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Preface for the First Edition

The purpose of this book is to provide readers with the tools needed for making data-
driven physical asset management decisions. It grew out of lectures given to under-
graduate and postgraduate students of various engineering disciplines or operational
research, and from continuing professional development courses for managers, pro-
fessionals, and engineers interested in decision analysis of maintenance and asset
management. The contents have been used to support such courses, conducted by
both authors individually or together, on numerous occasions in different parts of the
world over the years. The presentation of the decision models discussed in Chapters
2 through 5 follows a structure comprising: Statement of Problem, Construction of
Model, Numerical Example, and Further Comments. In addition, the application
of each model is illustrated with at least one example—the data in most of these
illustrative examples have been sanitized to maintain the confidentiality of the com-
panies where the studies were originally undertaken.

This book is solidly based on the results of real-world research in physical asset
management (PAM), including applications of the models presented in the text. The
new knowledge thus created is firmly rooted in reality, and it appears for the first
time in book form. Among the materials included in this book are models relating to
spare-parts provisioning, condition-based maintenance, and replacement of equip-
ment with varying levels of utilization. The risk of failure, characterized by the haz-
ard function, is an important element in many of the models presented in this book. It
is determined by fitting a suitable statistical model to life data. As Abernethy states,
“Weibull analysis is the leading method in the world for fitting life data” (page 1-1,
The New Weibull Handbook, second edition, Gulf Publishing Company, Houston,
TX, 1996); Appendix 2 addresses Weibull analysis. This appendix contains a section
that deals with trend analysis of life data, a vital issue to consider before undertaking
a Weibull analysis.

To eliminate the tedium of performing the analysis manually, software that imple-
ments many of the procedures and models featured in this book has been developed.
The educational versions of such software are packaged into MORE (Maintence,
Optimization, and Reliability Engineering), tools that can be downloaded free from
the publisher’s Web site at http://www.crcpress.com/product/isbn/9781466554856.
These software packages include:

e OREST (acronym for Optimal Replacement of Equipment in the Short
Term)—introduced in Chapter 2, Section 2.14

e SMS (acronym for Spares Management Software)—introduced in Chapter
2, Section 2.12.4

e PERDEC (acronym for Plant and Equipment Replacement Decisions) and
AGE/CON (based on the French term L'Age Economigue)—introduced in
Chapter 4, Section 4.7

e Workshop Simulator—introduced in Chapter 5, Section 5.4.3
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e Crew Size Optimizer—introduced in Chapter 5, Section 5.6.3
e WeibullSoft—introduced in Appendix 2, Section A2.6

This book can be used as a textbook for a one-semester senior undergraduate or
postgraduate course on maintenance decision analysis. Problem sets with answers
are provided at the end of each chapter that presents the decision tools. Additional
resources are available to support the use of this book. These include an extensive set of
PowerPoint slides covering the various chapters and Appendices 1, 2, and 6, and a solu-
tions manual for the problems in the book. Instructors who adopt the book can obtain
these resources by contacting Susie Carlisle at susie.carlisle@taylorandfrancis.com.

If the book is used as a teaching text, many of the “Further Comments” sections
should generate sufficient ideas for the reader to specify problems different from
those given in the text, so that he can then practice the construction of mathematical
models.

The book can also be used for a 3- to 4-day continuing professional development
course for maintenance and reliability professionals. Such students may wish to omit
the details on the formulation of the models and just focus on the “Applications”
sections. They are advised to delve into the models only when they are prepared to
invest the time and effort necessary to understand the underpinning theories—to
borrow a statement articulated by an anonymous high school teacher, “Mathematical
modeling is not a spectator sport.”

The real-world applications given in Chapters 2 to 5 highlight the practical uses
of the decision tools presented in this book. Readers interested in exploring the pos-
sibility of applying these tools or their extensions to address specific problems may
find it useful to refer to the expanded list of applications given in Appendix 7.

With much data becoming available, we often find ourselves in the bewildering
position of being data rich but information poor. We may have all the raw data we
will ever need at our fingertips. However, unless we can interpret and use such data
intelligently, it is of little use. To transform the data into information useful for deci-
sion making, we need the appropriate tools, such as those presented in this book.

The more you do, the more you can do. We suggest that maintenance and reli-
ability professionals apply the knowledge acquired in this book initially to address
a simple maintenance problem within their organization. In this manner, they can
gain confidence in using the tools featured in this book, and later apply them in more
challenging situations.

Andrew K.S. Jardine and Albert H.C. Tsang, 2005



Preface for the Second Edition

When we produced the first edition of this book in 2006, it was for the purpose of
providing readers with the tools needed for making evidence-based asset manage-
ment decisions. We certainly succeeded! Colleagues, students, and practicing main-
tenance and reliability engineers have used our ideas in real-life situations and cited
us in their studies. They have told us how important our book has been to them.
However, research is ongoing and relentless. In only a few short years, things have
changed, and we are delighted to have the opportunity to prepare a second edition.
We want our work to have ongoing relevance to the asset management community.

There is a developing demand in universities and colleges for courses, including
graduate programs, in the general areas of Reliability, Maintainability, Enterprise
Asset Management, Physical Asset Management, and Reliability and Maintainability
Engineering. We know from talking to reliability and maintenance professionals
that there is also a burgeoning demand for educational tools that can be used to
optimize their real-world asset management decisions. Since much of our material
is based on lectures given to undergraduate and postgraduate students of various
engineering disciplines or operational research, and on materials used in profes-
sional development courses given to asset management stakeholders such as man-
agers, professionals, and engineers interested in decision analysis of maintenance
and asset management, we are secure in the knowledge that this second edition has
continued relevance.

We developed software to implement procedures and models presented in the
first edition. This software has been regularly updated, and the most recent educa-
tional versions are available free on the publisher’s Web site. In this edition, these
tools are used in the following applications: optimizing life cycle costing decisions;
optimizing maintenance tactics such as preventive replacement strategies; optimiz-
ing inspection policies such as predictive maintenance and failure finding intervals;
and optimizing resource requirements such as establishing maintenance crew sizes.

As the book focuses on tools for asset management decisions that are data driven,
it provides a solid theoretical foundation for various tools (mathematical models)
that, in turn, can be used to optimize a variety of key maintenance/replacement/
reliability decisions. The effectiveness of these tools is demonstrated by cases illus-
trating their application in a variety of settings, including food processing, petro-
chemical, steel and pharmaceutical industries, as well as the military, mining, and
transportation (land and air) sectors. All applications are those in which we have
been personally involved as consultants/advisors to industry; thus, our theories and
methodologies are grounded in the real world. Simply stated, no other book on the
market addresses the range of methodologies associated with, or focusing on, tools to
ensure that asset management decisions are optimized over their life cycle.

What is different about this edition? Many parts of the book have been updated,
and new materials have been added. Chapter 1 has three new sections: (1) the role
of maintenance in sustainability issues, (2) PAS 55, a framework for optimizing
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management of assets, and (3) data management issues, including cases where data
are unavailable or sparse. Chapter 2 now discusses how candidates for component
replacement can be prioritized using the Jack-knife diagram. Three new appendices
support the tools introduced in the book: Maximum Likelihood Estimator (MLE),
Markov chains and knowledge elicitation procedures based on a Bayesian approach
to parameter estimation. E-learning materials now supplement two previous appen-
dices (Statistics Primer and Weibull Analysis). Finally, we have updated the appen-
dix “List of Applications of Maintenance Decision Optimization Models.”

The book will be a valuable textbook for undergraduate or postgraduate courses
on maintenance decision analysis; problem sets with answers are provided at the
end of each chapter, and additional resources are available, including an extensive
set of PowerPoint slides and a solutions manual. Instructors who adopt the book can
obtain these resources from the publisher’s Web site. The book is also appropriate for
three to four-day continuing professional development courses for maintenance and
reliability professionals. Outside the classroom, we expect that upper level under-
graduate engineering students and graduate students of management who focus
on operations management and engineering graduate students addressing issues of
maintenance and reliability engineering will use the book as a reference, as will
executives responsible for the construction, management, and disposal of all asset
classes (such as plant, equipment, and IT assets), consultants responsible for opti-
mizing life cycle decisions for clients and maintenance, and reliability professionals
within an organization.

We are happy to offer an updated and enhanced version of an important resource
for thousands of maintenance engineers.

Andrew K.S. Jardine and Albert H.C. Tsang, 2013
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Abstract

Reliability-centered maintenance (RCM) determines the type of maintenance tac-
tics to be applied to an asset for preserving system function. While it answers the
question of “What type of maintenance action needs to be taken?” the issue of when
to perform the recommended maintenance action that will produce the best results
remains to be addressed. Taking a longer-term perspective, we have to make deci-
sions on asset replacement in the best interests of the organization, and determine
the resource requirements of asset management that will meet the business needs
of organizations cost-effectively. This book shows how evidence-based asset man-
agement procedures and tools can be used to address these important optimization
issues in the organization’s pursuit of excellence in asset management.

A framework that organizes the key areas of maintenance and replacement deci-
sions is presented in the beginning, setting the scene for the range of problems
covered in the book. This is followed with discussions that highlight the principles
associated with optimization, model construction, and analysis. The problem areas
studied include preventive replacement intervals, inspection frequencies, condition-
based maintenance actions, capital equipment replacement, and maintenance
resource requirements. The models presented are firmly rooted in reality, as they are
based on the results of real-world research and applications. The relevant statistics,
Weibull analysis tools, probability theories, knowledge elicitation procedure, and
time value of money concepts that support formulation of maintenance models are
given in the appendices.

There is a developing demand in universities, colleges, and professional bod-
ies for courses in the general areas of Reliability/Maintainability/Enterprise Asset
Management/Physical Asset Management/Reliability and Maintainability Engineer-
ing. This book will have a significant role to play in such courses. It will also meet
the increasing demand of practicing maintenance and reliability professionals for
knowledge of tools that can be used to optimize their maintenance and reliability
decisions.
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Introduction

The two rules of good modeling:

e Clearly define the question to be answered with the model
e Make the model no more complex than necessary to answer the question

—John Harte

1.1  FROM MAINTENANCE MANAGEMENT TO
PHYSICAL ASSET MANAGEMENT

According to the classic view, the role of maintenance is to fix broken items. Taking
such a narrow perspective, maintenance activities will be confined to the reactive
tasks of repair actions or item replacement triggered by failures. Thus, this approach
is known as reactive maintenance, breakdown maintenance, or corrective mainte-
nance. A more recent view of maintenance is defined by Geraerds (1985) as “all
activities aimed at keeping an item in, or restoring it to, the physical state considered
necessary for the fulfillment of its production function.” Obviously, the scope of
this enlarged view also includes proactive tasks, such as routine servicing and peri-
odic inspection, preventive replacement, and condition monitoring. Depending on
the deployment of responsibilities within the organization, these maintenance tasks
may be shared by several departments. For instance, in an organization practicing
total productive maintenance (TPM), the routine servicing and periodic inspection
of equipment are handled by the operating personnel, whereas overhauls and major
repairs are done by the maintenance department (Nakajima 1988). TPM will be dis-
cussed in more detail in Section 1.5.

If the strategic dimension of maintenance is also taken into account, it should
cover those decisions taken to shape the future maintenance requirements of the
organization. Equipment replacement decisions and design modifications to enhance
equipment reliability and maintainability are examples of these activities. The
Maintenance Engineering Society of Australia (MESA) recognizes this broader per-
spective of maintenance and defines the function as “the engineering decisions and
associated actions necessary and sufficient for the optimization of specified capabil-
ity.” Capability, in the MESA definition, is the ability to perform a specific action
within a range of performance levels. The characteristics of capability include func-
tion, capacity, rate, quality, responsiveness, and degradation. The scope of mainte-
nance management, therefore, should cover every stage in the life cycle of technical
systems (plant, machinery, equipment, and facilities): specification, acquisition,
planning, operation, performance evaluation, improvement, and disposal (Murray
et al. 1996). When perceived in this wider context, the maintenance function is also
known as physical asset management (PAM).
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1.2 CHALLENGES OF PAM

The business imperative for organizations seeking to achieve performance excel-
lence demands that these organizations continuously enhance their capability to cre-
ate value for customers and improve the cost-effectiveness of their operations. PAM,
an important support function in businesses with significant investments in plants
and machinery, plays an important role in meeting this tall order.

The performance demanded of PAM has become more challenging as a result of
the four developments discussed below.

1.2.1 EMERGING TRENDS OF OPERATION STRATEGIES

The conventional wisdom of embracing the concept of economy of scale is losing
followers. An increasing number of organizations have switched to lean manufactur-
ing, just-in-time production, and six-sigma programs. These trends highlight a shift
of emphasis from volume to quick response, elimination of waste, reduced stock
holding, and defect prevention. With the elimination of buffers in such demand-
ing environments, breakdowns, speed loss, and erratic process yields will create
immediate problems in the timely supply of products and services to customers.
Installation of the right equipment and facilities, optimization of the maintenance of
these assets, and the effective deployment of staff to perform maintenance activities
are crucial factors to support these operation strategies.

1.2.2 TOUGHENING SOCIETAL EXPECTATIONS

There is widespread acceptance, especially in the developed countries, of the need
to preserve essential services, protect the environment, and safeguard people’s safety
and health. As a result, a wide range of regulations have been enacted in these coun-
tries to control industrial pollution and prevent accidents in the workplace. Scrap,
defects, and inefficient use of materials and energy are sources of pollution. They are
often the result of operating plant and facilities under less than optimal conditions.
Breakdowns of mission-critical equipment interrupt production. In chemical produc-
tion processes, a common cause of pollution is the waste material produced during
the start-up period after production interruptions. Apart from producing waste mate-
rial, catastrophic failures of operating plants and machinery are also a major cause of
outages of basic services, industrial accidents, and health hazards. Keeping facilities
in optimal condition and preventing critical failures are effective means of managing
the risks of service interruptions, pollution, and industrial accidents. These are part
of the core functions of PAM.

1.2.3 TecHNoLocGicAL CHANGES

Technology has always been a major driver of change in diverse fields. It has been
changing at a breathtaking rate in recent decades, with no signs of slowing down
in the foreseeable future. Maintenance is inevitably under the influence of rapid
technological changes. Nondestructive testing, transducers, vibration measurement,
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thermography, ferrography, and spectroscopy make it possible to perform nonintru-
sive inspection. By applying these technologies, the condition of equipment can be
monitored continuously or intermittently while it is in operation. This has given birth
to condition-based maintenance (CBM), an alternative to the classic time-driven
approach to preventive maintenance.

Power electronics, programmable logic controllers, computer controls, transpon-
ders, and telecommunications systems are used to substitute electromechanical sys-
tems, producing the benefits of improved reliability and flexibility, small size, light
weight, and low cost. Fly-by-wire technology, utilizing software-controlled elec-
tronic systems, has become a design standard for the current generation of aircraft.
Flexible manufacturing cells and computer-integrated manufacturing systems are
gaining acceptance in the manufacturing industry. In some of the major cities, con-
tactless smartcards have gained acceptance as a convenient means of making pay-
ments. In the electric utility industry, automation systems are available to remotely
identify and deal with faults in the transmission and distribution network. Radio
frequency identification (RFID) technology can be deployed to track mobile assets
such as vehicles. Data transmitted to RFID tags from sensors embedded in mission-
critical assets can be used for health monitoring and prognosis.

The deployment of these new technologies is instrumental to enhancing system
availability, improving cost-effectiveness, and delivering better or innovative ser-
vices to customers. The move presents new challenges to asset management. New
knowledge has to be acquired to specify and design these new technology-enabled
systems. New capabilities have to be developed to commission, operate, and main-
tain such new systems. During the phase-in period, interfacing old and new plants
and equipment is another challenge to be handled by the PAM function (Tsang 2002).

1.2.4 INCREASED EMPHASIS ON SUSTAINABILITY

Sustainability is a concept that demands all developments to be sustainable in the
sense that they “meet the needs of the present without compromising the ability of
future generations to meet their own needs” (Brundtland Commission Report 1987).
There are three pillars of sustainability representing environmental, societal, and
economic demands; these are also known as the triple bottom lines. Sustainability
is gaining importance in today’s business environment. In response to this busi-
ness imperative, companies realize that solely focusing on operational excellence
will no longer be sufficient to stay competitive; they need to address sustainability
demands as business-critical issues. Regulations, social awareness and responsibil-
ity, standards, and corporate citizenship are some of the many forces that are pushing
companies to become more sustainable. In the manufacturing sector, maintenance
is becoming a crucial competency in realizing a sustainable society especially
when considering the entire life cycle of products and assets. As a result, the role
of PAM has evolved. Companies successful in their sustainability efforts adopt a
holistic approach to managing their assets, in which PAM is not addressed in isola-
tion, but in the context of the business supported by these assets. Total cost of own-
ership, life cycle performance, energy consumption, asset disposal, and safety are
all parameters that can be effectively optimized by the application of appropriate
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methodologies of and tools for PAM. For example, the right maintenance approach
can add value to the organization by enabling maintenance decision-makers to plan
interventions that consider sustainability demands. Consequently, the integration of
factors related to sustainability is increasingly emphasized in PAM. As such, “sus-
tainable” is enshrined as one of the key principles and attributes of successful asset
management in PAS 55, a framework for the optimized management of physical
assets, which will be introduced in Section 1.4.

1.3 IMPROVING PAM

To meet the challenges identified in Section 1.2, organizations need to focus on
improving the performance of their physical assets. This can be accomplished by
having a clear strategy, the right people and systems, appropriate tactics, and con-
trolled work through planning and scheduling, maintenance optimization, and pro-
cess reengineering.

1.3.1 MAINTENANCE EXCELLENCE

A survey conducted by the Plant Engineering and Maintenance magazine
(Robertson and Jones 2004) indicated that maintenance budgets ranged from 2%
to 90% of the total plant operating budget, with the average being 20.8%. It can be
reasoned that operations and maintenance represent a major cost item in equipment-
intensive industrial operations. These operations can achieve significant savings in
operations and maintenance costs by making the right and opportune maintenance
decisions. Unfortunately, maintenance is often the business process that has not been
optimized. Instead of being a liability of business operations, achieving excellence
in maintenance will pay huge dividends through reduced waste and maximized effi-
ciency and productivity, thereby improving the bottom line. Maintenance excellence
is many things, done well. It happens when:

e A plant performs up to its design standards and equipment operates
smoothly when needed

e Maintenance costs are within budget and investment in new assets is
reasonable

e Service levels are high

e Turnover of maintenance, repair, and operation materials inventory is fast

e Tradespersons are motivated and competent

Most important of all, maintenance excellence is concerned with balancing per-
formance, risks, and the resource inputs to achieve an optimal solution. This is not an
easy task because much of what happens in an industrial environment is character-
ized by uncertainties.

The structured approach to achieving maintenance excellence is shown in Figure 1.1
(Campbell 1995). There are three types of goals on the route to maintenance excel-
lence (Campbell et al. 2011), and they are discussed in the sub-sections that follow.
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FIGURE 1.1  Structured approach to achieving maintenance excellence.
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1.3.1.1 Strategic

First, you must draw a map and set a course for your destination. The map comprises
a vision of the asset management performance to be achieved and an assessment
of the current level of performance; the difference between the two is known as
the performance gap. The asset management strategy embraced by the organization
informs the course of action for closing the gap. The resource requirements and time
frame also need to be considered in developing the action plans. These management
activities provide leadership for the maintenance effort and are depicted as the first
layer in Figure 1.1.

1.3.1.2 Tactical

With the assets in place to support operations, you need a work management system
(planning and scheduling) and a materials management system to control mainte-
nance processes. Tactics to manage the risk of asset failures are selected. The options
include time-based maintenance actions, time-based discard, CBM, run-to-failure,
fault-finding tests, and process or equipment redesign. Data relating to equipment
histories, warranty, and regulatory requirements, as well as the status of mainte-
nance work orders, must be documented and controlled. Typically, such data are
managed by a computerized maintenance management system (CMMS) or enter-
prise asset management (EAM) system.

Performance indicators relating to various aspects of the maintenance service
are tracked to evaluate the performance of asset management (see, e.g., Wireman
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1999). Ideally, the measurement system must be holistic, and apart from providing
information for process control, it should also influence people’s behavior so that
their efforts are aligned with the strategic intent of the organization’s asset manage-
ment. The balanced scorecard (Kaplan and Norton 1996) provides such an approach
to measurement and is developed on the notion that no single measure is sufficient
to indicate the total performance of a system. It translates the organization’s strategy
on maintenance into operational measures in multiple dimensions (such as financial,
safety, users, internal processes, and organizational development) that collectively
are critical indicators of current achievements as well as powerful drivers and pre-
dictors of future asset performance. Examples of balanced scorecards for measuring
asset management performance can be found in the work of Niven (1999) and Tsang
and Brown (1999).

1.3.1.3 Continuous Improvements

In pursuit of continuous improvement, two complementary methodologies that
reflect different focuses are available to enhance the reliability (uptime) of physical
assets. These methodologies are:

» Total productive maintenance (TPM)—a people-centered methodology
* Reliability-centered maintenance (RCM)—an asset-centered methodology

These are discussed in Sections 1.6 and 1.7, respectively.

Decisions are to be made on when to perform the selected maintenance action and
how much resources are to be deployed to meet the expected maintenance demands.
Instead of relying on intuition-based pronouncements, such as the strength of per-
sonalities or the number of complaints received from mechanics, fact-based argu-
ments should be used in making these maintenance decisions. Decisions driven by
information extracted from data will lead to optimal solutions. Thus, data manage-
ment, featured in level 2 of the structured approach shown in Figure 1.1, plays an
important role in supporting decision optimization.

1.3.2  QUANTUM LEAPS

Finally, by engaging the collective wisdom and experience of the entire workforce,
adopting the best practices that exist within and outside your organization, and
redesigning the work processes, the organization will set into motion breakthrough
changes that make quantum leaps in asset management performance. See, for exam-
ple, Campbell (1995) for a detailed discussion of these efforts.

1.4 PAS 55—A FRAMEWORK FOR OPTIMIZED
MANAGEMENT OF PHYSICAL ASSETS
Details of what needs to be done in an organization adopting the structural approach

introduced in Section 1.3 can be found in PAS 55, a Publicly Available Specification,
the status of which is between Codes of Practice and an ISO Standard. Simply stated,
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it offers a framework for a holistic and systematic approach to optimizing the man-
agement of physical assets. It is planned to be turned into the ISO 55000 family of
standards in 2014. PAS 55 has two parts, namely,

e PAS 55-1 Asset Management Part 1: Specification for the optimized
management of physical assets (BSI 2008a). An updated version of this
document will be turned into ISO 55001: Requirements for good asset man-
agement practices

e PAS 55-2 Asset Management Part 2: Guidelines for the application of PAS
55-1 (BSI 2008b). An updated version of this document will be turned into
ISO 55002: Interpretation and implementation guidance for an asset man-
agement system

PAS 55-1 specifies the requirements for appropriate and effective processes to be
found in an organization’s asset management system for physical assets. Following
the general principles of ISO standards for management systems, it prescribes what
has to be done, not how to do it. Justifications for the adopted practices must be docu-
mented, and evidence for what is being done must be made available for independent
audits. As its title implies, PAS 55-2 provides guidance on implementation of PAS
55-1 compliant asset management systems.

PAS 55 is not sector specific; rather, it is applicable to organizations with any
type or distribution of physical assets and asset ownership structure. In other words,
it also applies to organizations with outsourced asset management functions. The
guiding principles embedded in the requirements include clear organization objec-
tives, good and sustainable alignment of asset investment, utilization, and care for
these principles. To be successful, asset management must be holistic, systematic,
systemic, risk-based, optimal and sustainable, implemented in an organization with
top management commitment, and supported by empowered and competent employ-
ees. Asset management must be holistic in the sense that all elements of the frame-
work must be covered. Excellence in one area does not make up for a gap elsewhere.
Although the scope of PAS 55 is the management of physical assets, its design should
consider a broader context with other types of assets, including human, information,
intangible, and financial assets (BSI 2008Db).

1.5 RELIABILITY THROUGH THE OPERATOR: TPM

TPM is a people-centered methodology that has proven to be effective for optimiz-
ing equipment effectiveness and eliminating breakdowns. It mobilizes the machine
operators to play an active role in maintenance work by cultivating in these frontline
workers a sense of ownership of the facilities they operate (Campbell 1995) and
enlarging their job responsibilities to include routine servicing and minor repair of
their machines. Through this type of operator participation in maintenance activities,
TPM aims to eliminate the six big losses of equipment effectiveness (see Table 1.1;
Nakajima 1988). In the manufacturing sector, 15% to 40% of total manufacturing
costs are maintenance related. At least 30% of these costs can be eliminated through
TPM.
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TABLE 1.1
Six Big Losses of Equipment Effectiveness

Breakdowns

Setup and adjustment
Idling and minor stoppages
Reduced speed

Defects in process
Reduced yield

To achieve zero breakdowns, hidden defects in the machine need to be exposed
and corrected before they have deteriorated to the extent that they will cause the
machine to break down. This can be accomplished by maintaining equipment in
good basic conditions through proper cleaning and effective lubrication, restoring
the condition of deteriorated parts, and enhancing the operation, setup, inspec-
tion, and maintenance skills of operators. Traditionally, these duties fall outside the
responsibilities of the machine operator, whose role is nothing else but to operate the
machine; when it breaks down, the operator’s duty is to request maintenance to fix
it. Thus, TPM involves a restructuring of work relating to equipment maintenance.
Machine operators are empowered to perform routine inspection, servicing, and
minor repairs. This concept of operator involvement in enhancing equipment well-
ness is known as autonomous maintenance. It is cultivated through 5S and CLAIR.

5S is a tool for starting the journey toward world-class competitiveness. It is a
team effort that involves everyone in the organization to create a productive work-
place by keeping it safe, clean, and orderly. 5S stands for:

e Sorting
e Separate the needed from the not needed
e Identify items that you use frequently. Sort, tag, and dispose of the
unneeded items
e Simplifying
e A place for everything, and everything in its place
e Once you have determined what you need, organize it and standardize
its use to increase your effectiveness
e Systematic cleaning
* Making things ready for inspection
* Regular cleaning helps to solve problems before they become too serious
by identifying sources and root causes. Having a clean, well-organized
workplace also makes work more efficient and more productive—
whether on the production line or in customer service
e Standardizing
e Create common methods to achieve consistency
e Sustaining
¢ Constant maintenance, improvement, and communication
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5S has become a continuous improvement process. Readers interested in 5S imple-
mentation may refer to Hirano (1990).

CLAIR is an acronym for clean, lubricate, adjust, inspect, minor repair. The con-
cept is to have operators work with maintenance toward the common goals of sta-
bilizing equipment conditions and halting accelerated deterioration. The operators
are empowered to perform the basic tasks of cleaning, checking lubrication, simple
adjustments, inspections and replacement of parts, minor repairs, and other simple
maintenance tasks. By providing them with training on equipment functions and
functional failures, the operators will also prevent failure through early detection
and treatment of abnormal conditions.

Turning operators into active partners with maintenance and engineering to
improve the overall performance and reliability of the equipment is a revolution-
ary concept. Thus, training, slogans, and other promotional media—activity boards,
one-point lessons, photos, cartoons—are typically used to create and sustain the
cultural change.

Being relieved of the routine tasks of maintenance, the experts in the maintenance
unit can be deployed to focus on more specialized work, such as major repairs, over-
hauls, tracking and improving equipment performance, and replacement or acquisi-
tion of physical assets. Instead of having to continuously fight fires and attend to
numerous minor chores, the unit can now devote its resources to addressing strategic
issues such as the formulation of maintenance strategies, establishment of mainte-
nance management information systems, tracking and introduction of new mainte-
nance technologies, and training and development of production and maintenance
workers.

A full discussion of TPM is outside the scope of this book. Readers interested in
the topic can refer to Dillon (1997), Nakajima (1988), Tajiri and Gotoh (1992), and
Tsang and Chan (2000).

1.6 RELIABILITY BY DESIGN: RCM

TPM has a strong focus on people and the basics, such as cleaning, tightening, and
lubricating, for ensuring the well-being of equipment. Its emphasis is on the early
detection of wear out to prevent in-service failures. RCM is an alternative approach
to enhancing asset reliability by focusing on design. It asks questions such as: Do
we have to do maintenance at all? Will a design change eliminate the root cause of
failure? What kind of maintenance is most likely to meet the organization’s business
objectives?

RCM is a structured methodology for determining the maintenance requirement
of a physical asset in its operating context. The asset can be part of a larger system.
The primary objective of RCM is to preserve system function rather than to keep an
asset in service. Application of the RCM requires a full understanding of the func-
tions of physical assets and the nature of failures related to these functions. It recog-
nizes that not all failures are created equal, and some failures cannot be prevented
by overhaul or preventive replacement. Thus, maintenance actions that are not cost-
effective in preserving system function will not be performed.
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RCM can produce the following benefits:

¢ Improve understanding of the equipment—how it fails and the conse-
quences of failure

e Clarify the roles that operators and maintainers play in making equipment
more reliable and less costly to operate

e Make the equipment safer, more environmentally friendly, more produc-
tive, more maintainable, and more economical to operate

The following results of RCM applications have been reported in various industry
sectors (Tsang et al. 2000):

¢ Manufacturing
* Reduced routine preventive maintenance requirements by 50% at a
confectionery plant
* Increased availability of beer packaging line by 10% in one year
e Utility
* Reduced maintenance costs by 30% to 40%
e Increased capacity by 2%
* Reduced routine maintenance by 50% on 11 kV transformers
* Mining
e Reduced annual oil filter replacement costs in haul truck fleet by
$150,000
* Reduced haul truck breakdowns by 50%
e Military
* Ship availability increased from 60% to 70%
* Reduced ship maintenance requirements by 50%

The RCM methodology develops the appropriate maintenance tactics using a
thorough and rigorous decision process, as shown in Figure 1.2.

Step 1: Select and prioritize equipment
Production and supporting processes are examined to identify key physical
assets. These key physical assets are then prioritized according to how criti-
cal they are to operations, cost of downtime, and cost to repair.

Select Identify Identify Select Implement
. Define . .
equipment Define . failure failure tactics and refine the
. functional X .
(assess functions fail modes and effects and using maintenance
criticality) atlures causes consequences RCM logic plan

FIGURE 1.2 RCM process.



Introduction 11

Step 2: Define functions and performance standards
The functions of each system selected for RCM analysis need to be defined.
The functions of equipment are what it does. It is important to note that some
systems are dormant until some other event occurs, as in safety systems. Each
function also has a set of operating limits. These parameters define the normal
operation of the function under a specified operating environment.

Step 3: Define functional failures
When the system operates outside its normal parameters, it is considered
to have failed. Defining functional failures follows from these limits. We
can experience our systems failing when they are high, low, on, off, open,
closed, breached, drifting, unsteady, stuck, and so forth. Furthermore, fail-
ures can be total, partial, or intermittent.

Step 4: Identify failure modes/root causes
A failure mode is how the system fails to perform its function. A cylinder
may be stuck in one position because of a lack of lubrication by the hydrau-
lic fluid in use. The functional failure in this case is the failure to provide
linear motion, but the failure mode is the loss of lubricant properties of
the hydraulic fluid. It should be noted that a failure may have more than
one possible root cause. This step identifies the chain of events that happen
when a failure occurs. These questions are relevant in the analysis: What
conditions needed to exist? What event was necessary to trigger the failure?

Step 5: Determine failure effects and consequences
This step determines what will happen when a functional failure occurs.
The severity of the failure’s effect on safety, the environment, operation,
and maintenance is assessed.

The results of analyses made in steps 2 to 5 are documented in a failure mode, effect,
and criticality analysis” worksheet (Stamatis 2003).

Step 6: Select maintenance tactics
Maintenance actions are performed to mitigate functional failures. A deci-
sion logic tree is used to select the appropriate maintenance tactics for the
various functional failures. Before finalizing the tactic decision, the other
technically feasible alternatives need to be considered to determine the one
that is most economical. Figure 1.3 summarizes the RCM logic. If time-
based maintenance intervention or periodic inspection has been selected,
the frequency of such a task needs to be determined to achieve optimal
results. This will be discussed in the subsequent chapters of this book.

Step 7: Implement and refine the maintenance plan
The maintenance plan developed in step 6 is implemented, and the results
are reviewed to determine if the plan needs to be refined or modified to
ensure its effectiveness.

* Apart from the failure mode, effect, and criticality analysis, there are other methodologies for assess-
ing and managing risks relating to the operation and maintenance of physical assets. These include
hazard and operability studies (Kletz 1999), fault tree analysis (CAN/CSA-Q636-93 1993), and, in the
case of the petrochemical industries, risk-based inspection (ASME 2003).
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Implementation of RCM requires the formation of a multidisciplinary team with
members knowledgeable in the day-to-day operations of the plant and equipment, as
well as in the details of the equipment itself. This demands at least one operator and
one maintainer. Members with knowledge of planning and scheduling and overall
maintenance operations and capabilities are also needed to ensure that the tasks
are truly doable in the plant environment. Thus, senior-level operations and mainte-
nance representation is also needed. Finally, detailed equipment design knowledge
is important to the team. This knowledge requirement generates the need for an
engineer or senior technician/technologist from maintenance or production.

Before the analysis begins, the RCM team should determine the plant baseline
measures for reliability and availability, as well as the coverage and compliance of a
proactive maintenance program. These measures will be used later when comparing
what has been changed and the success it is achieving.

Further discussion of RCM is beyond the scope of this book. Readers interested in
the topic can refer to SAE JA1011 (1999), Moubray (1997), and Smith and Hinchliffe
(2004).

1.7  OPTIMIZING MAINTENANCE AND REPLACEMENT DECISIONS

RCM determines the type of maintenance tactics to be applied to an asset, while it
answers the question of “What type of maintenance action needs to be taken?” The
issue of when to perform the recommended maintenance action that will produce
the best results possible remains to be addressed. Taking a longer-term perspective,
we have to make decisions on asset replacement in the best interests of the organiza-
tion and determine the resource requirements of the maintenance operation that will
meet business needs in a cost-effective manner. The optimization of these tactical
decisions is the important issue addressed in the top of the “continuous improve-
ments” layer of the maintenance excellence pyramid shown in Figure 1.1.

Traditionally, maintenance practitioners in industry are expected to cope with
maintenance problems without seeking to operate in an optimal manner. For exam-
ple, many preventive maintenance schemes are put into operation with only a slight,
if any, quantitative approach to the scheme. As a consequence, no one is very sure
of just what the best frequency of inspection is or what should be inspected, and as a
result, these schemes are cancelled because it is said that they cost too much. Clearly,
some form of balance between the frequency of inspection and the returns from it
is required (e.g., fewer breakdowns because minor faults are detected before they
result in costly repairs). In the subsequent chapters of this book, we will examine
various maintenance problem areas, noting the conflicts that ought to be considered
and illustrating how they can be resolved in a quantitative manner to achieve optimal
or near-optimal solutions to the problems. Thus, we indicate ways in which mainte-
nance decisions can be optimized, wherein optimization is defined as attempting to
resolve the conflicts of a decision situation in such a way that the variables under the
control of the decision-maker take the best possible values. Because the qualifier best
is used, it is necessary to define its meaning in the context of maintenance. This will
be covered in Section 1.8 of this chapter.
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Optimizing Equipment Maintenance and Replacement Decisions

N
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a) Deterministic

—

. Inspection frequency
for a system
a) Profit

1. Economic life
a) Constant annual
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2. Right sizing
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(Weibull analysis (for CBM Optimization) (Discounted cash flow) simulation
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WeibullSoft)
1 1 i 1

Database (CMM/EAM/ERP System)

FIGURE 1.4 Key areas of maintenance and replacement decisions.

Asset managers who wish to optimize the life cycle value of the organization’s
human and physical assets must consider four key decision areas, which are shown
as columns in Figure 1.4. The first column deals with component replacement; the
second column deals with inspection activities, including condition monitoring; the
third column deals with replacement of capital equipment; and the last column cov-
ers decisions concerning resources required for maintenance and their location.

Figure 1.4 forms the framework for Chapters 2 to 5. These chapters are devoted to
the construction of mathematical models that are appropriate for different problem
situations. The purpose of these mathematical models is to enable the consequences
of alternative maintenance decisions to be evaluated fairly rapidly to determine opti-
mal decisions in relation to an objective. The problem areas covered are as follows:

Chapter 2: Component Replacement Decisions
This chapter covers the determination of replacement intervals for equip-
ment (the operating costs of which increase with use), the interval between
preventive replacements of items subject to breakdown (also known as the
group or block policy), and the preventive replacement age of items subject
to breakdown.

Chapter 3: Inspection Decisions
This chapter covers the determination of inspection frequencies for com-
plex equipment used continuously, fault-finding intervals for protective
devices, and CBM decisions.
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Chapter 4: Capital Equipment Replacement Decisions
This chapter is concerned with determining the replacement intervals for
capital equipment (the utilization pattern of which is fixed), replacement
intervals for capital equipment (the utilization pattern of which is variable),
and replacement policy for capital equipment taking into account techno-
logical improvements.

Chapter 5: Maintenance Resource Requirements
This chapter discusses problems relating to the determination of the mix
of equipment to be installed in a maintenance workshop, the right size and
composition of a maintenance crew, the extent of use of subcontracting
opportunities, and lease or buy decisions.

In Chapters 2 to 5, we use a common format to present each decision optimization
model. First, we provide a statement of the decision problem. A model that represents
the essence of the decision problem is then presented. This is followed by a numeri-
cal example to illustrate the use of this model. To avoid unnecessary complications in
developing the analytical model, various assumptions are made that, in practice, may
not be applicable in some situations. Because the assumptions used in constructing the
model are clearly stated, it is hoped that the reader will then be able to extend the simple
model to fit specific problems. To this end, we provide comments on further extension of
the model to represent more details of the reality, if deemed necessary. For each model,
with a few exceptions, we also provide one or more real-world application examples.

Some of these decision optimization models are made available as software pro-
grams that can be downloaded from the publisher’s web site. In such cases, use of
the software program in decision analysis is explained with at least one illustrative
example.

Appendices 1 through 6 are included in the book to give a brief introduction to cer-
tain basic concepts and tools that must be understood before we can proceed to deter-
mine optimal maintenance procedures. Because uncertainty abounds in the area of
maintenance (e.g., uncertainty about when equipment will fail), knowledge of statistics
and probability is required. An introduction to relevant statistics is given in Appendix 1.
Modeling the risk of failure is a crucial step in optimizing replacement of components
that are subject to failure. Weibull analysis, a powerful tool for modeling such risks,
is introduced in Appendix 2. Maximum likelihood estimator is another widely used
approach to estimating distribution parameters, but it involves computationally intensive
operations. This approach is introduced in Appendix 3. Appendix 4 introduces Markov
chains, which is an important tool used in creating the decision model for optimization
of condition-based maintenance decisions. The concept of knowledge elicitation used for
estimating the parameter of a distribution when data are sparse is presented in Appendix
5. Appendix 6 deals with the present value concept. When making replacement decisions
for capital equipment, we take account of the fact that the value of a sum of money to be
spent or received in the future is less than that if it is spent or received now. The present
value concept is used to cover this fact. Although applications of the tools featured in
each chapter are highlighted in Chapters 2 to 5, an expanded list of such applications is
provided in Appendix 7. It serves to illustrate the breadth of actual applications that use
the models or procedures presented in the book, or their extensions.
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Optimizing maintenance and replacement decisions needs good quality and
timely data. This need is depicted as the foundation of the framework shown in
Figure 1.4. Such data are typically maintained in the database of the CMMS, EAM,
or enterprise resource planning (ERP). Readers interested in discussions of CMMS,
EAM, and ERP in the context of PAM are referred to articles published on Web sites
such as www.plant-maintenance.com and www.reliabilityweb.com.

1.8 THE QUANTITATIVE APPROACH

The primary purpose of using any quantitative discipline, such as industrial engi-
neering, operational research, or systems analysis, is to assist management in deci-
sion making by using known facts more effectively, by increasing the proportion of
factual knowledge, and by reducing reliance on subjective judgment.

In the context of maintenance decision making, it is often found that very little
factual knowledge is available. Although abundant data may have been captured in
the organization’s CMMS, EAM, or ERP, asset managers may not know the data-
mining technique to extract useful knowledge from such data. This type of informa-
tion is absolutely necessary for the development of optimal maintenance procedures.
Appendix 2 introduces one such data-mining technique; it turns failure data into
knowledge of the risk of failure of various assets.

There is keen interest in evidence-based maintenance decisions rather than the
use of gut feeling or indiscriminately following the manufacturer’s recommenda-
tions. It is hoped that this book will go some way toward reducing the proportion of
subjective judgment in maintenance decision making.

As an early example of quantitative decision making in maintenance, which high-
lights the importance of selecting the correct objectives, we refer to a study under-
taken during the Second World War by an operational research group of the Royal
Air Force (Crowther and Whiddington 1963).

The specific problem was that performance of maintenance on Coastal Command
aircraft was measured in terms of serviceability, the target of which was 75%.
Serviceability was the ratio of the number of aircraft on the ground available to fly,
plus those flying, to the total number of aircraft. Although a 75% serviceability rate
was considered highly desirable, Coastal Command was also asked to get more fly-
ing time from aircraft. The Coastal Command Operational Research Section was
called in to examine the problem. The section examined one cycle of operation of
an aircraft and established that the aircraft could be in one of three possible states:

* Flying
¢ In maintenance

e Available to fly

Serviceability, S, which was the criterion of maintenance performance, was:

_ F+A
F+A+M
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where F, A, and M are the average times that an aircraft spent in the flying, avail-
able to fly, and maintenance states, respectively. Further examination of the problem
revealed that for every hour spent flying, two hours were required for maintenance.
Using this information, it is possible to determine that to achieve a target of 75%
serviceability, only 12.5% of an aircraft’s time is spent flying, with 25% being spent
on maintenance and 62.5% in an available state. However, if the serviceability is
reduced to one-third, then one-third of the aircraft’s time is spent flying, with two-
thirds of its time being spent in maintenance and 0% in the available state.

Thus, simply by aiming for a serviceability of one-third, the flying hours could
be considerably increased. Clearly, in the scenario in which the Coastal Command
aircraft were operating, the accepted objective of maintenance, namely, high ser-
viceability, was wrong. However, for other scenarios, such as the case in which air-
craft are called on only in emergencies, a high serviceability objective may well be
relevant.

As a result of the above analysis, instructions were given that, whenever possible,
aircraft should be in the flying state, thus more than doubling the amount of flying
time after making such changes in the maintenance objective.

1.8.1  SETTING OBJECTIVES

One of the first steps in the use of quantitative techniques in maintenance is to deter-
mine the objective of the study. Once the objective is determined, whether to maxi-
mize profit/unit time, minimize downtime/unit time, maximize the availability of
protective devices subject to budgetary constraints, and so on, an evaluative math-
ematical model can be constructed that enables management to determine the best
way to operate the system to achieve the required objective.

In the planned flying—planned maintenance study referred to previously, Coastal
Command’s original maintenance objective was to achieve a serviceability rate of
75%, but the study made it clear that this was the wrong objective, and what they
should have been aiming for was a serviceability of one-third to achieve more flying
hours.

The study also mentioned that a high serviceability rate was perhaps relevant to
aircraft called on only in an emergency. This stresses the point that the objective
a system is operated to achieve may change with changes in circumstances. In the
context of maintenance procedures, the way in which equipment is maintained when
it is already operating at full capacity may well be different from the way it should
be maintained during an economic slump.

In Chapters 2 to 5, the models of various maintenance problems are constructed
in such a way that the maintenance procedures that are geared to enable profits to be
maximized, total maintenance costs to be minimized, and so forth, can be identified.
However, it must be emphasized that when determining optimal maintenance proce-
dures, care must be taken to ensure that the objective being pursued is appropriate.
For example, it will not be suitable for the asset management department to pursue a
policy designed to minimize the downtime of equipment if the organization requires
a policy designed to maximize profit (as in the midst of an economic slump). The
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two policies may in fact be identical, but this is not necessarily so. This point will be
demonstrated by an example in Section 3.3.

1.8.2 MODELS

One of the main tools in the scientific approach to management decision making
is that of building an evaluative model, usually mathematical, whereby a variety
of alternative decisions can be assessed. Any model is simply a representation of
the system under study. In the application of quantitative techniques to manage-
ment problems, the type of model used is frequently a symbolic model in which the
components of the system are represented by symbols, and the relationships of these
components are described by mathematical equations.

To illustrate this model-building approach, we will examine a maintenance stores
problem that, although simplified, will illustrate two of the most important aspects
of the use of models: the construction of a model of the problem being studied and
its solution.

A Stores Problem

A stores controller wishes to know how many items to order each time the stock
level of an item reaches zero. The system is illustrated in Figure 1.5.

The conflict in this problem is that the more items the controller orders at any
time, the more the ordering costs will decrease because fewer orders will have
to be placed, but the stockholding costs will increase. These conflicting costs are
illustrated in Figure 1.6.

The stores controller wants to determine the order quantity that minimizes
the total cost. This total cost can be plotted, as shown in Figure 1.6, and used
to solve the problem. In this particular case, the total cost is minimized when
the order quantity is at the intersection of the holding cost curve and the
ordering cost curve. However, this should not be generalized; for example,
see Figure 1.8. A much more rapid solution to the problem, however, may be
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FIGURE 1.5 Stores problem.
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Total cost

Optimal order
quantity
Holding cost

Costs/unit time

Ordering cost

Y

Order quantity

FIGURE 1.6 Optimal order quantity.

obtained by constructing a mathematical model. The following parameters can
be defined:

D total annual demand

Q order quantity

C, ordering cost per order

C, stockholding cost per item per year

Optimal Order Quantity

Total cost per year of ordering and holding stock

= Ordering cost per year + stockholding cost per year
Since
Ordering cost/year
=Number of orders placed per year x ordering cost per order

o

Q

Stockholding cost/year
= Average number of items in stock per year (assuming linear decrease of stock)

x stockholding cost per item per year

1
--QC
2Qh
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Therefore, the total cost per year, which is a function of the order quantity, and
denoted C(Q), is

DC, , QG

Q= Q 2

(1.1)

Equation 1.1 is a mathematical model of the problem relating order quantity Q
to total cost C(Q).

The stores controller wants the number of items to order to minimize the total
cost, that is, to minimize the right-hand side of Equation 1.1. The answer comes by
differentiating the equation with respect to Q, the order quantity, and equating the
derivative to zero as follows:

dcQ__Dc, G _,
da Q2

Therefore,

DC, _G,
Q2

QF= [T (1.2)

Because the values of D, C,, and C, are known, their substitution into Equation
1.2 gives Q¥ the optimal value of Q. Strictly speaking, we should check that the
value of Q* obtained from Equation 1.2 is a minimum and not a maximum. The
interested reader can check that this is the case by taking the second derivative of
C(Q) and noting that the result is positive. In fact, in this particular case, the opti-
mal order quantity equalizes the average holding and ordering costs.

From Equation 1.2, we can find that by optimizing the order quantity, the total
cost per year is minimized, and its value is

C(@Q*=DC,C,

For example, let D = 1000 items, C, = $5.00, and C,, = $0.25:

Q¥ = 1/% =200 items

Thus, each time the stock level reaches zero, the stores controller should order
200 items to minimize the total cost per year of ordering and holding stock.

Note that various assumptions have been made in the inventory model pre-
sented that, in practice, may not be realistic. For example, no consideration has
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been given to the possibility of quantity discounts, the possible lead time between
placing an order and its receipt, the fact that demand may not be linear, or the fact
that demand may not be known with certainty. The purpose of the above model is
simply to illustrate the construction and solution of a model for a particular prob-
lem. If the reader is interested in the stock control aspects of maintenance stores,
see Nahmias (1997).

1.8.3 OBTAINING SOLUTIONS FROM MODELS

In the stores problem of the previous section, two methods for solving a mathemati-
cal model were demonstrated: an analytical procedure and a numerical procedure.

The calculus solution was an illustration of an analytical technique in which no
particular set of values of the control variable (amount of stock to order) was consid-
ered, but we proceeded straight to the solution given by Equation 1.2.

In the numerical procedure, solutions for various values of the control variables
were evaluated to identify the best results, that is, it is a trial-and-error procedure.
The graphical solution of Figure 1.6 is equivalent to inserting different values of O
into the model (Equation 1.1) and plotting the total cost curve to identify the optimal
value of Q.

In general, analytical procedures are preferred to numerical ones, but because
of problem complexity, in many cases, they are impracticable or even impossible to
use. In many of the maintenance problems examined in this book, the solution to the
mathematical model will be obtained by using numerical procedures. These are pri-
marily graphical procedures, but iterative procedures and simulation are also used.

Perhaps one of the main advantages of graphical solutions is that they often
enable management to clearly see the effect of implementing a maintenance policy
that deviates from the optimum identified through solving the model. Also, it may be
possible to plot the effects of different maintenance policies together, thus illustrat-
ing the relative effects of the policies. To illustrate this point, Chapter 2 includes the
analyses of two different replacement procedures:

1. Replacement of items at fixed intervals of time
2. Replacement of items based on the length of time they are actually in use

Intuitively, one might feel that procedure 2 would be preferable because it is based on
usage of the item (thus preventing an almost new item from being replaced shortly after
its installation subsequent to a previous failure, as would happen with procedure 1).

For these different maintenance policies, which can be adopted for the same
equipment, models can be constructed, as is done in Chapter 2 and, for each pol-
icy, the optimal procedure can be determined. However, by using a graphical solu-
tion procedure, the maintenance cost of each policy can be plotted, as illustrated in
Figure 1.7, and the maintenance manager can see exactly the effect of the alternative
policies on total cost. It may well be the case that from a data collection point of
view, one policy involves considerably less work than the other, yet they may have
almost the same minimum total cost. This is illustrated in Figure 1.7, in which the
minimum total costs are about the same for procedures 1 and 2.
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Procedure 1
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Y

FIGURE 1.7 Comparing the total maintenance costs of two preventive replacement
procedures.

Of course, for different costs, breakdown distributions, failure and preventive replace-
ment times, and so on, the minimum total costs and replacement intervals may differ
greatly between different replacement policies. The point is that a graphical illustration
of the solutions often assists the manager to determine the policy to be adopted. Also,
such a method of presenting a solution is often more acceptable than a statement such
as “policy x is the best,” which may be presented along with complicated mathematics.

Further comments about the benefits of curve plotting are given in Section 2.2.4
in relation to the problem of determining the optimal replacement interval for equip-
ment, the operating cost of which increases with use.

One of the developments in numerical procedures made possible by comput-
ers is simulation. An application of this procedure will be illustrated in a problem
in Chapter 5, which relates to determining the optimal number of machines to be
installed in a workshop.

1.8.4 MAINTENANCE CONTROL AND MATHEMATICAL MODELS

The primary function of maintenance is to control the condition of assets. Some of
the problems associated with this include the determination of:

* Inspection frequencies

e Overhaul intervals, i.e., part of a preventive maintenance policy

*  Whether to do repairs, i.e., having a breakdown maintenance policy or not

e Replacement rules for components

* Replacement rules for capital equipment—perhaps taking account of tech-
nological changes

e Whether equipment should be modified

* The size of the maintenance crew

e Composition of machines in a workshop

* Rules for the provision of spares
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Appendix 7 provides a list of real-world applications of maintenance decision
optimization models in different industries.

Problems within these areas can be classified as being deterministic or probabilis-
tic. Deterministic ones are those in which the consequences of a maintenance action are
assumed to be nonrandom. For example, after an overhaul, the future trend in operating
costs is known. A probabilistic problem is one in which the outcome of the maintenance
action is random. For example, after equipment repair, the time to next failure is uncertain.

To solve any of the previously mentioned problems, there are often many alterna-
tive decisions. For example, for an item subject to sudden failure, we may have to
decide whether to replace it while it is in an operating state, or only upon its failure;
whether to replace similar components in groups when only one has failed; and so
on. Thus, the function of the asset management department is, to a large extent, con-
cerned with determining the effect of various decisions to control the condition of
assets on meeting the objectives of the organization.

As indicated previously, many control actions are open to the maintenance man-
ager. The effect of these actions should not be looked at solely from their effect on
the asset management department because the consequences of such actions may
seriously affect other units of the organization, such as production or operations.

To illustrate the possible interactions of the asset management function in other
departments, consider the effect of the decision to perform repairs only and not to do
any preventive maintenance, such as overhauls. This decision may well reduce the
budget for asset management, but it may also cause considerable production or opera-
tion downtime. To take account of interactions, sophisticated techniques are frequently
required, and this is where the use of mathematical models can assist the maintenance
manager and reduce the tension that often occurs between maintenance and operations.

Figure 1.8 illustrates the type of approach taken by using a mathematical model
to determine the optimal frequency of overhauling a piece of the plant by balancing
the input (maintenance cost) of the maintenance policy against its output (reduction
in downtime).

The above example is very simple and, in practice, we have to consider many
factors in the context of even a single maintenance decision. For example, if the
objective of a maintenance decision is to minimize total costs—Ilowest cost
optimization—the costs of the component or asset, labor, lost production, and per-
haps even customer dissatisfaction from delayed deliveries are all to be considered.
Where equipment or component wear-out is a factor, the lowest possible cost is usu-
ally achieved by replacing machine parts late enough to get good service out of them,
but early enough for an acceptable rate of on-the-job failures (to attain a zero rate,
we would probably have to replace parts every day). In another scenario in which
availability is to be maximized, we have to get the right balance between taking
equipment out of service for preventive maintenance and suffering outages due to
breakdowns. If safety is the most important factor, we might optimize for the safest
possible solution, but with an acceptable effect on cost. If profit is to be optimized,
we would take into account not only cost but also the effect on revenues through
greater customer satisfaction (better profits) or delayed deliveries (lower profits).

The example shown in Figure 1.8 should suffice to show that the quantitative
approach taken in this book is concerned with determining appropriate maintenance
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FIGURE 1.8 Optimal frequency of overhauls.

decisions by studying the mathematical and statistical relationships between the
decisions to be made and the consequences of these decisions. The foregoing com-
ments about the use of models for analyzing maintenance problems are very brief,
but they will be elaborated upon in the subsequent chapters of this book.

1.9 DATA REQUIREMENTS FOR MODELING

Data are essential inputs for building decision models that support evidence-based
asset management. It must be recognized that mathematical models by themselves
do not guarantee that the right decisions will be made if the data used do not have the
required quality. A discussion on data requirements for model creation in the context
of maintenance optimization is presented in Tsang et al. (2006).

When data are unavailable or sparse, creating a model that characterizes the risk
of failure can still be achieved through knowledge elicitation by interviewing the
asset’s domain experts. The related methodology, as well as an illustrative example,
is provided in Appendix 5.
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2 Component
Replacement Decisions

The squeaking wheel doesn’t always get the grease. Sometimes it gets replaced.

—YVic Gold

2.1 INTRODUCTION

The goal of this chapter is to present models that can be used to optimize compo-
nent replacement decisions. The interest in this decision area is because a common
approach to improving the reliability of a system, or complex equipment, is through
preventive replacement of critical components within the system. Thus, it is neces-
sary to be able to identify which components should be considered for preventive
replacement, and which should be left to run until they fail. If the component is a
candidate for preventive replacement, then the subsequent question to be answered
is: What is the best time? The primary goal addressed in this chapter is that of mak-
ing a system more reliable through preventive replacement. In the context of the
framework of the decision areas addressed in this book, we are addressing column 1
of the framework, as highlighted in Figure 2.1.

Replacement problems (and maintenance problems in general) can be classified
as either deterministic or probabilistic (stochastic).

Deterministic problems are those in which the timing and outcome of the replace-
ment action are assumed to be known with certainty. For example, we may have an
item that is not subject to failure but whose operating cost increases with use. To
reduce this operating cost, a replacement can be performed. After the replacement,
the trend in operation cost is known. This deterministic trend in costs is illustrated
in Figure 2.2.

Examples of component replacement problems that can be treated with a deter-
ministic model are provided in Table 2.1.

Probabilistic problems are those in which the timing and outcome of the replace-
ment action depend on chance. In the simplest situation, the equipment may be
described as being good or failed. The probability law describing changes from
good to failed may be described by the distribution of time between completion of
the replacement action and failure. As described in Appendix 1, the time to fail-
ure is a random variable whose distribution may be termed the equipment’s failure
distribution.

Examples of component replacement problems that can be analyzed using a sto-
chastic model are provided in Table 2.2.

27
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Optimizing Equipment Maintenance and Replacement Decisions
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FIGURE 2.1 Component replacement decisions.

The determination of replacement decisions for probabilistically failing equip-
ment involves a problem of decision making with one main source of uncertainty: it
is impossible to predict with certainty when a failure will occur, or more generally,
when the transition from one state of the equipment to another will occur. A further
source of uncertainty is that it may be impossible to determine the state of equip-
ment, either good, failed, or somewhere in between, unless definite maintenance

A Replacement
i A
) 7

Operating cost/Unit time

Time

FIGURE 2.2 Deterministic trend in costs.
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TABLE 2.1
Examples of Replaceable Components That Deteriorate Deterministically

Fuel filter (automobile): as the filter ages the rate of fuel consumption increases

V-belt on autowrapper used in candy plant to wrap tablets: productivity decreases as V-belt slackens
Brake and clutch module on stamping press: productivity decreases as module ages

Paper mill felt: productivity decreases as felt ages

Molds for glass production: productivity decreases as molds age

TABLE 2.2
Examples of Stochastically Failing Components

Lightbulbs
Displacement diaphragms on a food packaging line

Air conditioning (a/c) charge adapter nose seal on a/c evacuate and fill equipment in auto
manufacturing
Top and bottom guide apron cylinders in a steel mill

Fuel injectors on the main propulsion diesel engine onboard a ship

action is taken, such as inspection. This aspect of uncertainty is highly relevant to
equipment, often termed protective devices, used in emergency situations. An exam-
ple of such a protective device is a pressure safety valve in an oil and gas field—if it
is dormant, waiting to come into service when an unacceptable pressure level occurs.
Its condition can only be determined through an inspection. These problems will be
covered in Chapter 3.

In the probabilistic problems of this chapter, we will assume that there are only
two possible conditions of the equipment, good and failed, and that the condition is
always known. This is not unreasonable because, for example, with continuously
operating equipment producing some form of goods, we will soon know when the
equipment has reached the failed state because items may be produced outside speci-
fied tolerance limits or the equipment may cease to function.

In determining when to perform a replacement, we are interested in the sequence
of times at which the replacement actions should take place. Any sequence of times is
a replacement policy, but what we are interested in determining are optimal replace-
ment policies, that is, ones that maximize or minimize some criterion, such as profit,
total cost, and downtime, or ensure that a specified safety or environmental criterion
is not exceeded.

In many of the models of component replacement problems presented in this
chapter, it will be assumed (which applies in many cases) that the replacement action
returns the equipment to the “as new” condition, thus continuing to provide exactly
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the same services as the equipment that has just been replaced when it was new. By
making this assumption, we are implying that various costs, failure distributions,
and so on used in the analysis do not change from one replacement to the next. An
exception to this assumption will be problems in which the item being replaced is not
replaced by one that can be considered statistically as good as new. If this is the case,
we are often dealing with a repairable component: such problems will be addressed
in Section 2.9.3.

Throughout this chapter, maintenance actions such as overhaul and repair can
be considered to be equivalent to replacement, provided it is reasonable to assume
that such actions also return equipment to the as-new condition. In practice, this is
often a reasonable assumption, and hence the following models can often be used to
analyze overhaul/repair problems. If it is not reasonable to make such an assumption,
then the models introduced in Section 2.9.3, along with the model associated with
condition-based maintenance in Chapter 3, may help.

Section 2.2 addresses a common deterministic component replacement problem.
Stochastic problems are covered in Sections 2.3 through 2.9.

2.2 OPTIMAL REPLACEMENT TIMES FOR EQUIPMENT
WHOSE OPERATING COST INCREASES WITH USE

2.2.1 STATEMENT OF THE PROBLEM

Some equipment operates with excellent efficiency when it is new, but as it ages, its
performance deteriorates. An example is the air filter in an automobile. When new,
there is good gasoline consumption, but as the air filter gets dirty, the gasoline con-
sumption per kilometer increases. The question then is: When in the increasing cost
trend is it economically justifiable to replace the air filter, thus reducing the operating
cost of the automobile? In general, replacements cost money in terms of materials
and wages, and a balance is required between the money spent on replacements and
savings obtained by reducing the operating cost. Thus, we wish to determine an
optimal replacement policy that will minimize the sum of operating and replacement
costs per unit time.

When dealing with optimization problems, in general, we wish to optimize some
measure of performance over a long period. In many situations, this is equivalent
to optimizing the measure of performance per unit time. This approach is easier to
deal with mathematically when compared to developing a model for optimizing a
measure of performance over a finite horizon.

The cost conflicts and associated optimization problems are illustrated in Figure
2.3. It should be stressed that this class of problem can be called short-term deter-
ministic because the magnitude of the interval between replacements is weeks or
months, rather than years. If the interval between replacements was measured in
years, then the fact that money changes in value over time would need to be taken
into account in the analysis. Such problems can be called long-term replacement and
are dealt with in Chapter 4.
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FIGURE 2.3 Short-term deterministic optimization.

2.2.2 CONSTRUCTION OF THE MODEL

1. c(?) is the operating cost per unit time at time 7 after replacement.

2. C, is the total cost of a replacement.

3. The replacement policy is to perform replacements at intervals of length .
The policy is illustrated in Figure 2.4.

4. The objective is to determine the optimal interval between replacements to
minimize the total cost of operation and replacement per unit time.

The total cost per unit time C(t,), for replacement at time ¢,, is:

C(t,) = total cost in interval (0, 7,)/length of interval

Total cost in interval = cost of operating + cost of replacement

tl‘

= jc(t) dr+C,
0
One replacement cycle Replacement
I v N I
Y Vl
[ |
0 t

T

FIGURE 2.4 Replacement cycle.
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Iy

C(tr)zl jc(t)dt+Cr . 2.1
t

"l o

This is a model of the problem relating replacement interval ¢, to total cost per unit
time C(z,), and development of the model is illustrated graphically in Figure 2.5.

The optimal replacement interval ¢, is that value of 7, that minimizes the right-
hand side of Equation 2.1, which can be shown by calculus to occur when

c(t) = C@).

Thus, the optimal replacement time is when the current operating cost rate is equal
to the average total cost per unit time. In other words, the optimal time to replace is
when the marginal cost is equivalent to the average cost.

In fact, if the trend in operating costs is linear, c(f) = a + bt, then the optimal
replacement interval 7* is

2C,

t*_

To use the equation c(#,) = C(t,) requires that the trend in operating costs be an
increasing function, which in practice is a very reasonable assumption. If that is
not the case, and as time progresses, the operating cost of a component becomes
lower, then Equation 2.1 needs to be solved using classic calculus (if the cost trend is
simple); otherwise, a numerical solution will be required.

If the trend in operating costs is not continuous, but discrete, then the optimal
replacement time is when the next period’s operating cost is equal to or greater than
the current average cost of replacement to that time. In other words, replace when the
marginal operating cost is greater than the average cost to date.
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> ¢
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FIGURE 2.5 Model development: short-term deterministic.
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2.2.3 NUMERICAL EXAMPLE

1. The trend in operating cost for an item is of the form
c(t) = A — B exp[—kf]

where A = $100, B = $80, and k = 0.21/week.

This trend is illustrated in Figure 2.6. Note that A — B > 0 may be inter-
preted as the operating cost per unit time if no deterioration occurs. k is a
constant describing the rate of deterioration.

2. C,, the total cost of a replacement, is $100.

Thus,

tl'
C(tr)=ti j(lOO—SOexp[—O.th])dt+100 .
"lo

In this case, an analytical solution (closed form) using the result c(z,) =
C(t,) cannot be obtained. A numerical solution is required, or discrete time
can be used. An evaluation of the above model for different values of ¢, is
given in Table 2.3, indicating that the optimal value of ¢, is at 5 weeks.

$/Week

\ c(t) = A-Be™®

A 4

Time (weeks)

FIGURE 2.6 Exponential trend in operating costs.

TABLE 2.3
Optimal Replacement Age

1, 1 2 3 4 5 6 7
) 1278 847 740 709 705 715 725
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2.2.4 FuUrRTHER COMMENTS

In the construction of the model in this section, the time required to produce a
replacement has not been included. This replacement time, 7,, can be accommodated
without difficulty. See Figure 2.7 and Equation 2.2 for the appropriate model:

tl"

Jc(t) dr+C,

-0
C()= AT 22

T T

In practice, it is often not unreasonable to disregard the replacement time because
it is usually small when compared with the interval between the replacements. Any
costs, such as production losses incurred due to the duration of the replacement, need
to be incorporated into the cost of the replacement action.

Models have now been developed whereby, for particular assumptions, the opti-
mal interval between replacements can be obtained. In practice, there may be con-
siderable difficulty in scheduling replacements to occur at their optimal time, or in
obtaining the values of some of the parameters required for the analysis. To further
assist the engineer in deciding what an appropriate replacement policy should be, it
is usually useful to plot the total cost/unit time curve (Figure 2.8). The advantage
of the curve is that, along with giving the optimal value of z,, it shows the form of
the total cost around the optimum. If the curve is fairly flat around the optimum,
it is not really very important that the engineer should plan for the replacements
to occur exactly at the optimum, thus giving some leeway in scheduling the work.
Thus, in Figure 2.8, a replacement interval (z,) with a value somewhere between 3.5
and 6 weeks does not greatly influence the total cost. Of course, if the total cost
curve is not fairly flat around the optimum but rising rapidly on both sides, then the
optimal interval should be adhered to if at all possible.

If there is uncertainty about the value of the particular parameter required in the
analysis—say, we are not sure what the replacement cost is—then evaluation of the
total cost curve for various values of the uncertain parameter, and noting the effect
of this variation on the optimal solution, often goes a long way toward deciding what
policy should be adopted and if the particular parameter is important from a solu-
tion viewpoint. For example, changing the value of C, in Equation 2.1 may produce

One replacement cycle
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FIGURE 2.7 Replacement cycle.
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FIGURE 2.8 Form of total cost curve.

curves similar to Figure 2.9, which demonstrate, in this instance, that although C, is
varied, it does not greatly influence the optimal values of ¢.. In fact, there is an over-
lap, which indicates a good solution independent of the true value of C, (provided
this value is within the bounds specified by the two curves). If changes in C, drasti-
cally altered the solution from the point of replacement interval and minimal total
cost, then it would be clear that a careful study would be required to identify the true
value of C, to be used when solving the model. (For example, does C, include only
material and labor costs? Or does it include lost production costs? Or costs associated
with having to use a less efficient plant, overtime, or contractors, etc., to make up for
losses incurred resulting from the replacement?) The decision that can be taken (in
this case regarding the interval between replacements) essentially may remain con-
stant within the uncertainty region checked by sensitivity. This does not necessarily
mean that the true total costs will have more or less the same numerical value within
the overlap region. From a decision-making point of view, however, this does not
matter because it is the interval between replacements that is under the control of the
decision maker. The total costs are a consequence of the decision taken.

E Curves obtained
3 by varying C,

=

=

S

%

2

8 Optimal values of ¢, for
T‘t different values of C,
S

Interval between replacements, t,

FIGURE 2.9 Sensitivity analysis of cost function.
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Thus, sensitivity checking gives guidance on what information is important from
a decision-making viewpoint and, consequently, what information should be gath-
ered in a data collection scheme. The statement “garbage in = garbage out,” which
is frequently made with reference to data requirements of quantitative techniques,
is also demonstrated to be not necessarily correct. The validity of the “garbage in =
garbage out” statement does depend on the sensitivity of the solution to particular
garbage. Note, therefore, that garbage in does not necessarily equal garbage out, and
so our information requirements for the use of quantitative techniques may not be as
severe as is often claimed.

2.2.5 APPLICATIONS

2.2.5.1 Replacing the Air Filter in an Automobile

What is the economic replacement time for the air filter in an automobile?

The purchase price of an air filter is $80. The automobile driver travels 2,000 km/
month. Gasoline costs $0.75/L. When the air filter is new, then during the first month
of operation, the automobile’s performance is 15 km/L; thus, the first month’s oper-
ating cost is $100.00. As the filter ages, there is a deterioration in the number of
kilometers that can be driven using 1 L of gasoline. The deterioration trend is given
in Table 2.4.

Using Equation 2.1, in discrete form, we obtain Table 2.5, from which we see that
the optimal replacement age is 4 months, and the associated cost per month is $131.88.
The associated graph of cost per month versus time is provided in Figure 2.10, which
includes a calculation showing the use of the optimizing criterion c(f) = C(¢,) when
the trend in operating cost is discretized.

Therefore, replace at the end of month 4 because next period’s operations and
maintenance cost, c(t = 5), is greater than the average cost to date ($131.88).

TABLE 2.4

Deteriorating Trend in Distance Traveled

Age (months) 1 2 3 4 5

km/L 15 14 13 12 10
TABLE 2.5

Optimal Filter Change-Out Time

T (month) c® $) C(t) ($/month)

1 100.00 (100 + 80)/1 = 180

107.13 (100 + 107.13 + 80)/2 = 143.57

115.38 (100 + 107.13 + 115.38 + 80)/3 = 134.17

125.00 (100 + 107.13 + 115.38 + 125 + 80)/4 = 131.88
150.00 (100 + 107.13 + 115.38 + 125 + 150 + 80)/5 = 135.50

[ VS I S
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FIGURE 2.10 Graph of total cost per month.

2.2.5.2 Overhauling a Boiler Plant

The replacement problem we have been discussing is similar to a problem associ-
ated with a boiler plant. Through use, the heat transfer surfaces within the boiler
become less efficient, and to increase their efficiency, they can be cleaned. Cleaning
thus increases the rate of heat transfer, and less fuel is required to produce a given
amount of steam. However, due to deterioration of other parts of the boiler plant, the
trend in operating cost is not constant after each cleaning operation (equivalent to a
replacement), but follows a trend similar to that of Figure 2.11. Thus, k illustrated in
Figure 2.6 is no longer constant, but varies from replacement to replacement. That is,
the trend in operating cost after each replacement depends on the amount of steam

>

Operating cost/Unit time

Y

Cumulative amount of steam produced

FIGURE 2.11 Operating cost trend: boiler plant.
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produced up to the date of the replacement. A detailed study of this problem is given
by Davidson (1970), who analyzes it using a dynamic programming model.

2.3 STOCHASTIC PREVENTIVE REPLACEMENT:
SOME INTRODUCTORY COMMENTS

Before proceeding with the development of component replacement models, it is
important to note that preventive replacement actions, that is, actions taken before
equipment reaches a failed state, require two necessary conditions.

1. The total cost of the replacement must be greater after failure than before
(if cost is the appropriate criterion; otherwise, an appropriate criterion,
such as downtime, is substituted in place of cost). This may be caused by
a greater loss of production because replacement after failure is unplanned
or failure of one piece of the plant may cause damage to other equipment.
For example, replacement of a piston ring in an automobile engine before
failure of the ring may only involve the cost of a piston ring plus a labor
charge, whereas after failure, its replacement cost may also include the cost
of a cylinder rebore.

2. The hazard rate of the equipment must be increasing. To illustrate this point,
we may consider equipment with a constant hazard rate. That is, failures
occur according to the negative exponential distribution or, equivalently, the
Weibull distribution, in which the shape parameter § = 1.0. When this is the
case, replacement before failure does not affect the probability that the equip-
ment will fail in the next instant, given that it is good now. Consequently,
money and time are wasted if preventive replacement is applied to equip-
ment that fails according to the negative exponential distribution. Obviously,
when equipment fails according to the hyperexponential distribution or the
Weibull distribution whose f value is less than 1.0, its hazard rate is decreas-
ing and again component preventive replacement should not be applied.
Examples of components in which a decreasing hazard rate has been identi-
fied include quartz crystals, medium-quality and high-quality resistors, and
capacitors and solid-state devices such as semiconductors and integrated cir-
cuits (Technical and Engineering Aids to Management 1976).

In practice, it is useful to appreciate that the hazard rate of equipment must be
increasing before preventive replacement is worthwhile. Very often, when equipment
frequently breaks down, the immediate reaction of the maintenance professional is
that the level of preventive replacement should be increased. If the failure distribution
of the components being replaced had been identified through conducting a Weibull
analysis (Appendix 2), it would be clear whether such preventive replacement was
applicable. It may well be that the appropriate procedure is to allow the item to fail
before performing a replacement, and this decision can be made simply by obtaining
statistics relevant to the equipment and does not involve the construction and solution
of a model to analyze the problem. If improved system reliability is required, then a
redesign is required. This may include introducing redundant components.
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Note, however, that preventive maintenance of a general nature, which does not
return equipment to the as-new condition, may be appropriate for equipment that
is subject to a constant hazard rate. Determination of the best level of such preven-
tive work will be covered in Chapter 3 in a problem relating to determination of
the optimal frequency of inspection and associated minor maintenance of complex
equipment.

2.4 OPTIMAL PREVENTIVE REPLACEMENT INTERVAL
OF ITEMS SUBJECT TO BREAKDOWN (ALSO
KNOWN AS THE GROUP OR BLOCK POLICY)

2.4.1 STATEMENT OF THE PROBLEM

An item, sometimes termed a line replaceable unit or part, is subject to sudden fail-
ure, and when failure occurs, the item has to be replaced. Because failure is unex-
pected, it is not unreasonable to assume that a failure replacement is more costly
than a preventive replacement. For example, a preventive replacement is planned
and arrangements are made to perform it without unnecessary delays, or perhaps
a failure may cause damage to other equipment. To reduce the number of failures,
preventive replacements can be scheduled to occur at specified intervals. However,
a balance is required between the amount spent on the preventive replacements and
their resulting benefits, that is, reduced failure replacements. The conflicting cost
consequences and their resolution by identifying the total cost curve are illustrated
in Figure 2.12.

A Total cost per week
C(,)

Failure replacement

| & cost/week

$/Week

Preventive replacement

4 cost/week

| :
5 >,

Optimal value of £,

Preventive replacement cost conflicts

FIGURE 2.12 Optimal replacement time.
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In this section, we will assume, not unreasonably, that we are dealing with a
long period over which the equipment is to be operated and the intervals between
the preventive replacements are relatively short. When this is the case, we need to
consider only one cycle of operation and develop a model for one cycle. If the inter-
val between the preventive replacements is long, it would be necessary to use a dis-
counting approach, and the series of cycles would have to be included in the model
(Chapter 4) to take into account the time value of money.

The replacement policy is one in which preventive replacements occur at fixed
intervals of time; failure replacements occur whenever necessary. We want to deter-
mine the optimal interval between the preventive replacements to minimize the total
expected cost of replacing the equipment per unit time.

2.4.2 CONSTRUCTION OF THE MODEL

. C, is the total cost of a preventive replacement.

. C;is the total cost of a failure replacement.

. f(o) s the probability density function of the item’s failure times.

. The replacement policy is to perform preventive replacements at constant
intervals of length 7 , irrespective of the age of the item, and failure replace-
ments occur as many times as required in interval (0, #,). The policy is
illustrated in Figure 2.13.

5. The objective is to determine the optimal interval between preventive

replacements to minimize the total expected replacement cost per unit time.

AW N =

The total expected cost per unit time for preventive replacement at intervals of
length 7, denoted C(z,) is

C(t,) = total expected cost in interval (0, 7,)/length of interval

Total expected cost in interval (0, tp)
= cost of a preventive replacement + expected cost of failure replacements
=C,+CH(t,)

where H(t,) is the expected number of failures in interval (0, 7,).

Preventive replacement

Failure replacements

A 4 v

One cycle

o~ -
=]

1
0
|«

\ 4

FIGURE 2.13 Replacement cycle: constant-interval policy.
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Therefore,

C(tp):w' (2.3)

p

This is a model of the problem relating replacement interval , to total cost C(z,).
Differentiating the right-hand side of Equation 2.3 with respect to 7, and equating
it to zero gives the optimized result:

1, ht,) - H(t,) = C,/C;

where h(z,) is the derivative of H(7) and is termed the renewal density:

J h(r)dt = H(t,). See Section 2.4.3 for the derivation of H().

A numerical solution to Equation 2.3 will be illustrated by an example in Section
2.4.4. Before proceeding with the example, we will illustrate a procedure to deter-
mine H(t,), the expected number of failures in an interval of length .

2.4.3 DETERMINATION OF H(7)

2.4.3.1 Renewal Theory Approach
With reference to Figure 2.14, we may define the following terms:

N(?) is the number of failures in interval (0, 7).

H(t) is the expected number of failures in interval (0, /) = E[N()], where E[]
denotes expectation.

t,, 1,, etc., are the intervals between failures.

S, is the time up to the rth failure =¢, + #, + ... + 1,
Now the probability of N(f) = r is the probability that 7 lies between the rth and

(r + Dth failure. This is obtained as follows:

. N R

< >

S
< r N
< >
t t, t, J ton R
—>|e—r|l——>le-—- -——»l« >
| | | —_—

0 1 2 3 r t r+1

FIGURE 2.14 Establishing H(?).
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PIN®t) <rl=1-F,1)
where F(f) is the cumulative distribution function of S,:
PIN(t) > r] = F,,,(0).
Now,
PIN(t) < r] + PIN(t) = r] + PIN(@®) > r] = 1.
Therefore,
PIN@) =1l = F.(1) = F,,0).

The expected value of N(¢) is then

oo

H@= Y rPIN@® =r1= Y rTF 0= Fy0)]
r=0

r=0

H®O =Y F1). 2.4)
r=1
On taking Laplace transforms* of both sides of Equation 2.4, we get

PR S C) 2.5
T =

The problem is then to determine H(f) from H*(s). This is done by determining
Sf(®) from f*(s), a process termed inversion. Inversion is usually done by reference to

tables giving Laplace transforms of functions and giving f{f) corresponding to com-
mon forms of f*(s).

*1If f(r) is the probability density function of a nonnegative random variable 7, the Laplace transform
[*(s) is defined by f *(s) = Eexp[—sT]= Iexp[—st]f(t)dt. The main importance of Laplace transforms

0
in renewal theory is associated with the sums of independent random variables. For further details of
renewal theory, see Cox (1962).
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Example
If f(t) = Ae ™, then from the tables, f*(s) = M(A + s). From Equation 2.5,

s MA+s)
)= e sl

=\/s2
From the tables, the function corresponding to 1/s? is t, and so

H(t) = At

In practice, H*(s) can only be inverted in simple cases. However, if t is large
(tending to infinity),

where p and o2 are the mean and variance of f(t), respectively.

Example

An item fails according to the normal distribution with p =5, 62 = 1. If the interval
between preventive replacements is t = 1000 weeks, then from Equation 2.6,

H(1000) = @+ﬂ =199.5 failures.
5 50

Of course, we do not expect to get large numbers of failures between preven-
tive replacements (if we do, we are not doing preventive replacement), and so
Equation 2.6 is not appropriate and therefore we need to use Equation 2.5. To
avoid possible difficulties of inverting H*(s), a discrete approach is usually adopted
to determine H(t).

2.4.3.2 Discrete Approach

Figure 2.15 illustrates the case in which there are 4 weeks between preventive
replacements. Then, H(4) is the expected number of failures in interval (0, 4), start-
ing with new equipment.

New equipment Preventive replacement
¢ ] ] | ¢
0 1 2 3 4

FIGURE 2.15 Establishing H(z): discrete approach.
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When we start at time zero, the first failure (if there is one) will occur during
either the first, second, third, or fourth week of operation. Keeping this fact in mind,
we get the following:

H(4) =number of expected failures that occur in interval (0, 4) when the first
failure occurs in the first week x probability of the first failure occuring
in interval (0, 1)

+ Number of expected failures that occur in interval (0, 4) when the first
failure occurs in the second week x probability of the first failure occur-
ing in interval (1, 2)

+ Number of expected failures that occur in interval (0, 4) when the first
failure occurs in the third week x probability of the first failure occuring
in interval (2, 3)

+ Number of expected failures that occur in interval (0, 4) when the first
failure occurs in the fourth week x probability of the first failure occuring
in interval (3, 4)

Assume that not more than one failure can occur in any weekly interval. This is
not restrictive because the length of each interval can be made as short as desired. If
this is the case, then

Number of expected failures that occur in interval (0, 4) when the first failure
occurs in the first week

= the failure that occured in the first week

+ the expected number of failures in the remaining 3 weeks

=1+ HQ3)

Note that we use H(3) because we have new equipment as a result of replacing the
failed component in the first week, and we have 3 weeks to go before the preventive
replacement occurs. By definition, the expected number of failures in the remaining
3 weeks, starting with the new equipment, is H(3).

1
The probability of the first failure occurring in the first week = j Sf(®)dt. Similarly,
0

in consequence of the first failure occurring in the second, third, or fourth weeks,

1 2
H@A)=[1+ H(3)]J.f(t) de+[1+ H(2)]Jf(t) dt
0 \ 1 \
+[1+ H(l)]Jf(t) de+[1+ H(O)]Jf(t) dz.
2 3

Obviously, H(0) = 0. That is, with zero weeks to go, the expected number of failures
is zero.
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Tidying up the above equation, we get

i+l

3
H(4) = 2[1 +HG-1)] I () dt
i=0 i

with H(0) = 0.
In general,
T-1 i+1
H(T)=Z[1+H(T—i—1)]Jf(t)dt,T21 2.7
i=0 i
with H(0) = 0.

Equation 2.7 is termed a recurrence relation. Because we know that H(0) = 0, we
can get H(1), then H(2), then H(3), and so on, from Equation 2.7.

Example

Assume f(t) = l, 0<t<6. This is illustrated in Figure 2.16 and is termed a uniform

or rectangular distribution. We want to determine the expected number of failures
if preventive rep