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Foreword

The aim of this book is to provide all those involved in maintenance with the tools 
to demonstrate the real contribution that this maintenance function can make to the 
profi t or profi tability of their organization. The book is the result of lectures, research 
and investigations into the applicability of maintenance methods to demonstrate 
possible profi tability and the added value of the maintenance function for a company.

During my professional career, when applying a number of well-known methods 
for developing maintenance concepts and maintenance plans, I discovered some 
years ago a missing element in most of these methods, namely that a direct line 
to improvements or even the profi t of the organization was not clear as a result 
of their application. Often I have heard the questions, why are we applying this 
method and where can the profi t be found? This is the main focus of this book and 
is also my main research subject. The question is: is it possible to demonstrate that 
maintenance as a business function can make its contribution visible to the profi t of 
an organization? With the help of the developed simplifi ed business relation model, 
the overall equipment effi ciency and the concept of maintenance need, it is possible 
to create a direct line to potential profi ts for each well-known maintenance method. 

Supported by the ideas of Integrated Design and Engineering, and of Operational 
Excellence, it is also possible to create a ‘House of Excellent Maintenance’ which can 
be used to qualify the quality of the maintenance function for each organization. 
In addition to these maintenance methods, continuous improvement, information 
technology, and organizational and personal skills also belong to this House of 
Excellent Maintenance. 

In this book, the maintenance function is considered purely as a business process, 
which means that not only are the technical aspects important, but also the 
fi nancial ones. There must be a balance between these two aspects of technique 
and economics, which is indicated as ‘technomics’. For all maintenance people 
this balance requires a major change in attitude, a real paradigma shift, from a pure 
technician to that of a business technomist.

A wide range of practical investigations have been carried out over the years by 
my students about the applicability of the developed methods, and the results 
demonstrate a signifi cantly improved level of profi tability for the maintenance 
function. Huge increases in the Overall Equipment Effi ciency (OEE), and signifi cant 
decreases in the costs of maintenance and man-hours, are found. All the case study 
examples contained in this book are based on these investigations, undertaken in a 
wide range of industries, including the building environment, energy generation, 
transport and public services. At this point I should mention the investigations 
of Mark Tammer, Herbert Kreuzen, Cor Vogel, Frits Neuteboom, Martijn van den 
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Heuvel, Frank Verkuijlen, Jan Stoker, Danny Hartman, Andreas Casanova, Gerwin 
Luiken, Peter Lens, Peter Loos and Klaas Knol, among many others.

I am also very grateful to my colleagues from the Masters course in Maintenance and 
Asset Management at HU University of Applied Sciences (HUUAS), who have given 
their comments on parts of the content of this book, especially Gerard van Gils, Peter 
Van Gestel, Auke Hofstra and Cyp van Rijn. In addition, I would also like to thank 
Marc Pallada and Mark Tammer for their helpful comments.

Thanks to the management at the Department of Life Sciences and Technology of the 
HUUAS for their stimulus to write this book, especially Andre Henken, Annemarie 
Slootweg, Lydia van Dalen and Sil Bruijsten, and also my former secretary Janny 
Bakker. They have all given me tremendous support over the years, in addition to 
promoting the ideas and concepts about integrated design and engineering. 

Special thanks are due to my dear wife Ine for the many hours she lent me to empty 
my mind of numerous ideas about maintenance as a high quality business function. 

Main questions about Maintenance and Asset Management

In this book I have attempted to provide answers to the following main questions 
around the maintenance function:

• Does our company possess the appropriate physical assets to fulfi ll the company’s 
mission, vision and goals in terms of highest Return of Investment (ROI), highest 
production output, and lowest operational and Life Cycle Costs? 

• Does our company satisfy the requirements of the International Asset Management 
Standard ISO 55000?

• Does our company fulfi ll the maintenance function required by the assets to 
generate the highest possible output at the lowest possible maintenance cost? Is 
this achieved within the limits of environmental, health and safety laws, rules, and 
regulations? 

• How much maintenance is just enough to fulfi ll our mission, vision and main 
goals?

• Does our maintenance department apply the correct methods to ensure that 
profi table maintenance concepts and plans are visible? 

• Does our maintenance department possess the right people with the proper skills to 
fulfi ll the maintenance function in a profi t-driven manner, and can it communicate 
the results in a business economic way?

Tim Zaal
Emeritus Associate Professor

Hogeschool Utrecht University of Applied Sciences
Hoorn, The Netherlands

August 2016 
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Introduction

In company boardrooms the word maintenance often gives board members an uneasy 
feeling. Why is this the case? The main reason in my opinion is the way in which top 
management think about doing business. They generally think, speak and discuss 
opportunities, profi ts, risks, added value, and costs for their business. On the contrary, 
the maintenance manager generally thinks in terms of techniques, failures, technical 
problems, and workforce schemes, and not purely in costs and benefi ts. Maintenance 
costs are seen as penalties from ‘on high’ and maintenance as a function is not seen 
as an opportunity for business improvements, or even as a quality factor. 

On the other hand, we have a bizarre maintenance paradox. Top managers often own 
luxury private assets such as houses, cars, yachts and aeroplanes. When you consider 
how they handle these assets in relation to maintenance and operation activities, a 
completely different attitude is evident. There are no low or lowering maintenance 
costs, no savings on personal or operational expenses. These assets have to show an 
excellent performance when the owner is displaying them in the public environment.
We see a big gap between these two worlds, and the main intention of this book is 
to try to bridge the gap, in the way that maintenance should be treated as a business 
process to fulfi ll the company’s main goals in a profi table way. 

The ownership of physical assets, such as production plants, machines, buildings, 
cars, power generating plants, etc., involves a source of continuous care and attention 
by the owner in order to maintain the function of these assets to the intended level 
of output for which they were bought. The operation of these assets, together with 
outside infl uences such as weather conditions, means that they will continuously 
show forms of wear and tear and other forms of deterioration. By carrying out 
restoration or repair activities it is possible to bring these assets back to their original 
level of operating or original functional level. This is a never-ending process and is 
known as ‘maintenance’. So, maintenance is a process of continuously maintaining 
the function or state of a physical asset. The maintenance function is fulfi lled by 
a department which has the objective to organize the maintenance or restoration 
activities for the assets involved in the most profi table way, or in other words ‘to reach 
the highest level of output against the lowest possible operating cost’, or lowest Total 
Cost of Ownership and highest Return on Investment.

In this book we will treat the maintenance function as a pure business-driven process 
to fulfi ll the challenge of organizing the maintenance activities for the asset owner 
in the most profi table way, so that the owner can be as equally proud of his business 
assets, as he already is of his private ones. 

The developed House of Excellent Maintenance, which is based on the principles 
of Integrated Design and Engineering and Operational Excellence, provides the 
guidelines which the maintenance function can follow to ensure that it is really 
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profi t-driven. All the methods that are presented are related to business models and 
they have to prove their capabilities to generate profi t for the company. Most of these 
methods are already well known, but in this case are always applied in relation to 
making profi t for the maintenance function.

For top managers and senior staff this book can give an insight into why maintenance 
has to be continuously undertaken on the company’s assets, and how it is really 
possible to control the maintenance function as a high quality, profi table business 
process.

For maintenance managers this means having a view of the maintenance function 
whereby it is not only technical matters about the physical assets that are important, 
but where the business context within which these assets are working also needs to 
be considered, including the economic and business way of thinking about the assets. 
So we present a lot of business economics beneath the methods for developing the 
best maintenance plans for the business. This view also means that the maintenance 
manager has to communicate with top management on the subject of business 
economics to fi ll the aforementioned gap. In addition, attention is given on how to 
present and implement improvement ideas in an organization, and the importance of 
information technology as an information source and knowledge instrument.
For maintenance and reliability engineers these methods are presented in order to 
improve their capabilities of making the maintenance function profi table. Integrated 
Design and Engineering and Operational Excellence are the guidelines through which 
the maintenance function can really be made profi t-driven. 

Calculation methods are introduced to evaluate project proposals on the basis of 
business economic issues and reality. Continuous improvement instruments are 
presented for improving the maintenance function in a profi table way. 

The book can also be used as an introductory text for lectures, on the subject of 
maintenance management, in universities and higher education courses. It is 
applicable not only for engineers, but also for business administration. It contains 
many examples, case studies and exercises. Already thousands of students are trained 
in this way of thinking about profi table maintenance.

For manufacturers of equipment it presents methods to create added value for both 
the client as well as the manufacturer, by means of long life service co-operation.

Also, service organizations that tender for maintenance outsourcing activities will 
fi nd a range of ideas on how to make their offers, for every form of outsourcing, more 
profi table. This is applicable to both the asset owners and the contractors themselves.
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Guide for the reader

This book is written for everybody who deals with the maintenance function of their 
organization; so it is not only for maintenance people, but also for top management 
and senior staff, especially the fi nancial staff members. The maintenance function 
of an organization, if it is correctly organized, will be a proven profi t and quality 
factor for the daily production operations. This is because it maintains and improves 
the output of the physical assets in terms of production rates of high volume and 
quality against the lowest possible operational costs, so creating maximum added 
value for a company. In addition to profi tability, it also creates the right attitude and 
surroundings for aspects such as low Life Cycle Costs, high assurance rates, a safe 
working environment, low energy consumption fi gures, sustainability and durability.

This book is based around the ideas of Operational Excellence and Integrated 
Design and Engineering. When these two are combined, a ‘House of Excellent 
Maintenance’ can be constructed. An important factor in making this house a success 
is the structure of the organization. Those organizations with a strong hierarchical 
structure, incorporating high walls around divisions and departments, will have 
diffi culty in adopting and implementing these ideas of high quality maintenance. To 
reach the level of Operational Excellence it is necessary to break down these walls. 
The fi rst requirement is that all departments of the organization must join in and 
co-operate in an intensive and open manner. 

A high quality maintenance function can show its profi tability for an organization 
in terms of high quality production output, and lowest-in-class maintenance and 
operational costs. The maintenance function, therefore, should be a factor considered 
at board level because of the impact it can have upon both quality and profi t. 

The boardroom table is mostly made of high quality wood. And above this table 
is where the top management take its decisions (‘above the wood’ in Dutch is 
‘bovenhoud’ and this word is a ‘speech clipping’ of the Dutch word ‘onderhoud’ which 
in English means maintenance). It is also here where the maintenance function must 
show its value as a contributory factor to the profi t. So let them know you are out 
there. If the maintenance function does not exist on the top management agenda, it 
will be treated as a simple lubrication function and the maintenance manager as a 
lubricator (the man with the oil can).

High quality maintenance must have a balance between business economics and 
technique, which in this book is referred to as ‘technomics’.

For maintenance management the application of the ideas of profi t-driven 
maintenance mean that a totally different attitude is required for the maintenance 
function, in that it has to be turned from pure technique to a business economic 
attitude. From pure technique orientation to a technomic attitude, with the mission, 
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vision and main goals as guidelines, and business considerations and calculations as 
the basis for its decisions. Also part of this change is how best to bring the proposals 
for improvement to the table of top management with the right business economic 
arguments underpinning the technical ones. This transformation in attitude is 
required not only from management, but also from reliability and maintenance 
engineers. It also requires another way of communicating to the other departments 
and top management, with diffi cult technical problems explained in a business 
language focusing on the solutions of problems with possible profi ts, lower costs and 
added value; in short a ‘profi t-driven language’. 

Advice to the reader on how to use this book
For top management and senior staff it is recommended to read, in particular, 
chapters 1, 2 and 3, and perhaps chapter 5.

Maintenance managers are advised to read all of the chapters. 

Reliability and maintenance engineers are advised to read chapters 3, 4, 5 and 6 in 
particular.

For students on maintenance courses, it is particularly advisable to read chapters 1, 2, 
3, 4 and 5.
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Brief content description based on the eight 
Operational Excellence aspects
Chapter 1: House of Excellent Maintenance 
Mission, vision and goals of an organization as the guidelines for each maintenance 
function. Ideas of Operational Excellence and Integrated Design and Engineering 
are presented and combined as the ‘House of Excellent Maintenance’. Ideas about 
Asset Management from the international standard ISO 55000 are introduced and 
compared with those of the House of Excellent Maintenance.

Chapter 2: Selection of the Right Assets to Meet the Company’s Goals
How can the best assets be selected to fulfi ll the mission, vision and goals? Or do we 
have the best possible assets in-house to fulfi ll our job? This selection is also a typical 
technomic activity, because fi nancial, economic and technical factors have to be in 
balance for the correct choice. A simplifi ed business model is presented which makes 
it possible to link the outcomes of the maintenance activities to the profi t and the 
ROI. The ISO 55000 standard is also applied here, to give guidelines for managing 
physical assets.

Chapter 3: Maintenance Policy 
How to derive the right maintenance policy in line with the mission, vision and 
goals of the organization? The introduction of the concept of ‘maintenance need’ 
makes it possible to construct a very elegant model to show a direct relationship 
between maintenance activities and the contribution to the profi t of an organization. 
A pyramid of KPIs for connecting maintenance activities to the ROI of a company is 
presented.

Chapter 4: Maintenance Concepts and Execution Plan
A number of well-known methods, including TPM, RCM and FMECA are combined 
with the ideas of Integrated Design and Engineering, and applied to construct the 
right maintenance concepts for a given situation, making it possible to derive the 
basic maintenance plan and the maintenance execution plan. These are also both 
necessary to make the right decisions for outsourcing, and for manufacturers of 
equipment to draw up the appropriate long life service contracts.

Chapter 5: Continuous Improvement
In modern organizations continuous improvement is the backbone of innovations 
in existing activities and processes. The driving force is how to make our activities 
continuously more profi table. With the help of the simplifi ed business model an 
innovation agenda can be put together. Also here, a technomic attitude will be 
necessary to make improvements profi table. A number of well-known methods, 
such as Lean, Six Sigma, Value Engineering, etc., are presented, and their role in 
improving the maintenance organization is discussed. Small group activity and 
working in multi-disciplinary teams composed from all relevant departments are the 
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basis for ensuring successful improvement activities. An introduction to improving 
the performance of business processes is presented, complete with a guideline on 
‘how to implement improvements in the organization’.

Chapter 6: Maintenance Information Systems
It is always astonishing to see how poorly information technologies and systems 
are implemented in technical surroundings. This is not only the case in the fi eld 
of maintenance, but also within design and engineering departments where the 
same situation exists. Information quality urges for an organizational attitude of 
co-operation between departments, with open walls between them, and also for 
standardization of methods. Methods are presented to develop proper information 
structures, models, and codes that make it possible to use information as a knowledge 
storage and generator for the maintenance function. Developments such as the 
Internet of Things, Cyber Physical Systems, augmented reality, and virtual reality, are 
changing the way in which maintenance departments work.

Chapter 7: The Maintenance Organization as a Business Unit
This chapter looks at organizational and competency issues. Depending upon 
the situation of a company, elements are developed to make it possible to create 
the best organizational structure for a maintenance organization. In addition, the 
necessary competencies required to make a maintenance organization world-class, or 
operationally excellent, are presented.

Each chapter ends with summaries of the following points: where is the profi t, what 
did we learn, and what kinds of skills and competencies do we need?



Table of Contents XIII

Table of Contents

Foreword . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . VII
Guide for the reader . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .IX
Brief content description based on the eight Operational Excellence aspects . . .XI

1 House of Excellent Maintenance 1
1.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Mission, Vision, Main Goals and Strategy  . . . . . . . . . . . . . . . . . . . . . . . . . .2

1.2.1 Main goals of an organization  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .4
1.2.2 Some remarks on profi t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .6

1.3 What Does Integrated Design and Engineering Mean? . . . . . . . . . . . . . . . .6
1.3.1 Characteristics of the IDE approach  . . . . . . . . . . . . . . . . . . . . . . . . 7
1.3.2 The IDE domain  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .8
1.3.3 IDE as a business process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .9
1.3.4 Role of IT for IDE in organizations . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.5 IDE company model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.3.6 Conditions for applying the IDE process in an organization . . . . 12
1.3.7 IDE company model and maintenance . . . . . . . . . . . . . . . . . . . . . 13
1.3.8 IDE and personnel  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.3.9 Advantages of working according to the IDE principles  . . . . . . . 14

1.4 The House of Excellent Maintenance (HoEM)  . . . . . . . . . . . . . . . . . . . . . 16
1.4.1 What does Operational Excellence mean? . . . . . . . . . . . . . . . . . . . 17
1.4.2 Eight aspects or main pillars for Operational Excellence  . . . . . . 17
1.4.3 Four main aspects of Integrated Design and Engineering . . . . . . 17
1.4.4 The eight main pillars of OE  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.4.5 House of Excellent Maintenance . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.4.6 Quality of the maintenance function . . . . . . . . . . . . . . . . . . . . . . 20
1.4.7 Competence and Excellent Maintenance . . . . . . . . . . . . . . . . . . . .22

1.5 Asset Management (ISO 55000) and Profi t-Driven Maintenance  . . . . . .24
1.5.1 The benefi ts of sound Asset Management  . . . . . . . . . . . . . . . . . .24
1.5.2 The origins of ‘integrated, optimized Asset Management’  . . . . 26
1.5.3 Competing interpretations and defi nitions . . . . . . . . . . . . . . . . . .27
1.5.4 Distinguishing characteristics of good Asset Management  . . . .28
1.5.5 Assets and value  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .30
1.5.6 People ‘do’ Asset Management . . . . . . . . . . . . . . . . . . . . . . . . . . . .30
1.5.7 Asset Management systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.5.8 Asset Management in practice . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
1.5.9 Maintenance or Asset Integrity and Improvement 

Management  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37



Profi t-Driven Maintenance for Physical AssetsXIV

1.5.10 Examples  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
1.5.11 Function- versus asset-based organization  . . . . . . . . . . . . . . . . . . 38
1.5.12 The human factor  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
1.5.13 Top-down and bottom-up approach of Asset Management . . . . . 41
1.5.14 Profi t-driven maintenance and Asset Management . . . . . . . . . . .42
1.5.15  Comparison between the House of Excellent Maintenance 

and Asset Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
1.6 How to start . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44
1.7 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44

1.7.1 Where is the profi t? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44
1.7.2 What did we learn? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .44
1.7.3 Skills and competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45

Exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45
Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .45

2 Selecting the Right Assets to Meet the Company’s Goals  47
2.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .47
2.2 Financial Business Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .48

2.2.1 Normal fi gures for ROI, PBP and AMCF . . . . . . . . . . . . . . . . . . .50
2.3 Physical Asset Outlines  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.3.1 Functional, fi nancial, technological, technical, size and 
logistical aspects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.3.2 Asset Selection Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.3.3 Assets and Operational Excellence  . . . . . . . . . . . . . . . . . . . . . . . . 58

2.4 How to start . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.5 Decision-Making Unit (DMU) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
2.6 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61

2.6.1 Where is the profi t? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61
2.6.2 What did we learn? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61
2.6.3 Skills and competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61

Exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61
Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3 Maintenance Policy 63
3.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63
3.2 What is the Function of Maintenance? . . . . . . . . . . . . . . . . . . . . . . . . . . . .63

CHAPTER 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63
3.2.1 Fuzzy situation on maintenance  . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.2.2 Explanation of the abbreviations  . . . . . . . . . . . . . . . . . . . . . . . . . .65
3.2.3 Core of maintenance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.3 Total Productive Maintenance (TPM)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .67
3.3.1 Overall Equipment Effi ciency . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.3.2 The six big losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.3.3 Consolidating results of improvement  . . . . . . . . . . . . . . . . . . . . .72



Table of Contents XV

3.3.4 Early Equipment Management . . . . . . . . . . . . . . . . . . . . . . . . . . . .72
3.3.5 Leadership and motivation - how to organize TPM . . . . . . . . . . . 73
3.3.6 Dividing or decomposing of production equipment  . . . . . . . . . . 73
3.3.7 Education and training . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.4 How Does TPM Help to Achieve Operational Excellence?  . . . . . . . . . . . . 73
3.5 Time-Capacity-Quality Area Model  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .74
3.6 Fleet Utility Factor (FUF) and Harbour Crane Effi ciency (HCE) . . . . . . . . 75

3.6.1 Fleet Utility Factor (FUF)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.6.2 Harbor Crane Effi ciency (HCE) . . . . . . . . . . . . . . . . . . . . . . . . . . .76
3.6.3 Thoughts on OEE, FTF and HCE . . . . . . . . . . . . . . . . . . . . . . . . . .76

3.7 TPM, Lean and IDE  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.8 Maintenance Need or Necessity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.8.1 Maintenance as a continuous process of restoration . . . . . . . . . .78
3.8.2  Maintenance need required through regular (planned) 

degradation process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .79
3.8.3 Unplanned Maintenance Need (by failure phenomena)  . . . . . . .83
3.8.4 Total maintenance process fi gures . . . . . . . . . . . . . . . . . . . . . . . . .84

3.9 Total Maintenance Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .85
3.10 Maintenance Policy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

3.10.1 Outsourcing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .87
3.10.2 Key Performance Indicators (KPIs) . . . . . . . . . . . . . . . . . . . . . . . .87
3.10.3 Benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .91

3.11 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.11.1 Where is the profi t? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.11.2 What did we learn? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.11.3 Skills and competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Literature  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .93

4 Maintenance Concepts and Execution Plan 95
4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .95
4.2 Some History of Developments in Maintenance . . . . . . . . . . . . . . . . . . . .95
4.3 Maintenance Repair or Restoration Strategies . . . . . . . . . . . . . . . . . . . . . 96

4.3.1 Possible maintenance repair strategies . . . . . . . . . . . . . . . . . . . . 98
4.3.2 Mix of maintenance repair strategies . . . . . . . . . . . . . . . . . . . . . . 107
4.3.3 Maintenance repair strategy scheme  . . . . . . . . . . . . . . . . . . . . . 107
4.3.4 Examples of typical maintenance repair strategies . . . . . . . . . . .108
4.3.5 Maintenance repair or restore activities . . . . . . . . . . . . . . . . . . . .109
4.3.6 Maintenance repair strategies and normalisation in literature . 110
4.3.7 Maintenance task identifi cation code . . . . . . . . . . . . . . . . . . . . . . 111
4.3.8 Maintenance task selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
4.3.9 Maintainable situation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.4 Maintenance Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115



Profi t-Driven Maintenance for Physical AssetsXVI

4.4.2 Prioritizing work on maintenance concepts . . . . . . . . . . . . . . . . 116
4.4.3 Functional thinking for assets  . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.4.4 Functional decomposition  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.5 A Simple Maintenance Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
4.5.1 Four main steps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
4.5.2 Standardizing methods and tasks  . . . . . . . . . . . . . . . . . . . . . . . .126
4.5.3 Standardized maintenance tasks (job cards) . . . . . . . . . . . . . . . .126

4.6 Reliability Centered Maintenance (RCM)  . . . . . . . . . . . . . . . . . . . . . . . . . 127
4.6.1 Failures Mode and Effects Analysis (FMEA) . . . . . . . . . . . . . . . . 127
4.6.2 Preventive maintenance concept on the basis of criticality of 

functions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.6.3 Criticality Matrix  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.6.4 Developing a Fc-FMEA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
4.6.5  Evaluation of the criticality of functions by Functional 

Consequences Analysis (FCA) . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
4.7 Preventive Maintenance Concept by the Fc-RCM Method  . . . . . . . . . . . 137

4.7.1 Hands on Tool Times (HOTT) . . . . . . . . . . . . . . . . . . . . . . . . . . .146
4.7.2 Some remarks on Fc-FMEA and FMECA . . . . . . . . . . . . . . . . . . 147

4.8 Maintenance Execution Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
4.8.1 Planning of activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .149

4.9 RAMSHE and Risk Assessment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.10 Outsourcing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
4.11 Long Life Service Model for Manufacturers of Equipment . . . . . . . . . . . 153
4.12 Other issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

4.12.1 Social responsibility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
4.12.2 Maintenance and insurance contracts . . . . . . . . . . . . . . . . . . . . . 154
4.12.3 Maintenance costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
4.12.4 Key Performance Indicators (KPIs) . . . . . . . . . . . . . . . . . . . . . . . 155
4.12.5 Logistics and spare parts management (maintenance 

repair parts) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
4.12.6 Skills and competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
4.12.7 Maintenance execution plan and business model  . . . . . . . . . . . 157

4.13 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
4.13.1 Where is the profi t? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
4.13.2 What did we learn? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
4.13.3 Skills and competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

Exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5 Continuous Improvement 161
5.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.2 Simplifi ed Business Relationship Model  . . . . . . . . . . . . . . . . . . . . . . . . .162

5.2.1 Improvement or innovation agenda  . . . . . . . . . . . . . . . . . . . . . .162
5.2.2 Prioritizing and standardizing . . . . . . . . . . . . . . . . . . . . . . . . . . .162



Table of Contents XVII

5.2.3 Technomic attitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
5.2.4 Technician attitude  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

5.3 Low Hanging Fruit or Find Our Gold on the Shop Floor. . . . . . . . . . . . . 163
5.4 TPM, Lean and Small Groups . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .166

5.4.1 Small Group Activity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
5.5 Lean and the Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

5.5.1 Lean Improvement Process  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.5.2 Example of a scenario for Lean: a tugboat company . . . . . . . . . . 175

5.6 Six Sigma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
5.7 INK Model and Balanced Score Card  . . . . . . . . . . . . . . . . . . . . . . . . . . . .180
5.8 IDE and Value Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
5.9 IDE and Continuous Maintenance Improvement . . . . . . . . . . . . . . . . . . 181

5.9.1 Engineering maintenance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
5.9.2 CE Mark, directive on machinery (Directive 2006/42/EC, 29 

December 2009) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
5.10 Organizing the Continuous Improvement Activities  . . . . . . . . . . . . . . . 183

5.10.1 Innovation agenda . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
5.10.2 Continuous improvement and social responsibility . . . . . . . . . . 184
5.10.3 Continuous improvement and long life services  . . . . . . . . . . . .186
5.10.4 How to organize continuous improvement activities . . . . . . . . .186
5.10.5 Maintenance management and continuous improvement  . . . . 187
5.10.6 Method for improving performance  . . . . . . . . . . . . . . . . . . . . . . 187
5.10.7 Implementing an improved process  . . . . . . . . . . . . . . . . . . . . . .192
5.10.8 Analysis methods for improvement . . . . . . . . . . . . . . . . . . . . . . . 193

5.11 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .194
5.11.1 Hands On Tool Times (HOTT)  . . . . . . . . . . . . . . . . . . . . . . . . . .194
5.11.2 Case study: Tammer Company, redesign of failing parts . . . . . .196
5.11.3 Case study: Metro train, failure improvement. . . . . . . . . . . . . . 202

5.12 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .203
5.12.1 Where is the profi t? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .203
5.12.2 What did we learn? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
5.12.3 Skills and competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

Exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .205

6 Maintenance Information Systems  207
6.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
6.2 Possible Causes for Failure When Implementing a New System . . . . . 207
6.3  How to Improve the Implementation Process of a New Information 

System? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
6.3.1 Effectiveness and effi ciency of information systems  . . . . . . . . . 211

6.4 Dynamic Information Systems Based on Continuous Improvements . . 211
6.5 Structural Models for Business Processes  . . . . . . . . . . . . . . . . . . . . . . . . 212

6.5.1 The role of 3D CAD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212



Profi t-Driven Maintenance for Physical AssetsXVIII

6.6 Asset Administration Code System as a Strategic Choice . . . . . . . . . . . . 214
6.6.1 Financial and engineering descriptions . . . . . . . . . . . . . . . . . . . . 215
6.6.2 Maintenance code system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .216
6.6.3 Asset coding structure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .216
6.6.4 Search capabilities of the coding structure . . . . . . . . . . . . . . . . . 217
6.6.5 Examples of maintenance coding structures . . . . . . . . . . . . . . . . 218

6.7 Maintenance Information Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .223
6.7.1 Collecting data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
6.7.2 Life time of maintenance data  . . . . . . . . . . . . . . . . . . . . . . . . . . .227

6.8 Maintenance Management and IT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .228
6.8.1 Standardization of maintenance information throughout 

the whole company . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .228
6.9 Engineering Information Engineer (EIE) . . . . . . . . . . . . . . . . . . . . . . . . 229

6.9.1 Competencies for an Engineering Information Engineer . . . . 229
6.9.2 Skills and competencies of the maintenance department . . . . .230

6.10 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
6.10.1 Where is the profi t? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
6.10.2 What did we learn? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231
6.10.3 Case studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .232

Exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .234
Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .234

7 The Maintenance Organization as a Business Unit 235
7.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
7.2 Maintenance Functions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .236

7.2.1 Strategic, tactical and operational levels  . . . . . . . . . . . . . . . . . . .238
7.3 Organization and Maintenance Needs  . . . . . . . . . . . . . . . . . . . . . . . . . . .238

7.3.1 Some notes on qualifi ed craftsmen . . . . . . . . . . . . . . . . . . . . . . .239
7.4 Outsourcing and Maintenance Contracts . . . . . . . . . . . . . . . . . . . . . . . . 240

7.4.1 Maintenance contracts based on effort  . . . . . . . . . . . . . . . . . . . 240
7.4.2 Maintenance contracts based on performance . . . . . . . . . . . . . 240

7.5 Small Group Activity and Outsourcing . . . . . . . . . . . . . . . . . . . . . . . . . . 240
7.6 Scenarios to Set Up a Maintenance Organization  . . . . . . . . . . . . . . . . . 240
7.7 Overview of Competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246
7.8 The Maintenance Function Organized as a Business Unit . . . . . . . . . . .247
7.9 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

7.9.1 Where is the profi t? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
7.9.2 What did we learn? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
7.9.3 Skills and competencies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

Exercises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .250
Literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .250



Table of Contents XIX

Appendix 1 Investment Calculations for Selecting Physical Assets 251
A1.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
A1.2 Calculation Methods for Evaluating Investment Proposals . . . . . . . . . . .252

A1.2.1 Pay Back Period (PBP) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .252
A1.2.2 Present value of money . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .252
A1.2.3 Pay Back Period* with present value . . . . . . . . . . . . . . . . . . . . . . . 253
A1.2.4 Net Present Value (NPV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .254
A1.2.5 Calculation of the Life Cycle Costs (LCC)  . . . . . . . . . . . . . . . . . .254
A1.2.6 Method of Annuity (ANN)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
A1.2.7 Some common values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
A1.2.8 Examples of calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

Appendix 2 Functional Decomposition Models 265
A2.1  Introduction: Firstly Develop the Structures and then Generate 

Codes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .265
A2.2 Functional Thinking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .265
A2.3 Functional Decomposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

A2.3.1 How to develop a functional decomposition?  . . . . . . . . . . . . . . 267
A2.3.2  Functional specifi cation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
A2.3.3 Comments on the Hamburger Model . . . . . . . . . . . . . . . . . . . . 270

A2.4 V-model From Systems Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270
A2.5 IDEF-0 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .272
A2.6 Hierarchical Breakdown Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
A2.7 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .274

A2.7.1 Mixing unit  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .274
A2.7.2 Comparison between functional and hierarchical models  . . . .274
A2.7.3 Coffee machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275

Appendix 3 RAMSHE Specifi cations and Safety Analysis 279
A3.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
A3.2 RAMSHE Specifi cations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
A3.3 Safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

A3.3.1 Hazard analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .282
A3.3.2 Hazard and operability studies (HAZOP) . . . . . . . . . . . . . . . . . 284
A3.3.3 Rapid ranking (of hazards) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286
A3.3.4 Preliminary hazard analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290
A3.3.5 Combined Failure and Hazard Analysis (CoFaHA)  . . . . . . . . . 292

A3.4 Reliability and Maintainability Screening . . . . . . . . . . . . . . . . . . . . . . . . .293
A3.5 Safety Integrity Level (SIL) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294

A3.5.1 Introduction to Safety Integrity Levels . . . . . . . . . . . . . . . . . . . . 294
A3.5.2 What is an SIL? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294
A3.5.3 What is a target SIL? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .295
A3.5.4 Standards and regulations relating to SIL Analysis  . . . . . . . . . .295
A3.5.5 When should you use SIL? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .295



Profi t-Driven Maintenance for Physical AssetsXX

A3.5.6 SIL Method  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .295
A3.5.7  SIL Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

A3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

Appendix 4 Risk and Reliability Assessment  299
A4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

A4.1.1 System behavior. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
A4.1.2 Weibull distribution formula . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
A4.1.3 Data collection for failures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

A4.2 A Continuum of Risk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300
A4.2.1 Probability  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
A4.2.2 Reliability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .304

A4.3 Reliability of Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .308
A4.3.1 Series systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .308
A4.3.2 Parallel systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309
A4.3.3 Series-parallel systems  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 310
A4.3.4 Stand-by systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311

A4.4 Analysis of Failure Modes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312
A4.4.1  Fault Tree Analysis (FTA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313
A4.4.2 Failure Mode and Effect Analysis (FMEA) . . . . . . . . . . . . . . . . . . 315
A4.4.3 Event Tree Analysis (ETA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316

Appendix 5 Condition Monitoring Measurement Methods 321
A5.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
A5.2 Role of Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322
A5.3 ‘iPadding’ of Maintenance Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
A5.4 Virtual Reality and Augmented Reality  . . . . . . . . . . . . . . . . . . . . . . . . . . . 323
A5.5 Role of Process Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
A5.6 Internet of Things . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
A5.7 Condition Monitoring Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .326

A5.7.1 Most common methods applied by CBM . . . . . . . . . . . . . . . . . .328

Appendix 6 Spare Parts Logistics 333
A6.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333
A6.2 Right Amount of Spare Parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333

A6.2.1 Amount of spare parts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334
A6.2.2 ABC method  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334
A6.2.3 Optimized order quantum (formula of Camp) . . . . . . . . . . . . . . 335
A6.2.4 Some calculations on investment in spare parts . . . . . . . . . . . . . 336

A6.3 Decision Scheme on the Criticality of Spare Parts . . . . . . . . . . . . . . . . . . 336
A6.3.1 Examples: part criticality or urgency  . . . . . . . . . . . . . . . . . . . . . . 338

A6.4 Fc-FMEA and the Criticality of Spare Parts . . . . . . . . . . . . . . . . . . . . . . . .340



Table of Contents XXI

Appendix 7 Improvement Methods  341
A7.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341
A7.2 Brainstorming . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341
A7.3 Pareto Analysis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341

A7.3.1 Selection matrix for alternatives . . . . . . . . . . . . . . . . . . . . . . . . . . 343
A7.4 Value Stream Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .344
A7.5 Method of Kepner & Tragoe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345

A7.5.1 General approach to the method . . . . . . . . . . . . . . . . . . . . . . . . .346
A7.6 The Five Times ‘Why Question’ Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 350

A7.6.1 Register of the Five Times Why questions  . . . . . . . . . . . . . . . . . 350
A7.7 Ishikawa or Fishbone Diagram  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351
A7.8 Root Cause Failure Analysis (RCFA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

A7.8.1 Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
A7.8.2 How it works . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352

A7.9 INK Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
A7.10 Balanced Score Card (BSC)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
A7.11  Six Sigma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

A7.11.1  Process, the basic unit for the Six Sigma improvement 
process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

A7.11.2 Process mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
A7.11.3 Process performance and process capability  . . . . . . . . . . . . . . . 359
A7.11.4 Six Sigma and process capability . . . . . . . . . . . . . . . . . . . . . . . . . 363
A7.11.5 Applying Six Sigma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
A7.11.6 Six Sigma process improvement  . . . . . . . . . . . . . . . . . . . . . . . . . 363
A7.11.7 Design for Six Sigma (DFSS) . . . . . . . . . . . . . . . . . . . . . . . . . . . .364
A7.11.8 Lean Six Sigma  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365

A7.12 TRIZ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 365
A7.13 Multi Moment Events Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .368
A7.14 Benchmarking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

Appendix 8 Maintenance Contracts 373
A8.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373
A8.2 Why Outsourcing?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373
A8.3 Outsourcing and Maintenance Contracts . . . . . . . . . . . . . . . . . . . . . . . . . 374

A8.3.1 Conditions for performance-based maintenance  . . . . . . . . . . . .376
A8.3.2 Differences between effort and performance maintenance  . . . 377
A8.3.3 Selection of contracts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 378
A8.3.4 Elements of a long life maintenance service contract . . . . . . . . . 378
A8.3.5 Main elements of a maintenance service contract  . . . . . . . . . . .379
A8.3.6 Maintenance contracts and competencies . . . . . . . . . . . . . . . . . .380
A8.3.7 How to draw up a maintenance contract . . . . . . . . . . . . . . . . . . .380
A8.3.8 Culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
A8.3.9 Measurable added value of the maintenance contract . . . . . . . .382
A8.3.10 Where is the profi t in a contract? . . . . . . . . . . . . . . . . . . . . . . . . .382



Profi t-Driven Maintenance for Physical AssetsXXII

Appendix 9 Outcomes of Exercises 385
Chapter 1 House of Excellent Maintenance  . . . . . . . . . . . . . . . . . . . . . . . 385
Chapter 2 Selecting the Right Assets to Meet the Company’s Goals  . . . 387
Chapter 3 Maintenance Policy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .388
Chapter 4 Maintenance Concepts and Execution Plan  . . . . . . . . . . . . . .389
Chapter 5 Continuous Improvement  . . . . . . . . . . . . . . . . . . . . . . . . . . . 399
Chapter 6 Maintenance Information Systems . . . . . . . . . . . . . . . . . . . . .403
Chapter 7 The Maintenance Organization as a Business Unit . . . . . . . .405

Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407



Profi t-Driven Maintenance for Physical Assets42

Somewhere in the middle 
The real test of integrated, optimized Asset Management is when the top-down 
managerial expectations, budget-setting and performance targets, and the bottom-up 
capabilities, opportunities and prioritization, are lined up and transparently linked. 
This is where the lubrication and human issues become so important (every company 
that has really established a successful asset-centered performance leap says that 
this turned out to be the critical bit). The tools and techniques, reorganizations and 
performance measures all help to make things possible, but ultimately, it is people 
who make them happen. So, in conclusion, the hearts, minds and collaborations are 
where good Asset Management lies: don’t stint on education, communication and cross-
functional teamwork!

Figure 1.16 Top-down, bottom-up and middle-lubricated

1.5.14 Profi t-driven maintenance and Asset Management
The ISO 55000 standard provides guidelines for organizations to set up an Asset 
Management system, with only the ‘what’ of the system, but it does not provide 
further information and specifi cations of ‘how’ to do so. The same applies for 
GFMAM’s guidelines (the Asset Management Landscape with 39 subjects; see 
1.5.7.2), which describes a body of the Asset Management knowledge; information 
on how to estabish this body of knowledge is also lacking here. This means that 
organizations have to fi gure out for themselves how to fi ll these standards (empty 
boxes) with the right content and ways to implement these standards. 

Many of the ideas formulated in the Asset Management documents presented in this 
book (ISO 55000, PAS 55 and GFMAM) are very similar to those of Integrated Design 
and Engineering, Operational Excellence, the House of Excellent Maintenance and 
Profi t-driven maintenance. This is particularly true in relation to the following aspects 
of business: an organization with an open approach where departments are working 
simultaneously together; the drive to make profi ts and continuous improvement; the 

AM directional clarity
Direction, criticality and weighted objectives

AM delivery tools
A)  What is worth doing, when (RCM, RCA, TPM, APT, CI etc.)
B)  How best to deliver it (EAM, CMMS, CPM, MRP, CRM etc.)

Organization, 
Design, Training, 
Communications

Culture, 
Attitudes, 

Motivation, 
Leadership
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by creating a functional decomposition of the asset (system) and investigating how 
critical each (sub) function of the system is for the whole system. The criticality can 
be determined by the Criticality Matrix (section 4.6.3). So, for each functional failure 
we will investigate if this failure will stop or create a serious problem for the main 
function. Only the critical functional failures will be further investigated on criticality, 
and for all other functional failures we will go directly to task selection. This means in 
practice up to 80% less paperwork and a better overview. 

The Hamburger model  of the full system gives us, by colouring these hamburgers 
from green, via yellow and orange to red, a direct insight in the criticality of the whole 
system. Green stands for ‘no problem, things work even better than expected’; yellow 
means normal, as expected; orange tells us that there is room for improvement, and 
red means trouble. So in one view everybody can see what the areas of attention are. 
We call this method the Functional critically RCM Method  (Fc-RCM method). 
See fi gure 4.21 for a simple example, a bike.

Figure 4.21 Hamburger model for an overview of possible problems 

To develop the maintenance concept on the basis of the Fc-RCM method we apply the 
following eight steps (see also fi gure 4.22):
1 System selection and sampling of information about the system.
2 System boundaries, what is in the system and what is not.
3 System functions description, and functional block diagram and decomposition.
4 System functions and functional failures.
5 Functional critical Failure Mode and Effect Analysis (Fc-FMEA). 
6 Establish criticality of the functions by Functional Consequence Analysis (FCA).
7 Maintenance task selection.
8 Basic maintenance plan.

Firstly we shall discuss the Criticality Matrix (step 5 and step 6), the Fc-FMEA (step 5) 
and FCA (step 6) methods. In section 4.7 we will illustrate with an example how we 
can apply the eight steps of Fc-RCM for the development of a maintenance concept.

Function
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Crank Set
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Brake

Brake
System

Safeguard

Light &
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corrective actions that might be taken to prevent an accident; a validation column is 
applied to check on whether the recommended solution has been realized.

Hazard Analysis Table 
In the Netherlands a lot of companies have developed tables (sometimes even named 
the FMECA table!) for use in their internal analysis when investigating hazardous 
situations. See the ‘as an example’ matrices shown in table A3.5, and table A.3.6 
indicating the way in which the Dutch railways apply such a table.

Table A3.5 Risk management matrix 

Potential consequences Failure frequency with consequence
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5

Table A3.6 Risk management matrix (Dutch railways)
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