performed on disposable modules, and the results
that should be shown before the modules are discarded, are clearly
defined.
The most important benefits and drawbacks of a disposal-at-failure
design are:
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Advantages
9
9
9
9
9
9

Smaller, simpler, more durable modules with a more reliable design
Simpler and more concise trouble-shooting approaches
Reduction in required manpower, tools, facilities, and repair time
Better interchangeability and standardization of modules
Fewer types of spare parts required
Improved reliability because of the sealing and potting methods

Disadvantages
9 Increased inventory required because of need to have replacement
modules on hand at all times
9 Decreased performance and reliability of modules because of
production efforts to keep them inexpensive to justify their disposal
9 Decrease in available data on maintenance and failures, which
would be used to help improve design
9 Inability to redesign disposable modules
9 High level of consumption of disposable modules, because of high
rate of replacement, increased by cases of unnecessary replacement

SIMPLIFICATION
Probably the most difficult element of maintainability to achieve,
but the most important, is simplification. Simplification should be the
constant goal of design. Even a complex product or piece of equipment
should appear simple and straightforward to the user. A good designer
incorporates important functions of a product into the design itself and
uses as few components as sound design practices will allow.

ACCESSIBILITY
Accessibility is the relative ease with which a part or piece of
equipment can be reached for service, replacement, or repair. Lack of
accessibility is an important maintainability problem and a frequent
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cause of ineffective maintenance. A U.S. Army handbook on maintainability stated in 1976 [1]: "Gaining access to equipment is probably
second only to fault isolation as a time-consuming maintenance activity,
and when automatic fault-isolation equipment becomes available, it
unquestionably will be first."
Accessibility, it should be noted, does not automatically constitute
maintainability. The fact that an item to be repaired can be readily
accessed does not in itself guarantee overall ease and cost-effectiveness
of maintenance.

Factors Affecting Accessibility
The factors that affect accessibility include [1, 3]:
9
9
9
9
9
9
9
9
9
9
9
9

The item's location and environment
Maintenance tasks to be carried out through the access opening
Types of tools and accessories needed to perform the required tasks
Clothing worn by the technical staff
Visual needs of staff carrying out the tasks
Specified time requirements for performing the tasks
Work clearances necessary for performing the tasks
Danger associated with use of the access opening
Distance to be reached to access the item
Packaging of items behind the access opening
Mounting of items behind the access opening
Frequency with which the access opening is entered

Access Location
The way a piece of equipment is installed governs in part the
location of its maintenance access openings. The access opening(s)
should occupy a face of the piece of equipment that will be accessible
in the usual installation. The following are guidelines for designing
and placing access openings [3]:
9 Ensure that access openings will be accessible under normal
installation of the equipment.
9 Place access openings for maximum convenience in conducting
the anticipated maintenance tasks.
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9 Ensure that the location of access openings permits direct access
to the parts that will require maintenance.
9 Ensure that the access openings occupy the same face as associated features such as control, test point, and displays.
9 Ensure that the access openings are a safe distance from high
voltage points or hazardous moving parts.
9 Ensure that the lower edge of a restricted access opening is no
less than 24 inches or its top edge no greater than 60 inches from
the floor or work platform.
9 Ensure that the location of accesses is in conformance with height
of work stands and carts that will be frequently used.
9 Ensure that heavy units can be pulled out instead of lifted out.

Access Opening Size
The access opening must be the proper size to allow a repair person
to perform his or her tasks effectively. The factors that should determine the size of access openings include the size and shape of the
internal objects to which access is required; the necessity of removing
and replacing the objects through the openings; once access is gained,
the movements of the human body required for actions such as turning,
pushing, and pulling; and the size required for a repair person to enter
partially or fully through the access opening. The last two factors are
determined, respectively, by dynamic and static body measurements.
Tables 5.1 and 5.2 present minimum access size requirements for onehanded tasks and minimum aperture dimensions for tasks requiring
penetration of a normally clothed repair person's whole body, head,
or shoulder [3].

Additional Guidelines Related to
Access Opening Design
Other guidelines to consider in the design of access openings are to:
9 Label each access opening with a unique number, letter, or other
identifier.

Specific Maintainability Design Considerations

93

Table 5. I
M i n i m u m Access Size Requirements (in inches) for One-handed Tasks
Dimensions in Inches for a
Bare-handed Repair Person
Wearing Regular Clothes

Task

Inserting parts or components
Inserting empty hand through smallest
square hole
Placing arm through access up to the elbow
Inserting hand through the smallest square
hole, holding a screwdriver 8 inches long
with a handle 1 inch in diameter
Inserting empty hand held flat
Inserting a closed hand with thumb outside
of fist
Placing arm through access up to the
shoulder, full arm's length

Width = 4.5, Height = 1.75
3.5
Width = 4 . 5 , H e i g h t = 4
3.75

Width = 4.5, Height = 2.25
Width = 5.125, Height = 4.25
Width = 5, Height = 5

Table 5.2
M i n i m u m A p e r a t u r e Dimensions (in inches) for a Person
W e a r i n g Regular Clothes
Body Part or Position

Dimensions in Inches

,,,

Placing shoulders through access
Two standing persons passing through access
side by side
Placing head through access
Person passing through access in kneeling
position with back errect
Width of body passing through access
Person passing through access in crawling
position

Width = 20
Width = 36
Width = 7
Width = 20, Height = 64.5
Width = 13
Width = 20, Height = 31

9 In t h e c a s e o f s m a l l o p e n i n g s , i n d i c a t e t h e p o s i t i o n in w h i c h
c o m p o n e n t s or c o n n e c t o r s s h o u l d b e i n s e r t e d t h r o u g h t h e o p e n i n g .
9 U s e s a f e t y i n t e r l o c k s o n o p e n i n g s t h a t l e a d to h i g h v o l t a g e p o i n t s .
9 Round the edges of access openings.
9 I d e n t i f y o n e a c h a c c e s s o p e n i n g t h e i t e m s a c c e s s i b l e t h r o u g h it.
9 F u r n i s h l a r g e a c c e s s d o o r s w i t h a d e v i c e to h o l d t h e m s e c u r e l y
o p e n , b e c a u s e s u c h d o o r s m i g h t fall s h u t a n d c a u s e d a m a g e .
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9 Provide efficient inspection apertures on items such as gear boxes
and housings.
9 Make the access opening that leads to the battery large enough
to allow two-handed operation.
9 Provide sufficient visibility to ensure safety for maintenance
operations that involve hazard from nearby electrical circuits.
9 When access openings are located near hazardous components,
design the access door to that at its opening an internal light
automatically indicates the danger points.
9 Locate access openings to protect workers from contact with sharp
edges, hot or moving parts, or other potential hazards.

IDENTIFICATION
Adequate labeling or marking of parts, controls, and test points
facilitates maintenance tasks such as replacement and repair. If a repair
person is unable to readily identify parts, test points, or controls,
maintenance tasks become more difficult, take longer to perform, and
are more likely to be performed incorrectly.
Types of identification include:
Equipment identification" Equipment labeled, stamped, engraved,
or otherwise marked with a permanent identifier.
Instruction plates: Plates, bearing usage instructions, that are
permanently attached to the item in a clearly visible location.
Part identification: A schematic diagram that identifies each
relevant part. The markings should be on or immediately adjacent
to the referenced part and should be accurate and adequate to
identify the part. They should last throughout the equipment's
useful life and should be placed so that they can be easily read
with the unit in its usual installed position and without the
removal of any other parts. Table 5.3 presents appropriate letter
and numeral sizes for a 28-inch viewing distance [6].

ACCESSIBILITY AND

IDENTIFICATION

CHECKLIST

Professionals working in the maintainability field have prepared a
checklist on issues of accessibility and identification that includes the
following points [3]:
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Table 5.3
A p p r o p r i a t e L e t t e r and N u m e r a l Sizes for a 28-inch Viewing Distance
Type of Markings

Critical markings in
variable positions
(e.g., numerals on
counters and moving
scales)
Noncritical markings
(e.g., routine
instructions,
instrument
identification labels)
Critical markings in
fixed positions
(e.g., numerals on
fixed scales and
switch markings)

Low Brightness (down
to 0.03 ft-Lambert)

High Brightness (down
to I ft-Lambert)

0.20-0.30 inches

0.12-0.20 inches

0.05-0.20 inches

0.05-0.20 inches

0.15-0.30 inches

0.10-0.20 inches

9 Windows allow users to inspect internal parts without physically
entering the equipment.
9 Consider using hinged doors where physical access is required.
9 Determine the o p t i m u m placement of hinges.
9 In the case of screw-fastened access places, try to use no more
than four screws.
9 Access openings should not have sharp edges.
9 Label all access openings individually.
9 Labels should indicate what parts can be reached t h r o u g h the
openings.
9 Label access points to specify the maintenance tasks that the parts
accessible from this point will require and the anticipated frequency of the task.
9 Access openings should provide sufficient space for the use of
tools such as soldering irons and test probes.
9 The access opening should also provide sufficient space for tasks
requiring both arms and hands.
9 Large parts that are difficult to r e m o v e can prevent access to
other parts.
9 In some designs, structural components prevent access to some parts.
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9 There should be maximum accessibility to parts needing regular
inspection, replacement, or maintenance.
9 Try to provide access to disposable modules that does not require
the removal of other parts.
9 In the design of devices that require lifting, pushing, or turning,
take human strength limits into account.
9 Units should be removable along a straight or moderately curved line.
9 Heavy units, those weighing more than 25 pounds, should be
located within the normal reach of repair persons.
9 Make provisions for support of units during their removal or
installation.
9 If bolts, hoses, waveguides, or other items need to be removed
before a maintenance or inspection task, they should be designed
for easy removal.
9 Layout should take into account the kinds of inspection that will
need to be performed.
9 Consider using split line design.
9 In the design and location of all pieces of equipment that can be
manipulated, consider relevant environmental factors.
9 The access opening should provide adequate visibility for repair
persons working within it.

GENERAL MAINTAINABILITY
GUIDELINES AND COMMON
D E S I G N ERRORS

DESIGN
MAINTAINABILITY

Figure 5-2 shows some of the important general design guidelines
that maintainability professionals have developed [7].
Many studies indicate that equipment designers have often made
design errors that affect resulting equipment or system maintainability.
Those design errors include the following [7]:
9
9
9
9

Access doors containing many small screws.
Access door handles not installed or incorrect handles installed.
Adjustments placed out of reach.
Adjusting screws that are difficult for maintenance personnel to
locate.
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Design for safety
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Des.ign to minimize
reqmrements for tools,
.41 maintenanceskills,
/,'I" [adjustments, and other
Iiaspectsof maintenance

[ Group subsystems for
.~t easylocation and
"-i
i~tentification

" ~ Avoid the use of large
cable connectors

Figure 5-2. Some of the important general maintainability design guidelines.

9 Adjusting screws installed too close to an exposed power supply
terminal or to a hot component.
9
Screwdriver-oriented adjustments located underneath modules in
such a way that it is difficult for repair personnel to reach them.
9
Low-reliability parts located underneath other parts requiring
maintenance personnel to disassemble many other parts to reach
them.
9 Subassemblies that are screwed together in such a way that
maintenance staff are unable to distinguish what is held by each
screw.
9 Insufficient room for a worker to make required adjustments when
wearing a glove.
9 Removable items installed in a manner that makes it unfeasible
to remove them without disassembling the entire unit from its case
or to remove other parts.
9 Different modules designed with identical sockets and connectors,
creating the risk that modules will be installed in the wrong place.
9 Fragile parts placed just within the lower edge of the chassis,
where it is more likely that they will accidentally be broken.
9 The use of low-reliability test equipment that falsely reports
product failures.
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PROBLEMS
1. Discuss in detail at least five important design characteristics
of maintainability.
2. What are the goals of standardization?
3. What are the advantages and disadvantages of standardization?
4. Discuss the important factors in achieving m a x i m u m interchangeability of parts within a given system.
5. Define the following:
9 Modularization
9 Interchangeability
9 Accessibility
6. List important advantages and disadvantages of a disposal-atfailure design.
7. List the factors that affect accessibility.
8. Describe three types of identification.
9. What are the common errors in maintainability design?
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CHAPTER

Human Factors
Considerations
INTRODUCTION
Human factors engineering goes back as far as 1898, when Frederick
W. Taylor worked to design effective shovels [1], but it has been a
key component of maintainability work only since World War II. The
performance of military equipment during the war proved that equipment is only as good as the people operating and maintaining it. For
the equipment to perform at its maximum capacity, operating and
maintenance personnel must also perform effectively. But these personnel
may fail to do so for a variety of reasons, such as inadequate attention
to human factors during equipment design or poor training [2].
Human factors play an important role in both equipment reliability
and equipment maintainability, but to a different degree. Reliability
deals with those inherent characteristics of the equipment that promote
either failure or long life. In comparison, maintainability has to do with
the servicing, diagnostic, inspection, and repairability characteristics
of the equipment. Maintainability is more dependent upon the action
of the operating and maintenance personnel, and to a greater extent
involves the interactions between people and machines. It therefore
depends more on human factors than does reliability. Failure to consider
human factors carefully during equipment design can lead to increased
maintenance problems and reduced effectiveness and readiness.
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H U M A N F A C T O R S P R O B L E M S IN M A I N T E N A N C E
AND TYPICAL HUMAN BEHAVIORS
Human factors engineering applies knowledge about human capabilities,
strength, and size to equipment design. Failure to effectively consider
such factors can lead to serious maintainability and maintenance
problems. For example, a study conducted by the United States military
services revealed that over a 15-month period, human errors in aircraft
maintenance contributed to 475 accidents and incidents in flight and
ground operations [3]. The consequences were 96 seriously damaged
or destroyed aircraft and the loss of 14 lives. Analysis of these
accidents and incidents showed that many of them occurred shortly
after periodic inspection. Furthermore, many of the human failures that
caused them were repetitive failures. The basic causes of these errors
were poor inspection; poor basic training in appropriate maintenance
policies, procedures, and practices; poor supervision; and poor training
in the maintenance of the specific equipment involved.
Because of these problems, equipment designers must minimize the
likelihood of human error, and the consequences of potential errors,
to the extent possible. For instance, they should reduce the number
of support tasks required, design equipment so that the available
personnel can easily accomplish the required support tasks in the given
environment, and try to build in features that will make it impossible
to perform required tasks incorrectly.
The designer should take into consideration typical human behaviors
[4, 5]:
9 People usually perform their assigned tasks while thinking about
other things.
9 People tend to use their hands for testing or examining.
9 People are usually too impatient to take the necessary time to
observe precautions.
9 People usually read instructions and labels incorrectly or overlook
them altogether.
9 After performing a procedure, people usually fail to recheck their
work for errors.
9 People usually respond irrationally in emergency situations.
9 People are usually reluctant to admit mistakes.
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9 After successfully handling hazardous objects over a lengthy
period of time, many people become complacent and less careful.
9 People are usually reluctant to admit that they do not see objects
clearly, whether because of poor illumination or poor eyesight.
9 People often estimate distance, speed, or clearance poorly. They
usually underestimate large or horizontal distances and overestimate short distances.

HUMAN

BODY M E A S U R E M E N T S

This is important information in designing for maintainability.
Designers must ensure in the early phases of their work that the
equipment will accommodate operating and maintenance personnel of
varying size, weight, and shape. There are two basic sources of information on body measurements:
9 Anthropometric surveys. These surveys take measurements of
a sample of the population and present the data in the form of
percentiles, means, medians, and ranges.
9 Experiments. These simulate the conditions of the equipment
design being considered and allow measures to be taken under
those conditions.
Designers can use data from either source or from both. The determining factor is usually the cost of performing experiments and the
amount of satisfactory anthropometric survey data available.

Types of Body Measurements and Pointers for the
Application of Force and the Strength of Body Parts
Equipment designers should take into account both static and
dynamic body measurements. Static measurements represent the body
in rigid standardized positions. They usually encompass more detail,
including everything from overall body size to the distance between
the eye pupils. Dynamic measurements represent the body in motion.
Subjects assume varying work positions and allow functional leg and
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arm reaches to be determined. Dynamic measurements indicate how
humans will perform a given task in a given space rather than how
well they will fit into the space [2, 6].

Body Measurement Data for Use in Equipment Design
Table 6.1 gives dimensions for small and large men [7].

Weight Lifting Data
Maintenance tasks often require lifting various types of items.
Designers should therefore give careful consideration to human weightlifting capability under given situations when allocating tasks. Table 6.2
presents data concerning the maximum weight an adult male can lift
from the ground. The figures come from a study of 19 males with
average age, weight, and height of 21.6 years, 161.2 pounds, and 69.5
inches, respectively [8]. These individuals lifted, with no space limitations, objects of convenient size and shape.
The following are pointers for equipment designers concerning the
application of body force and strength [9]:
9 The maximum handgrip strength of a 25-year-old male is around
125 pounds.
9 The use of the whole arm and shoulder increases the maximum
exertable force. But using just the fingers requires the least
amount of energy per degree of force applied.
9 Factors such as body position, direction of force applied, body
parts involved, and the object involved determine the degree of
force that can be exerted.
9 For side-to-side motion, push force is greater than pull force, and
the maximum is approximately 90 pounds.
9 Pull force is greater from a sitting than from a standing position.
The maximum steady pull force is around 65 pounds, as opposed
to the maximum momentary pull force of 250 pounds.
9 Arm strength reaches its peak around 25 years of age and decreases
slightly between the age of 30 years and 40 years. It declines
approximately 40% from ages 30 to 65 years. During the same
time frame, hand strength decreases roughly 16.5%.
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Table 6. I
Body M e a s u r e m e n t D a t a for Use in E q u i p m e n t Design

Body Part
Hand

Measurement Description
9 Length
9 Width

Small Man (5th
percentile, i.e.,
only 5% of the
population is
smaller than
the value
specified)
,,

Large
Man (95th
percentile, i.e.,
only 5% of the
population is
larger than the
value specified)
.211

3.2"

3.8"

130 lbs.

201 lbs.

Weight

(Without equipment)

Arm

Length from elbow to finger

17.3"

20.1"

Height

9
9
9
9

65.5"
21.0"
33.5"
16.7"

74"
24.5"
38.0"
19.2"

28"

31.5"

22.7"

26.5"

Stature (standing)
Height of knees
Height when sitting erect
Seat height (popliteal
height)
9 Eye height (internal canthus)
in normal sitting position
9 Buttock-shoulder height
(acromial height)
9 Length
9 Width

.211

.211

5.6"

6.4"

Foot
(with shoe)

9 Length
9 Width

11.0"
4.0"

12.7"
4.5"

Trunk

9
9
9
9

16.5"
13.0"
7.5"
15.3"

20"
16.5"
11.0"
20.3"

Arm

9 Arm span
9 Length of arm (functional
anterior)
9 Elbow span (with arms
spread out)

65.9"
29.0"

75.6"
35.0"

34.0"

39.0"

Head

Shoulder width
Seat width
Chest depth (front to back)
Width between outside of
elbows (with arms hanging
at sides)
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Table 6.2
M a x i m u m Male Weight-lifting Capacity for Selected
Distances above Floor Level
Distance above Floor
Level in Feet

Approximate Maximum
Weight-lifting Capacity,
in Pounds

1
2
3
4
5

143
140
76
55
40

H U M A N SENSORY CAPACITIES
Maintainability design also requires an understanding of human
sensory capacities as they apply to areas such as color coding, shape
coding, parts identification, and noise. The five major senses are touch,
smell, sight, taste, and hearing. In addition, humans can also sense
pressure, vibration, temperature, position, rotation and linear motion,
and acceleration (or shock) [2, 3].

Sight
Electromagnetic radiations of specific wavelengths, generally known
as the visible portion of the electromagnetic spectrum, stimulate sight.
The human eye is more sensitive to certain colors at certain degrees
of brightness than others. For example, it is most sensitive to greenishyellow light with a wavelength of about 5500 Angstrom units. The
eye also sees differently from different angles. Humans can perceive
all colors while looking straight ahead, but color perception starts to
decrease as the viewing angle increases. Colors disappear at certain
degrees off the level view in the vertical plane [2, 9]:
9
9
9
9
9

Green at 40 ~
Red at 45 ~
Blue at 80 ~
Yellow at 95 ~
White at 130 ~

Human Factors Considerations

105

They disappear at the following angles off the horizontal plane [2, 9]:
9
9
9
9

Green-red at 60 ~
Blue at 100 ~
Yellow at 120 ~
White at 180 ~

If equipment possesses color-banded meters, or warning lights of
varying colors, at positions close to the horizontal or vertical limits
of color differentiation, distinguishing the colors may be impossible.
Designers should keep two other aspects of color perception in mind:
Color reversal. This phenomenon can occur when, for example,
a worker stares at a green or red light and then glances away. The
signal to the brain may reverse the color.
Color p e r c e p t i o n u n d e r poorly i l l u m i n a t i o n or n i g h t t i m e conditions. Under such conditions, it may be impossible to determine
the color of a small point source of light--e.g., a small warning
light or a light seen at a distance. In such cases, whether the light
is orange, green, blue, or yellow, it will appear to be white.
Designers should also avoid placing too much reliance on color
when an error in color perception could affect important operations;
choose colors that will not confuse people who are color-blind or have
other problems with color perception; and use, when possible, red
filters with wavelengths greater than 6500 Angstrom. (If this is not
possible, warning lights should be as close to red as possible.) [10].

Touch
As the maintenance of engineering equipment becomes a more
complex and sophisticated task, it is important that maintenance
personnel make effective use of all their senses. The sense of touch
compliments human ability to interpret visual and auditory stimuli. For
example, many control knob shapes can be easily recognized by touch
alone. Such shapes would be useful in situations where the user is
expected to rely entirely on his or her sense of touch.
Craft workers have for many centuries effectively used their sense
of touch to detect surface irregularities and roughness. According to
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S. Lederman [11] the detection of surface irregularities becomes
dramatically more accurate when the worker moves a piece of paper or
thin cloth over the surface rather than simply using his or her bare fingers.

Noise
Noise may be described as any undesirable sound. Human reaction
to noise extends beyond auditory stimulation to include sensations such
as irritability, fatigue, or boredom. Noise can adversely affect the
effective performance of tasks that require intense concentration or a
high degree of muscular coordination and precision. Excessive noise
can also make oral communication difficult or impossible and can
damage hearing. Two important characteristics of noise are [2, 3]:
9 Frequency. This is measured in hertz (Hz) and the human ear can
detect sounds ranging from 20 to 20,000 Hz. In particular, the ear
is most sensitive to frequencies between 600 and 900 Hz. People
exposed for long periods to noise at frequencies from 4,000 to
6,000 Hz normally suffer major hearing loss.
9 Intensity. This is the major factor in the sensation of loudness
and is usually measured in decibels (dB). Exposure to noise above
80 dB may lead to temporary or permanent hearing loss, but it is
the length of exposure that determines the extent of damage.
Table 6.3 presents selected maximum background noise levels for
reliable comprehension of words spoken in a raised voice by someone
36 inches to 48 inches away.

Table 6.3
Selective M a x i m u m Noise Levels in dB
for Reliable C o m m u n i c a t i o n
Frequency (Hz)

Maximum Noise Level (dB)

Less than 75
75-150
150-300
300-600
4,800-10,000

79
73
68
64
57
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Table 6.4 presents noise intensity levels in dB, and their effects,
for various c o m m o n sounds [3, 12].
Table 6.5 presents the durations of exposure to selected noise levels
p e r m i t t e d b y the O c c u p a t i o n a l S a f e t y and H e a l t h A d m i n i s t r a t i o n
( O S H A ) [ 12].

Table 6.4
Noise Intensity Levels in dB for S o m e C o m m o n Sounds
Intensity
Level (dB)

Noise Source

Effect on People

Motion picture sound studio

10

Acceptable

A whispering voice

20

Acceptable

Quiet residential area

40

Acceptable

Household ventilating fan

56

Acceptable

Normal conversation

60

Acceptable

Heavy traffic

70

Acceptable

"Quiet" factory area

76

Acceptable

City bus

90

Reduced ability to hear may
occur above this level

Punch press

110

Unacceptable and dangerous

Loud thunder

120

Unacceptable and dangerous

130

Approximate threshold of pain

150

Maximum permissible

Table
Duration of Exposure
Levels Permitted by
Safety and Health

6.5
to Selected Noise
the Occupational
Administration

Noise Intensity
Level (dB)

Exposure in
Hours Per Day

105
100
97
95
90

1
2
3
4
8
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To decrease the effects of noise [2]:
9 In areas requiring the presence of maintenance personnel, keep
noise levels below 85 dB.
9 In areas that require maintenance actions in the presence of
extreme noise, incorporate into the equipment appropriate acoustical
design and mufflers and other soundproofing devices.
9 Prevent unprotected repair workers from entering locations with
sound levels greater than 150 dB, even for short periods.
9 In situations where noise reduction is not possible, protect maintenance workers by issuing protective devices.

Vibration
The performance of both mental and physical tasks can be seriously
affected by vibrations. In particular, large-amplitude, low-frequency
vibrations contribute to problems such as headaches, fatigue, motion
sickness, and eye strain, and interfere with the ability to read and
interpret instruments effectively. All these symptoms become less
pronounced as vibration amplitude decreases and vibration frequency
increases. Equipment designers must make every reasonable attempt
to eradicate the possibility that the equipment will generate problematic
levels of vibration. Some recommendations for lowering the effects
of vibrations are to [12]:
9 Design equipment to resist vibrations and shocks by using devices
such as shock absorbers, fluid couplings, and springs.
9 When vital maintenance actions depend on reading digits or letters
printed on equipment ensure that the equipment is not subject to
vibrations, or at least not to vibrations greater than 0.08 millimeters
in amplitude. In circumstances that do not permit vibration-free
displays, consider increasing display size and/or illumination.
9 Consider the positions that operating or maintenance personnel
will assume in working on equipment subject to vibrations. Seated
persons are usually most affected by vertical vibrations and prone
persons by horizontal vibrations. Avoid vibrations of frequencies
between 3 and 4 Hz, since this is the resonant frequency of a
seated person's vertical trunk.
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FACTORS

Effective maintainability design must take into consideration the
effects of the environment under which an individual is expected to
perform his or her tasks. Factors such as temperature, illumination,
humidity, and air circulation may seriously affect the ability of a repair
person to work effectively. In general, environmental factors fall into
the three categories shown in Figure 6-1" the working environment,
the physical environment, and the human environment.
The working environment includes factors such as illumination,
ventilation, duration of work, the arrangement of operating and maintenance work spaces, operational conditions, and time of day. Elements
of the physical environment include noise, vibration, wind, temperature,
pressure, humidity, toxic fumes, dust, and radiation. The human environment involves human psychological, physical, and physiological
capabilities and limitations. The following sections discuss some of
the important environmental factors related to maintainability.

Figure 6-1. Environmental factors important to maintainability design.
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Illumination
Light is radiant energy capable of exciting the retina of the eye and
generating a visual sensation [12]. A repair person requires adequate
illumination to perform his or her tasks effectively and without serious
compromise of factors such as accuracy, speed, and safety. But because
a satisfactory degree of illumination may not always be available,
designers must ensure that maintenance tasks can be performed even under
the poorest lighting conditions. For example, the equipment should be designed so that the maintenance tasks can be performed with only a
flashlight, if that is all the illumination that will be available. Factors that
should be carefully examined in designing any lighting system include:
9
9
9
9
9

Appropriate level of brightness
Uniformity of lighting
Quality and color of illuminants and surfaces
Glare from the lighting source or work surface
Contrast in brightness between lighting for a given task and background light

Table 6.6 presents r e c o m m e n d e d illumination levels for various
activities [3, 12].

Temperature
The effects of temperature on human performance are not entirely
understood, but it is well known that certain temperature extremes
decrease work efficiency. For example, as temperature increases above
the comfort limit, motor responses and mental processes slow down and
the likelihood of error increases. Similarly, as temperature falls below the
comfort zone, physical fatigue and stiffening of the extremities begin.
The optimum temperature range for humans depends on various
factors, but in general the recommended range is 65~ to 70~ Other
recommendations regarding heat are [2]:
9 Install air conditioning, if at all feasible, when temperatures are
likely to exceed 90~
9 Install reflector/absorbant surfaces, to reflect or absorb heat, on
equipment exposed to the sun.
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Recommended

Illumination

Table 6.6
Levels for Various Typical A c t i v i t i e s

Activity

Loading from a platform
Finding articles in bulk supply warehouse
Reading bulletin board
Filing records
Drafting
Repairing small components
Performing fine assembly
Performing extremely difficult inspection tasks
Performing surgical procedures

Minimum Recommended
Illumination Level
in Fast-candles

2
5
10
25
50
100
200
500
1000

9 When equipment has components that require frequent maintenance
located in excessively high temperature areas, redesign the equipment so that those components are located in cooler areas.
Designers should also carefully consider the following recommendations regarding cold:
9 Structure tasks that must be performed in cold conditions to
minimize sustained work time. For example, use quick-disconnect
servicing equipment.
9 Provide a large enough access opening and internal work area to
allow repair persons to wear protective gloves when they must
maintain equipment, such as liquid oxygen lines, that would be
too cold for hands.
9 Provide adequate heating in areas where maintenance personnel work.
Table 6.7 presents tolerable limits of heat and cold for people wearing
normal clothing [ 13].

Relative Humidity
This is another environmental factor that affects human performance
when combined with temperatures above or below the optimum range.
In that range, humidity ranging from 30% to 70% is usually acceptable.
At temperatures above this comfort zone, a comparatively small increase
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Table 6.7
Tolerable Levels of Temperatures for People Wearing Normal Clothing
Temperature (OF)

Description of Condition

Comfortable during summer
Physical fatigue begins
Deterioration of performance of mental
or complex physical activities begins
Comfortable during winter (light work)
Comfortable during winter (heavy work)
Physical stiffness of extremities begins

56-75
75 and above
85 and above
63-71
55-60
50 and lower

in relative humidity can have significant adverse effects on both the
comfort and performance of maintenance personnel; as is well known,
people can tolerate much hotter temperatures when air is dry rather
than humid. Additional information on this subject is available in
References 2, 3, and 14.
Air Circulation

In an enclosed work area, effective ventilation is essential for
efficient performance. Usually, an adult needs 1,000 square feet of
fresh air per hour while working. Also, for enclosed work spaces, the
recommended rate of air circulation is 20 to 40 square feet per minute
during cold weather and a little higher during hot weather.
Whenever there are or may be toxic materials in the air, ventilation
alone is not adequate. Other measures to protect maintenance personnel
must be taken. For example, the contamination source should be
eradicated altogether or the involved personnel should be provided
with protective devices. Additional information on the subject is
available in References 2, 3, and 14.

AUDITORY

AND

VISUAL

WARNING

DEVICES

For the safety of maintenance personnel, a proper understanding of
auditory warning devices is essential. Table 6.8 presents important
characteristics of various types of alarms [2].
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Table 6.8
I m p o r t a n t Characteristics of Various Types of A l a r m s
Alarm
Type

Ability to Get
Attention

Frequency

Intensity

Ability to
Penetrate Noise

Buzzer

Good

Low to
medium

Low to
medium

Fair, provided
spectrum is suitable
to noise in
background

Siren

Very good, provided
pitch rises and falls

Low to
high

High

Very effective when
frequency increases
and decreases

Oscillator

Quite good,
provided
intermittent

Medium
to high

Low to
high

Quite good,
provided frequency
is selected properly

Bell

Good

Medium
to high

Medium

Quite good when
noise is low
frequency

Whistle

Quite good,
provided
intermittent

Low to
high

High

Quite good,
provided frequency
is selected properly

Auditory warning devices should also:
9
9
9
9

Be easily detectable
Be distinctive and both quickly and accurately identifiable
Be suitable to hold a repair person's attention
Use warbling or undulating tones and produce a sound at least
20 dB above the threshold level
9 Not be continuous, high pitched tones above 2,000 Hz
9 Not require interpretation while the maintenance person is conducting a repetitive task

Table 6.9 presents recommendations for designing for auditory alarm
and warning devices.
Table 6.10 compares situations in which visual and auditory presentations may be used. Either auditory or visual presentations can be
used when the signals will already be anticipated by the maintenance
person, or when the signals will require discrete and short responses
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Table 6.9
Design Recommendations for A u d i t o r y A l a r m and W a r n i n g Devices
Condition to be Addressed

Design Recommendation

Signal must command maintenance
person's attention

Modulate signal to generate
intermittent "beeps"

Presence of background noise

Choose a frequency that makes the
signal audible through other noise

Warning signal must be acknowledged

A manual shut-off mechanism will
guarantee that the signal ends only
when the required action is taken

Repair personnel are working far from
the source of the signal

Make use of high intensities and avoid
high frequencies

Sound is expected to pass through
partitions and bend around obstacles

Make use of low frequencies

,,,

Table 6. I 0
Conditions for Using Visual and A u d i t o r y Presentations
Condition for Using Auditory
Presentation

Condition for Using Visual
Presentation

Simple message

Complex message

Message that requires immediate action

Message that does not require
immediate action

Short message

Long message

Message receiving location that is too
bright

Message receiving location that is too
noisy

Maintenance person's job requires him/
her to move about continuously

Maintenance person's job permits him/
her to remain at one place

Message is associated with events in
time

Message is associated with location in
space

No reference will be made to the
message later on

Reference will be made to the message
at a later stage

Maintenance person overburdened with
visual stimuli

Maintenance person overburdened with
auditory stimuli
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and will follow soon after another signal. The following three situations call for simultaneous use of auditory and visual signals"
9 Warnings of extreme emergency
9 Need for redundant signals
9 Environmental conditions, such as high noise levels or poor
illumination, that prevent data presentation through either visual
or auditory means alone

SELECTED F O R M U L A S FOR H U M A N

FACTORS

This section presents selected formulas that can be used by equipment designers as they take account of the role human factors play
in maintainability.

Character Height
The success of many maintenance tasks depends on the repair
person's ability to discern characters clearly. Usually, this ability
depends on factors such as illumination, size of the characters, and
exposure time. The following is a formula to determine character
height by taking into consideration illumination, viewing distance,
viewing conditions, and the importance of an accurate reading [15]:
H c = kD v + CFim + CFiv

(6.1)

where k is the constant, with value 0.0022.
Dv is the viewing distance in inches.
CFiv is the correction factor associated with illumination and
viewing conditions: 0.06 (above 1 foot-candle, favourable reading conditions), 0.16 (above 1 foot-candle, unfavourable reading
conditions), 0.16 (below 1 foot-candle, favourable reading conditions), 0.26 (below 1 foot-candle, unfavourable reading
conditions).
CFim is the correction factor associated with importance. For example,
for important items such as emergency labels its recommended value is 0.075, and for others CFim is set equal to zero.
Hc is the character height in inches.
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Example 6-1
The estimated viewing distance of an instrument panel is 40 inches.
Determine the height of the characters that should be used on the
panel, if CFiv = 0.26 and CFim = 0 . 0 7 5 .
Inserting the specified values into Equation 6.1 yields
H c = (0.0022)(40) + 0.075 + 0.26 = 0.4230 in
That is, the height of each character should be 0.4230 inches.

Lifting Load
Information on the maximum lifting load for an individual is useful in structuring maintenance tasks. This load is expressed by the
formula [16]:
LL m = CBMS i

(6.2)

where LL m is the maximum lifting load for an individual.
C is the constant with value 1.1 for males and 0.95 for
females.
BMS i is the individuals's isometric back muscle strength.

The Decibel
This basic unit of noise/sound intensity is named after Alexander
Graham Bell, inventor of the telephone. Sound-pressure level is
defined by [12, 17]:
SPL - 10 loglo (p2/p2)

(6.3)

where SPL is the sound-pressure level expressed in decibels.
2
P0 is the standard reference sound pressure, representing zero
decibels, squared. Under normal circumstances, P0 is
the faintest 1000 Hz tone that an average young person
can hear.
p2 is the sound pressure, squared, of the sound to be measured.
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Human Reliability
The reliability of repair personnel performing time-continuous tasks
can be calculated using the following equation [18]"

R m (t)

-i ~Lm(t)dt

- e o

(6.4)

where Rm(t) is the maintenance person's reliability at time t.
~m(t) is the time-dependent error rate of the maintenance person.

Example 6-2
A maintenance person performs certain time-continuous tasks and
his or her associated error rate, ~'m, is 0.0002 errors per hour. The time
to error is exponentially distributed. Determine the reliability of the
maintenance person for performing an assigned task correctly for a
five-hour period.
In this case, we have
t

= 5 hours

~m -" 0 . 0 0 0 2 e r r o r / h o u r

Substituting the above values into Equation 6.4 yields
5
-~ (O.O002)dt

Rm(5) - e 0

= e -(~176176176
= O. 999

Thus, the reliability of the maintenance person to perform the assigned
task correctly is 0.999.

PROBLEMS
1. Define the following two terms"
9 H u m a n factors
9 H u m a n factors engineering
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2. What are the typical human behaviors that an equipment designer
should take into consideration when assigning tasks to maintenance persons?
3. Discuss the following three human sensory capabilities:
9 Sight
9 Touch
9 Hearing
4. Discuss the effect of vibrations on the human body and human
performance.
5. Describe the effects of illumination and temperature on human
performance.
6. Discuss the important characteristics of siren and oscillator
alarms.
7. List at least four design recommendations for auditory alarm
and warning devices.
8. Describe the significance of the following:
9 Relative humidity
9 Air circulation
9. List at least seven conditions under which auditory presentations would best convey a message to maintenance personnel.
10. A repair person conducts certain time-continuous tasks and his
or her associated error rate is 0.004 errors per hour. Calculate
the reliability of the repair person for performing a task correctly for a seven-hour period. Discuss any assumptions made
in the calculation.
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CHAPTER

Safety
Considerations
INTRODUCTION

Safety means either freedom from hazards or protection against
hazards. It is one of the most important factors in designing for
maintainability. As individuals perform maintenance tasks, they are
exposed to hazards and accidents. Many of these hazards and accidents
are due to careless design or design that does not give adequate
attention to human factors and safety features. Other factors include
hazardous environmental conditions and the creation of hazards by
maintenance and operating personnel themselves when they perform
their assigned tasks carelessly. The key to overcoming many of these
difficulties is to "design in" safety features that will protect operators,
maintenance personnel, and the equipment itself.
Past experience indicates that absolute safety is not attainable. Not
all hazards can be designed out of equipment, and operating and
maintenance personnel cannot be relied upon to observe safety precautions at all times. Furthermore, as Murphy's Law points out, if there
is an incorrect way to do something, eventually someone will do it
that way [1, 2]. Nonetheless, designers must remember that people are
the single most valuable commodity and that equipment that is dangerous
to people is by definition not maintainable.
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DESIGN

Over the years professionals working in maintainability design have
developed guidelines to provide for the safety of operating and
maintenance personnel. Some of those guidelines are [1]:
9 Ensure that access openings are fitted with fillets and are large
enough to allow easy entrance.
9 Thoroughly study potential sources of injury by electrical shock.
9 Locate items that will require maintenance so that personnel can
gain access to them without danger from moving parts, heat,
electric current, toxic chemicals, or other sources of hazard.
9 Provide fail-safe devices so that a failure in one unit cannot lead
to the failure of other units that would consequently result in
serious damage to the system and possible human injury.
9 Place emergency doors and other emergency exits so that they
provide maximum accessibility.
9 Provide guides, stops, and tracks to facilitate the handling of
equipment.
9 Provide sufficient fire-extinguishing and other equipment in areas
where fire hazards are a possibility.
9 Indicate weight-lifting or weight-holding capacity on items such
as hoists, lifts, and jacks.
9 Provide eye baths, showers, and other special equipment in areas
where toxic materials will be handled.

ELECTRICAL, MECHANICAL, AND
OTHER HAZARDS
Electrical shock is probably the major area of concern as even a
small shock can be dangerous. Any potential for exposure to more than
50 volts should be categorized as a possible electric shock hazard.
Studies indicate that contact with voltages ranging from 70 to 500
volts is the major cause of deaths from workplace accidents [3, 4].
However, the effect of electric shock depends on many factors: body
resistance; the duration of the shock; current, voltage, and frequency;

Engineering Maintainability

122

and the physical condition of the individual. Duration is an important
concern, because short electric shocks can trigger a heart attack as
shown in Table 7.1 [5].
Maintenance personnel are probably more vulnerable to electric
shock than any other group of workers because of the very nature of
their duties. Thus, maintainability design must treat the possibility of
electric shock as a central concern.
Methods to provide adequate protection for personnel include
enclosing parts that might otherwise pose hazards, providing accessdoor safety switches, automatic operation of the main equipment switch
at the instant of the door opening, and automatic component grounding
in the event the unit is opened for access to the components [6].
9 Safety switches. Used to prevent electric shock, these switches
are either interlocks, battle-short switches, or main power switches.
An interlock is a switch that automatically opens the power circuit
of a piece of equipment at the instant an access door or cover
opens. Interlock switches remove power during maintenance work,
and they should be installed on each door and cover providing
access to voltage in excess of 40 volts. The main purpose of a
battle-short switch is to render all interlock switches inoperative,
by placing a short circuit across all interlocks. The main power
switch removes all power from the equipment by opening all
connections from the main power source.
9 Discharging devices. These devices are used in situations where
high-grade filter capacitors can store lethal charges over a relatively
long period. Use of discharging devices is recommended when the

Table 7. I
E l e c t r i c Shock Durations that May L e a d t o H e a r t A t t a c k s

Shock Duration
in Seconds
.....

0.03

3.0

Alternating Current
(AC) in Milliamps
(mA) and at 60
Cycles per Second
.

.

.

.

.

Direct Current (DC)
in Milliamps (mA)

.

1,000

1,300

1O0

500
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time constant of capacitors and associated circuits is greater than
five seconds. The discharging devices must be reliable and must
operate automatically at the instant the enclosure opens. Without
the appropriately placed discharging devices, the safety of maintenance personnel and others could be compromised.
9 Safety markings. These warn people of hazardous conditions and
indicate what precautions they should observe to ensure their
safety and that of the equipment. However, because safety markings or signs are not physical barriers to hazard, they should only
be used when no other method of protection is feasible.
9 Safety w a r n i n g devices. Some examples are bells, lights, and
vibration devices. Safety warning devices are installed at locations
where maintenance personnel and other individuals can readily
and clearly sense them.
9 Grounding. There are many grounding methods used to protect
individuals from dangerous voltages. Usually, exposed parts,
chassis, and enclosures are grounded, using the same ground
connector. A terminal spot welded to the chassis normally provides a reliable ground connector. But riveted elements should
be avoided for grounding because of their poor electrical connection reliability.
9 Fusing. This is another important method of safeguarding personnel from electric shock. Fuses are used to protect all leads
from the primary service lines and should be connected to the lead
side of the main power switch only.
During equipment design, potential mechanical hazards should also
be eradicated to the extent possible. Guidelines for minimizing or
eliminating mechanical hazards include: round all edges and corners
to the largest radii practical; use flathead screws whenever possible;
cover, coat, or machine smooth all exposed surfaces; use recessed
mountings for small projecting parts, e.g., toggle switches and small
knobs located on front panels; use shields and guards to prevent
unintentional contact with rotating or oscillating parts such as gears,
levers, and couplings; enclose or otherwise guard high-temperature
parts; provide appropriate ventilation to keep component temperatures
within specified limits; and avoid locating air exhaust openings on
front panels [6].
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Other significant hazards are"
9 Fire. Every reasonable step should be taken to minimize or
eliminate fire hazards during equipment design. In particular,
items such as inductors, capacitors, or motors that pose potential
fire hazards should be enclosed by a noncombustible material with
the minimum possible number of openings. Also avoid designing
equipment that will emit flammable vapors during operation or
storage; ensure that equipment will not produce dangerous smoke
or fumes; and provide hand-operated, portable fire extinguishers
at appropriate locations.
9 Toxic fumes. As with fire hazards, every step should be taken
during design to eliminate hazards from toxic fumes. To give
some examples of these hazards, exhaust from internal combustion
engines contains numerous hazardous substances, and diesel
engines emit aldehydes and nitrogen oxides. Table 7.2 presents a
list of selected common toxic agents and their corresponding

Table 7.2
Selected C o m m o n Toxic Agents and T h e i r Corresponding
M a x i m u m Allowable Concentrations
Toxic Agent

Carbon dioxide
Carbon monoxide
Sulphur dioxide
Gasoline
Ammonia
Kerosene
Nitrogen tetroxide
Phosgene
Aldehydes (acrolein)
Aldehydes (furfural)
Aldehydes (acetaldehyde)
Carbon dioxide
Methyl bromide
Diacetone
Dioxane alcohol
Freon
Methyl bromide

Source

Maximum Allowable
Concentration (ppm)

Engine exhaust
Engine exhaust
Engine exhaust
Fuels and propellants
Fuels and propellants
Fuels and propellants
Fuels and propellants
Smoke
Oil sprays and fumes
Oil sprays and fumes
Oil sprays and fumes
Fire extinguishants
Fire extinguishants
Hydraulic fluids
Hydraulic fluids
Refrigerants
Refrigerants

5,000
100
5
250
100
500
5
1
0.5
5
200
5,000
20
50
100
1,000
20
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maximum allowable concentrations [6, 7]. Maintainability professionals must take these risks into consideration.
9 Instability. Instability is a proven cause of accidents. Thus, it is
important to design all equipment for maximum stability. In
particular, strive to maximize safety and stability in the design
of equipment that will move up an incline such as a cargo ramp,
or that will be lifted by cranes for shipping. Under such circumstances it is advisable to mark the equipment's center of
gravity and jacking points.
9 Explosion. Explosions are a common cause of fatalities. Equipment for use in an explosive environment must be designed so
that all possibilities of explosion are eliminated. Any electrical
equipment being designed for use in the vicinity of flammable
gases or vapors must be explosion-proof. Every effort must be
made to eliminate or minimize any danger to people by separating
hazardous substances from heat sources and by incorporating
spark arrestors, suitable vents and drains, and other safety features.

S A F E T Y ANALYSIS T O O L S
During the equipment design phase, professionals have many
methods at their disposal for eradicating or minimizing hazards to
people and equipment. The basic objective of all these approaches is
hazard identification and control. System safety analysis should
demonstrate that safety specifications, criteria, or objectives are fully
satisfied; provide equipment designers with information for trade-off
studies to achieve optimum system safety; and assist safety professionals to better understand, during equipment design, operation,
and maintenance, potential safety problems.
Some of system safety analysis techniques are hazard analysis,
preliminary safety matrix analysis, failure mode and effects analysis,
fault tree analysis, and operating hazard analysis [8]. Three of these
techniques are described in the following section.

Hazard Analysis Method
This powerful tool determines the safety requirements for people,
procedures, and equipment used in testing, operations, maintenance, and
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logistic support. This method also determines the compliance of system
and equipment with specified safety requirements and criteria. Hazard
analysis is conducted in terms of the following levels of hazard [9].
9 Catastrophic. This indicates that human error, design characteristics, procedural deficiencies, environment, or part/equipment
malfunction will lead to fatality, severe injury, or system loss.
9 Critical. This indicates that human error, design characteristics,
procedural deficiencies, environment, or part/equipment malfunction will lead to human injury or major system damage or
will require urgent measures to ensure the survival of people or
the system.
9 Marginal. This indicates that human error, design characteristics,
procedural deficiencies, environment, or part/equipment malfunction
can reliably be counteracted or put under control before human
injury or major system damage occur.
9 Negligible. This indicates that human error, design characteristics,
procedural deficiencies, environment, or part/equipment malfunction
that could lead to human injuries or major system damage will
not o c c u r .
As Figure 7-1 shows, hazard analysis involves identifying, and
classifying the level of hazards, and highlighting of areas that will
require special design attention to reduce or eliminate identified
potential hazards, especially those classifiable as critical or catastrophic.
Hazard analysis should address areas such as material compatibility;
relevant environmental constraints; isolation of energy sources; crash
safety; resistance to shock damage; toxic fumes; fail-safe design
methods; fuels and propellants and their associated problems; hazards
associated with the use of explosive devices; danger of implosion;
protective clothing or equipment required; effects of electromagnetic
radiation, transient current, or electrostatic discharges from the equipment or on it; nuclear radiation and its effects; training needed to
ensure safe equipment operation and maintenance; life support requirements' safety implications in manned systems; potential sources of fire
ignition and propagation; the risk of human error in operation of the
equipment; and questions about vulnerability to certain kinds of
accidents and the level of danger those accidents would pose to people
and equipment.
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Figure 7-1. Basic purposes of hazard analysis.

Failure Mode and Effects Analysis
As discussed in Chapter 4, this is a widely used reliability analysis
technique that also applies to maintainability analysis. The technique
systematically determines the basic causes of failure and defines
measures to reduce their effects. Furthermore, it can be applied to any
system level. The failure mode is the specific way in which the item
fails to carry out its intended mission. The failure cause is the reason
the failure took place. The failure effect is the result of the failure
for each failure mode.
9 F a i l u r e m o d e . Examples are open or short circuits; reduced
output, loss of function, and loss of output.
9 Failure cause. Examples are wear, vibration, contamination, and
voltage surge.
9 F a i l u r e effect. Examples are loss of communication, mission
abort, reduced control, and injury or damage to personnel or
equipment.
FMEA is basically a qualitative approach to d e t e r m i n i n g the
reliability, maintainability, and safety of a given design by taking into
consideration potential failures and their resulting effects. The seven
major steps in performing FMEA are [10]:
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9 Define the boundaries and detailed requirements for the system
or piece of equipment under consideration.
9 List all of its components.
9 List all possible failure modes, describe each, and identify the
component that would be involved.
9 Assign a failure rate to each component failure mode.
9 List the effects of each failure mode.
9 Enter remarks for each failure mode.
9 Review each critical failure mode and take appropriate action.
In using this analysis, the effect identified can be quite different
depending on the objective of the analysis. For example:
9 In reliability analysis. The effect considered is the effect on the
system's or equipment's performance or ability to function.
9 In maintainability analysis. The effects considered include the
symptoms through which failure to be pinpointed and the components that will require replacement as the result of the failure.
9 In safety analysis. The effects considered are damage to other
systems and equipment and possible danger to people.
Some of the advantages of the FMEA method are that it employs
a systematic procedure to categorize hardware failure and identifies
all possible failure modes and their effects on performance, personnel,
and equipment. It is useful for comparing design, simple to understand,
and helps identify methods of detecting the various possible failures.

Fault Tree Analysis
As discussed in Chapter 4, this is a widely used technique to
determine reliability and safety by estimating the probability that an
undesirable event will happen [10].
Fault trees provide a tool for accident analysis, a display of results,
and a convenient and efficient format for describing reliability problems.
In the case of accident analysis, a fault tree helps in finding all
possible causes of an accident. If used effectively, the fault tree method
often results in the discovery of failure combinations that otherwise
might go unrecognized. Similarly, the display of results is useful when
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a design is unsatisfactory. The display shows weak points and the way
they can lead to the undesired event. On the other hand, if the design
is satisfactory, the fault tree helps to show that all possible causes of
failure have been adequately considered. Fault tree analysis involves
the following steps [11]:
9 Selection of an undesired event or fault to be investigated. Examples
might be injury to a worker, equipment failure, or inadvertent
launch of a missile.
9 Analysis of the functional flow diagrams for the equipment or
system, to determine combinations of events and failures that
could lead to an occurrence of the fault event.
9 Development of suitable mathematical expressions, using Boolean
algebra.
9 Determination of circumstances under which each event associated
with the fault tree could occur.
9 Systematic diagramming of contributory events and failures to
show their relationship to each other as well as to the undesirable
event under investigation.
9 Estimation of the failure rate of each item being considered or
estimation of the occurrence probability of each event.
9 Determination of the occurrence probability of the undesirable
event being examined, based on the probabilities of occurrence
of the contributory events.
There are numerous symbols used to construct a fault tree. Figure 7-2
presents five of the most commonly used symbols.
9 O R gate. As described in Chapter 4, this represents a condition
in which an output event occurs if any one or more of the n input
events occur.
9 AND gate. As described in Chapter 4, this represents a condition in
which an output event occurs only if all of the n input events occur.
9 R e s u l t a n t event. This is denoted by the rectangle shown in Figure 7-2(c) and represents a condition in which an event is a result
of the combination of fault events that precede it.
9 Basic event. This is denoted by the circle shown in Figure 7-2(d)
and represents the failure of an elementary component or a basic
fault event.
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Figure 7-2. Commonly used symbols to construct a fault tree: (a) an OR gate,
(b) an A N D gate, (c) a resultant event, (d) a basic event, (e) an incomplete event.

9 Incomplete event. This is denoted by the d i a m o n d s h o w n in
Figure 7-2(e) and represents a fault event whose cause has not
been fully determined either due to lack of interest or due to lack
of data.
Figure 7-3 demonstrates a simple fault tree analysis of an undesired
event.
S o m e of the benefits and d r a w b a c k s of the fault tree analysis
method are [10]:

Benefits of Fault Tree Analysis
9 It is a tool that designers, m a n a g e m e n t , and users can use to
analyze failures and potential failures in visual terms.
9 It ferrets out failures deductively.
9 It provides insight into the behavior of the system or equipment.

Safety Considerations

131

Robot accident, involving a
human, due to a sudden
robot movement

....

Person in hazardous work area

Robot moves suddenly
i

Figure 7-3.

A simple fault tree for an undesired o r top event: robot accident,
involving a person, due to a sudden r o b o t movement.

9 It provides options for conducting qualitative and quantitative
analysis.
9 It forces reliability, maintainability, and safety analysts to understand the system or equipment under consideration thoroughly.

Drawbacks of Fault Tree Analysis
9 The end result is difficult to verify.
9 It can be a costly and time-consuming approach.
9 It has difficulty handling states of partial failure.

Comparison of FMEA and Fault Tree Analysis
Table 7.3 presents a comparison of F M E A and fault tree analysis
[1, 12].
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Table 7.3
Comparison of FMEA and FTA
FTA

FMEA

It is a hardware oriented method.

It is an event oriented approach.

It has a broader scope with restricted
depth of analysis.

It has a restricted scope with in-depth
analysis.

It is an optimum approach for multiple
failures.

It is an optimum approach for single
failures.

It does not require analysis of failures
that have no effect on the operation
under investigation.

It provides documentation to ensure
that each and every potential single
failure has been investigated.

It does not require investigation of all
external influences.

It highlights all external influences
contributing to loss, for example,
environment, test procedures, and
human errors.

SAFETY

AND

HUMAN

BEHAVIOR

The safety of the people who operate and maintain e q u i p m e n t is
of u t m o s t i m p o r t a n c e . D u r i n g the d e s i g n phase, a p p r o p r i a t e inform a t i o n on h u m a n b e h a v i o r can u l t i m a t e l y lead to safer and m o r e
maintainable design. Chapter 6 lists some typical h u m a n behaviors that
can lead to injuries. Other e x a m p l e s are the following [13-16]"
9 People often fail to look where they place their hands and feet,
particularly in familiar surroundings.
9 People often continue to use items or e q u i p m e n t they k n o w to
be faulty.
9 People often underestimate the probability of o c c u r r e n c e of the
"unpleasant event" and overestimate the probability of occurrence
of the "pleasant event."
9 P e o p l e f r e q u e n t l y u n d e r e s t i m a t e cold t e m p e r a t u r e s and overestimate hot temperatures.
9 P e o p l e often u n d e r e s t i m a t e c o m p a c t w e i g h t and o v e r e s t i m a t e
bulky weight.
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9 People frequently underestimate looking-up height and overestimate looking-down height.
9 People usually underestimate a decelerating object's speed and
overestimate an accelerating object's speed.
Figure 7-4 shows important measures for reducing accidents caused
by human error.

SAFETY CHECKLIST
There are many safety issues that must be carefully considered
during the design process. The following list, which incorporates many
points made in previous sections of this book, will help ensure that
these issues are considered and that any necessary corrective measures
are taken. Note that there may well be issues not on this list that
should also be considered [6]:
9
9
9
9
9
9

Mechanical guards on all moving equipment parts
Critical warning lights
Placement of fire extinguishers
Selection of warning lights
Location of dangerous voltage point
Existence of warning plates at appropriate places

Making each individual[
conscious of hazards [
involv.ed in his/her I
assignments
I

~ularly checking
] Regularl:
[ established
establish support
[
proced
~rocedures for
[
COLT, use
correct

Designing error-free
mating parts

t
Making workers
safety conscious

Proper inspecting
of all tasks

Figure

[
[

/

~ortant measures
Importanl
for reducing
reduci~ accidents
due to human
hu
error

Providing correct tools
and making regular
adjustments to safety
equipment

Proper training
for perfor
performing tasks

Developing effective
support procedures

7-4. Measures for reducing accidents caused by human error.
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9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
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Use of on-off or fail-safe circuits
Use of safety interlocks
Rounded edges on components and maintenance access openings
Distinctiveness of audible warning signals
Clear identification of jacking and hoisting points
Use of color code techniques
Use of limit stops on drawers or fold-out assemblies
Mounting of conspicuous placards adjacent to high-voltage or very
hot equipment
Existence of warning signals to indicate dangerous concentration
of dangerous gases
Inadvertent dislodging of heavy springs
Location of adjustment screws and commonly replaced parts with
respect to high voltage or hot parts
Existence of bleeding devices for high-energy capacitors
Design of fault detection systems
Suitable auditory warning backup for displays that require continuous monitoring but that may not be watched continuously
Strict separation of control circuits and warning circuits
Safety of tools and equipment to be used in explosive environment
Location of components and live wires that retain dangerous
voltages even when the equipment is turned off
Design of exhaust system
Existence of struts and latches to secure hinged and sliding components against accidental movement
Location and mounting of components with respect to access and
safety
Transparent window or removable cover installation over fuses
Existence of portable hand-operated fire extinguishers at appropriate places
Effective labelling or coding of all liquid, gas, and steam pipelines.
Open-position positive locks for hatches
Provisions to prevent sparking and other conditions associated
with vehicle electrical systems
Upward pointing of exhaust pipes of internal combustion engines
Installation of warning lights to indicate fire or excessive heat in
areas that are partially visible to drivers of vehicles
Use of materials that might create hazards under extreme operating conditions
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PROBLEMS
1. Describe the following four methods of electric shock prevention:
9 Safety switches
9 Safety warning devices
9 Discharging devices
9 Grounding
2. Discuss the following hazards:
9 Toxic fumes
9 Fire
9 Instability
3. Describe the method called hazard analysis.
4. Discuss the steps involved in performing FMEA.
5. What are the advantages and disadvantages of the fault tree
analysis method?
6. Compare the FMEA and FTA approaches.
7. Describe the following symbols associated with the fault tree
analysis method:
9 Rectangle
9 Circle
9 Diamond
8. Describe five typical human behaviors that could lead to injuries
from unsafe acts.
9. List six important measures for reducing accidents caused by
human error.
10. Discuss general safety guidelines associated with maintainability
design.
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CHAPTER

Cost Considerations
INTRODUCTION

It is often said that competition is the best policeman of the free
market. Certainly competition is a prime factor in the current trend
toward ensuring that equipment be cost-effective to support across its
entire life span. In many cases, the cost of acquiring a product is less
than the cost of ownership over the product's life cycle. The hidden
costs associated with equipment operation and support can account for
as much as 75% of the total life cycle cost [1]. In some cases, support
costs may, in the end, even total 10 to 100 times the original procurement cost. Cost of ownership includes operation costs (such as the cost
of personnel, facilities, and utilities), maintenance costs, the cost of
test and support equipment, retirement and disposal costs, technical
data costs, the cost of training operations and maintenance personnel,
and the cost of spares, inventory, and other support materials.
Clearly, reducing the cost of ownership is critical if equipment is
to be cost-effective. The opportunity for creating savings in a product's
life cycle cost decreases dramatically in the progress from the concept
design and advance planning phase to the production and construction
phase. In fact, 60% to 70% of the projected life cycle cost can
sometimes be locked in by the completion of the preliminary design
phase. This means the greatest impact on costs comes from decisions
made during the early design phases.
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COSTS ASSOCIATED WITH

MAINTAINABILITY

Maintainability is an important factor in the total cost of equipment.
An increase in maintainability can lead to reduction in operation and
support costs. For example, a more maintainable product lowers maintenance time and operating costs. Furthermore, more efficient maintenance
means a faster return to operation or service, decreasing downtime.
Figure 8-1 shows various ways of increasing maintainability [2].
There are many components of investment cost related to maintainability. These include, as shown in Figure 8-2, the costs of prime
equipment, system engineering management, repair parts, support
equipment, data, training, system test and evaluation, and new operational facilities [2].

RELIABILITY COST
The following sections present some ways in which reliability costs
significantly influence maintainability costs [3].

Figure 8-1. Ways to improve equipment maintainability.
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Figure

8-2. Elements of investment cost related to maintainability.

Reliability as a Capital Investment
It is possible to analyze the attractiveness that product reliability,
because of the impact of reliability on price and its relationship to
value, will have as a capital investment. Return on investment (ROI)
is the basic measure of this attractiveness. It should be noted that ROI
provides only an approximation because it assumes that product has
an indefinite life and it does not take into consideration the time value
of money. Nonetheless, the ROI approach can provide a "quick and
dirty" assessment of the cost of reliability programs that will prevent
or reduce expensive equipment failures.

Cost of Reliability from the
Manufacturer's Perspective
The total cost related to reliability that a manufacturer incurs during
the design, manufacture, and warranty period of a product may be
called the cost of reliability. The concept of cost of reliability is related
to the notion of cost of quality, whose principles were established in
the 1950s and have been verified and validated since in virtually all
manufacturing sectors. The cost of quality approach involves three
steps: measure the economic state of quality, identify areas for quality
improvement, and verify and document the effectiveness and impact
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of quality improvement initiatives. The elements that make up the total
cost of q u a l i t y ~ e x t e r n a l cost of quality, internal cost of quality,
appraisal cost, and defect prevention cost~easily apply to the cost of
reliability, as shown in Figure 8-3: internal cost of failure, external
cost of failure, failure prevention cost, and reliability appraisal cost.
The internal cost of failure includes the cost of redesigning, reworking,
and retesting, and the cost of equipment downtime and yield losses.
Some of the components of the external cost of failure are the cost
of failure analysis and of spare parts inventory, and unreliability costs
during the warranty period. Failure prevention costs include reliability
screening, design reviews, product qualification testing, reliability
training, the development of reliability standards and guidelines,
customer requirements research, and the performance of failure modes
and effect analysis and fault-tree analysis. Reliability appraisal cost
includes elements such as the costs of reliability modeling, life testing,
abuse testing, environmental ruggedness evaluation, and failure data
reporting and analysis.
The understanding of these classifications is essential for the success
of reliability programs and for planning reliability assurance resources,
warranty policies, training programs, and environmental and life-testing
facilities. Management must not overlook the fact that cost of reliability
and cost of quality are dependent variables, reflecting successes and
failures of the reliability and quality programs. From the manufacturer's perspective, the total cost of reliability is expressed by

Cost of reliability

Figure

8-3. Elements of the cost of reliability.
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the
the
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(8.1)

total cost of reliability.
cost of reliability design.
cost of reliability manufacturing.
warranty cost.

DISCOUNTING FORMULAS
These formulas factor the element of time into calculations having
to do with money. A sum of money received or spent today has a
different buying power than the same sum received or spent months
or years later. Some cost analyses therefore require this factor to be
taken into consideration. For example, the maintenance cost a piece
of equipment will generate two years from today may need to be
discounted to its present worth. This section presents a number of
discounting formulas.

Single-Payment Compound Amount
In this case, periodically or annually earned interest is added to the
principal or the original amount, and interest starts accruing on the
new total. Thus, the amount after one year is
AM~ = OM + OM(i)

(8.2)

where AM 1 is the amount after one year.
OM is the original amount or principal.
i is the interest rate per year.
The amount at the end of a two-year period is expressed by
AM 2 - AM 1 + AMI(i)

(8.3)

Substituting Equation 8.2 into Equation 8.3 yields
AM 2 = (1 + i)[OM + OM(i)] - OM(1 + i) 2

(8.4)

142

Engineering Maintainability

Similarly, the amount at the end of a three year-period is
AM 3 = AM 2 + AM2(i )

(8.5)

Inserting Equation 8.4 into Equation 8.5, we get
AM 3 = OM(1 + i) 3

(8.6)

Thus, the amount at the end of a period of n years is
AM n = OM(1 + i) n

(8.7)

where n is the number of years.
This same formula also gives the future total, after inflation or other
annual rates of increase, of a present amount.

Example 8-1
Assume that the estimated maintenance cost for an aircraft engine
is $400,000 in present-day dollars. Calculate the amount of this cost
after five years, if the rate of increase in cost is 5% per year.
Inserting the above given data into Equation 8.7, we get
AM 5 - (400,000)(1 + 0.05) 5 - $510,512.62
Thus, the maintenance cost for the aircraft engine after five years will
be $510,512.62.

Compound Amount of an Equal-Payment Series
This formula estimates the compound amount when a series of equal
payments, also known as an annuity, are obtained or deposited at the
end of each year. The compound amount is expressed by [4]
AMcn = P[{(1 + i) n -

1}/i]

where AMcn is the compound amount after n years.
P is the payment made each year.
i is the interest rate per year.

(8.8)
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Example 8-2
Assume that the annual repair cost of a motor vehicle is $10,000.
Determine the total amount of repair costs after a 10-year period, if
the rate of increase in cost is 7% per annum. Substituting the given
data into Equation 8.8 yields
AMcl o = (10,000)[{(1 + 0 . 0 7 ) 1 ~

1}/0.07] = $138,164.48

Thus, the total amount of the repair costs after 10 years will be
$138,164.48.

Present Value of a Single Payment
The present value of single payment from Equation 8.7 is
PV = OM = FW/(1 + i) n

(8.9)

where PV is the present value.
F W - AM n is the future worth.

Example 8-3
It is estimated that eight years from now, the annual maintenance
cost of a military tank will be $1.2 million. Calculate the present worth
of that cost, if the rate of increase in cost is 7% per annum.
Substituting the specified values into Equation 8.9 yields
PV - (1.2)/(1 + 0.07) 8 - $0.6984 million
The present worth of the maintenance cost is $698,400.

Present Value of Uniform Periodic Payments
The present value of the sum of uniform payments made at the end
of each of n years, that is, of the compound amount of an equalpayment series, is expressed by [4]

pv a -p[ 1-(l+i)-n]
i

(8.10)
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where

PV

a

is the present value of the sum of uniform payments.

Example 8-4
In Example 8-2, determine the present value of the sum of annual
repair costs and compare the end results of both calculations. Inserting
the specified data into Equation 8.10, we get
PV a -

(10,000)[1 - (1 + 0.07) -~~ = $70,235.80

Thus, the present value of the sum of annual repair costs associated
with the motor vehicle will be $70,235.80, compared to the total
amount of $138,164.48 after 10 years. It means that this future amount
will be roughly two times the present value.

LIFE CYCLE COSTING
Due to reasons including market pressure, life cycle costing is now
often used in the procurement of expensive systems or equipment. The
term "life cycle costing" first appeared in a document [5] prepared
for the United States Department of Defense in 1965. Life cycle cost
is the sum of all costs incurred during the life time of an item, that
is, the total of procurement and ownership costs. Life cycle cost
analysis examines the effect on cost of alternative equipment designs.
Life cycle costing plays an important role in maintainability analysis,
particularly with respect to operation and maintenance costs.
Reference 4 gives a comprehensive bibliography on life cycle costing.

Life Cycle Costing Steps
The steps involved in life cycle costing are [6]:
9 Estimate the useful life of the equipment.
9 Estimate all associated costs, including the costs of operation and
maintenance.
9 Estimate the terminal value of the equipment.
9 Subtract the terminal value from the ownership cost of the equipment.
9 Take the result of this calculation, and find its present value.
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9 Obtain the life cycle cost of the equipment by adding the procurement cost to this present value amount.
9 Repeat these steps for each product being considered for acquisition.
9 Compare the life cycle costs of these products.
9 Choose the product with the lowest life cycle cost, in balance with
other considerations.

Data Sources for Life Cycle Cost Analysis and
Important Points Associated with Life Cycle Costing
Sources of data for life cycle cost analysis include engineering
design data, reliability and maintainability data, logistics support data,
market analysis data, management planning data, production or construction data, accounting data, data related to value analysis, and
consumer utilization data [ 1].
Some important points about life cycle costing are [4]:
9 Risk management is the essence of life cycle costing.
9 Management plays a key role in the success of the life cycle
costing effort.
9 The main aim of the life cycle costing effort is to produce maximum benefits from minimum resources.
9 Good data are essential for good life cycle cost calculations.
9 If shortcomings arise in the data, the superior knowledge and
experience of the cost analyst may compensate for them.
9 Expect surprises, irrespective of the cost analyst's abilities.
9 Both the manufacturer and the user must take effective steps to
control life cycle costs.
9 Throughout the lifespan of the program, trade-offs must be made
between life cycle cost, performance, and design to cost.
9 The life cycle cost estimation model must take into consideration
all relevant costs associated with the program.

Advantages and Disadvantages of Life Cycle Costing
The advantages of life cycle costing are that it is an excellent tool
for comparing the cost of competing projects, controlling program
costs, selecting among competing contractors, making decisions associated with equipment replacement, reducing total cost, and conducting
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planning and budgeting. Some of the disadvantages of life cycle
costing are that it is time consuming and expensive, that collecting
the data needed for analysis can be a trying task, and that the data
available is sometimes of doubtful accuracy.

Life Cycle Cost Models
There are many life cycle cost estimation models available in
published literature, and they fall into two groups: general models and
specific models. As the name suggests, the general models can be
applied to a variety of situations, while the specific models are tailored
for specific applications. The data to be input into a life cycle cost
model include the purchase price of the product, mean time between
failures (MTBF), mean time to repair (MTTR), average material cost
of a failure, labor cost per preventive maintenance action, labor cost
per corrective maintenance action, installation costs, training costs, the
warranty coverage period cost of carrying spares in inventory, and
shipment forecasts over the course of the product's useful life [7].

General Life Cycle Cost Estimation Models
There are many general life cycle cost estimation models available
in the published literature. Reference 4 presents nine such models. All
these models determine the total cost of an item over its life span,
but they vary in the methods they use to estimate many of the major
costs used in the calculation. The following two life cycle cost models
demonstrate this point.
9 Life C y c l e Cost M o d e l I

This life cycle cost model calculates two major kinds of costs:
recurring and nonrecurring. The life cycle cost is expressed by [8]
LCC = RC + NRC
where LCC is the product's life cycle cost.
RC is the recurring cost.
NRC is the nonrecurring cost.

(8.11)
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The major elements of the recurring cost are operating cost, maintenance cost, support cost, manpower cost, and inventory cost. For the
nonrecurring cost, they are procurement cost, reliability and maintainability improvement cost, research and development cost, installation cost, training cost, support cost, qualification approval cost, life
cycle management cost, test equipment cost, and transportation cost.
The present value of the recurring cost must be obtained, using
discounting formulas, before it is added to the nonrecurring cost.
9 Life Cycle C o s t M o d e l II

Three major costs form the life cycle cost in this model: research
and development cost, investment cost, and operations and maintenance cost [1, 9-11]. Thus, the life cycle cost is given by
LCC = RDC + IC + OMC

(8.12)

where RDC is the research and development cost.
IC is the investment cost.
OMC is the operations and maintenance cost.
The components of the research and development cost are engineering
design cost, covering system engineering, reliability, maintainability,
human factors, producibility, electrical design, mechanical design, and
logistic support analysis; advanced research and development cost;
engineering development and test cost, for example, the cost of
engineering models and of testing and evaluation; engineering data
cost; and program management cost.
The investment cost consists of construction cost, that is the cost
of manufacturing facilities, test facilities, operational facilities, and
maintenance facilities; manufacturing cost, including the cost of
manufacturing engineering, quality control, fabrication, assembly, tools
and test equipment, test and inspection, materials, and packing and
shipping; and initial logistic support cost, or the cost of program
management, test and support equipment, initial spare and repair parts,
provisioning, initial inventory, first destination transportation, technical
data preparation, and initial training and training equipment.
The elements of the operations and maintenance cost are modification cost; disposal cost; operations cost, that is, the cost of operations
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personnel, operational facilities, support and handling equipment, and
operator training; and maintenance cost, including the cost of maintenance personnel, spare and repair parts, maintenance facilities,
maintenance training, maintenance of test and support equipment,
transportation and handling, and technical data.

Specific Life Cycle Cost Estimation Models
As mentioned earlier, these models are tailored to meet specific
needs. Reference 4 presents many examples of models. Two of them
are as follows:
9 Specific Life Cycle Cost Estimation Model I

This model estimates the life cycle cost of switching power supplies
[12]. This cost is expressed by
L C C s p - IC + FC

(8.13)

where LCCsp is the life cycle cost of switching power supplies.
FC is the failure cost.
IC is the initial cost.
The failure cost, FC, is expressed by
FC = ~,T(RC + SC)
where RC is the
SC is the
is the
T is the

(8.14)

cost of repairs.
cost of spares.
constant failure rate of switching power supplies.
expected life of the switching power supply.

The cost of spares SC, is given by
SC = (USC)(O)

(8.15)

where 0 is the fractional quantity of spares for each active unit.
USC is the unit spare cost.
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9 Specific Life Cycle Cost Estimation Model II
This model was developed to estimate the life cycle cost of an early
warning radar system [13]. The radar system's life cycle cost is
expressed by
LCCER

= C a d- C O 4- C 1

where LCCER is
C a is
C o is
Q_ is

the
the
the
the

life cycle cost of the early warning radar system.
acquisition cost of the system.
operational cost of the system.
logistic support cost of the system.

Past experience indicates that C a a c c o u n t s for 28% of L C C E R , C O for
12% of LCCER, and C~ for 60% of LCCER.
For the procurement cost, the breakdown percentages are 20.16%
for the fabrication cost, 3.92% for installation and checkout costs,
3.36% for the design cost, and 0.56% for the documentation cost. The
components of the operations cost are cost of personnel (8.04%), cost
of power (3.84%), and cost of fuel (0.048%). The following breakdown
percentages form the logistic support cost:
9
9
9
9
9
9

38.64% (repair labor cost)
11.04% (replacement spares cost)
5.52% (repair material cost)
3.25% (initial spares cost)
1.18% (age cost)
0.365% (cost of initial training)

Example 8-5
Assume that a company is considering buying an electric generator.
Manufacturers A, B, and C are bidding to sell the system. Table 8.1
presents data for generators produced by all three manufacturers.
Determine which of the three electric generators has the lowest life
cycle cost.
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Table
Life

Cycle

Cost

Data

8. I

for

Electric

Generators

M an u f a c t u re r
A's G e n e r a t o r

M an u f a c t u re r
B's G e n e r a t o r

M an u f a c t u re r
C's G e n e r a t o r

$1.5 million

$2.0 million

$1.8 million

Expected useful life

15 years

15 years

15 years

Expected yearly
operating cost

$80,000

$30,000

$40,000

Expected cost of a
failure

$10,000

$12,000

$11,000

0.07 failures
per year

0.08 failures
per year

0.075 failures
per year

$30,000

$40,000

$35,000

5%

5%

5%

Item

Procurement cost

Failure rate
Disposal cost
Annual rate of increase
in costs

Manufacturer

A's Electric Generator

The annual expected failure cost is
EFC A = (10,000)(0.07) = $700
Inserting the data from Table 8.1 into Equation 8.10, we obtain the
following present value of the failure cost:

FC A

- (700)I1 - (1 + 0" 05)-~5 ]
0105

-

$7,265.7

By inserting the data into Equation 8.9, we set the following present
value of the disposal cost:
DC A -

PV(30,000)/(1 + 0.05)~5 _ $14,430.5

Substituting the data into Equation 8.10, the present value of the
operating cost is
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- $830,372.6

Adding these three costs to the procurement cost, the life cycle cost
of the electric generator from manufacturer A is
LCC A = 1,500,000 + 14,430.5 + 830,372.6 + 7,265.7 - $2,352,068.8
Manufacturer B's Electric Generator
The annual expected failure cost is
EFC B - (12,000)0.08 - $960
Substituting the given data into Equation 8.10, we get the following
present value of the failure cost:

FC B - ( 9 6 0 ) [ 1 - (1 + 0"05)-~5 ]
0.05
- $9,964.4
Inserting the data into Equation 8.9, we obtain the following present
value of the disposal cost:
DC B - PV - (40,000)/(1 + 0.05) 15 = $19,240.6
By substituting the data into Equation 8.10, we obtain the present
value of the operating cost:

OCB-

PV a

- (30,000)I 1 - (1 0105
+ 0" 05)-15 ]

- *311,389.7

Adding these three costs to the procurement cost, the life cycle cost
of the electric generator from manufacturer B is
LCC B - 2,000,000 + 19,240.6 + 311,389.7 + 9,964.4
= $2,340,594.74
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Manufacturer C's Electric Generator

The annual expected failure cost is
EFC c = (11,000)(0.075) = $825
Substituting the given data into Equation 8.10, we obtain the following
present value of the failure cost:
F C c = (825)I 1 - (1 + 0" 05)-15 ]
0.05
-$8,563.2
By inserting the data into Equation 8.9, we get the following present
value of the disposal cost:
DC c = PV = (35,000)/(1 + 0.05) 15 = $16,835.5
Substituting the given values into Equation 8.10 yields the following
present value of the operating cost:

OCc = PV a - ( 4 0 , 0 0 0 ) [ 1 - ( 1 + 00105
" 0 5 ) - 1 5 1 = $415,186.3
Adding these costs to the acquisition cost, the life cycle cost of the
electric generator from manufacturer C is
LCC c = 1,800,000 + 16,835.5 + 415,186.3 + 8,563.2 = $2,240,585
This examination of the life cycle costs of generators from companies
A, B, and C shows that the one with the lowest life cycle cost comes
from manufacturer C.

MAINTENANCE

COST ESTIMATION

MODELS

This section presents a number of models for estimating costs
related to maintenance and maintainability.
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Corrective Maintenance Cost Estimation Model
This model estimates the corrective maintenance labor cost for a
piece of equipment. The annual cost is expressed by

CCM =

(SOH)(LC)(MTTR)
MTBF

where SOH
LC
MTBF
MTTR

(8.17)

represents the scheduled operating hours of the equipment.
is the maintenance labor cost per hour.
is the mean time between failures for the equipment.
is the mean time to repair for the equipment.

Example 8-6
A heavy-duty motor is scheduled to operate for 3,000 hours annually.
The expected MTBF and MTTR of the motor are 1,000 hours and 10
hours, respectively. Determine the annual labor cost of corrective
maintenance for the motor, if the maintenance labor rate is $25 per hour.
Substituting the given data into Equation 8.17 yields

Cc M =

(3000)(25)(10) = $750
1000

It means the yearly labor cost is $750.

Software Maintenance Cost Estimation Model
This formula estimates software maintenance costs as [ 14]
3nC
CSM =

(8.18)

where CsM is the software maintenance cost.
ct is the difficulty constant; ~ = 100 (for hard programs),
= 500 (for easy programs), and ~ = 250 (for programs
of medium difficulty).
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n is the number of instructions to be changed per month.
C is the labor cost per man-month.

Equipment Operations and Maintenance
Cost Estimation Model
This model gives an estimation of operations and maintenance cost
for an equipment life cycle, expressed by
Com -- Clo + C d -I- Elm 4- Clm n

where Com is
C~o is
C d is
Cam is
Ca~n is

the
the
the
the
the

equipment operations and maintenance cost.
cost of equipment life cycle operations.
equipment disposal or phase-out cost.
cost of equipment life cycle modifications.
cost of equipment life cycle maintenance.

Equipment Initial Logistic Support
Cost Estimation Model
The initial logistic support cost is given by
Cis • Cit h + Cpm + Cit + Cp + Ctd + Cis m -4- Cpo t -4- Cii

where Cis
Cith
Cpm
Cit
Cp
Ctd
Cis m

Cpot
Cii

(8.20)

is the initial logistic support cost for the equipment.
is the cost of initial transportation and handling.
is the logistic program management cost.
is the cost of initial training and training equipment.
is the provisioning cost, including preparation of procurement data for spares, test, and support equipment.
is the cost of technical data preparation.
is the initial spare and repair parts cost.
is the operational test and support equipment procurement cost.
is the cost of initial inventory management.

Spare and Repair Parts Cost Estimation Model
This model estimates the cost of spare and repair parts as
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where Cs/r
Cc
C ost
C ssr
Cdsr
Cisr

is
is
is
is
is
is

the
the
the
the
the
the

(8.21)

cost of spare and repair parts.
cost of consumables.
organizational spare and repair parts cost.
supplier spare and repair parts cost.
depot spare and repair parts cost.
intermediate spare and repair parts cost.

Equipment Maintenance Cost Estimation Model
This model calculates the cost of equipment maintenance with the
formula [ 15]
MC-

PMC + CMC + SPIC

where MC
PMC
CMC
SPIC

is
is
is
is

the
the
the
the

(8.22)

equipment maintenance cost.
cost of preventive maintenance.
cost of corrective maintenance.
cost of spare parts inventory.

The cost of preventive maintenance, PMC, is defined by

PMC =

(STpm + T T p m ) ( U H ) R
Slpm

(8.23)

where STpm is the scheduled time preventive maintenance work will

TTpm
Slpm

UH
R

take.
is the expected travel time for preventive maintenance.
is the scheduled interval at which preventive maintenance
takes place.
is the number of usage hours, or in-use time, per time
period considered.
is the servicing engineer's hourly rate, including the prorated
parts cost.

Similarly, the corrective maintenance cost, CMC, is expressed by
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CMC-

(TTcm q- M T T R ) ( U H ) R
MTBF

(8.24)

where TTcm is the expected travel time for corrective maintenance.
MTTR is the mean time to repair for the equipment.
MTBF is the mean time between failures for the equipment.
The cost of spare parts inventory, SPIC, is given by
SPIC = (OMC)(ICR)

(8.25)

where OMC is the original manufacturing cost of spare parts.
ICR is the inventory rate, expressed as a percentage, including
such factors as interest, handling cost, and depreciation, etc.

Example

8-7

Assume that for maintenance of a personal computer, the following
values are given:
9
9
9
9
9

MTTR = 2 hours
MTBF = 7,500 hours
UH = 4,500 hours per annum
R = $400 per hour
ICR = 8% per year

9
9
9
9

OMC = $1,000
S l p m - 2,500 hours
SIpm = .35 h o u r
TTpm = 0.25 h o u r

9 TTcm = 0.25 hour
Determine the annual maintenance cost for the personal computer.
Substituting the given values into Equation 8.25 yields
SPIC = (1,000)(0.08) = $80
Using Equation 8.23, we get
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PMC = (0.35 + 0.25)(4,500)(400) = $432
2,500
Equation 8.24 yields
CMC = (0.25 + 2)(4,500)(400) = $540
7,500
Inserting these three values into Equation 8.22 yields
MC = 432 + 540 + 80 = $1,052
The annual maintenance cost is $1,052.

M A I N T A I N A B I L I T Y , M A I N T E N A N C E COSTS,
A N D COST C O M P A R I S O N S
The level of maintainability of a product determines the kinds of
maintenance work that can and will need to be performed at each point
in the product's life cycle, and the difficulty and expense of performing
them. Maintainability features, such as mean time to repair (MTTR),
therefore influence maintenance costs such as required manpower. For
example, if the design calls for the inclusion of built-in test equipment,
the time to fault detection and isolation should be lower. Usually,
higher maintainability means less required maintenance, and therefore
lower maintenance costs. In early equipment design, several alternative
levels of built-in test equipment and other factors that can reduce
maintenance costs should be considered.
The objective of performing an economic trade-off analysis is to
determine all costs for each alternative under consideration and then
to compare them. Usually, the alternative with the lowest cost should
be selected. This approach is also useful in determining whether items
should be designed to be thrown away or to be repaired. The factors
include the cost of hardware, manpower, training, test equipment and
tools, and repair facilities, replacement parts, packaging and shipping,
repair parts, and supply, administration, and cataloging [2, 16].
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PROBLEMS
1. What is the difference between reliability cost and maintainability cost?
2. Discuss in detail the elements that make up the cost of reliability.
3. Five years from now the annual maintenance cost for an electrical
transformer is estimated to be $250,000. Determine the present
value of this cost, if the rate of increase in cost is expected to
be 8% per year.
4. Describe the term "life cycle costing" and the steps associated
with life cycle costing.
5. What are some sources for the data used in life cycle cost analysis?
6. Discuss the advantages and disadvantages of life cycle costing.
7. What is the difference between general life cycle cost models
and specific life cycle cost models?
8. Discuss the impact of equipment maintainability cost on life
cycle cost.
9. A pulverizer is scheduled to operate for 4,000 hours per year
and its associated MTBF and MTTR are 1,200 hours and 5 hours,
respectively. Calculate the annual labor cost of corrective maintenance for the pulverizer, if the estimated maintenance labor
rate is $30 per hour.
10. An organization is planning to buy a motor vehicle and has
received bids from two manufacturers. The costs and other data
related to the motor vehicles are given in Table 8.2. Determine
which of the motor vehicles the organization should acquire
from the point of view of life cycle cost.
Table 8.2
Cost and O t h e r Related D a t a for the Two M o t o r Vehicles

Item

M a n u f a c t u r e r A's
M o t o r Vehicle

M a n u f a c t u r e r B's
M o t o r Vehicle

Acquisition cost
Annual operating cost
Expected cost of a failure
Expected useful life
Annual failure rate
Annual rate of increase in costs
Disposal cost

$80,000
$5,000
$1,000
12 years
0.05 failures per year
7%
$600

$60,000
$4,000
$900
12 years
0.055 failures per year
7%
$500
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CHAPTER

Reliability-Centered
Maintenance
INTRODUCTION

Reliability-centered maintenance (RCM) systematically identifies the
preventive maintenance tasks required to sustain, in the most costeffective manner possible, the maximum level of reliability and safety that
can be expected from a product when it receives effective maintenance.
The history of RCM began within the commercial aircraft industry
in the late 1960s. A 1968 handbook titled "Maintenance Evaluation
and Program Development," prepared by the United States Air
Transport Association (ATA) for use with the Boeing 747 aircraft,
contained one of the earliest formal treatments of the subject [1-3].
Two years later, a revised version of the handbook also discussed two
other wide-body aircraft, the DC- 10 and L- 1011 [4]. It was in 1974,
when the United States Department of Defense commissioned United
Airlines to prepare a document on civil aviation aircraft maintenance
programs, that the term "reliability-centered maintenance" was coined
as the title of the resulting document [5].
In 1980, the ATA revised its second handbook to include maintenance
programs for the Boeing 756 and 767 aircraft [6]. The document had
a European counterpart that also covered the A-300 and Concorde
aircraft [3].
In the early 1970s, after RCM methodology attracted the attention
of the United States armed forces, the Navy applied the concept to
160
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its S-3, P-3, and F-4J aircraft. Two important military documents
concerning RCM appeared in 1985 [7, 8], and in 1983, the Electric
Power Research Institute recommended the evaluation of RCM for
applications in nuclear power plants. Today, RCM is used in countries
around the world, including the United Kingdom, Canada, the United
States, Spain, Singapore, and Australia.

THE DEFINITION
MAINTENANCE

OF R E L I A B I L I T Y - C E N T E R E D

Reliability-centered maintenance determines the maintenance needs
of any facility, system, or equipment in its operating context [5]. The
process entails asking questions on the following subjects:
9 The functions and related performance standards of the asset in
its current operating context
9 Possible ways in which the asset may fail to perform its required
functions
9 Causes of each functional failure
9 Events that follow each failure
9 Significance of each failure
9 Measures to prevent failure
9 Corrective measures that may be taken if there is no appropriate
preventive step

T H E RCM P R OC E S S
The RCM process takes place first during the equipment design and
development phase, when it is used to develop maintenance plans.
During product operation and deployment, these plans are then
modified based on field experience. The following two criteria are key
to the maintenance plans [9]:
9 P a r t s t h a t a r e n o t c r i t i c a l to s a f e t y . In this case, preventive

maintenance tasks should be chosen that will decrease the ownership life cycle cost.
9 P a r t s t h a t a r e c r i t i c a l to safety. In this case, preventive maintenance tasks should be chosen that will help prevent reliability
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or safety from dropping to an unacceptable level, or will help
reduce the ownership life cycle cost.
It is through the preventive maintenance program that incipient
failures are detected and corrected, the probability of failure is reduced,
hidden failures are detected, and the cost-effectiveness of the maintenance
program is improved.
Figure 9-1 shows the seven steps that make up the basic RCM process.
Determine parts with
highest maintenance
priority

Obtain appropriate
failure data

Perform fault tree
analysis

Apply decision logic
to critical failure modes

Classify maintenance
requirements

Implement RCM
decisions

Base sustaining
engineering on real-life
experience data

Figure

9-1. The basic steps in the RCM process.
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Determine Parts with the Highest
Maintenance Priority
Traditionally, failure mode and effect analysis has been employed
to identify those parts whose failure would have the most significant
effects. The result of this effort, in turn, provided the basis for defining
the most important preventive and corrective maintenance requirements.
Fault tree analysis (FTA), however, has proven more effective, because
it uses the results of data collection programs and field experience to
develop new, and to also upgrade existing, maintenance programs.
FTA identifies parts that are critical to safety and provides quantitative failure-mode data about them. It is also more rigorous and
accurate in determining the root causes of failures and their consequences with respect to product safety. Furthermore, FTA defines the
impact of intervention and control procedures in a meaningful and
mathematically tractable form. Along with its role in developing and
evaluating optimum maintenance requirements, FTA can also be used
to identify critical parts and the appropriate preventive measures to
take before accidents or incidents occur, to determine the effect of
changes to the maintenance program before and after their implementation, and to perform other similar kinds of analysis.

Obtain Appropriate Failure Data
Each step in the fault tree requires data. The most important data
are failure probabilities and assessments of the criticality of the
failures, part failure rates, probability of operator error, and inspection
efficiency data. Part failure rate data can come from experience, banks
of generic failure data, and other sources.
The data banks for operator error data fall into three categories [ 1011]: experimentally based data banks, field-based data banks, and
subjectively based data banks. The experimentally based banks contain
data gathered in the laboratory [12]. The field-based banks are based
upon data gathered during operations and so often provide more
realistic information. References 13 and 14 describe two such data
banks. The subjectively based banks contain data generated by techniques such as DELPHI [15].
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Perform Fault Tree Analysis
At this step, the analyst computes the probabilities that fault
e v e n t s ~ b a s i c , intermediate, and top e v e n t s ~ w i l l occur, using the
combinatorial properties of the logic elements in the fault tree.
Sensitivities are calculated by assigning a probability of unity to a
basic or elementary fault and then determining resultant probability
of a safety incident. These sensitivities can then be used to compute
each basic fault's criticality.
Criticality measures the relative seriousness or impact each fault
would have on the top event of the fault tree. It also involves qualitative and quantitative analyses of the fault tree and provides a basis
for ranking faults in order of their severity.
Quantitatively, criticality is [16]:
K = P(x)P(FIx)

(9.1)

where K is the criticality of the fault.
P(x) is the probability that the fault will occur.
P(FIx) is the sensitivity or conditional probability, that is, the probability that the occurrence of a fault will lead to a safety
incident.

Apply Decision Logic to Critical Failure Modes
This step involves asking standard assessment questions and using
the results to determine what the most effective preventive maintenance
tasks would be. Each question requires a simple "yes" or "no" answer,
which is then recorded on a worksheet or a computer database. After
the fault tree analysis identifies the critical failure modes, decision
logic is used to assess the relationship between each failure mode and
each part with a high maintenance priority. The next step is to establish
what maintenance tasks are necessary to prevent or reduce the incidence of each failure mode. The tasks considered necessary, and the
appropriate intervals at which they should be performed, make up the
overall scheduled preventive maintenance program. The decision logic
used in this process consists of two levels"
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9 Level 1: This level of analysis assigns each failure mode to a
category: evident threat to safety; hidden threat to safety; potential
operational and economic problem; and problem with economic,
but no safety or operational, consequences. Four questions should
be asked" Does the failure, or a resulting failure, cause a safety
incident? Can operators detect the faults or failures? Does the fault
or failure lead to a direct adverse effect on operating performance?
Does the hidden failure alone, or in combination with an additional failure of a system-related or backup function, lead to a
safety incident?
9 Level 2: This level uses causes for each failure mode to select
needed maintenance tasks. Some examples of questions asked at
this stage are: Is there a relevant and effective repair task that
would lower the failure rate? Is there a relevant and effective
servicing task? Is there a relevant and effective operator monitoring
task? Is there a relevant and effective combination of tasks?

Classify Maintenance Requirements
This step uses the decision logic of the preceding step to sort the
preventive maintenance requirements into three classifications and
define a maintenance task profile. The three classifications are:
9 H a r d - t i m e m a i n t e n a n c e r e q u i r e m e n t s . These are scheduled

removals or replacements of equipment or parts at predetermined
intervals of age or usage.
9 C o n d i t i o n - m o n i t o r i n g m a i n t e n a n c e r e q u i r e m e n t s . These are
unscheduled tests or inspections conducted on parts when failure
of the parts can be tolerated during equipment operation or where
impending failure can be discovered through routine monitoring
during usual operations.
9 O n - c o n d i t i o n m a i n t e n a n c e r e q u i r e m e n t s . These are scheduled
inspections or tests that measure part deterioration. The level of
part deterioration determines whether corrective maintenance
should be performed or whether the part should remain in service.
The maintenance task profile contains preventive maintenance tasks
selected from the Level 1 and Level 2 decision logic questions for
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which the answer was "yes." These tasks are organized by part number
and failure mode. The profile determines the preventive maintenance
tasks to be performed on each part in question.

Implement RCM Decisions
This step is concerned with setting and enacting the maintenance
tasks and their frequencies. Because of the critical importance of
implementation, a following section discusses it in detail.

Base Sustaining Engineering on
Real-Life Experience Data
During the rest of the asset's life cycle, the RCM process focuses
on reducing the burden of scheduled maintenance and cost of support
while keeping the equipment in a desirable state of readiness. Once
the system is operating and real life data begin to accumulate, the goal
is to review previous decisions in order to eliminate excessive maintenance costs while maintaining established and desirable reliability
and safety levels.

RCM I M P L E M E N T A T I O N
All the effort spent on the RCM process will become worthless
if implementation is not implemented with care. The following two
approaches can be used [5]:
9 A p p r o a c h I: This short-term approach focuses primarily on assets
and processes and less on the people involved with them. Organizations seeking the fastest return on time and money invested in
an RCM project often choose this approach, assembling appropriate
specialists and asking them to concentrate only on the assets. Two
options are a task force procedure and a selective procedure.
The task force procedure assumes that the quickest and biggest
returns come when RCM focuses on any assets or processes that
have intractable problems with serious consequences. A small task
force performs a comprehensive RCM analysis of the system,
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usually working full-time until the review is completed. The task
force procedure can also be used simultaneously with Approach II.
The selective procedure secures a quick return, when the
organization is not suffering from any acute problem, by applying
the RCM process to the assets most likely to benefit from it. The
procedure involves identifying "non-significant" assets that are not
likely to benefit significantly from the RCM process, ranking the
significant assets in order of importance, and deciding if a "template"
approach~using the analysis of one asset as a "template" for the
analysis of another~should be used for similar assets.
Two advantages of Approach I are that it is quick and easy to
manage, because only one or two groups, consisting of a small
number of people, are involved. But because this approach tends
not to secure the long-term involvement and commitment of the
entire organization, its end results are less likely to endure.
Approach II: This long-term approach takes advantages of the
opportunities RCM offers on both the human and technological fronts.
The process is used to improve teamwork between the users and
maintainers of the assets, to improve the performance of the assets
themselves, and to improve the knowledge and motivation of the
individuals involved. This approach requires a much greater commitment of resources and management time than Approach I and the
cooperation and involvement of a larger number of individuals.
This approach not only improves individual motivation and
teamwork but also ensures that results will last longer. Its disadvantages are that, because a greater number of people will be
involved and will need to become familiar with RCM methodology,
it is slower and more difficult to manage.

RCM R E V I E W G R O U P S
A typical RCM review group includes a facilitator, engineering
supervisor, operations supervisor, craftsman, operator, and, if required,
an external specialist. It is important that each member of the review
group be trained in the RCM process and have a thorough knowledge
of the asset under review.
The facilitators are highly trained in RCM and the most important
people in the RCM review process. They guide the work of the review

168

Engineering Maintainability

groups and ensure that RCM is applied correctly and effectively, no
important equipment/item is overlooked, the review meetings make
real progress, and all necessary documentation is correct and completed in a timely fashion.
Soon after the review for each major piece of equipment is completed, managers with overall responsibility for the equipment must
satisfy themselves that the review was performed correctly and that
they support the failure consequence assessment and the selection of
maintenance tasks. Managers may delegate this audit to someone with
appropriate specialized knowledge.

M E T H O D S OF M O N I T O R I N G
EQUIPMENT CONDITION
Because the monitoring of deviations from "normal" equipment
conditions requires finer perceptions than the human senses can
provide, special instruments are employed for this purpose. Condition
monitoring techniques fall into one of six categories, according to the
symptoms or potential failure effects they monitor [5]: dynamic effects,
electrical effects, physical effects, temperature effects, particle effects,
and chemical effects.

Dynamic Effects
The methods within this classification detect failures, particularly
of rotating equipment, that result in abnormal energy emissions in the
form of w a v e s ~ f o r example, vibrations, pulses, or noise. Dynamic
monitoring techniques include:
9 Broad band vibration analysis. On devices such as engines,
shafts, electric motors, gearboxes, and pumps, this technique
monitors changes in vibration characteristics caused by problems
such as wear, fatigue, mechanical looseness, or misalignment. It
is an inexpensive method that requires minimal skill and data
logging, and is effective in detecting simple defects. But it provides limited defect identification capability and only crude overall measurements.

Reliability-Centered Maintenance

169

9 Shock pulse monitoring. This technique monitors surface deterioration and lack of lubrication in devices such as pneumatic impact
tools, internal combustion, and rolling element bearings. The
equipment required is portable and simple to use. But this method
is unsuitable for slow-moving machinery with high levels of
product impact noise.
9 Proximity analysis. This method is used for devices such as fans,
shafts, and motor assemblies. The problems it tracks include
misalignment, rubs, and oil whirl. While it is simple and straightforward and uses portable equipment, the method's disadvantages
are its limited diagnostic capability and the lengthy time it requires
for analysis.
9 Real time analysis. In devices such as gearboxes, rotating machines,
and shafts, this approach monitors shock, transient, acoustic, and
vibrational signals. It is capable of simultaneously analyzing bands
of frequencies over the entire analysis range, and short-duration
signals such as transient vibration and shocks. It also provides
instantaneous continuously updated graphical displays of analyzed
spectra. However, it requires expensive and nonportable equipment,
high-level skills, and off-line analysis.
9 Ultrasonic leak detection. This method detects leaks and other
sources of very high frequency noise in heat exchangers, airoperated contractors on electric traction control, underground
tanks, and steam condensers. The equipment is portable and can
be used in highly noisy areas. But this method cannot indicate
the size of a leak, and underground tanks can only be tested
within a vacuum.
9 Kurtosis. This technique monitors shock pulses in gears and
rolling element bearings. It is simple to use, involves portable
equipment, and is applicable to any materials with hard surfaces.
But the technique can be too sensitive, limited in its applications,
and significantly affected by noise from other sources.

Electrical Effects
Three techniques used to monitor electrical effects are:
9 Electrical resistance (corrometer). In facilities such as process
plants, paper mills, petroleum refineries, and gas transmission
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plants, the technique detects integrated metal loss, including total
corrosion. The interpretation of results is normally easy, and the
method is applicable in any environment and yields both total
metal loss and corrosion rate data when plotted against a time
scale. The main disadvantage of the technique is that it provides
no indication of whether the rate of corrosion at a specific time
is high or low.
Linear polarization resistance (corrator). This approach, used
for nuclear power heat exchange water, cooling water systems,
and geothermal power generating systems, monitors the rate of
corrosion in electrically conductive corrosive fluids. Among the
advantages of this approach are that it is sensitive to corrosion
rates as low as a fraction of a millimeter per year, provides a
direct indication of corrosion rate and pitting tendency, and generates results that are easily interpretable.
Potential monitoring. In materials of stainless steel, titanium, and
nickel-based alloys, this method detects problems such as stresscorrosion cracking, pitting corrosion, and selective phase corrosion. It responds quickly to change and monitors localized
attacks, but it does not provide a direct measure of corrosion rate
or total corrosion, and it can be influenced by changes in temperature and acidity.

Physical Effects
Techniques that monitor physical effects include"
9 Magnetic particle inspection. This technique, used for ferromagnetic materials including welds, shafts, boilers, and machined
surfaces, monitors surface and near-surface cracks and discontinuities caused by wear fatigue, heat treatment, and other problems.
It is a widely used, sensitive, and reliable technique, but it is also
time-consuming, contaminates clean surfaces, and does not detect
cracks deeper than the surface or near surface.
9 X-ray radiography. Applied to items including compressors,
welds, gearboxes, pumps, and steel structures, this technique
monitors surface and subsurface discontinuities caused by gas
porosity, stress, or fatigue, and also monitors discontinuities such
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as loose wires. While it detects defects in parts or structures hidden
from view, and provides a permanent record of these problems,
this technique often has a low sensitivity for crack-like defects.
Strain gauges. This technique monitors strain in civil engineering
structures such as tunnels and bridges. The gauge can be readily
attached to almost any surface, but it must be compatible with
both the material being tested and the operating environment.
Eddy current testing. Applied to ferrous materials used in items
like heat exchanger tubes, railway lines, boiler tubes, and hoist
ropes, this method monitors factors such as material hardness and
surface and subsurface discontinuities caused by wear, stress,
and fatigue. It provides high defect detection sensitivity, can
be used without surface preparation, and is applicable to a wide
range of conducting materials, but receives poor response from
non-ferrous materials.
E l e c t r o n f r a c t o g r a p h y . This technique tracks the growth of
fatigue cracks in motor vehicles, metallic components in aircraft,
industrial equipment, and similar items. The failure analysis offers
a high degree of certainty and the fracture surface experiences no
damage when a replica is made. But the microscope equipment
required is costly and its results can only be read by a specialist.
Ultrasonics (a pulse echo technique). This technique is used on
welds, boiler tubes, compressors, receivers, steel structures, and
other items either of ferrous or non-ferrous materials. It monitors
the thickness of materials subject to wear and corrosion, as well
as surface and below-surface discontinuities caused by factors
such as inclusions, fatigue, heat treatment, and lamination. While
the technique is applicable to the majority of materials, it is
difficult to differentiate the types of defects identified by it.

Temperature Effects
Three methods of monitoring temperature effects are:

Temperature-indicating paint. This paint, applied to hot spots
or potential points of insulation failures, reacts to surface temperature. While it is simple to use and provides a permanent
record of the highest temperature reached at the point, it is only
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useful at two fixed temperatures and after signaling a temperature
change it does not return to its original color.
Fiber loop thermometry. This technique is used for items such
as engines, power cables, transformer windings, and pipelines. It
monitors temperature variations caused by insulation deterioration,
blocked cooling systems, leaks, or other problems. This technology
is operable in hazardous environments, reachable in otherwise inaccessible locations, and unaffected by the presence of electromagnetic
interference. But it is also uneconomical in small installations.
Thermography. This method, which is applied to items including
transformers, hydraulics, building insulation, and electrical switch
gears, identifies changes in heat transfer characteristics due to
delamination of laminated materials or to variation in temperature
caused by fatigue, leaks, wear, or other problems. The equipment
is portable and quick to use, and can examine stationary or
moving objects at a distance without touching them or influencing
their temperature. But the equipment is costly, and the results can
only be interpreted by specialists.

Particle Effects
Techniques to monitor particle effects include:
9 Magnetic chip detection. This technique monitors wear and
fatigue in equipment, such as aircraft engines, gearboxes, compressors, and turbines, with enclosed lubricating systems. It is an
inexpensive method of monitoring the liquid contamination, and
the debris analysis requires only a low-powered microscope. But
in this case as well, a specialist is needed to interpret the results.
9 Blot testing. This method detects fatigue, wear, and corrosion
particles in circulating oil systems such as compressors, gearboxes, and engine sumps. The test is easy to set up but requires
24 hours for the oil to blot.
9 Ferrography. This is another technique for monitoring fatigue,
wear, and corrosion in enclosed lubricating and hydraulic oil
systems, such as engine sumps, gearboxes, and hydraulics. Its
advantages are that it measures particle shapes and sizes and is
more sensitive than emission spectrometry at initial stages of
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engine wear. But it measures only ferromagnetic particles, requires an electron microscope for an in-depth analysis, and is not
an on-line technique.
X-ray fluorescence. This also is used for enclosed lubricating and
hydraulic oil systems, such as engine sumps, gearboxes, and
hydraulics. It monitors wear and damage to filters, and while the
instrument is capable of detecting very small traces of impurities,
it is also very costly.
G r a d e d filtration. This last technique used for enclosed lubricating and hydraulic oil systems, such as hydraulics, gearboxes,
and engine sumps, detects particles in lubricating oil that stem
from fatigue, corrosion, and wear. This is a relatively inexpensive
technique that can determine whether wear is normal or not. But
its drawbacks are that it is difficult to identify particle elements,
special skills are required to interpret test results, and it is not
an on-line technique.

Chemical Effects
Some of the techniques available to monitor chemical effects are:
9 Gas chromatography. This method detects gases emitted as the
result of faults in nuclear power systems and turbine generators. It
provides a high level of sensitivity, but drawbacks are the possibility
that any fault gases in large systems will rapidly dilute and difficulty
in obtaining satisfactory samples for sensitivity analysis.
9 Thin-layer activation. This technique monitors wear in devices such
as turbine blades, electrical contacts, bearings, rails, and cooling
systems. Its advantage is that the wear can be measured during
normal plant operation, but reactivation is needed every four years.
9 I n f r a r e d spectroscopy. In enclosed oil systems such as compressor sumps, transformers, and engine sumps, this method
measures fluid degradation and the presence of gases such as
hydrogen, carbon monoxide, and methane. It offers high sensitivity and rapid analysis, but that analysis does require considerable experience and skill.
9 Spectrometric oil analysis procedure. This technique, used with
circulating oil systems, tracks wear, leaks, and corrosion. The
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atomic absorption spectrometer required is relatively inexpensive
but also slow and laborious to use.

RCM A P P L I C A T I O N S A N D A C H I E V E M E N T S
Today, RCM methodology is being applied in many sectors, including
commercial aircraft production [9], the military [3, 17], and power
generation [9, 18].
9 Commercial aircraft. The benefits of practicing RCM have been
clearly felt in the aircraft industry. For example, under traditional
maintenance policies the initial maintenance program for the
McDonnell Douglas DC-8 airplane required scheduled overhaul
for a total of 339 items. However, under the RCM program, the
items requiring scheduled overhaul on the DC-10 were reduced
to seven. Probably the most important item affected was the
DC-10 turbine propulsion engine. The elimination of scheduled
overhauls for the engine created savings in labor, material costs,
and a reduction of more than 50% in the spare engine inventory
required. Since each engine costs more than $1 million, this
translates into significant savings [9].
9 Nuclear power generation. The Florida Power & Light Company
practiced the RCM process at two of its reactors and reported that
24 actions developed through the process were not in its existing
preventive maintenance program. The company estimated that
these tasks could reduce preventive maintenance man-hour costs
by approximately 40% and material costs by 30%. Furthermore,
on the basis of the experience other industries had with RCM,
the company projected additional savings of approximately 30%
to 40% in corrective maintenance as well as a reduction in the
rate of forced outage due to component cooling water failure [19].
Figure 9-2 shows the many benefits that application of reliabilitycentered maintenance methodology offers [5].

Improvement in Operating Performance
Usually, equipment performance is composed of three elements:
availability, efficiency, and yield. Thus, overall plant performance is
expressed by
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Figure 9-2. The advantages of RCM application.

OPP = (A)(E)(Y)
where OPP
A
E
Y

is
is
is
is

(9.2)

the overall plant performance.
availability.
efficiency
yield.

The RCM process helps improve plant performance in the following ways:
9 The emphasis on on-condition tasks ensures that potential failures
are highlighted before they become functional failures.
9 This emphasis can also reduce the frequency of major overhauls,
thus improving the long-term availability of equipment.
9 Eliminating superfluous facilities, equipment, or components
results in a corresponding increase in reliability.
9 Because it relates each failure mode to the corresponding functional failure, the information sheet becomes a tool for quick
failure diagnosis. This ultimately leads to shorter repair times.
9 Systematically reviewing the operational consequence of every
failure that was not dealt with as a safety hazard, and employing
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stringent criteria to determine task effectiveness, makes it possible
to select only the most effective tasks to address each failure mode.
9 Using the people most knowledgeable about equipment to analyze
failure modes helps ensure that chronic failures are identified and
eliminated and that necessary preventive measures are taken.

Improvement in Maintenance Cost-Effectiveness
In many industries, maintenance forms the largest portion of operating cost after raw materials and direct production labor or energy. It
has taken even first or second place in some areas. This means that
controlling maintenance costs is central to cost-effectiveness. The
RCM process helps lower or at least control the maintenance cost
growth rate, because it reduces routine maintenance and the need for
costly experts, improves purchasing of maintenance services, and
provides clearer directions for acquiring new maintenance technology.

Improvement in Teamwork
Today, teamwork has become an important element in the success
of many organizations. The practice of RCM not only fosters teamwork within the RCM review groups but also helps to improve communication and co-operation among various people and units" design
engineers, equipment users and maintainers; production and operation
units and maintenance personnel; and management, supervisors, technical personnel, and operators.

Improvement in Safety and Environmental Protection
The ways in which the practice of RCM leads to improved safety
and environmental protection include:
9 The reduction in the total number and frequency of routine tasks
automatically lowers the chance of critical failures occurring either
during maintenance or shortly after equipment start-up.
9 The RCM decision process demands that all potential failures that
would or could affect safety or the environment be eliminated or
addressed.
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Examination of a failure's safety and environmental implications
prior to considering its operational effects makes safety and environmental integrity a top priority.
The attention to hidden failures and the systematic approach to
failure-finding results in considerable improvement to preventive
maintenance. The probability that multiple failures having serious
consequences will occur is thereby substantially reduced.

Improvement in Individual Motivation
RCM helps improve the motivation of individuals involved in the
review process by providing:
9 A clearer understanding of an asset's functions, and of the expectations placed on each individual who works with it, helps enhance
his or her competence and confidence.
9 A clearer understanding of the issues beyond the control of each
individual enables him or her to work more comfortably within
the framework of those limitations.
9 Knowledge about each group member's part in formulating goals,
and in deciding what actions are required to achieve them and
who should perform these actions, leads to a strong sense of
ownership.

A Maintenance Database
The RCM information worksheets constitute a comprehensive maintenance database, with benefits including more accurate drawings and
manuals, greater ability to adapt to changing circumstances, the introduction of expert systems, and reduced effects of manpower turnover.

R E A S O N S FOR RCM F A I L U R E S
The RCM methodology can generate fast results and many benefits
if it is applied effectively. But not every application of RCM may yield
its full potential. In fact, some may achieve very little or nothing. Some
of the reasons for this may be that the application was superfluous
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or hurried, the analysis was conducted at too low a level, or that too
much emphasis was placed on failure data, such as mean time between
failures and mean time to repair [5].

PROBLEMS
1. Write an essay on the historical d e v e l o p m e n t of the R C M
methodology.
2. Describe the steps associated with the RCM process.
3. Discuss the application of the fault tree methodology in RCM.
4. Describe two approaches associated with RCM implementation.
5. Discuss the following:
9 RCM facilitators
9 RCM review groups
6. Describe the six categories of equipment condition monitoring
methods.
7. Compare the following two equipment condition monitoring
techniques:
9 X-ray radiography
9 Infrared spectroscopy
Discuss two important areas of the RCM application.
9. List the advantages of application of the RCM methodology.
10. What are the reasons for RCM failures?
,
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CHAPTER

Maintainability Testing,
Demonstration,
and Data

INTRODUCTION

The primary function of maintainability testing and demonstration
is to verify the maintainability features that have been designed and
built into a product [1]. Testing and demonstration also provide the
customer with confidence, prior to making production commitments,
that the equipment design under consideration satisfies the maintainability requirements. Prior to the testing and demonstration phase,
the tasks of the maintainability program have been basically analytical.
They have provided a certain degree of assurance~through steps such
as performing allocations and predictions, developing design criteria,
and participating in design reviews~that both the quantitative and
qualitative maintainability requirements would be satisfied [2]. The
major drawback of these evaluations is that they do not reflect practical experience with the actual hardware.
Thus, it is absolutely essential to add realistic evaluations to analytical
evaluations by conducting real maintainability tests and demonstrations
180
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with the equipment in its operational environment. Life cycle logistic
resources, such as support equipment, technical data, and technical
manpower, need the same kind of evaluation. Past data on items
similar to the equipment being evaluated should also be included in
maintainability studies.

P L A N N I N G A N D C O N T R O L R E Q U I R E M E N T S FOR
MAINTAINABILITY TESTING AND DEMONSTRATION
Gaining the maximum benefits from maintainability tests and demonstrations requires careful planning and control. Figure 10-1 divides
requirements for planning and control into six categories [2].

Following MIL-STD-471 Guidelines
This 1966 U.S. Department of Defense document, titled Maintainability Program Requirements, lays out guidelines that manufacturers
should carefully consider in the planning and control of maintainability
demonstrations [3]. Topics covered include test conditions, selecting
a test method, establishing test teams, and suggested test support
materials; data collection; the pre-demonstration, formal demonstration,

Creating a
demonstration
model

Taking environment
into account

Providing appropriate
manpower

I

[

Categories of
planning and control
,, requirements

Following
MIL-STD-471
guidelines

Specifying parameters

Developing a
demonstration plan

Figure I0-1. Categories of planning and control requirements for maintainability
testing and demonstrations.
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phases; administration, control, reporting, evaluation, and analysis
procedures for the demonstration; and selection, performance, and
sampling of corrective and preventive maintenance tasks. The MILSTD-471 guidelines are considered essential for an effective maintainability demonstration.

Creating a Demonstration Model
The ideal hardware configuration for the formal test and demonstration, which will be the basis for the decision to accept or reject,
would be a configuration identical to that of the final product. However, in reality this may not be always or even usually possible. The
demonstration can use instead a prototype model that incorporates
improvements in design, costs, and scheduling made to rectify visible
shortcomings and safety hazards. The main drawback of using prototype models is that they largely consist of handcrafted parts that neatly
fit together, versus the mass-produced parts that will be used in the
final product. Difficulties with tolerances and other quality control
problems associated with the use of mass-produced parts will therefore
not show up during testing and demonstration.
A mock-up model submitted by the contractor or manufacturer can
also effectively demonstrate maintainability features. Such models
serve the following two basic functions"
9 Providing a designer's tool for visibility, experimentation, packaging limitation, and planning, before release of the final design
or drawing
9 Providing a basic mechanism for demonstrating the product's
proposed quantitative parameters and qualitative design features
for maintainability

Providing Appropriate Manpower
The people who perform maintainability demonstrations will be
essential to their success, and it is important that they possess backgrounds and skill levels similar to those of the product's final user,
maintenance, and operating personnel. One way to do this is to have
such personnel from the client organization perform the test. Reference 2
provides useful guidelines for selecting demonstrators.
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Developing a Demonstration Plan
A good demonstration plan should cover areas such as test conditions; test planning, administration, and control; and test documentation, analysis and reporting. The plan should conform carefully to
the specifics described in MIL-STD-471 [3].
During initial manufacturer or contractor participation in a program
such as the validation phase, the first step is to conceive, propose, and
negotiate the subject of demonstration test planning. As the program
progresses, the mutually agreed-upon test plans are updated with
respect to schedules, personnel selection, demonstration model designation, and identification of logistic support resource requirements. The
important factor in accomplishing the demonstration on schedule and
within budget is administration and control of the demonstration. Some
elements of administration and control are method of organization; a
team approach if desired; test monitoring; organizational interfaces;
cost control; assignment of responsibilities; test event scheduling; and
test data collection, reporting, and analysis.
The type and complexity of the equipment under consideration plays
an important role in shaping the requirement for test documentation.
Documentation requirements usually include failure reports, task
selection work sheets, demonstration work sheets, frequency and
distribution work sheets, demonstration task data sheets, demonstration
analysis worksheets, interim demonstration reports, and final reports.

Taking Environment Into Account
Past experience has shown that equipment downtime may vary
significantly between laboratory-controlled conditions and actual
operational conditions. Environment is therefore an important factor
in testing, and those responsible must carefully consider factors such
as test facilities, support resource needs, and limitation simulations.

Specifying Parameters
The primary purpose of a formal maintainability demonstration process
is verifying compliance with defined parameters. The specifications for
demonstration parameters should be expressed in quantitative terms.
Some examples of measurable time parameters are mean time to repair
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(MTTR), mean preventive maintenance time, and mean corrective
maintenance time.

TEST APPROACHES
Not all maintainability tests are formal accept/reject demonstration
tests. In fact, there are many points in the product life cycle and in
related maintainability program tasks that require test data, both before
and after the formal decision to accept or reject. Test data may be
necessary for administrative and logistic control to update corrective
actions or modifications, to make decisions about maintainability
design requirements, or to evaluate life cycle maintenance support. The
maintainability test approaches that can provide this data fall into six
categories, as shown in Figure 10-2: functional tests, dynamic tests,
marginal tests, closed-loop tests, open-loop tests, and static tests.
Functional tests closely simulate normal operating conditions to
establish the product's state of readiness to carry out its proposed mission effectively. The functional tests can proceed on a system-wide level

Figure 10-2. Classification of maintainability test approaches.
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or focus on components such as replaceable subassemblies. These tests
are performed and required at each point of evaluation for the product.
The dynamic tests simulate typical operation or uses of equipment
or system so that every item involved can be checked. These tests
involve a continuous input signal and analysis of the corresponding
output signals to determine whether system needs are fully satisfied.
Dynamic tests also provide additional information on matters such as
phase characteristics, integration rates, and frequency responses.
The purpose of applying marginal tests is to isolate potential problems
through the simulation of abnormal operating conditions. Such tests
supply unrelated stimuli to the system or equipment under conditions
such as vibrations, lowered power supply voltages, and extreme heat.
Marginal testing provides greatest value as part of fault prediction,
where it highlights various incipient failures resulting from abnormal
operating conditions and environments.
Closed-loop tests generate information for use in evaluating design
effectiveness, performance, tolerance adequacy, and other key issues.
In these tests, the stimulus is adjusted on a continuous basis according
to performance of the equipment or system under the test conditions.
Closed-loop tests are extremely useful when a high degree of accuracy
is necessary and when test points radiate performance-degrading noise
levels. However, closed-loop circuits or paths in system/equipment
design are very difficult to maintain and failures in the loop are
difficult to diagnose.
Open-loop tests represent a refinement of dynamic and static tests.
They do not provide intelligence feedback to the item being tested,
that is, the stimulus is not adjusted. Open-loop tests normally provide
better maintenance information than closed-loop tests because they
make a direct observation of the system transfer function without the
modifying influence of feedback. This method is also simpler and
cheaper than closed-loop testing. It is probably the most appropriate
type of testing for maintenance purposes, because it eliminates the
possibility of test instability.
Static tests are simple and easy to conduct and provide information on the transient behavior of the item being tested. A series of
intermittent, sequenced input signals feed into the item and, to
measure its operation, the test monitors output response signals. Static
tests normally establish a confidence factor but their use does not go
beyond that.
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TESTING METHODS
Maintainability demonstration determines whether a manufacturer
or a development program has effectively satisfied qualitative and
quantitative maintainability requirements. A successful maintainability
demonstration depends on several factors: quality of written maintenance manuals, quality of training of repair technicians, and the quality
of product design for testability. A maintainability test will not necessarily show that maintainability requirements have been met, but it does
focus the manufacturer's attention on the need to meet those requirements.
MIL-STD-471 [3] is a document widely used in conducting maintainability demonstrations and presents many test methods. It describes
policies and procedures for conducting maintainability demonstrations
at specified points during the product development life cycle. As a single
maintainability parameter can seldom address all desirable maintainability
characteristics, MIL-STD-471A presents the following eleven different
test methods addressing many diverse maintainability parameters [4].

The Median Equipment Repair Time Method
Maintainability demonstrations employ this method when the need
or requirement is defined in terms of an equipment repair time median.
The method is based on lognormally distributed corrective maintenance
task times and a sample size of 20.

The Mean Method
This method is useful when the need or requirement is specified in
terms of a mean value and there is a corresponding design goal value.
The test plan contains two categories, Test Plan A and Test Plan B.
Test Plan A assumes lognormal distribution for determining the sample size. It also assumes that a lognormal distribution can satisfactorily
represent the maintenance times, and that the variance of the logarithms
of the maintenance times are already known. Test Plan B makes no such
assumptions. On the other hand both are fixed sample tests, and a
minimum sample size of 20, that make use of the Central Limit Theorem
and the asymptotic normality of the simple mean in their development.
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T h e M a n - H o u r Rate (Using Simulated Faults) M e t h o d
This method demonstrates man-hour rates or man-hours per operating hour and is based on the following"
9 Predicted equipment failure rate
9 Total accumulative chargeable maintenance man-hours
9 Total accumulative simulated demonstration operating hours

T h e Preventive Maintenance T i m e s M e t h o d
This method is useful when the stated index involves mean preventive maintenance task time and/or m a x i m u m preventive maintenance
task time at any percentile, and when all possible preventive maintenance tasks need to be accomplished. The test requires no allowance
for assumed statistical distribution.

T h e Critical Maintenance T i m e or M a n - H o u r s M e t h o d
This method is applicable when the need is specified in terms of:
9 Required critical maintenance time or critical man-hours
9 A corresponding design goal value
This test is distribution-free and can be used to establish a critical
upper limit on the time or man-hours required to carry out certain maintenance tasks. The following factors are associated with this test method:
9 Both the null and alternate hypotheses refer to a fixed time and
the percentile varies.
9 There is no need to assume the distribution of maintenance time
or man-hours.

T h e Critical Percentile M e t h o d
Maintainability demonstrations e m p l o y this m e t h o d when the requirement is defined in terms of:
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9 A required critical percentile
9 A corresponding design goal value
If the critical percentile is fixed at 50%, then this test method is known
as the test of a median. The basis for the decision criteria is the
asymptotic normality of the m a x i m u m likelihood estimate of the
percentile value. The method is based on two assumptions" a lognormal
distribution satisfactorily describes the distribution of maintenance
times, and the variance of the logarithms of the maintenance times is
already known.

The C o m b i n e d Mean/Percentile Requirement Method
This method is useful when the specification is stated as a dual
requirement for the mean and for either the 90th or 95th percentile of
maintenance times, when maintenance time is lognormally distributed.

The Percentiles and Maintenance Method
This method uses a test of proportion to demonstrate fulfillment of
maximum preventive maintenance task time at any percentile, maximum corrective maintenance task time at the 95th percentile, median
corrective maintenance task time, and median preventive maintenance
task time, when corrective and preventive maintenance repair time
distributions are unknown. The following two factors are associated
with the method:
9 A minimum sample size of 50 tasks is required.
9 The plan holds the confidence level at 75% or 90%.

The Mean Maintenance T i m e and M a x i m u m
Maintenance T i m e Method
This method demonstrates maintainability indices such as follows:
9 Mean preventive maintenance time
9 Mean corrective maintenance time

Maintainability Testing, Demonstration, and Data

189

9 Mean maintenance time, including corrective and preventive
maintenance actions
For demonstrating mean corrective maintenance time, this method's
procedures are based on the Central Limit Theorem. Information on
the variance of maintenance times is not needed. This allows the
method to be used with any underlying distribution, provided the
sample size is at least 30. The maximum maintenance time demonstration/procedure is valid for cases with lognormal underlying distribution of corrective maintenance task times.

The Chargeable Maintenance Downtime
per Flight Method
This method, used in testing aircraft, makes use of the Central Limit
Theorem. The chargeable downtime per flight is the allowable time,
expressed in hours, for carrying out maintenance assuming that there is
a specific availability and operation readiness requirement for the aircraft.

The M a n - H o u r Rate Method
This test method demonstrates man-hour rates, specifically manhours per flight hour. It uses the total accumulative flight hours and
the determination, during Phase II test operation, of the total accumulative chargeable maintenance man-hours. In using this test method:
9 Develop appropriate ratios of equipment operating time to flight time.
9 Ensure that the predicted man-hour rate pertains to flight time
rather than the equipment operating time.
Reference 3 gives the statistical aspect of the various methods that
have been described here.

PREPARING FOR M A I N T A I N A B I L I T Y
DEMONSTRATIONS AND EVALUATING
T H E RESULTS
Figure 10-3 shows the many steps associated with the preparation
for performing maintainability demonstrations and evaluating their
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Step 1

[

Choose the test method or methods to be used.

Step 2

[

Develop accept/reject criteria and retest procedures in case
the "accept" criteria is not met.

Step 3

[

Develop a maintainability demonstration plan and
test procedures in detail.

I

Step 4

[

Choose the maintenance task population that is
to be used to select the maintainability test sample.

]

Step 5

Perform pretest preparation.

[

Step 6

Perform the maintainability demonstration test or tests.

I

I
I

[ Step 7

[

Carry out appropriate post-test tasks.

[

I Step8

I

PerfOrmanalysis Of the test data"

I

I Step 9

I

Recommend corrective measures and retest if necessary.

I Step10 I Prepareappropriatedemonstrationtest documentation.

Figure 10-3. Preparation for performing maintainability demonstrations and
evaluating the results.

results [5]. Step 1 is the choice of specific methods outlined in MILSTD-471A [3]. Selection depends on factors such as product characteristics and the parameters to be demonstrated. Step 2 establishes
accept/reject criteria and retest procedures in the event that the "accept"
criteria is not met. Step 3 is to develop in detail a maintainability
demonstration plan and test procedures. The plan addresses issues such
as facility needs, manpower requirements, training needs, and documentation and equipment required. Step 4 deals with selecting maintenance task population out of which the maintainability test sample
will be taken. Step 5 is pretest preparation. This includes preparing
the facilities required for the test and assembling the test hardware,

Maintainability Testing, Demonstration, and Data

191

test support equipment, documentation, and other requirements. Step 6
is the performance of the maintainability test or tests. Step 7 involves
post-test tasks, such as restoring test hardware to its original form,
verifying the test hardware's acceptability for use on production items,
and returning test equipment and associated facilities to pretest form.
Step 8 is the analysis of test data, which includes determining whether
acceptance criteria were met and analyzing the maintenance strengths
and weaknesses of the product. In Step 9, corrective measures are
recommended as appropriate. Step 10 deals with preparing the documentation related to the demonstration test.
To avoid pitfalls in maintainability testing [6]:
9 Tailor M I L - S T D - 4 7 1 [3] for the p r o g r a m and product under
consideration rather than relying on it entirely.
9 Conduct some "dry run" testing, if feasible.
9 Clearly define, correct, and verify all discovered deficiencies and
the associated needs for corrective action.
9 Conduct a new and different trial for every trial that highlights a
deficiency.
9 Limit the allowable trial repetitions as a requirement for cancelling
the test, progressing into an "evaluate and fix" phase, and then
repeating the test with newly specified faults.
9 Improve the technical manual verification and validation process
prior to the maintainability demonstration test.

C H E C K L I S T S FOR M A I N T A I N A B I L I T Y
D E M O N S T R A T I O N PLANS, P R O C E D U R E S
A N D REPORTS
Checklists play an important role in maintainability demonstration.
The checklist for maintainability demonstration plans and procedures
should cover [9]:
9
9
9
9
9

Purpose and scope
Test facilities
Test requirements
Test participation
Test monitoring
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Test schedule
Test conditions
Test ground rules
Testability demonstration considerations
Reference documents

The purpose and scope is a statement of general test objectives and
a general description of the test to be performed. Under the heading
of test facilities is information such as a description of the test item's
configuration, a general description of test facility, identification of
the test location, test area security measures, and test safety features.
Test requirements include items such as the method of generating a
candidate fault list, the method of choosing and applying faults from
the candidate list, the levels of maintenance to be demonstrated, a list
and schedule of test reports to be issued, and support material requirements. Decisions to be made regarding test participation are the test
team members, their assignments, and test decision-making authority.
Test monitoring is the method of monitoring and recording test results.
The test schedule should include three items: the start date, the finish
date, and the test program review schedule. Two components of the
test conditions are the modes of equipment operation during testing,
and a description of the environmental conditions under which the
test will be conducted. Under the heading of test ground rules should
be a list of items to which the rules apply. These items include
maintenance inspection, instrumentation failures, maintenance time
limits, maintenance due to secondary failures, and technical manual
usage and adequacy.
Among the components of the testability considerations are the
built-in test requirements to be demonstrated, the method of selecting and simulating candidate faults, the repair levels for which requirements will be demonstrated, and acceptable levels of ambiguity
at each repair level. The checklist should also detail all applicable
reference documents.
The maintainability demonstration reports checklist include items
related to test results, such as maintenance tasks planned, maintenance tasks selected, the selection method, measured repair times,
data analysis calculation, qualifications of the personnel conducting
tasks, application of the accept/reject criteria, the documentation
used during maintenance, and a discussion of deficiencies identified
during testing [9].

Maintainability Testing, Demonstration, and Data

193

TESTABILITY
The adequacy and efficiency of a product's test and diagnostic
system often influences maintainability performance [5]. The test and
diagnostic system detects faults and isolates the defective unit or item.
It must be reliable and its associated failures should not interfere with
product performance. The following are some terms and definitions
related to testability [7, 8].
9 Testability. This is a design characteristic that makes it feasible
for the operable, degraded, or inoperable status of an item to be
determined and the isolation of faults within the item to be carried
out effectively.
9 B u i l t - i n t e s t . This is product's automated capability to detect,
diagnose, or isolate failures.
9 B u i l t - i n e q u i p m e n t . This is the hardware that performs the builtin test function.
Three important testability characteristics of modem equipment and
systems are:
9 F a u l t - d e t e c t i o n c a p a b i l i t y . This is the percentage of failures that are

automatically detected and is estimated by the following relationship:

O-- ~d

~,s

(10.1)

where 0 is the fault detection capability.
~d is the failure rate for those portions of the equipment or
system where failures can be detected by the test system.
~s is the system failure rate.
In maintainability demonstration the fault detection capability, 0, is:

~r/s
0 - ~Tr/s
where

~r/s is

(10.2)

the number of real or simulated failures detected by the
test system.
XTr/s is the total number of real or simulated failures in the test.
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This parameter measures the ambiguity
associated with fault-isolation activities. It can be expressed as [5]:

9 Fault-isolation

capability.

9 O~1 percent of the time, the system is capable of isolating a fault

to within ~t1 o r fewer line replacement units; and
9 o~2 percent of the time, the system is capable of isolating a fault
to within 3'2 or fewer line replacement units.
The typical values for 0~1, 0~2, ~1' and Y2 are respectively, 0.90, 0.95,
1 or 2 line replacement units, and 2 or 3 line replacement units.
9

F a l s e - a l a r m rate. This is the frequency with which the system
indicates a failure when there is none, expressed by"

~ f ----

NFA
OT

(10.3)

where ~f is the false-alarm rate.
NFA is the number of false alarms experienced.
OT is the operational time interval for the system.
MIL-STD-2165A [7] presents a checklist of more than 100 testability design criteria. Some of the topics covered are:
9 Test control
9 Sensors
9 Analog design
9 Built-in testing
9 Performance monitoring
9 Digital design
9 Mechanical design with respect to electronic functions
9 Test requirements
9 Test access
For example, the list provides questions about sensors such as"
9 Are pressure sensors too close to pressure sensing locations to
obtain wideband dynamic data?
9 Are the procedures and mechanisms for sensing devices' calibration established?
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Maintainability demonstration can also include demonstration of
fault-detection and isolation capabilities. When real or simulated faults
are used to demonstrate product maintainability, the recorded fault
detection and isolation activities and times also demonstrate the level
of adherence to testability requirements. During normal test or operational activities, it is not possible to simulate false alarms. Thus the
measurement of this parameter depends on any false alarms that
happen to occur during a maintainability demonstration program and
on their subsequent frequency of occurrence.

MAINTAINABILITY

DATA

Failure and repair data are invaluable in reliability and maintainability studies. The uses of such data include determining product
maintenance needs, predicting product maintainability, performing lifecycle cost studies, and determining product replacement policies. There
are many sources of such data. For example, during the product life
cycle, data sources include reports generated by the repair facility, past
experience with similar or identical items, failure reporting systems
developed and used by customers, and warranty claims. Some other
sources for obtaining reliability and maintainability data are [9, 10, 11]:
9 Government Industry Data Exchange Program (GIDEP), GIDEP
Operation Center Corona, California.
9 Reliability Analysis Center, Rome Air Development Center, Griffiss
Air Force Base, Rome, New York, 13440-8200.
9 Maintenance and Operational Data, Access System (MODAS), Air
Force Logistics Command/MMTS, Wright-Patterson Air Force
Base, Ohio.
9 Coogan, F. C. "RAMS Data Bank for Electrical Power Equipment." Proceedings of the Inter-Ram Conference for Electrical
Power Industry, June 1986, pp. 306-310.
9 English, C. "In-Service Reliability Estimates from Maintenance
Data." Proceedings of the National Reliability Conference, April
1987, pp. 5 C/4/1-5C/4/7.
9 Erto, E "Reliability Assessments by Repair Shops via Maintenance Data." Proceedings of the National Reliability Conference,
April 1987, pp. 5 C/3/1-5C/3/12.
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9 Reliability and Maintainability Data for Industrial Plants, Report
No. TD-84-3, A. P. Harris and Associates, Ottawa, Canada, 1984.
9 Sherwin, D. J. "Improved Schedules by Using Data Collected
Under Preventive Maintenance." IEEE Transactions of Reliability,
Vol. 33, 1984, pp. 315-320.
9 Sherwin, D. J. and Lees, E E "An Investigation of the Application
of Failure Data Analysis to Decision-Making in Maintainability
of Process Plant." Transactions of the Institute of Mechanical
Engineers, 1980, pp. 301-319.
9 Thunstedt, B. "Use of Maintenance Management Systems for
Collection of Reliability and Maintainability Data." Proceedings

of the V77" Symposium on Reliability Data Collection and Validation, Technical Research Center of Finland, VTT Symposium
32, October 1982, pp. 42-53.
9 Weal, T. W. "Aviation Maintenance Data Collection in the U.S.
Navy." Proceedings of the Reliability and Maintainability Conference, July 1965, pp. 839-861.

PROBLEMS
1. List the six categories of planning and control requirements for
maintainability testing and demonstrations. Describe two categories in detail.
2. Describe the following two maintainability test approaches:
9 Functional tests
9 Marginal tests
3. Discuss the following three test methods described in MILSTD-471:
9 The medium equipment repair time method
9 The mean method
9 The preventive maintenance times method
4. Describe the steps in preparing for and performing a maintainability demonstration and in evaluating its results.
5. Discuss ways to avoid pitfalls in maintainability testing.
6. Define the following three terms:
9 Testability
9
Built-in test equipment
9
Built-in test
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Describe testability demonstration in detail.
Discuss the uses of maintainability data.
What are the benefits of performing a maintainability demonstration?
Define the following two parameters associated with testability"
9
Fault-detection capability
9
Fault-isolation capability
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Maintenance Models
and Warranties
INTRODUCTION
As mentioned earlier, maintenance and maintainability are not the
same but are closely interlinked [1]. Over the years, many mathematical
models have been developed to better define and predict aspects of
maintenance. There has been a similar effort to develop models for
warranties. Usually, customers of engineering products place emphasis
on both maintenance and warranties in making their procurement
decisions. A warranty on manufactured goods spells out the manufacturer's responsibility in case the goods are defective. One study of
369 United States manufacturers found that more than 95% had written
warranties of some sort on their products. The average cost of a
warranty claim was approximately 2% of sales [2].

MAINTENANCE

MODELS

Various kinds of mathematical models are available to assist in
making decisions concerning product maintenance.

Maintenance

Model I

This model determines the optimum number of inspections per
facility per unit of time. An inspection is often disruptive, but it usually
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decreases downtime because it means fewer breakdowns. References
3 and 4 present mathematical models that calculate optimum number of
inspections with minimum total downtime of the equipment. The total
downtime is expressed by
kTBf
T o - xTpf + ~

x

where T D is
x is
k is
Tpf is
Tbf is

(11.1)

the total downtime per unit of time for a facility.
the number of inspections per facility per unit of time.
a constant for a specific facility.
the downtime per inspection for a facility.
the downtime per breakdown for a facility.

By taking derivatives of Equation 11.1 with respect to x we get
dT D
- Tpf - kTafx -2
dx

(11.2)

Setting Equation 11.2 equal to zero and then rearranging it results in

x* =

/1/2
kZaf
Tpf

(11.3)

where x * is the optimum number of inspections per facility per unit
of time.
Substituting Equation 11.3 into Equation 11.1 leads to
T D = 2(kTpfTBf )1/2

(11.4)

where T D is the optimum total downtime per unit of time for a facility.

Example 11-1
Assume that the following data are associated with a piece of
engineering equipment:
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Tpf = 0 . 0 0 9 m o n t h
TBf = 0 . 2 m o n t h

k=2
Determine the optimum number of inspections per month using Equation 11.3.
Substituting this data into Equation 11.3 yields

x* = ( 21/201()-09(0"2))

= 6.67

The optimum number of inspections per month for the piece of
engineering equipment is 6.67.

Maintenance

M o d e l II

This model determines the optimum time interval between replacements. The goal is to minimize average annual total cost with respect
to the time between replacements or the life of the equipment in years.
The average cost consists of three elements: mean investment cost,
mean maintenance cost, and mean operating cost. The total average
cost is

C T = O f 1 -k- MC1 +

where C x is
x is
OC~ is
MC 1 is
IC is
Otoc is
O~mcis

the
the
the
the
the
the
the

ic + ( x , )
x

2

(~oc "k- O~mc)

(11.5)

average total cost.
equipment life expressed in years.
equipment's operational cost for the first year.
equipment's maintenance cost for the first year.
cost of investment.
amount by which operational cost increases per year.
amount by which maintenance cost increases per year.

Differentiating Equation 11.5 with respect to x leads to
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dC T = l ( ( x o c + ~mc)

dx

2

IC
x2

(11.6)

Setting Equation 11.6 equal to zero and rearranging it results in
)1/2

2IC
X* =
~oc + ~mc

(11.7)

where x* is the optimum replacement interval.
Substituting Equation 11.7 into Equation 11.5 leads to
C~. - OC 1 + MC 1 - ( O~oc + 13~mc) + [2IC(t~oc + l~mc)] 1/2
2
)

(11 8)

where C T is the minimum average annual total cost.

Example 11-2
The following data apply to an engineering system:
tXoc = $1,000, G~mc = $500, IC = $50,000
Determine the optimum replacement interval using Equation 11.7.
Substituting the given data into Equation 11.7 yields
x, _ ( 2 ( 5 0 , 0 0 0 ) /1/2
= 8.16 years
1,000 + 500
The optimum replacement period for the engineering system is 8.16 years.
Maintenance

M o d e l III

This model determines the optimum test interval for engineering
systems, especially nuclear safety systems. Such systems are tested
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periodically to determine their operational readiness. A shorter time
interval between tests will in one regard lead to higher availability of
the system because failures will be detected earlier [5]. However,
testing may require shutdown of an operating system. Under such
conditions, it is necessary to establish some sort of optimum period
between tests. For the purpose of developing a mathematical model
to determine the optimum period between tests, Figure 11-1 shows one
test cycle of the safety system.
The assumptions associated with this model are [6]:
9 The safety system availability is equal to unity immediately after
each test.
9 The safety system availability is equal to zero during each test.
9 The safety system availability decreases exponentially until the
start of the next test.
9 The safety system failure rate is constant.

ol,.o

\
\

o
X

x

Figure

I1-1. Test interval cycle.

203

Maintenance Models and Warranties

The following symbols are associated with this maintenance model:
is the constant failure rate of the safety system.
is the time domain as indicated in Figure 11-1.
is the time domain as indicated in Figure 11-1.
B
is the time required to perform a test.
X
is the time between tests.
x
is the probability that the safety system is in operational
P(C)
readiness state.
is the probability that the future random point lies in A.
P(A)
is the probability that the future random point lies in B.
P(B)
P(C/B) is the probability that the safety system is in operational
readiness state given that the future random point lies in B.
P(C/A) is the probability that the safety system is in operational
readiness state given that the future random point lies in A.
A

The probability of the safety system being in operational readiness
state is expressed by
(11.9)

P(C) = P(A)P(C/A) + P(B)P(C/B)
Since the safety system is unavailable during the test interval,
P(C/B) = 0

(11.10)

Using Figure 11-1, we write

P(A) =

x-X

(11.11)

P(C/A) can be obtained by averaging reliability over the time interval
as follows:

P ( C / A ) - t1 io e-~YdY
where t = x - X .

(11.12)
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Thus,

P(C/A) =

1 -

e -~'t

(11.13)

Z,t

Since P(C/B) = 0, Equation 11.9 reduces to
(11.14)

P(C) = P(A)P(C/A)

Substituting Equations 11.11 and 11.13 into Equation 11.14 yields
P ( C ) - ( x - X )( 1 - e - ~ t ) x~t

= t ( 1 - e - ~~tt ) x

(1
-

-

e-Xt))
kt

(11.15)

Differentiating Equation 11.15 with respect to x, and then equating it
to zero and using the t = x - X relationship, leads to
e-Xt(1 + ~,t) - e -~x = 0

(11.16)

To obtain an approximate formula for x, we use the following approximations for the exponential function"

e -xt

=

1 - ~,t -~

~2t2
2

(11.17)

and

~2X2

e -~x ___-1 - ~,X + ~

2

(11.18)

Thus, substituting Equations 11.17 and 11.18 into Equation 11.16 yields
x2 = 2X

X2

(11.19)

Note that to obtain Equation 11.19, the t e r m ~,2t3/2 was set equal
to zero. If X is much smaller than ~-1 in Equation 11.19, then the
optimum value x* is given by
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(11.20)

Thus, the optimum time between tests can be calculated using Equation 11.20.

Maintenance Model IV
This model is concerned with a parallel system composed of k
identical machines or pieces of equipment, with output fed into the
next stage of the production process. For the system success at least
one machine must function normally. Furthermore, the total cost
involved in system operation and downtime losses with respect to k
is minimized [7].
Using queuing theory knowledge, we write the following relationship to obtain the average proportion of unit of time that the parallel
system is unavailable:

UA=

~+~

(11.20)

where UA is the system unavailability.
~, is the constant machine failure rate.
)a is the constant machine repair rate.
Thus, the total cost, TC, is
TC = (UA)(DC) + k(MOC)

(11.21)

where DC is the downtime cost per unit of time.
MOC is the single machine's operational cost per unit of time.
Substituting Equation 11.20 into Equation 11.21 yields

TC =

~,+~t

(DC) + k(MOC)

(11.22)
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Differentiating Equation 11.22 with respect to k leads to

d(TC)
dk

~

~,+~

In

~

~,+~t

(DC) + MOC

(11.23)

By setting Equation 11.23 equal to zero and then solving it for k,
we get

k* =

,nI

MOC 1

(DC) In UA 1

(11.24)

In U A 1

where k* is the optimal number of machines to be used in the parallel
configuration for minimum total cost.

UA1 = ~, + It

(11.25)

E x a m p l e 11-3

The following data apply to an engineering system used to produce
certain mechanical parts"
= 4 failures per month, la = 10 repairs per month, MOC = $150,
and DC = $1,500
Using Equation 11.24, determine the optimum number of machines
to be used in the parallel configuration to minimize total cost.
Inserting the specified data into Equation 11.25 leads to

UA 1 =

4
4+10

= 0. 2857
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Using this result and the other data in Equation 11.24, we get

k~

._.

I
150
]
In - (1, 500) ln(0.2857)
ln(0.2857)

= 2.018 = 2 machines

Thus, using two machines in the parallel configuration minimizes the
total cost.

Maintenance Model V
This model determines the optimum replacement time for an item
under ordinary periodic replacement policy. Under this policy, an item
is replaced with a new one every Xp accumulated hours of operation
[7, 8]. If the item malfunctions prior to Xp hours, it is repaired only
minimally so that its instantaneous failure rate, ~,(x), corresponding
to its probability density function, f(x), remains the same as it was
before failure. It is assumed that each failure is detected instantaneously
and the minimum repair time is negligible.
The cost function for model is expressed by

K

n

Cpr

+

CmrE[~(Xp)]
Xp

(11.26)

where k is the cost per unit per operating hour.
Cmris the cost of minimal repair.
Cpr is the cost associated with planned preventive replacement.
E[~(Xp)] is the expected number of failures followed by minimal repair
activity during an interval Xp.
Thus we have
Xp

E[o~(Xp)] = f ~(x)dx
0

(11.27)
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where
f(x)
R(x)

Z,(x) =

(11.28)

where f(x) is the failure probability density function of a unit.
R(x) is the reliability function of a unit.
~(x) is the time dependent failure rate of unit.
Substituting Equation 11.27 into Equation 11.26 results in

Xp
Cpr + Cmr I ~(x)dx
K =

o

(11.29)

Xp

Example

11-4

A mechanical unit receives preventive maintenance per the policy
described, and the Rayleigh probability density function expresses its
times to failures as follows:

f(x)

-

2x
(20)(20)

(11.30)

e

Assume that the planned preventive replacement cost is $10 and the
minimal repair cost is $50. Calculate the optimum preventive replacement time.
By integrating Equation 11.30 over the time interval [o, x], we get

x
F(x)=I

(x)2
2x

0 (20)2

e-

~ dx

(x)2
=

1

-

e-?6

where F(x) is the cumulative distribution function.

(1131)
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Subtracting Equation 11.31 from unity leads to

R x :l [1

(11.32)

where R(x) is the reliability at time x.
By inserting Equations 11.30 and 11.31 into Equation 11.28, we get

2x
~,(x) = (20) 2

(11.33)

Substituting Equation 11.33 into Equation 11.27 yields

E[~(Xp)] -

o

2x
(20) 2

20 )

(11.34)

By inserting Equation 11.34 into Equation 11.26, we get

(/2

Xp
Cpr + Cmr - ~
K =

(11.35)

Xp
Differentiating Equation 11.35 with respect to Xp, and then setting the
resulting equation equal to zero, leads to

dK
dxp

=

Cpr
2
Xp

+

Cmrxp
~ - 0
(20)2

(11.36)

Solving Equation 11.36 leads to the following optimal replacement time:

Xp = (2o)/, Cm~

(11.37)
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where Xp is the optimum replacement time.
By inserting the specified data into Equation 11.37 we get

Xp - (20)

(10)1,2

= 8.94 hours

The optimum preventive replacement time for the mechanical unit is
8.94 hours.

Maintenance Model VI
This model is similar to Model V except that in this case the
objective is to minimize the total downtime per unit of time--in other
words, to minimize equipment unavailability. The model represents the
constant interval replacement policy. Two important factors associated
with this policy are [9]:
9 Replacements are carried out at predetermined times irrespective
of the age of the equipment or unit being replaced.
9 Replacements are performed when equipment fails.
Total equipment downtime per unit of time, DT(Xp), is [10, 11]
TDT
DT(Xp) = CL

(11.38)

where TDT is the total downtime of the equipment under consideration.
CL is the cycle length or the length of the preventive replacement cycle.
In turn, TDT is expressed by
TDT = DTF + DTPR

(11.39)

where DTF is the equipment downtime due to failure.
DTPR is the equipment downtime due to preventive replacement.
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purchase warranty. This type of warranty is usually used for small
electronic appliances because of their high early failure rates and is
normally restricted to a short span of time.
The ordinary free replacement warranty is basically the same as the
unlimited free replacement warranty, with one exception. The replacement or repaired item is covered by an ordinary free replacement
warranty only during the remaining period of the original warranty.
This is probably the most widely used type of warranty and often
covers durables such as kitchen appliances and cars [14]. It must be
remembered that with either of these two types of warranties, a lengthy
warranty period will lead to a very high warranty cost.
Under a pro-rata warranty, if the product malfunctions prior to the
end of the warranty period, it is replaced at a cost that is a function
of the item's age at the time of failure. The replacement product is
covered by an identical warranty. From the manufacturer's point of
view, this type of warranty is more beneficial.
In planning a warranty program, manufacturers must decide on the
type of warranty policy, the duration of the warranty period, and the
amount of capital to be set aside to cover potential expenses for
failures during the warranty period.
This section presents some of the mathematical warranty models
that have been developed.

Warranty

Model I

This model estimates a manufacturer's warranty cost [15]. The
warranty cost of an item is
C w = FC w + ~,(To) AC w

(11.43)

where C w is the warranty cost of an item.
AC w is the average cost to the manufacturer of the item.
FC w is the warranty's fixed cost to the manufacturer.
T o is the total operating time, in hours, of the item over its
warranty period.
~, is the constant failure rate of the item, expressed in failures
per hour.

214

Engineering Maintainability

W a r r a n t y Model II
This model determines the warranty reserve fund when the product
times to failure are exponentially distributed [9, 16]. The symbols
associated with this model are:
~,
ot
Tw
t
E
0
F
k

is
is
is
is
is
is
is
is
k

the constant failure rate.
the product lot size for warranty reserve determination.
the warranty period duration.
time.
the expected number of failures at time t.
the constant unit product price, including warranty cost.
the total warranty reserve fund for o~ number of units.
the warranty reserve cost per unit of product and is given by
= F/tx.

The pro-rata customer rebate at time t is expressed by
CR(t) = 0[1 - (t/Tw)], for 0 < t < T w

(11.44)

For exponentially distributed times to failure of a product, the probability of failure is [6]"
F(t) - 1 - e -~t

(11.45)

The expected number of failures occurring at any time t is expressed by
E[n(t)] = o~F(t) = ct(1 - e -~'t)

(11.46)

The total number of failures in the interval [t, t + dt] is
dE[n(t)] = OE[n(t)] d t - [ct~,e-~t]dt
Ot

(11.47)

The cost for the failures in interval [t, t + dt] is given by

oE1/w/]Oet,t

(11.48)
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The total cost for all failures occurring in time interval [0, T w] is

F = ~ wt _c ~x x/ ]0e[_I _~ (t~Tw)J
dt=cx0ii_/~~w/(l_o

e-Z'Tw)]

(11.49)

The warranty reserve cost per unit of product is

k F o[1(1)
1 - e -z'Tw)]
~,Tw (

(11.50)

By rearranging Equation 11.50, we get

k , ( 1 )~Tw

(1 - e -~Tw)

(11.51)

Suppose the constant unit product price consists of two components
as follows:
0 = 0'+ k

(11.52)

where 0' is the unit product price excluding the warranty cost.
By rearranging Equation 11.52, we get

o,= o(1_o)

11.53

or
p

Example 11-5
A manufacturer of washing machines plans to provide a 12-month
warranty on its new model. The estimated failure rate of the new

2 |6
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model is 0.005 failures per month. The approximate manufacturer's
cost, excluding the warranty cost, of the new washing machine is $400.
Calculate the warranty reserve fund for a production run of 500 washing machines.
Inserting the specified data into Equation 11.52 yields

e -(0"005)(12) ] = O. 0 2 9 4

0

(0.005)(12)

By substituting this result and the other specified data into Equation
11.54, we get

0 -

400
(1 - 0.0294)

= $412.12

Thus, using Equation 11.49, we get the following amount for the
warranty reserve fund for the production run of 500 washing machines"
F = (500)(412.12)(0.0294) = $6,058.16

W a r r a n t y Model III
This model is an extension of Warranty Model II. It is used when
administrative costs and the errors in estimating pro-rata claims are
too high and the manufacturer thus opts for an alternative warranty
plan, such as paying a fixed or lump-sum rebate to the buyer for any
failure occurring during the duration of the warranty. Again, in this
case we are concerned with determining the following two factors:
9 The product's adjusted price
9 The warranty reserve fund needed to meet claims made by customers
Thus, we assume that proportion p of the unit cost will be refunded
as a lump sum and that the unit lump-sum rebate is expressed by
[16, 9]
13 = pO

(11.55)
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Substituting CR(t) = p0 into Equation 11.48 gives a total cost for
all failures occurring in time interval [0, T w]
Tw

F - f p 0 ~ e - Z t d t = p0o~(1 - e -zTw )

(11.56)

0

Rearranging Equation 11.56 yields

k~ = F = p0(1 - e -~xw )

(11.57)

O~

where k s is the warranty reserve cost per unit of product under the
new lump-sum rebate plan.
To find an equal warranty reserve fund per unit under both the prorata and the lump-sum plans, we equate Equations 11.50 and 11.57

[(1 / eTw]

0 1-

~,Tw ( 1 -

) -p0(1-

eTw
)

(11.58)
= p(1

-

e -~Tw )

Solving Equation 11.58 for p results in

1
P - (1

-

e -~'Tw )

1
~,Tw

(11.59)

Example 11-6
The manufacturer in Example 11-5 adopts a warranty plan that
provides a lump sum of the initial procurement price to customers
whose washing machines malfunction before the warranty expires.
Calculate the portion of the price to be refunded. Also prove that the
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total warranty reserve fund for both the lump-sum and pro-rata plans
is the same.
Inserting the data given into Equation 11.59 yields

p -

1

[1

-

-

e -(~176176

]

1

(0. 005)(12)

= O. 5049

This means the washing machine manufacturer should refund approximately half the initial price to its customers when the washing machines
malfunction during the warranty period.
The cost of the washing machine, including the warranty cost, is
0-

0'+ k-

$412.12

Substituting these two results into Equation 11.55 yields
[3 = (0.5049)(412.12) = 208.08
Inserting this result and the other specified data into Equation 11.56
yields
F = (208.08)(500)[1 - e -(~176176

= $6,058.16

This is identical to the result obtained in Example 11-5. It proves
that the total warranty reserve fund for both plans is same.

Warranty Model IV
This model determines warranty costs for repairable products. When
a product fails, the company performs m i n i m u m repair necessary to
restore it to working condition. After the repair, there is no warranty
extension provided [9, 17]. The symbols associated with this model are:
me r

i

%
t

is the average cost per repair.
is the nominal interest rate for discounting the future
cost associated with the product.
is the warranted period.
is time.
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is the scale parameter of Weibull distribution.
is the shape parameter of Weibull distribution.
is the hazard rate or time dependent failure rate associated with the product.
H(t)
is the cumulative hazard function and is given by 0~,(t)dt.
is the present worth of repair cost during the warranty
Cpw
period.
is the present worth of repair for an item/product
C
having lifetime warranty.
poim (i, la) is the Poisson probability mass function (pmf), given
by e-~pi/i !.
b
~,(t)

For minimal repair upon failure, the hazard rate resumes at ~,(t)
instead of returning to ~,(0). The product's failure times are thus not
renewal points but can be represented by a nonhomogeneous Poisson
process. The probability density function of the time to the kth failure
is therefore
fk(t) = )L(t) p o i m [ k - 1; H(t)]

or
fk (t)

- ~b()~t) b-1

[ e-(~'tp(~t)(k-1)b1
F(k)

(11.60)

for a Weibull probability density function where H(t) - (~t) b.
The present value of the cost of the repairs occurring during the
warranty time interval [0, T w] is

Tw

~,Tw

Cpw - E I A C r e - i t f k ( t ) d t - ACrb I e-ix/)~xb-ldx

k=l 0

0

X~~176
(iTw)J
AC' h(~T b eiTw Z..,b(b + 1) - - " (b + j)
)~._.r._.~..,lw,

j=0

Equation 11.61 can also be rewritten as

(11.61)
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Cpw

=

oo
(iTw)b+j
ACr b(~'/i)beiTw E
1) i i~ (1~ +
j-0 13(I3 +
J)

(11.62)

The present value of repair for a product having lifetime warranty is

nCrieit , t, t ACrid)
o

i

F ( b + 1)

(11.63)

where F(b + 1) - b!

Example 11-7
Assume that the constant failure rate, ~,, of an electronic equipment
part is 2 failures per year and the average cost per repair is $500. If
the nominal annual interest rate is 8%, determine the expected warranty cost both for 12 months and lifetime for the part.
Per the data given, inserting b = T w = 1 into Equation 11.62 yields
Cpw = ACr(~,/i)e-i(e i - 1)

(11.64)

Substituting the other given data into Equation 11.64, we get
Cpw = (500)[2/0.08][1 - e -~176 - $961.04
Inserting the data into Equation 11.63 leads to

Coo-(500)(0208)(2)-$25,000
The expected warranty cost for 12 months is $961.04, and the lifetime
warranty cost is $25,000.

Warranty Model V
This model estimates the life cycle cost of avionics equipment under
warranty. With some modifications, the same model also applies to
other equipment. The life cycle cost is [17]:
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LCCww = (1 + MF)(RF)[RMC + WRC]
(11.65)
+ DMC + T(RSC) + n(PC)(AF)
RF=(1

+ i ) ~/12, 0 < i

< 1

(11.66)

where LCCww is the life cycle cost of avionics equipment under
warranty.
MF is the overhead fee charged by the manufacturer.
RF is the risk factor the manufacturer uses to calculate cost
for a warranty interval of T months.
RMC is the expected amortized cost of reliability-related
modifications.
WRC is the direct warranty repair cost to manufacturer.
DMC is the user's direct maintenance cost.
T is the time period in months.
RSC is the recurring support cost per month.
n is the total number of units procured.
PC is the purchasing price of each unit.
AF is the amortization factor for time interval [0, T] and
is expressed by T divided by the expected life of
equipment.

PROBLEMS
1. Write an essay on maintenance models.
2. Define the term "warranty." What are the specific reasons for
providing warranties?
3. Describe the following classifications of warranties:
9 Ordinary free replacement warranty
9
Pro-rata warranty
9 Unlimited free replacement warranty
4. Assume that in Maintenance Model II, the values of the associated parameters are as follows"
tXoc = $1,200, ~mc = $500, IC = $65,000
Determine the optimum replacement interval. Comment on the
end result.
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5. Assume that an engineering system receives preventive maintenance per the policy described in Maintenance Model V. The
times to failure of the system are described by the Weibull
probability density function as follows:
f(y) =

2
(30)2 ye

The planned preventive replacement cost and the m i n i m u m
repair cost are $20 and $70, respectively. Determine the optimum
preventive replacement time.
6. A manufacturer of television sets intends to provide a one-year
warranty (per Warranty Model II) on its new model. The times
to failure of the new model are exponentially distributed, with
a failure rate of 0.001 failures per month. The estimated manufacturer's cost, excluding the warranty cost, of the new television set is $700. Determine the warranty reserve fund for a
production run of 600 television sets.
7. Assume that in Question 6, the manufacturer adopts an equivalent lump-sum warranty plan instead of the pro-rata plan. Compute the portion of the purchase price cost to be refunded to
customers. Also, prove that the total warranty reserve fund for
both the plans is same.
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CHAPTER

]_2,
Topics in Reliability
INTRODUCTION

As discussed in earlier chapters, reliability is an important factor
in engineering system designs. Its history in some ways goes back to
the 1930s when probability concepts were applied to problems of
electric power generation [ 1-3]. However, usually World War II, when
Germans applied basic reliability concepts to improve reliability of
their V1 and V2 missiles, is regarded as the real beginning of the
reliability field [4].
During the period between 1945 and 1950, the United States Air
Force, Navy, and Army performed various studies concerning failure
of electronic equipment, equipment repair, and maintenance cost. As
the result of their findings, the Department of Defense formed an
ad hoc group in 1950 on reliability of electronic equipment. Two years
later, this group became known as the Advisory Group on the Reliability
of Electronic Equipment (AGREE). In 1957, the group published a
report that included requirements for reliability tests, effects of storage
on reliability, and minimum acceptability limits. The report played an
instrumental role in setting specifications for the reliability of military
electronic equipment.
Two major developments in the mathematical theory of reliability
took place in the early 1950s [5]"
9 In 1951, Professor W. Weibull of the Royal Institute of Technology,
Stockholm, published a statistical distribution to represent the
breaking strength of materials [6].
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9 In 1952, D. J. Davis presented failure data and the results of
several goodness-of-fit tests for competing failure probability
distributions [7]. This work provided the support for the assumption of exponential failure distribution which is widely used today
to represent the failure behavior of various engineering items.
Also, in the early 1950s two important publications on reliability
appeared: Institute of Electrical and Electronic Engineers Transactions
on Reliability and the Proceedings of the National Symposium on
Reliability and Quality Control.
Since the 1950s the reliability field has developed into many
specialized areas, such as mechanical reliability, software reliability,
human reliability, and power system reliability. Today, there are over
five scientific journals fully or partially devoted to the field and more
than 100 books on the subject. References 8 and 9 provide comprehensive lists of publications on reliability.
This chapter describes various fundamental aspects of reliability
directly or indirectly relating to maintainability.

RELIABILITY A N D M A I N T A I N A B I L I T Y
The objective of both reliability and maintainability is to assure that
the system or equipment manufactured will be in a state of readiness
for operation when required, capable of carrying out its designated
functions effectively, and able to meet all the required maintenance
characteristics during its life span.

Reliability
As discussed in earlier chapters, reliability refers to the likelihood
that a product will be, during a given period, in adequate condition to
carry out its intended functions and that it will not experience failure.
Some general principles of reliability include design that precludes
or minimizes failure, that increases simplicity and the standardization
of parts, that uses parts with proven reliability, and that consider
human factors and safety issues [10].
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Maintainability
The concept of maintainability has already been well defined. As
discussed, some general principles of maintainability include lowering
or eliminating altogether the need for maintenance; reducing life cycle
maintenance costs; lowering the number, frequency, and complexity
of required maintenance tasks; establishing the extent of preventive
maintenance to be performed; reducing the mean time to repair; and
providing for maximum interchangeability [10].

B A T H T U B H A Z A R D RATE C O N C E P T
The bathtub hazard rate curve shown in Figure 12-1 is often used
to describe failure behavior of many engineering items. Its name comes
from the hazard rate's resemblance to the shape of a bathtub. For the
purpose of performing various reliability studies, the bathtub hazard
rate curve is divided into three regions: decreasing hazard rate region,
constant hazard rate region, and increasing hazard rate region [11-13].
The decreasing hazard rate region, in which the hazard rate
decreases with time, is also referred to as the infant mortality region,
debugging region, or burn-in period. From the manufacturer and
consumer perspectives, this region results in unnecessary repair costs
and interruption of product usage. Increasing the burn-in period prior
to shipment, making improvements in the manufacturing process, and
improving quality control activities can all minimize the occurrence
of early failures. Some of the reasons for failures in this region include
substandard workmanship and parts, poor manufacturing methods,
human error, inadequate quality control, and unsatisfactory debugging.
The constant hazard rate region is also known as the useful life
period of a product. This region begins at the end of the decreasing
hazard rate region and terminates at the start of the increasing hazard
rate period. As it can be seen from Figure 12-1, the hazard rate
remains fairly constant over time during this region; thus the times
to failure occurring during the useful life period may be described by
an exponential distribution. In real life, the exponential distribution
is normally used to represent the failure behavior of electronic parts
as they exhibit a fairly long period of useful life. It is assumed that
the failures occur randomly in the useful life region. Some of the
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Figure 12-1.

Bathtub hazard rate curve.

reasons for such failures are undetectable defects, low safety factors,
high unexpected random stress, abuse, and natural failures.
The increasing hazard rate region, in which the hazard rate increases
with time, is also known as the wear-out period. It begins at the end
of the useful life period of the item. The failures occurring in this
region are no longer random and their causes include aging, friction,
wrong overhaul practices, poor maintenance, and corrosion.

RELIABILITY TERMS, D E F I N I T I O N S ,
AND FORMULAS
Some of the important reliability related terms and definitions
are [11]"
9 Reliability. This is the probability that an item will carry out its
stated function adequately for the specified time interval when
operated according to the designed conditions.
9 Failure. This is the inability of an item to function within the
specified guidelines.
9 H a z a r d r a t e . This is the rate of change in the number of failed
items divided by the number of items that have not failed at time t.
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9 Active redundancy. This term indicates that all redundant items
are functioning simultaneously.
The following are some basic formulas related to reliability.

C u m u l a t i v e Distribution Function
This is defined by
t

F(t) = J" f(t)dt

(12.1)

0

where

F(t) is the cumulative distribution function or the failure probability at time t.
f(t) is the probability density function or failure density function.

Reliability Function
Subtracting Equation 12.1 from unity, we get the reliability function
t

R(t) - 1 - F(t) - 1 - f f ( t ) d t

(12.2)

0

Alternatively, the reliability function is defined as"
oo

R(t) = f f(t)dt

(12.3)

t
or

-i~,(t)dt

R(t) = e o
where ~,(t) is known as hard rate or instantaneous failure rate.
Note that Equations 12.2 through 12.4 yield the same result.

(12.4)
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Hazard Rate
This is expressed by
~(t) =

f(t)
R(t)

(12.5)

~(t) =

f(t)
1 - F(t)

(12.6)

or

Mean T i m e to Failure ( M T T F )
This can be defined in three different ways"
9 MTTF = S tf (t)dt

(12.7)

0

(12.8)

9 MTTF = S R(t)dt
0

(12.9)

9 M T T F = lim R ( s )
s---~0

where R(t) is the reliability at time t.
s is the Laplace transform variable.
R(s) is the Laplace transform of the reliability function.
Example

12-1

Analysis of the accumulated failure data for an electronic device
established that the times to failure of the device can be described by
the following probability density function:
f(t) = ~e -zt

(12.10)

where ~ is the distribution parameter or the constant failure rate of
the electronic device.
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Obtain expressions for the device's reliability, the device's hazard rate,
and the device's mean time to failure.
Inserting Equation 12.10 into Equation 12.2 yields
t

R ( t ) - 1 - f ~,e- ~,tdt - e- ~t

(12.11)

0

Substituting Equations 12.10 and 12.11 into Equation 12.5, we get
~e-~,t

~(t)-

e

-~.t

:

(12.12)

~

By inserting Equation 12.11 into Equation 12.8 we obtain
MTTF = i e-~tdt = ~1

(12.13)

0

Thus, the electronic device's reliability, hazard rate, and mean time
to failure are given by Equations 12.11, 12.12, and 12.13, respectively.

Example 12-2
Prove by using Equations 12.9 and 12.11 that the end result for
the electronic device's mean time to failure is same as given by
Equation 12.13.
The Laplace transform of a time function, f(t) is defined by [14]
oo

F(s) - ~ f(t)e-Stdt

(12.14)

o

where F(s) is the Laplace transform of f(t).
Substituting Equation 12.11 into Equation 12.14 yields

F(s)-

i

0

e-Xte-Stdt= f e-(S+X)tdt- e -(s+x)t 1o =
0

(s + ~,)

1
s+;~

(12.15)
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Thus, the Laplace transform of the electronic device's reliability
function is

R(s) = F ( s ) -

1

(12.16)

s+~,

Inserting Equation 12.16 into Equation 12.9, we get

MTTF - lim ~

1

s--,0 (s +

~,)

1
= --

(12.17)

~,

The result for the device's mean time to failure given by Equation 12.17 is exactly the same as given by Equation 12.13. It proves
that Equations 12.8 and 12.9 yield identical results.

STATIC STRUCTURES
These are those structures or networks whose unit reliability or
failure probability does not change with time. In other words, the
reliability remains constant. The basic static structures used in reliability
and maintainability work include series, parallel, and r-out-of-m units.

Series Structure
This is the simplest and perhaps the most commonly used structure
in reliability studies. In the series structure, it is assumed that all its
elements or units, as shown in Figure 12-2, are connected in series.
If any one of the units fails, the structure fails. More specifically, all
the structure units must function normally for the successful operation

Unit 1

Unit 2

Figure

~'J
p-~ Unit 3

12-2. A k unit series structure.

Unitk
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o f the structure. If the events x l, x 2, X 3 . . . . .
X k d e n o t e the success
o f units 1, 2, 3 . . . .
, k, respectively, as s h o w n in F i g u r e 12-2, the
p r o b a b i l i t y o f the series structure success is g i v e n by
Ps = Rs = P(Xl, x2, x3
where
P(Xl,

x2,

X3

.

.

.

(12.18)

" " " Xk)

R s is the series structure reliability.
X k ) is the p r o b a b i l i t y of o c c u r r e n c e o f success events
x 1, x 2, x 3, and x k.

F o r i n d e p e n d e n t events or unit failures, E q u a t i o n 12.18 b e c o m e s
R s = P(Xl)P(x2)P(x3)...
where

P(xi)
P(xi)

R i

P(x k) = R 1 R 2 R 3 . . .

Rk

(12.19)

R i, for i = 1, 2, 3 . . . .
, k.
is the p r o b a b i l i t y o f o c c u r r e n c e o f s u c c e s s e v e n t i, for
i=1,2,3
....
,k.
is the reliability o f unit i, for i = 1, 2, 3 . . . . .
k.
-

T h e series structure unreliability is g i v e n by
F~ = 1 - R~ = 1

-

R1R2R

(12.20)

3 . . . R k

Since the unreliability or failure probability of unit i plus its reliability
is a l w a y s equal to unity, the reliability of unit i can be e x p r e s s e d as
Ri = 1 - Fi
where

F 1

(12.21)

is the failure p r o b a b i l i t y of unit i, for i = 1, 2, 3, . . . , k.

Substituting E q u a t i o n 12.21 into E q u a t i o n s 12.19 and 12.20, w e get
R s = (1 - F1)(1 - F2)(1

-

F3)

. . .

(1 - Fk)

(12.22)

and
Fs= 1 -(1

-F~)(1-F2)(1

- F 3) . . .

(1 - F k )

(12.23)
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12-3

Assume that an aircraft has four independent and identical engines
and that all of them must operate normally for the aircraft to fly
successfully. If the reliability of each engine is 0.98, calculate the
probability of the aircraft flying successfully.
In this case we have k = 4, and R = R~ = R 2 = R 3 = R 4 = 0.98.
Substituting these specified values into Equation 12.19 yields
R s = (0.98)(0.98)(0.98)(0.98) = 0.9224
Thus the probability of the aircraft flying successfully is 0.9224.

Parallel Structure
In this case, the structure consists of k active units and at least one
of the k units must function normally for system success. The system
fails only when all of the k units fails. Figure 12-3 shows a block

Unit I

Unit 2
|,

Unit 3

Unit k

Figure

12-3. A parallel structure.
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diagram representing a parallel structure. Note that all the units in this
configuration are active and load sharing.
If the events x~, x 2, x 3 . . . . x k denote the failure of units 1, 2, 3,
. . . . k, respectively, as shown in Figure 12-3, the probability of the
parallel structure failure is expressed by

Ppf

-

(12.24)

Fp - P ( x 1X2 X 3 X k )

where F~is the failure probability of the parallel structure.
P(x~x 2 x 3x k) is the probability of occurrence of failure events x l,
x 2, x 3, and x k .
If all the units fail independently, Equation 12.24 can be written to
the following form:
Fp

-

P(xI)P(x2)P(x3)

.

.

.

P ( x k)

-

F1F2F

3 .

.

.

Fk

(12.25)

where P( x~ ) = F i , for i = 1, 2, 3 . . . . .
k.
P( x i ) i s the probability of occurrence of failure event i, for
i= 1,2,3,...,k.
F i is the failure probability or unreliability of unit i, for
i= 1,2,3,...,k.
Subtracting Equation 12.25 from unity, we get the following expression
for the parallel system reliability
1

Rp-

-

F1FzF

(12.26)

Fk

3 . ..

where Rp is the parallel system reliability.
Rearranging Equation 12.21 and substituting it into Equation 12.26 yields
Rp

-

1 -

(1 - R~)(1

-

R2)(1

-

R3)

...

(1 - Rk)

(12.27)

For identical units, Equation 12.27 simplifies to
Rp = 1 - (1 - R) k

(12.28)
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where R

= R i,

for i = 1, 2, 3 . . . . .

k.

For given Rp and known R, the number of units to be placed in parallel
can be obtained by rearranging Equation 12.28, for example,
ln(1k =

Rp)

(12.29)

l n ( 1 - R)

Example 12-4
An aircraft has two active, identical, and independent engines. At
least one of the engines must operate normally for the aircraft to fly
successfully. Calculate the probability of the aircraft flying successfully, if the probability of failure of an engine is 0.02.
Since the reliability plus failure probability of an engine is equal
to unity, we subtract the engine failure probability from unity to get
engine reliability
R= 1-0.02

=0.98

Substituting the values given into Equation 12.28 yields
Rp =

1 - (1

-

0.98) 2 =

0.9996

Thus the probability of the aircraft flying successfully is 0.9996.

Example 12-5
Reliability prediction studies showed the reliability of a subsystem
to be only 0.64. However, per design specification, the required
reliability of that subsystem is 0.97. Consequently, the decision was
made to increase the subsystem reliability through parallel redundancy.
Calculate the number of independent and identical subsystems that
must be connected in parallel to meet the required reliability.
Substituting the given data into Equation 12.29, we get
k-

ln(1-0.97) =3.43
ln(1 - 0.64)
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In order to meet the specified reliability target of 0.97, there must be
at least three units in parallel.

r~out-of-m Structure
In this case, a total of m active units are connected in parallel, out
of which at least r units must function normally for system success.
An example of this type of arrangement could be an aircraft with four
active engines, out of which three must operate normally for the
aircraft to fly successfully.
This structure reduces to parallel and series structures at r = 1 and
r = m, respectively. For independent and identical units, using the
binomial distribution, the r-out-of-m structure reliability is

m(m)

Rr/m E

Ri (1 - R)m-i

(12.30)

l:r

where Rr/m is the r-out-of-m structure reliability.
m)
i -

m!
i ! ( m - i)!

(12.31)

R is the unit reliability.

Example 12-6
An engineering system consists of three active, independent, and
identical subsystems. At least two subsystems must function normally
for the successful operation of the system. If a subsystem's reliability
is 0.9, calculate the probability of the system operating successfully.
Using Equations 12.30 and 12.31, we get

3()

R2/3 - E 3i R i (1 - R)3-i
i=2
3,
= i!(3 - i)!

(12.32)

(12.33)

Topics in Reliability

237

Simplifying Equation 12.32 results in

R2/3 =

El

3 ! R 2 (1 - R) +
2!1!

E3' ]
3!O!

R3

= 3

R2

- 2

R3

(12.34)

Since R = 0.9, Equation 12.34 yields
R2/3 = 0.9720
Thus the probability of the system operating successfully is 0.9720.

DYNAMIC

STRUCTURES

In these structures, the unit reliability is a function of time. In other
words, dynamic structures are basically the same as static structures
except that their unit reliability varies with time. The reason for the
time-dependent unit reliability is the representation of the unit times
to failure by exponential, Rayleigh, Weibull, normal, and other statistical distributions.
Some of the basic dynamic structures used in reliability and maintainability work are series, parallel, r-out-or-m, and standby.

Series Structure
This structure is basically the same as the static series structure
except that the times to unit failures are described by one or more
probability distributions.
Thus in this case, for independent units the series system reliability
from Equation 12.19 is
Rs(t ) = R l ( t ) R 2 ( t ) R 3 ( t ) . . . Rk(t)

(12.35)

where Rs(t) is the series system reliability at time t.
Ri(t ) is the reliability of unit i at time t, for i = 1, 2, 3 . . . . .

k.

For exponentially distributed times to failure of each unit, the unit i
reliability from Equation 12.11 is
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R i ( t ) - e -kit

where

~'i

(12.36)

is the constant failure rate of unit i.

Inserting Equation 12.36 into Equation 12.35 yields
k

e-kit

R s (t) = I I

(12.37)

i=l

Inserting Equation 12.37 into Equation 12.8 yields the following
expression for the series system mean time to failure"
oo k
MTTFs

= S I " l e-kitdt 0 i-1

k

(12.38)

i=l

where MTTF s is the series system mean time to failure.
The hazard rate of an item may be defined by
1

~,(t)-

R(t)

dR(t)
dt

(12.39)

where ~,(t) is the item hazard rate or time dependent failure rate.
R(t) is the item reliability at time t.
Inserting Equation 12.37 into Equation 12.39 yields the following
expression for the series system hazard rate:
k

L(t) - ~ Li

(12.40)

i=l

It means that whenever we add units' failure rates, we automatically
assume the system units are acting in series. In other words, if any one
of the unit fails, the system fails. This is the worst case design scenario.
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Example 12-7
Assume that a four-wheel automobile's independent and identical
tires have a failure rate of 0.0001 failures per hour. The times to
failures of the tires are exponentially distributed. Calculate the reliability of the automobile with respect to tires over 12 hours of operation.
Substituting the given data into Equation 12.37 yields
Rs(12)

-

[e-(~176176176

4 =

0.9952

The reliability is 0.9952.

Parallel Structure
This structure was described earlier for the static case. As with
the series time-dependent structure, for independent units from Equation 12.26, the parallel structure reliability is
Rp(t) = 1 - Fl(t)F2(t)F3(t ) . . .

Fk(t )

(12.41)

where Rp(t) is the parallel system reliability at time t.
Fi(t ) is the failure probability or unreliability of unit i at time
t, for i = 1 , 2 , 3 , . . . , k .
For exponentially distributed times to failure of each unit, subtracting
Equation 12.36 from unity, the unit i failure probability at time t is
Fi(t) = 1 -

(12.42)

e -~'it

Substituting Equation 12.42 into Equation 12.41 yields
k

Rp(t) = 1 - H (1

-

e -~'it )

(12.43)

i=l

For identical units, Equation 12.43 simplifies to
Rp(t) = 1 - (1 - e-;~t)k

(12.44)
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where )~ is the constant failure rate of a unit.
Inserting Equation 12.44 into Equation 12.8 yields

MTTFp =

[1

-

(1

-

e -~'t )k ]dt = ~- i=l 1

(12.45)

0

where MTTFp is the parallel system mean time to failure.

Example 12-8
A computer has two independent and identical central processing
units (CPUs) working simultaneously in parallel. The failure rate of
a CPU is 0.005 failures per hour. Calculate the mean time to failure
of the parallel system with two CPUs.
Substituting the given data into Equation 12.45 yields

1
~ 1 _ 300 hours
MTTFp = (0.005) i=l T

(12.45)

Thus the mean time to failure of the parallel system with two CPUs
is 300 hours.

r-out-of-m Structure
This structure was described earlier as a static structure. As is the
case of series and parallel structures, the time-dependent reliability of
the r-out-of-m structure with independent and identical units and
exponentially distributed unit failure times is

Rr/m(t)

- ~
i=r

(m/

e-i)~t(1 - e-Z't) m-i

i

(12.46)

where Rr/m(t) is the reliability of the r-out-of-m structure at time t.
~, is the unit constant failure rate.

241

Topics in Reliability

Inserting Equation 12.46 into Equation 12.8 yields

[ (/m e-i~t(l_ e-~t)m-i]at :',t
~ 1

~~r,,m - S ~
0

i=r

(12.47)

i=r 1

where MTTFr/m is the r-out-of-m structure mean time to failure.

Example 12-9
An aircraft has four independent and identical active engines, and
at least three must operate normally for the aircraft to fly successfully.
Calculate the probability of the success of an l 1-hour mission, if the
failure rate of each engine is 0.0006 failures per hour.
Using the specified values in Equation 12.46, the aircraft's reliability is

4()

R3/4(11) = E

4i

i=3

e-i(o.oo06)(ll) [1 _ e-(O.OO06)(ll) ]4-i

= 4 e -3(~176176176 - 3 e --4(~176176176= O.

9997

Thus the probability of success is 0.9997.

Standby Structure
The standby structure represents a form of redundancy in which
only one unit operates and k units remain in their standby mode.
Whenever the operating unit fails, it is immediately replaced by one
of the standby units. The standby structure fails only when the operating unit and all the standby units fail. Figure 12-4 is a block diagram
representing the standby structure.
For (k + 1) independent and identical units with exponentially
distributed times to failures, the reliability of the standby structure
is [11]
k

Rss (t) - e -zt ~ (~'t
i-0 i!

)i

(12.48)
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Operating unit

1.

Standby unit I

Standby unit 2
I
I
I
I

Standby unit k

Figure 12-4. Block diagram of a (k + I) unit standby system.

where RsB(t) is the reliability of the standby structure at time t.
~, is the constant failure rate of a unit.
Note that Equation 12.48 involves the following two assumptions"
9 The switching mechanism to replace the failed unit with a good
one never fails.
9 The standby units remain as good as new in their standby mode.
Substituting Equation 12.48 into Equation 12.8, we get the following
expression for the standby structure mean time to failure:

MTTFsB = S
0

e-~'t
i=O

(~t)i
i!

dt - k + 1
~,

where MTTFsB is the standby structure mean time to failure.

(12.49)
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Example 12-10
Assume that a system has two independent and identical pumps
operating in the standby structure arrangement---only one pump operates
and the other remains in its standby mode. Calculate the reliability of
the standby structure for a 10-hour mission, if the pump failure rate
is 0.004 failures per hour and the switching mechanism to replace the
failed pump is perfect. Use Equation 12.48 to obtain the end result.
Substituting the specified data into Equation 12.48 yields
I
]i
RsB(10 ) _ e_(0.004)(10) ~ [ ( 0 . 0 0 4 ) ( 1 0 )
i-0
i!

= e-~~176176176+ (0.004)(10)] - 0.9992
The reliability of the pump standby structure is 0.9992.

SYSTEM A V A I L A B I L I T Y
System or item availability is one of the most important measures
of maintained systems or items since it takes into consideration both
reliability and maintainability. More specifically, availability takes into
account both failure and repairability of a system. This section discusses three different types of availability: instantaneous availability,
steady state availability, and average up-time availability.

Instantaneous and Steady State Availabilities
A problem concerning failure and repair of a system can demonstrate the concept of instantaneous availability. For constant failure and
repair rate, the Markov technique can give the instantaneous or timedependent availability of a single item or system [14]. Figure 12-5
presents the state space diagram of a single repairable system. The
numerals in the box and in the triangle of Figure 12-5 denote system
state. The system represented by the diagram can either be in operating
or failed state. The numeral 0 denotes the system operating state and
the numeral 1 denotes the system failed state.
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~,f
System operating

A
~'~r

Figure

12-5. System state

space

diagram.

The Markov technique is based on the following assumptions:
9 The probability of transition from one state to another in a finite
time interval t is given by ~f t, as in the case of Figure 12-5,
where ~f is the constant failure rate from the system operating
state to the system failed state. Similarly, the probability of
transition from system state 1 to system state 0 in finite time t
is given by ~r t, where p r is the system constant repair rate.
9 The probability of more than one transition from one state to
another in a finite time interval t is negligible.
9 All the occurrences are independent of each other.
9 System failure and repair times are exponentially distributed.
Using the Markov technique and Figure 12-5 we write the following
equations"
P0(t + t) = P 0(t)(1 - ~,f t) + P l(t)lLlr t

(12.50)

Pl(t + t) = P l(t)(1 - ~r t) + P 0(t)~f t

(12.51)

where

~f is the system constant failure rate.
Pr is the system constant repair rate.
P0(t) is the probability that the system is in operating state 0 at
time t.
Pl(t) is the probability that the system is in failed state 1 at time t.
(1 - ~,f t) is the probability of no failure in time interval t when the
system is in state 0.
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Po(t + t) is the probability of the system being in operating state 0
at t i m e t + t.
(1 - [.if t) is the probability of no repair in time interval t when the
system is in state 1.
Pl(t + t) is the probability of the system being in failed state 1 at
time t + t.
~,f t is the probability of system failure in time interval t.
[aft is the probability of accomplishing system repair in time
interval t.
In the limiting case Equations 12.50 and 12.51 become
lim P~

+ A t ) - Po(t) = dPo(t) = pl(t)lLt r _ Po(t)~,f
At
dt

(12.52)

lim Pl(t + A t ) - P0(t) = dPl(t ) = Po(t)~,f _ Pl(t)ktr
At--->0
At
dt

(12.53)

at~o

At time t = 0, Po(0) = 1 and P~(0) = 0.
Solving Equations 12.52 and 12.53, we get [11]
~r
+
~f
e-(~.t+~tr)t
Po (t) = ~f + ~r
~f + ~r

(12.54)

and
~f
~f
e-(~,t+Br)t
P1 ( t ) = ~,f + ~l'r -- ~f + ~r

(12.55)

Thus, the system's instantaneous availability is given by

•L
r

AV(t) = P o ( t ) = ~f + ['l'r

+

~f
e-(~f+~tr)t
~f + ~r

(12.56)

where AV(t) is the system's instantaneous availability. It can be
obtained for any specified time t.
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The system steady state availability is expressed by
AV = lim AV(t)
t---~oo

(12.57)

For our case, we substitute Equation 12.56 into Equation 12.57 to get

AV=

~-Lr

(12.58)

~ f q- ~ r

This equation gives the steady state availability of a single repairable system.

Example 12-11
Assume that the constant failure and repair rates of a computer are
0.0001 failures per hour and 0.0005 repairs per hour, respectively.
Calculate the computer's steady state availability.
Inserting the specified data into Equation 12.58 yields

AV =

0.005
= 0.9804
0.0001 + 0.005

Thus the steady state availability of the computer is 0.9804.

Average Up-Time Availability
This is an important measure whenever it is desirable to state
availability requirements with respect to the proportion of time in a
given time period, say 0 to T, that the system or item is available for
service. This availability is probably the most useful measure for systems
whose usage is defined by a duty cycle. One example is a tracking
radar system [15]. The average up-time availability is defined by

1
mw a (T) - T

T

S AV(t)dt
0

(12.59)
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where AVa(T ) is the average up-time availability of a system or item.
AV(t) is the instantaneous availability of a system or item.

RELIABILITY DATA SOURCES
The availability of reliability data is an important component in
reliability studies. Without good failure data, the studies can lead to
incorrect results concerning the reliability of products or items. Over
the years, there has been significant effort to collect and analyze
various types of failure data. Some important sources for obtaining
reliability data are:
9 MIL-HDBK-217, Reliability Prediction of Electronic Equipment.
Department of Defense, Washington, D.C. This is probably the
most widely used document to compute failure rates of electronic
parts.
9 NERC Data, The National Electric Reliability Council (NERC),
New York. NERC publishes failure data collected from the United
States power plants annually.
9 GIDEP Data. The Government Industry Data Exchange Program
(GIDEP) is a computerized data bank managed by the GIDEP
Operations Center, Fleet Missile Systems, Analysis and Evaluation
Group, Department of Defense, Corona, California.
9 FARADA (F___aailureR___aateData). These are reports containing part
failure probabilities derived from Department of Defense and
National Aeronautics and Space Administration experience. The
reports are released by the Fleet Missile Systems, Analysis and
Evaluation Group, Department of Defense, Corona, California.

PROBLEMS
1. Define the following terms:
9 Reliability
9 Maintainability
9 Availability
2. Discuss the relationship between product reliability and
maintainability.
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3. Write an essay on reliability engineering by emphasizing its
history.
4. Write down the probability density function of a distribution
that can represent the bathtub hazard rate curve.
5. Prove that the reliability of an item is given by

-i~,(t)dt
R(t) = e 0
where R(t) is the item reliability at time t.
~,(t) is the hazard rate of the item.
6. Prove that the meantime to failure (MTTF) of an item is expressed by
MTTF = lim R (s)

s--40

where s is the Laplace transform variable.
R(s) is the Laplace transform of the item reliability function, R(t).
7. Prove that the mean time to failure of a system is given by
1

1
-

1

~

MTTF = ~11 ~ ~'2

(~'1 + ~'2)

where ~,1 is the constant failure rate of unit 1.
~,2 is the constant failure rate of unit 2.
8. An aircraft has three independent and identical active engines.
At least two engines must work normally for the aircraft to fly
successfully. If the failure rate of an engine is 0.0007 failures
per hour, calculate the probability of the aircraft flying successfully for 8 hours. State any assumptions made in performing
your calculations.
9. Prove using the Markov method that the reliability of a twounit standby system (one unit operating, the other on standby)
is given by
RSB(t)

=

e-Z't(1 + ~,t)

where ~, is the constant failure rate of a unit.
t is time.
State any assumptions associated with your proof.
10. Write an essay on the importance of failure data.
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