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Preface

Engineering maintenance is an important sector of the economy. Each year U.S.
industry spends well over $300 billion on plant maintenance and operation, and in
1997 the U.S. Department of Defense’s budget request alone included $79 billion
for operation and maintenance. Furthermore, it is estimated that approximately 80%
of the industry dollars is spent to correct chronic failures of machines, systems, and
people. The elimination of many of these chronic failures through effective mainte-
nance can reduce the cost between 40 and 60%.

This century will usher in a broader need for equipment management—a cradle-to-
grave strategy to preserve equipment functions, avoid the consequences of failure, and
ensure the productive capacity of equipment. This cannot be achieved by simply fol-
lowing the traditional approach to maintenance effectively—human error in maintenance,
quality and safety in maintenance, software maintenance, reliability-centered main-
tenance, maintenance costing, reliability, and maintainability also must be considered.

Today, a large number of books are available on maintenance, but to the best of
my knowledge, none covers all the areas listed above. Material on such topics is
available either in technical articles or in specialized books, but not in a single
volume. In order to perform the maintenance function effectively, knowledge of
these topics is essential, but maintenance professionals find it difficult to obtain such
information in a single maintenance text.

The main objective of this book is to cover all the above and other related current
topics in a single volume in addition to the traditional topics of engineering main-
tenance. The book focuses on the structure of concepts rather than the minute details.
The sources of most of the material are given in references, which will be useful to
readers who desire to delve deeper into specific areas.

Chapter 1 presents various introductory aspects concerning engineering main-
tenance including engineering objectives, engineering maintenance in the 21st century,
and maintenance-related facts and figures. Chapter 2 reviews the basic probability
theory and other pertinent mathematical topics that will help the reader understand
subsequent chapters of the book. Chapter 3 discusses various aspects related to
maintenance management and control, including department functions and organi-
zations, elements of effective management, management control indices, and project
control methods.

Chapter 4 is devoted to preventive maintenance (PM) and covers topics such as
preventive maintenance elements; steps for establishing a PM program; and PM
measures, models, and advantages and disadvantages. Chapter 5 presents various
aspects of corrective maintenance (CM) ranging from CM types and measures to
CM mathematical models. Chapter 6 is devoted to the important subject of reliability
centered maintenance (RCM) and covers topics such as RCM goals and principles,
RCM process, RCM components, and RCM program effectiveness indicators.
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Inventory control in maintenance is presented in Chapter 7. This chapter covers
topics such as inventory types and purposes, inventory control models, safety stock,
and estimation of spare part quantity. Chapter 8 and 9 are devoted to human error
in maintenance and quality and safety in maintenance, respectively. Some of the
topics covered in Chapter 8 are facts and figures on human error in maintenance,
maintenance error in system life cycle, guidelines for reducing human error, and
techniques for predicting the occurrence of human error. Chapter 9 includes topics
such as the need for quality maintenance processes, maintenance work quality, quality
control charts for use in maintenance, post maintenance testing, safety and mainte-
nance tasks, guidelines for equipment designers to improve safety in maintenance,
and maintenance personnel safety.

Chapter 10 presents various aspects concerning maintenance costing, including
reasons for maintenance costing, factors influencing cost, labor and material cost
estimation, cost estimation models, and cost data collection. Chapter 11 presents an
important area of modern maintenance, i.e., software maintenance. Some of the
topics relating to software maintenance are types of software maintenance, software
maintenance problems, software maintenance tools and techniques, and software main-
tenance costing.

Chapters 12 and 13 are devoted to two areas closely related to maintenance, i.e.,
reliability and maintainability. Chapter 12 covers reliability measures, reliability net-
works, and reliability analysis methods. Chapter 13 includes maintainability man-
agement in system life cycle, maintainability design characteristics, maintainability
measures and functions, and common errors related to maintainability design.

This book will be useful to senior level undergraduate and graduate students in
mechanical and industrial engineering; maintenance and operations, engineers; col-
lege and university level teachers; students and instructors of short courses in engi-
neering maintenance; and equipment designers, managers, manufacturers, and users.

The author is deeply indebted to many friends, colleagues, and students for their
interest and encouragement throughout this project. I thank my children, Jasmine
and Mark, for their patience and intermittent disturbances leading to desirable coffee
and other breaks. And last, but not least, I thank my wife, Rosy, for typing various
portions of this book, editorial input, proofreading, and tolerance.

B.S. Dhillon
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Introduction

BACKGROUND

Since the Industrial Revolution, maintenance of engineering equipment in the field
has been a challenge. Although impressive progress has been made in maintaining
equipment in the field in an effective manner, maintenance of equipment is still a
challenge due to factors such as size, cost, complexity, and competition. Needless
to say, today’s maintenance practices are market driven, in particular for the manu-
facturing and process industry, service suppliers, and so on.' An event may present
an immediate environmental, performance, or safety implication. Thus, there is a
definite need for effective asset management and maintenance practices that will
positively influence critical success factors such as safety, product quality, speed of
innovation, price, profitability, and reliable delivery.

Each year billions of dollars are spent on equipment maintenance around the world.
Over the years, many new developments have taken place in this area. The terms
“maintenance” and “maintenance engineering” may mean different things to differ-
ent people. For example, the U.S. Department of Defense sees maintenance engi-
neering as a discipline that assists in acquisition of resources needed for maintenance,
and provides policies and plans for the use of resources in performing or accom-
plishing maintenance.” In contrast, maintenance activities are viewed as those that
use resources in physically performing those actions and tasks attendant on the
equipment maintenance function for test, servicing, repair, calibration, overhaul,
modification, and so on.

Comprehensive lists of publications on maintenance and maintenance engineer-
ing are given in References 3 and 4.

MAINTENANCE AND MAINTENANCE
ENGINEERING OBJECTIVES

Even though maintenance engineering and maintenance have the same end objective
or goal (i.e., mission-ready equipment/item at minimum cost), the environments under
which they operate differ significantly. More specifically, maintenance engineering
is an analytical function as well as it is deliberate and methodical. In contrast, main-
tenance is a function that must be performed under normally adverse circumstances
and stress, and its main objective is to rapidly restore the equipment to its operational
readiness state using available resources. Nonetheless, the contributing objectives of
maintenance engineering include: improve maintenance operations, reduce the amount
and frequency of maintenance, reduce the effect of complexity, reduce the maintenance
skills required, reduce the amount of supply support, establish optimum frequency
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and extent of preventive maintenance to be carried out, improve and ensure maximum
utilization of maintenance facilities, and improve the maintenance organization.2

This book directly or indirectly covers both maintenance and maintenance engineer-
ing and their objectives.

MAINTENANCE FACTS AND FIGURES

Some the important facts and figures directly or indirectly associated with engineer-
ing maintenance are as follows:

* Each year over $300 billion are spent on plant maintenance and operations
by U.S. industry, and it is estimated that approximately 80% of this is
spent to correct the chronic failure of machines, systems, and people.5

* In 1970, a British Ministry of Technology Working Party report estimated
that maintenance cost the United Kingdom (UK) was approximately
£3000 million annually.*’

* Annually, the cost of maintaining a military jet aircraft is around $1.6
million; approximately 11% of the total operating cost for an aircraft is
spent on maintenance activities.®

» The typical size of a plant maintenance group in a manufacturing orga-
nization varied from 5 to 10% of the total operating force: in 1969, 1 to
17 persons, and in 1981, 1 to 12 persons.9

e The U.S. Department of Defense is the steward of the world’s largest
dedicated infrastructure, with a physical plant valued at approximately
$570 billion on approximately 42,000 square miles of land, i.e., roughly
the size of the state of Virginia.10

* The operation and maintenance budget request of the U.S. Department of
Defense for fiscal year 1997 was on the order of $79 billion."'

* Annually, the U.S. Department of Defense spends around $12 billion for
depot maintenance of weapon systems and equipment: Navy (59%), Air
Force (27%), Army (13%), and others (1%).10

e In 1968, it was estimated that better maintenance practices in the U.K.
could have saved approximately £300 million annually of lost production
due to equipment unavailability.12

ENGINEERING MAINTENANCE IN THE
21ST CENTURY

Due to various factors, it was established in the previous century that “maintenance”
must be an integral part of the production strategy for the overall success of an orga-
nization. For the effectiveness of the maintenance activity, the 21st century must build
on this."”

It is expected that equipment of this century will be more computerized and
reliable, in addition to being vastly more complex. Further computerization of equip-
ment will significantly increase the importance of software maintenance, approaching,
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if not equal to, hardware maintenance. This century will also see more emphasis on
maintenance with respect to such areas as the human factor, quality, safety, and cost
effectiveness.

New thinking and new strategies will be required to realize potential benefits
and turn them into profitability. All in all, profitable operations will be the ones that
have employed modern thinking to evolve an equipment management strategy that
takes effective advantage of new information, technology, and methods.

MAINTENANCE TERMS AND DEFINITIONS

This section presents some terms and definitions directly or indirectly used in engineer-
. . 2,14-19
ing maintenance:

* Maintenance: All actions appropriate for retaining an item/part/equipment
in, or restoring it to, a given condition.

* Maintenance engineering: The activity of equipment/item maintenance
that develops concepts, criteria, and technical requirements in conceptional
and acquisition phases to be used and maintained in a current status during
the operating phase to assure effective maintenance support of equipment.14

* Preventive maintenance: All actions carried out on a planned, periodic,
and specific schedule to keep an item/equipment in stated working con-
dition through the process of checking and reconditioning. These actions
are precautionary steps undertaken to forestall or lower the probability of
failures or an unacceptable level of degradation in later service, rather
than correcting them after they occur.

* Corrective maintenance: The unscheduled maintenance or repair to return
items/equipment to a defined state and carried out because maintenance
persons or users perceived deficiencies or failures.

* Predictive maintenance: The use of modern measurement and signal-
processing methods to accurately diagnose item/equipment condition during
operation.

* Maintenance concept: A statement of the overall concept of the item/product
specification or policy that controls the type of maintenance action to be
employed for the item under consideration.

* Maintenance plan: A document that outlines the management and tech-
nical procedure to be employed to maintain an item; usually describes
facilities, tools, schedules, and resources.

* Reliability: The probability that an item will perform its stated function
satisfactorily for the desired period when used per the specified conditions.

* Maintainability: The probability that a failed item will be restored to ade-
quately working condition.

* Active repair time: The component of downtime when repair persons are
active to effect a repair.

* Mean time to repair (MTTR): A figure of merit depending on item main-
tainability equal to the mean item repair time. In the case of exponentially
distributed times to repair, MTTR is the reciprocal of the repair rate.
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* Overhaul: A comprehensive inspection and restoration of an item or a piece
of equipment to an acceptable level at a durability time or usage limit.

* Quality: The degree to which an item, function, or process satisfies require-
ments of customer and user.

* Maintenance person: An individual who conducts preventive maintenance
and responds to a user’s service call to a repair facility, and performs cor-
rective maintenance on an item. Also called custom engineer, service person,
technician, field engineer, mechanic, repair person, etc.

* Inspection: The qualitative observation of an item’s performance or
condition.

MAINTENANCE PUBLICATIONS, ORGANIZATIONS,
AND DATA INFORMATION SOURCES

This section presents selected publications, organizations, and data information sources
directly or indirectly concerned with engineering maintenance.

PUBLICATIONS
Journals and Magazines

* Journal of Quality in Maintenance Engineering, MCB University Press,
UK.

* Industrial Maintenance & Plant Operation, Cahners Business Informa-
tion, Inc., U.S.A.

* Maintenance Technology, Applied Technology Publications, Inc., U.S.A.

* Maintenance Journal, Engineer Information Transfer Pty. Ltd., Australia.

* Reliability: The Magazine for Improved Plant Reliability, Industrial Com-
munications, Inc., U.S.A.

e Maintenance and Asset Management Journal, Conference Communica-
tions, Inc., U.K.

Books and Reports

* Maintenance Engineering Handbook edited by L.R. Higgins, McGraw-
Hill Book Company, New York, 1988.

* Engineering Maintenance Management by B.W. Niebel, Marcel Dekker,
Inc., New York, 1994.

* Maintenance Fundamentals by R.K. Mobley, Butterworth-Heinemann,
Inc., Boston, 1999.

* Maintenance Strategy by A. Kelly, Butterworth-Heinemann, Inc., Oxford,
U.K,, 1997.

* Reliability-Centered Maintenance by J. Moubray, Industrial Press, Inc.,
New York, 1997.

» Applied Reliability-Centered Maintenance by J. August, Penn Well, Tulsa,
Oklahoma, 1999.
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Maintenance Planning and Control by A. Kelly, Butterworth and Co. Ltd.,
London, 1984.

Quality, Warranty, and Preventive Maintenance by 1. Sahin and H. Polato-
glu, Kluwer Academic Publishers, Boston, 1999.

Glossary of Reliability and Maintenance Terms by T. McKenna and R.
Oliverson, Gulf Publishing Company, Houston, Texas, 1997.

Maintenance Engineering Techniques, Report No. AMCP 706-132, Depart-
ment of the Army, Washington, D.C., 1975.

Guide to Reliability-Centered Maintenance, Report No. AMCP 705-2,
Department of the Army, Washington, D.C., 1985.

Queues, Inventories, and Maintenance by PM. Morse, John Wiley &
Sons, New York, 1958.

Maintenance Engineering Handbook by L.C. Morrow, McGraw-Hill Book
Company, New York, 1966.

The Complete Handbook of Maintenance Management by J.E. Heintzelman,
Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1976.

ORGANIZATIONS

Professional

Society for Maintenance and Reliability Professionals

401 N. Michigan Ave., Chicago, Illinois, U.S.A.

American Institute of Plant Engineers

539 S. Lexington Pl., Anaheim, California, U.S.A.

Society for Machinery Failure Prevention Technology

4193 Sudley Road, Haymarket, Virginia, U.S.A.

Maintenance Engineering Society of Australia (MESA)

(A Technical Society of the Institution of Engineers, Australia)
11 National Circuit, Barton, ACT, Australia
Maintenance/Engineering Division, Canadian Institute of Mining,
Metallurgy and Petroleum

3400 de Maisonneuve Blvd West, Suite 1210, Montreal, Quebec, Canada
The Institution of Plant Engineers

77 Great Peter St., London, U.K.

Japan Institute of Plant Maintenance

Shuwa Shiba - Koen 3 - Chome Bldg.

3-1-38, Shiba - Koen, Minato - Ku, Tokyo, Japan

The Institute of Marine Engineers

80 Coleman St., London, U.K.

Society of Logistic Engineers

8100 Professional Place, Suite 211, Hyattsville, Maryland, U.S.A.
International Maintenance Institute

P.O. Box 751896, Houston, Texas, U.S.A.

Society of Automotive Engineers, Inc.

400 Commonwealth Dr., Warrendale, Pennsylvania, U.S.A.
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Consulting

DATtA

International Total Productive Maintenance (TPM) Institute, Inc.
4018 Letort Lane, Allison Park, Pennsylvania, U.S.A.

The Maintenance and Reliability Center

506 East Stadium Hall, University of Tennessee, Knoxville,
Tennessee, U.S.A.

Maintenance and Housekeepers of Florida, Inc.

750 S. Orange Blossom, Suite 106, Orlando, Florida, U.S.A.
PM Maintenance Services

RR5, Box 82-M, Georgetown, Delaware, U.S.A.

Wolfson Maintenance

Kilburn House Manchester Science Park, Pencroft Way,
Manchester, U.K.

Espinoza consulting

P.O. Box 80935, Rochester, Michigan, U.S.A.

Aladon Ltd.

44 Regent Street, Lutterworth, Leicestershire, U.K.

PM Safety Consultants Ltd.

The Verdin Exchange, High Street, Winsford, Cheshire, U.K.
Applied Reliability, Inc.

11944 Justice Avenue, Suite E, Baton Rouge, Louisiana, U.S.A.
BMT Reliability Consultants Ltd.

12 Little Park Farm Road, Fareham, Hampshire, U.K.

Bretech Engineering Ltd.

70 Crown Street, P.O. Box 2331, Saint John, New Brunswick, Canada

INFORMATION SOURCES

GIDEP Data

Government Industry Data Exchange Program (GIDEP) Operations Center
Fleet Missile Systems, Analysis, and Evaluation Department of the Navy,
Corona, California, U.S.A.

National Technical Information Service (NTIS)

5285 Port Royal Road, Springfield, Virginia, U.S.A.

Defense Technical Information Center

DTIC - FDAC

8725 John J. Kingman Road, Suite 0944, Fort Belvoir, Virginia, U.S.A.
Data on equipment used in electric power generation

Equipment Reliability Information System (ERIS)

Canadian Electrical Association,

Montreal, Quebec, Canada

Data on trucks and vans

Commanding General

Attn: DRSTA - QRA, U.S. Army

Automotive - Tank Command,

Warren, Michigan, U.S.A.
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PROBLEMS

1. Discuss the needs for maintenance.

2. Define the following terms:

* Maintenance
* Maintenance engineering

3. What are the objectives of maintenance engineering?

4. What is the approximate amount of money spent annually on plant main-
tenance and operations by U.S. industry?

5. Write an essay on engineering maintenance in the 21st century.

6. What is the difference between preventive and predictive maintenance?

7. What is the difference between maintenance and maintainability?

8. List at least five sources for obtaining maintenance-related information.
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Maintenance
Mathematics

INTRODUCTION

As in the case of other engineering disciplines, mathematics is an indispensable
maintenance tool. Mathematics' applications in engineering are relatively new. A his-
tory of mathematics is provided in Reference 1.

In maintenance, mathematics find applications in work sampling, inventory con-
trol analysis, failure data analysis, establishing optimum preventive maintenance pol-
icies, maintenance cost analysis, and project management control. Some of the areas
of mathematics used in maintenance include set theory, probability, calculus, differ-
ential equations, Stochastic processes, and Laplace transforms. Even though many
excellent texts are available in areas such as these, this chapter presents essential
mathematical concepts to enable understanding of the material presented in the book.
This should eliminate the need for readers to consult math books.

BOOLEAN ALGEBRA AND PROBABILITY PROPERTIES

Boolean algebra is important in probability theory and is named after George Boole
(1813-1864), its originator.2 Table 2.1 presents selective rules of Boolean algebra.
The capital letters denote arbitrary sets or events and the symbol + denotes the union
of sets or events. The intersection of sets in the table is written without the dot.
Nevertheless, in some other documents it could have been written with the symbol
M or with a dot.

Important properties of probability are as follows:™*

* The probability of occurrence of event, ¥, is always
0<P(Y)<1 2.1

where P(Y) is the probability of occurrence of Y.

* The probability of occurrence and nonoccurrence of Y is given by
P(Y)+P(Y) =1 (2.2)

where Y is the negation of Y and P(Y) is the probability of nonoccurrence
of Y.
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TABLE 2.1
Commonly Used Boolean Algebra Rules™’

Rule Description Symbolism
Absorption law Y(Y+A) =Y
Y+YA=Y
Commutative law AY=YA
A+Y=Y+A
Idempotent law Yy=Y
Y+Y=Y
Distributive law A(Y+B)=AY +AB
A+(YB)=(A+Y) (A +B)
Associative law A (YB) = (AY) B

A+B)+Y=A+(Y+B)

» The probability of the sample space, S, is

P(S) =1 (2:3)
* The probability of the negation of the sample space S is

P(S) =1 2.4

 The probability of an intersection of independent events, Y}, Y, Y;...,Y,, is

P(Y,Y,Y;...Y,) = P(Y,)P(Y,)P(Y;)...P(Y,) 2.5)
where
n = total number of events,
Y = jth event, fori =1, 2, 3,...,n,
P(Y;) = probability of occurrence of event ¥, for i =1, 2, 3,...,n.

* The probability of the union of n independent events is given by

P(Y,+Y,+Ys++Y,) = 1-[[(1-P(Y) (2.6)

i=1

* The probability of the union of » mutually exclusive events is expressed by

P(Y +Y,+ Y5+ +Y,) = YP(Y) .7
i=1
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Note that for very small values of P(Y,), P(Y,), P(Y5),...,P(Y,), Eq. (2.6) yields almost

the same result to Eq. (2.7).

Example 2.1

Assume that in Eq. (2.6), we have n = 2, P(Y,) = .04, and P(Y,) = .06. Calculate the
probability of the union of independent events Y; and Y,. Use the same given data

in Eq. (2.7) and comment on the results given by Egs. (2.6) and (2.7).
For n =2, Eq. (2.6) yields

2
P(Y,+Yy) = 1-[J(1-P(Yy)
i=1

P(Y,)+P(Y,)-P(Y))P(Y,)
Substituting the given values for P(Y,) and P(Y,) into Eq. (2.8), we get

P(Y, +Y,) = .04+ .06 — (.04)(.06)

.0976

Using the same given data in Eq. (2.7) yields

P(Y,+Y,) = P(Y,)+P(Y,)
.1000

The above two results are almost identical.

PROBABILITY AND CUMULATIVE DISTRIBUTION
FUNCTION DEFINITIONS

PROBABILITY

This is defined by’

P(Y) = lim (M/m)

m—>eo

(2.8)

(2.9)

where P(Y) is the probability of occurrence of event Y and M is the total number

of times that Y occurs in the m repeated experiments.

CuMULATIVE DIsTRIBUTION FUNCTION

This is expressed bys’()

Fiy = [ fody
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where
t =time,
F(t) = cumulative distribution function,
f(y) = probability density function.

By differentiating Eq. (2.10) with respect to 7, we get

dF( _ d(_f()dy)

— - = (1) @.11)
Setting ¢ = o in Eq. (2.10) yields
F(o) = jm f(x)dx = 1 2.12)

This proves that the total area under the probability density curve is always equal
to unity.

PROBABILITY DISTRIBUTIONS OF CONTINUOUS
RANDOM VARIABLES

Over the years many continuous random variable probability distributions have been
developed. This section presents some of those useful for performing mathematical
maintenance analysis-related studies.””

EXPONENTIAL DISTRIBUTION

This is one of the most widely used probability distributions in engineering, partic-
ularly in reliability work.'"" It is relatively easy to handle in conducting analysis. The
distribution probability density function is defined by

f(t) = e, 120, 1>0 (2.13)

where A is the distribution parameter.
By substituting Eq. (2.13) into Eq. (2.10) we get the following expression for
the exponential distribution cumulative distribution function:

F(t) = j;/w*"dy = 1—e™ (2.14)

Example 2.2

By setting ¢ = oo in Eq. (2.14) prove that the value of the cumulative distribution
function is equal to unity.
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Thus, for t = = Eq. (2.14) becomes
F(o)=1-e™=1-0=1
The above result proves that values of F(¢) for t = o is always equal to unity.

RAYLEIGH DISTRIBUTION

This distribution, developed by John Rayleigh (1842-1919), is used often in reliability
engineering and in the theory of sound.' Its probability density function is expressed by

f) = (%)te_(”a)z, 120, a>0 (2.15)
o

where o is the distribution parameter.

Inserting Eq. (2.15) into Eq. (2.10), we obtain

F(t) = 1-¢"" (2.16)
The above equation is the Rayleigh distribution cumulative distribution function.

Example 2.3

Obtain an expression for the probability density function by using Eq. (2.16) in Eq. (2.11).
Substituting Eq. (2.16) into Eq. (2.11) yields

_dF(t) _ (2t\ ¢
f@) = = (;z)e (2.17)

Note that Eq. (2.17) is identical to Eq. (2.15). Thus, it proves that by differen-
tiating the cumulative function, F(#), with respect to time, #, yields the probability
density function.

WEIBULL DISTRIBUTION

This distribution was developed by W. Weibull of the Royal Institute of Technology,
Stockholm, in the early 1950s."" Weibull distribution is useful for representing many
different physical phenomena. Its probability density function is defined by

b —(t)®

f(t) = + t>0, b>0, a>0 (2.18)

where b and o are the shape and scale parameters, respectively.
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Using Eq. (2.18) in Eq. (2.10), we get

F(1) = 1—e' (2.19)

Equation (2.19) is also known as Weibull cumulative distribution function.

Example 2.4

Obtain expressions by using Eq. (2.19) for b = 1 and b = 2 and comment on the
resulting equations.
Thus, for b= 1 and b =2 Eq. (2.19) yields the following expressions, respectively:

F(t) =1-¢" (2.20)

and
F(t) = | — g’ (2.21)

Equations (2.20) and (2.21) are identical to Egs. (2.14) (i.e., for 1/oc = A1) and
(2.16), respectively. It means for » = 1 and b = 2 exponential and Rayleigh distri-
butions are the special cases of the Weibull distribution, respectively.

NORMAL DISTRIBUTION

This distribution is sometime called the Gaussian distribution after Carl Friedrich
Gauss (1777-1855), a German mathematician. It is one of the most widely used
statistical distributions. The distribution probability density function is expressed by

— 1 (t_,u)z oo co 222
f() Gmexp[ > } <t< + (2.22)

where ¢ and o are the distribution parameters (i.e., mean and standard deviation,
respectively).
Substituting Eq. (2.22) into Eq. (2.10), we obtain

__ Ly (-’
F(t) = - 2njimexp[—2—62} dy (2.23)

The values of Eq. (2.23) are tabulated in various mathematical books.**"!

This distribution was actually discovered by De Moivre as early as in 1733 but
due to historical error was attributed to Carl Gauss.’
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GENERAL DISTRIBUTION

This distribution can represent a wide range of physical phenomena, and its proba-
bility density function is expressed by12

f(t) = [mAst”™ + (1 —m)ﬁtﬁ“ee"'ﬁ] expl-mAt’ — (1 —m)(ee’ﬁ_ D] (2.24)

for 0<m<1 and A,s,5,6>0

where A and 0 are the scale parameters, 3 and s are the shape parameters.
By inserting Eq. (2.24) into Eq. (2.10), we get the following expression for the
cumulative distribution function:

Ft) = 1—expl-mAf — (1 —m)(e™ —1)] (2.25)

The following statistical functions are the special cases of the general distribution:

* For m = 1: Weibull

e For m =1 and s = 2: Rayleigh

e For m =1 and s = 1: Exponential

e For m=0 and 8 = 1: Extreme value
* For s =1 and 8 = 1: Makeham

* For s=0.5and B = 1: Bathtub"

Table 2.2 presents cumulative distribution functions for the distributions discussed
earlier.

TABLE 2.2
Cumulative Distribution Functions for Selective
Distributions

Distribution Name Cumulative Distribution Function (F ()
General 1 - expl-mAr — (1 —m)(e” ~1)]
Exponential 1-e™

Rayleigh 1o

Weibull | =’

Normal O.Jﬁ .[; exp[ (lzfo,flz)zJ "
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LAPLACE TRANSFORMS: INITIAL AND FINAL

VALUE THEOREMS

Laplace transforms are useful for solving system of linear differential equations in
mathematical maintenance analysis. These transforms are named for Pierre-Simon
Laplace (1749-1827) who died exactly 100 years after the death of Isaac Newton.'

The Laplace transform of the function, f(), is expressed by]

f(s) = [ flnedr

where
t =time,
s = Laplace transform variable,

f(s) = Laplace transform of f(r).

Example 2.5

Obtain Laplace transforms of the following two functions:
« f() =1
c fy ="

where A is a constant.

Using Eq. (2.27) in Eq. (2.26), we get

f(s) = j:1-e‘”dt - % for 5> 0

Substituting Eq. (2.28) into Eq. (2.26) yields

_e—(.er).)t oo

© At st 1
f(s):.“oele dt:[s+ll:s+l’

Laplace transforms of some selective functions are presented in Table 2.3.

INITIAL AND FINAL VALUE THEOREMS

The initial value theorem is given by

lim £(¢)
t—0
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for s >0

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

2.31)



TABLE 2.3

Laplace Transforms of Some Common Functions

No. ft) i)
—At
! € T for s>-A
2 1 % for s>0
df (1) o
} 0 1(6) ~ 0)
t n
4 [ Fnay £()
0 s
K
m—1
! 1
° (m—1)! oo form=123..
m-1_At
7 e 1 , for m=1,2,3,...
(m—-1)! G-A)"

The Laplace transform of Eq. (2.31) is®

lim sf(s)
The final value theorem is expressed by

lim £(1)
The Laplace transform of Eq. (2.33) is given by6

lim s (s)

Example 2.6

(2.32)

(2.33)

(2.34)

Prove that Egs. (2.33) and (2.34) are equal. From Table 2.3 and Eq. (2.26) we write

L[f%(—f—)} = [ D 4y = 5f(s) - £(0)

where L is the Laplace transform operator.
The limit of

< _udf(1)
J‘O e Tdt
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as s >0 is

i [ e 4G ar = [ <GP a
- lim [ S
= iifl [f(w)=f(0)]
= }gri f()—=f(0) (2.36)
The limit of [s f(s) — f(0)] as s — 0 is
hg(l) sf(s)—f(0) (2.37)
From Egs. (2.36) and (2.37) we obtain
}gg f()—f(0) = 11glg sf(s)— f(0) (2.38)
Equation (2.38) yields
}gr; f(1) = 113(1) sf(s) (2.39)

The above equation proves that Eqs. (2.33) and (2.34) are equal.

Example 2.7

Assume that we have

_ _u A
f() = T ”+ Y ue (2.40)

where A and u are parameters or constants and 7 is time.

Prove using Eq. (2.40) that Egs. (2.33) and (2.34) yield identical results. By
substituting Eq. (2.40) into Eq. (2.33), we get

. u A ~A+wr| _ 2
}l—{gb+u+l+ye J A+u (2.41)

Taking the Laplace transform of Eq. (2.40) yields

Y T S 1
f(s)_l+ys+/1+u(s+),+y)

_ s+

T os(s+A+p) (242)
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Inserting Eq. (2.42) into Eq. (2.34), we get

: (s+u) __H
Elgtl)s[s(s+l+uﬂ T A+u (2.43)

Equations (2.41) and (2.43) prove that Egs. (2.33) and (2.34) yield identical results.

ALGEBRAIC EQUATIONS

Mathematical maintenance analysis may involve determining roots of algebraic equa-

tions. A root may be described as a value of variable when insertion into the polynomial

equation leads to the value of the equation equal to zero. When all roots of the poly-
. . .. . 11,17,18

nomial equation are found, it is considered solved.

QUADRATIC EQUATION

Although quadratic equations were solved around 2000 Bc by Babylonians, in Western
society before the seventeenth century the theory of equations was handicapped by
the failure to recognize negative or complex numbers as the roots of equations.l A
quadratic equation is defined by

AX’+Bx+C =0 (2.44)

where x is a variable; A, B, and C are the constants.
Solutions to Eq. (2.44) are given below:

1/2

X, %X, = (=B D )/2A (2.45)
where
D=B’-4AC (2.46)
For real A, B, and C the roots can be classified as follows:
e For D > 0: real and unequal
* For D = 0: real and equal
* For D < 0: complex conjugate
If x, and x, are the roots of Eq. (2.44) then we have
x;x, = C/A (2.47)
and

X, +x, = —B/A (2.48)
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Cusic EQuUATION

Italian mathematicians played an instrumental role in finding the algebraic solution
to cubic equation. In 1545 Girolamo Cardano (1501-1576) published a Latin treatise
on algebra at Nuremberg in Germany and included Tartaglia’s solution of the cubic.'
Cubic equation is expressed by

X +B,x +Byx+B; =0 (2.49)

where x is a variable; B,, B,, and B; are the constants.

Let
L = (3B,-B))/9 (2.50)
M = (9B,B,-27B,-2B;)/54 (2.51)
N = M+ +M>H"" (2.52)
and

P=(M-(+mH"" (2.53)

The roots of Eq. (2.49) are given below:

X = N+p_% (2.54)
Y= e Bl Aavop (2.55)
2 3 2
n=—wvepy Bl v -p (2.56)
2 3 2
Let
T=L+M (2.57)

For real B,, B,, and B; the roots can be classified as follows:

e For T > 0: one real and two complex conjugate
e For T < 0O: all real and unequal
e For T = 0: all real and at least two equal

DIFFERENTIAL EQUATIONS

In mathematical maintenance analysis it may be necessary to find solutions to a set
of linear differential equations, particularly when applying the Markov method. Even
though there are various methods for solving differential equations, the Laplace
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transform approach is probably the most effective technique for solving a set of
linear differential equations.

The following example demonstrates the application of Laplace transforms to
solve a set of linear differential equations.

Example 2.8

Assume that the following two differential equations describe a repairable system:

dP;t(t ) _ _APy(t) + uP, (1) (2.58)
dP
dlt(t) = —P (1) + APy(1) (2.59)

where
P; (1) = probability that the system is in state i at time ¢, for i = 0 (working
normally), i = 1 (failed),

A

U = system repair rate.

system failure rate,

At time ¢t = 0, P,(0) = 1, and P,(0) = 0.

Prove by using Laplace transforms and Eqgs. (2.58) and (2.59) that the probability
of the system operating normally, i.e., Py(?), is given by Eq. (2.40).

Taking Laplace transforms of Egs. (2.58) and (2.59), we get

SPy(s) — Py(0) = —APy(s) + 1P (s) (2.60)
sP(s) = P,(0) = —uP,(s) + APy(s) (2.61)

where P;(s) is the Laplace transform of the probability that the system is in state i,
fori=0,1.
For given initial conditions Egs. (2.60) and (2.61) become

sPy(s) =1 = =APy(s) + UP(s) (2.62)
sP(s) = —UP(s) + APy(s) (2.63)
Rearranging Eq. (2.63) yields

AP(s)

P(s) = S+ U

(2.64)
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Substituting Eq. (2.64) into Eq. (2.62), we obtain

_ s+
Py(s) = SGTA+D (2.65)

Taking the inverse Laplace transform of Eq. (2.65) results in

u A ef(lﬁ- it

Po(t) = A+u A+p (2:60

For f(r) = Py(t), Egs. (2.40) and (2.66) are identical. It means Eq. (2.40) denotes
the probability of the system operating normally when its (i.e., system) failure and
repair rates are given.

PROBLEMS

1. Discuss the following Boolean algebra laws:
* Idempotent law
* Absorption law
2. Give a physical example of mutually exclusive events.
3. What are the independent events?
4. Define the following:
* Probability density function
* Cumulative distribution function
5. Prove that the cumulative distribution function of exponential distribution
is given by

At

F(t) =1-¢e (2.67)
where ¢ is time and A is the distribution parameter.

6. Write the probability density function of Weibull distribution. What are
the special case distributions of the Weibull distribution?

7. Write the special case statistical functions of the general distribution.

Compare general and Weibull distributions.

9. Prove that the Laplace transform of f(r) = t is given by

*®

f(s) = 12 (2.68)
s

10. Find the roots of the following equation:

X +2x-5x-6 =0 (2.69)

where x is a variable.
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Maintenance
Management
and Control

INTRODUCTION

The management and control of maintenance activities are equally important to
performing maintenance. Maintenance management may be described as the func-
tion of providing policy guidance for maintenance activities, in addition to exercising
technical and management control of maintenance programs.l’2 Generally, as the size
of the maintenance activity and group increases, the need for better management
and control become essential.

In the past, the typical size of a maintenance group in a manufacturing estab-
lishment varied from 5 to 10% of the operating force.” Today, the proportional size
of the maintenance effort compared to the operating group has increased signifi-
cantly, and this increase is expected to continue. The prime factor behind this trend
is the tendency in industry to increase the mechanization and automation of many
processes. Consequently, this means lesser need for operators but greater requirement
for maintenance personnel.

There are many areas of maintenance management and control. This chapter
presents some of the important ones.

MAINTENANCE DEPARTMENT FUNCTIONS
AND ORGANIZATION

A maintenance department is expected to perform a wide range of functions includ-
. 4-6
ing:

* Planning and repairing equipment/facilities to acceptable standards

* Performing preventive maintenance; more specifically, developing and imple-
menting a regularly scheduled work program for the purpose of maintain-
ing satisfactory equipment/facility operation as well as preventing major
problems

* Preparing realistic budgets that detail maintenance personnel and material
needs

* Managing inventory to ensure that parts/materials necessary to conduct
maintenance tasks are readily available

» Keeping records on equipment, services, etc.
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» Developing effective approaches to monitor the activities of maintenance
staff

* Developing effective techniques for keeping operations personnel, upper-level
management, and other concerned groups aware of maintenance activities

* Training maintenance staff and other concerned individuals to improve their
skills and perform effectively

» Reviewing plans for new facilities, installation of new equipment, etc.

* Implementing methods to improve workplace safety and developing safety
education-related programs for maintenance staff

* Developing contract specifications and inspecting work performed by
contractors to ensure compliance with contractual requirements

Many factors determine the place of maintenance in the plant organization including
size, complexity, and product produced. The four guidelines useful in planning a
maintenance organization are: establish reasonably clear division of authority with
minimal overlap, optimize number of persons reporting to an individual, fit the
organization to the personalities involved, and keep vertical lines of authority and
responsibility as short as possible.5

One of the first considerations in planning a maintenance organization is to decide
whether it is advantageous to have a centralized or decentralized maintenance function.
Generally, centralized maintenance serves well in small- and medium-sized enterprises
housed in one structure, or service buildings located in an immediate geographic area.
Some of the benefits and drawbacks of centralized maintenance are as follows:’

Benefits

* More efficient compared to decentralized maintenance

» Fewer maintenance personnel required

* More effective line supervision

* Greater use of special equipment and specialized maintenance persons
e Permits procurement of more modern facilities

* Generally allows more effective on-the-job training

Drawbacks

* Requires more time getting to and from the work area or job

* No one individual becomes totally familiar with complex hardware or
equipment

* More difficult supervision because of remoteness of maintenance site from
the centralized headquarters

* Higher transportation cost due to remote maintenance work

In the case of decentralized maintenance, a maintenance group is assigned to a
particular area or unit. Some important reasons for the decentralized maintenance
are to reduce travel time to and from maintenance jobs, a spirit of cooperation
between production and maintenance workers, usually closer supervision, and higher
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chances for maintenance personnel to become familiar with sophisticated equipment
or facilities.

Past experience indicates that in large plants a combination of centralized and
decentralized maintenance normally works best. The main reason is that the benefits
of both the systems can be achieved with essentially a low number of drawbacks.
Nonetheless, no one particular type of maintenance organization is useful for all
types of enterprises.

MAINTENANCE MANAGEMENT BY OBJECTIVES,
CRITICAL MAINTENANCE MANAGEMENT
PRINCIPLES, AND MAINTENANCE PROGRAM
EFFECTIVENESS EVALUATION QUESTIONS
FOR MAINTENANCE MANAGERS

Improving a maintenance management program is a continuous process that requires

progressive attitudes and active involvement. A nine-step approach for managing a
. . . 6

maintenance program effectively is presented below:

o [dentify existing deficiencies. This can be accomplished through interviews
with maintenance personnel and by examining in-house performance indi-
cators.

* Set maintenance goals. These goals take into consideration existing defi-
ciencies and identify targets for improvement.

 Establish priorities. List maintenance projects in order of savings or merit.

 Establish performance measurement parameters. Develop a quantifiable
measurement for each set goal, for example, number of jobs completed
per week and percentage of cost on repair.

 Establish short- and long-range plans. The short-range plan focuses on
high-priority goals, usually within a one-year period. The long-range plan
is more strategic in nature and identifies important goals to be reached
within three to five years.

e Document both long- and short-range plans and forward copies to all
concerned individuals.

e Implement plan.

* Report status. Preparing a brief report periodically, say semi-annually,
and forward it to all involved individuals. The report contains for each
objective identified in the short-range plan information on actual or poten-
tial slippage of the schedule and associated causes.

» Examine progress annually. Review progress at the end of each year with
respect to stated goals. Develop a new short-range plan for the following year
by considering the goals identified in the long-range plan and adjustments
made to the previous year’s planned schedule, resources, costs, and so on.

Over the years many maintenance management principles have been developed.
Table 3.1 presents six critical maintenance management principles. These principles,
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TABLE 3.1

Important Maintenance Management Principles

No. Principle

1 Maximum productivity results when each
involved person in an organization has
a defined task to perform in a definitive
way and a definite time.

2 Schedule control points effectively.

3 Measurement comes before control.

4 The customer service relationship is the
basis of an effective maintenance
organization.

5 Job control depends on definite,

individual responsibility for each
activity during the life span of a work
order.

6 The optimal crew size is the minimum
number that can perform an assigned
task effectively.

Brief Description

This principle of scientific management
formulated by Frederick W. Taylor in the late
nineteenth century remains an important factor
in management.7‘8

Schedule control points at intervals such that
the problems are detected in time, thus the
scheduled completion of the job is not delayed.

When an individual is given a definitive task to
be accomplished using a good representative
approach in a specified time, he/she becomes
aware of management expectations. Control
starts when managing supervisors compare the
results against set goals.

A good maintenance service is an important
factor in maintaining facilities at an expected
level effectively. The team approach fostered by
the organizational setup is crucial to consistent,
active control of maintenance activity.

It is the responsibility of the maintenance
department to develop, implement, and provide
operating support for the planning and
scheduling of maintenance work. It is the
responsibility of the supervisory individuals to
ensure proper and complete use of the system
within their sphere of control.

Most tasks require only one individual.

if applied on a regular basis, can help make a maintenance department productive

7
and successful.

The U.S. Energy Research and Development Administration conducted a study
on maintenance management-related matters and formulated the following ten
questions for maintenance managers to self-evaluate their maintenance effort:®

1. Are you aware of how your craftpersons spend their time; i.e., travel, delays,

etc.?

2. Are you aware of what facility/equipment and activity consume most of

the maintenance money?

3. Are you aware if the craftpersons use proper tools and methods to perform

their tasks?
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4. Have you balanced your spare parts inventory with respect to carrying
cost vs. anticipated downtime losses?

5. With respect to job costs, are you in a position to compare the “should”
with the “what”?

6. Do you ensure that maintainability factors are considered properly during
the design of new or modified facilities/equipment?

7. Are you aware of how much time your foreman spends at the desk and
at the job site?

8. Do you have an effective base to perform productivity measurements, and
is productivity improving?

9. Are you aware of whether safety practices are being followed?

10. Are you providing the craftpersons with correct quality and quantity of

material when and where they need it?

If an unqualified “yes” is the answer to each of the above questions, then your
maintenance program is on a sound footing to meet organizational objectives. Other-
wise, appropriate corrective measures are required.

ELEMENTS OF EFFECTIVE MAINTENANCE
MANAGEMENT

There are many elements of effective maintenance management whose effectiveness
is the key to the overall success of the maintenance activity. Many of these elements
are described below.*®

MAINTENANCE PolLicy

A maintenance policy is one of the most important elements of effective maintenance
management. It is essential for continuity of operations and a clear understanding
of the maintenance management program, regardless of the size of a maintenance
organization. Usually, maintenance organizations have manuals containing items such
as policies, programs, objectives, responsibilities, and authorities for all levels of super-
vision, reporting requirements, useful methods and techniques, and performance
measurement indices. Lacking such documentation, i.e., a policy manual, a policy
document must be developed containing all essential policy information.

MATERIAL CONTROL

Past experience indicates that, on average, material costs account for approximately
30 to 40% of total direct maintenance costs.” Efficient utilization of personnel
depends largely on effectiveness in material coordination. Material problems can
lead to false starts, excess travel time, delays, unmet due dates, etc. Steps such as
job planning, coordinating with purchasing, coordinating with stores, coordination
of issuance of materials, and reviewing the completed job can help reduce material-
related problems.
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Deciding whether to keep spares in storage is one of the most important problems
of material control. The subject of inventory control is discussed in detail in Chapter 7.

WORK ORDER SYSTEM

A work order authorizes and directs an individual or a group to perform a given
task. A well-defined work order system should cover all the maintenance jobs
requested and accomplished, whether repetitive or one-time jobs. The work order
system is useful for management in controlling costs and evaluating job performance.
Although the type and size of the work order can vary from one maintenance
organization to another, a work order should at least contain information such as
requested and planned completion dates, work description and its reasons, planned
start date, labor and material costs, item or items to be affected, work category
(preventive maintenance, repair, installation, etc.), and appropriate approval signatures.

EQUIPMENT RECORDS

Equipment records play a critical role in effectiveness and efficiency of the main-
tenance organization. Usually, equipment records are grouped under four classifi-
cations: maintenance work performed, maintenance cost, inventory, and files. The
maintenance work performed category contains chronological documentation of all
repairs and preventive maintenance (PM) performed during the item’s service life
to date. The maintenance cost category contains historical profiles and accumula-
tions of labor and material costs by item. Usually, information on inventory is
provided by the stores or accounting department. The inventory category contains
information such as property number, size and type, procurement cost, date manu-
factured or acquired, manufacturer, and location of the equipment/item. The files
category includes operating and service manuals, warranties, drawings, and so on.

Equipment records are useful when procuring new items/equipment to determine
operating performance trends, troubleshooting breakdowns, making replacement or
modification decisions, investigating incidents, identifying areas of concern, performing
reliability and maintainability studies, and conducting life cycle cost and design studies.

PREVENTIVE AND CORRECTIVE MAINTENANCE

The basic purpose of performing PM is to keep facility/equipment in satisfactory
condition through inspection and correction of early-stage deficiencies. Three prin-
ciple factors shape the requirement and scope of the PM effort: process reliability,
economics, and standards compliance.

A major proportion of a maintenance organization’s effort is spent on corrective
maintenance (CM). Thus, CM is an important factor in the effectiveness of main-
tenance organization. Both PM and CM are described in detail in Chapters 4 and 5.

JoB PLANNING AND SCHEDULING

Job planning is an essential element of the effective maintenance management. A
number of tasks may have to be performed prior to commencement of a maintenance
job; for example, procurement of parts, tools, and materials, coordination and delivery
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of parts, tools, and materials, identification of methods and sequencing, coordination
with other departments, and securing safety permits.

Although the degree of planning required may vary with the craft involved and
methods used, past experience indicates that on average one planner is required for
every twenty craftpersons. Strictly speaking, formal planning should cover 100% of
the maintenance workload but emergency jobs and small, straightforward work
assignments are performed in a less formal environment. Thus, in most maintenance
organizations 80 to 85% planning coverage is attainable.

Maintenance scheduling is as important as job planning. Schedule effectiveness
is based on the reliability of the planning function. For large jobs, in particular those
requiring multi-craft coordination, serious consideration must be given to using meth-
ods such as Program Evaluation and Review Technique (PERT) and Critical Path
Method (CPM) to assure effective overall control. The CPM approach is described
in detail later in this chapter.

BAackLoG CONTROL AND PRIORITY SYSTEM

The amount of backlog within a maintenance organization is one of the determining
factors of maintenance management effectiveness. Identification of backlogs is impor-
tant to balance manpower and workload requirements. Furthermore, decisions con-
cerning overtime, hiring, subcontracting, shop assignments, etc., are largely based on
backlog information. Management makes use of various indices to make backlog-
related decisions.

The determination of job priority in a maintenance organization is necessary
since it is not possible to start every job the day it is requested. In assigning job
priorities, it is important to consider factors such as importance of the item or system,
the type of maintenance, required due dates, and the length of time the job awaiting
scheduling will take.

PERFORMANCE MEASUREMENT

Successful maintenance organizations regularly measure their performance through
various means. Performance analyses contribute to maintenance department effi-
ciency and are essential to revealing the downtime of equipment, peculiarities in
operational behavior of the concerned organization, developing plans for future
maintenance, and so on. Various types of performance indices for use by the main-
tenance management are discussed later in this chapter.

MAINTENANCE PROJECT CONTROL METHODS

Two widely used maintenance project control methods are Program Evaluation and
Review Technique (PERT) and Critical Path Method (CPM). The development of
PERT is associated with the U.S. Polaris project to monitor the effort of 250 prime
contractors and 9000 subcontractors. PERT was the result of efforts of a team formed by
the U.S. Navy’s Special Project Office in 1958. Team members included the consulting
firm of Booz, Allen, and Hamilton and the Lockheed Missile System Division.” "
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The history of CPM can be traced to 1956 when E.I. duPont de Nemours and Co.
used a network model to schedule design and construction activities. The following
year, CPM was used in the construction of a $10 million chemical plant in Louisville,
Kentucky.

In maintenance and other projects three important factors of concern are time,
cost, and resource availability. CPM and PERT deal with these factors individually
and in combination.

PERT and CPM are similar. The major difference between the two is that when
the completion times of activities of the project are uncertain, PERT is used and
with the certainty of completion times, CPM is employed.11

The following steps are involved with PERT and CPM:"

¢ Break a project into individual jobs or tasks.

* Arrange these jobs/tasks into a logical network.

e Determine duration time of each job/task.

* Develop a schedule.

* Identify jobs/tasks that control the completion of project.
¢ Redistribute resources or funds to improve schedule.

The following sections present a formula to estimate activity expected duration times
and CPM in detail.

AcTivity ExPEcTED DURATION TIME ESTIMATION

The PERT scheme calls for three estimates of activity duration time using the following
formula to calculate the final time:

_ OT +4(MT) +PT
a — 6

T 3.1

where
T

a

= activity expected duration time,

OT = optimistic or minimum time an activity will require for completion,

PT =pessimistic or maximum time an activity will require for completion,
MT = most likely time an activity will require for completion. This is the time
used for CPM activities.

Equation (3.1) is based on Beta distribution.”

Example 3.1

Assume that we have the following time estimates to accomplish an activity:

e OT =55 days
e PT =80 days
e MT = 60 days

Calculate the activity expected duration time.
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Substituting the given data into Eq. (3.1), we get

_ 55+4(60) + 80

T, 3

= 62.5 days

The expected duration time for the activity is 62.5 days.

CriTicAL PATH MetHoD (CPM)

Four symbols used to construct a CPM network are shown in Fig. 3.1. The circle
denotes an event. Specifically, it represents an unambiguous point in the life of a
project. An event could be the start or completion of an activity or activities, and
usually the events are labeled by number. A circle shown with three divisions in
Fig. 3.1(b) is also denotes an event. Its top half labels the event with a number, and
the bottom portions indicate latest event time (LET) and earliest event time (EET).
LET may be described as the latest time in which an event can be reached without
delaying project completion. EET is the earliest time in which an activity can be
accomplished or an event could be reached.

The continuous arrow represents an activity that consumes time, money, and
manpower. This arrow always starts at a circle and ends at a circle. The dotted arrow
denotes a dummy activity or a restraint. Specifically, this is an imaginary activity
that does not consume time, money, or manpower. Figure 3.2 depicts an application
of a dummy activity. It shows that activities L and M must be accomplished before
activity N can start. However, only activity M must be completed prior to starting
activity O.

Event
number

Earliest
event
time

Latest
event
time

(a) (b)

(c) (d)

FIGURE 3.1 CPM symbols: (a) circle, (b) circle with divisions, (c) continuous arrow, (d) dotted
arrow.
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TABLE 3.2
Maintenance Project Activities’ Associated Data

Activity Immediate Predecessor  Expected Duration
Identification Activity or Activities in Days
L - 12
M - 2
N LM 2
(6] L 6
P (0] 3
S N, P 9
T S 15
Q; N
B —

l
1z
I
I

(OO

FIGURE 3.2 A portion of a CPM network with a dummy activity.

Example 3.2

A maintenance project was broken down into a set of seven activities, after which
Table 3.2 was prepared. Prepare a CPM network using Fig. 3.1 symbols and Table 3.2
data, and determine the critical path associated with the network. A CPM network
for given data in Table 3.2 is presented in Fig. 3.3.

In this figure, the following paths originate and terminate at events 1 and 7,
respectively:

¢ M-N-S-T (2 +2 + 9 + 15 = 28 days)
e L-X-N-S-T (12+0+ 2+ 9 + 15 = 38 days)
¢ L-O-P-S-T (12 + 6 + 3 + 9 + 15 = 45 days)

The quantities in parentheses above show the total time in days for each path. The

dummy activity consumes zero time. By definition, the longest path through the
network is the critical path. Inspection of the above three values shows that 45 days is
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FIGURE 3.3 A CPM network for Table 3.2 data.

D(i, j)

LET(/) EET(/) LET(j) EET(j)

FIGURE 3.4 A single activity CPM network.

the largest time. Specifically, it will take 45 days from event 1 to reach event 7. Thus,
this is the critical path. The word “critical” is used because any delay in the com-
pletion of activities along the critical path will result in delay of completion of the
maintenance project.

Critical Path Determination Approach

For simple and straightforward CPM networks, the critical path can easily be iden-
tified in a manner discussed above. For complex networks a more systematic approach
is required. This section presents one such approach with the aid of Fig. 3.4. The
symbols used in the figure are defined below.

EET(i) = earliest event time of event i

EET(j) = earliest event time of event j

LET(i) = latest event time of event i

LET(j) = latest event time of event j

D(i, j) = expected duration time of the activity between events i and j
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The following steps are associated with the approach:

—

Construct CPM network.
Calculate EET of each event by making a forward pass of the network
and using: For any event j,

EET(j) = Maximum for all preceding
i of [EET (i) + D(i,j)] (3.2)

Also,
EET (first event) = 0 3.3)

Calculate LET of each event by making a backward pass of the network
and using: For any event i,

LET(i) = Minimum for all succeeding
Jof [LET(j) + D(i, )] (3.4)

Also,
LET (last event) = EET(last event) 3.5)

If LET of all events of the network in question was calculated correctly, we
should get

LET (first event) = 0 3.6)

Select network events with equal EET and LET. If the network results in
only one path, i.e., from the first event to the last event, with EET = LET,
this path is critical. Otherwise, go to next step.

Calculate the total float for each activity on each of the paths with EET =
LET. The critical path is the path that results in the least sum of the total
floats. The total float for any activity (i, j) can be calculated using the
following equation:

Total float = LET(j) — EET(i) - D(i, ) (3.7)

Example 3.3

Determine the critical path by calculating EET and LET of each event of the network
shown in Fig. 3.3.

Using Eq. (3.2) we obtain EET of events 1, 2, 3, 4,5, 6, and 7 as 0, 12, 12, 18,
21, 30, and 45, respectively. Similarly, with the aid of Eq. (3.4) the LET of events
1,2,3,4,5,6,and 7 are 0, 19, 12, 18, 21, 30, and 45, respectively. Figure 3.5 shows
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ETVERTTER

12 (12 / CP \18 |18

FIGURE 3.5 Redrawn Fig. 3.3 network with EETs and LETs.

a redrawn Fig. 3.3 CPM network with these EETs and LETs. The lower left quarter
of each circle in Fig. 3.5 shows LET and the right right quarter the EET. The activities
marked CP in Fig. 3.5 indicate the critical path as all the events that fall on this path
have EET = LET, and it is the only path whose events have equal EETs and LETs.
In other two paths the EET and LET of all events encountered are not equal.

CPM Advantages and Disadvantages

As with other methods, CPM has its advantages and disadvantages. Some of the
CPM advantages are as follows:"*

It is an effective tool for monitoring project progress.

* It helps improve project understanding and communication among involved
personnel.

* It highlights activities important to complete the project on time. These
activities must be completed on time to accomplish the entire project on
predicted time.

* It shows interrelationships in workflow and is useful in determining labor
and resources needs in advance.

* It is an effective tool for controling costs and can easily be computerized.

e It helps avoiding duplications and omissions and determining project
duration systematically.

Some of the disadvantages of the CPM are as follows:"*

* Costly

* Time-consuming

* Poor estimates of activity times

Inclination to use pessimistic estimates for activity times
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MAINTENANCE MANAGEMENT CONTROL INDICES

Management employs various approaches to measure effectiveness of the maintenance
function. Often it uses indices to manage and control maintenance. These indices show
trends by using past data as a reference point. Usually, a maintenance organization
employs various indices to measure maintenance effectiveness, as there is no single
index that can accurately reflect the overall performance of the maintenance activity.
The main objective of these indices is to encourage maintenance management to
improve on past performance.

This section presents a number of broad and specific indices.””">'® The broad
indices indicate the overall performance of the organization with respect to main-
tenance and the specific indices indicate the performance in particular areas of the
maintenance function. The values of all these indices are plotted periodically to
show trends.

BRrOAD INDICATORS

This section presents three such indicators.

Index |

This is defined by

_ T™MC

TS (3.8)

where
TMC = total maintenance cost,
TS = total sales,
I, = index parameter.

Past experience indicates that average expenditure for maintenance for all industry
was around 5% of sales. However, there was a wide variation among industries. For
example, the average values of /; for steel and chemical industries were 12.8 and
6.8%, respectively.

Index 11

This is expressed by

_ TMC

L= 25 (3.9)

where
TO = total output expressed in gallons, tons, megawatts, etc.,
I, =index parameter.

This index relates the total maintenance cost to the total output by the organization.
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Index 111

This is defined as follows:

TMC
* 7 TIPE G40
where
I = index parameter,
TIPE = total investment in plant and equipment.

This index relates the total maintenance cost to the total investment in plant and
equipment. The approximate average figures for /; in the steel and chemical indus-
tries are 8.6 and 3.8%, respectively.

SPECIFIC INDICATORS

This section presents twelve such indicators.

Index IV

This is a useful index to control preventive maintenance activity within a mainte-
nance organization and is defined by

TTPM
= v A1
‘7 TTEM G-11)
where
1, = index parameter,
TTPM = total time spent in performing preventive maintenance,
TTEP = total time spent for the entire maintenance function.

As per the past experience, the value of 1, should be kept within 20 and 40% limits.

Index V

This index can be used to measure the accuracy of the maintenance budget plan and
is expressed by

TAMC
15 = TBMC (3.12)
where

I = index parameter,

TAMC = total actual maintenance cost,

TBMC = total budgeted maintenance cost.

In this case, large variances indicate the need for immediate attention.
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Index VI

This is a useful index for maintenance overhead control and is expressed by

TMAC
I, = e (3.13)
where
A = index parameter,
TMAC = total maintenance administration cost.
Index VII
This index is useful in scheduling work and is expressed as follows:
PJCED
= .14
7 TP] (3.14)
where
I = index parameter,
PJCED = total number of planned jobs completed by established due dates,
TPJ = total number of planned jobs.
The value of I, should be high to keep backlogs down.
Index VIII
This index is useful in material control area and is defined by
TPJAM
s = ~7p) (3.15)
where
I = index parameter,

TPJAM = total number of planned jobs awaiting material.

Index IX

This index can be used to measure maintenance effectiveness and is defined by

MHEUJ
9 = TNVMH (3.16)
where
1y = index parameter,
MHEUJ = man-hours of emergency and unscheduled jobs,
TMMH = total maintenance man-hours worked.
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Index X

This index can also be used to measure maintenance effectiveness and is expressed by

_ DTCB

0= TpT (3.17)

where
I = index parameter,
DTCB = downtime caused by breakdowns,
TDT = total downtime.

Index XI

This is an important index used to measure inspection effectiveness and is defined by

NJI
I = 5c (3.18)

where
I;, = index parameter,

NJI = number of jobs resulting from inspections,
TIC = total number of inspections completed.

Index XII

This index relates material and labor costs and is expressed by

TMLC
1 2 = W (319)
where
I, = index parameter,
TMLC = total maintenance labor cost,
TMMC = total maintenance materials cost.

Index XIII

This index relates maintenance cost to manufacturing cost and is defined by

TMC

Is = TMFC

(3.20)

where
I = index parameter,
TMFC = total manufacturing cost.
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Index XIV

This index relates maintenance cost to man-hours worked and is expressed by

TMC

Iy = oo (3.21)

where
I, = index parameter,
TNMW = total number of man-hours worked.

Index XV

This is a useful index to monitor progress in cost reduction efforts and is defined by

PMMSJ
Iy = ——— 22
where

15 = index parameter,

PMMS]J = percentage of maintenance man-hours spent on scheduled jobs,

MCPP = maintenance cost per unit of production.

PROBLEMS

List at least ten important functions of a maintenance department.
. What are the advantages and disadvantages of centralized maintenance?
3. Describe a nine-step approach that can be used to manage a maintenance
program.
4. Discuss six important maintenance management principles.
5. List ten questions the maintenance managers can use to self-evaluate
effectiveness of their overall maintenance management.
6. Discuss the following three elements of effective maintenance management:
* Maintenance policy
*  Work order system
* Job planning
7. Describe the following three terms associated with CPM:
* Dummy activity
* Critical path
* Total float
8. Determine the critical path of network shown in Fig. 3.5 by calculating
total float for each activity.
9. What are the benefits and drawbacks of CPM?
10. Define two indices that can be used to evaluate overall performance of a
maintenance organization.

[N R
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4 Preventive Maintenance

INTRODUCTION

Preventive maintenance (PM) is an important component of a maintenance activity.
Within a maintenance organization it usually accounts for a major proportion of the
total maintenance effort. PM may be described as the care and servicing by indi-
viduals involved with maintenance to keep equipment/facilities in satisfactory oper-
ational state by providing for systematic inspection, detection, and correction of
incipient failures either prior to their occurrence or prior to their development into
major failure.' Some of the main objectives of PM are to: enhance capital equipment
productive life, reduce critical equipment breakdowns, allow better planning and
scheduling of needed maintenance work, minimize production losses due to equip-
ment failures, and promote health and safety of maintenance personnel.2

From time to time PM programs in maintenance organizations end up in failure
(i-e., they lose upper management support) because their cost is either unjustifiable or
they take a significant time to show results. It is emphasized that all PM must be cost-
effective. The most important principle to keep continuous management support is: “If
it is not going to save money, then don’t do it!”

This chapter presents important aspects of PM.

PREVENTIVE MAINTENANCE ELEMENTS, PLANT
CHARACTERISTICS IN NEED OF A PM PROGRAM, AND
A PRINCIPLE FOR SELECTING ITEMS FOR PM

There are seven elements of PM as shown in Fig. 4.1." Each element is discussed
below.

1. Inspection: Periodically inspecting materials/items to determine their ser-
viceability by comparing their physical, electrical, mechanical, etc., char-
acteristics (as applicable) to expected standards

2. Servicing: Cleaning, lubricating, charging, preservation, etc., of items/
materials periodically to prevent the occurrence of incipient failures

3. Calibration: Periodically determining the value of characteristics of an item
by comparison to a standard; it consists of the comparison of two instru-
ments, one of which is certified standard with known accuracy, to detect
and adjust any discrepancy in the accuracy of the material/parameter being
compared to the established standard value
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Testing

)

Elements of
preventive ——
maintenance

Calibration Installation

FIGURE 4.1 Elements of preventive maintenance.

4. Testing: Periodically testing or checking out to determine serviceability
and detect electrical/mechanical-related degradation

5. Alignment: Making changes to an item’s specified variable elements for
the purpose of achieving optimum performance

6. Adjustment: Periodically adjusting specified variable elements of material
for the purpose of achieving the optimum system performance

7. Installation: Periodic replacement of limited-life items or the items expe-
riencing time cycle or wear degradation, to maintain the specified system
tolerance

Some characteristics of a plant in need of a good preventive maintenance program
2
are as follows:

* Low equipment use due to failures

e Large volume of scrap and rejects due to unreliable equipment

 Rise in equipment repair costs due to negligence in areas such as regular
lubrication, inspection, and replacement of worn items/components

» High idle operator times due to equipment failures

* Reduction in capital equipment expected productive life due to unsatis-
factory maintenance

Table 4.1 presents 17 questions for determining the adequacy of a preventive main-
tenance program within an organization.

The answer “yes” or “no” to each question is given 5 or 0 points, respectively.
A “maybe” answer is assigned a score from 1 to 4. A total score of less than 55 points
indicates that the preventive maintenance program requires further improvements.2
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TABLE 4.1
Preventive Maintenance Program Evaluation Questions

12

13

15

17

Answer

Yes Maybe
Question (5 points)  (1-4 points)

Is the trend in downtime recorded and
reported regularly?

Is there a formal PM program in place?

Are inspectors performing their inspection
duties full-time?

Are check sheets controlled to assure 100%
compliance?

Are inspection routes developed/scheduled
on the basis of work measurement
methods?

Are inspection reports randomly checked
by supervisor to determine their accuracy?

What percentage of downtime is due to (= 8%) 8% <)
maintenance?

Is the lubrication task performed through
the scheduled usage of check sheets?

Does maintenance management receive
meaningful downtime reports?

Is one individual responsible for the overall
PM?

Were lubrication routes developed and
scheduled on the basis of time and method
studies?

Is data processing used to schedule and
report PM inspections and lubrication?

Are foreseeable problems, discovered
through PM inspections, quickly reported?

Is PM work highlighted in the cost-
reporting system to permit routine analysis
of PM as a distinct class of expenditure?

Are lubrication requirements examined
regularly to minimize the need for
different types of lubricants?

Is the analysis of breakdown reports
performed to detect failure patterns that
can be rectified by adjusting the PM
program?

Are plant/building assets examined
regularly as an integral part of the formal
inspection program?

No
(0 points)

(Unknown)
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References 4 and 5 proposed the following principle or formula to be used when
deciding to go ahead with a PM program:

where
CPMS
o

NB

(NB)(ACPBD)(«) > CPMS .1

= total cost of preventive maintenance system,

= a factor whose value is proposed to be taken as 70%; more specifically,
70% of the total cost of breakdowns,

= number of breakdowns,

ACPBD = average cost per breakdown.

IMPORTANT STEPS FOR ESTABLISHING
A PM PROGRAM

To develop an effective PM program, the availability of a number of items is necessary.
Some of those items include accurate historical records of equipment, manufacturer’s
recommendations, skilled personnel, past data from similar equipment, service man-
uals, unique identification of all equipment, appropriate test instruments and tools,
management support and user cooperation, failure information by problem/cause/
action, consumables and replaceable components/parts, and clearly written instructions
with a checklist to be signed off.’

There are a number of steps involved in developing a PM program. Figure 4.2
presents six steps for establishing a highly effective PM program in a short period.

Each step is discussed below.’

1.

2.

3.

Identify and choose the areas. 1dentify and selection of one or two impor-
tant areas to concentrate the initial PM effort. These areas should be
crucial to the success of overall plant operations and may be experiencing
a high degree of maintenance actions. The main objective of this step is
to obtain immediate results in highly visible areas, as well as to win
concerned management support.

Identify the PM needs. Define the PM requirements. Then, establish a
schedule of two types of tasks: daily PM inspections and periodic PM
assignments. The daily PM inspections could be conducted by either main-
tenance or production personnel. An example of a daily PM inspection is
to check the waste water settleable solids concentration. Periodic PM
assignments usually are performed by the maintenance workers. Examples
of such assignments are replacing throwaway filters, replacing drive belts,
and cleaning steam traps and permanent filters.

Establish assignment frequency. Establish the frequency of the assign-
ments. This involves reviewing the equipment condition and records.
Normally, the basis for establishing the frequency is the experience of
those familiar with the equipment and the recommendations of vendors and
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Identify and choose the areas

:

Identify the PM needs

l

Establish assignment
frequency

Prepare the PM assignments

:

Schedule the PM
assignments on annual basis

l

Expand to the PM
program as necessary

FIGURE 4.2 Six steps for developing a PM program.

engineering. It must be remembered that vendor recommendations are
generally based on the typical usage of items under consideration.

4. Prepare the PM assignments. Daily and periodic assignments are identi-
fied and described in detail, then submitted for approval.

5. Schedule the PM assignments on annual basis. The defined PM assign-
ments are scheduled on the basis of a twelve-month period.

6. Expand the PM program as necessary. After the implementation of all
PM daily inspections and periodic assignments in the initially selected
areas, the PM can be expanded to other areas. Experience gained from
the pilot PM projects is instrumental to expanding the program.

PM MEASURES

Three important measures of PM are: mean preventive maintenance time (MPMT),
median preventive maintenance time (MDPMT), and maximum preventive main-
tenance time (MXPMT). Each measure is described below.'
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MEAN PReVENTIVE MAINTENANCE TIME (MPMT)

MPMT is the average item/equipment downtime needed to conduct scheduled PM.
This time does not include PM time expended on the equipment/item during oper-
ation or administrative and logistic downtime.

Mean time for PM is defined by

m

Y fiMPMT,
MPMT = = 4.2)

>

where
m = total number of data points,
MPMT,; = mean or average time needed to perform ith preventive maintenance
action, fori =1, 2, 3,...,m,
f = frequency of ith preventive maintenance action in actions per operating
hour after adjustment for equipment duty cycle.

MEDIAN PRevenTIVE MAINTENANCE TIME (MDPMT)

This is the item/equipment downtime needed to carry out 50% of all scheduled
preventive maintenance actions on the item/equipment under the conditions outlined
for MDPMT. For lognormal distributed PM times, the MDPMT is given by

m

Y A log MPMT,

MDPMT = antilog| = 4.3)

m

sS4
i=1

where
A; = constant failure rate of element i of the item/equipment for which maintain-
ability is to be evaluated, adjusted for factors such as duty cycle, tolerance
and interaction failures, and catastrophic failures that will lead to deteriora-
tion of item/equipment performance to the degree that a maintenance action
will be started, for
i =1,2,3,...m.

MAxIMUM PReVENTIVE MAINTENANCE TIME (MXPMT)

This is the maximum item/equipment downtime required to accomplish a given
percentage of all scheduled preventive maintenance actions on the item/equipment
under consideration. For lognormal distributed PM times, the MXPMT is given by

MXPMT = antilog(log MPMT,, + ¥S,,smpur) “4.4)
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where
y = value from table of normal distribution corresponding to the given percentage
value at which MXPMT is defined (e.g., y = 1.283 for the 90th percentile
and y = 1.645 for the 95th percentile). log MPMT,, is the mean of logarithms
of MPMT, and is expressed by

iﬂ,,- log MPMT;,

log MPMT,, = =———— 4.5)
Ai
i=1
m m 2 1/2
Y (log MPMT,)” - HZlog MpMTi] } /mJ
i=1 i=1
SlogMPMT = m—1 (4.6)
PM MODELS

Over the years many PM-related useful mathematical models have been developed.
This chapter presents some of those models.

INSPECTION OPTIMIZATION MODEL |

Inspections are often disruptive, but they usually reduce downtime because of lesser
number of failures. This model can be used to obtain the optimum number of
inspections per facility per unit of time. Total facility downtime is defined by7‘8

TDT = yT;+ CTTb 4.7
where
TDT = total downtime per unit of time for a facility,
c = a constant associated with a particular facility,
T, = facility downtime per breakdown or failure,
T, =facility downtime per inspection,
y = number of inspections per facility per unit of time.

By differentiating Eq. (4.7) with respect to y, we get

dTDT _

a2 -, -t 4.8)
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By setting Eq. (4.8) equal to zero and then rearranging, we obtain

= (5)" “9)

1

where
y* = optimum number of inspections per facility per unit of time.

By substituting Eq. (4.9) into Eq. (4.7) yields
TDT" = 2(cT,T,)" (4.10)

where
TDT = total optimal downtime per unit of time for a facility.

Example 4.1

An engineering facility was observed over a period of time and we obtained the
following data:

T,=0.1 month, T7;=0.05month, ¢=3

Using Eq. (4.9), calculate the optimal number of inspections per month.

Using the given values in Eq. (4.9), we get

12
J = 2.45 inspections per month

. [3x0.1
Y = 17005

The approximate number of optimal inspections per month is 2.

REeLIABILITY AND MEAN TIME TO FAILURE DETERMINATION MODEL
OF A SYSTEM WITH PERIODIC MAINTENANCE

This mathematical model can be used to calculate the reliability and mean time to
failure of a system subject to periodic maintenance. The model is subject to the
following assumptions:g"0

¢ A failed part is replaced with a new and statistically identical one.

* Periodic maintenance is performed on the system after every y hours, start-

ing at time zero.

For periodic maintenance, the time interval of y hours is written as

y=iY+T, i=0,1,2,...; 0ST<Y 4.11)
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For i = 1 and T = 0, the reliability of a redundant system subject to periodic
maintenance after every Y hours is given by

Ry(y=Y) = R(Y) 4.12)
Fori=2 and T = 0, we have
Ry(y=2Y) = [R(Y)] (4.13)

In this case, the system must operate the first Y hours without experiencing failure.
Also, for another Y failure-free hours after the replacement of any failed part.

For 0 < T < Y, another T hours of system failure-free operation is required. Thus,
Ry(y=2Y+T) = [R(Y)I’R(T) (4.14)

In general form Eq. (4.14) is
Ry(y=iY+T) = [R(Y)I'[R(T)], fori=0,1,2,3,..;0<T<Y (4.15)

The redundant system mean time to failure with the performance of periodic main-
tenance is given by

MTTE,, = jRY(y)dy (4.16)
0

To evaluate Eq. (4.16), we write the integral over the range 0 < y < oo as follows:

o (i+1)Y

MTTE,, = Y j Ry(y)dy (4.17)

i=0 jy

In Eq. (4.17), the integral of Eq. (4.16) is divided into time intervals of length Y. For
y =1iY + T, by substituting Eq. (4.15) into Eq. (4.17) we get

o Y
MTTF,, = Y j [R(Y))'R(T)dT (4.18)
i=0 0

In Eq. (4.18) for y = iY + T, dy = dT and the limits become 0 and Y.
Thus, rearranging Eq. (4.18) yields

oo

Y
MTTF,, = ¥ [R(Y)]'[R(T)dT (4.19)
0

i=0
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Since

- i 1
gg[R(Y)] = TR (4.20)
Equation (4.19) becomes
JR(T)dT
_ 0
MTTF,, = %= % 4.21)

Example 4.2

Assume that two independent and identical machines form a parallel system. Each
machine’s times to failure are exponentially distributed with a mean time to failure
of 200 h. The periodic preventive maintenance (PM) is performed after every 100 h.
Calculate the system mean time to failure with and without the performance of
periodic PM.

Using the Chapter 12 information and the given data, the reliability of the two
unit parallel system is

R(y) = zefy/zoo_efzy/z()o (4.22)
By substituting Eq. (4.22) into Eq. (4.21) yields

100
J‘ (2e—T/200 _ e—2T/200)dt
0

MTTFPm 1— (26_100/200 _ e—Z(lOO)/ZOO)

9417
T 0.1548

608.26 h

By integrating Eq. (4.22) over the time interval [0, o], we get system mean time to
failure without the performance of periodic maintenance as follows:

oo

MTTFPm _ J(ze—y/zoo_e—2y/zoo)dy — 300 h
0

This means that periodic PM helped improve the system mean time to failure from
300 to 608.26 h.
INsPECTION OPTIMIZATION MoDEL 11

This is similar to Inspection Frequency Model L. It can be used to determine optimum
inspection frequency in order to minimize the per-unit-of-time equipment/facility
downtime. In this model facility/equipment (per-unit time) total downtime is the
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function of inspection frequency. Mathematically, it is defined as follows:'""

TDT(n) = DT, + DT,
An) n
= — 4 =
T (4.23)
where
TDT(n) = facility/equipment total downtime per unit of time,
DT, = equipment/facility downtime due to per-unit-of-time inspection,
DT, = equipment/facility downtime due to per-unit-of-time repairs,
n = inspection frequency,
A(n) = equipment/facility failure rate,
uw = equipment/facility repair rate,
1/6 = mean of exponentially distributed inspection times.
By differentiating Eq. (4.23) with respect to n, we get
dTDT(n) dAMn)1 1
= -+ = 4.24
dn dn pn 0 (4.24)
Setting Eq. (4.24) equal to zero and rearranging yields
dA(n) _ W
= _C 4.25
dn 0 (4.25)

The value of n will be optimum when the left and right sides of Eq. (4.25) are equal.
At this point the equipment/facility total downtime will be minimal.

Example 4.3

Assume the failure rate of a system is defined by

An) = fe™" (4.26)

where f is the system failure rate at n = 0. Obtain an expression for the optimal
value of n by using Eq. (4.25).

By substituting Eq. (4.26) into Eq. (4.25), we get
_fe =K 4.27)
0
Rearranging Eq. (4.27) yields

7 =In [ﬁ} (4.28)
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where
n* = optimal inspection frequency.

Example 4.4

Assume that in Example 4.3 we have the following:

& = 0.02 month, é = 0.005 month, f = 1 failure per month

Calculate the optimal value of the inspection frequency, n.

Inserting the given values into Eq. (4.28) yields

e h{l x 0.02
B 0.005

} = 1.39 inspections per month

This means that roughly one inspection per month will be optimal.

INsPECTION OPTIMIZATION MODEL 11

This is a useful mathematical model that can be used to calculate optimum inspection
frequency to maximize profit. The model is developed on the premise that the facility/
equipment under repair lead to zero output, thus less profit. Furthermore, if equipment
is inspected too often, there is danger that it may be more costly due to factors such
as loss of production, cost of materials, and wages than losses due to breakdowns.
The following assumptions are associated with this model:'""

* The equipment failure rate is a function of inspections.
» Times to inspection are exponentially distributed.
* Equipment failure and repair rates are constant.

The following symbols were used to develop equations for the model:

= number of inspections performed per unit of time,
mean of exponentially distributed inspection times,
profit at no downtime losses,

average inspection cost per uninterrupted unit of time,
= average cost of repair per uninterrupted unit of time,
= equipment failure rate,

= equipment repair rate.

- 3
|

/0

<

Trans

Profit per unit of time is expressed by:”‘]2

PR

p—PL,—PL,—IC —-RC

_ pn _pAn) nc; C,Mn)
—P——G‘—T—_e‘—_*_‘ 4.29)
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where
PL, = production output value loss per unit of time due to inspections,
PL, = production output value loss per unit of time due to repairs,
IC = inspection cost per unit of time,
RC = repair cost per unit of time.

By differentiating Eq. (4.29) with respect to n and then equating it to zero yield

di 6 W dn 8§ dn 0 430)
Rearranging Eq. (3.30), we get
din) _ Tl (2 9-)
=) — [e(p+c,.)}/ T 431)

The value of n will be optimal when left and right sides of Eq. (4.31) are equal. At
this point, the profit will be at its maximum value.

Example 4.5

Assume the failure rate of a manufacturing system is defined by Eq. (4.26) in
Example 4.3. Develop an expression for the optimal value of # with the aid of Eq. (4.31).

Using Eq. (4.26) in Eq. (4.31) yields

e = Lo (g9

By rearranging Eq. (4.32), we get

0= 1 [fe(p+Cr)J

= 4.33
H(p+C) (433)

where
n" = optimal manufacturing system inspection frequency.

Example 4.6

Suppose that in Example 4.5 we have the following data:

p = $10,000 per month
f =2 failures per month
1/u = 0.04 month

1/6 = 0.01 month

C; = $75 per month

1

C, = $400 per month
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Determine the optimal value of n by using Eq. (4.33).

By inserting the specified data values into Eq. (4.33), we obtain

2o [2 % 0.04 x (10,000 + 400)}
B 0.01 x (10,000 + 75)

= 2.11 inspections per month

For optimal performance, approximately two inspections per month should be
performed.

PM MARkov MODEL

This mathematical model represents a system that can either fail completely or undergo
periodic PM. The failed system is repaired. The system transition diagram is shown
in Fig. 4.3. The model is useful to predict system availability, probability of system
down for PM, and probability of system failure.

The following assumptions are associated with the model:

e System PM, failure, and repair rates are constant.
¢ After repair or PM the system is as good as new.

The following symbols were used to develop equations for the model:

j = the jth system state, j =0 (system operating normally), j = 1 (system failed),
Jj = p (system down for PM),

P;(t) = probability that the system is in state j at time ¢, for j =0, 1, p,

A = system failure rate,

u = system repair rate,

lp = rate of system down for PM,

W, = rate of system PM performance.

System working
normally

System down
for preventive
maintenance

System failed

FIGURE 4.3 System transition diagram.
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Using the Markov method we write the following equations for Fig. 4.3:"

dP
% +(A+A,) = WP (1) +W,P, (1) (4.34)
dp,
dt(t)+upPp(t) = XpPo(t) (4.35)
d};‘t(t) +UP, (1) = APy(1) (4.36)

At time t =0, Py(0) = 1 and P,(0) = P,(0) = 0.
Solving Eqs. (4.34)—(4.36), we get

n,u (my+ W)y + W) me [(my+ W) (my + L) myr
P — P ) — P 437
o(t) mlmz—i{ my(my —m,) Je [ my(m; —m;) }e ( )
_ 7\.|.Lp 7\4m1 + ?\’p’p mlt (!.Lp'i‘mz)?\. mzt
Pi(0) = mm, " [ml(ml - mz)} [mZ(ml - m2)Je (438)
A Ao+ A, me [ (W+my)A, | my
P[,(t) B mm, " [ml(ml - mz)Je - [mZ(ml - mz)Je (4.39)
where
_R4TR_ 12
mp,m; = EEL 4(Mpi+7\'up+}\'ﬂu)] (4.40)
B=(U+W,+A+A,) (4.41)
m,+m, = -B (4.42)
mimy = WU+ A0+ AW, (4.43)

The probability of system failure is given by Eq. (4.38), the probability of system
down for PM by Eq. (4.39), and the system availability by Eq. (4.37). As time ¢
becomes large in Eq. (4.37), we get the following expression for the system steady-
state availability:

Hu,

AVss = A, uT o,

(4.44)
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Example 4.7

Assume that in Eq. (4.44) we have A = 0.005 failures per hour, A, = 0.008 per hour,
w = 0.009 repairs per hour, and p, = 0.009 per hour. Calculate the system steady-
state availability.

Substituting the given values into Eq. (4.44) yields

0.009 x 0.009
(0.009 x 0.009) + (0.008 x 0.009) + (0.005 x 0.009)

= 0.4091

AV =

There is an approximately 41% chance that the system will be available for service.
Specifically, the system steady-state availability is 41%.

PM ADVANTAGES AND DISADVANTAGES

The performance of PM has many advantages including increase in equipment
availability, performed as convenient, balanced workload, reduction in overtime,
increase in production revenue, consistency in quality, reduction in need for standby
equipment, stimulation in preaction instead of reaction, reduction in parts inventory,
improved safety, standardized procedures, times, and costs, scheduled resources on
hand, and useful in promoting benefit/cost 0ptimizati0n.4‘6

Some disadvantages of PM are: exposing equipment to possible damage, using
a greater number of parts, increases in initial costs, failures in new parts/components,
and demands more frequent access to equipment/item.6

PROBLEMS

1. Discuss at least five important elements of PM.

2. What are the symptoms of a plant in need of a good PM program?

3. What are the important questions that can be asked to determine the
adequacy of a PM program?

4. Comment on the principle or formula proposed to decide whether to go
ahead with a PM program.

5. List at least ten items whose availability is essential to develop an effective
PM program.

6. Discuss important steps for developing a PM program.

7. Discuss the following:
* Mean PM time
e Maximum PM time
e Median PM time

8. Three independent and identical machines form a parallel system. Each
machine’s times to failure are exponentially distributed with a mean
time to failure of 150 h. The periodic PM is performed after every 75 h.
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Determine the system mean time to failure with and without performance
of periodic PM.

9. Obtain steady-state expressions for Egs. (4.38) and (4.39). Obtain an
expression for the system steady-state unavailability.

10. What are the benefits and drawbacks of performing PM?
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5 Corrective Maintenance

INTRODUCTION

Although every effort is made to make engineering systems as reliable as possible
through design, preventive maintenance, and so on, from time to time they do fail.
Consequently, they are repaired to their operational state. Thus, repair or corrective
maintenance is an important component of maintenance activity. Corrective mainte-
nance may be defined as the remedial action carried out due to failure or deficiencies
discovered during preventive maintenance, to repair an equipment/item to its opera-
tional state.'”

Usually, corrective maintenance is an unscheduled maintenance action, basically
composed of unpredictable maintenance needs that cannot be preplanned or pro-
grammed on the basis of occurrence at a particular time. The action requires urgent
attention that must be added, integrated with, or substituted for previously scheduled
work items. This incorporates compliance with “prompt action” field changes, rec-
tification of deficiencies found during equipment/item operation, and performance of
repair actions due to incidents or accidents.

A substantial part of overall maintenance effort is devoted to corrective main-
tenance, and over the years many individuals have contributed to the area of cor-
rective maintenance. This chapter presents some important aspects of corrective
maintenance.

CORRECTIVE MAINTENANCE TYPES

Corrective maintenance may be classified into five major categories as shown in
Fig. 5 1."* These are: fail-repair, salvage, rebuild, overhaul, and servicing. These cate-
gories are described below.

1. Fail-repair: The failed item is restored to its operational state.

2. Salvage: This element of corrective maintenance is concerned with disposal
of nonrepairable material and use of salvaged material from nonrepairable
equipment/item in the repair, overhaul, or rebuild programs.

3. Rebuild: This is concerned with restoring an item to a standard as close
as possible to original state in performance, life expectancy, and appear-
ance. This is achieved through complete disassembly, examination of all
components, repair and replacement of worn/unserviceable parts as per
original specifications and manufacturing tolerances, and reassembly and
testing to original production guidelines.
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Salvage Fail-repair Overhaul

Corrective
maintenance
types

Servicing Rebuild

FIGURE 5.1 Types of corrective maintenance.

4. Overhaul: Restoring an item to its total serviceable state as per maintenance
serviceability standards, using the “inspect and repair only as appropriate”
approach.

5. Servicing: Servicing may be needed because of the corrective maintenance
action, for example, engine repair can lead to crankcase refill, welding
on, etc. Another example could be that the replacement of an air bottle
may require system recharging.

CORRECTIVE MAINTENANCE STEPS, DOWNTIME
COMPONENTS, AND TIME REDUCTION
STRATEGIES AT SYSTEM LEVEL

Different authors have laid down different sequential steps for performing corrective
maintenance. For example, Reference 2 presents nine steps (as applicable): local-
ize, isolate, adjust, disassemble, repair, interchange, reassemble, align, and checkout.
Reference 3 presents seven steps (as applicable): localization, isolation, disassembly,
interchange, reassemble, alignment, and checkout.

For our purpose, we assume that corrective maintenance is composed of five
major sequential steps, as shown in Fig. 5.2." These steps are: fault recognition,
localization, diagnosis, repair, and checkout.

The major corrective maintenance downtime components are active repair time,
administrative and logistic time, and delay time."” The active repair time is made
up of the following subcomponents:

* Preparation time

* Fault location time

* Spare item obtainment time

* Fault correction time

* Adjustment and calibration time
* Checkout time
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Recognition of existence of a failure

Localizing the failure within the
system to a specific item/equipment

A

Diagnosing within the item/equipment
to identify specific failed part/
component

Replacing or repairing failed item/
part/component

A

Checking out and returning the system
to service

FIGURE 5.2 Corrective maintenance sequential steps.

Reduction in corrective maintenance time is useful to improve maintenance effec-

tiveness. Some strategies for reducing the system-level corrective maintenance time
6

are as follows:

e Efficiency in fault recognition, location, and isolation: Past experience indi-
cates that in electronic equipment, fault isolation and location consume the
most time within a corrective maintenance activity. In the case of mechanical
items, often the largest contributor is repair time. Factors such as well-
designed fault indicators, good maintenance procedures, well-trained main-
tenance personnel, and an unambiguous fault isolation capability are helpful
in lowering corrective maintenance time.

o Effective interchangeability: Good physical and functional interchangeabil-
ity is useful in removing and replacing parts/items, reducing maintenance
downtime, and creating a positive impact on spares and inventory needs.

* Redundancy: This is concerned with designing in redundant parts that can
be switched in at the moment of need so the equipment/system continues
to operate while the faulty part is being repaired. In this case the overall
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maintenance workload may not be reduced, but the equipment/system
downtime could be impacted significantly.

* Effective accessibility: Often a significant amount of time is spent access-
ing the failed part. Proper attention to accessibility during design can help
reduce part accessibility time and, in turn, the corrective maintenance
time.

* Human factor considerations: Attention paid to human factors during design
in areas such as readability of instructions, size, shape, and weight of com-
ponents, selection and placement of dials and indicators, size and placement
of access, gates, and readability, and information processing aids can help
reduce corrective maintenance time significantly.

CORRECTIVE MAINTENANCE MEASURES

There are various measures associated with corrective maintenance. This section
1,6-8
presents three such measures.

MEeAN CORRECTIVE MAINTENANCE TIME

This is defined by

T = ZLTC“‘J (5.1)
mcm .
>4,
where
T,..n = mean corrective maintenance time,

me
T,,; = corrective maintenance time of the jth equipment/system element,
A; = failure rate of the jth equipment/system element.

Past experience indicates that probability distributions of corrective maintenance
times follow exponential, normal, and lognormal. For example, in the case of elec-
tronic equipment with a good built-in test capability and a rapid remove and replace
maintenance concept, often exponential distribution is assumed. In the case of
mechanical or electro-mechanical hardware, usually with a remove and replace main-
tenance concept, the normal distribution is often applicable. Normally, the lognormal
distribution is applicable to electronic equipment that does not possess built-in test
capability.

MEeDIAN AcTIVE CORRECTIVE MAINTENANCE TIME

This normally provides the best average location of the sample data and is the 50th
percentile of all values of repair time. It may be said that median corrective main-
tenance time is a measure of the time within which 50% of all corrective maintenance
can be accomplished. The computation of this measure depends on the distribution
representing corrective maintenance times. Consequently, the median of the lognormally
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distributed corrective maintenance times is given by

. A:log T,
T...qa = antilog 22,108 Tow,; (5.2)
S,
where
T,..s = median active corrective maintenance time.

me

MaxiMmum AcTivE CORRECTIVE MAINTENANCE TIME

This measures the time needed to accomplish all potential corrective maintenance
actions up to a given percentage, frequently the 90th or 95th percentiles. For example,
in the case of 90th percentile, the maximum corrective maintenance time is the time
within which 90% of all maintenance actions can be accomplished. The distribution
of corrective maintenance times dictates the calculation of the maximum corrective
maintenance time. In the case of lognormally distributed corrective maintenance
times, the maximum active corrective maintenance time is given by:6

T max = antilog(T,,, +20.) 5.3)
where

T.... = Maximum active corrective maintenance time,

T, = mean of the logarithms of T,

0., = standard deviation of the logarithms of the sample corrective maintenance
times,

z = standard deviation value corresponding to the percentile value specified
for T,

cmax*®

The value of o, can be calculated by using the following equation:

Iy Iy 2 12
2(10g Tcmj)2 _ (ZIOg Tcmj]/M
j=1 Jj=1

Oum = T (5.4)

where
M = total number of corrective maintenance times.

CORRECTIVE MAINTENANCE
MATHEMATICAL MODELS

Over the years a vast amount of literature has been published that directly or indirectly
concerns corrective maintenance. This section presents a number of mathematical
models taken from the published literature. These models take into consideration the
item failure and corrective maintenance rates, and can be used to predict item/system

€002 CRC PressLLC



A
System o System
operating failed
normally
0 - 1
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FIGURE 5.3 System transition diagram.

probability of being in failed state (i.e., undergoing repair), availability, mean time
to failure, and so on.

MobpeL |

This mathematical model represents a system that can either be in up (operating) or

down (failed) state.® Corrective maintenance is performed on the failed system to put

it back into its operating state. The system state space diagram is shown in Fig. 5.3.
Equations for the model are subject to the following assumptions:

¢ Failure and corrective maintenance rates are constant.
* The repaired system is as good as new.
» System failures are statistically independent.

The following symbols are used to develop equations for the model:

i = the ith system state, i = 0 (system operating normally), i = 1 (system failed);
P(r) = probability that the system is in state i at time #;

A = system failure rate;

e = system corrective maintenance rate.

Using the Markov approach presented in Chapter 12, we write the following two
equations for the Fig. 5.3 diagram:8

A i) = uep () (5.5)
DD 1 pepia) = wpo() 56)

Attime t =0, Py(0) =1 and P,(¢) = 0.
By solving Egs. (5.5) and (5.6), we get

_ Me A —Oerpor
Py(t) = 7»+Mc+7»+uce .7
P(1) = —& b Orhor (5.8)

A+l A+pe
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The system availability is given by

Ue A ~(A+pe)t
Ag(t) = Py(t) = /——+7——e (5.9)
g 0 AtUe A+pc
where
Ag(f) = system availability at time 7.

As t becomes very large, Eq. (5.9) reduces to

MUe

s =T v (5.10)
where
Ag = system steady state availability.
Since A = I/MTTF and p. = 1/T,., Eq. (5.10) becomes
MTTF
As = T MTTF .11

mcm

where
MTTF = mean time to failure.

Example 5.1

Assume the MTTF of a piece of equipment is 3000 h and its mean corrective

maintenance time is 5 h. Calculate the equipment steady-state availability, if the

equipment failure and corrective maintenance times are exponentially distributed.
Substituting the given values into Eq. (5.11) yields

A, = 3000

There is 99.83% chance that the equipment will be available for service.

MopeL 11

This mathematical model represents a system that can either be operating normally
or failed in two mutually exclusive failure modes (i.e., failure modes I and II). A
typical example of this type of system or device is a fluid flow valve (i.e., open and
close failure modes). Corrective maintenance is performed from either failure mode
of the system to put it back into its operational state.”™"°

The system transition diagram is shown in Fig. 5.4. The following assumptions
are associated with this model:

* The system can fail in two mutually exclusive failure modes.
* The repaired system is as good as new.

» All system failures are statistically independent.

* Failure and corrective maintenance rates are constant.
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The following symbols are associated with the model:

i = the ith system state, i = 0 (system operating normally), i = 1 (system failed
in failure mode type I), i = 2 (system failed in failure mode type II),

P(t) = probability that the system is in state i at time 7, for i =0, 1, 2,

A system failure rate from state O to state i, for i = 1, 2,

Le = system corrective maintenance rate from state i to state 0, for i = 1, 2.

For Model I, we write the following equations for the Fig. 5.4 diagram:

dPy(1)

2 (M +A)Po(1) = We Pi(1) + UeaPa(1) (5.12)
dP
D s a0 = 1Pyt (513
dP
LD 4 pea(1) = M) (5.14)

At time t =0, P, (0) = 1 and P,(0) = P,(0) = 0.
By solving Eqgs. (5.12)—(5.14), we obtain

Py(1) = Haller | [(ml * e )(m + ch)]em,t _ [(mz + W) (my + “’CZ):|emzt

nmnt, m(m; —m,) my(m; —m,)
(5.15)
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P(1) = MU, + [xlml + }Hucﬂeml’_ [(HCI +m2)7u|}em2r (5.16)
m,m, m(m; —m,) my(m; —m,)
Py(1) = Mle + [7\-2’”1 + }Mzucqeml’_ [(HCI + mz)kz}emzf (5.17)
m,m, my(m; —m,) my(m; —m,)
where
2 12
mm, = ‘Ai(A2‘4B) (5.18)
A=+ Ut M+ 4, (5.19)
B = el + Mo + Aol (5.20)
mimy = Ueles + Mo + Aol (5.2D)
my+m, = —(Uey + Moy + A +Ay) (5.22)
The system availability, A¢(?), is given by
Ag(®) = Py(9) (5.23)

As time ¢ becomes very large, from Eqs. (5.15) and (5.23), we get the following expres-
sion for the system steady state availability:

_ Heiller _ Heileo
mn, Heiber + Ao + Aoley

Ag (5.24)

Example 5.2

An engineering system can fail in two mutually exclusive failure modes. Failure
modes I and II constant failure rates are A, = 0.002 failures per hour and A, = 0.005
failures per hour, respectively. The constant corrective maintenance rates from failure
modes I and II are L, = 0.006 repairs per hour and [, = 0.009 repairs per hour,
respectively. Calculate the system steady state availability.

Inserting the specified values into Eq. (5.24) yields

~ 0.006 x 0.009
~ {0.006 x 0.009) + (0.002 x 0.009) + (0.005 x 0.006)

= 0.5294

As

Thus, the system steady state availability is 0.5294. There is approximately a 53%
chance that the system will be available for service when needed.
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MobeL 11

This mathematical model represents a system that can either be operating normally,
operating in degradation mode, or failed completely. An example of this type of system
could be a power generator, i.e., producing electricity at full capacity, derated capacity,
or not at all. Corrective maintenance is initiated from degradation and completely
failed modes of the system to repair failed paﬂs.m The system state space diagram is
shown in Fig. 5.5. The model is subject to the following assumptions:

» System complete failure, partial failure, and corrective maintenance rates
are constant.

* The operating system can either fail fully or partially. The partially oper-
ating system can stop operating altogether.

* All system failures are statistically independent.

* The repaired system is as good as new.

The following symbols are associated with the model:

i = the ith system state, i = 0 (system operating normally), i = 1 (system
operating in its degradation mode), i = 2 (system failed),

P,(f) = probability that the system is in state i at time ¢, for i =0, 1, 2,

A; = system failure rate, i = 1 (from state O to state 1), i =2 (from state O to
state 2), i = 3 (from state 1 to state 2),

W = system corrective maintenance rate, i = 1 (from state 1 to state 0), i =2
(from state 2 to state 0), i = 3 (from state 2 to state 1).

For Models I and II, we write the following equations for the Fig. 5.5 diagram:

dP(1)
dt

+ (M +X)Po(1) = W Pi(t) + UerPo(2) (5.25)
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dP(t)

T (Mer +A3)P (1) = WeaPo(1) + A Po(2) (5.26)
dP
20 4 (e + e Pa(0) = MPy(0) + AaPy(1) (527)

Attime r=0, P,(0) =1 and P, (0) = P,(0) = 0. By solving Egs. (5.25)-(5.27), we get

(Meiler + Asler + Ueiles)

Py(1) =
0 KK,
+ [MCIKI + UKy + Ues Ky + K A, +K12 +Ueiler + Asler + chucs}e’(lf
Y
+ 1_(”61HC2+7\-3HC2+HC1MC3)
K.K,
_[uClKl + UK+ Ues Ky + K Ay +K22 +Ueiler + Asler + MCIHCSJ }e’(zl
Y
(5.28)
where
Y =K(K, - K3).
(MMt Aoy + Aoy KA+ Moo + Aoy + Aolles Kye
P,(1) = L +[ . Je
115
_[klucz‘*‘}‘lucs +Molics +K17L1 +7¥1ch+xluc3+xzucs}e&’ (5.29)
KK, Y
AMAs+ Lo Ay + Ao, KAy + M A+ Mlley + AAsT Ky
Py(1) = - ){ . Je
155
MA+F LA+ MAy MK+ A A+ e Ay + AAsT Ky
—[ e + > }e (5.30)
where
_ + 2_ 1/2
KK, = D—(D2 alid) (5.31)
D = Uei+Her+Res A+ A, + A, (5.32)
F = KK, = Ueiler + Asler + Reibes + Reoy + Agles
+ M A+ LAy + Moy + Ao, (5.33)
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The system full/partial availability, A,,(?), is given by
Asirp(1) = Po(t) + Py(1) (534
As t becomes large, Eq. (5.34) reduces to

Agyy = Keilles + Asler + HClMI?; Mles +Ales + Aolles (5.35)
1K

where
Aggy, = system full/partial steady-state availability.

Similarly, the system full steady-state availability is

A
Ag = P, = H61Hc2+K31MKc22+HC1P-cs (5.36)

Example 5.3

Assume that in Eq. (5.36), we have A, = 0.002 failures per hour, A, = 0.003 failures
per hour, A; = 0.001 failures per hour, [ = 0.006 repairs per hour, L, = 0.004
repairs per hour, and L~ = 0.008 repairs per hour. Calculate the value of the system
full steady-state availability.

Inserting the specified data values into Eq. (5.33) yields

K,K, = (0.006 x 0.004) + (0.001 x 0.004) + (0.006 X 0.008)
+(0.004 x 0.002) + (0.002 x 0.008) + (0.002 x 0.001)
+(0.006 x 0.003) + (0.003 x 0.008) + (0.003 x 0.001)

~ 0.0001

Using the above calculated value and the given data in Eq. (5.36) we get Ag;= 0.5170.
There is approximately 52% chance that the system will be available for full service.

MopeL IV

This mathematical model represents a two identical-unit redundant (parallel) system.
At least one unit must operate normally for system success. Corrective maintenance
. . . . . . . 11
to put it back into its operating state begins as soon as any one of the units fails.
The system state space diagram is shown in Fig. 5.6.
The following assumptions are associated with the model:

The system is composed of two independent and identical units.

* The repaired unit is as good as new.

* No corrective maintenance is performed on the failed system (i.e., when
both units fail).

Unit failure and corrective maintenance rates are constant.
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FIGURE 5.6 Two identical unit redundant system transition diagram.
The following symbols pertain to the model:

i = the ith system state, i = 0 (both units operating normally), i = 1 (one unit
failed, other operating), i = 2 (both units failed),

P,(t) = probability that the system is in state i at time ¢, for i =0, 1, 2,

A = unit failure rate,

Uem = Unit corrective maintenance rate.

For Models 1, II, and III we write the following equations for the Fig. 5.6 transition
diagram:

D 4 20Py(1) = ewPr(1) (5.37)

‘% + (Kem +A)P () = 2APy(1) (5.38)
dP,(t)

e L0 (5.39)

At time ¢t = 0, Py(0) = 1, and P,(0) = P,(0) = 0. Solving Egs. (5.37)—(5.39), we get

_[A+u+Cy o AU+ Ciocp

Py(1) = [—Cl—cz ]e _[—Cl—cz ]e (5.40)
2A Cyt 2\ Cyt

P(1) = [cl—cje _[cl—cje (5.41)

_ C2 Clt Cl CZI
P,(t) = 1+[C1_C2]e _[Cl—cje (5.42)

where

2 2,172

c.C, - [—(37L+M)J_r(32x+u) — 8] 5.4
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C,C, = 2\
C,+C, = -(3A+p)
The system reliability is given by
Rg(t) = Py(2) + P, (1)

where
Ry(f) = redundant system reliability at time .

The system mean time to failure (MTTFy) is given by

MTTE = [Ry(1)di = w
) 2

Since A = 1/MTTF, and W, = 1/MCMT, Eq. (5.47) becomes

MTTF,

MTTEs = SN eMT

(3MCMT + MTTF,)

where
MTTF, = unit mean time to failure,
MCMT = unit mean corrective maintenance time.

Example 5.4

(5.44)

(5.45)

(5.46)

(5.47)

(5.48)

A system is composed of two independent and identical units in parallel. A failed
unit is repaired immediately but the failed system is never repaired. The unit times
to failure and corrective maintenance times are exponentially distributed. The unit
mean time to failure and mean corrective maintenance time are 150 h and 5 h,
respectively. Calculate the system mean time to failure with and without the perfor-

mance of corrective maintenance.

Inserting the given values into Eq. (5.48), we get

MTTE, = %(3><5+ 150) = 2475 h

Setting L, = 0 and substituting the given value into Eq. (5.47) yields

MTTF, = %1 =225h

This means introduction of corrective maintenance helped increase system mean

time to failure from 225 h to 2475 h.
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APPROXIMATE EFFECTIVE FAILURE RATE
EQUATIONS FOR REDUNDANT SYSTEMS
WITH CORRECTIVE MAINTENANCE

This section presents approximate effective failure rate equations for two types of
redundant systems. The effective failure rate is the reciprocal of the item/system
mean time to failure.

ErrecTiVE FAILURE RATE OF SysTem TyeE |

The system type I is assumed to contain m number of independent and identical
active units in parallel and in which k units are allowed to fail without system failure.
The corrective maintenance begins as soon as a unit fails. The failed system is never
repaired. The unit failure and corrective maintenance rates are constant. Thus, an
approximate effective failure rate of a (m — K)-out-of-m system can be calculated
using the following equation:12

mw\’KH
A’(m—l()/m = X (549)
(m-K-1)lu

where
Aon—xym = System approximate effective failure rate. In this system at least (m — K)
units must work normally for the system success,

A = unit failure rate,
n = unit corrective maintenance rate.
Example 5.5

A system is composed of three independent and identical units in parallel and at least
two units must operate normally for the system success. The unit failure rate is 0.0001
failures per hour. It takes an average of 2 h to repair (exponential distribution) a
failed unit to an active state. Calculate the system approximate effective failure rate
if the failed system is never repaired.

[T
6(0.0001)°
0.5

7“(3—1)/3 =

1.2 % 107 failures per hour

The system effective failure rate is 1.2 X 107 failures per hour.
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ErrecTiVE FAILURE RATE OF SysTem Type 1l

System type II is composed of two independent and nonidentical units in parallel.
Corrective maintenance begins as soon as either unit fails. The failed system is never
repaired. Unit failure and corrective maintenance rates are constant.

An approximate formula to obtain system effective failure rate is as follows:"”

_ ML+ 1o) + (A +2,)]

5.50
Wik + (1 + M) (A +4,) ( )

se

where
A = two unit parallel system effective failure rate,
A; = unit { failure rate, for i = 1, 2,

W; = unit { corrective maintenance rate, for i = 1, 2.

Example 5.6

A system is composed of two independent and nonidentical units in parallel. Unit 1

failure and corrective maintenance rates are 0.004 failures per hour and 0.005 repairs

per hour, respectively. Similarly, the unit 2 failure and corrective maintenance rates

are 0.002 failures per hour and 0.003 repairs per hour, respectively. The failed system

is never repaired. Calculate the system approximate effective failure rate.
Substituting the given data into Eq. (5.50), we get

_(0.004 % 0.002)[(0.005 + 0.003) + (0.004 + 0.002)]
= 7(0.005 x 0.003) + (0.005 + 0.003)(0.004 + 0.002)

0.0018 failures per hour

A

The system effective failure rate is 0.0018 failures per hour.

PROBLEMS

Define corrective maintenance.

. Describe the following types of corrective maintenance:

* Overhaul

* Rebuild

* Servicing

Discuss sequential steps associated with corrective maintenance.

Define main components of active repair time.

5. Discuss at least four strategies for reducing the system-level corrective
maintenance time.

6. Define median corrective maintenance time.

7. Assume that exponential mean time to failure and mean corrective main-

tenance time of a system are 2500 h and 4 h, respectively. Calculate the

system steady-state availability.

DN —

hal
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8. A system can fail in two mutually exclusive failure modes. Failure mode I
constant failure and corrective maintenance rates are 0.005 failures per
hour and 0.02 repairs per hour, respectively. Similarly, failure mode II
constant failure and corrective maintenance rates are 0.001 failures per
hour and 0.03 repairs per hour, respectively. Calculate the system steady-
state availability.

9. A system is composed of two independent and identical units in parallel.
Although a failed unit is repaired immediately, the failed system is never
repaired. The unit times to failure and corrective maintenance times are
exponentially distributed. Thus, the unit mean time to failure and mean
corrective maintenance time are 200 h and 2 h, respectively. Calculate the
system mean time to failure.

10. Assume that a system is composed of two independent and identical units
in parallel and at least one unit must operate normally for system success.
The unit failure and repair rates are 0.002 failures per hour and 0.01 repairs
per hour, respectively. The failed system is never repaired. Calculate the
value of the system approximate effective failure rate.
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6 Reliability Centered
Maintenance

INTRODUCTION

Reliability centered maintenance (RCM) is a systematic process used to determine
what has to be accomplished to ensure that any physical facility is able to continuously
meet its designed functions in its current operating context.' RCM leads to a mainte-
nance program that focuses preventive maintenance (PM) on specific failure modes
likely to occur. Any organization can benefit from RCM if its breakdowns account for
more than 20 to 25% of the total maintenance workload.”

With the arrival of the Boeing 747, a wide-body aircraft, U.S. airlines realized
that their maintenance activity would require considerable change due to a large
increase in scheduled maintenance costs. In 1968, airline operators jointly organized
a study group to develop methodology for resolving the problem. The group was
called Maintenance Steering Group No. 1 (MSG1).” The resulting documents,
MSGl,4 MSGZ,5 and MSG?),6 appeared in 1968, 1970, and 1980, respectively.7

The term “reliability centered maintenance” appeared for the first time as the title
of a report on the processes used by the civil aviation industry to prepare maintenance
programs for aircraft.*’ The report, prepared by United Airlines, was commissioned
by the U.S. Department of Defense in 1974." The history of RCM is described in
detail in References 8 through 13. This chapter presents important aspects of RCM.

RCM GOALS AND PRINCIPLES

Some of the important goals of RCM are as follows:’

» To develop design-associated priorities that can facilitate PM.

e To gather information useful for improving the design of items with
proven unsatisfactory, inherent reliability.

* To develop PM-related tasks that can reinstate reliability and safety to
their inherent levels in the event of equipment or system deterioration.

* To achieve the above goals when the total cost is minimal.

Many principles of RCM are discussed below: "
* RCM is system/equipment focused. RCM is concerned more with main-

taining system function as opposed to maintaining individual component
function.
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* Safety and economics drive RCM. Safety is of paramount importance,
thus it must be ensured at any cost and then cost effectiveness becomes
the criterion.

* RCM is function-oriented. RCM plays an instrumental role in preserving
system/equipment function, not just operability for its own sake.

* Design limitations are acknowledged by RCM. The goal of RCM is to
maintain the inherent reliability of the equipment/system design and at
the same time recognize that changes in inherent reliability can only be
made through design rather than maintenance. Maintenance at the best of
times can only achieve and maintain a level of designed reliability.

* RCM is reliability-centered. RCM is not overly concerned with simple
failure rate, but it places importance on the relationship between operating
age and failures experienced. RCM treats failure statistics in an actuarial
fashion.

* An unsatisfactory condition is defined as a failure by RCM. A failure could
be either a loss of acceptable quality or a loss of function.

* RCM is a living system. RCM collects information from the results
achieved and feeds it back to improve design and future maintenance.

* Three types of maintenance tasks along with run-to-failure are acknowl-
edged by RCM. These tasks are defined as failure-finding, time-directed,
and condition-directed. The purpose of the failure-finding tasks is to dis-
cover hidden functions that have failed without providing any indication of
pending failure. Time-directed tasks are scheduled as considered necessary.
Condition-directed tasks are conducted as the conditions indicate for their
need. Run-to-failure is a conscious decision in RCM.

* RCM tasks must be effective. The tasks must be cost-effective and tech-
nically sound.

* RCM uses a logic tree to screen maintenance tasks. This provides con-
sistency in the maintenance of all types of equipment.

* RCM tasks must be applicable. Tasks must reduce the occurrence of failures
or ameliorate secondary damage resulting from failure.

RCM PROCESS AND ASSOCIATED QUESTIONS

The RCM process is applied to determine particular maintenance tasks to be per-
formed, as well as to influence item reliability and maintainability during design.
Initially the RCM process is applied during the design and development phase and
then reapplied, as appropriate, during the operational phase to sustain an effective
maintenance program based on experience in the field. Any RCM process should
ensure that all of the following questions are answered effectively as per their
sequence:"

e What are the functions and associated expected levels of the facility
performance in its current operating context?

* How might it fail to meet its assigned functions?

* What are the reasons for each functional failure or failure mode?
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* What are the effects of each failure?

* How does each failure matter?

* What remedial measures should be taken to prevent or predict each failure?

* What measures should be taken in the event of not finding a suitable
proactive task?

The basic RCM process is composed of the following steps:15

1. Identify important items with respect to maintenance. Usually, maintenance-
important items are identified using techniques such as failure, mode,
effects, and criticality analysis (FMECA) and fault tree analysis (FTA).

2. Obtain appropriate failure data. In determining occurrence probabilities
and assessing criticality, the availability of data on part failure rate, oper-
ator error probability, and inspection efficiency is essential. These types
of data come from field experience, generic failure databanks, etc. Many
sources for obtaining failure data are listed in Reference 16.

3. Develop fault tree analysis data. Probabilities of occurrence of fault events—
basic, intermediate, and top events—are calculated as per combinatorial pro-
perties of the logic elements in the fault tree.

4. Apply decision logic to critical failure modes. The decision logic is
designed to lead, by asking standard assessment questions, to the most
desirable preventive maintenance task combinations. The same logic is
applied to each crucial mode of failure of each maintenance-important
item.

5. Classify maintenance requirements. Maintenance requirements are cate-
gorized into three classifications: on-condition maintenance requirements,
condition-monitoring maintenance requirements, and hard-time maintenance
requirements.

6. Implement RCM decisions. Task frequencies and intervals are set/enacted
as part of the overall maintenance strategy or plan.

7. Apply sustaining-engineering on the basis of field experience. Once the
system/equipment start operating, the real-life data begin to accumulate. At
that time, one of the most urgent steps is to re-evaluate all RCM-associated
default decisions.

RCM COMPONENTS

The four major components of RCM are shown in Fig. 6.1.""" These are: reactive

maintenance, preventive maintenance, predictive testing and inspection, and proac-
tive maintenance. Each component is described below.

REACTIVE MAINTENANCE

This type of maintenance is also known as breakdown, fix-when-fail, run-to-failure,
or repair maintenance. When using this maintenance approach, equipment repair,
maintenance, or replacement takes place only when deterioration in the condition
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FIGURE 6.1 Components of RCM.

of an item/equipment results in a functional failure. In this type of maintenance,
it is assumed there is an equally likely chance for the occurrence of a failure in
any part, component, or system. When reactive maintenance is practiced solely, a
high replacement of part inventories, poor use of maintenance effort, and high per-
centage of unplanned maintenance activities are typical. Furthermore, an entirely
reactive maintenance program overlooks opportunities to influence equipment/item
survivability.

Reactive maintenance can be practiced effectively only if it is carried out as a
conscious decision, based on the conclusions of an RCM analysis that compares
risk and cost of failure with the cost of maintenance needed to mitigate that risk
and failure cost. A criteria for determining the priority of replacing or repairing the
failed item/equipment in the reactive maintenance program is presented in Table 6. 1."

PREVENTIVE MAINTENANCE

Preventive maintenance (PM), also called time-driven or interval-based mainte-
nance, is performed without regard to equipment condition. It consists of periodi-
cally scheduled inspection, parts replacement, repair of components/items, adjustments,
calibration, lubrication, and cleaning. PM schedules regular inspection and main-
tenance at set intervals to reduce failures for susceptible equipment. It is important
to note that, depending on the predefined intervals, practicing PM can lead to a
significant increase in inspections and routine maintenance. On the other hand, it
can help reduce the frequency and severity of unplanned failures. Preventive
maintenance can be costly and ineffective if it is the only type of maintenance
practiced.
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TABLE 6.1
Reactive Maintenance Priority Classifications

Priority Priority Criteria Based on System/Equipment
Description Level Failure Consequences
Emergency I Serious and an immediate impact on mission

Safety of life/property is under threat
Urgent 1I Serious and an impending impact on mission
Continuity of facility operation is threatened
Priority 1II Significant and adverse effect on project is imminent
Degradation in quality of mission support
Routine v Insignificant impact on mission
Existence of redundancy
Discretionary \ Resources are available
Impact on mission is negligible
Deferred VI Unavailability of resources
Negligible impact on mission

PM Task and Monitoring Periodicity Determination

Even though there are many ways to determine the correct periodicity of PM tasks,
none are valid until the in-service age-reliability characteristics of the item affected
by the desired tasks are known. Usually, this type of information is not available,
but it must be obtained for new items/equipment. Past experience shows that predictive
testing and inspection (PTI) techniques are useful in determining item/equipment
condition vs. age.

Often, the parameter mean time between failures (MTBF) is used as the basis
for determining the PM interval. This approach is considered wrong because it does
not provide information about the effect of increasing age on item reliability. More
specifically, the approach provides the average age at which failure occurs, but not
the most likely age for the item under consideration. In the event of inadequate
information on the effect of age on reliability, the most appropriate approach would
be to monitor the item’s condition."

Item/Equipment Monitoring

The main objectives in monitoring item/equipment condition are to determine
item/equipment condition and to establish a trend to forecast future item/equipment
condition. The following approaches are useful for setting initial periodicity:

e Failure anticipation from past experience: In some cases, failure history

of equipment and personal experience can provide, to a certain degree,
an intuitive feel as when to expect a failure.
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* Failure distribution statistics: The failure distribution and the probability
of failure must be known when statistics are used to determine the basis
for selecting periodicities.

* Conservative approach: The common practice in the industrial sector is
to monitor the equipment monthly/weekly when good monitoring methods
and adequate information are unavailable. Often, this leads to excessive
monitoring. In situations when impending failure becomes apparent
through the use of trending or other predictive analysis techniques, the
monitoring interval can be shortened.

PREDICTIVE TESTING AND INSPECTION

Predictive testing and inspections (PTI) is sometimes called condition monitoring or
predictive maintenance. To assess item/equipment condition, it uses performance
data, nonintrusive testing techniques, and visual inspection. PTI replaces arbitrarily
timed maintenance tasks with maintenance that is performed as warranted by the
item/equipment condition. Analysis of item/equipment condition-monitoring data
on a continuous basis is useful for planning and scheduling maintenance/repair in
advance of catastrophic or functional failure.

The collected PTI data are used to determine the equipment condition and to
highlight the precursors of failure in several ways, including pattern recognition,
trend analysis, correlation of multiple technologies, data comparison, statistical pro-
cess analysis, and tests against limits and ranges. PTI should not be the only type
of maintenance practiced, because it does not lend itself to all types of items/equip-
ment or possible modes of failure.

PROACTIVE MAINTENANCE

This type of maintenance helps improve maintenance through actions such as better
design, workmanship, installation, scheduling, and maintenance procedures. The char-
acteristics of proactive maintenance include practicing a continuous process of improve-
ment, using feedback and communications to ensure that changes in design/procedures
are efficiently made available to item designers/management, ensuring that nothing
affecting maintenance occurs in total isolation, with the ultimate goal of correcting the
concerned equipment forever, optimizing and tailoring maintenance methods and tech-
nologies to each application. It performs root-cause failure analysis and predictive
analysis to enhance maintenance effectiveness, conducts periodic evaluation of the
technical content and performance interval of maintenance tasks, integrates functions
with support maintenance into maintenance program planning, and uses a life cycle
view of maintenance and supporting functions."

Figure 6.2 presents eight basic methods employed by proactive maintenance to
extend item/equipment life. Some of these methods are described below."

Reliability Engineering

Reliability engineering, in conjunction with other proactive maintenance approaches,
involves the redesign, modification, or improvement of items/parts or their replacement
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FIGURE 6.2 Basic techniques employed by proactive maintenance to extend equipment life.

with better item/parts. In some cases, a complete redesign of the item/part may be
required. There are many techniques used in reliability engineering to perform
reliability analysis of engineering items/systems. The two most widely used in the
industrial sector are known as failure modes and effect analysis (FMEA) and fault
tree analysis (FTA). The introductory aspects of reliability engineering are presented
in Chapter 12.

Failed-Item Analysis

This involves visually inspecting failed items after removal to determine the reasons
for failure. As the need arises, more detailed technical analysis is performed to find
the real cause of a failure. For example, in the case of bearings, the root causes of
their failures may relate to factors such as poor lubrication practices, excessive
balance and alignment tolerances, improper installation, or poor storage and handling
methods.

Past experience indicates that over 50% of all bearing problems are caused by
improper installation or contamination. Usually, indicators of improper installation
problems are evident on both internal and external surfaces of bearings and the
indicators of contamination appear on the bearings’ internal surfaces.

Root Cause Failure Analysis

Root cause failure analysis (RCFA) is concerned with proactively seeking the basic
causes of facility/equipment failure. The main objectives of RCFA are to: determine
the cause of a problem efficiently and economically, rectify the problem cause, not
just its effect, instill a mentality of “fix forever,” and provide data that can be useful
in eradicating the problem.
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Specifications for New/Rebuilt Item/Equipment

Here, the basic concern is with writing effective specifications, documenting prob-
lems, and testing the equipment of different vendors. At minimum, the specifications
should include such items as vibration, balancing criteria, and alignment. The basis
of this proactive approach is to document historical data so that involved profes-
sionals can effectively write verifiable purchasing and installation specifications for
new/rebuilt equipment.

Age Exploration

Age exploration (AE) is an important factor in establishing an RCM program. It
provides a mechanism to vary a maintenance program’s key aspects to optimize the
process. The AE approach examines the applicability of all maintenance tasks with
respect to the following three factors:

1. Technical content: The task’s technical contents are examined to ensure that
all identified modes of failure are properly addressed, as well assuring that
the existing maintenance tasks lead to the expected degree of reliability.

2. Performance interval: Adjustments are made continually to the task per-
formance interval until the rate at which resistance to failure declines is
effectively sensed or determined.

3. Task grouping: Tasks with similar periodicity are grouped for the purpose
of improving the time spent on the job site and reducing outages.

Rebuild Certification/Verification

At the installation of new/rebuilt item/equipment, it is essential to verify that it is
functioning effectively. Past experience indicates that it is a good practice to test the
item/equipment against formal certification and verification standards to avoid unsat-
isfactory operating performance or early failure.

Recurrence Control

Recurrence control concerns the control of repetitive failures. Repetitive failures are
defined as the recurring inability of an item to carry out the required function. The
following situations fall under the category of repetitive failures:

* Repeated failure of a piece of equipment
* Repeated failure of items belonging to a system or subsystem
¢ Failures of the same/similar parts in various different equipment or systems

A process for performing an analysis of repetitive failures is presented in Fig. 6.3.

Precision Rebuild and Installation

To control life cycle costs and maximize reliability, the equipment under consideration
requires proper installation. Often maintenance personnel and operators are faced with
problems caused by poor equipment installation. Usually, two common rework items,
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Carefully monitor equipment/facility
performance

'

Highlight repetitive failures

'

Develop priorities for possible solution
and allocation of resources

'

Assign problems to be analyzed

'

Perform analysis of problems to
determine root causes

'

Recommend corrective measures

'

Choose corrective measures

'

Implement choosen corrective measures

'

Review the end results of implemented
corrective measures

FIGURE 6.3 A process for performing repetitive failure analysis.

rotor balance and alignment, are unsatisfactorily performed or neglected during the
initial installation phase. The effective application of precision standards can more than
double equipment life."

Past experience indicates that parasitic load, caused by imbalance and misalign-
ment, is one of the leading causes of premature rolling element bearing failure. One
important and cost-effective method for increasing bearing life and resultant equip-
ment reliability is the precision balance of motor rotors, fans, and pump impellers.
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Due to misalignment, the forces of vibration lead to gradual deterioration of seals,
drive windings, couplings, and other rotating elements with close tolerances. A pet-
rochemical industry survey indicates that the practice of precision alignment resulted
in the average bearing life increasing by a factor of 8, reduction in maintenance costs
by 7%, and a 12% increment in machinery availability.11

PREDICTIVE TESTING AND INSPECTION
TECHNOLOGIES

Predictive testing and inspection (PTI) is an important component of the RCM. This
section describes the PTI technologies in detail. These technologies may be described
as a variety of approaches used to determine item/equipment condition for the purpose
of estimating the most effective time to schedule maintenance. These technologies
include intrusive and nonintrusive approaches in addition to using process parameters
to assess overall condition of equipment.

Six PTI technologies/approaches are described below.'""’

1. Vibration monitoring and analysis: One of the most widely used PTI
approaches, it is useful in assessing the condition of rotating equipment
and structural stability in a system. The techniques of vibration monitoring
and analysis include spectrum analysis, torsional vibration, waveform anal-
ysis, shock pulse analysis, and multichannel vibration analysis.

Vibration monitoring effectiveness depends on such factors as analyst’s
ability, complexity of equipment, sensor mounting, resolution, and data
collection methods. The vibration monitoring and analysis approach is
applicable to items such as engines, shafts, motors, pumps, gearboxes, bear-
ings, turbines, and compressors.

2. Electrical condition monitoring: This includes various technologies and
approaches that provide a comprehensive system evaluation. By monitoring
important electrical parameters it provides useful data to detect and rectify
electrical related faults such as phase imbalance, insulation breakdown, and
high resistance connections. Electrical faults are costly and present safety
concerns because in systems they are seldom visible.

Table 6.2'" lists several electrical condition monitoring methods. These
methods can monitor equipment such as electrical motors, electrical distri-
bution cabling, generators, electrical distribution transformers, electrical
distribution switchgear and controllers, and distribution systems. The spe-
cific electrical condition monitoring methods for these six types of equip-
ment are presented in Table 6.3.

3. Thermography: Infrared thermography (IRT) may be defined as the appli-
cation of infrared detection instruments for identifying pictures of tem-
perature differences (thermogram). The test instruments used include
noncontact, thermal measurement, line-of-sight, and imaging systems.
The noncontact nature of the IRT technique makes it particularly attractive
for identifying hot/cold spots in energized electrical equipment, large
surface areas such as boilers and building walls, and so on.
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TABLE 6.2

Electrical Condition Monitoring Methods

Method Name

Surge testing
Motor circuit analysis
Radio frequency monitoring

Infrared thermography

Motor current spectrum analysis

Airborne ultrasonics

Megohmmeter testing

Turns ratio

Transformer oil analysis

High potential testing

Time domain reflectometry

Starting current and time

Motor current readings

Power factor and harmonic distortion

Conductor complex impedance

TABLE 6.3

Electrical Condition Monitoring Techniques for Specific Equipment

Equipment

Generators

Electrical distribution transformers

Electrical distribution switchgear and

controllers
Electrical motors

Distribution system

Electrical distribution cabling

Applicable Monitoring Techniques

Radio frequency monitoring and megohmmeter testing

Turns ratio, transformer oil analysis, power factor, and
harmonic distortion

Airborne ultrasonics and visual inspection

Motor current spectrum analysis, starting current,
motor circuit analysis, megohmmeter testing,
conductor complex impedance, surge testing, and
high potential testing

Airborne ultrasonics, power factor, harmonic
distortion, and high potential testing

Airborne ultrasonics, high potential testing,
megohmmeter testing, and time domain reflectometry

With respect to specific electrical equipment, the IRT approach can be
used to identify degrading conditions in items such as switchgear, motor
control centers, transformers, and substations. Similarly, in regard to spe-
cific mechanical equipment, the IRT technique can help identify blocked
flow conditions in items such as condensers, pipes, heat exchangers, and
transformer cooling radiators.

©2002 CRC PressLLC



TABLE 6.4

Lubricating Oil and Hydraulic
Fluid Analysis Associated
Standard Analytical Tests

Test Name

Particle counting
Direct-reading ferrography
Emission spectroscopy
Infrared spectroscopy
Visual and odor

Percent solids/water
Viscosity measurement
Analytical ferrography
Total acid number (TAN)
Total base number (TBN)

One limitation of thermography is that it is limited to line of sight, and
errors can be introduced due to material geometry, color of material, and
environmental factors such as wind effects, solar heating, etc.

4. Lubricant and wear particle analysis: Three reasons for performing this
type of analysis are: to assess wear condition of equipment, to assess the
lubricant condition, and to assess if the lubricant is contaminated. The test
used for the above purposes will depend on factors such as cost, sensitivity
and accuracy of the test results, and the equipment construction and
application.

A list of standard analytical tests is presented in Table 6.4.

5. Passive (airborne) ultrasonics: Airborne ultrasonic devices (AVD) func-
tion within the frequency spectrum of 20 to 100 kHz and heterodyne the
high frequency signal to the audible level so that the operator is able to
hear changes in noise associated with leaks, corona discharges, etc. Two
typical examples are bearing ring and housing resonant frequency exci-
tation due to inadequate lubrication and minor defects.

Some specific equipment application examples are: heat exchangers,
boilers, and bearings. One of the main limitations of the airborne ultra-
sonics (AUs) technique is that AUs are subjective and dependent on
perceived differences in noises.

6. Nondestructive testing: This technique can determine material properties
and quality of manufacture for high-value parts/assemblies without damag-
ing the product or its function. Usually, nondestructive testing (NDT) is
practiced when approaches such as destructive testing are cost-prohibitive
or ineffective. NDT is associated with welding of large high-stress parts
such as pressure vessels and structural supports. In addition, oil refineries
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and chemical plants use NDT methods to assure pressure boundaries’ integ-
rity for systems processing of volatile substances.

NDT techniques include: ultrasonic testing (imaging), magnetic particle
testing, dye penetrant inspections, hydrostatic testing, eddy current testing,
and radiography. Prior to implementation of an NDT program, it is recom-
mended that a formal plan be developed. It would incorporate factors such
as the technique to be used, number and orientation of samples, frequency,
location, the failure mode each sample should address, and the information
to be gained from each sample. The interval between inspections and the
location of sampling points are two of the more difficult variables to address.

In the case of time interval between inspections, in establishing sample
intervals or frequency, the factors that must be examined include system
operating cycle, type of contained substance, major corrosion mecha-
nisms, historical failure rate, expected corrosion rate, proximity of existing
material to minimum wall thickness, erosion mechanisms, and expected
erosion rate. Similarly in the case of location of sampling points, some
of the guidelines for locating NDT sampling points are as follows:

» Welds, high stress fasteners, and stressed areas

* Areas susceptible to cavitation

* Dissimilar metals’ junctions

* Areas with identified accelerated corrosion/erosion mechanisms

* Abrupt changes in direction of flow (elbows) and changes in pipe diameter
* “Dead-heads”

Table 6.5 presents application areas for specific NDT techniques. Limitations
associated with each NDT technique are given in Table 6.6.

TABLE 6.5
Application Areas for Specific NDT Techniques

NDT Technique Application Areas

Ultrasonic testing (imaging) ~ Metal components including weld deposits and specialized
applications for plastics or composite materials

Dye penetrant inspections Nonporous materials (those chemically compatible with the dye
and developer)

Hydrostatic testing Components and completely assembled systems containing
pressurized fluids or gases

Radiography Metal components including weld deposits and, possibly,
specialized applications for plastics or composite materials

Magnetic particle testing Materials that conduct electric current and magnetic lines of flux

Eddy current testing Detect defects such as seams, cracks, holes, or lamination

separation on both flat sheets and more complex cross-sections.
Also, monitor the thickness of metallic sheets, plates, and tube
walls
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TABLE 6.6
NDT Technique Limitations

NDT Technique Limitations

Ultrasonic testing (imaging) ~ One-dimensional, thus defects that parallel the axis of the test
will not be apparent.

Dye penetrant inspections Minute surface discontinuities such as machining marks will
become readily apparent.

Hydrostatic testing Over-pressurization can result in unintended damage to the
system; cleanliness and fluid chemistry control must be
compatible with system operating standards.

Radiography Effective application requires expensive equipment, properly
trained technicians to interpret images, and extensive safety
precautions.

Magnetic particle testing Applicable only to those materials that conduct electric current
and influence magnetic lines of flux. Also, small areas between
the two electrodes can only be inspected effectively.

Eddy current testing Limited to shallow subsurface and surface defects. Also, due
to the tendency of eddy currents to flow parallel to the surface
to which the exciting field is applied, some laminar
discontinuities’ orientations parallel to this surface tend to
remain undetected.

RCM PROGRAM EFFECTIVENESS MEASUREMENT
INDICATORS

Over the years many management indicators to measure the effectiveness of an RCM
program have been developed.“ The numerical indicators or metrics are considered
the most useful because they are objective, precise, quantitative, and more easily
trended than words, as well as consisting of a descriptor and a benchmark. A des-
criptor may be defined as a word or group of words detailing the units, the function,
and the process under consideration for measurement. A benchmark is a numerical
expression of a set goal. Some of the metrics for measuring the effectiveness of an
RCM program are presented below along with suggested benchmarks. These bench-
marks are the averages of data surveyed from around 50 major corporations in the
early 1990s."

EQUlPMENT AVAILABILITY

This is expressed by

EA = —* (6.1)
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where
EA = equipment availability,
H., = number of hours each unit of equipment is available to run at capacity,
TH,, = total number of hours during the reporting period.

The benchmark figure for this metric is 96%.

EMERGENCY PERCENTAGE INDEX

This is defined by

H.
= 9
EP = TH, 6.2)
where
EP = emergency percentage,
H, = total number of hours worked on emergency jobs,

TH,, = total number of hours works.
The benchmark figure for this indicator is 10% or less.

PTI Coverep EQUIPMENT INDEX

This index is used to calculate the percent of candidate equipment covered by PTI
and is expressed by

Peyi = TT (6.3)
where
P,,; = percent of candidate equipment covered by PTI,
E; = total number of equipment items in PTI program,
TE, = total number of equipment candidates for PTIL.
The benchmark figure for this metric is 100%.
FAuLts FOUND IN THERMOGRAPHIC SURVEY INDEX
This is expressed by
TEN
Pw = 55 (6.4)
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where
Py, = percent of faults found in thermographic survey,
TNF = total number of faults found,
DS = total number of devices surveyed.

The benchmark figure for this index is 3% or less.

MAINTENANCE OVERTIME PERCENTAGE INDEX

This is expressed by

TMOH
= 6.5
where
P,, = maintenance overtime percentage,
TMOH = total number of maintenance overtime hours during period,
TRMH = total number of regular maintenance hours during period.
The benchmark figure for this metric is 5% or less.
FauLts FOUND IN STEAM TRAP SURVEY INDEX
This index is expressed by
DST
Py = === 6.6
ffs STS ( )

where
Py, = percent of faults found in steam trap survey,
DST = total number of defective steam traps found,
STS = total number of steam traps surveyed.

The benchmark figure for this index is 10% or less.

PM/PTI-REACTIVE MAINTENANCE INDEX

This index is divided into two areas: PM/PTI and reactive maintenance. The PM/PTI-
related index is expressed by

MHPP

P,= —
PP MHR + MHPP

6.7)
where

P, = PM/PTI work percentage,

MHPP = total manhours of PM/PTI work,

MHR = total manhours of reactive maintenance work.

The benchmark figure for this metric is 70%.
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The reactive maintenance related index is defined by

MHR

P = VAR T MEODPP

(6.8)

where
P, =reactive maintenance work percentage.

The benchmark figure for this index is 30%. The sum of Egs. (6.7) and (6.8) is
equal to unity or 100%.

EMERGENCY-PM/PTI WoRkK INDEX
This is expressed by

TEH
P, = ——— 6.9
P TPPMH (6.9)
where
P, = percent of emergency work to PTI and PM work,
TEH = total number of emergency work hours,

TPPMH = total number of PTI and PM work hours.

The benchmark figure for this metric is 20% or less.

RCM ADVANTAGES AND REASONS FORITS FAILURES

The application of RCM has many benefits, including improvement in safety and
environmental protection, improvement in product quality, improvement in the useful
life of costly items, a maintenance database, improvement in teamwork, improve-
ment in maintenance cost-effectiveness, greater motivation of individuals, and higher
plant availability and reliability.g’15

Occasionally, application of RCM has resulted in failure. Some reasons for its
failure were: an analysis conducted at too low a level, too much emphasis placed
on failure data, the application was superfluous or hurried, computers were used to
drive the process, only one individual was assigned to apply RCM, only the main-
tenance department on its own applied RCM, and manufacturers/ equipment vendors
were asked to apply RCM on their own.”

PROBLEMS

What are the principal goals of RCM?

Discuss at least ten basic principles of RCM.
Describe the RCM process.

What are the four major components of RCM?

b=
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Discuss in detail, the following items:
e Reactive maintenance
¢ Proactive maintenance

6. List eight basic techniques employed by proactive maintenance to extend
equipment life.
7. Describe the following techniques used by proactive maintenance to
extend equipment life:
* Age exploration
* Root-cause analysis
* Recurrence control
8. Describe the following PTI technologies/approaches:
* Electrical condition monitoring
* Thermography
* Vibration monitoring and analysis
9. What is nondestructive testing? Discuss at least five techniques associated
with nondestructive testing.
10. Define the following indexes associated with RCM:
* Emergency percentage index
* Maintenance overtime percentage index
* Equipment availability
11. What are the advantages of RCM?
12. List reasons for RCM application failure.
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7 Inventory Control
In Maintenance

INTRODUCTION

Usually, the major complaint of those involved in maintenance is the unavailability
of materials and spares at the moment of need. Today, as modern engineering equip-
ment grows more complex, the cost of inventorying spares has increased alarmingly.

In many maintenance organizations, materials account for one-third to one-half
of the operating budget, and more in some capital-intensive industrial sectors.'
Needless to say, maintenance functions rely heavily on the availability of items such
as spares for production equipment and machinery. Specific examples include lubri-
cants, valves, pipe fittings, paints, angle iron, channel iron, controls, and nuts and
bolts. A well-managed inventory system of such items helps reduce maintenance
cost, worker and equipment downtime, and improves productivity. Inventory control
plays an important role in maintenance.

The history of inventory control begins in the early 1900s, and it was used only
for clerical help for first-line mamagement.2 Today, inventory control has risen to higher
organizational levels with responsibilities in areas such as planning and control. This
chapter discusses important aspects of inventory control related to maintenance.

INVENTORY PURPOSES, TYPES, AND BASIC
MAINTENANCE INVENTORY-RELATED DECISIONS

Inventory can help organizations in many ways. Figure 7.1 presents six important
purposes.}5 There are many types of inventory. The commonly identified types include
raw materials inventory, finished goods inventory, supplies inventory, work-in-process
(WIP) inventory, transportation inventory, and replacement parts inventory.4

In the case of raw materials inventory, items are purchased from suppliers for
use in production processes. Finished goods inventory is concerned with finished
product items not yet delivered to customers. The supplies inventory is concerned
with parts/materials used to support the production process. Usually these items are
not an element of the product.

The WIP inventory is concerned with partly-finished items (i.e., components,
parts, subassemblies, etc.) that have been started in the production process but must
be processed further. The transportation inventory is concerned with items being shipped
from suppliers or to customers through the distribution channel. The replacement
parts inventory is concerned with maintaining items for the replacement of other items
in the company or its customer equipment/systems as they wear out.
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FIGURE 7.1 Important purposes of inventory.

Maintenance management personnel make decisions on basic areas such as those
. . . 1
listed below with respect to inventory.

» [Items/materials to be stored: Decisions require consideration of factors
such as ability of the vendor to supply at the moment of need, cost, and
the degree of deterioration in storage.

* Amount of items/materials to be stored: Decisions are made by considering
factors such as degree of usage and delivery lead time.

* [tem/material suppliers: Decisions on suppliers of items/materials are made
by considering factors such as price, delivery, quality, and service.

* Lowest supply levels: Decisions on lowest levels of supplies, in particular
the major store items, are made by considering factors such as purchasing’s
historical records and projected needs.

* Highest supply levels: As time-to-time supply usage rate drops, the deci-
sions on the highest supply levels are made by keeping in mind factors
such as past ordering experience and peak vacation period.

* Time to buy and pay: Decisions on these two items are often interlocked.
Such decisions are made by considering factors such as vendor announce-
ments about special discounts, past purchasing records, and store with-
drawals and equipment repair histories.

* Place to keep items/materials: As location control is crucial to a productive
maintenance department, decisions concerning storage of items/materials
are made by keeping in mind that they can be effectively retrieved. Past
experience indicates that a single physical location for each item is the best.

* Appropriate price to pay: Pricing is of continuous concern, and decisions
concerning it are primarily governed by perceived, not actual, supply and
demand.
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ABC CLASSIFICATION APPROACH FOR
MAINTENANCE INVENTORY CONTROL

In any maintenance inventory control system, parts/materials required for routine
maintenance should be readily available. In the case of nonroutine maintenance, items
must be controlled in such a way that the capital inventory investment is most effective.’
In congrolling inventory, one must seek information on areas such as those listed
below.

¢ Importance of the inventory item

* The way it should be controlled

* Quantity to be ordered at one time
 Specific point in time to place an order

The ABC classification approach provides information for routine and nonroutine main-
tenance. Consequently, it allows different levels of control based on the item’s relative
importance. The ABC approach is based on the reasoning that a small percentage
of items usually dictates the results achieved under any condition. This reasoning is
often referred to as Pareto principle, named after Vilfredo Pareto (1848—-1923), an
Italian sociologist and economist.’

The ABC approach classifies in-house inventory into three categories (i.e., A, B,
and C) based on annual dollar volume. The following approximate relationship
between the percentage of inventory items and the percentage of annual dollar usage
is observed:””

¢ A: Of the items, 20% are responsible for 80% of the dollar usage.
* B: Of the items, 30% are responsible for 15% of the dollar usage.
e C: Of the items, 50% are responsible for 5% of the dollar usage.

The following three steps are associated with the ABC classification approach:

1. Determine the item characteristics that can influence inventory manage-
ment results. Often, this is the annual dollar usage.

2. Group items based on the criteria established above.

3. Practice control relative to the group importance.

Factors such as annual dollar usage, material scarcity, and unit cost affect the impor-
tance of an item. Figure 7.2 presents the approach for grouping by annual dollar usage.7

ConTtroL Poticies ForR A, B, AND C CLASSIFICATION ITEMS

After the classification of inventory items, control policies can be established. Some
of these policies associated with each classification are as follows:

* Classification A items: These are high-priority items. Practice tight control
including: frequent review of demand forecasts, complete accurate records,
periodic and frequent review by management, close followup, and expe-
diting to minimize lead time.
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Estimate the annual usage for each item

Obtain total annual dollar usage of each item

4

List the items relative to their annual dollar usage

Y

Obtain items’ cumulative annual dollar usage and
the cumulative percentage

Classify the items into A, B, and C categories
based on percentage of annual usage

/

Review the annual usage distribution

FIGURE 7.2 Steps for grouping by annual dollar usage.

* Classification B items: These are medium-priority items. Practice regular
controls including: good records, regular processing, and normal attention.

* Classification C items: These are low-priority items. Practice simple con-
trols, but ensure they are sufficient to meet demand.

Keep plenty of low-cost items, and use the money and control effort saved to minimize
inventory of high-cost items.”

Example 7.1

A maintenance department uses ten types of items. Table 7.1 presents their annual
usage and cost per unit. Determine the following:

* The annual dollar usage for each item

* The ordered list of items with respect to their annual dollar usage

* The cumulative yearly dollar usage and the cumulative percent of items
e The A, B, and C classifications of items
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TABLE 7.1

Data for Ten Different Items

Item No. Annual Usage (Units) Cost per Unit ($)
1 400 10