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and interesting for students, researchers and practitioners.
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its business context (Part I) and by looking at failure statistics and RAMS (Part II). 

Part III then continues with a discussion of decision support models, including TPM, 

RCM and more recent evolutions, as well as optimization models and planning tools. 

In Part IV, management of maintenance resources, personnel and spare parts is 

presented with special attention for outsourcing. Part V goes on to cover assessment 

with topics on performance reporting, auditing and benchmarking, and Part VI wraps 

up with a discussion on world-class maintenance.
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Preface

Our first book on maintenance management was written in 1995, quite a
pioneering project, as maintenance still was an awakening management function
back then. In 1997 the book was translated in English. A serious update came in
2006 with Maintenance Decision Making. A book, which is now replaced by this
one, Asset Management: The Maintenance Perspective. The title hints indeed
that maintenance has come a long way, it even listens to a different name, asset
management. However the asset management we speak of is only a part of what
is generally understood by asset management. Here we refer to physical asset
management, hence the subtitle, the maintenance perspective. There are – by
now – many books on maintenance related subjects. There are the oldies such
as the books by Barlow, Proschan and Hunter which provided the foundations
for quantitative reliability engineering and the book by Cox on renewal theory.
Since that time (60s-70s) quite some books – a first only a few, later more and
more – on maintenance subjects have been written. The question is then: why
this book? We believe this book fills a gap, because it presents a holistic view
on maintenance management. It is not a book on reliability theory or on MRO
or on auditing or . . . It is less and more. It doesn’t offer a very deep and
involved discussion of either of these topics, but it gives a sound introduction
to all of them. Moreover it links all these topics together in an integrated,
holistic view on maintenance/asset management. This approach is not common
for most books on the market, they rather tackle only one aspect. Compared to
the few books which offer a broader view, this book stands out because of the
many illustrations, both numerical examples and real-life case studies – mostly
from a Belgian context. Although the majority of these examples come from
industry, its use is by no means limited to the industry. All environments relying
on technical equipment can benefit from the concepts and techniques outlined
here. Think e.g. of applying reliability engineering to wind mill farms or in a
healthcare context.

The book consists of six parts. It begins by defining maintenance manage-
ment in its business context (Part I) and by looking at failure statistics and
RAMS (Part II). Part III continues with a discussion of decision support mod-
els, including TPM, RCM and more recent evolutions, as well as optimization
models and planning tools. In Part IV, management of maintenance resources,
personnel and spare parts is presented with special attention for outsourcing.
Part V goes on to cover assessment with topics on performance reporting, audit-
ing and benchmarking, and Part VI wraps up with a discussion on world-class
maintenance. Note that the subjects covered are qualitative (e.g. lean main-
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tenance) as quantitative (e.g. reliability computations) in nature. The same
holds for the illustrations.

Although the book contains, for convenience structured chapter by chapter,
over the two hundred references, it was not our intention to offer an exhaustive
literature review on all of the topics covered. Rather, we aimed at providing
a complete view on maintenance/asset management, with a selection of refer-
ences. This selection exists of on one hand older text books (because these
simply are the base of further developments) and some more recent ones. The
latter were selected mostly because they cover the subjects discussed in this
book into more detail. The interested reader can find more information there.
Also a limited number of recent research papers, from academic journals or
international conferences, were included to provide some insight in current re-
search activities. We believe that the concept of this book makes it worthwhile
for a double audience. On one hand we think that it is a sound introduction in
the whole field of maintenance management, in all its exciting complexity, for
the (engineering) student or beginning researcher. On the other hand, the book
can also provide insights and interesting tools for the practitioner in industry
or in a service organization because of its holistic approach.

The authors would like to thank anybody who contributed to the contents
of this book: i.e. organizations who provided interesting case projects and
the enthusiastic master students, PhD students and co-workers who carried
out these projects. And last but not least, thanks to Judith and Astrid Van
Puyvelde for the cartoons and their support.

Liliane Pintelon and Frank Van Puyvelde (Heverlee, September 2013)

Abbreviations

3PL 3rd party logistics
4PL 4th party logistics
5PL 5th party logistics
5S sort, set in order, shine, standardize, sustain
6σ six sigma
8D eight disciplines
ABAO as bad as old
AGAN as good as new
AGV automated guided vehicles
AHP analytic hierarchy process
AHP analytic hierarchy process
AI artificial intelligence
AIChE American Institute of Chemical Engineering
ALT accelerated life testing
ANN artificial neural network
ANP analytical network process
ATM automated teller machine
AW annual worth
B2B business-to-business
B2C business-to-consumer
BCM business centered maintenance
BEMAS BElgian Maintenance ASsociation
BI business intelligence
BITE built-in test equipment
BoB best-of-breed
BOM bill of materials
BOT build-operate-transfer
BPR business process re-engineering
BSI British Standards Organizations
BTO built to order
BUTD bottom-up top-down
CANDO cleaning up, arranging, neatness, discipline, ongoing improvement
CAPEX capital expenditure
CBM condition based maintenance
CBT computer-based training
cdf cumulative density/distribution function
CM corrective maintenance
CMMS computerized maintenance management system

v



x

Contents

I Setting the Scene 1

1 Maintenance/Asset Management 3
1.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Historical perspective . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 What has happened? . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 How did this change maintenance management? . . . . . 7
1.2.3 What exactly is expected? . . . . . . . . . . . . . . . . . . 9

1.3 Wrapping things up . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.1 Drivers and dillemmas . . . . . . . . . . . . . . . . . . . . 10
1.3.2 Critical success factors for maintenance today and (the

day after) tomorrow . . . . . . . . . . . . . . . . . . . . . 11
1.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 12

2 Managerial decision framework 15
2.1 Vision - mission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.2 Strategy and maintenance . . . . . . . . . . . . . . . . . . . . . . 16

2.2.1 Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.2 Maintenance/asset management in context . . . . . . . . 17
2.2.3 Maintenance strategy . . . . . . . . . . . . . . . . . . . . 20

2.3 Case example: Maintenance strategy formulation . . . . . . . . . 24
2.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 31

3 Maintenance and IT 33
3.1 IT as a tool for maintenance management . . . . . . . . . . . . . 33

3.1.1 Useful IT capabilities . . . . . . . . . . . . . . . . . . . . 33
3.1.2 Management perception of IT . . . . . . . . . . . . . . . . 34

3.2 CMMS-EAMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2.1 Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
3.2.2 Issues to consider . . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Knowledge management . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.1 Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.2 Basic example: expert systems . . . . . . . . . . . . . . . 39

3.4 E-maintenance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4.1 E-maintenance explored . . . . . . . . . . . . . . . . . . . 41
3.4.2 Case example: POM project . . . . . . . . . . . . . . . . 43

3.5 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 43

xi



xii CONTENTS

II Computational Tools 47

4 Failure statistics 49
4.1 Failures explored . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.1 Failure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.1.2 Origin of failure . . . . . . . . . . . . . . . . . . . . . . . 50
4.1.3 Beware: common mode/cause failures . . . . . . . . . . . 50

4.2 Prerequisites: Probability theory . . . . . . . . . . . . . . . . . . 51
4.3 Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3.1 Types of distributions . . . . . . . . . . . . . . . . . . . . 52
4.3.2 Probability density/mass function . . . . . . . . . . . . . 52
4.3.3 Discrete distributions . . . . . . . . . . . . . . . . . . . . 53
4.3.4 Continuous distributions . . . . . . . . . . . . . . . . . . . 53

4.4 Failure functions . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.4.1 f(t), F(t), R(t) and h(t) . . . . . . . . . . . . . . . . . . . 59
4.4.2 Numerical illustrations . . . . . . . . . . . . . . . . . . . . 63

4.5 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5.1 Data fitting . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5.2 Statistical tests . . . . . . . . . . . . . . . . . . . . . . . . 66

4.6 Case examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.7 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 72

5 RAMS 73
5.1 RAMS: what is it about? . . . . . . . . . . . . . . . . . . . . . . 73
5.2 Reliability prediction . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.1 Measured failure data . . . . . . . . . . . . . . . . . . . . 77
5.2.2 Physics-on-failure . . . . . . . . . . . . . . . . . . . . . . . 79
5.2.3 System reliability . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.4 State space analysis . . . . . . . . . . . . . . . . . . . . . 86

5.3 Risk analysis and reliability . . . . . . . . . . . . . . . . . . . . . 91
5.3.1 Risk analysis . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3.2 Fault tree analysis (FTA) . . . . . . . . . . . . . . . . . . 91
5.3.3 Event tree analysis (ETA) . . . . . . . . . . . . . . . . . . 93
5.3.4 Hazard and operability study (HAZOP) . . . . . . . . . . 93
5.3.5 Root cause analysis (RCA) . . . . . . . . . . . . . . . . . 94
5.3.6 Bow tie analysis . . . . . . . . . . . . . . . . . . . . . . . 96
5.3.7 Failure mode effect analysis (FMEA) . . . . . . . . . . . . 96

5.4 Human reliability analysis (HRA) . . . . . . . . . . . . . . . . . . 98
5.5 Case study illustrations . . . . . . . . . . . . . . . . . . . . . . . 100

5.5.1 RCA1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.5.2 RCA2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.5.3 FMEA1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.5.4 FMEA2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.5.5 FMEA3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.6 Numerical illustrations . . . . . . . . . . . . . . . . . . . . . . . . 104
5.7 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 108

CONTENTS xiii

6 Data quality management 111
6.1 Importance of data quality . . . . . . . . . . . . . . . . . . . . . 111

6.1.1 Factual decision making . . . . . . . . . . . . . . . . . . . 111
6.1.2 Anecdotes . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.1.3 Ideal world . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2 Data collection process . . . . . . . . . . . . . . . . . . . . . . . . 113
6.2.1 Internal data . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.2.2 External data . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.2.3 Special topic: FRACAS . . . . . . . . . . . . . . . . . . . 116

6.3 Data visualization . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.3.1 Visualization before statistical analysis . . . . . . . . . . . 117
6.3.2 Visualization for general management purposes . . . . . . 118

6.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 119

III Decision Support 123

7 Maintenance concepts 125
7.1 Definitions: maintenance actions, policies and concepts . . . . . . 125
7.2 Maintenance actions . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.3 Maintenance policies . . . . . . . . . . . . . . . . . . . . . . . . . 127

7.3.1 Failure based maintenance (FBM) . . . . . . . . . . . . . 127
7.3.2 Use/time based maintenance (UBM/TBM) . . . . . . . . 127
7.3.3 Condition based maintenance (CBM) . . . . . . . . . . . 127
7.3.4 Opportunity based maintenance (OBM) . . . . . . . . . . 128
7.3.5 Design-out maintenance (DOM) . . . . . . . . . . . . . . 128
7.3.6 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.4 Maintenance concepts . . . . . . . . . . . . . . . . . . . . . . . . 129
7.4.1 Quick & Dirty decision charts (Q&D) . . . . . . . . . . . 129
7.4.2 Life cycle costing (LCC) - Total cost of ownership (TCO) 130
7.4.3 Total productive maintenance (TPM) . . . . . . . . . . . 137
7.4.4 Reliability centered maintenance (RCM) . . . . . . . . . . 145
7.4.5 Customized concepts . . . . . . . . . . . . . . . . . . . . . 153
7.4.6 Lean maintenance . . . . . . . . . . . . . . . . . . . . . . 155
7.4.7 Concepts in practice . . . . . . . . . . . . . . . . . . . . . 158
7.4.8 Extra illustration: OEE . . . . . . . . . . . . . . . . . . . 160

7.5 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 161

8 Maintenance policy optimization 165
8.1 Optimization in maintenance/asset management . . . . . . . . . 165

8.1.1 Optimization . . . . . . . . . . . . . . . . . . . . . . . . . 165
8.1.2 Need for optimization models in maintenance/asset man-

agement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
8.1.3 Practical issues . . . . . . . . . . . . . . . . . . . . . . . . 171

8.2 Renewal theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
8.2.1 Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
8.2.2 Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . 177
8.2.3 Case study: Policy optimization for a can line . . . . . . . 181

8.3 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
8.3.1 Simulation as alternative for mathematical programming 186



xii CONTENTS

II Computational Tools 47

4 Failure statistics 49
4.1 Failures explored . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.1.1 Failure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.1.2 Origin of failure . . . . . . . . . . . . . . . . . . . . . . . 50
4.1.3 Beware: common mode/cause failures . . . . . . . . . . . 50

4.2 Prerequisites: Probability theory . . . . . . . . . . . . . . . . . . 51
4.3 Distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3.1 Types of distributions . . . . . . . . . . . . . . . . . . . . 52
4.3.2 Probability density/mass function . . . . . . . . . . . . . 52
4.3.3 Discrete distributions . . . . . . . . . . . . . . . . . . . . 53
4.3.4 Continuous distributions . . . . . . . . . . . . . . . . . . . 53

4.4 Failure functions . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.4.1 f(t), F(t), R(t) and h(t) . . . . . . . . . . . . . . . . . . . 59
4.4.2 Numerical illustrations . . . . . . . . . . . . . . . . . . . . 63

4.5 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5.1 Data fitting . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.5.2 Statistical tests . . . . . . . . . . . . . . . . . . . . . . . . 66

4.6 Case examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.7 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 72

5 RAMS 73
5.1 RAMS: what is it about? . . . . . . . . . . . . . . . . . . . . . . 73
5.2 Reliability prediction . . . . . . . . . . . . . . . . . . . . . . . . . 77

5.2.1 Measured failure data . . . . . . . . . . . . . . . . . . . . 77
5.2.2 Physics-on-failure . . . . . . . . . . . . . . . . . . . . . . . 79
5.2.3 System reliability . . . . . . . . . . . . . . . . . . . . . . . 83
5.2.4 State space analysis . . . . . . . . . . . . . . . . . . . . . 86

5.3 Risk analysis and reliability . . . . . . . . . . . . . . . . . . . . . 91
5.3.1 Risk analysis . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3.2 Fault tree analysis (FTA) . . . . . . . . . . . . . . . . . . 91
5.3.3 Event tree analysis (ETA) . . . . . . . . . . . . . . . . . . 93
5.3.4 Hazard and operability study (HAZOP) . . . . . . . . . . 93
5.3.5 Root cause analysis (RCA) . . . . . . . . . . . . . . . . . 94
5.3.6 Bow tie analysis . . . . . . . . . . . . . . . . . . . . . . . 96
5.3.7 Failure mode effect analysis (FMEA) . . . . . . . . . . . . 96

5.4 Human reliability analysis (HRA) . . . . . . . . . . . . . . . . . . 98
5.5 Case study illustrations . . . . . . . . . . . . . . . . . . . . . . . 100

5.5.1 RCA1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.5.2 RCA2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.5.3 FMEA1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.5.4 FMEA2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.5.5 FMEA3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.6 Numerical illustrations . . . . . . . . . . . . . . . . . . . . . . . . 104
5.7 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 108

CONTENTS xiii

6 Data quality management 111
6.1 Importance of data quality . . . . . . . . . . . . . . . . . . . . . 111

6.1.1 Factual decision making . . . . . . . . . . . . . . . . . . . 111
6.1.2 Anecdotes . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
6.1.3 Ideal world . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2 Data collection process . . . . . . . . . . . . . . . . . . . . . . . . 113
6.2.1 Internal data . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.2.2 External data . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.2.3 Special topic: FRACAS . . . . . . . . . . . . . . . . . . . 116

6.3 Data visualization . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.3.1 Visualization before statistical analysis . . . . . . . . . . . 117
6.3.2 Visualization for general management purposes . . . . . . 118

6.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 119

III Decision Support 123

7 Maintenance concepts 125
7.1 Definitions: maintenance actions, policies and concepts . . . . . . 125
7.2 Maintenance actions . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.3 Maintenance policies . . . . . . . . . . . . . . . . . . . . . . . . . 127

7.3.1 Failure based maintenance (FBM) . . . . . . . . . . . . . 127
7.3.2 Use/time based maintenance (UBM/TBM) . . . . . . . . 127
7.3.3 Condition based maintenance (CBM) . . . . . . . . . . . 127
7.3.4 Opportunity based maintenance (OBM) . . . . . . . . . . 128
7.3.5 Design-out maintenance (DOM) . . . . . . . . . . . . . . 128
7.3.6 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

7.4 Maintenance concepts . . . . . . . . . . . . . . . . . . . . . . . . 129
7.4.1 Quick & Dirty decision charts (Q&D) . . . . . . . . . . . 129
7.4.2 Life cycle costing (LCC) - Total cost of ownership (TCO) 130
7.4.3 Total productive maintenance (TPM) . . . . . . . . . . . 137
7.4.4 Reliability centered maintenance (RCM) . . . . . . . . . . 145
7.4.5 Customized concepts . . . . . . . . . . . . . . . . . . . . . 153
7.4.6 Lean maintenance . . . . . . . . . . . . . . . . . . . . . . 155
7.4.7 Concepts in practice . . . . . . . . . . . . . . . . . . . . . 158
7.4.8 Extra illustration: OEE . . . . . . . . . . . . . . . . . . . 160

7.5 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 161

8 Maintenance policy optimization 165
8.1 Optimization in maintenance/asset management . . . . . . . . . 165

8.1.1 Optimization . . . . . . . . . . . . . . . . . . . . . . . . . 165
8.1.2 Need for optimization models in maintenance/asset man-

agement . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
8.1.3 Practical issues . . . . . . . . . . . . . . . . . . . . . . . . 171

8.2 Renewal theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
8.2.1 Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
8.2.2 Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . 177
8.2.3 Case study: Policy optimization for a can line . . . . . . . 181

8.3 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
8.3.1 Simulation as alternative for mathematical programming 186



xiv CONTENTS

8.3.2 Simulation approach . . . . . . . . . . . . . . . . . . . . . 188
8.3.3 Monte Carlo simulation . . . . . . . . . . . . . . . . . . . 191
8.3.4 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . 192

8.4 Multi-criteria decision making (MCDM) . . . . . . . . . . . . . . 195
8.4.1 General methodology . . . . . . . . . . . . . . . . . . . . 195
8.4.2 Consensus method . . . . . . . . . . . . . . . . . . . . . . 196
8.4.3 Analytic network process (ANP) . . . . . . . . . . . . . . 197
8.4.4 MCDM and cost-effectiveness analysis . . . . . . . . . . . 201

8.5 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 210

9 Operational planning 213
9.1 Operational planning defined . . . . . . . . . . . . . . . . . . . . 213
9.2 Project planning . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

9.2.1 PERT - CPM . . . . . . . . . . . . . . . . . . . . . . . . . 213
9.2.2 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
9.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

9.3 Maintenance scheduling . . . . . . . . . . . . . . . . . . . . . . . 218
9.3.1 Maintenance jobs . . . . . . . . . . . . . . . . . . . . . . . 218
9.3.2 Production scheduling vs maintenance scheduling . . . . . 219
9.3.3 Planning requirements . . . . . . . . . . . . . . . . . . . . 220
9.3.4 Planning algorithms . . . . . . . . . . . . . . . . . . . . . 222

9.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 226

IV Resources 227

10 MRO management 229
10.1 Problem setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

10.1.1 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . 229
10.1.2 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . 230

10.2 Inventory decision models . . . . . . . . . . . . . . . . . . . . . . 231
10.2.1 Logistic costs . . . . . . . . . . . . . . . . . . . . . . . . . 231
10.2.2 Optimization issues . . . . . . . . . . . . . . . . . . . . . 232
10.2.3 Traditional models for non-repairable items . . . . . . . . 232
10.2.4 Newer concepts . . . . . . . . . . . . . . . . . . . . . . . . 239
10.2.5 Avoiding or reducing spare inventory . . . . . . . . . . . . 242
10.2.6 Repairable items . . . . . . . . . . . . . . . . . . . . . . . 243

10.3 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
10.3.1 Case study 1 . . . . . . . . . . . . . . . . . . . . . . . . . 244
10.3.2 Case study 2 . . . . . . . . . . . . . . . . . . . . . . . . . 247

10.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 249

11 Personnel 251
11.1 Organizational context . . . . . . . . . . . . . . . . . . . . . . . . 251
11.2 Maintenance personnel . . . . . . . . . . . . . . . . . . . . . . . . 252

11.2.1 The maintenance/asset manager . . . . . . . . . . . . . . 252
11.2.2 Maintenance workers . . . . . . . . . . . . . . . . . . . . . 253
11.2.3 Safety and ergonomics . . . . . . . . . . . . . . . . . . . . 255

11.3 Quantitative techniques . . . . . . . . . . . . . . . . . . . . . . . 258
11.3.1 Time and method study . . . . . . . . . . . . . . . . . . . 258

CONTENTS xv

11.3.2 Queueing . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
11.4 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

11.4.1 Company case . . . . . . . . . . . . . . . . . . . . . . . . 266
11.4.2 Herald of Free Enterprise case . . . . . . . . . . . . . . . . 267

11.5 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 269

12 Maintenance service sector 271
12.1 Services . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
12.2 Maintenance consultants . . . . . . . . . . . . . . . . . . . . . . . 271
12.3 Maintenance service providers . . . . . . . . . . . . . . . . . . . . 272
12.4 Maintenance outsourcing . . . . . . . . . . . . . . . . . . . . . . . 275

12.4.1 Levels in maintenance outsourcing . . . . . . . . . . . . . 275
12.4.2 Issues to consider . . . . . . . . . . . . . . . . . . . . . . . 277
12.4.3 Guidelines for outsourcing . . . . . . . . . . . . . . . . . . 279

12.5 Cases studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
12.5.1 Survey on facility management outsourcing . . . . . . . . 280
12.5.2 Field service as after-sales support . . . . . . . . . . . . . 283

12.6 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 289

V Assessment 291

13 Performance reporting 293
13.1 Performance reporting defined . . . . . . . . . . . . . . . . . . . . 293
13.2 Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

13.2.1 Alternative approaches . . . . . . . . . . . . . . . . . . . . 296
13.2.2 Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
13.2.3 Performance reporting models . . . . . . . . . . . . . . . . 300

13.3 System design issues . . . . . . . . . . . . . . . . . . . . . . . . . 303
13.4 Selected further references . . . . . . . . . . . . . . . . . . . . . . 308

14 Auditing - Benchmarking 311
14.1 Auditing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311

14.1.1 Auditing defined . . . . . . . . . . . . . . . . . . . . . . . 311
14.1.2 Carrying out an audit . . . . . . . . . . . . . . . . . . . . 312

14.2 Audit approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . 313
14.2.1 Starting point . . . . . . . . . . . . . . . . . . . . . . . . . 313
14.2.2 Information phase . . . . . . . . . . . . . . . . . . . . . . 315
14.2.3 Deliverables . . . . . . . . . . . . . . . . . . . . . . . . . . 316
14.2.4 Illustration: Marcelis procedure . . . . . . . . . . . . . . . 316

14.3 Benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
14.3.1 Benchmarking defined . . . . . . . . . . . . . . . . . . . . 319
14.3.2 Benchmarking in practice . . . . . . . . . . . . . . . . . . 320

14.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 322

VI Wrap-up 325

15 Towards world class maintenance 327
15.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327



xiv CONTENTS

8.3.2 Simulation approach . . . . . . . . . . . . . . . . . . . . . 188
8.3.3 Monte Carlo simulation . . . . . . . . . . . . . . . . . . . 191
8.3.4 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . 192

8.4 Multi-criteria decision making (MCDM) . . . . . . . . . . . . . . 195
8.4.1 General methodology . . . . . . . . . . . . . . . . . . . . 195
8.4.2 Consensus method . . . . . . . . . . . . . . . . . . . . . . 196
8.4.3 Analytic network process (ANP) . . . . . . . . . . . . . . 197
8.4.4 MCDM and cost-effectiveness analysis . . . . . . . . . . . 201

8.5 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 210

9 Operational planning 213
9.1 Operational planning defined . . . . . . . . . . . . . . . . . . . . 213
9.2 Project planning . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

9.2.1 PERT - CPM . . . . . . . . . . . . . . . . . . . . . . . . . 213
9.2.2 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
9.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

9.3 Maintenance scheduling . . . . . . . . . . . . . . . . . . . . . . . 218
9.3.1 Maintenance jobs . . . . . . . . . . . . . . . . . . . . . . . 218
9.3.2 Production scheduling vs maintenance scheduling . . . . . 219
9.3.3 Planning requirements . . . . . . . . . . . . . . . . . . . . 220
9.3.4 Planning algorithms . . . . . . . . . . . . . . . . . . . . . 222

9.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 226

IV Resources 227

10 MRO management 229
10.1 Problem setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

10.1.1 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . 229
10.1.2 Characteristics . . . . . . . . . . . . . . . . . . . . . . . . 230

10.2 Inventory decision models . . . . . . . . . . . . . . . . . . . . . . 231
10.2.1 Logistic costs . . . . . . . . . . . . . . . . . . . . . . . . . 231
10.2.2 Optimization issues . . . . . . . . . . . . . . . . . . . . . 232
10.2.3 Traditional models for non-repairable items . . . . . . . . 232
10.2.4 Newer concepts . . . . . . . . . . . . . . . . . . . . . . . . 239
10.2.5 Avoiding or reducing spare inventory . . . . . . . . . . . . 242
10.2.6 Repairable items . . . . . . . . . . . . . . . . . . . . . . . 243

10.3 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
10.3.1 Case study 1 . . . . . . . . . . . . . . . . . . . . . . . . . 244
10.3.2 Case study 2 . . . . . . . . . . . . . . . . . . . . . . . . . 247

10.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 249

11 Personnel 251
11.1 Organizational context . . . . . . . . . . . . . . . . . . . . . . . . 251
11.2 Maintenance personnel . . . . . . . . . . . . . . . . . . . . . . . . 252

11.2.1 The maintenance/asset manager . . . . . . . . . . . . . . 252
11.2.2 Maintenance workers . . . . . . . . . . . . . . . . . . . . . 253
11.2.3 Safety and ergonomics . . . . . . . . . . . . . . . . . . . . 255

11.3 Quantitative techniques . . . . . . . . . . . . . . . . . . . . . . . 258
11.3.1 Time and method study . . . . . . . . . . . . . . . . . . . 258

CONTENTS xv

11.3.2 Queueing . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
11.4 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

11.4.1 Company case . . . . . . . . . . . . . . . . . . . . . . . . 266
11.4.2 Herald of Free Enterprise case . . . . . . . . . . . . . . . . 267

11.5 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 269

12 Maintenance service sector 271
12.1 Services . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
12.2 Maintenance consultants . . . . . . . . . . . . . . . . . . . . . . . 271
12.3 Maintenance service providers . . . . . . . . . . . . . . . . . . . . 272
12.4 Maintenance outsourcing . . . . . . . . . . . . . . . . . . . . . . . 275

12.4.1 Levels in maintenance outsourcing . . . . . . . . . . . . . 275
12.4.2 Issues to consider . . . . . . . . . . . . . . . . . . . . . . . 277
12.4.3 Guidelines for outsourcing . . . . . . . . . . . . . . . . . . 279

12.5 Cases studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
12.5.1 Survey on facility management outsourcing . . . . . . . . 280
12.5.2 Field service as after-sales support . . . . . . . . . . . . . 283

12.6 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 289

V Assessment 291

13 Performance reporting 293
13.1 Performance reporting defined . . . . . . . . . . . . . . . . . . . . 293
13.2 Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

13.2.1 Alternative approaches . . . . . . . . . . . . . . . . . . . . 296
13.2.2 Indicators . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
13.2.3 Performance reporting models . . . . . . . . . . . . . . . . 300

13.3 System design issues . . . . . . . . . . . . . . . . . . . . . . . . . 303
13.4 Selected further references . . . . . . . . . . . . . . . . . . . . . . 308

14 Auditing - Benchmarking 311
14.1 Auditing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311

14.1.1 Auditing defined . . . . . . . . . . . . . . . . . . . . . . . 311
14.1.2 Carrying out an audit . . . . . . . . . . . . . . . . . . . . 312

14.2 Audit approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . 313
14.2.1 Starting point . . . . . . . . . . . . . . . . . . . . . . . . . 313
14.2.2 Information phase . . . . . . . . . . . . . . . . . . . . . . 315
14.2.3 Deliverables . . . . . . . . . . . . . . . . . . . . . . . . . . 316
14.2.4 Illustration: Marcelis procedure . . . . . . . . . . . . . . . 316

14.3 Benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
14.3.1 Benchmarking defined . . . . . . . . . . . . . . . . . . . . 319
14.3.2 Benchmarking in practice . . . . . . . . . . . . . . . . . . 320

14.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 322

VI Wrap-up 325

15 Towards world class maintenance 327
15.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327



xvi CONTENTS

15.2 Maintenance excellence framework . . . . . . . . . . . . . . . . . 327
15.2.1 Stage 1: Starting level . . . . . . . . . . . . . . . . . . . . 328
15.2.2 Stage 2: Basic level . . . . . . . . . . . . . . . . . . . . . . 328
15.2.3 Stage 3: Advanced level . . . . . . . . . . . . . . . . . . . 328
15.2.4 Stage 4: Excellence level . . . . . . . . . . . . . . . . . . . 329

15.3 Organizing for success: JALF . . . . . . . . . . . . . . . . . . . . 329
15.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 330 List of Figures

1.1 Asset/maintenance management defined . . . . . . . . . . . . . . 4
1.2 Historical perspective on maintenance management . . . . . . . . 6
1.3 Evolution in maintenance policy implementation . . . . . . . . . 8

2.1 Different production layouts . . . . . . . . . . . . . . . . . . . . . 18
2.2 Solutions for unreliable machine: illustration . . . . . . . . . . . 19
2.3 Some generic organization charts . . . . . . . . . . . . . . . . . . 20
2.4 Maintenance decision pyramid . . . . . . . . . . . . . . . . . . . . 21
2.5 Cost iceberg in maintenance . . . . . . . . . . . . . . . . . . . . . 22
2.6 Case study: Asset management strategy design methodology . . 25
2.7 Case study: cognitive map . . . . . . . . . . . . . . . . . . . . . . 27
2.8 Case study: Nework and structure of the supermatrix . . . . . . 29
2.9 Case study: Example of pairwise comparison . . . . . . . . . . . 30

3.1 IT capabilities and maintenance applications: examples . . . . . 33
3.2 CMMS: Embedded or Best-of-Breed . . . . . . . . . . . . . . . . 35
3.3 From data to knowledge . . . . . . . . . . . . . . . . . . . . . . . 38
3.4 Nonaka’s knowledge spiral . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Expert system: example . . . . . . . . . . . . . . . . . . . . . . . 41
3.6 E-maintenance system components . . . . . . . . . . . . . . . . . 42
3.7 Illustrationn of an e-maintenance project . . . . . . . . . . . . . . 44

4.1 Hierarchy of components in an industrial installation . . . . . . . 49
4.2 Triangular and uniform distribution . . . . . . . . . . . . . . . . 59
4.3 Continuous failure distributions: Graphs . . . . . . . . . . . . . . 62
4.4 Weibull plot for the example . . . . . . . . . . . . . . . . . . . . 67
4.5 Illustration for Laplace test . . . . . . . . . . . . . . . . . . . . . 70
4.6 Illustration: Job statuses . . . . . . . . . . . . . . . . . . . . . . . 70

5.1 RAMS concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2 Uptime, downtime, TTF, TTS and TTR . . . . . . . . . . . . . . 75
5.3 Bathtub curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.4 PF-curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.5 Load-strength diagram . . . . . . . . . . . . . . . . . . . . . . . . 80
5.6 Physics-of-failures principle illustrated . . . . . . . . . . . . . . . 81
5.7 Degradation modeling principle . . . . . . . . . . . . . . . . . . . 82
5.8 Series and parallel component configurations . . . . . . . . . . . 83
5.9 Example of cut & tie set approach . . . . . . . . . . . . . . . . . 85

xvii



xvi CONTENTS

15.2 Maintenance excellence framework . . . . . . . . . . . . . . . . . 327
15.2.1 Stage 1: Starting level . . . . . . . . . . . . . . . . . . . . 328
15.2.2 Stage 2: Basic level . . . . . . . . . . . . . . . . . . . . . . 328
15.2.3 Stage 3: Advanced level . . . . . . . . . . . . . . . . . . . 328
15.2.4 Stage 4: Excellence level . . . . . . . . . . . . . . . . . . . 329

15.3 Organizing for success: JALF . . . . . . . . . . . . . . . . . . . . 329
15.4 Selected further reading . . . . . . . . . . . . . . . . . . . . . . . 330 List of Figures

1.1 Asset/maintenance management defined . . . . . . . . . . . . . . 4
1.2 Historical perspective on maintenance management . . . . . . . . 6
1.3 Evolution in maintenance policy implementation . . . . . . . . . 8

2.1 Different production layouts . . . . . . . . . . . . . . . . . . . . . 18
2.2 Solutions for unreliable machine: illustration . . . . . . . . . . . 19
2.3 Some generic organization charts . . . . . . . . . . . . . . . . . . 20
2.4 Maintenance decision pyramid . . . . . . . . . . . . . . . . . . . . 21
2.5 Cost iceberg in maintenance . . . . . . . . . . . . . . . . . . . . . 22
2.6 Case study: Asset management strategy design methodology . . 25
2.7 Case study: cognitive map . . . . . . . . . . . . . . . . . . . . . . 27
2.8 Case study: Nework and structure of the supermatrix . . . . . . 29
2.9 Case study: Example of pairwise comparison . . . . . . . . . . . 30

3.1 IT capabilities and maintenance applications: examples . . . . . 33
3.2 CMMS: Embedded or Best-of-Breed . . . . . . . . . . . . . . . . 35
3.3 From data to knowledge . . . . . . . . . . . . . . . . . . . . . . . 38
3.4 Nonaka’s knowledge spiral . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Expert system: example . . . . . . . . . . . . . . . . . . . . . . . 41
3.6 E-maintenance system components . . . . . . . . . . . . . . . . . 42
3.7 Illustrationn of an e-maintenance project . . . . . . . . . . . . . . 44

4.1 Hierarchy of components in an industrial installation . . . . . . . 49
4.2 Triangular and uniform distribution . . . . . . . . . . . . . . . . 59
4.3 Continuous failure distributions: Graphs . . . . . . . . . . . . . . 62
4.4 Weibull plot for the example . . . . . . . . . . . . . . . . . . . . 67
4.5 Illustration for Laplace test . . . . . . . . . . . . . . . . . . . . . 70
4.6 Illustration: Job statuses . . . . . . . . . . . . . . . . . . . . . . . 70

5.1 RAMS concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.2 Uptime, downtime, TTF, TTS and TTR . . . . . . . . . . . . . . 75
5.3 Bathtub curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.4 PF-curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.5 Load-strength diagram . . . . . . . . . . . . . . . . . . . . . . . . 80
5.6 Physics-of-failures principle illustrated . . . . . . . . . . . . . . . 81
5.7 Degradation modeling principle . . . . . . . . . . . . . . . . . . . 82
5.8 Series and parallel component configurations . . . . . . . . . . . 83
5.9 Example of cut & tie set approach . . . . . . . . . . . . . . . . . 85

xvii



xviii LIST OF FIGURES

5.10 State transition diagram for a repairable component . . . . . . . 87
5.11 Example of Markov diagram . . . . . . . . . . . . . . . . . . . . . 90
5.12 Risk management illustrated . . . . . . . . . . . . . . . . . . . . 92
5.13 FTA: example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.14 ETA: example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.15 HAZOP risk matrix . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.16 Root cause mapping techniques . . . . . . . . . . . . . . . . . . . 96
5.17 Bow tie analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.18 FMEA worksheet . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.19 HRA procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.20 Illustration case study RCA1 . . . . . . . . . . . . . . . . . . . . 101
5.21 Illustration case study RCA2 . . . . . . . . . . . . . . . . . . . . 101
5.22 Illustration of an FMEA sheet for a paint shop . . . . . . . . . . 102
5.23 Illustration of failure modes and associated costs for wind turbine

gear boxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.24 Illustration of starting point for a FMEA study of medical venti-

lators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.25 Block diagram example . . . . . . . . . . . . . . . . . . . . . . . 104
5.26 Cut & tie set illustration . . . . . . . . . . . . . . . . . . . . . . . 105
5.27 System availability illustration . . . . . . . . . . . . . . . . . . . 105
5.28 Markov example . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.1 FRACAS basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.2 Illustration of mixed distribution . . . . . . . . . . . . . . . . . . 118
6.3 Illustration of deceptive data sets . . . . . . . . . . . . . . . . . . 119
6.4 Appropriate charts choice . . . . . . . . . . . . . . . . . . . . . . 120
6.5 Illustration on the choice of chart types . . . . . . . . . . . . . . 120

7.1 Maintenance concepts and the tactical decision level . . . . . . . 125
7.2 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.3 Illustration of a Q&D decision chart . . . . . . . . . . . . . . . . 131
7.4 Basic principles of LCC . . . . . . . . . . . . . . . . . . . . . . . 131
7.5 Maintenance considerations during the equipment life cycle . . . 132
7.6 LCC cost breakdown . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.7 Illustration of an LCC analysis . . . . . . . . . . . . . . . . . . . 134
7.8 Illustration: LCC modeling approach . . . . . . . . . . . . . . . . 135
7.9 Point of view in logistics engineering . . . . . . . . . . . . . . . . 136
7.10 Total participation within TPM . . . . . . . . . . . . . . . . . . . 137
7.11 TPM pillars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.12 Overall equipment effectiveness (OEE) . . . . . . . . . . . . . . . 139
7.13 OEE related concepts . . . . . . . . . . . . . . . . . . . . . . . . 140
7.14 Evolution of RCM . . . . . . . . . . . . . . . . . . . . . . . . . . 146
7.15 RCM charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
7.16 Illustration of problem approach in the RCM case study . . . . . 149
7.17 The slice concept in implementing RCM . . . . . . . . . . . . . . 151
7.18 CIBOCOF concept . . . . . . . . . . . . . . . . . . . . . . . . . . 154
7.19 Lean thinking: principles . . . . . . . . . . . . . . . . . . . . . . 156
7.20 Lean thinking: Muri-Mura-Muda . . . . . . . . . . . . . . . . . . 156
7.21 VSM: illustration of symbols . . . . . . . . . . . . . . . . . . . . 158

LIST OF FIGURES xix

8.1 From strategy to workable maintenance plan . . . . . . . . . . . 172
8.2 EOH concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
8.3 Basics of renewal theory . . . . . . . . . . . . . . . . . . . . . . . 174
8.4 Age based and block based replacement models . . . . . . . . . . 175
8.5 Illustration for the light bulbs renewal example . . . . . . . . . . 179
8.6 Illustration for the robot renewal example . . . . . . . . . . . . . 180
8.7 Weibull illustrations for the case study . . . . . . . . . . . . . . . 183
8.8 Case study: Result for cost minimization . . . . . . . . . . . . . 185
8.9 Simulation vs math programming approach . . . . . . . . . . . . 187
8.10 Types of simulation approaches . . . . . . . . . . . . . . . . . . . 189
8.11 Steps in a simulation project . . . . . . . . . . . . . . . . . . . . 203
8.12 Random numbers in a Monte Carlo simulation . . . . . . . . . . 204
8.13 MRO example: simulation start . . . . . . . . . . . . . . . . . . . 204
8.14 Illustration of simulation study for assessing the impact of main-

tenance improvements . . . . . . . . . . . . . . . . . . . . . . . . 204
8.15 Illustration of simulation study for the selection of maintenance

policies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
8.16 Converted MDCM scores (utilities) . . . . . . . . . . . . . . . . . 205
8.17 Utility plane for the consensus method . . . . . . . . . . . . . . . 206
8.18 Warehouse layout for the MCDM example . . . . . . . . . . . . . 206
8.19 MCDM: sample screen shot . . . . . . . . . . . . . . . . . . . . . 207
8.20 AHP/ANP: basic elements . . . . . . . . . . . . . . . . . . . . . . 207
8.21 Illustration of network structure and supermatrix . . . . . . . . . 208
8.22 Illustration on criteria prioritizing . . . . . . . . . . . . . . . . . 208
8.23 Illustration of customized criteria network . . . . . . . . . . . . . 209
8.24 Cost-effectiveness analysis . . . . . . . . . . . . . . . . . . . . . . 209

9.1 Network for project planning example . . . . . . . . . . . . . . . 218
9.2 Maintenance job characteristics . . . . . . . . . . . . . . . . . . . 222
9.3 Maintenance planning system . . . . . . . . . . . . . . . . . . . . 223
9.4 Scheduling priority systems: Some examples . . . . . . . . . . . . 225

10.1 MRO actors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
10.2 Sources of MRO demand . . . . . . . . . . . . . . . . . . . . . . . 233
10.3 Basic inventory models . . . . . . . . . . . . . . . . . . . . . . . . 233
10.4 Typical SMI inventory profile . . . . . . . . . . . . . . . . . . . . 234
10.5 EOQ inventory profile . . . . . . . . . . . . . . . . . . . . . . . . 235
10.6 (R,q) inventory profile . . . . . . . . . . . . . . . . . . . . . . . . 236
10.7 Nomogram for a SMI model . . . . . . . . . . . . . . . . . . . . . 238
10.8 Example of MRO pooling . . . . . . . . . . . . . . . . . . . . . . 240
10.9 Management implications of spare’s criticality and specificity . . 242
10.10Graph for the ABC analysis . . . . . . . . . . . . . . . . . . . . . 245
10.11Illustration of AHP procedure . . . . . . . . . . . . . . . . . . . . 248
10.12Illustration of decision tree . . . . . . . . . . . . . . . . . . . . . 249

11.1 Organization chart: illustration . . . . . . . . . . . . . . . . . . . 252
11.2 Maintenance safety cartoon . . . . . . . . . . . . . . . . . . . . . 257
11.3 Swiss cheese model . . . . . . . . . . . . . . . . . . . . . . . . . . 257
11.4 UMS: concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
11.5 Queueing system: concept . . . . . . . . . . . . . . . . . . . . . . 261



xviii LIST OF FIGURES

5.10 State transition diagram for a repairable component . . . . . . . 87
5.11 Example of Markov diagram . . . . . . . . . . . . . . . . . . . . . 90
5.12 Risk management illustrated . . . . . . . . . . . . . . . . . . . . 92
5.13 FTA: example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.14 ETA: example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.15 HAZOP risk matrix . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.16 Root cause mapping techniques . . . . . . . . . . . . . . . . . . . 96
5.17 Bow tie analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.18 FMEA worksheet . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.19 HRA procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.20 Illustration case study RCA1 . . . . . . . . . . . . . . . . . . . . 101
5.21 Illustration case study RCA2 . . . . . . . . . . . . . . . . . . . . 101
5.22 Illustration of an FMEA sheet for a paint shop . . . . . . . . . . 102
5.23 Illustration of failure modes and associated costs for wind turbine

gear boxes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.24 Illustration of starting point for a FMEA study of medical venti-

lators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.25 Block diagram example . . . . . . . . . . . . . . . . . . . . . . . 104
5.26 Cut & tie set illustration . . . . . . . . . . . . . . . . . . . . . . . 105
5.27 System availability illustration . . . . . . . . . . . . . . . . . . . 105
5.28 Markov example . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.1 FRACAS basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
6.2 Illustration of mixed distribution . . . . . . . . . . . . . . . . . . 118
6.3 Illustration of deceptive data sets . . . . . . . . . . . . . . . . . . 119
6.4 Appropriate charts choice . . . . . . . . . . . . . . . . . . . . . . 120
6.5 Illustration on the choice of chart types . . . . . . . . . . . . . . 120

7.1 Maintenance concepts and the tactical decision level . . . . . . . 125
7.2 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.3 Illustration of a Q&D decision chart . . . . . . . . . . . . . . . . 131
7.4 Basic principles of LCC . . . . . . . . . . . . . . . . . . . . . . . 131
7.5 Maintenance considerations during the equipment life cycle . . . 132
7.6 LCC cost breakdown . . . . . . . . . . . . . . . . . . . . . . . . . 133
7.7 Illustration of an LCC analysis . . . . . . . . . . . . . . . . . . . 134
7.8 Illustration: LCC modeling approach . . . . . . . . . . . . . . . . 135
7.9 Point of view in logistics engineering . . . . . . . . . . . . . . . . 136
7.10 Total participation within TPM . . . . . . . . . . . . . . . . . . . 137
7.11 TPM pillars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.12 Overall equipment effectiveness (OEE) . . . . . . . . . . . . . . . 139
7.13 OEE related concepts . . . . . . . . . . . . . . . . . . . . . . . . 140
7.14 Evolution of RCM . . . . . . . . . . . . . . . . . . . . . . . . . . 146
7.15 RCM charts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
7.16 Illustration of problem approach in the RCM case study . . . . . 149
7.17 The slice concept in implementing RCM . . . . . . . . . . . . . . 151
7.18 CIBOCOF concept . . . . . . . . . . . . . . . . . . . . . . . . . . 154
7.19 Lean thinking: principles . . . . . . . . . . . . . . . . . . . . . . 156
7.20 Lean thinking: Muri-Mura-Muda . . . . . . . . . . . . . . . . . . 156
7.21 VSM: illustration of symbols . . . . . . . . . . . . . . . . . . . . 158

LIST OF FIGURES xix

8.1 From strategy to workable maintenance plan . . . . . . . . . . . 172
8.2 EOH concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
8.3 Basics of renewal theory . . . . . . . . . . . . . . . . . . . . . . . 174
8.4 Age based and block based replacement models . . . . . . . . . . 175
8.5 Illustration for the light bulbs renewal example . . . . . . . . . . 179
8.6 Illustration for the robot renewal example . . . . . . . . . . . . . 180
8.7 Weibull illustrations for the case study . . . . . . . . . . . . . . . 183
8.8 Case study: Result for cost minimization . . . . . . . . . . . . . 185
8.9 Simulation vs math programming approach . . . . . . . . . . . . 187
8.10 Types of simulation approaches . . . . . . . . . . . . . . . . . . . 189
8.11 Steps in a simulation project . . . . . . . . . . . . . . . . . . . . 203
8.12 Random numbers in a Monte Carlo simulation . . . . . . . . . . 204
8.13 MRO example: simulation start . . . . . . . . . . . . . . . . . . . 204
8.14 Illustration of simulation study for assessing the impact of main-

tenance improvements . . . . . . . . . . . . . . . . . . . . . . . . 204
8.15 Illustration of simulation study for the selection of maintenance

policies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
8.16 Converted MDCM scores (utilities) . . . . . . . . . . . . . . . . . 205
8.17 Utility plane for the consensus method . . . . . . . . . . . . . . . 206
8.18 Warehouse layout for the MCDM example . . . . . . . . . . . . . 206
8.19 MCDM: sample screen shot . . . . . . . . . . . . . . . . . . . . . 207
8.20 AHP/ANP: basic elements . . . . . . . . . . . . . . . . . . . . . . 207
8.21 Illustration of network structure and supermatrix . . . . . . . . . 208
8.22 Illustration on criteria prioritizing . . . . . . . . . . . . . . . . . 208
8.23 Illustration of customized criteria network . . . . . . . . . . . . . 209
8.24 Cost-effectiveness analysis . . . . . . . . . . . . . . . . . . . . . . 209

9.1 Network for project planning example . . . . . . . . . . . . . . . 218
9.2 Maintenance job characteristics . . . . . . . . . . . . . . . . . . . 222
9.3 Maintenance planning system . . . . . . . . . . . . . . . . . . . . 223
9.4 Scheduling priority systems: Some examples . . . . . . . . . . . . 225

10.1 MRO actors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
10.2 Sources of MRO demand . . . . . . . . . . . . . . . . . . . . . . . 233
10.3 Basic inventory models . . . . . . . . . . . . . . . . . . . . . . . . 233
10.4 Typical SMI inventory profile . . . . . . . . . . . . . . . . . . . . 234
10.5 EOQ inventory profile . . . . . . . . . . . . . . . . . . . . . . . . 235
10.6 (R,q) inventory profile . . . . . . . . . . . . . . . . . . . . . . . . 236
10.7 Nomogram for a SMI model . . . . . . . . . . . . . . . . . . . . . 238
10.8 Example of MRO pooling . . . . . . . . . . . . . . . . . . . . . . 240
10.9 Management implications of spare’s criticality and specificity . . 242
10.10Graph for the ABC analysis . . . . . . . . . . . . . . . . . . . . . 245
10.11Illustration of AHP procedure . . . . . . . . . . . . . . . . . . . . 248
10.12Illustration of decision tree . . . . . . . . . . . . . . . . . . . . . 249

11.1 Organization chart: illustration . . . . . . . . . . . . . . . . . . . 252
11.2 Maintenance safety cartoon . . . . . . . . . . . . . . . . . . . . . 257
11.3 Swiss cheese model . . . . . . . . . . . . . . . . . . . . . . . . . . 257
11.4 UMS: concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
11.5 Queueing system: concept . . . . . . . . . . . . . . . . . . . . . . 261



xx LIST OF FIGURES

11.6 Organization chart: case study . . . . . . . . . . . . . . . . . . . 267

12.1 From ’product’ to ’product - service’ . . . . . . . . . . . . . . . . 273
12.2 Typology for Product Service Systems . . . . . . . . . . . . . . . 274
12.3 Traditional vs functional product . . . . . . . . . . . . . . . . . . 275
12.4 Levels in outsourcing . . . . . . . . . . . . . . . . . . . . . . . . . 275
12.5 Issues in outsourcing . . . . . . . . . . . . . . . . . . . . . . . . . 276
12.6 Illustration of bonus-malus cost formula . . . . . . . . . . . . . . 278
12.7 FM in the organization chart . . . . . . . . . . . . . . . . . . . . 281
12.8 Level of cooperation . . . . . . . . . . . . . . . . . . . . . . . . . 282
12.9 Case study: Service level versus stock . . . . . . . . . . . . . . . 288

13.1 One-liners in performance reporting . . . . . . . . . . . . . . . . 294
13.2 Seeing the big picture with KPIs . . . . . . . . . . . . . . . . . . 295
13.3 Survey results on KPI use . . . . . . . . . . . . . . . . . . . . . . 298
13.4 Illustration of the Priel KPI’s . . . . . . . . . . . . . . . . . . . . 299
13.5 Illustrations of some typical graph types . . . . . . . . . . . . . . 299
13.6 Illustrations of some KPI representation formats . . . . . . . . . 300
13.7 Illustration of a typical indicator . . . . . . . . . . . . . . . . . . 300
13.8 Illustration of the Input-Output model . . . . . . . . . . . . . . . 301
13.9 Illustration of the Luck approach . . . . . . . . . . . . . . . . . . 302
13.10Illustration of the MMT concept . . . . . . . . . . . . . . . . . . 303
13.11BSC concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
13.12Steps in designing a performance reporting system . . . . . . . . 306
13.13Illustration of a KPI identity card . . . . . . . . . . . . . . . . . 306
13.14Survey results on the use of KPI systems . . . . . . . . . . . . . 307

14.1 Illustration of a maintenance excellence pyramid . . . . . . . . . 311
14.2 Illustration of an opportunity map . . . . . . . . . . . . . . . . . 312
14.3 The Kelly audit model . . . . . . . . . . . . . . . . . . . . . . . . 313
14.4 The maintenance excellence audit model (Jardine) . . . . . . . . 314
14.5 PAS 55 and levels in asset management . . . . . . . . . . . . . . 315
14.6 Audit matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
14.7 Gap analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
14.8 Results of an Marcelis audit . . . . . . . . . . . . . . . . . . . . . 319
14.9 Different benchmarking alternatives . . . . . . . . . . . . . . . . 320
14.10Illustration of an external audit output . . . . . . . . . . . . . . . 321

15.1 Maintenance excellence framework . . . . . . . . . . . . . . . . . 327
15.2 Management priorities ... . . . . . . . . . . . . . . . . . . . . . . 330

List of Tables

3.1 Evolution of CMMS . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.1 Illustration of potential failure causes . . . . . . . . . . . . . . . . 51
4.2 Discrete failure distributions: Description . . . . . . . . . . . . . 53
4.3 Discrete failure distributions: Mathematical functions . . . . . . 54
4.4 Continuous failure distributions: Mathematical functions . . . . . 55
4.5 Continuous failure distributions: Description (1/3) . . . . . . . . 56
4.6 Continuous failure distributions: Description (2/3) . . . . . . . . 57
4.7 Continuous failure distributions: Description (3/3) . . . . . . . . 58
4.8 Illustration of data ranking . . . . . . . . . . . . . . . . . . . . . 65
4.9 Pump data for the Weibull example . . . . . . . . . . . . . . . . 66
4.10 Data for the χ2 example . . . . . . . . . . . . . . . . . . . . . . . 68

5.1 Illustration of Duane α-values . . . . . . . . . . . . . . . . . . . . 82
5.2 Human error and systems failures: some numbers . . . . . . . . . 98

6.1 Illustration of maintenance recording detail . . . . . . . . . . . . 113
6.2 Data types in data collection . . . . . . . . . . . . . . . . . . . . 114

7.1 Illustration of maintenance actions and policies (bike) . . . . . . 129
7.2 The 5S concept in TPM . . . . . . . . . . . . . . . . . . . . . . . 139
7.3 Illustration of the 6 big losses concept in a brewery . . . . . . . . 142
7.4 Illustration of typical RCM recommendations . . . . . . . . . . . 148
7.5 Alternatives in streamlined RCM . . . . . . . . . . . . . . . . . . 152
7.6 The seven wastes in Lean thinking . . . . . . . . . . . . . . . . . 157
7.7 Summary on maintenance concepts . . . . . . . . . . . . . . . . . 159

8.1 Component reliability data . . . . . . . . . . . . . . . . . . . . . 168
8.2 Component costs and weights . . . . . . . . . . . . . . . . . . . . 168
8.3 Examples of the use of decision support techniques . . . . . . . . 170
8.4 Costs for the light bulb renewal example . . . . . . . . . . . . . . 179
8.5 Influence of parameter α on the optimal Ta (case study) . . . . . 185
8.6 Data for the MRO simulation example . . . . . . . . . . . . . . . 192
8.7 Random numbers for the MRO simulation . . . . . . . . . . . . . 193
8.8 Simulation results for the MRO example . . . . . . . . . . . . . . 194
8.9 Data for the MCDM example . . . . . . . . . . . . . . . . . . . . 197
8.10 Converted data for the MCDM example . . . . . . . . . . . . . . 198

9.1 Notation for network procedure . . . . . . . . . . . . . . . . . . . 215

xxi



xx LIST OF FIGURES

11.6 Organization chart: case study . . . . . . . . . . . . . . . . . . . 267

12.1 From ’product’ to ’product - service’ . . . . . . . . . . . . . . . . 273
12.2 Typology for Product Service Systems . . . . . . . . . . . . . . . 274
12.3 Traditional vs functional product . . . . . . . . . . . . . . . . . . 275
12.4 Levels in outsourcing . . . . . . . . . . . . . . . . . . . . . . . . . 275
12.5 Issues in outsourcing . . . . . . . . . . . . . . . . . . . . . . . . . 276
12.6 Illustration of bonus-malus cost formula . . . . . . . . . . . . . . 278
12.7 FM in the organization chart . . . . . . . . . . . . . . . . . . . . 281
12.8 Level of cooperation . . . . . . . . . . . . . . . . . . . . . . . . . 282
12.9 Case study: Service level versus stock . . . . . . . . . . . . . . . 288

13.1 One-liners in performance reporting . . . . . . . . . . . . . . . . 294
13.2 Seeing the big picture with KPIs . . . . . . . . . . . . . . . . . . 295
13.3 Survey results on KPI use . . . . . . . . . . . . . . . . . . . . . . 298
13.4 Illustration of the Priel KPI’s . . . . . . . . . . . . . . . . . . . . 299
13.5 Illustrations of some typical graph types . . . . . . . . . . . . . . 299
13.6 Illustrations of some KPI representation formats . . . . . . . . . 300
13.7 Illustration of a typical indicator . . . . . . . . . . . . . . . . . . 300
13.8 Illustration of the Input-Output model . . . . . . . . . . . . . . . 301
13.9 Illustration of the Luck approach . . . . . . . . . . . . . . . . . . 302
13.10Illustration of the MMT concept . . . . . . . . . . . . . . . . . . 303
13.11BSC concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
13.12Steps in designing a performance reporting system . . . . . . . . 306
13.13Illustration of a KPI identity card . . . . . . . . . . . . . . . . . 306
13.14Survey results on the use of KPI systems . . . . . . . . . . . . . 307

14.1 Illustration of a maintenance excellence pyramid . . . . . . . . . 311
14.2 Illustration of an opportunity map . . . . . . . . . . . . . . . . . 312
14.3 The Kelly audit model . . . . . . . . . . . . . . . . . . . . . . . . 313
14.4 The maintenance excellence audit model (Jardine) . . . . . . . . 314
14.5 PAS 55 and levels in asset management . . . . . . . . . . . . . . 315
14.6 Audit matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
14.7 Gap analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
14.8 Results of an Marcelis audit . . . . . . . . . . . . . . . . . . . . . 319
14.9 Different benchmarking alternatives . . . . . . . . . . . . . . . . 320
14.10Illustration of an external audit output . . . . . . . . . . . . . . . 321

15.1 Maintenance excellence framework . . . . . . . . . . . . . . . . . 327
15.2 Management priorities ... . . . . . . . . . . . . . . . . . . . . . . 330

List of Tables

3.1 Evolution of CMMS . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.1 Illustration of potential failure causes . . . . . . . . . . . . . . . . 51
4.2 Discrete failure distributions: Description . . . . . . . . . . . . . 53
4.3 Discrete failure distributions: Mathematical functions . . . . . . 54
4.4 Continuous failure distributions: Mathematical functions . . . . . 55
4.5 Continuous failure distributions: Description (1/3) . . . . . . . . 56
4.6 Continuous failure distributions: Description (2/3) . . . . . . . . 57
4.7 Continuous failure distributions: Description (3/3) . . . . . . . . 58
4.8 Illustration of data ranking . . . . . . . . . . . . . . . . . . . . . 65
4.9 Pump data for the Weibull example . . . . . . . . . . . . . . . . 66
4.10 Data for the χ2 example . . . . . . . . . . . . . . . . . . . . . . . 68

5.1 Illustration of Duane α-values . . . . . . . . . . . . . . . . . . . . 82
5.2 Human error and systems failures: some numbers . . . . . . . . . 98

6.1 Illustration of maintenance recording detail . . . . . . . . . . . . 113
6.2 Data types in data collection . . . . . . . . . . . . . . . . . . . . 114

7.1 Illustration of maintenance actions and policies (bike) . . . . . . 129
7.2 The 5S concept in TPM . . . . . . . . . . . . . . . . . . . . . . . 139
7.3 Illustration of the 6 big losses concept in a brewery . . . . . . . . 142
7.4 Illustration of typical RCM recommendations . . . . . . . . . . . 148
7.5 Alternatives in streamlined RCM . . . . . . . . . . . . . . . . . . 152
7.6 The seven wastes in Lean thinking . . . . . . . . . . . . . . . . . 157
7.7 Summary on maintenance concepts . . . . . . . . . . . . . . . . . 159

8.1 Component reliability data . . . . . . . . . . . . . . . . . . . . . 168
8.2 Component costs and weights . . . . . . . . . . . . . . . . . . . . 168
8.3 Examples of the use of decision support techniques . . . . . . . . 170
8.4 Costs for the light bulb renewal example . . . . . . . . . . . . . . 179
8.5 Influence of parameter α on the optimal Ta (case study) . . . . . 185
8.6 Data for the MRO simulation example . . . . . . . . . . . . . . . 192
8.7 Random numbers for the MRO simulation . . . . . . . . . . . . . 193
8.8 Simulation results for the MRO example . . . . . . . . . . . . . . 194
8.9 Data for the MCDM example . . . . . . . . . . . . . . . . . . . . 197
8.10 Converted data for the MCDM example . . . . . . . . . . . . . . 198

9.1 Notation for network procedure . . . . . . . . . . . . . . . . . . . 215

xxi



xxii LIST OF TABLES

9.2 Data for project planning example . . . . . . . . . . . . . . . . . 216
9.3 Results for project planning example . . . . . . . . . . . . . . . . 217
9.4 Illustration of some traditional scheduling parameters . . . . . . 224

10.1 Component data for inventory example . . . . . . . . . . . . . . . 238
10.2 ABC analysis based on rotation and value . . . . . . . . . . . . . 244
10.3 Business specific vs standard stock articles . . . . . . . . . . . . . 248

11.1 UMS illustration for pumps . . . . . . . . . . . . . . . . . . . . . 260

12.1 Product support implications for customer and supplier . . . . . 273
12.2 Activities outsourced vs kept-in-house . . . . . . . . . . . . . . . 282
12.3 Notation for the multi-period repair kit model . . . . . . . . . . . 285

13.1 Overview of different performance measurement approaches . . . 296
13.2 Important issues when designing a KPI system . . . . . . . . . . 305

14.1 The levels of perfection in the Marcelis audit method . . . . . . . 318 Part I

Setting the Scene

1



Chapter 1

Maintenance/Asset
Management

1.1 Definition
Maintenance has come a long way. For centuries maintenance meant only

repairing what was broken. Since, say roughly World War II, maintenance
and reliability engineering took off as new disciplines. Still a bit later, costs
were brought explicitly into the picture and even more recently, the well-needed
business context came into the picture. Nowadays, we speak of maintenance
management, but also of asset management, or more precisely of physical asset
management.
It may be a good idea to explore these terms ’maintenance management’ and
’asset management’ further by looking at some of the definitions given in lit-
erature. There are many, many definitions, which is not surprising seen the
complexity and variety of activities and objectives covered. Some of the more
interesting definitions are:

• ’... all activities aimed at keeping an item in or restoring it to the physical
state considered necessary for the fulfillment of its production function ...’
(Geraerds [4])

• ’... the engineering decisions and associated actions necessary and suffi-
cient for the optimization of specified capability...’ (MESA - Maintenance
Engineering Society of Australia)

• ’... all the activities of the management that determine the maintenance
objectives or priorities (defined as targets assigned and accepted by the
management and maintenance department), strategies (defined as a man-
agement method in order to achieve maintenance objectives), and respon-
sibilities and implement them by means such as maintenance planning,
maintenance control and supervision, and several improving methods in-
cluding economical aspects in the organization ...’ (Crespo Marquez[2])

• ’... asset management can be defined as the systematic and coordinated
activities and practices through which an organization optimally and sus-
tainably manages its assets and asset systems, their associated perfor-

3
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mance, risks and expenditures over their life cycles for the purpose of
achieving its organizational strategic plan...’ (BSI:PAS 55 [1])

• ’... maintenance management: all activities of the management that de-
termine the maintenance objectives, strategies and responsibilities, and
implementation of them by such means as maintenance planning, main-
tenance control, and the improvement of maintenance activities and eco-
nomics ...’

These are only a few examples of definitions, although they are not identit-
cial there is no discrepancy in their description of objectives and responsibilities
of maintenance management/asset management. In the remainder of this book
we will use the terms maintenance management and asset management inter-
changeably. By asset management we always refer to physical asset management
(machines, equipment, installations, etc.) and not to financial, real estate, in-
formation or human assets, until stated differently.
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Figure 1.1: Asset/maintenance management defined

Here we give a practical definition of asset/maintenance management. The
objective of maintenance management is total asset life cycle optimization. This
could be rephrased as (Pintelon and Van Puyvelde [12]): maximizing of avail-
ability and reliability of the equipment in order to produce the desired quantity
of products/services with the required quality specifications. Obviously, this
objective must be attained in a cost-effective way and in accordance with envi-
ronmental and safety regulations.
If we consider production equipment (power generation, automotive, CPI, etc),
we clearly expect the equipment to be capable of producing product, as many
as desired and in the required quality. Similar requirements hold for equip-
ment in the services industries, which do manufacture tangible products, but
e.g. distribute goods (think of an ATM) or provide assistance in medical diag-
nosis or treatment (think of scanners or infusion pumps). Both availability and
reliability need to be high and consistent (see Chapter 5). Cost-effectiveness
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refers to the optimum balancing between costs, risk and performance, not only
in the short run, but also on long term horizon (life cycle, see Chapter 7). Obvi-
ously, occupational safety and environmental regulations have to be respected.
Although not mentioned explicity, all this shows that maintenance/asset man-
agement is to be seen in an enterprise-wide setting and has to contribute to the
given specific business context.

Figure 1.1 pictures the complexity of current maintenance management. To-
tal asset life cycle management includes different aspects. Management is about
"what to decide" and "how to decide"; i.e. methods and processes. Technology
is "what it is all about". It refers to the plant and installations to be maintained.
Closely related to this issue is the technology to support the maintenance tech-
nician, including tools, cribs and work shops. Operations refers to the "why".
Maintenance services must be designed to optimally support the core produc-
tion activities. Logistic support is about "what is needed"; i.e. about planning,
delivering and controlling. As main support elements there are spare parts and
personnel.
These different aspects will always be present, but their intensity and interre-
lationships will vary from situation to situation (e.g. elevator maintenance in
a hospital vs plant maintenance in chemical process industries (CPI)). Besides
the environment, other factors will be important like the competitiveness of the
business context, societal structure and climate, legislation concerning environ-
ment, health and safety (EHS), technological evolution, outsourcing market and
information technology (IT). The two latter are expected to influence current
and future maintenance management considerably.

The definition given by Higgins [6] is a suitable way to conclude this section
on the definition of maintenance management. Higgins introduces the complex-
ity of maintenance management in a nice way; he states: ’... maintenance is a
science since its execution relies, sooner or later, on most or all of the sciences.
It is an art because seemingly identical problems regularly demand and receive
varying approaches and actions and because some managers, foremen and me-
chanics display greater aptitude for it than other show or even attain. It is
above all a philosophy because it is a discipline that can be applied intensively,
modestly, or not at all, depending upon a wide range of variables that frequently
transcend more immediate and obvious solutions’. Although decades old, still
very true ...

1.2 Historical perspective

1.2.1 What has happened?

Although man has been using tools and equipment for centuries, mainte-
nance only became a management concern after World War II. Figure 1.2 il-
lustrates the evolution in maintenance during the last decades. Maintenance
started out as a necessary, not-manageable evil, an activity which only costed
money. Later on maintenance was considered as a purely technical function,
emphasis was put on aspects like materials and techniques used and also work
procedures and planning. This - luckily - evolved in to a broader view on main-
tenance as a business function, i.e. a potential profit contributor. Nowadays,
maintenance is a mature partner for production; external partnerships are an
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interesting opportunity seized by many companies. For the years to come, e-
maintenance in all its facets will surely be one of the main issues in maintenance
management.

In the remainder of this paragraph the main changes in the playing field of
the maintenance manager wil be addressed.

1940 1950 1960 1970 1980 1990 2000 2010 (2020)

Maintenance
(production):
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Maintenance 
(engineering):
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Maintenance 
& business:
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Figure 1.2: Historical perspective on maintenance management

The last century was marked by a technological (r)evolution, which greatly
influenced industrial practice. At the start of the 20th century, installations
were hardly or not mechanized, had a simple design, worked in a stand-alone
configuration and often had considerable overcapacity. Nowadays, installations
are highly automated and technologically very complex. Often these instal-
lations are part of an integrated production line and right-sized in capacity.
Moreover, lean manufacturing, 6σ, JIT (just-in-time) and the like have led to
minimum logistic buffers (work-in-process (WIP) and stocks of finished goods)
against equipment problems such as breakdonws and quality problems. The
installations thus not only became more complex, they also became more vul-
nerable, i.e. critical in terms of reliability and availability. Built-in redundancy
is expensive and only considered for very critical components, e.g. a critical
- in terms of safety hazards - pump in the CPI. For very expensive installa-
tions like e.g. flexible manufacturing systems (FMS), special modular design
ensures minimal downtime during maintenance. Also condition monitoring and
e-maintenance offer great potential here (see Chapter 3), as such offers the tech-
nological (r)evolution not only new challenges but also new opportunities.

Customer focus became more and more explicit: customers want better
products, also they want them cheaper and faster and they require more choice.
The technological evolution combined with this ever-increasing customer focus
causes a shortening of the economic lifetime of installations. The stronger cus-
tomer focus also partly determines the above-mentioned criticality: the required
flexibility due to the varying custom demands calls for well-maintained and re-
liable installations. The same goes for the logistic requirements (shorter lead
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times and higher lead time reliability) and the quality requirements (high and
consistent quality).

The business environment has changed as well. Competition has become
fierce and - due to the globalization - has become worldwide. The latter does
not only imply that competitors are located all over the world, but also that
the decision to move production activities from a non-efficient site (e.g. due
to high operations and maintenance costs) to another site is quickly taken,
even if that other location is on another continent. Companies try to cope
with these dynamics by adopting management concepts like MRP (material
requirements planning), MRPII (manufacturing resources planning), theory of
constraints (TOC), just-in-time (JIT), total quality management (TQM), time-
based competition (TBC), business process reengineering (BPR), supply chain
management (SCM), customer relationship management (CRM), enterprise re-
sources planning (ERP), etc. These popular letter words not only represent
another general management focus or reorientation, but also have their impact
on the perception of maintenance. Many companies are critically evaluating
their value chain and often decide to reorganize it drastically. This results in fo-
cussing on the core business and consequently the outsourcing of given activities
(also maintenance) and/or the creation of new partnerships and alliances.

Societal expectations concerning technology and its impact also create bound-
ary conditions for maintenance management. The attention paid to sustainabil-
ity (the so-called 3P (people, profit, planet), short for societal, economic and
environmental demands) is made on any organization nowadays. This calls a
fortiori for a strict respecting stringent legislation on occupational safety and
environmental standards.

Note that most of the above mentioned industrial trends can be easily trans-
lated for the service sector: e.g. automated warehouses in distribution centers,
medical technology in hospitals, building utilities and smart building systems,
automated teller machines (ATM) in the bank sector, security equipment at
airports, etc.

1.2.2 How did this change maintenance management?

Maintenance management has changed drastically over the past decades.
The rapidly changing technological evolution and the corresponding increasing
complexity of installations make quick and correct diagnosis of a machine prob-
lem more challenging and more difficult. A continuously updated knowledge is
required, preferably supported by state-of-the-art monitoring technology em-
bedded in an e-maintenance decision environment. Repairing and maintaining
these installations requires better and more sophisticated skills. The fact that
maintenance has become more critical implies that a thorough insight in the
impact of maintenance interventions (or the omission of them) is indispensable.
Good maintenance means optimally allocating resources (personnel, spares,
etc.). Limited (or no) maintenance may seem a saving in the short run, but
in the long run it is likely to generate more costs due to more unexpected fail-
ures, longer repair times, accelerated wear, etc.

The installation life cycle can be improved and extended through an opti-
mized maintenance program. Operational costs (e.g. energy) can be decreased
by better maintenance. The perception on which maintenance policy is ’right’,
i.e. the maintenance policy optimization, has changed a lot during the last
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Figure 1.3: Evolution in maintenance policy implementation

decennia (Figure 1.3):

• In the 50s almost all maintenance was corrective maintenance. Mainte-
nance was considered as an annoying and unavoidable cost, which could
not be managed. In the 60s many companies switched to preventive main-
tenance programs. It was accepted that preventive actions could avoid
some of the breakdowns and would lead to cost savings in the long run.

• In the late 70s and early 80s, preventive maintenance was considered more
carefully. A concern about ’over-maintaining’ grew. This meant a gradual,
though not complete, switch to condition based maintenance. Of course
this was limited to those applications where this was both technically
and economically acceptable. Supportive to this trend was the fact that
condition-monitoring equipment became more accessible and cheaper (be-
fore that time these techniques were reserved to high risk applications, like
e.g. airplanes and nuclear power plants). A further step in this direction
is e-maintenance, gaining a lot of research attention lately. An example of
this evolution is tele-maintenance, the diagnosis and (limited) possibility
to repair installation from a remote location using IT and sophisticated
control and knowledge tools.

• Taking condition monitoring one step further introduces e-maintenance
(see Chapter 3), which offers opportunities for a better follow-up and
more efficient and effective maintenance of installed equipment. It also
opens new horizons in product support, which allows the equipment man-
ufacturer to remotely monitor the equipment installed at the customer’s
site (e.g. elevator, photcopier, etc.) and to intervene when problems are
expected, even before the customer is aware of pending difficulties.

• Another evolution is the attention paid to design-out-maintenance (DOM),
where equipment modifications are geared either at increasing the relia-
bility (increasing mean time between failures (MTBF)) or at decreasing
the maintainability (decreasing mean time to repair (MTTR)), as such
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improving the equipment availability. Often these DOM projects are com-
bined with efforts to increase occupational safety or increase production
capacity (e.g. set up reduction programs).

Finding the right mix of maintenance interventions for the installations is a
huge challenge. Some companies go about in a rather ad hoc way based on expe-
rience. Others recur to maintenance concepts to help with this issue. Literature
provides us with a lot of maintenance concepts, new maintenance concepts are
developed, old ones are updated and methodologies to design customized main-
tenance concepts are created. Typical examples of maintenance concepts are
TPM (total productive maintenance), RCM (reliability centered maintenance),
LCC (life cycle costing) and BCM (business centered maintenance).

1.2.3 What exactly is expected?
It is clear that this whole evolution was based not solely on technical but

rather on techno-economic considerations. Clearly maintenance cannot be man-
aged as a purely technical and technological function only. Business economics
(cost-benefit considerations) and business context (installation performance re-
quirements) play an important role. A good maintenance manager needs start-
ing from an indispensable technical background to have an eye for the big pic-
ture (i.e. no silo thinking) and not loose any aspect out of sight. Besides finan-
cial insights to manage the maintenance budget, maintenance logistics skills are
in order. These concern managing resources like spares and personnel. Finding
the optimum trade-off between the advantages of the high spare parts avail-
ability and the disadvantages of the corresponding stock investments is one
of the challenges in spare parts management. As maintenance is still a very
labor-intensive function, people management and communication are of utmost
importance.

The decisions expected from the maintenance manager are complex and
sometimes far reaching. He/she is (partly) responsible for operational, tactical
and strategic aspects maintenance management of the company. This involves
the final responsibility for operational decisions like the planning of the mainte-
nance jobs and tactical decisions concerning the long-term maintenance policy
to adopt. More recently, maintenance managers are also consulted in strategic
decisions, e.g. purchases of new installations, design choices, personnel policy,
etc.

These expectations incur a sharp need for decision support techniques of
various nature: statistical analysis tools for predicting the failure behavior of
equipment, decision schemes for determining the right maintenance concept,
mathematical models to optimize the maintenance policy parameters (e.g. pre-
ventive maintenance frequency), decision criteria concerning e-maintenance, de-
cision aids for outsourcing decisions, etc.

• The computerized maintenance management systems or enterprise asset
management systems (CMMS/EAM) nowadays available offer many op-
portunities here, both concerning data availability and decision modeling.
These systems evolved a lot since the early solely administrative mainte-
nance software.

• OR/MS (Operations Research/Management Science) offers many models
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for this decision modeling. Lately the initial gap between the academic re-
search and industrial decision making needs has been closing rapidly. The
first mathematical models developed for maintenance purposes were often
too much focused on mathematical tractability rather than on practical
relevance. This has changed, more and more academics become interested
in maintenance and start working on theoretically sound, but practically
useful models that then are adopted by industry. E-maintenance deci-
sion algorithms strongly depend on advanced computational techniques in
stochastics and optimization.

• Also more financially oriented models and concepts regarding life cycle
optimization receive a lot of attention. These relatively complex models
try to take into account all aspects of the life cycle (from inception till
disposal), this from the point of view of costs (both direct and indirect)
as well as from the point of view of utilization (availability, reliability)
as well as from the point of view of time (life cycle duration). Making
the maintenance component in these models as realistic as possible is a
complex undertaking due to the many existing maintenance alternatives
and their impact on e.g. operating costs and life cycle duration. The
recent interest in sustainable business management has given the interest
in life cycle optimization a new boost (e.g. low investment cost for a cheap
machine which will have to be dumped after a short time and replaced
by a new one or higher investment cost for a more expensive but durable
machine with a longer lifetime and reusable components?). Note that
also the business context (e.g. traditional sector versus rapidly evolving
high-tech sector) plays a role here.

A side constraint which should not be forgotten in the current industrial
organization is the often quickly changing organizational structure due to flex-
ibilization and delayering (IT impact), take-overs and mergers, alliances and
partnerships, etc. An example: where as in the past most companies were us-
ing traditional outsourcing, nowadays more and more companies turn towards
the cooperative or even the transformational outsourcing alternative (see fur-
ther). The rather disruptive character of and the painful experience of possible
backsourcing decisions make the decision concerning the latter two forms very
critical. Here also decision support concepts are available from literature. The
outsourcing market has increased dramatically the last few decennia, this con-
cerning consultants as well as maintenance firms executing maintenance jobs.
These maintenance firms range from all-rounder, over specialists focussing on a
small market segment or a given activity to integrators aiming at taking over
the whole maintenance department.

1.3 Wrapping things up and getting ready to ex-
plore further

1.3.1 Drivers and dillemmas
From the above it becomes clear that there are a few very important drivers

for maintenance management. Obviously, there is the asset utilization issue.
As stated in the definition for maintenance management: there is a need for
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reliable and available equipment, delivering the required output in terms of
quantity and quality. There is also the need for cost management. Maintenance
budgets can be pretty steep and represent a fair share of the production cost. A
sound cost control is needed. This includes many different components: wages,
contracts, materials, inspections, etc. Optimization will lead to a better ratio of
indirect vs direct maintenance people, a more clever management of the MRO
(maintenance, repair and operating supplies) store, the selection of the right
outsourcing formula, the implementation of the right amount of IT for support,
etc. Next there is also society, expressing concerns about environmental impact
of activities, occupational safety, societal safety in industrial areas, etc. Having
these different drivers already hints a potential problem, namely the problem of
conflicting interests.

Indeed viewpoints on maintenance related issues can be very different. Some
illustrations of potential conflicts are given below. Production, customer of
maintenance, tries to maximize throughput and minimize downtime. When
business grows, production will be reluctant to "give" the installations to main-
tenance, while still requiring installations to operate without any problems.
Production is not always aware of the fact that postponing maintenance can
have a disastrous impact on the installation life time in the long run. When
business slows down, the pressure on maintenance will be less in terms of ser-
vice, but higher in terms of cutting costs. Materials management is concerned
with managing the MRO store. They sometimes focus on quantity discounts
not realizing that for slow moving items this may not be the main concern.
Engineering is not always very keen on taking into account maintenance con-
siderations in their design. They often go for custom-made, technologically so-
phisticated equipment, forgetting about issues like e.g. standardization (which
can reduce MRO investments) or maintainability. Society keeps a close look at
environmental and safety issues. Violating legislation in this respect can lead
to high fines or even result in loss of the license to operate. Financial managers
(and many top managers) are only concerned about money. The maintenance
budget being a big chunk of the operations budget is a popular target, especially
in times where business slows down. Cutting costs by canceling a big revision
or postponing a renovation project may free up some money in the short run,
but often jeopardizes the future useful life of the installations concerned. The
maintenance manager has to try to cope with these dilemmas. He has to derive
from there some objectives and add to these own objectives. All managerial
decision levels will need to be considered and integrated: a giant task requiring
a holistic view to determine strategy and the right skills to implement it and
make it work. The philosophy of lean manufacturing is also applicable to main-
tenance, i.e. doing the right things, doing the things right, at the right time,
while minimizing any waste and being flexible and open to change.

1.3.2 Critical success factors for maintenance today and
(the day after) tomorrow

It is obvious that trends in industry - and note that a similar story can
be told for the service industry: think e.g. about hospitals, bank or distribu-
tion centers, where reliability and availability of equipment and monitoring and
control systems is very important - have shaped current maintenance manage-
ment. Maintenance clearly has become more critical and more complex. Also
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the expectations for maintenance management have changed as described above.
In summary the critical success factors (CSF) for professional and sustainable
maintenance management are: a sound technical and technological background
(the technical component in maintenance remains of course extremely impor-
tant), combined with management skills (e.g. concerning human resource man-
agement, maintenance optimization, spare parts management and planning) and
flexibility to cope with the opportunities and threats for the maintenance de-
partment (e.g. the growing outsourcing marke and the organizational changes
due to mergers). Supporting management tools are available: old tools like e.g.
key performance indicators (KPI) and OR/MS tools and new ones like e.g. e-
maintenance. Paying attention to the evolutions in the field and in industry as
a whole is helpful as well as the insight that maintenance management is not
an isolated function, but needs to be integrated in a business context.

1.4 Selected further reading
For the reader interested in the history of maintenance management the

articles of Geraerds [3] and Luxhoj et al. [9] may be of interest, as well as
some chapters in the books of Mann [10], Kelly [8], Matyas [11], Jardine and
Campbell [7] and Hawkins and Kister [5] may be of interest.
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Physical asset management - maintenance management - is of increasing concern 

in industry for all-day operations of existing plants, as well as in the design of 
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highly reliable services. Scarce resources and competition make maintenance an 

issue of utmost importance.  
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related to the business context and translated into tactical and operational decisions. 

Some of the theory is more qualitative in nature (e.g., discussion on e-maintenance), 

whereas other parts of it are quantitative (e.g., reliability computations). Many 

numerical examples and real-life case studies are included, making the book unique 

and interesting for students, researchers and practitioners.
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