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Preface
Performance cannot be managed if not measured, specifically under a dynamic, competitive and flat
global business scenario. Developing and using key/performance indicators to deploy strategy and
improve performance is one of the most critical requirements managed more objectively for the industry
today. Indicators are central to the performance of the leaders of operation and maintenance in reporting,
decision making, strategy implementation, and performance improvement. The area of maintenance
performance measurement is new and emerging. This is even truer for heavy and capital intensive
engineering industries. Maintenance performance measurement and management rely on indicators to
create positive organizational impacts to achieve rationalization of resources, clear accountability,
alignment of efforts, efficient processes and enhanced future capabilities.
The Division of Operation and Maintenance Engineering of Luleå University of Technology, is one of
the leading group to work in this area and have produced first few PhDs, besides a large number of
publications in this subject area. Appropriately, the 1st International Conference on “Maintenance
Performance Measurement and Management -2011 (MPM²2011) is conducted under their stewardship
during 14-15 December 2011, at Luleå, Sweden.
This proceedings for the “1st International Conference on Maintenance Performance Measurement and
Management -2011 (MPMM)”, includes pares under the following six themes, which are closely related
to the subject area of MPMM. The first theme is related to eMaintenance, dealing with application of
intelligent diagnostic system and information technology. The theme of maintenance tools deals with
optimization through various maintenance tools. The maintenance efficiency theme is reflected through
papers to explain maintenance efficiency and effectiveness. The fourth theme of advanced techniques in
condition monitoring is reflected through papers from industrial condition monitoring applications. The
fifth theme deals with organizational issues in MPM. The railway maintenance performance theme deals
with application of MPM concepts for railway.
The editors would like to thank all participants, authors, reviewers and sponsors for their active
involvement and support to MPMM2011 and making this beginning a successful event, especially
Christer Stenström, Stephen Famurewa and Anna Gustafson, PhD students actively working in MPM and
whose contribution in the creation of these proceedings is inestimable.
We hope the readers across academia and practicing professionals from industries will find the first
international conference in MPMM a fruitful one and enjoy reading this proceedings to find it informative
and useful.
Diego Galar, Aditya Parida, Håkan Schunnesson and Uday Kumar
Editors

III

IV

Organization
Conference Organizers:
The congress is organised by Division of Operation and Maintenance Engineering of
Luleå University of Technology
Chairpersons
•
•
•
•

Uday Kumar, General Chairman
Diego Galar, Chairman Scientific Committee
Aditya Parida, Chairman International Committee
Håkan Schunnesson, Chairman Local Committee

International Scientific Committee
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Uday Kumar, Professor and head, LTU, Luleå
Aditya Parida, LTU, Luleå
Andrew Jardine, University of Toronto
Carlos Guedes Soares, University of Lisbon
Jan Frånlund, Swedish Maintenance Society, UTEK
Christer Olsson, EFNMS
Salih O. Duffuaa, King Fahd University of Petroleum and Minerals
Gopi Chattopadhyay, Central Queensland University
Raj BKN Rao, COMADEM International
Marco Garetti, Politecnico di Milano
Jay Lee, University of Cincinatti
Benoit Iung, University Henri Poincaré-Nancy I
Lourival Tavares Professor, Unión Panamericana de Asociaciones de Ingenieros
P-O Larsson-Kråik, Trafikverket
Luis Berges, University of Zaragoza
JP Liyanage, University of Stavanger
Bernardo Tormos, Politechnic University of Valencia
Len Gelman, Cranfield University

Local Organizing Committee
•
•
•
•
•

Håkan Schunnesson, Luleå University of Technology
Aditya Parida, Luleå University of Technology
Diego Galar, Luleå University of Technology
Cecilia Glover, Luleå University of Technology
Veronica Jägare, Luleå University of Technology

V

VI

Table of Contents
Preface ………………………………………………………………………….…………………….…III
Organization……………………………………………………………………………………….…..…V
Table of Contents…………………………………………………………………………...………….VII
Index of Authors…………………………………………………………………………………….…..IX
Chapter 1: Maintenance Performance Metrics: A State of the Art Review……………………..……1
Chapter 2: eMaintenance ......................................................................................................................... 35
Maintenance with Intelligent Diagnostics System. Joze Vizintin ..................................................... 37
Intelligent Performance Measures for Condition Based Maintenance. Esko Juuso............................ 43
Usability-Based eMaintenance for Effective Performance Measurement. Philip Tretten ................... 53
Using Telemetry to identify Haul Truck Engine and Suspension Faults. Michael Lipsett .................. 61
Data Quality and Information Quality within eMaintenance: a Foundation for Modern
Maintenance Performance Measurement and Management. Mustafa Al-Jumaili .............................. 69
Chapter 3: Maintenance Tools................................................................................................................. 75
Maintenance Spares Inventory Management-Performance Measurement Using a HOMM.
Jing Lin ...................................................................................................................................... 77
Maintenance Strategy Development in the UK Food and Drink Industry. David Baglee .................... 85
Deployment of Electronic Multimedia Technical Documentation Solutions within
Engineering Maintenance Activity: the Results of a Longitudinal Study in Partnership with a
Defence Contractor. D. McArthur ................................................................................................. 91
Classification of Machine Equipment to Optimize MPM. Marcus Bengtsson .................................. 99
Chapter 4: Maintenance Efficiency ....................................................................................................... 105
How an Enlarged Maintenance Function Affects the Performance of Industrial Maintenance
and Maintenance Services. Ulf Sandberg..................................................................................... 107
The Role of Quality Management Activities in Achieving High Performance of Maintenance
Process. Damjan Maletic............................................................................................................ 113
To Explain Maintenance Efficiency and Effectiveness for People Outside of the Maintenance
Function. Jan Frånlund ............................................................................................................. 119
Maintenance Values Drivers, Killers and their Indicators. Christer Stenström................................ 125
Objective Cost Model for Networks of Industrial Maintenance Services. Salla Marttonen .............. 131
Systematic Approach in Maintenance Management Improvement. Hana Pacaiova ........................ 141
Chapter 5: Advanced Techniques in Condition Monitoring............................................................... 145
Optimization of a Capsule Transporting Pipeline Carrying Spherical Capsules.
Taimoor Asim............................................................................................................................ 147
Water Vapour Condensation in Porous Material. Jan Skramlik ..................................................... 153

VII

Seasonal Effects of Haul Trucks Tires. Michael Lipsett ................................................................ 157
Non Traditional Methods for Determination of Concrete Lifetime Acoustic Emission, NonLinear Ultrasonic Spectroscopy, Impedance Spectroscopy. Lubos Pazdera ................................... 163
Condition Monitoring Solutions with a Focus on Prognosis Capabilities. Tomas Lagö ................... 169
Evaluation of the Concrete Structure Integrity via Nonlinear Ultrasonic Measurement.
Marta Korenska ........................................................................................................................ 175
Chapter 6: Organizational Issues in MPM ........................................................................................... 181
Maintenance Maturity Assessment: a Method and First Empirical Results in Manufacturing
Industry. Marco Macchi ........................................................................................................... 183
EFNMS-SMRP Maintenance and Reliability indicator harmonisation project.
Tom Svantesson ........................................................................................................................ 191
Human Factor in Maintenance Performance Measurement. Luis Berges ........................................ 201
Integration of Maintenance Knowledge Management Systems and End User Interfaces for
MPMM. Sten-Erik Björling ....................................................................................................... 209
Activities Enhancing the Quality of Maintenance Process for High Technology Equipment in
Deep Mines. Mohammed-Aminu Sanda ..................................................................................... 213
Chapter 7: Railway Maintenance Performance ................................................................................... 219
Cloud Computing in the Service of Railway Maintenance. Samuel Salas ...................................... 221
Proposed Australian Rail Bridge Management Framework. Dwayne Nielsen ................................. 225
Performance Based Railway Infrastructure Maintenance. Stephen M. Famurewa .......................... 233
A Risk-Based Approach to link Maintenance Performance Measurement and Management to
Overall Objectives: A case study within the Swedish Railway. Peter Söderholm............................ 241

VIII

Index of Authors
Al-Jumaili M.
Asim T.
Baglee D.
Bengtsson M.
Berges L.
Bilek L
Björling S-E.
Chattopadhyay G.
Famurewa S.M.
Farruku K.
Frånlund J.
Fumagalli L.
Galar D.
Gasparetti M.
Ghodrati B.
Gomišček B.
Grencik J.
Hajizadeh M.
Juntti U.
Juuso E.
Karim R.
Knowles M.
Korenska M.
Kumar U.
Kärri T.
Lagö T.L.
Lahdelma S.
Lin J.
Lipsett M.G
Lynn J.S
Macchi M.
Maletič D.
Maletič M.
Manychova M.
Marttonen S.
Mazal P.
McArthur D.
Mishra R.
Nagyova A.
Namesanska J.
Nielsen D.
Norrbin P.
Novotny M.

69
147
85
99
3, 201
163
209
225
233
183
119
183
3, 125, 201
183
77
113
141
61
233
43
53, 69
85
163, 175
3, 53, 125, 233
131
169
43
77
61, 157
91
183
113
113
175
131
163

91
147
141
141
225
241
153

IX

Pacaiova H.
Parida, A.
Pazdera L.
Raman H.
Rauhala V.
Rosa P.
Salas S.
Sanda M.A
Sandberg U.
Saqib M.
Sinkkonen T.
Skramlik J.
Smutny J.
Söderholm P.
Stenström C.
Suhajda K.
Svantesson T.
Thomson R.
Topolar L.
Tretten P.
Tynninen L.
Ubbi K.
Vaghar Anzabi R.
Vizintin J.

141
3, 125
163
225
69
183
221
213
107
147
131
153
163
241
3, 125, 201
153
191
91
163
53, 69
131
147
157
37

X

Chapter 1: Maintenance Performance Metrics:
A State of the Art Review

ISBN 978-91-7439-379-8

1

2

ISBN 978-91-7439-379-8

Maintenance Performance Metrics:
A State of the Art Review
U. Kumar1, D. Galar1, A. Parida1, C. Stenström1, L. Berges2
1

Division of Operation and Maintenance Engineering
Luleå University of Technology, Luleå, Sweden
2
Manufacturing Engineering and Advanced Metrology Group
Aragon Institute of Engineering Research (I3A), University of Zaragoza, Zaragoza, Spain
uday.kumar@ltu.se
Abstract— This paper provides an overview of research and developments in the measurement of maintenance performance. It
considers the problems of various measuring parameters and comments on the lack of structure in, and references for, the
measurement of maintenance performance.
The main focus is to determine how value can be created for organizations by measuring maintenance performance, looking at such
maintenance strategies as condition based maintenance, reliability centered maintenance, e-maintenance etc. In other words, the
objectives are to find frameworks or models that can be used to evaluate different maintenance strategies and determine the value of
these frameworks for an organization.
The paper asks the following research questions:
What approaches and techniques are used for Maintenance Performance Measurement (MPM) and which MPM techniques
are optimal for evaluating maintenance strategies?
In general, how can MPM create value for organizations, and more specifically, which system of measurement is best for
which maintenance strategy?
The body of knowledge on maintenance performance is both quantitative and qualitative based. Quantitative approaches include
economic and technical ratios, value-based and balanced scorecards, system audits, composite formulations, and statistical and
partial maintenance productivity indices. Qualitative approaches include human factors, amongst others. Qualitative-based
approaches are adopted because of the inherent limitations of effectively measuring a complex function such as maintenance through
quantitative models. Maintenance decision makers often come to the best conclusion using heuristics, backed up by qualitative
assessment, supported by quantitative measures. Both maintenance performance perspectives are included in this overview.
Keywords— KPI, indicator, performance, Maintenance Performance Measurement (MPM), framework, hierarchy

I. INTRODUCTION
The maintenance function is inherent to production. Even so, understanding and quantifying its activities can be problematic. A
recent understanding is that maintenance is more than a group of people and/or a workshop and goes beyond the limits of a
traditional department; this article uses the terms department or function to indicate this broader scope.
The scope of maintenance in a manufacturing environment is illustrated in its numerous definitions. The British Standards
Institute defines maintenance as a combination of all technical and associated administrative activities required to keep
equipment, installations and other physical assets in the desired operating condition or to restore them to this condition (BSI
1984; Pintelon 1997; Pintelon and VanPuyelde 2006). Meanwhile, the Maintenance Engineering Society of Australia (MESA)
indicates that maintenance is about achieving the required asset capabilities within an economic or business context (MESA
1995). Maintenance also includes engineering decisions and associated actions that are necessary for the optimization of
specified equipment capability, where capability is the ability to perform a specified function within a range of performance
levels that may relate to capacity, rate, quality, safety and responsiveness (Tsang et al. 1999). Similarly, Kelly states that the
objective of maintenance is to achieve the agreed output level and operating pattern at a minimum resource cost within the
constraints of system condition and safety (Kelly 1989). The desired production output is achieved through high availability,
which is influenced by equipment reliability, maintainability and maintenance supportability (EN 13306:2001). Finally,
maintenance is also partly responsible for technical systems’ safety and for ensuring that the plant remains in good condition
(Visser and Pretorious 2003).
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One can summarize maintenance objectives as the following (Kelly and Harris 1998); ensuring the plant functions (availability,
reliability, product quality etc.); ensuring the plant reaches its design life; ensuring plant and environmental safety; ensuring
cost effectiveness in maintenance and the efficient use of resources (energy and raw materials). With respect to production
equipment, proper maintenance will set system functioning as its prime objective. In short, maintenance must ensure the
required reliability, availability, efficiency and capability of the whole production system. It will ensure system life by keeping
the equipment in good condition. In this case, cost has to be optimized to meet the desired plant condition (Dekker 1996). Plant
safety is also very important, as failures can have catastrophic consequences. Here, the cost of maintenance has to be minimized
while keeping the risks within strict limits and by meeting the statutory requirements.
For a long time, maintenance was carried out by the workers themselves, with no defined parameters. Equipment maintenance
was more loosely organized, and there was no haste for the machinery or tools to be operational again. Given current concerns
about money and safety, this is beginning to change. The focus is now to keep equipment operational or returning it to
production as quickly as possible. The challenges are the following:
•

First, there is a need for higher plant availability in a global economy. Global markets suffer from expansions,
purchase of industrial buildings, production equipment, acquisitions of companies in the same sector, regardless of the
country. Global competition means that companies want their productive capacities to remain at a maximum.
Therefore, organizations are beginning to worry about keeping track of the parameters that may affect the availability
of their plants and machinery.

•

Second, the bottom line is chrematistic, i.e. related to money-making. When organizations begin to optimize their
production costs, they start to question their maintenance costs. This function, in recent years, has grown in assets,
personnel, etc., and now consumes a significant percentage of the overall organization budget (Cross, 1988; Dekker,
1996). Thus, when establishing policies to streamline costs, the maintenance budget is a crucial part of the puzzle. At
the same time, however, the organization’s maintenance must meet availability and quality parameters. A constant
concern, then, is maximizing availability at the lowest cost. Not surprisingly, methodologies and technologies to
determine the best way to achieve this balance are increasingly popular, as noted by Al-Najjar (2007).
II. THE NEED TO MEASURE MAINTENANCE PERFORMANCE

Today, organizations are under pressure to continuously enhance their capabilities to create value for their customers and
improve the cost effectiveness of their operations (Tsang 2002). In this regard, the maintenance of large-investment equipment,
which was once thought to be a necessary evil, is now considered key to improving the cost effectiveness of an operation,
creating additional value by delivering better and more innovative services to customers.
With the change in the strategic thinking of organizations, the increased amount of outsourcing and the separation of OEMs and
asset owners, it is becoming crucial to measure, control and improve the assets’ maintenance performance (Parida and Kumar
2009). As technology has advanced, various maintenance strategies have evolved, including condition based maintenance,
predictive maintenance, remote-maintenance, preventive maintenance, e-maintenance etc. The main challenges faced by
organizations today are choosing the most efficient and effective strategies to enhance and continually improve operational
capabilities, to reduce maintenance costs and to achieve competitiveness in the industry. Therefore, in addition to formulating
maintenance policies and strategies for asset maintenance, it is important to evaluate their efficiency and effectiveness.
Maintenance Performance Measurement (MPM) is defined as the multidisciplinary process of measuring and justifying the
value created by maintenance investment, and taking care of the organization’s stockholders’ requirements viewed strategically
from the overall business perspective (Parida and Chattopadhyay, 2007). MPM allows companies to understand the value
created by maintenance, to re-evaluate and revise their maintenance policies and techniques, justify investment in new trends
and techniques, revise resource allocations, and to understand the effects of maintenance on other functions and stakeholders as
well as on health and safety etc. (Parida and Kumar 2006).
Unfortunately, these maintenance metrics have been often misinterpreted and they are often incorrectly used by businesses. The
metrics should not be used to show workers that they are not doing their job. Nor should they be used to satisfy the
organization’s ego, i.e. to show that the company is working excellently. Performance measurements, when used properly,
should highlight opportunities for improvement, detect problems, and help find solutions (Wireman, 1998).

4
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In their overview of the state of maintenance, its current problems and the need for adequate metrics for its quantification, Mata
and Aller (2008) note that maintenance is seen in industry as a necessary evil, an expense or loss, which the organization must
incur to keep its production process operative. Because of this, the priorities of a company do not typically focus on
maintaining assets, but on the production that they represent. However, the use of objective indicators to evaluate these
processes can help to correct deficiencies and increase the production of an industrial plant. Many indicators relate the costs of
maintaining to production or sales; others make it possible to determine whether availability is adequate or what factors should
be modified to achieve its increase.
This historical view of maintenance, mixed with traditional issues of performance measurement, creates problems in the
development and implementation of a comprehensive package of maintenance performance management (Woodhouse 2004).
For example, the human factor must be included in the selection of the measuring metric, its implementation and the use of the
resulting measurement.
A. Too much data and too little information
Data acquisition has become relatively simple and cheap through the introduction of modern and powerful hardware systems
and software. That being said, data overload is now a problem, and sophisticated data mining algorithms are required to get
useful information as Charnes et al. (1985) argue. In instances when data are more difficult to collect, one needs to decide if
their value to the company and specifically to a certain hierarchical level is worth the effort and cost. This is accomplished by
establishing what is important for different levels, i.e. analyzing objectives tailored to each organizational level which emanate
from the corporate levels. Once user needs are fully understood, it is possible to determine the maintenance strategy,
organization, resources and systems.
B. The number of performance indicators, ownership of the data and the aspects to be covered
The number of indicators used for each figure or department should be limited by identifying key features or key factors.
Scorecards with large numbers of indicators that do not define the users or responsible personnel actually hinder the work for
which they are developed.
To control the scorecard, it is important to approach the issue of data ownership and the need for collaboration with the rest of
an organization. Often, the maintenance department is overwhelmed in its duties, so data cannot be collected. Further, there
may be a lack of historical data, making it impossible to create certain indicators. In a multifunctional organization, it is likely
that other departments are collecting some data critical to the generation of these parameters and can share them. For example,
it may be relatively simple for the production department to collect data on availability or reliability. Occupational Safety and
Health people are ideal for determining the rates of accidents, as studied in EN 15341 (2008).
C. Objectives and measures
At times, departments within the same company have conflicting interests in the maintenance of their equipment. But the
purpose of the objectives is to ensure that departmental efforts are aligned with business needs (Gelders et al., 1994). Tangible
goals should be tailored to the user and be free of ambiguity. Problems can be created when management fails to set goals at the
highest level or fails to ensure that these objectives are correctly translated into subgoals at lower levels. However, ambiguities
disappear, when management ensures that its objectives are translated into objectives at lower levels, Objectives should be
transmitted in a downward cascade, including all company departments; the measure indicated by the selected sensors will
indicate the appropriate steps to take to ensure that everyone is going in the same direction.
D. Time lag between action and monitoring results
Sometimes there is a delay between policy change and the appearance of clear and apparent results associated with that change.
A second delay may occur between the appearance of results and the time that the measurement is taken. Each problem must be
set against each objective, taking into account that technical levels can expect faster changes in their indicators than corporate
levels, whose KPIs are slower to show visible results. Once a measure has been identified for a goal and level, and this is
implemented, the method of data collection and the frequency must be tailored to the factors involved: physical, human,
financial, organizational factors etc.
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E. The cost and the reasons for data collecting
The success of any measurement system is based on the method used for data collection. Poor or incorrect data entered into a
reporting system gives little value. Human factors involved in the collection of data are more reliable, as these data are more
closely related to indicators of ownership and responsibility. Technicians and operators will collect data only if they believe it is
worthwhile, and the results are made available for consultation and use.
If there is a risk that the indicators derived from the reported data are used against people, it is almost certain that they will not
be collected in an appropriate way. Also if time passes and the data have not been used for anything, if they have been forgotten
and feedback has not been transmitted, people will inevitably see the whole thing as a waste of time. In other words, if people
understand the purpose and see the results, they will be motivated to collect data. Massive data collection can generate
unknown indicators for the collectors; thus, they may distrust the data and fear their effects.
These issues reinforce the idea that the measurements should combine the internal functioning of maintenance with its
interaction with external actors, particularly clients. At the same time, they must honor the objectives of management, as it is
management who will propose improvements after reading the indicators.
III. THE MEASUREMENT: SENSORS AND PLACEMENTS
Measurement is the act of assigning numbers to properties or characteristics. The measurement objective is to quantify a
situation or to understand the effects of things that are observed TRADE [1]. Measuring performance is essential in any
business. Continuous improvement is the process of not accepting the status quo, as Wireman [2] notes. Levitt (1997) agrees
with Wireman and maintains that a prerequisite for the maintenance function is continuous improvement.
An increasing number of studies attempt to establish the relationship between maintenance performance and the reliability of a
productive or operative system. For Kutucuoglu et al. (2001) and Atkinson et al. (1997), measurement objectives are planning,
selection, monitoring and diagnosis. Mitchell [5] argues that measurement figures are needed to estimate the scope for
competition, prioritize resources and determine the progress and effectiveness of improvement initiatives. Arts et al. [6] see
performance measurements (PM) as ways to control maintenance to reduce costs, increase productivity, ensure process safety
and meet environmental standards. PM provides a base for improvement, since without measurement there can be no certainty
of improvement (Parida et al, 2003). PM is a powerful methodology which allows engineers and managers to plan, monitor and
control their operation/business. In brief, the purpose of measuring maintenance performance is to help determine future action
and to improve performance based on past data. If an organization does not select the appropriate metrics to measure
performance, results could be misleading.
In TRADE [1], a performance measure is a number and a unit of measurement. The number gives the magnitude and the unit
gives a meaning. Implementing measures may also be represented by multiple units expressed as ratios of two or more
fundamental units to yield a new unit, TRADE [1]. Some applications develop an indicator of performance measurement. An
indicator, therefore, is a combination of a set of performance measurements. To streamline performance indicators, Key
Performance Indicators (KPIs) are created; these could consist of several indicators and metrics. To determine performance
level, the strengths and weaknesses of a strategy must be considered; accordingly, the selected KPIs must reflect this need.
An important aspect of MPM is formulating maintenance performance indicators, linking maintenance strategies with overall
organizational strategy (Tsang 2002). The end user wants the fewest possible indicators to monitor the entire system, no matter
how complex it may be. A review of the literature reveals that many attempts have been made to use maintenance performance
measures as a means to develop an effective and efficient MPM system. The major issue in measuring maintenance
performance is the formulation and selection of Maintenance Performance Indicators (MPIs) that reflect a company’s
organizational strategy and give maintenance management quantitative information on the performance of the maintenance
strategy (Arts, Knapp and Mann 1998; Swanson 2001).
Hernandez [9] proposes a battery of indicators from system reliability and functional safety. He defines an indicator or index as
a numerical parameter that provides information about a critical factor identified within an organization, for example,
processes, people, or expectations of cost, quality and deadlines. Indices should be few, easy to understand and measurable; it
should be fast and easy to learn how things are going and why. In addition, they must identify the key factors of maintenance;
establish records of data allowing periodic calculation to set standard values for these indicators, mark targets based on those

6

ISBN 978-91-7439-379-8

standards, make appropriate decisions and take appropriate actions (Armitage and Jardine 1968). Hernandez places special
emphasis on ranking these indicators; this is especially relevant when there is a large set of indicators.
Many authors agree that the first step is to develop maintenance performance indicators, i.e. numerical parameters on critical
factors associated with measurable physical characteristics must be identified. Besterfield et al. (2002) identify seven basic
characteristics that can be used to measure performance: quantity, price, speed, accuracy, function, service, and aesthetics.
IV. TYPE OF INDICATORS: LEADING VERSUS LAGGING AND HARD VERSUS SOFT
PIs are used to measure the performance of any system or process. A PI is a product of several measures (metrics). When used
to measure maintenance performance in an area or activity, it is called a maintenance performance indicator (MPI) (Wireman,
1998; Parida et al, 2003). PIs are used to find ways to reduce down time, costs and waste, operate more efficiently, and increase
the operation’s capacity. A PI compares actual conditions with a specific set of reference conditions (requirements), measuring
the distance between the current situation and the desired situation (target), the so-called ‘distance to target’ assessment (EEA,
1999).
The list of PIs is long, and each organization’s selection of performance indicators will reflect its corporate strategy’s objectives
and requirements.
PIs can be broadly classified as leading or lagging indicators. A leading indicator warns the user about the non-achievement of
objectives before there is a problem. It is one of a statistical series that fairly reliably turns up or down before the general
economy does (Encyclopedia Britannica). A leading indicator thus works as a performance driver and alerts the head of the
specific organizational unit to ascertain the present status in comparison to the reference one. Soft or perceptual measures like
stakeholder satisfaction and employee commitments are often leading indicators in the sense that they are highly predictive of
financial performance. When such measures are tracked today, it leads to less worry about tomorrow’s budgets (Case, 1998).
A lagging indicator normally changes direction after the economy does. Lagging indicators are useless for prediction; the value
of construction completed, for example, is outdated, as it would indicate the condition after the performance has taken place.
The maintenance cost per unit or return on investment calculation could be an example of a lagging indicator.
The establishment of a link between the lagging and the leading indicator makes it possible to control the process. Furthermore,
indicators should be chosen to accord with the chosen maintenance strategy (Kumar and Ellingsen, 2000).
The complexity of some measures is an obstacle to their implementation which decreases the likelihood of their use. In
maintenance, many processes can be measured directly. Time or costs are quantities whose measurement is relatively easy.
Others, such as the adequacy of repair shops and the size and type of the maintenance teams, are particularly sensitive and can
only be measured with more complicated and subjective methods. This difference suggests that the indicators fall into two
broad groups, ‘hard’ and ‘soft’. ‘Hard’ indicators include those measurable through the extraction and exploitation of simple
databases, like CMMS (computer maintenance management system), ERP (Enterprise Resource Planning) databases, presence,
purchase orders, energy consumption by area etc. Arts, Knapp and Mann (1998) explain the development of a MPM system
using the CMMS. The operational view of the maintenance function requires certain indices for performance measurement; it
does not require the tactical and strategic aspects of maintenance performance. In this case, the data collection and calculation
of the indicators are fast, and measurement does not interfere in the daily work of the maintenance team. Here, a common
database can be an important instrument for maintenance management decision-making (Kans and Ingwald, 2008).
While many ‘soft’ indicators are interesting, their measurement can be rendered problematic by the absence of sources, their
hard objectivity or their lack of reliability. Apart from staff and workshop size, this group includes all measures relating to
elements with a strong human component, such as the impact of a training activity on the quality of repairs, or the time required
for diagnosis and improvement, usually not quantified in records.
Thus, the choice of measures and the indicators derived from them will be conditioned by the accessibility and reliability of the
sources, with special emphasis on the soft indicators that are affected by human factors.
The people who operate the equipment are a valuable source of information. The human element is indispensable in the
measurement of maintenance due to its influence on repairs. However, to assess the overall status of a maintenance system and
to correct critical points, more objective tools are needed. To this end, mathematical models and some indicators can be used to
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assess the probability that a team is performing inspection, maintenance or repair, and determine the average time for
equipment to fail after a maintenance intervention.
In other words, two actors are involved in the MPM: people and mathematical models. People provide information on their
links to the company, morale, training, skills, and confidence and so on; models provide information on effectiveness and
efficiency related to cost or time. Combining the two leads to the attainment of the three objectives of excellence, noted by
Katsllometes (2004); efficiency, effectiveness and staff involvement.
Different categories of maintenance performance measures/indicators are identified in the literature. The total productive
maintenance (TPM) concept (Nakajima 1988), launched in the 1980s, provides a quantitative metric called Overall Equipment
Effectiveness (OEE) for measuring productivity of manufacturing equipment. It identifies and measures losses in important
aspects of manufacturing, namely, availability, performance/speed and quality. This supports the improvement of equipment
effectiveness and hence its productivity. The OEE concept has become increasingly popular and is widely used as a quantitative
tool to measure equipment performance in industries (Huang and Dismukes 2003; Muchiri and Pintelon 2008). Arts and Mann
use the time horizon to classify maintenance control and performance indicators into three levels: strategic, tactical and
operational (Arts and Mann 1998). Indicators proposed for operational control include: planned hours over hours worked, work
orders (WO) executed over WO scheduled, and preventive maintenance (PM) hours over total maintenance hours.
Parida proposes a multi-criteria hierarchical framework for MPM (Parida 2007) that consists of multi-criteria indicators for
each level of management, i.e. strategic, tactical and operational. These multi-criteria indicators are categorized as
equipment/process related (e.g. capacity utilization, OEE, availability etc.), cost related (e.g. maintenance cost per unit
production cost), maintenance task related (e.g. ratio of planned and total maintenance tasks), customer and employee
satisfaction, and health, safety and environment (HSE). Indicators are proposed for each level of management in each category.
Campbell classifies the commonly used measures of maintenance performance into three categories based on their focus
(Campbell 1995). These are measures of equipment performance (e.g. availability, reliability, etc.), measures of cost
performance (e.g. maintenance, labor and material cost) and measures of process performance (e.g. ratio of planned and
unplanned work, schedule compliance etc.). Coetzee outlines four categories of maintenance performance measures with
detailed indicators for each category (Coetzee 1997). The first category is maintenance results, measured by availability, mean
time to failure (MTTF), breakdown frequency, mean time to repair (MTTR) and production rate. The second is maintenance
productivity, measured by manpower utilization, manpower efficiency and maintenance cost component over total production
cost. The third is maintenance operational purposefulness, measured by scheduling intensity (scheduled tasks time over clocked
time), breakdown intensity, (time spent on breakdown over clocked time), breakdown severity, work order turnover, schedule
compliance, and task backlog. The fourth is maintenance cost justification, measured by maintenance cost intensity
(maintenance cost per unit production), stock turnover and maintenance cost over replacement value.
Ivara Corporation has developed a framework for defining KPIs based on their physical asset management requirements and
the asset reliability process (Weber and Thomas 2006). They propose twenty-six key maintenance performance indicators and
classify them in two broad categories, leading and lagging indicators. Leading indicators monitor the tasks that when performed
will ‘lead’ to results (e.g. if the planning took place or if the scheduled work was completed on time), while lagging indicators
monitor the results or outcomes that have been achieved (e.g. the number of equipment failures and down time). Leading
indicators are classified as work identification (e.g. percentage of proactive work done), work planning (e.g. percentage of
planned work), work scheduling and work execution (e.g. schedule compliance). Lagging indicators are classified as equipment
performance (number of functional failures, safety and environmental incidents, and maintenance related downtime) and cost
related measures (e.g. maintenance cost per unit output, maintenance cost over replacement value and maintenance cost over
production cost).
Dwight classifies performance measures in a five-level hierarchy according to their implicit assumptions on the impact of the
maintenance system on the business (Dwight 1995; Dwight 1999): overt (visible) bottom-line impact measurements (e.g. direct
maintenance cost), profit-loss and visible cost impact measurements (e.g. total failure/down time cost), instantaneous
effectiveness measures (e.g. availability, OEE), system audits (e.g. % planned work and work backlogs) and time related
performance measurements (e.g. life cycle costing and value based performance measurement). Dwight’s work looks at the
variations in lag between an action and its outcome.
It is clear that each author has a unique way to classify maintenance indicators. They also differ in their choice of indicators.
However, some indicators and categories of indicators are recognized by all authors as vital for management of the maintenance
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function. For example, much emphasis has been placed on equipment performance in terms of number/frequency of
breakdowns, MTTF, availability and OEE. Similarly, maintenance cost-related measures are deemed important. Measures of
maintenance efforts are considered important by many authors, though they use a variety of terminologies to describe them (e.g.
maintenance productivity and operational purpose fullness (Coetzee 1997), maintenance efforts (Campbell 1995), maintenance
work management (Weber and Thomas 2006)). Interestingly, while the literature proposes common lists of KPIs, it lacks an
agreed-upon methodological approach to select or derive them. As a result, users are left to decide the relevant KPIs for their
situation. Given the lack of consensus, one of the objectives in this paper is to investigate how maintenance KPIs is chosen.
Based on the literature, the commonly used maintenance performance indicators fall into two major categories. The
maintenance process or effort indicators are defined as leading indicators and the maintenance results indicators as lagging
indicators (as shown in Fig. 1). Using the definition of Weber and Thomas 2006, leading indicators monitor whether the tasks
being performed will lead to the expected output and lagging indicators monitor the outputs that have been achieved. Under
maintenance process indicators and according to Muchiri et al. (2010), there are three categories of indicators: work
identification, work planning and scheduling, and work execution indicators. For maintenance results, there are three categories
of indicators: equipment performance, maintenance costs and safety and environment indicators. Each category has its own
performance indicators, as shown below.

Key maintenance performance indicators (KPI)

Maintenance process/ Effort indicators
(Leading indicators)

Work identification

% Available
man hours
used in
proactive
work
Number of
work order
requests

Work planning &
scheduling

% Scheduled
man hours
over total
available man
hours

Maintenance results indicators
(Lagging indicators)

Work execution

% WO with
due date
compliance
% WO
assigned for
rework
% WO in
backlog
MTTR

Equipment
effectiveness

Miantenance cost
effectiveness

Number of
unplanned
maintenance
interventions
Breakdown
frequency
MTBF
Unscheduled
maintenance
downtime
Number of
shutdowns
Availabilitty
OEE

%
Maintenance
cost over
replacement
value
%
Maintenance
cost over
sales revenue
Maintenace
cost per
product unit

Safety and
enviroment

Number of
safety, health
and
enviroment
incidents

Fig. 1 Key maintenance performance indicators in the literature.

The survey objectives include investigating the extent to which these indicators are used in industries, establishing which are
most frequently used, i.e. popular indicators, and determining how effectively they are used in maintenance management.
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V. GROUPING INDICATORS: FRAMEWORKS AND SCORECARDS
For the most part, the focus has been put on performance measuring systems rather than on individual performance indicators.
An overview of the most commonly used performance measurement systems, with their respective advantages and
disadvantages appears below. The systems discussed differ by the choice of the indicators and the manner of representation.
•

Global PIs: In practice, maintenance performance is often judged on a single indicator value. More frequently,
however, a complex ratio is used, in which a number of relevant factors are combined, sometimes with different
weights. A typical ratio is: yearly costs for materials, labor and subcontracting/yearly budget... This is a popular
concept because of its compactness. A ratio is tricky to use because of the strong aggregation which may cause
cancellation of some effects (e.g. an increase in labor cost and a comparable decrease in materials cost will never be
apparent in the indicator), making it difficult to know what exactly happened (did all costs increase, or only one, or
some, etc.?).

•

Set of PIs: A number of PIs are used, each highlighting an aspect of the maintenance activities (a detailed discussion is
found in De Groote, 1995). For example, for maintenance stock, the following indicators are often used: inventory
value, number of items in stock, turnover, number of new/obsolete items and number of in/out movements. This gives
a more complete view of maintenance performance, but does not always allow a clear evaluation because of the lack of
a structured framework.

•

Structured list of PIs: Various aspects of maintenance activities are evaluated at the same time; for each aspect, a
different set of indicators is used. The TPM measures, evaluating the well-known six big losses in equipment
performance, may be considered a special type in this class (Raouf, 1994; Stephan, 1996).

The most popular set or list of indicators is a scorecard. The Balanced Scorecard (BSC) is frequently used to group
maintenance KPIs and show different faces of the maintenance function (Tsang 1998). The balanced scorecard is a holistic
approach which groups both financial and non-financial measures to measure performance (Kaplan and Norton, 1992, 1996a,
1996b). In any organization, the corporate objectives state the company’s vision. A corporate strategy is formulated as the way
to achieve these objectives. A corporate balanced scorecard is part of the corporate strategy to measure performance and
compare it with the corporate objectives. These balanced scorecards are applied to different divisions and departments, right
down to the employee level.
Similarly, maintenance performance indicators can be translated from balanced scorecard perspectives and applied to the
divisions, departments, sections and employee levels. The maintenance objectives are linked to critical success factors, key
result areas, and key performance indicators. The critical success factors support the maintenance objectives. The key result
areas are the success areas where the key factors can help achieve the maintenance objectives.
Daryl Mather (2005) has adapted the Maintenance Scorecard, MSC from the original balanced scorecard for asset-centric
industries such as electricity generation and distribution, water treatment, oil and gas, mining, rail, and heavy manufacturing.
Based on RCM2 by John Moubray and his interpretation of functional measurement and monitoring machine performance, as
well as Kaplan and Norton’s traditional BSC approach, MSC identifies a need for strategic initiatives and determining how to
best determine what form of intervention is required. Breaking down indicators from the corporate levels of management is a
common practice, and it has been applied effectively on the front lines of maintenance activity.
Mather proposes using the MSC approach to develop and implement strategy in the area of asset management. This will help
identify strategic improvement initiatives and the areas they focus on, early in the process. The MSC is a methodology based in
the measurement of performance, built around the use of management indicators, which can lead the development and
implementation of a strategy.
A different approach to measuring need is given by Lehtinen and Wahlström [7]; they argue that measuring performance by
means of scoreboards focuses on the process safety and environment as a necessary consequence of maintenance activities.
These activities are important for plant safety. According to the authors, quality management systems, risk prevention and
safety require the implementation of a metric in the maintenance department.
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VI. THE HIERARCHY OF INDICATORS
Indicators are commonly formulated at different levels as well. Each level serves certain purposes for specific users. Users at
the highest level of the management traditionally refer to aspects that affect firm performance, whereas those at the functional
level deal with the physical condition of assets. The use of multiple performance measures at the level of systems and
subsystems helps to solve problems. If a corporate indicator shows a problem, then the next lower level of indicators should
define and clarify the cause of the weakness that has caused this problem (Wireman [2]).
According to Mitchell [5], a hierarchy of different parameters, all linked to business goals, is vital for the success of a program
to manage corporate physical assets.
Many authors agree that multifaceted maintenance requires metrics, and those metrics should serve specific levels of the
organization’s hierarchies. TRADE [1] shows the levels of performance indicators in a typical organization, Fig. 2. Different
organizations have different hierarchies of performance measurements.

Fig. 2 Pyramid used in all levels of the company, TRADE [1]. Units of measures to the left and sensors to the right.

Grenčík and Legat [17], like TRADE [1], make analyze the consistency of the indicators and their management classification
levels. To select the relevant indicators, the first step is to define the objectives at each level of the company. At the company
level, the requirement is to determine how to manage maintenance to improve overall performance (profits, market shares,
competition, etc.). At the level of production, performance factors which have been identified through prior analysis are more
important; these include improved availability, improved intervention costs, safety, environmental preservation, improvements
in maintenance costs, value inventory, contracted services control, etc.
Kahn [18] suggests using Key Performance Indicators (KPI) to set up a hierarchical methodology to quantify project
improvements in the maintenance function. He suggests that to visualize the expected benefits, the process variations and trends
should be adequately monitored. The established KPIs should be controlled and an adequate program for continuous
improvement should be set up. For Kahn, a KPI is a traceable process metrics that allows decision making aimed at established
business objectives; maintenance KPIs should include indicators of corporate level, such as the OEE, or financial, such as the
overall maintenance budget compared to replacement cost, and so on. These financial indicators should be positive to ensure
the organization’s support for maintenance improvement projects. Like TRADE [1], Kahn proposes five levels of KPIs, each
with its own requirements and target audience, thus consolidating the segmentation of indicators by levels of organization. The
five levels include: Maintenance costs; Availability of equipment; OEE; Production costs; Performance.
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Campbell (1995) classifies performance measures into three categories based on equipment performance measure, cost
measures and process performance measures. Kutucuoglu et al. (2001) suggest another general classification for a balanced
performance measure. Their five proposed categories include: equipment related performance measures; task related
performance measures; cost related performance measures; immediate customer impact related performance; learning and
growth related measures
Wireman [2] defines a set of indicators divided into groups: (a) corporate, (b) financial, (c) efficiency and effectiveness, (d)
tactical (e) functional performance, see Fig. 3. The indicators should be properly connected to the levels of corporate vision and
company mission.

Fig. 3 Hierarchy of indicators in maintenance according to Wireman [2].

These concepts all suffer from a hierarchy that condemns low levels to work with operational and functional indicators, while
assigning economic indicators to top management, thereby dividing the analysis and creating indicators of first and second
categories. Most authors have traditionally associated maintenance metrics with RAMS parameters, but these are only part of
the performance to be measured. A few have included cost, and a few more have integrated a number of corporate indicators
into the maintenance function.
These groups and hierarchies of PIs are ambiguous and non user defined. In fact, they confuse groups with organizational
levels. There is no end user identification and no attempt to have responsible people involved in continuous improvement
actions. In implementation, therefore, there should be multi level indicators. According to Wireman, the first layer could be at
the corporate strategic level; the supporting level could be the financial PI; the third would be efficiency and effectiveness
indicators, with fourth and fifth levels of tactical PIs and functional PIs respectively. The five levels of the pyramid (see Fig. 3)
show the hierarchical relationship of the PIs. It should be noted that the indicators are always determined from top down, using
corporate indicators measures; what is important to top management is to satisfy the needs of the stakeholders/shareholders.

Fig. 4 Developing Performance Measurement Indicators from Vision, Objectives and Strategy. Source (Parida, 2006).
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For Parida (2006), indicators in three levels must be considered from the perspective of the multi-hierarchical levels of the
organization. The first hierarchical level could correspond to the corporate or strategic level, the second to the tactical or
managerial level, and the third to the functional/operational level. There could be more hierarchical levels depending on the
organizational structure, [Parida A., 2006].
These corporate PIs will vary from company to company, depending on current market conditions, the business life cycle, the
company’s financial standing etc. Thus, PIs must be tied to the long-range corporate business objectives of a specific company,
meeting the needs of both the operations and the maintenance processes. The critical strategic areas vary from company to
company, and from sector to sector, but generally include areas such as financial or cost related issues, health, safety and
environment related issues, processes-related issues, maintenance task related issues, and learning, growth and innovation
related issues. They combine the internal and external concerns of the company.
The measurement system should cover all processes in the organization. There must be a logical interconnection between
indicators, so that the numbers can be interpreted and a good conclusion can be reached, thereby allowing good decision
making. This premise implies a hierarchy of indicators addressed in a dual way, Caceres (12). Maintenance indicators will be
segmented according to the organization’s areas of influence, due to the interactions of the maintenance department with
finance, human resources, purchasing and, of course, production to achieve corporate objectives. Simultaneously, these
indicators correspond to different levels in the organizational structure, so they will be targeted to them.
For Cáceres, performance measurement must be comprehensive and requires an appropriate scorecard. He argues that
management should be measured holistically, not only in the financial perspective as is traditional, APQC (1996).
Maintenance performance should be based on maintenance parameters of availability, reliability, mean time to repair. In
addition all perspectives within maintenance should be integrated to cover organizational and technological aspects, internal
processes, customer and company perspectives and financial perspectives.
Bivona and Montemaggiore [13] agree with Cáceres [12] and argue there is a lack of linkage between the objectives of general
maintenance and the business strategy adopted because of performance measurement systems. The most common performance
indicators oversee operational management from the unique perspective of the maintenance activity, ignoring the effects of
maintenance policies on company performance and their impact on other departments. Some authors argue that the performance
measurement system based on relations between different departments of a company facilitates the communication process
between the corporate strategy and the various hierarchies of the maintenance organization.
This leads to an alignment between business objectives and maintenance. To this end, most authors suggest adopting the
balanced scorecard approach to the formulation of maintenance strategies, not only as grouping of indicators but also as a
hierarchy. The systemic perspective of the balanced scorecard, in fact, supports management in analyzing the various
relationships between the subsystem maintenance and other business areas, to prevent the gains or losses in the performance of
maintenance management that are included in the execution costs of other departments.
The balanced scorecard method first developed by Kaplan and Norton (1992) later adapted by Tsang et al. (1999) for
measuring maintenance performance is an effective way to measure maintenance performance. It designs the maintenance
performance measure using the following four perspectives:
•
•
•
•

Financial (the investor’s view)
Customers (the performance attributes valued by customers)
Internal processes (the long-term and short-term means to achieve financial and customer objectives)
Learning and growth

This technique can link the maintenance strategy with the overall business strategy and develop performance measures for
maintenance that are linked to the organization’s success (Tsang 2002) and (Tsang et al. 1999).
Alsyouf (2006) criticizes the balanced scorecard technique suggested by Tsang et al. (1999), arguing that the performance
measures based on the four non-hierarchized perspectives are top-down performance measurements which do not take into
account the extended value chain, i.e. it ignores suppliers, employees and other stakeholders. The extended balanced scorecard
presented by Alsyouf (2006) incorporates performance measures based on 7 perspectives: corporate business (financial),
society, consumer, production, support functions, human resources and supplier perspectives, as shown in Fig. 5.
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Vision and
strategy
Corporate business
How to please shareholders?
[Objectives and measures]

Part 1: Downstream
organisation

Part 2: Operation

Society
How to please society?
[Objectives and measures]
Consumer
How to satisfy the consumer?
[Objectives and measures]
Production
How to maximise a system’s Overall Effectiveness?
[Objectives and measures]
Quality

Maintenance

Logistics

etc

Support functions
How to enhance the effectiveness of support functions?
[Objectives and measures]
Human resources
How to improve abilities and skills?
[Objectives and measures]

Part 3: Upstream
organisation

Suppliers and/or education firms
How to develop and innovate
[Objectives and measures]

Fig. 5 Adopted from Alsyouf (2006).

In any planning and development activity, offers several alternatives, and one must choose the best-fit. Normally, the objectives
of the decision maker are reflected in various criteria. If there are a number of criteria, multi-criteria choice problems arise; this
is solved by having information on the relative importance of the criteria (Noghin, 2005). The selection of factors or variables
constituting various performance criteria, such as productivity, effectiveness, efficiency etc., is an important step in developing
a performance measurement system in an organization. This is conceived essentially as multi-criteria decision making (Ray and
Sahu, 1990).
In an MPM system, a number of criteria or goal functions must be considered from different stakeholders’ points of view.
These criteria can be broken down into maintenance indicators, such as mean time between failure, downtime, and maintenance
cost, planned and unplanned maintenance tasks, etc.
The operational and strategic levels of these maintenance indicators need to be integrated as well. The development and
identification of MPIs for an organization consider the company’s vision, objectives and strategy, as well as the requirements of
external and internal stakeholders, as given in Fig. 4.
In our development of a MPM framework, we consider the basic four perspectives of Kaplan and Norton’s balanced scorecard,
along with the maintenance criteria. In addition, we consider health, safety, security and environment and employee satisfaction
to make this MPM system balanced and holistic from the organizational point of view.
A. Multi-hierarchical levels
MPIs must be considered from the perspectives of the multi-hierarchical levels of the organization. The first hierarchical level
could correspond to the corporate or strategic level, the second to the tactical or managerial level, and the third to the
functional/operational level. Depending on the organizational structure, there could be more than three hierarchical levels. The
maintenance indicators on the functional level are integrated and linked to the tactical or middle level to help management in its
decision making at the strategic or tactical level. It can be challenging to integrate MPIs from top-down and bottom-up flows of
information.
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Involving all employees in this MPI development process is another challenge. So that everyone speaks the same language, the
strategic goals need to be broken down into objective targets for operating maintenance managers, and this which may act as a
performance driver for the whole maintenance group. Thus, the objective output from the operating level in terms of KPIs is
linked to strategic goals; moreover, the subjectivity increases as the objective outputs are integrated with KPIs at higher or
strategic levels.
The three hierarchical levels appear in Fig. 6.

Fig. 6 Hierarchy levels of MPM model.

B. MPM frameworks
The MPM framework is a vital and integrated part of the PM system of organizations. The need to develop and implement an
MPM framework is well established. The MPM framework must link performance measurements with the organizational
strategy and consider criteria consisting of financial and non-financial indicators. However, little literature covers the
development of a systematic approach to PM in maintenance; even less embraces every level of maintenance. A possible
exception is work by Kutucuoglu et al. (2001).
The development of a MPM system is intimately linked with the overall PM system and the overall corporate strategy.
Therefore, it is imperative to look into the shortcomings of PM systems, especially those systems based on financial measures
only (Johnson and Kaplan (1987) and Dixon et al. (1990)).
Tsang et al. (1999) says that a US survey of 200 companies in 1995 concluded that despite reasonably high level use, nonfinancial measures and targets are frequently treated in isolation from strategic objectives. They are not reviewed regularly, nor
are they linked to short-term or action plans; rather, they are largely ignored or for interest only.
In another study, Tsang et al. (1999) looked at a maintenance organization using a structured process to identify performance
measures. They found that the management was not aware that a PM system could achieve vertical alignment and horizontal
integration of activities across organizational units. Thus, performance measures were primarily used for operational control
only.
Coetzee (1998) provides a comprehensive list of MPIs and ratios and identifies 21 indices under the four categories of
machine/facility maintenance efficiency, task efficiency, organizational efficiency and profit/cost efficiency. The MPIs are set
within a hierarchy, but Coetzee fails to identify the specific hierarchy in the organization who uses them. Nor are these MPIs
clearly connected to the corporate strategy. Riis et al. (1997) design a framework showing cross levels and the functional
integration of maintenance management which attempts to relate maintenance to manufacturing strategy. However, it does not
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take care of other customers and suppliers, such as design, finance, top management and issues including health, safety,
security and environment (HSSE), employee, and corporate strategy.
Kutucuoglu et al. (2001) and Sharp et al. (1997) adapt TPM and TQM to improve maintenance performance and identify
critical success factors (CSFs) linked to maintenance. Dwight (1995) explains two other approaches; ‘the system audit
approach’ and the ‘incident evaluation approach’, which defines performance in terms of changes in value systems. Value is
defined here as the probable future earnings of a system.
Tsang (1998) and Ahlmann (2002) adapt the balanced scorecard of Kaplan and Norton (1992) to create a strategic approach to
MPM. However, Kaplan and Norton (1992) are limited in that they do not consider employee, societal or environmental
aspects.
Kutucuoglu et al. (2001) develop a performance measurement system for maintenance using the matrix structure of the quality
function deployment (QFD) method. Murthy et al. (2002) present the Strategic Maintenance Management (SMM) approach
which has two key elements:
(1) Maintenance management is a vital core business activity, crucial for business survival and success, and as such, it must be
managed strategically; so
(2) Effective maintenance management needs to be based on quantitative business models that integrate maintenance with other
decisions, such as production etc.
The multi-disciplinary activity of SMM involves data collection and analysis to assess the performance and state of equipment,
building quantitative models to predict maintenance and operation impact on equipment degradation and managing
maintenance from a strategic perspective. This approach is not balanced and integrated, as it does not consider all stakeholders.
In a project for the Norwegian oil and gas industry, Ellingsen et al. (2002) suggest a PM framework based on a balanced
scorecard model and a list of key indicators. The framework considers cost, operation, health, safety and environment and
organization perspectives. Maintenance and employee satisfaction are not included.
VII. CATEGORIZATION OF INDICATORS
A. Financial Indicators
Financial measures are often considered the top layer in the hierarchy of the measurement system used regularly by senior
management. This level seeks to achieve a good return on its assets and to create value and its metrics are used for strategic
planning. Therefore, the metrics at this level are the backbone of the organization. This level can also be used to compare the
performance of departments and divisions within the parent organization.
The financial figures are lag indicators and are better at measuring the consequences of yesterday’s decisions than predicting
tomorrow’s performance. To overcome the shortcomings of lag indicators, customer oriented measures like response time,
service commitments and customer satisfaction have been proposed to serve as lead indicators (Eccles, 1995). Examples of
such measures are the return on investment (ROI), return on assets (ROA), the maintenance cost per unit of product, the total
maintenance costs in relation to manufacturing costs, etc.
Vergara [19] proposes the net present value (NPV) for use in maintenance as one of the financial indicators. NPV consists of
knowing how much could be gained from an investment if all income and expenses could be made instantly. Therefore, NPV is
used to determine whether an investment is appropriate. It is used in many sectors and areas of the company but rarely in
maintenance. Tsang et al. (1999) presents a better performance measurement technique first proposed by Dwight (1994) which
takes into account the impact of maintenance activities on the future values of the organization, instead of concentrating on
short term values. However this technique also concentrates only on the financial dimension of performance measurement and
is quite laborious to implement.
Hansson [20] proposes using a battery of financial indicators to study the results found for maintenance departments. He
suggests creating a proper benchmarking of the maintenance function, arguing that one should consider such measures as: the
percentage change in sales, return on assets, return on sales, the percentage change in total assets and the percentage change in
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the number of employees. These are generally accepted as indicators of financial results and facilitate comparison of results
with other studies, e.g. Hendricks and Singhal [21]. The correlation of such indicators with tactical maintenance indicators links
maintenance with corporate strategy.
Coelo and Brito [22] propose incorporating financial indicators into maintenance management. This hypothesis confirms the
importance of a system for measuring enterprise performance based on indicators, with special emphasis on maintenance.
Coelo and Brito [22] discuss the need for integration to achieve a harmonious balance of financial performance indicators and
the strategic vision of maintenance efficiency.
Cáceres [12] argues that all planning systems should show the history of strategy and corporate positioning indicated in its
financial goals, linking them to the sequence of actions to be undertaken with customers, internal processes and finally with the
employees themselves. This perspective is focused on return on investment, added value to the organization and reduced unit
costs. In maintenance, the costs of each activity the incidence rate of maintenance costs per unit of production and maintenance
costs on the value of assets are monitored to indicate the company’s global position.
B. Indicators related to human resources
The adoption of a separate category of measures relating to human resources reveals the uniqueness of maintenance services.
Maintenance organizations depend entirely on the performance of employees to achieve their objectives. But the quality of
employees’ work in the maintenance services cannot be measured directly. Knowing their experience, education, training and
skills is essential to adequately measure the result of work done. Few organizations measure the excellence of their human
factor; nor do they include this factor in their assessment of the performance of the maintenance function. In addition, measures
of organizational performance are often selected on the basis of convenience. Typically, these measures are either too narrowly
or too broadly defined, Cameron (1986). Measures include indirect/ direct labor, labor in reserve, training measures, and
percentage of overtime.
To Cáceres [12], the introduction of KPIs to maintenance human resources should cover what he calls the organizational
dynamics perspective, where excellence focuses on the people and the culture of the organization, identifying the key skills that
support internal targets. Ultimately, this is a true reflection of the labor climate in the microclimate of maintenance, Rensen,
(1995).
A measure related to human resources is the company’s intellectual capital (IC). Fernandez and Salvador [23] discuss the
importance of intellectual capital in maintenance teams, noting that it has become a critical issue for many organizations. They
incorporate key indicators related to this intangible aspect into their balanced scorecard.
In the area of human resources in maintenance, special attention must be paid to the prevention of labor hazards. For this
reason, a number of authors propose an indicator of equipment safety. Many operators in maintenance areas are affected by
workplace accidents, far more so than production workers, Manuele [24]. The maintenance staff is more exposed to such high
risk factors as electric shocks, the dropping of heavy components, contact with chemicals, etc. For production staff in general
an accident is due to the failure of accident prevention measures or the breaking of established procedures. In any case,
whatever the origin, an accident has negative effects on employee morale, stops production and affects the reliability of
equipment. Guaranteeing safe equipment and a safe environment, as well as cooperating with regulatory agencies, is a
maintenance function. Maintenance must be rigorous in developing and enforcing security procedures, and in maintaining
barriers to prevent accidents.
C. Indicators relating to internal processes of the department
Some authors refer to indicators of internal procedures as functional measures. Traditionally, this category includes processes
related to efficiency that are measured within a maintenance organization. Examples of these processes are: work orders,
inventory and purchasing, and management information.
For Cáceres [12] the internal KPI perspective, or the process perspective, is related to the work process and to improvements in
the pursuit of excellence. The purpose is to understand the processes that add value to the business and identify the drivers of
domestic objectives. In the specific case of maintenance management, indicators are usually set as repair times, overtime,
certified processes, security aspects in the activities and the implementation of plans and programs. This perspective includes
the measurement of the internal mechanics used for the proper development of other perspectives.
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D. Technical Indicators
Some authors refer to this category as the technical level of performance indicators. The first objective of this set of indicators
is to measure equipment (assets) performance, at least that equipment considered part of the maintenance function. Mitchell [5]
says: ‘At the technical level, the figures are used to monitor the performance of certain processes, systems, equipment and
components’. This level is concerned with the effectiveness of maintenance work.
Functional safety as a key indicator for the client
Cea [25] proposes the overall indicator of functional safety as KPI for the customer; it is what he or she expects from the assets.
For Cea, for functional safety to be achieved, the user must receive the service that he or she expects from the system, with
established quality and safety standards being met.
According to Blanchard et al. [26], functional safety is ‘the probability of the system to complete its mission, since the system
was available at the beginning of the mission’. Functional safety is a measure of the system condition at one or more points
during the mission; it is strongly influenced by the system reliability and maintainability and the quality of the project Bifulco et
al. [27], Kostic and Arandjelovic [28]. Reliability is associated with the compliance function over time and system
performance. Maintainability is associated with the ability of the equipment to recover function when it stops, Kumar [29],
Castro and Lucchesi [30] Knezevic et al. [31].
Therefore, according to Blanchard, direct and indirect indices of functional safety are the availability, reliability, maintainability
and safety of a production system. This system must have an information subsystem based on indicators of efficiency and
feedback; it must be a valid tool operationally, whereby the user can fully appreciate the benefits of having a ‘safe operating
system’. Indices are reflected in the operational performance of assets and the quality of the products produced. For Cea [25],
RAMS parameters are the basic components of the key indicator, i.e. functional safety. Söderholm [32] as well as Cea [25],
refers to functional safety as the basis of the whole system of indicators for maintenance and to RAMS parameters as the
primary indicators on which to build the entire scorecard.
The changing role of RAMS parameters
For a long time, RAMS parameters were the only indicators adopted for measuring the performance of maintenance according
to the purely technical or operational aspect assigned to this function. Currently, they have a more privileged role, albeit limited
to the quality of the service that the maintenance function gives to its customers.
Killet [34] emphasizes the practice of maintenance performance indicators focused exclusively on operational aspects. Without
underestimating these indicators, Killet notes the need to develop corporate indicators. In fact, many authors have recently
expressed concern over the limiting of maintenance indicators and scorecards to operational aspects that may be important for
the consideration of client-related issues, but lack the broader vision of the maintenance function within a company Geraerds
(1990).
Martorell et al. [35] agree with Blanchard that there are two main categories of indicators. The first category includes the direct
or basic indicators that are directly linked to the collection of operational data, such as the number of maintenance actions, the
type of maintenance activities, and cost. The second category includes indirect indicators, derived from direct indicators, such
as reliability and availability. For Martorell et al. [35] the direct indicators can be linked to functional requirements, while the
indirect indicators can be related to non-functional ones.
The recently published standard EN 15341 [36] classifies maintenance indicators into three categories, thereby echoing most of
the authors cited above. The categories are technical, economic and organizational indicators. The paper proposes more than
seventy indicators, divided into three types and set on three different levels. These levels do not correspond to organizational
hierarchies, but represent a progressive decomposition of higher level indicators into more specific indicators.
The classification into technical, financial and organizational indicators refers to aspects of effectiveness (time-consuming task)
and efficiency (cost and manpower involved). Effectiveness falls within the realm of technical indicators, while efficiency is
financial and organizational. Organizational indices, due to the high importance of human factors in the maintenance function,
play an independent role. However, some authors consider them attached to costs and part of efficiency.
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All authors see the RAMS parameters as raw materials for creating more complex indicators of effectiveness, thus providing
the maintenance scorecard with more indicators of efficiency.
VIII. PRESENTATION OF PERFORMANCE MEASURES
One of the most important factors for a successful performance measurement system is a good introduction of the indicators. If
they are not presented and explained to users, they may be inappropriately used. Mitchell [5] says that ‘to fully exploit the
benefits of metrics, the metrics must be clearly visible’. Seeing the figures often has a positive effect, encouraging everyone to
achieve the objectives in the functional area being measured.
Kaydos [37] states that having the performance measures visible to everyone has two advantages. First, everyone can be proud
of what has been achieved. Second, where nothing has been achieved, the pressure exerted by workers in other departments has
a positive impact. There are a variety of ways to present a performance indicator, depending on the type of information needed
and the type of user. Charts, graphs, figures or just numbers can deliver a performance indicator, Besterfield et al. [10].
Lehtinen and Wahlström [7] emphasize the visual aspect and simplicity of the indicators, because this will be a key in
developing a subsequent metric. The indicator should stand out in reporting and promoting an atmosphere of reports with
proper quantification and calibration of the problem. It is believed that this environment is an important part of continuous
learning from which excellence is achieved. Lehtinen and Wahlström [7] show the nature of different indicators and the need to
present them in a visually attractive and powerful way for workers involved in maintenance and production processes.
Another issue associated with the presentation of performance indicators is the frequency of their presentation. Some indicators
require continuous data collection; others may have a monthly frequency. There is no advantage to measuring more frequently
than needed, as it only increases costs, Kaydos [37].
Today, technology allows the use of an online graphical user interface (GUI) for presenting and monitoring indicators tailored
to each person’s personal needs, thereby making it possible to use the same system for presentations throughout the hierarchy.
Notices can be sent automatically to mobile devices or mailboxes to further increase information efficiency.
IX. EFFICIENCY OF PERFORMANCE MEASURES
Metrics must be understandable, addressed to the needs of users and controllable by managers through work activities, Mitchell
[5].
According to Kutucuoglu et al. (2001), to develop an efficient and effective system of performance measurement, it should be
clear what indicators are to be measured, how to do it, the timing, and who should implement the measurement. In fact, for
Manoochehri [38], three obstacles to the effective development of metrics are the misidentification of indicators, less than
rigorous data collection and the bad use of indices by the company managers.
According to Besterfield et al. [10] to be useful, measurements should be simple, understandable, and few in numbers so that
users can concentrate on those that are most important to them.
A. The number of indicators to be included and their origin in the adopted metrics
Killet [39] reflects on the number of indicators to include and the property of each based on studies by Woodhouse 2000, and in
line with the characteristics previously proposed by Besterfield [10]. Woodhouse argues that the human brain can only handle
four to eight measurements intended to quantify the goodness of one aspect. This suggests that it would be reasonable to target
a maximum of six measurements for each supervisor/manager. To achieve this objective, he proposes the measurement of key
characteristics, limiting the amount of information used and the sources from which to extract this information. In a
multifunctional organization, it is likely that other departments may collect and share some of the data. For example, the
collection of data on availability and reliability can be relatively simple for the production department. The department of labor
risk prevention is ideal for monitoring injury rates, and the human resources staff is better situated to provide data on
absenteeism. This supports Besterfield’s thesis on ownership of data.
Shreve [41,] in line with Woodhouse 2000 and with respect to specific indicators of Condition Based Monitoring (CBM),
proposes the selection of six to eight indicators of high-level performance to analyze the effects of a CBM program in a factory.
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The performance indicators can be used both in production and in maintenance to display the program progress. The parameters
for monitoring the results of the CBM should be established before its implementation.
The author further emphasizes that measurements should be directed towards areas with the greatest impact on improving,
ignoring those with a small ROI. Without constant reminders of performance, programs can start strong, but then rest on the
initial achievements without ever reaching maturity. Proactive measurements should be the goal of the monitoring program.
This level of maturity is based on the desire to find any problems affecting production rates and product quality before they
appear. Shreve [41] and Woodhouse (2000) agree that the goal is to find indicators with the highest ratio of implementation
impact at each level instead of short-term self-satisfaction results.
B. Data accuracy
The performance model is expected to give the correct output result since the right data is fed into the model. The model must
be accurate and consistent when processing the input data. This implies that the processing capability of the model must strong
enough to accept the required data input and release the correct information to achieve a particular task.
It is clear that ‘garbage in, garbage out’ holds for any sequential-factored data system model. For the result of model evaluation
to be correct, the input data must be correct. To avoid error right from the start, the model user must ensure the correctness of
the data input and, therefore, of data computed. The values must be checked for homogeneity in units, readings, computations,
etc. The introduction of incorrect or corrupt data in the performance measurement system is harmful, leading to wrong
decisions and losses. Thus, indicators for data accuracy monitoring are necessary. However, a good performance measurement
system does not require high precision, Kaydos [37]. In most cases, one needs to know how to identify problems. Very accurate
performance measurement is not required; it is more important to know if the trend is up or down and to know how its current
value compares to historical measures. If the way an indicator is calculated is changed, it is crucial to overlap so that the trend is
not lost. Kaydos also stresses the importance of trust and credibility: if users do not trust the organization to generate the proper
measures, the whole system is useless.
Barringer and Weber [42] say that frequently the data available to exploit are sparse, poorly collected or of doubtful veracity.
Barringer and Weber suggest that understanding how to manage the reliability of data is the first step towards solving the
problems. For Tavares, [43] indicators like MTBF or MTTR are particularly accurate. Their high level of accuracy is linked to
the number of items observed and the observation period. The more records that are available, the greater the accuracy of the
expectation values are. In the absence of a high number of items, or if one wishes to obtain the average time between failures of
each one separately, according to Tavares, a fairly extensive study (five years or more) is advisable.
C. Metrics understanding by users
Users must be able to assess or evaluate the performance of the MPM system in terms of its operation and results. More
importantly, the user must know how to assess, analyze and interpret the end result of computations to discover knowledge
embedded in the operation of the MPM system. That is why user training is so important. The user must have the knowledge
necessary to use a performance measurement system. It is assumed that the user has taken courses in areas such as mathematics,
physics, programming, statistics, etc. to understand the model’s procedure and application. As part of the training, the user must
be assessed to determine the level of competence attained.
In Manoochehri [38], the effective use of performance measures requires user education because a misunderstanding leads to
wrong decisions. Major problems that could lead to a failure in the measurement of system performance are a lack of real
management commitment, a lack of attention to business goals and objectives and an incorrect updating of performance
measures.
The failure to use performance measurements in an organization may be the result of not overcoming the challenges associated
with the implementation of a new set of performance indicators. It is, therefore, very important for the implementation team to
concentrate on the project, especially at the beginning. If this is not done, it could result in a loss of confidence in the new
system and a lack of voluntary participation in its development.
The performance measures of the system must be designed to serve the purpose of the organization. According to Wireman [2],
multiple indicators should be associated with every level. One layer of indicators could be at the corporate level, and another at
the departmental level. The levels may vary depending on company size.
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Furthermore, to successfully implement a performance measurement system, measurements should not be numerous.
Dispersion into too many areas simultaneously can lead to information overload, making it more difficult to direct limited
resources to higher value activities, Mitchell [5].
A challenge faced by most performance measurement systems is change. But this is part of the manufacturing business. A
measurement system should not be affected by changes in production characteristics but it must be adapted to them. Moreover,
indicators may become out of date, Kaydos [37].
X. BENCHMARKS
Two categories of measures use reference numbers or benchmarks: ‘checklists’ and ‘surveys’. Each is quantitative in nature.
Checklists are referred to as ‘quick and dirty’ performance indicators; for example, the percentage of MRO-items (maintenance,
repair and operation/overhaul items) that has not moved during the last two years should not be higher than three per cent.
Checklists are widely used by consultants. Each indicator on a checklist has an ‘ideal’ value, or a range. The checklist approach
provides quick but rough insight. Determining ‘ideal’ values is especially difficult. ‘Surveys’ are commonly published for
specific industrial sectors such as steel, aluminum, glass, plastics, ceramics, furniture, etc, and academic research groups
frequently use such techniques. Pintelon and Van Puyvelde [44] point out that a survey typically includes maintenance cost as a
percentage of total cost. Research allows for low key benchmarking in specific sectors of the economy. However, a large
deviation from the sector average may not necessarily mean that the performance is bad. In order to judge, a more detailed
evaluation is needed (Pintelon and Van Puyvelde [44]).
Benchmarks must be developed to provide the measurement system with the highest possible meaning, and positive or negative
variations of the indicators most have a clear sense for the operator. Benchmarks are targets or limits of each indicator. They
are used as a reference for users to determine how close they are to different performance levels. The benchmarks can be
internal to compare units of the same plant for an improvement, or external, to compare the company with other organizations.
Applying the concept of indicators and the appropriate selection of actions to perform, based on continuous improvement, will
help to achieve excellence in maintenance Katsllometes [11]. Therefore, according Katsllometes, a metric that begins with
World Class Manufacturing (WCM) is necessary.
New trends derived from World Class Manufacturing (WCM) or Lean Manufacturing ([3]) do not give the full answer either. It
sounds challenging to aim for the World Class Maintenance (WCM, or World Class Reliability, WCR) level, but this level has
not yet been defined properly by any source. In the majority of cases, qualitative statements are used like: a WCM organization
delivers consistent uptime week–to-week, minimizes impact on production, delivers its work as planned, has ‘spot on’
budgeting, etc. Although this will stimulate a much more professional attitude towards the maintenance process, a company still
does not know how far it is from this level and when it will be reached. Common questions concern the business (economic)
impact of low equipment uptime or how much cheaper maintenance would be if a company accepted a 90 % weekly schedule
compliance instead of aiming for 100 %. Even a highly rewarded quantitative method like Six Sigma has not yielded
breakthrough results in the maintenance arena, mainly because maintenance data cannot apply these kinds of statistical
techniques.
Lean Maintenance is another popular maintenance management framework, developed the successful implementation of Lean
Manufacturing. The goal is to eliminate waste, and therefore to distinguish between value adding and non-value adding
maintenance activities. But unlike Lean Manufacturing, Lean Maintenance fails to define which activities to eliminate and
which to keep. Some attempts have been made to streamline maintenance processes, eliminate waste and produce breakthrough
performance in areas valued by customers by applying the business process reengineering (BPR) pioneered by Hammer and
Champy (1993).
Of the above-mentioned methods, only World Class Maintenance has been widely developed. Maskell (1991) provides a set of
guidelines for designing maintenance performance measurements for World Class Manufacturing systems that lead to excellent
performance in today's turbulent and competitive business environment. World Class Maintenance ensures almost 100%
capacity, 100% of the time of the operation. The metric of World Class is elementary statistics. It points out some key
indicators, as well as some basic benchmarks for improvement. It comes from World Class Manufacturing, and its main
contribution is the proposal of six indicators globally accepted by organizations: MTBF, MTTF, MTTR, availability,
maintenance cost divided by turnover, and maintenance cost divided by replacement cost. This last indicator is the most popular
in Small Medium Companies (SME) according to (De Jong, 1997).
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WCM also proposes reference values for ambiguous indicators. When a company wants to be considered world class, it must
achieve high goals. It therefore looks to benchmarking among organizations with good practices and results.
Benchmarks to identify world-class maintenance management have been accepted ever since a landmark study conducted in the
1980s by A. T. Kearney Co. produced ‘a mountain of maintenance and operational data’. Many researchers have adapted
benchmark data in programs designed to assess maintenance activities and assist organizations in their drive for excellence.
According to Kearney, there is a high correlation between maintenance operational ‘style’ and overall plant performance.
Facilities that ranked worst in overall efficiency tend to have a ‘reactive’ character, a ‘fix-and repair’ approach. At the other end
of the spectrum, the world’s best manufacturers, those enjoying the highest productivity and output quality, invariably display
maintenance that is well-planned, fully integrated, and proactive.
Superiority in maintenance is also characterized by a high level of preventive maintenance (PM) and planned maintenance as
percentages of the total work. ‘In the best plants’, at least 80 percent of all maintenance tasks are preplanned a day or more in
advance; thus, they are pre-staged with the correct materials, skills, tools, and parts and the most appropriate timing.
According to Lemos [44], the indices should use standard equipment to perform the same operation
Kahn and Olver [45] see the need to compare indicators, both within companies and in similar factories or sectors. When a
company wants to compare the performance and reliability of internal or external maintenance, it needs a common platform of
predefined indicators to compare identical variables and means of production units.
This task has been tackled by the European Federation of National Maintenance Societies (EFNMS) and the Society for
Maintenance and Reliability Professionals (SMRP). Recently, these two organizations have been working on a harmonized
project, comparing the similarities and differences between existing indicators for maintenance and availability supported by
both agencies. Comparisons have been made between the SMRP metrics and the European standardized indicators EN 15341
[46]. The aim is to bring about the systematic and widespread use of shared indicators as a basis for improving asset
performance. This harmonization project is promoting the distribution of reference values for guidance in companies that adopt
these metrics.
Svantesson (2008) is one of the leading experts involved in the harmonization project. He has proposed some references to
indicators based on practical cases in various industries and sectors, using extensive surveys, normally conducted at firms
within the same sector, but highlighting food and pharmaceutical industries.
It is important that the performance measures are meaningful in the benchmarks. In fact, the metrics are useless without them.
The benchmarks can, as mentioned, be a goal that the processes must focus on and target continuously, or a limit which these
processes must not exceed. These can be in the form of maximum or minimum limits. In some cases, the target of an indicator
will be zero or one, if it belongs to the efficiency or inefficiency group. Certain indicators, such as the MTBF, will be more
complex, and one must resort to similar experiences in machinery or the manufacturer's data, drawing on the expertise of the
maintenance technicians.
The benchmarks will always depend both on conventions or business types and on the ranking of indicators in each sector. For
example, it is particularly interesting to observe how Silter (2003) presents the Risk Asset Management Model (RIAM) which
quantifies the performance indicators to support decision making at the plant, not only to implement investment options in the
best possible way, but also to better prioritize the use of certain plant resources and maximize the safety of the process. With
the RIAM approach, these performance indicators incorporate cost-averse thinking. Because indicators of availability,
maintainability and technical levels like vibrations or temperature will be different across companies, the hierarchy will change:
for example, instead of leading economic indicators, the RIAM methodology may place safety performance indicators at the top
of the pyramid.
It is essential to set thresholds and targets for each indicator; otherwise the MPM team measuring performance may confront a
battery of numbers with upward or downward swings, but have no knowledge what they mean. Today, these benchmark points
are included in the demands made on providers in the industry. Industrial sectors such as automotive, aeronautics and energy
are used to requesting quality parameters from suppliers but now overall indicators of efficiency close to World Class
Maintenance levels are required as well.
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The EN 15341 Maintenance Key Performance Indicators released in March 2007 were designed by the CEN Technical
Committee 319 Working Group 6, WG6. The Working Group was set up by European experts in maintenance management to
create an architecture of indicators to measure maintenance performance worldwide. The WG6 group looked at all maintenance
indicators available in the literature. They also considered the guidelines, procedures and experiences of many multinational
industrial companies. From these, they selected three groups of KPIs: economic, technical and organizational.
As a result, EN15341 is a reliable reference, a Worldwide Standard that can measure and develop maintenance performance,
considering and managing both external and internal influencing factors.
When an organization wants to compare maintenance and availability performance internally or externally, it needs a common
platform of predefined indicators or metrics. Comparison of metrics when the bases of calculation are not the same is a
frustrating non-value-added activity. This challenge has been met by SMRP and EFNMS, Svantesson (2002) and Svantesson
(2008). These two maintenance organizations conducted a joint effort to compare and document standard indicators for
maintenance and reliability performance.
An organization should use standardized indicators or metrics such as the indicators from the standard EN 15341 or the SMRP
metrics for the following reasons (EN 15341):
•
•
•
•
•
•

Maintenance managers can rely on a single set of predefined indicators supported by a glossary of terms and
definitions;
The use of predefined indicators makes it easier to compare maintenance and reliability performance across borders;
When a company wants to construct a set of company indicators or scorecard, the development process based on
predefined indicators is simplified;
The predefined indicators can be incorporated into various CMMS software and reports;
The predefined metrics can be adopted and/or modified to fit a company’s or a branch’s specific requirements;
The need for discussion and debate on indicator definitions is ended and uncertainties are eliminated.

Since 2000, SMRP has defined 70 Best Practice Metrics to measure maintenance and reliability performance. In 2000, EFNMS
defined a set of indicators to measure maintenance performance. These indicators are now incorporated in the European
standard EN 15341 Maintenance Key Performance Indicators released in May 2007. The joint EFNMS-SMRP harmonization
effort, which began in 2006, Kahn and Gulati (2006), had the objective of documenting the similarities and differences between
the SMRP metrics and the EN 15341 standards (Fig. 7).
With companies producing goods and supplying services on an international scale, the need for a common understanding of the
indicators to measure maintenance and availability performance is paramount. There is no doubt that this activity will
eventually be a part of a global standard guideline for maintenance indicators.

Fig. 7 The process of the harmonized Indicators Project.

D. Objective of the harmonized indicator document
The harmonization document is designed to offer the maintenance community a set of predefined indicators to measure
maintenance and reliability performance on a global basis. The indicators can be used by all organizations with a need to
measure, track, report and compare maintenance and reliability performance.
The document is also intended to give a scale for measuring maintenance or reliability performance. The indicators or metrics
are supported by a set of guidelines and examples of calculations (it is outside the scope of this document to give any
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recommended values or thresholds for the indicators). This provides maintenance professionals with an easy-to-use guide to
indicators and their components.
The target group for the harmonized indicators document is comprised of: maintenance managers, asset managers, plant
managers, operations managers, reliability engineers, technical managers, general managers or any other personnel involved
with benchmarking, or maintenance and reliability performance measurement.
A joint EFNMS-SMRP working group was intended to resolve differences between the EN 15341 indicators and those being
developed by the SMRP Best Practices Committee. Side-by-side comparisons were made of the indicator formulas and
definitions of terms. The basis for the European terms is the standard EN 13306:2001 Maintenance Terminology and the
standard IEC 60050-191:1990 Dependability and Quality of Service. The SMRP definitions are contained within each indicator
(metric) description, and have been compiled in a SMRP Glossary of Terms, SMRP Best Practices Committee (2007. This
resulted in two extensive lists, as there were terms or formulas common to both sets.
An indicator is determined to be common if it has the same basic formula or could be universally applied. For these common
indicators, it was first determined whether any differences could be eliminated without sacrificing the objective of the indicator.
If differences cannot be eliminated, the differences are qualified or explained. This is the essence of the harmonization process,
which is graphically depicted in Fig. 8. It should be noted that the grouping of indicators is different. In EN 15341, the
indicators are grouped into economic, technical and organizational sets. The SMRP indicators are categorized in accordance
with the five pillars of the SMRP Maintenance and Reliability Body of Knowledge: Business and Management, Manufacturing
Process Reliability, Equipment Reliability, Organization and Leadership and Work Management, SMRP Best Practices
Committee (2006).

Fig. 8 The harmonization process. Source: Svantesson (2008)

The joint working group made good progress, announcing the first harmonization results in January 2007, and publishing the
original edition of Global Maintenance and Reliability Indicators in April 2008, SMRP Best Practices Committee (2008). To
date, 29 metrics have been targeted for harmonization. When an indicator is harmonized, a statement to this effect is added to
the SMRP metric description. Furthermore, the SMRP metric is recommended by EFNMS for use as a guideline to calculate the
EN 15341 indicators.
The harmonization work will continue until the complete list of SMRP indicators currently under development has been
exhausted. Similar harmonization efforts are projected with other international maintenance organizations, such as COPIMAN
(Technical Committee on Maintenance of the Pan American Federation of Engineering Societies) or MESA (Maintenance
Engineering Society of Australia). There are tentative plans to promulgate the use of these indicators as international standards.
Discussions are ongoing with CEN/TC 319 to consider proposing the harmonized metrics as global standards or guidelines.
However, the goals of this harmonization process are far from the search for proper benchmarks values as thresholds or targets.
The calculation of indicators is exhaustive, but the search for benchmark references is not. Thus, many maintenance managers
read EN 15341 or SMRP Good Practices and extract valuable information, but they do not know the desired value of all
parameters, either partially or fully applied to their respective fields. In world class maintenance, many figures have been
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proposed for many industries as a result of companies’ experiences. Therefore, the success of WCM lays not only the proposal
of common methods for parameter calculation, but in the establishment of real numbers as targets.
XI.

MAINTENANCE AUDIT

Converting forecasts into concrete real numeric values require extraordinary effort. If this proves too onerous, a company may
choose to focus on the system and its attributes rather than on specific outcomes using what can be termed the ‘system audit
approach’. A maintenance audit is an examination of the maintenance system to verify that maintenance management is
carrying out its mission, meeting its goals and objectives, following proper procedures and managing resources efficiently and
effectively.

Fig. 9 Input-process-output model (IPO model) of the maintenance process.

This concentrates on the maintenance system itself, as opposed to quantifying its inputs and outputs (Fig. 9). The results
obtained from this approach should have a level of accuracy that is compatible with the information normally available about
real performance. Subjectivity in performance measurement will not be overcome, but such subjectivity will be made more
visible.
Auditing, as a general technique, can be divided into two categories. The first utilizes general audits based on a common
assumed standard designating what constitutes a good system. This is a popular tool for consultants since it allows them to have
a consistent standard of what a good maintenance system should be. This is normally isolated from a deep understanding of the
subject organization’s business. It permits consultants to insert important attributes of which they have a good knowledge, but
whose importance varies in fact from one organization to another. This kind of audit is a thorough review of the various
dimensions in the maintenance system, including organization, personnel training, planning and scheduling, data collection and
analysis, control mechanisms, measurements and reward systems, etc. To get unbiased findings, the reviewer should have no
direct responsibility or accountability for the performance of the system under review. The audit is usually conducted by using
a questionnaire designed to provide a profile of the maintenance system.
Typically, the questionnaire is structured to address specific key areas in the system to be audited. Responses to these
questionnaires may take one of these forms:
•
•
•

Either yes or no;
Choose one or more of the available options; or
On a Likert-type scale of, as an example, 1 to 5, to indicate different degrees of agreement or lack of it.
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Different weights may be assigned to questions to reflect their relative contributions to the system performance. Even though
they may use sophisticated assessment schemes, the underlying theory of system audits is unclear. Dwight (1994) suggests a
procedure that relates the state of a system element, such as feedback from operations, to its contribution to the system’s overall
performance.
The overall performance of a maintenance system can be determined by aggregating the contributions to the business success of
the system elements that influence the relevant failures of assets. In this procedure, exhaustive failure attributes that contribute
to business success have to be identified. The same requirements apply to the system elements that influence a failure attribute.
The more typical system audit tends to focus on the issue of conformance to a standard model, both in system design and
execution. It is assumed that the standard can be universally applied to achieve superior performance. The maintenance system
audit questionnaires by Westerkamp (1993) and Wireman (1990) rely on this concept. This approach to system audits fails to
recognize that different organizations operate in different environments. Products, technology, organizational culture and the
external environment are key variables in an organization's operating environment, and they may be in a state of constant
change. Superior performance can be achieved only if the internal states and processes of the organization fit perfectly in the
specific operating environment. Sociotechnical Systems (STS) analysis provides a methodology to design a system that will
achieve this fit (Taylor and Felten, 1993). Thus, the basic assumption of a standard reference model implicit in the design of the
typical audit questionnaire is problematic.
The second category of audit technique is initially concerned with the analysis of technology and business constraints. This
allows the determination of the relative importance, and required attributes, of the various elements of a system. The actual
system attributes can then be analyzed against the ideal system and tempered by the requirements for excellence in the
particular activities making up the system. This second technique is pursued here. It tends to be qualitative in its methods, as it
seeks to quantify the judgments of people with knowledge of the maintenance system, the organization’s requirements and the
system elements to measure performance. Although this implies that it falls short of an objective measure, a compromise is
forced in order to create an objective measure.
A maintenance system audit is necessary for developing an improvement action plan. According to Kaiser (1991), DeGroote
(1995), The Institute of Internal Auditors (1992), Mann, (1983) and Duffuaa and Raouf (1996), it helps management to achieve
the following:
1.
2.
3.
4.
5.
6.
7.
8.

Ensure that maintenance is carrying out its mission and meeting its objectives;
Establish a good organization structure;
Manage and control resources effectively;
Identify areas of problems and resolve them;
Improve maintenance performance;
Increase the quality of the work;
Automate and recommend information systems to increase effectiveness and productivity;
Develop the culture of continuous improvement.

The audit process is usually done on site. It reviews key elements in the following way (Zancolich 2002): interviewing key
people in the organization; conducting site inspections; reviewing process flows and mapping of maintenance functions and
control; reviewing relevant documentations; demonstrating systems applications; attending key meetings; obtaining answers to
structured questionnaires; and validating plant, equipment and maintenance performance. The results of the interviews and the
answers to the structured questionnaires are analyzed to formulate action plans for improvement.
Westerkamp (1987) has developed an audit scheme that covers fourteen factors contributing to maintenance productivity. He
advocates automating the auditing process through: organization staffing and policy; management training; planner training;
craft training; motivation; negotiation; management control; budget and cost; work order planning and scheduling; facilities,
store, material and tool control; preventive maintenance and equipment history; engineering; work measurement; and data
processing. He suggests obtaining information about these factors by using a set of questions about each.
Kaiser (1991) has developed a maintenance management audit that includes key factors in the process of maintenance
management: organization; workload identification; work planning; work accomplishment and appraisal. Each component has
six to eight factors. Using structured statements and weights, Kaiser obtains an overall score for the maintenance system. In
brief, necessary improvements can be identified from the audit process.
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Duffuaa and Raouf (1996) have conducted a study on continuous maintenance productivity improvement using a structured
audit and have proposed a structured audit approach to improve maintenance systems. They include the following factors in
their audit: organization and staffing; labor productivity; management training; planner training; craft training; motivation;
management and budget control; work order planning and scheduling; facilities; supplies/stores, material and tool control;
preventive maintenance and equipment history; engineering and condition monitoring; work measurement, incentives and
information systems. They propose using the analytic hierarchy process (AHP) to determine factors’ weight and to compute a
maintenance audit index. They also suggest root cause analysis to develop an improvement action program.
Duffuaa and Bendaya (1995) propose the use of statistical process control tools to improve maintenance quality, and Raouf and
Bendaya (1995) suggest employing a total maintenance management (TMM) framework. An important component of TMM is
a structured audit.
DeGroote (1995) argues for a maintenance performance evaluation approach based on a quality audit and performance
indicators of maintenance. The quality audit should be conducted in the following four stages: survey of the influencing
parameters; analysis of collected data, conclusions and recommendations; derivation of improvement action plan; and
justification of the proposed improvement plan based on cost-benefit. The evaluation should include the following five major
factors: production equipment; organization and management of maintenance; material resources; human resources; and work
environment.
Price Water House Coopers (1999) has developed a questionnaire to evaluate maintenance programs. The questionnaire
includes ten factors: maintenance strategy; organization/human resources; employee empowerment; maintenance tactics;
reliability analysis; performance measures/benchmarking; information technology; planning and scheduling; material
management; and maintenance process reengineering. The questionnaire features several statements about each factor; each
statement is given a score ranging from 0 to 4.
Al-Zahrani (2001) has reviewed audit programs and surveyed managers and engineers in government and private organizations
in the Eastern Province of Saudi Arabia to assess the factors affecting maintenance management auditing, with the aim of
developing a suitable auditing form for facilities maintenance. He proposes an audit form consisting of six main components:
organization and human resources; work identification and performance measures; work planning and scheduling; work
accomplishment; information technology and appraisal; and material management. Each component has six to eight factors that
are relevant to the performance of the maintenance system.
In the literature, five structured audit programs for maintenance systems have been developed by Westerkamp (1987), Kaiser
(1991), Duffuaa and Raouf (1996), Cooper (1999) and Al-Zahrani (2001). The audit programs consist of key elements in the
maintenance systems that are examined through a set of statements or questions. Each statement or question has a score and a
weight. Then based on the audit, a total weighted score is compiled and compared to an ideal score. Based on these scores, an
action plan for improvement is formulated. The process is repeated periodically to ensure continuous improvement.
In addition to the balanced scorecard technique, Tsang et al. (1999) presents a Systems Audit technique, based on sociotechnical systems analysis (STS) for predicting the future maintenance performance and a DEA (Data Envelopment Analysis)
technique, a non-parametric quantitative approach to benchmarking organizational maintenance performance in comparison
with competitors. Using the four stage quality audit approach, Groote (1995) defines performance indicators in terms of ratios
rather than absolute terms to develop a system for maintenance performance.
Many authors argue the necessity of obtaining both qualitative and quantitative results. Clarke [19] suggests an audit must
contain maintenance radar (a spider Bells-Manson type of graphic) which imagines all the economic aspects, human etc. of
maintenance. In his view, a product of the audit must be good operative and technical maintenance practices. Like many others,
Tavares [20] makes use of radar maintenance in audits to represent the different areas of maintenance influence and
dependency. Many authors agree that these radars should be generated from massive surveys. Despite the reliability of the
surveys, the numeric data of the systems are not included in the radars; rather, they become subject to a strong human factor,
Papazoglou and Aneziris (1999).
More recently Galar et al (2009) have developed an audit in this category. Their model proposes a mixture of qualitative
aspects, received through questionnaires, and different weights of maintenance KPIs that should strongly correlate with the
questionnaire answers. This model shows the relation between trends in questionnaires and indicators that validates the
correlation or highlights the divergence, merging qualitative and quantitative measures.
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XII. BENEFITS OF A PERFORMANCE MEASUREMENT SYSTEM
Kutucuoglu et al. (2001) take advantage of the Quality function deployment (QFD) technique, using its ease of implementation,
its alignment of performance indicators with corporate strategy and its ability to hold both subjective and objective measures, to
develop an effective performance measurement system for the maintenance function. Their MPM system incorporates the key
features necessary for effective maintenance performance measurement, i.e. a balanced view of a maintenance system, cross
functional structure, vertical alignment of performance indicators etc. The introduction of performance indicators can:
•
•
•
•
•

Clarify the strategic objective;
Link maintenance department objectives to core business processes;
Focus actions on critical success factors;
Keep track of trends in development;
Identify possible solutions to problems.

Varied industrial sectors have benefited from the introduction of indicators in their maintenance departments, Espinoza [53], in
his work on the aluminum industry in England, says that in an effort to gain a competitive advantage over its main rivals, this
industry is using a series of maintenance performance indicators through which its effectiveness can be monitored continuously
(reliability, availability and use of equipment). Effective maintenance, according to the author, will vary the ratio from
unplanned to planned activities. Espinoza says that increased scheduled jobs in this industry indicate that the maintenance
strategy is effective. Other authors, like Racoceanu and Zerhouni [54] have developed scorecards with sets of indicators in the
machine tool sector to increase competitiveness.
Once indicators have been embedded in the organizational hierarchy, the benefits obtained by the organization, according to
Wireman [2], include the proper development, evolution and progression of the maintenance model. Wireman proposes a
sequential implementation of steps to ensure all the functions necessary for the proper management of maintenance are in place:
1) preventive maintenance, 2) inventory and procurement, 3) the work order system, 4) CMMS system, 5) technical training
and staff relationships, 6) staff involvement in operations, 7) predictive maintenance, 8) RCM, 9) TPM, 10) statistical
optimization, and finally 11) continuous improvement. Wireman [2] considers that each of these activities is a section in the
maintenance management process, as expressed in the pyramid shown in Fig. 10. Wireman [2] suggests that a preventive
maintenance program should be implemented before moving to the next level of the pyramid – and so on, up the pyramid.
Before considering the application of RCM, for example, predictive maintenance programs and involvement of staff in
maintenance functions, appropriate work orders systems and management of maintenance resources are required. The
involvement of operators and employees constitutes the next stage; TPM programs will help for that purpose. Finally,
optimization techniques will complete the organizational structure necessary for continuous improvement.
It is a mistake to reorganize a department using one technique, and it is advisable to avoid consultants and companies who
advocate a single technology as a solution to a problem. When the department is in a state of ‘stagnation’ with respect to ratios
or indicators, there is a need for a drastic change in maintenance philosophy. Reengineering may be a possible solution, but it is
worth knowing that while moving up in the maturity pyramid of maintenance evolution, the next level will be more complex
Zaldivar [50] shows that when employees and managers perform functions in a process-oriented environment, organizations
can measure their performance and pay them based on the value they create. In organizations that have undergone major
reengineering, contribution and performance become the main bases for compensation and, therefore, in most cases, they are a
success. Concerns with quality guarantees and product reliability cause organizations to focus their decisions on the efficiency
and quality of maintenance management. When the process of reengineering is applied in maintenance, it affects other
processes in the organization, and fewer people are needed to achieve standards of quality and efficiency. Zaldivar [50] says
that with fewer managers, fewer administrative levels, and, consequently, a predominance of flat structures, stable performance
and a qualitative jump in each technical-economic indicator are assured, bringing the organization closer to the top of the
pyramid of Fig. 10.
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Fig. 10 Construction of the maintenance management process by Wireman [2].

This sequential development requires appropriate indicators associated with each level, from the operations related to each
team, to the strategies of the organization at the top of the pyramid. The proper measurement of the state of maturity at each
level will help to develop the next step. Unsystematic CBM implementations or isolated and uncoordinated strategies do not
usually give good results, as noted by González [51]. Proper progression through the pyramid is essential (as in the sequential
development pyramid of comprehensive maintenance program and the proposed hierarchy of KPIs).
In his investigation of the ability of a maintenance process to reach maturity by climbing the pyramid mentioned above,
Schneidewind [52] notes the need for stability to ensure product quality. The use of metrics in the maintenance process predicts
reliability and risk, thereby ensuring stability. Schneidewind [52] stresses the need for strengthening each layer of the
organization, as greater maturity will facilitate the jump to the next level. The evolution of the maintenance process should not
be precipitated or accelerated.
XIII. E-MAINTENANCE
Today’s competitive manufacturing depends on the manufacturer’s ability to provide customers with lean services and lifecycle costs (LCC) for sustainable values at all times. E-maintenance is transforming the maintenance function into a service
business to support customers anywhere and anytime with the use of Internet, web-enabled wireless communication and
technology. E-maintenance enables the companies with predictive intelligent/embedded sensors to monitor their assets through
web-based wireless communication to prevent unexpected breakdown. This system can compare the performance of their
product to others, using a global network system to focus on degradation monitoring and prognostics. Such information will
greatly facilitate business decisions (Koc and Lee, 2004).
The main problem with performance measurement for decision-making is the non-availability of relevant data and information.
However, the recent application of information and communication technology (ICT) and other emerging technologies
facilitates easy and effective collection of data and information (Parida and Kumar, 2004). The two most important applications
of the measurements are the identification of opportunities to improve existing equipment and plants and improved supplier
performance. To cite one example, MPM has become part of the decision-making process in the mining industry, where the use
of condition monitoring is extremely important.
E-maintenance is a maintenance management concept whereby plants and machineries are monitored and managed by
computer software, involving intelligent sensors, databases, wireless communication, Internet, online GUI etc. Levrat et al.
2008, Muller et al.2008, Thun 2008, Campos 2009, Cao et al. 2009,Emmanouilidis et al. 2009, Jantunen et al. 2010, Jeong et al.
2009, and Jun et al. 2009 have produced studies investigating the monitoring of manufacturing performance using wireless
communication technologies and the impact on maintenance performance. Today, with the availability of unique e-maintenance
solutions, the production and process industry can benefit from server-based software applications, the latest embedded Internet
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interface devices and state-of-the-art data security. E-maintenance creates a virtual knowledge centre by linking users,
technicians/experts and manufacturers. It is useful for the process industry, as it can help to reduce overall costs, ensure savings
in resources through OEE and yield a better return on maintenance investment (ROMI).
Some existing e-maintenance solutions provide server based software and equipment embedded internet interface devices
(health management card). These e-maintenance solutions provide 24/7 (24 hours a day, 7 days a week) real-time monitoring,
controls and alerts. The system converts data into information, available to all concerned for decision making and predicting the
performance condition of the plant and machinery on a real time basis. This enables the system to meet supply chain
requirements.
XIV. CONCLUSIONS
Many attempts have been made to deal with the development and implementation of an effective MPM system that can create
value for organizations. The issues considered include: how to align the organizational strategy to the strategies of the
maintenance function; how to link maintenance performance measures to the organization’s hierarchies and establish effective
communication between them; and how to translate MPIs at the operational level to the corporate level to create value for the
organization and its customers (Parida and Kumar 2009). Most (but not all) researchers have developed frameworks based on
financial (tangible) measures.
The previous section discussed features of an effective and efficient MPM system, as proposed by Kutucuoglu et al. (2001).
Alsyouf (2006) has outlined the following characteristics of a holistic performance measurement system:
•
•
•
•

It can assess the contribution of the maintenance function to the strategic business objectives;
It can identify the strengths and weaknesses of the implemented maintenance strategy;
It can establish a sound foundation for a comprehensive maintenance improvement strategy using qualitative and
quantitative data;
It can re-evaluate the criteria used for benchmarking.

In brief, an effective MPM system should focus on measuring the total maintenance effectiveness, i.e. internal and external
effectiveness Parida and Kumar (2006). Frameworks that measure maintenance performance by considering only financial
impacts might help to improve the internal processes of the maintenance function, but they fail to account for the impact of
maintenance strategies on functions external to the maintenance function, such as production, logistics, customers, employees
and organizational goals.
Other frameworks, like the value-based balance scorecard proposed by Liyanage and Kumar (2003) and framework using QFD
(quality function deployment) may account for financial and non-financial impacts of maintenance strategies, but do not
guarantee the improvement of the maintenance performance on tactical and strategic levels. Nor do they consider the impact of
maintenance strategies on the extended value-chain, i.e. suppliers etc.
A framework using the extended balance scorecard is more complete: it provides both qualitative and quantitative impacts of
maintenance strategies; it can control different hierarchies of the organization; and it strives for both internal and external
effectiveness. Similarly the multi-criteria multi-hierarchical framework for MPM is effective and efficient for MPM, as it
incorporates the total maintenance effectiveness concept, as well as the characterization presented by Alsyouf (2006) and
Kutucuoglu et al. (2001). In addition, it gives a causal relationship between performance indicators at different organizational
levels and the PIs that are based on both financial and non-financial aspects.
With respect to the maintenance strategies under investigation in this paper and based on the evaluation of the frameworks in
the literature, it seems clear that the extended balance scorecard and multi-criteria multi-hierarchical frameworks are effective
tools for evaluating and measuring the performance of condition based maintenance and predictive maintenance; the BETUS
tool is useful for e-maintenance and remote-maintenance performance evaluation.
Evaluating the performance of maintenance strategies using effective financial and non-financial measures has been a major
concern in maintenance operations literature. To this end, a number of techniques and frameworks have been developed.
However, the application of these frameworks in a practical environment has met with limited success.
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With respect to the first objective of this research, in the review of the literature, we identified a number of different techniques
for formulating performance indicators to measure maintenance performance. However, as discussed previously, these MPM
techniques can only help to determine the right set of performance indicators and are independent of the maintenance strategy.
Therefore, we could not arrive at the optimal technique for evaluating condition based maintenance, remote-maintenance, RCM
or e-maintenance etc.
As for the second objective, the literature discusses a number of frameworks and models, showing how MPM systems should
be implemented or used and how they can create value, financial as well as non-financial, for organizations. The review also
showed what value is created when different frameworks are used. Through case studies, the literature demonstrated how and
what value is created by using these MPM frameworks for organizations with condition based, vibration based and reliability
centered maintenance. However, it failed to identify how and what value is created when these frameworks are employed by an
organization through e-maintenance or remote maintenance.
Moreover, the literature shows no attempts to create a framework or model linking two different maintenance strategies and
comparing their effectiveness and efficiency. Nor has any attempt been made to link MPM frameworks with particular
maintenance strategies, such as condition based maintenance, remote-maintenance, predictive maintenance etc.
Given these gaps in the literature, the following potential future research directions are clear:
•
•
•
•

Attempting to find an optimal MPM framework for a particular maintenance strategy like condition based
maintenance, remote maintenance and e-maintenance.
Comparing the effectiveness of different maintenance strategies (like CBM, remote maintenance and e-maintenance),
using a particular framework, such as an extended balanced scorecard (Alsyouf, 2006) or a multi-criteria multihierarchy (Parida 2007)
Combining a multi-hierarchical multi-criteria framework with an extended balanced scorecard framework, in order to
consolidate their features in a single framework.
Using the multi-criteria multi-hierarchical framework to evaluate the effectiveness of e-maintenance.
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Abstract- Because of wear, material stress and environmental
influences, mechanical drives are more inclined to failures than
any other item of equipment. Unexpected failures can result in
partial or total breakdown of a production line, destroyed
equipment and even catastrophes. That is why proper
maintenance of such equipment is so important. However, it turns
to be very costly, as surveys over the last 20 years reveal that
direct maintenance costs in European industry amount to 4% 8% of the whole companies' income. In power generation sector
these figures go even higher, up to 11%. In addition, the indirect
costs caused by degraded product quality, reduced production
efficiency, loss of customers etc. are at least of the same range of
magnitude. A way to reduce the figures above is to abandon the
current maintenance paradigms (reactive and preventive) and
make room for cost-efficient condition-based (predictive)
maintenance.
In this article we will present a scientific
background, problem identification, objective of the future
research and state-of-the-art in the proposed field of research. We
show the CTD- Integrate intelligent system for monitoring,
diagnostics and prognostics machinery conditions and how the
step from diagnostics to prognostics can be taken outline a new
European e-maintenance concept for information technology
based maintenance.
Keywords:- Maintenance, Tribology, Monitoring, Diagnostics,
Prognostics, Signal Processing

I. INTRODUCTION
In our society, a trend for increasing interest and higher
priority to reliability, maintenance, safety and security can be
observed. This is mainly fuelled by two trends. On one hand,
the technological development has results in increased
complexity in industrial and transportation machinery, and in
production and information system that makes them more
vulnerable for failures and disturbances. On the other hand
there is an increased demand in the society for improved
control of economy, environmental risks and human safety [1].
Trends in the world clearly follow this direction. For example,
manufacturers of advanced process equipment already
provide a new generation of products with embedded
diagnostic solutions for automatic on-line condition
monitoring. However, an open problem in industry is that according to the estimates about over 85% of installed drives
belong to the older generation with no embedded diagnostic
functionality. This means that most of them are poorly
monitored or even not monitored at all. As many of such
machines will still be operating for some time, an upgrade
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with low-cost intelligent condition monitoring module would
significantly improve surveillance, reduce maintenance costs,
decrease failure rates and increase equipment availability.
Namely, timely localization of the root cause would allow for
more efficient pro-active maintenance as well as less costly
and better planed fault accommodation.
Intensive research in the area of fault diagnosis and prognosis
has been running for several decades. However, available
commercial solutions are still mainly tailored for the
particular classes of drives and are usually limited to fault
diagnosis (without prognosis). Some additional weaknesses
extend to: (a) high prices, (b) utilization of a restricted set of
diagnostic techniques (mainly analysis of vibrations or oil
analysis) and (c) in some cases limited capability of fault
localization [2].
The technical development offers every day new and more
advanced tools to achieve this. The development is especially
rapid in the information technology related areas. The size of
sensors, and at the same time their performance is improved
and prize has dropped by orders of magnitude when produced
in large series [3,4,5] Wireless communication can be used
effectively over both global and local distances and to single
or multisensor systems [6, 7]. Software development such as
artificial intelligence, expert systems, fuzzy logic, pattern
recognition and hybrid system makes it possible to process
larger volumes of data and to make more advanced reasoning
and decision routs [8, 9]. The skill to implement these new
techniques in products and production system is today an
important industrial competitiveness argument [1]. The
challenge to manage to predict failures and disturbances and
to estimate the remaining lifetime of components, mechanical
systems and integrated systems is a very tough one for the
researchers and engineers. The steps ahead, depending of our
knowledge in many of the technological areas involved and
addition it is necessary to find holistic approaches and
methodologies to integrate the different techniques.
In this paper we will present a method to integrate the
tribological knowledge into monitoring diagnostics and
prognostics techniques which developing in the CTD (Center
for Tribology and technical diagnostics) and show how the
step from diagnostics to prognostics can be taken outline a
new European e-maintenance concept for information
technology based maintenance.
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II. SCIENTIFIC BACKGROUND, PROBLEM
IDENTIFICATION AND OBJECTIVE OF THE
FUTURE RESEARCH
Stable and predictable condition of process equipment, high
process availability, product quality, and reliability are key
factors that keep a company competitive. However, wear,
material stress and environmental influences cause equipment
to fail. Most prone to failures are all mechanical drives.
Unexpected failures can result in partial or total breakdown of
a production line, destroyed equipment and even catastrophes.
Though important and indispensable, maintenance of such
equipment represents surprisingly high financial burden for
the European industrial sector. Surveys over the last 20 years
reveal that direct maintenance costs in European industry
amount to 4% - 8% of the whole companies' income /10/. In
the power generation sector these figures go even higher, up
to 11%. The most surprising is the fact that one-third to onehalf of this expenditure is wasted through ineffective
maintenance. In addition, the indirect costs caused by
degraded product quality, reduced production efficiency, loss
of customers etc. are at least of the same range of magnitude
as direct costs.
The problem lies in current maintenance practices, which
reduce to [11]
•
breakdown maintenance and
•
preventive (periodic) maintenance (at best).
Breakdown maintenance means that no actions are taken to
maintain the equipment until it breaks and consequently needs
a repair or replacement. Apart from that, in preventive
maintenance, periodic inspections and maintenance services
are undertaken irrespective of the machine’s condition. While
this policy sometimes reduces equipment failure rate, it is lab
our intensive, does not eliminate catastrophic failures and
causes unnecessary costs due to equipment replacement.
Any means that can possibly lower maintenance and
equipment unavailability costs can have great engineering and
economic impact. Moreover, apart from catastrophic failures,
which are sudden and cause total loss of functionality, the
99% of mechanical failures go through a distinct incipient
phase. This means there are some noticeable indicators, which
provide advanced warning about onset of failure. The role of
automated condition monitoring (CM) is to timely detect this
onset, localize the root-cause and, possibly, trend its
progression over time. The remaining time until final
breakdown can be long enough to allow for efficient
maintenance service. This is the key idea of predictive
maintenance (PM) [11].
The arguments above explain why so intensive research and
development in the area of machine condition monitoring has
been done in the past decades. The development has gone
across two main lines:
• sensors with accessories and
• methodology.
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A large variety of sensors have been developed: vibrations,
acoustic emission, wear debris analysis, oil, condition,
ultrasound etc. Vibrations sensors and vibration monitoring
solutions are prevailing on the equipment market. The
products range from portable data collection equipment to
large-size permanent installed vibration monitoring systems.
New generation of micro-sensors is appearing on the market
and will probably influence the practice of CM.
The basic stages of CM are feature extraction, feature
evaluation and fault isolation. Feature is a function of the
measured signal and should be sensitive only to the fault
while insensitive to the operating conditions. An uncountable
number of papers have addressed machine condition
monitoring, mostly tackling the problem of feature extraction.
In spite of the impressive progress in methodology there are
still issues that deserve intensive research. Some of them will
be addressed in this paper [2]:
1. Full exploitation of information sources. The past few
decades have brought significant development in
technologies for machine condition monitoring (CM) and
fault diagnostics. Advances in vibration sensors, acoustic
emission sensors, sensors for oil particle counts provide
reach sources of diagnostic information by applying
sensor fusion approaches. These opportunities have not
been fully exploited yet.
2. Limited applicability of CM algorithms in industry. A
large amount of scientific papers dealing with feature
extraction and signature analysis for continuous
monitoring have appeared in the periodicals so far. It is
natural to ask why these methods have not penetrated the
industrial practice more intensively. Namely, in vast
majority of the cases the results are demonstrated and
validated on simplified laboratory setups and in well
defined stable conditions. Though the results obtained
can be extremely valuable, such an approach cannot
provide a complete picture about the practical merit of an
algorithm. Realistic industrial conditions raise a series of
additional issues, e.g. the influence of disturbances from
environment,
shocks,
interruptions
protocols,
communication issues, man-machine interfaces, handling
and many more. Performing field experiments can be
rather costly with existing standard equipment. So,
purchase and implementation costs are still the main
barriers for companies for wider application of CB
monitoring solutions.
3. Design of methods, software and hardware for direct
support to the maintenance strategies. The ultimate goal
of machine condition monitoring and fault diagnostics is
to get useful information on the condition of equipment
to the people who need it in a timely manner. This
concerns operators, maintenance engineers and
technicians. The diagnostic system must ensure that
useful data is collected, that data is changed into
information in a form required by others. These humancantered requirements reflect in the approaches to the
specification and design of the diagnostic system.
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Needs to overcome the limitations of current tools. Apart
of dozens of vendors of sensors for CM the
manufacturers that offer automated and continuous
monitoring are rather few and restricted to special items
of equipment. There are two problems with these
solutions:
a) Typically, they are not portable from one case
study to another. A rare exception is e.g. the
MCM system [12] which uses only electrical
current and voltage of the driving motor to infer
about mechanical faults on attached drives.
Though easy to use, the system seems not to be
applicable to drives run by other sources, e.g.
combustion engine.
b) Except in extreme cases, the systems do not
include prognosis of useful residual life of the
equipment. This is a difficult problem and a
particular challenge of this project [13].

III. STATE-OF-THE-ART IN THE PROPOSED FIELD OF
RESEARCH
Condition monitoring of critical, failing or ageing machinery
components such as e.g. bearings, seals, transmissions, is used
as a normal maintenance task. In some cases is also including
advanced signal analysis techniques. However, monitoring
and signal analysis is seldom accompanied with a detailed
tribological analysis that is wear, friction, and lubricant and
oil particles analysis. But, the basic problem studied the
changes in performance of moving component surface- is just
the same. Therefore, an integrated approach will offer the best
possibilities for advanced and reliable diagnosis and
predictions. Such approach well represents the VTT TriboDiagnostic Circle as shown on the Figure 1 [1].

device, sensor 4, through a transfer media 2 which may also
affect the signal. The sensor does not only detect the signal
coming from the specific contact spot that we are interested in
but it also receives signals from other contacts and sources
both inside and outside the machinery 3. Using a set of
measuring signals, point 5, component data, signal analysis
data or tribological data is transferred to tribological 6 and
signal analyses 7. The signal analysis and tribological analysis
give the information needed for the diagnostics resoning 8.
The results of the diagnostic resoning are a diagnosis of the
dynamic condition 9. The actions 10 recommended to taken
based on this process.
In general, a diagnostic procedure consists of the three major
steps: feature extraction, feature evaluation and fault isolation.
In the first step the measured signals are mapped into another
set of signals referred to as features. An important property of
the features is that they depend exclusively on system fault
and are independent of the system operating conditions. In a
fault-free case, all the features lie within some limits defining
their nominal ranges.
A. Feature extraction
A plethora of methods have been proposed in the literature.
Existence of so many methods is due to that there are so many
instances of apparently very similar problems. Let us pick up
a sample of most relevant ones; Fourier Transform, Wavelet
Transform (WT),Wavelet Packet Transform (WPT), Hilbert
Transform, Cepstrum Analysis, Higher order spectral analysis
(HOS), Cyclostationary analysis, Spectral kurtosis [2, 14, 15].
On the other hand we have the method as stress and
deformation analysis, surface chemistry analysis, fluid
chemistry analysis, friction energy analysis, fluid flow
analysis, debris generation analysis and surface deterioration
analysis which also can be used [15, 16].
B. Fault isolation

3.Noise

5.Measuring Signals
7.Signal analysis
4.Sensors

6.Tribological
analysis

2.Transfer
media

3.External
effects

8.Diagnostic
reasoning

1.Contact
mode

9.Dynamic Condition Diagnosis

10.Actions

Fig. 1: The VTT Tribo-Diagnostic Circle. [1]

The starting point 1 for analysis is to define the contact mode
on the identified critical component. The dynamic signals
from the contact point are transferred to the signal monitoring
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Fault isolation is a typical reasoning problem. Classical
approaches are based on Boolean logic or Bayesian reasoning.
Recently, several other approaches are being employed, like
Dempster-Schaffer theory and fuzzy sets theory. Transferable
Belief Model, which stems from the Dempster-Schaffer
theory enhanced with the paradigm of an open world, appears
to bring interesting implications for fault isolation [15, 17].
C. Fault prognostics
In the area of prognostics there are two main threads, namely
RUL (remaining useful life) and probability of failure up to
some future time (e.g., next inspection interval). Both
approaches are determining the time based on the current
machine condition and past operation profile. Since we are
focusing on drive systems, the RUL roughly depends on the
state of the drive and the state of the transmission parts (gears,
bearings, belts etc.). The knowledge of the geometry of these
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parts as well as driven load, allows building a model of the
failures using the present and available historical data [18].
There are three main approaches for predicting the RUL [15,
19]:
•
Traditional – event based approach,
•
Prognostic – condition based approach,
•
Integrated – based on combination of the previous
two
The traditional approach is based on event monitoring over a
population of similar units. The most popular methodology is
the use of the Weibull distribution, mainly due to the ability to
model the “bath-tub” mortality curve.
The prognostic approach can be divided in several groups:
statistical (probabilistic), physical-based prediction, datadriven models (based on some AI approach), or integratedbased approach (as a combination of the previously
mentioned).
Figure 2 gives a general schematic diagram of diagnostics and
prognostics based on multi sensor measurements and multi
source data, showing various possible data sources as well as
what kind of knowledge or methods can be used [2].

Fig. 2: CTD-Concept of the Diagnostics and Prognostics Engine [2].

IV. EUROPEAN FUTURE VISION FOR
E-MAINTENANCE
The e- Maintenance vision of future is offered from
researchers on the Integrated European Project called
DYNAMITE. The project was running over the years 200509, coordinated by VTT technical Research Centre of Finland.
The DYNAMITE vision of future is illustrated in Figure 3.
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Fig. 3: The European Dynamite concept for future IT-based maintenance [1].

Today about 30% of all the maintenance activities in
industrial and transportation system in Europe are unplanned.
The planned and scheduled maintenance is used as
maintenance strategy very commonly, in about 55%.
Advanced companies have moved to condition based
maintenance. This part represents less than 15% of the
enterprises in Europe. The DINAMITE vision takes the
maintenance even one step further; essentially taking full
advanced information technology both related to hardware,
software and information content, Figure 1.
The measured machinery condition data is picked up with
micro size sensors especially designed for maintenance
purpose and low cost on- line lubrication sensors analyzing
both the condition of the oil and its contamination. The data is
wirelessly transferred to smart tags on
components and
devices where their identity, history, health and service data is
stored. The sensors and smart tags have the ability to
communicate with each other and also with PDA, s (personal
Data Assistant) that maintenance personnel carry with them
when moving around in the plants.

CONCLUSIONS
The paper introduced an open problem in industry namely
that about over the 85% of installed equipment belong to the
older generation with no embedded diagnostic functionality.
The main problem in the maintenance practices is that about
30% of all maintenance activities in industrial and
transportation system is unplanned, using breakdown
technology, and that planned and scheduled maintenance
technology is used in about 55%. Until now, less than 15% of
the enterprises have moved to condition based maintenance
technology. In the paper is introduced a new concepts of
maintenance technology based on the integrated tribological
knowledge into the monitoring, diagnostics and prognostics
techniques. The implementation of the proposed concept will
be very hard problem. We hope that proposed concepts will
initiate a common high level technical and scientific work and
innovative solution before around the Europe.
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Abstract— Advanced data analysis is needed to efficiently
integrate maintenance and operation. A good basis for this
increasingly important task is process and condition monitoring
data. Intelligent stress, condition and health indicators have been
developed for control and condition monitoring by combining
generalised moments and norms with efficient nonlinear scaling.
These nonlinear scaling methodologies can also be used to handle
performance measures used for management The data-driven
analysis methodology demonstrates that management oriented
indicators can be presented in the same scale as intelligent
condition and stress indices.
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I.
INTRODUCTION
Management of engineering assets have traditionally been
analysed in the framework of reliability, utilization and
availability. In this framework, organizations seek to increase
operational effectiveness, revenue and customer satisfaction,
while reducing operating costs [1]. Mather listed six elements
affecting this process, including productivity, cost
effectiveness, safety, learning, quality and environmental
concerns [2]. Murphy and Hill combine these into three focus
areas [3]: safety, reliability and performance and emphasize
that there are differences between industrial types (Fig. 1).
Integration of maintenance and operation focus on five key
words: production, quality, just on time, lean and quick
response [4]. Maintenance is defined as risk based [5],
preventive [6] or condition-based [7],[8]. There are several
performance measures: harmonised indicators for asset
management [9]; several performance indicators for process
units [10]; statistical analysis for reliability-centered
maintenance (RCM) to find critical process units [11]. Also,
environment is increasingly important [12]. Many aspects of
these measures are incorporated in the overall equipment
effectiveness (OEE) measure [4]. However, this view could be
too narrow, as all these measures are related to the outcomes
of the process and maintenance improvements. Performance
should be understood in connection to a life cycle [8].
Real time information is needed to reduce uncertainty.
Moreover, condition monitoring and process data should be
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continuously collected and made available. Advanced signal
processing and feature extraction help in the analysis [13], e.g.
by using generalised moments and norms introduced in
vibration analysis [14],[15] to produce informative features. A
combination of real order derivatives and generalised norms
[16] can be used in various applications [17]. Nonlinear
scaling [18], [19] is used to develop intelligent indices [20],
which can be understood as stress and condition indices [21].
Interpretation of these indicators requires event data, and
widely used frequency domain analysis for the final fault
identification. Monitor changes can be based on the principles
of statistical process control (SPC) and the Six Sigma [22].
Case-based modelling with linguistic equations (LE) can
further extend the analysis [21].

Fig. 1 Engineering Asset Cultural Framework [3]

This paper presents a consistent mathematical framework to
be used for the operation, maintenance and asset management
of engineering assets. The advanced indicators developed
from process data and condition monitoring measurements
from different performance measures are combined to monitor
the progress towards the strategic goals of maintenance and
operation.

43

II.
STRATEGIC MAINTENANCE
Companies started to recognise maintenance as a specific
and autonomous function only about 70 years ago, and
preventive maintenance became highly important in 1940s
[23]. Emphasis has been on corrective and later in preventive
maintenance [6]. The idea of integrating maintenance with the
process operation is not new. The Japanese developed from
preventive maintenance the concept of total productive
maintenance (TPM), which meant a move from corrective
maintenance to "deterioration prevention" and "maintenance
reduction". The Japanese Institute of Plant Maintenance
started an annual TPM award already in 1971. TPM is also
referred as "total productive manufacturing" or "total process
management‖, and therefore it has close connections to total
quality management (TQM) in operations and just on time
(JOT) in material flows [4]. TPM also enables improvements
on personal skills. TQM, which was strongly developed in the
1950’s, focuses on maintaining existing quality standards as
well as making incremental quality improvements to generate
a competitive advantage [24]. The process chain and all
employees are important [22]. Plant top performance requires
integration of three central areas: TPM, TQM and JOT [4].
The step from time planned to condition-based maintenance
was long awaited [8].
Lean manufacturing (LM) or lean production requires
equipment to be available on demand, and the planned and
preventive maintenance functions should come up with these
requirements [25]. Quick response manufacturing (QRM) is a
companywide strategy to cut lead times in all phases of
manufacturing and office operations. Key issues are cost,
quality, speed of delivery and flexibility [26]. Risk-based
maintenance (RBM) techniques are based on following
modules: hazard analysis, consequence estimation, likelihood
estimation, risk estimation, risk acceptance and maintenance
planning [5]. In 1994, Torres Farinha introduced the concept
of terology, which is defined as the combined utilisation of
operational research techniques, information management and
engineering, with the objective of accompanying the life cycle
of facilities and equipment [23].
III.
PERFORMANCE MEASURES
There are many ways to measure, monitor and analyse
maintenance and operation performance.
A. Harmonised indicators
Harmonised indicators provide guidelines for constructing
a set of indicators, whose metrics need to be adopted and
modified to meet special requirements. The European standard
EN 15341 introduced by the European Federation of National
Maintenance Societies (EFNMS) offers 71 predefined
indicators to measure maintenance and availability
performance. The Best Practice Committee of the Society for
Maintenance & Reliability Professionals (SMRP) defined 70
predefined metrics to measure maintenance and reliability
performance. The current combined release contains 26
indicators with definitions, objectives, formulas and
calculation examples. The goal of harmonisation is to find
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common metrics for benchmarking between facilities in
different countries and continents. [9]
Harmonised indicators can be used for monitoring
maintenance actions on a management level, where the
indicators are based on cost, time, man-hours, inventory value,
work orders and cover of the criticality analysis, see examples
in Table 1. Numerous elements need to be taken into account
when assessing the current best practices, e.g. IDCON uses
285 elements scaled from one to 100 [27].
TABLE I
EXAMPLES OF HARMONISED INDICATORS, SEE [9] FOR DETAILS

Indicator
Cost

Inventory
value
Time
Systems
Work orders
Man-hours
Spare parts

Harmonised indicators
Nominator
Denominator
Maintenance cost
Asset replacement value
Quantity of output
Internal personnel
Total maintenance cost
Contractor cost
Corrective
maintenance
Condition-based
maintenance
Maintenance
Asset replacement value
materials
Operating time
Number of failures
Time to restore
Covered by
Total number
criticality analysis
As scheduled
Total number
Training
Supplied as
requested

Total internal man-hours
Total number

B. Key performance indicators
Key performance indicators (KPIs) reflect the critical
success factors and the goals of the organization, which differ
depending on the organization. KPIs must be quantifiable, i.e.
there must be a way to accurately define and measure them.
Fully automated online KPIs would be very useful. However,
the maintenance function covers various aspects, including
quality assurance, financial, reliability, planning, execution,
strategic, data completeness, logistics, and competency [10].
Meaningful information can be obtained, if each KPI is
associated with its upstream objectives. Discovering these
relationships and possible redundancies is important for multicriteria decision making. Simple pair-wise correlations are not
sufficient in analysing redundancies. Therefore, several
multivariate modelling approaches are needed. Cause-effect
relationships are essential to this analysis. Centring and
standardisation techniques are needed for handling
heterogeneous measurement units. [28]
In the strategic level, the important outcome measures of
the performance analysis are return on investment (ROI) and
indicators of health, safety and environment (HSE). The
quality of the performance metrics can be assessed with the
SMART criteria: specific, measurable, attainable, realistic and
timely [12].
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C. Reliability-centered maintenance
Reliability-centered maintenance (RCM) aims to ensure
that assets continue to do what their users require them to do
in their present operating context. It moves the maintenance
practise from predicting life expectancies to managing the
failure process. RCM integrates the system designer and
people who are in charge of managing the system during its
life cycle. The guide to the RCM standard (SAE JA1012)
published in 2002 amplifies and clarifies the evaluation
criteria listed in SAE JA1011, and summarizes additional
issues that must be addressed in order to apply RCM
successfully. [29]
The basis of RCM is the RAMS (Reliability, Availability,
Maintainability and Safety) analysis, which starts with the
collection of the project information, including process flow
diagrams, pipe and instrumentation diagrams, protection
system description, specific project and design documents,
and emergency shut-down philosophy. RAMS uses data such
as failure modes, failure rates and repair times are collected
from specific databanks. During RCM application, the
maintainability and availability analysis is refined by
estimating the total downtime due to preventive and corrective
actions associated with each component of the system. Failure
mode and effect analysis (FMEA) examines the control and
protection equipment and their capability to prevent or
mitigate accidents or failures. RCM links the level of tolerable
risk to the development of a maintenance strategy. [11]
RCM is based on statistical analysis, and Monte Carlo
simulations are essential parts of the analysis. Availability
performance databases can be used in estimating probabilities
for a new system. Fuzzy reasoning, where the factors affecting
to failure activation are defined as trapezoidal fuzzy numbers,
has been used to evaluate and assess the likelihood of
equipment failure from the process flowsheet [30]. The expert
system also took care of the prioritisation of the failure modes.
Criticality analysis links RCM to the TPM improvement plan.
D. Overall equipment effectiveness
Overall equipment effectiveness (OEE) is a set of broadly
accepted non-financial metrics which reflects manufacturing
success [4]. OEE combines availability (uptime), performance
rate and quality rate (Fig. 2). All these are strongly affected by
how well the maintenance work is being executed. OEE is
very often overrated. Low levels of OEE often result in
critical units, which are on the verge of becoming a pinchpoint in the supply chain. Even in cases, where the equipment
is thought to be out of date, the gains from refurbishment are
not necessarily high, if the reasons of the reduced performance
are elsewhere. Appropriate checking, best practice operation
routines and regular condition monitoring should be applied to
the new equipment as well. Different losses are analysed in
OEE, and more detailed information on quality, performance
and availability (Fig. 2) provide a good basis for improvement
plans.
Recent examples from industry show remarkable
improvements in reliability [8]. A Swedish mining company
LKAB increased production by 15 % by reducing time delays
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caused by production stop by 50%. The time between
production stops doubled, and the number of production
incidents was reduced by 37 %. Willmott presents several
successful examples of OEE improvements with some
examples of financial benefits [31]. An OEE of 85 %, which
is often said to correspond to world class efficiency, is
surpassed. The pulp and paper industry has relatively high
OEE values. This status was achieved with long term
automation activities [32], [33]. Investments in new
production lines are rare in Europe and the engineering asset
management of the ageing production lines requires effective
maintenance investment management to ensure the
competitiveness of the plants [34].

Fig. 2 Overall equipment effectiveness (OEE), see [4]

E. Statistical process control
Statistical process control (SPC) is used in monitoring a
process through the use of control charts, also known as
Shewhart charts or process-behaviour chart. The principle is
to measure the deviation of the current signal from a reference
signal representing the normal condition to see whether the
current signal is within the control limits or not. SPC, which
was originally developed for quality control, is now widely
used in fault detection and diagnostics. [35]
Six Sigma is a process improvement program for the
quality of process outputs by identifying and removing the
causes of defects (errors) and minimizing variability in
manufacturing and business processes. The Six Sigma
approach uses a set of quality management methods, including
statistical methods, and creates a special infrastructure of
experts within the organization. This business management
strategy was originally developed by Motorola in the 1980’s.
Performance is evaluated by process capability indices (PCIs),
which assume that process output is approximately normally
distributed. The Taguchi capability index calculates an offcenter process mean. [22], [36].
IV.
DATA ANALYSIS
Process control is normally based on real-time data. In
condition based management, both real-time and periodic data
need to be compared (Fig. 3). In management level,
performance measures cover a very wide set of production
aspects. Event data is essential in decision making. Advanced
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data analysis is needed to bring all these on the same scale to
make the integration of maintenance and operation efficient.

The norm values increase with increasing order, i.e.
(2)
( M p )1/ p  ( M q )1/ q ,

A. Data acquisition
Process measurements are normally collected frequently,
but also some infrequent measurements and laboratory
measurement can be used. Both event data and condition
monitoring (CM) data are needed for development and
assessment of condition indicators and the maintenance
support systems. Condition monitoring measurements are
normally done periodically, but they can be obtained very
frequently. Harmonised indicators, KPIs, PCIs and statistical
distributions obtained from RAMS analysis correspond to a
longer time periods.

if p  q . The increase is monotonous, if all the signals are not
equal. The absolute arithmetic mean, the root mean square
(rms) value and the absolute harmonic mean are special cases
where the order p is 1, 2 and -1, respectively. When the order
p  0 , we obtain from (2) the absolute geometric mean. The
norm (1) represents all the norms from the minimum to the
maximum, which correspond to the orders p   and
p   , respectively. The norm (1) combines two trends: a
strong increase caused by the power p and a decrease with
the power 1 . [16]

p

Signal processing and feature extraction with generalised
norms (1) are combined for continuous and periodic condition
monitoring measurements [17[,[38]. Process data include both
very infrequent measurements and arithmetic mean values of
more frequent measurements [21]. Harmonised indicators,
KPIs and PCIs can be handled as infrequent process
measurements. Statistical distributions are analysed by
dividing the histogram into bins [39]. Case-based reasoning
(CBR) suits for using the previous problem solving experience
in RCM [40].
Fig. 3 Detecting operating conditions and faults [21]

The event data includes information on what happened, e.g.
installation, breakdown or overhaul, and what the causes were
and/or what was done what to the targeted physical asset, e.g.
minor repair, preventive maintenance, and oil change. The
systematic collection of event data is often neglected, since
data usually need to be entered manually into the information
systems. [7] However, efficient acquisition of shallow
knowledge concerning everyday human interventions on the
production lines and the factory-wide sharing of the resulting
information improve defect management. Semi-automatic
knowledge acquisition with dedicated interfaces has been
developed in [37] for an electronic assembly line. This system
improved fault detection and recovery considerably as well as
improving defect-related communication within organizations.
B. Signal processing and feature extraction
Informative features can be obtained by generalised norms
defined by
p
1 N
x ( )   M p  ( M p )1 / p  (  x (i  ) )1 / p , (1)
p
p
N i 1
where    is the order of derivation, and the order of the
moment p   is non-zero, were presented in [15]. The
( )

norms, which have the same dimensions as the signal x ,
are defined in such a way that    p   , i.e. the definition
includes the l p norms defined for 1  p  . The norm (1) is
a Hölder mean, also known as the power mean.
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C. Nonlinear scaling
The basic idea of the linguistic equation (LE) methodology
is the nonlinear scaling developed to extract the meanings of
variables from measurement signals: the feasible range is
defined as a membership function (Fig. 4). The scaling
function, denoted as membership definition, scales the real
values of variables to the range of [-2, +2], which combines
two monotonously increasing functions: one for the values
between -2 and 0, and one for the values between 0 and 2 [18].
The functions consist of two second-order polynomials
f j ( X j ) and f j ( X j ) defined by the points
 (min( x j ),  2), ((cl ) j ,  1), (c j , 0), ((ch ) j ,1), (max( x j ), 2) . (3)
The value range of is divided into two parts by the central
tendency value c j and the core area, [ (cl ) j , (ch ) j ], is limited
by the central tendency values of the lower and upper part. In
the new methodology introduced in [20], the analysis of the
points (3) is based on



E  X ( )   M p

k  
k

 
k

p

X

(4)

,

where the order k is a positive integer. The kth moment is
generalised by calculating it about the generalised norm (1),
and normalised by the standard deviation  X , which is
calculated about the origin, i.e.  X 



M 2 . Derivation is
2

only used for signals (Fig. 3), i.e.   0 for process
measurements, harmonised indicators, KPIs and PCIs.
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The central tendency value is taken from the point, where
the skewness  3 changes from positive to negative, i.e.  3  0 .
Then the data set is divided into two parts: a lower part and an
upper part. The same analysis is done for these two data sets.
The estimates of the corner points, (cl ) j and (ch ) j , are the
points where the skewness goes to zero. The iteration is
performed with generalised norms (1).
The monotonic increase of the scaling functions is satisfied
with

(cl ) j  min( x j )
max( x j )  (c h ) j

  j (c j  (cl ) j ),
  j ((c h ) j  c j )

if the shape coefficients

 j

and

 j are

(5)
both in the range

 1  . Corrections are done by changing the borders of the
 3 , 3


core area, the borders of the support area or the centre point.
The local linearity requirement is taken into account, if
possible. [20]
Values of the variables do not need to be centered, and the
distributions of different properties can be handled. The
approach improves sensitivity for normal, Poisson and
Weibull distributions [20]. This is beneficial in condition
monitoring [20] and defect detection [41]. The scaling
functions can be tuned with genetic algorithms [19].

based maintenance. The overall operation includes several
feedback loops (Fig. 5).
A. Monitoring
The operation should utilise continuous condition
monitoring as much as possible. Condition and stress indices
are efficient tools for this, as they can be handled by the
automation systems as normal process measurements.
Additional sensitivity is achieved for the values which only
slightly differ from the centre values. For cavitation, the
approach provides four severity levels from cavitation-free to
clear cavitation. For the supporting rolls of a lime kiln, it
provides an efficient indication of faulty situations. All the
supporting rolls can be analysed using the same approach. The
results are consistent with the vibration severity criteria [42]:
good, usable, still acceptable, and not acceptable. Warning
and alarm limits are useful in the identification of fault
candidates with fuzzy set systems and specialised condition
indices. [20].
Harmonised indicators provide valuable information about
the performance: improvements towards more cost effective
maintenance with less unscheduled actions can clearly be seen.
SMART criteria bring KPIs to closer connection to the
process. OEE is a good tool for monitoring the performance
improvement. All these can be considered as feedback
information for management. Therefore, more process related
information is needed to find suitable actions to improve
safety, reliability and performance.
SPC, which is used for monitoring variability, can also be
extended to monitor harmonised indicators, KPIs, RAMS data
and the OEE. In addition, SPC can be used to compare the
results of improvements when developing best practices.
Generalised norms are used to define the limits for an
advanced analysis expanding on the traditional Six Sigma
analysis, which is based on the norms x   M 1 and
1

X 



2

M

.
2

A new intelligent trend analysis methodology introduced in
[43] provides additional trend and deviation indices for early
detection of changes [44].

Fig. 4 Feasible range, membership definitions and membership functions [18]

Membership functions can be generated from the
membership definitions by selecting the core areas (Fig. 4),
e.g. the set {very low, low, normal, high, very high} is defined
by the locations {-2, -1, 0, 1, 2}. [18]
V.
OPERATION AND MAINTENANCE MANAGEMENT
Sustainable performance is achieved by balancing stress to
the equipment conditions. Improved performance is the key to
reducing life cycle costs, i.e. also reliability and safety are
maintained when the risks of unexpected abrupt faults and
failures are minimised. Focus areas of the asset management
depend on the type of industry (Fig. 1). Performance
improvement requires and allows investments into condition-
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B. Control and scheduling
Stress indices should be used for process control to avoid
conditions which can cause harmful effects: continuous CM
can be directly used in stabilising control (Fig. 5). Stress
depends on the condition of the process equipments. A
simulation test presented in [45] shows good results for using
cavitation indices for the power allocation and control of
Kaplan water turbines. Power control minimises the cavitation
risk by dividing the load between three turbines, whose
conditions are normal, bad and very good. Each turbine has
three operating modes: low, normal and high power. In the
normal area, a cavitation free power level is taken as an
operating point. The low and high operating areas are defined
by local minima of the cavitation indices.
The control system has a feedforward controller, which
allocates the load to the turbines by means of a knowledge-
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Fig. 5 Integrated control and condition-based maintenance

based cavitation indices, and a feedback controller, which is
based on the LE approach. Each turbine has a P type LE
controller which is adapted to the operating conditions by the
scaling functions. The difference of the cavitation index,
denoted as (I c )i , is obtained from

important for the supporting rolls of lime kilns [20]. In the
steel industry, the monitoring of critical components became
more and more important as loads were increased during the
economical boom years 2004 to 2008. In rolling mills, quality
and production performance is maintained by controlling
chatter, lubrication, torque distribution between the upper and
(6)
(I c )i  ( I C )i  ( I C ) av ,
lower spindle, and inter-stand strip tension. Residual life-time
where ( I c )i is the cavitation index of the turbine i, i  1,..., n , monitoring of critical components underlying fatigue or wear
are essential for planning monitoring actions. [46]
and ( I C ) av is the average of the cavitation indices of all the
Higher levels can be understood as the scheduling of
operating turbines under consideration. The difference is parallel facilities, the properties of which change over time.
limited to the range  2, 2 , and the change of power is Fuzzy logic can be used in systems, where the changing
calculated in the same range by a P type LE controller. The properties are handled with preferences and priorities [47].
change of control for each turbine is obtained by the For these levels, the stress and condition indices, as well as
corresponding scaling functions. Finally, the changes are the cumulative time on different risk levels can be monitored
balanced, as they should not change the total power. This can with the trend and deviation indices. The continuous condition
measurements and process data provide information, which
be partly done by cancelling the smallest changes. [45]
The cumulative time in the strong cavitation provides an can be used in prognostics [44]. Appropriate monitoring
indication of possible damage, which can be used to select the intervals for periodic condition monitoring and maintenance
turbine for low power operation. The cumulative time in actions can be defined by using dynamic models, e.g. LE
short-term cavitation is another indicator of deviations from models. In addition to the widely used probability
smooth operation. Short-term cavitation is not as harmful as distributions, fuzzy arithmetic, which is based on the
strong cavitation. The characteristic curves are adapted to the extension principle and interval analysis, can be used [48].
recent indices in order to handle the changes in the condition C. Maintenance
of the turbines. For power stations with many turbines,
Continuous and condition-based periodic condition
alternatives to reduce cavitation risks are evaluated with
monitoring
provides new indices for automation and
simulation to optimise maintenance actions. [45]
information
platforms, including the integration of the
In practice, condition and stress should be balanced on the
computer
maintenance
management system (CMMS) to
machine and process equipment level. Problems can be
collect
accurate
information,
especially event information.
avoided or reduced using proper control, e.g. lubrication is
These systems are the core of traditional scheduled
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maintenance practices and rely on bulk observations from
historical data to make modifications to regulated
maintenance actions [49].
The analysis is repeated at intervals defined by the sample
time τ, and the time interval is added to the cumulative time of
the corresponding stress level, e.g. strong cavitation and shortterm cavitation, as in [45]. Continuous real-time operation
reduces quality losses by improving value adding work time.
Methodologies developed for data analysis, modelling, fault
diagnosis and decision making form a good basis for using
diagnostics and prognostics for the adaptation of control and
maintenance (Fig. 5). Deeper analysis is a basis for reducing
speed and shut time losses through the adaptation of the
control. In a paper machine application [50], a breakdown and
an additional stoppage were avoided when the speed was
reduced for two weeks: the same or lower vibration level was
maintained for one week.
D. Management
Relevant
knowledge
of
interdependencies
and
interrelationships is needed to create significant long-term
improvements in diverse situations, where costs need to be
reduced while maintaining or improving quality.
Improvements are introduced through a PDSA cycle: plan, do,
study and act [51].
Nonlinear scaling can be used for harmonised indicators
(Table 1) in two ways:
 Ratios are scaled to [-2, +2], e.g. systems covered by
criticality analysis, work orders, man-hours and spare
parts can be handled in this way. The ratios corresponding
to the corner points (3) can be based on expertise.
 Both nominators and denominators are scaled separately,
and the differences are used as new indices. Recursive
tuning of the scaling parameters is beneficial since the
data sets expand gradually with new examples.
Key performance indicators (KPIs) are well suited for
intelligent performance indices, since they are developed for
automated on-line analysis. Overall equipment effectiveness
(OEE) can be represented by indices. The OEE values of
successful examples [25] are analysed with the nonlinear
scaling approach presented above. The resulting corner points

(Table 2) and the corresponding scaling functions are used in
calculation of the scaled OEE values (Table 3). Linguistic
levels are selected by using the limits presented in Table 2.
Improvements are obtained as a difference of the old and new
OEE values. The linguistic levels of the improvements are
here based on following classification: [0.25, 0.75) slight,
[0.75, 1.25) good, [1.25, 1.75) very good, and ≥ 1.75 excellent
improvement. The material of this example is quite limited,
but the same approach can be used for more extensive data.
All the limits can also be handled with fuzzy membership
functions in the same way as in [18]. This opens new
possibilities for combining maintenance, operation and asset
management and to provide the right real-time information in
the right context for the decision process.
TABLE II
LEVELS OF OEE ANALYSED FROM EXAMPLES PRESENTED IN [31]

OEE
Excellent
Very good
Good
Acceptable
Poor

Scaled
OEE
2
1
0
-1
-2

95.0%
86.6%
76.4%
62.6%
48.0%

Limits
≥ 1.5
[0.5, 1.5)
[-0.5, 0.5)
[-1.5, -0.5)
< -1.5

Improvements of any performance measures can be
expressed with linguistic terms as presented for OEE in Table
3. Intelligent trend analysis is introduced to deepen this
analysis. Statistical process control (SPC) can be used to
monitor performance indices or their changes. Intelligent trend
and deviation indices are suitable for this analysis, and
decision making can be based on preferences and priorities
obtained for any of these indices or their changes. All the
results can be explained with consistent linguistic terms, see
Table 3.
New numerical values facilitate the deeper analysis of
relationships between intelligent indices, harmonised
indicators, KPIs and OEEs (Fig. 5). The analysis can be
further deepened with LE modelling (Fig. 3).

TABLE III
EXAMPLES OF OEE IMPROVEMENTS

Steel Plant
White Goods
Automotive
Flour Mill
Chemical Plant
Filling Line 1
Filling Line 2)
Packing Line 1

From
74 %
79 %
48 %
86 %
82 %
55 %
68 %
66 %

To
90 %
88 %
75 %
93 %
95 %
85 %
80 %
87 %

From
-0.18
0.24
-2.00
0.93
0.52
-1.53
-0.62
-0.76

To
1.38
1.15
-0.11
1.74
2.00
0.83
0.33
1.04

Improvement
1.56
Very good
0.91
Good
1.89
Excellent
0.81
Good
1.48
Very good
2.36
Excellent
0.95
Good
1.80
Excellent

Packing Line 2

50 %

75 %

-1.87

-0.11

1.76
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Excellent

From
Good
Good
Poor
Very good
Very good
Poor
Acceptable
Acceptable

To
Very good
Very good
Good
Excellent
Excellent
Very good
Good
Very good

Poor

Good
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E. Product and process design
Lean thinking aims to eliminate waste and improve cycle
time. Design for Six Sigma (DFSS), also known as DMADV
process, is a systematic methodology to manage variation so
that all expectations can be met and product can be produced
at the desired quality level [52]. The DMADV methodology,
which consists of phases define, measure, analyse, design and
verify, is developed for designing new products or services.
The DMAIC process, which consists of phases define,
measure, analyse, improve and control, is aimed to eliminate
defects and reduce variability [35], [53]. The define step is
heavily reliant on both process mapping and Failure Modes
Analysis (FMA). An appropriate measurement plan is
essential in the measure phase. The analysis phase tries to find
out where the process fails to meet the performance
specifications or where unexpected activity takes place. The
improve phase is targeted at bringing the process back to
required or improved operation. The control phase uses
continuous measurements to control the process and to ensure
it complies with the performance specifications.
Intelligent indices based on nonlinear scaling can be used
for the analysis phase, and the extracted information is useful
in the design and control phases. The performance
improvements can be assessed in a consistent way by using
generalised moments and norms. The Six Sigma approach is
extended by introducing new limits, which also operate for
skew data. Since the improvements may lead to considerably
different design or operation choices, the data-driven approach
needs to be extended with domain expertise. The
improvement cycle provides new material for LE modelling.
Fuzzy reasoning can be included in a natural way by
representing the quality levels with membership functions
(Fig. 4).
VI.
CONCLUSIONS
Performance analysis can be based on real-time information
by using various stress, condition and health indices as inputs.
Similar approach can be used for outputs: quality indices,
harmonised indices, KPIs, PCIs and OEEs. Consistent
linguistic explanations based on nonlinear scaling are
available for all these indices, and the analysis can be further
deepened with LE modelling. Performance improvement is
taken as the primary goal in the asset management (Fig. 1):
efficient monitoring with intelligent indices provide a good
basis for control and condition-based maintenance. The losses
are analysed with OEE (Fig. 2) by first reducing quality, then
by decreasing speed, if necessary, to plan the maintenance
actions. The feedback loops in the integrated operation and
maintenance function (Fig. 5) reduce operational uncertainty
and risks of unexpected problems ensuring better safety and
reliability.
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Abstract— Today’s providers of eMaintenance solutions for
maintenance and support related to complex technical systems
are facing increasing amounts of information flow with the
increased complexity of managing data. Organizations
developing and providing maintenance support solutions and
services also need to improve their capability to efficiently and
effectively exploit the increasing amount of data presented to the
users’. Subsequently the amount of maintenance data is
increasing constantly, thus, human factors issues need to be
considered in development of eMaintenance solutions so that
performance quality, productivity, and profitability are
maintained. Since humans make critical maintenance decisions
based upon system performance measured by use of available
data, it is necessary that the users understand the underlying
data correctly in the correct context. To address the challenges
that arise in complex information environments providers need
to adapt usability-centred methodologies, technologies, and tools
that enable utilization of the advantages eMaintenance solutions
can give. In turn this would also reduce situations where too
much or incorrect information would decrement the users
cognitive capabilities to make good decisions. The usability
challenges faced by eMaintenance are complex and need to be
taken seriously. Hence, the purpose of this paper is to explore
eMaintenance design challenges based upon user issues in
complex system environments. This paper will present an
overview of the challenges that need to be considered for further
research within the field of eMaintenance.
Keywords— User-centred design, Human factors, Usability,
eMaintenance, Maintenance,

I. INTRODUCTION
More and more advanced tools are being used to assist in
maintaining operation and management of maintenance
processes. Since maintenance is composed of a complex set of
activities it is difficult to find procedures and information
support systems that are capable of assisting in all areas [1].
To combat this difficulty in the maintenance processes, the
field of eMaintenance has evolved. The goal of eMaintenance
solutions are that they are to take into consideration all
limitations and constants and then integrate requirements from
stakeholders and facilitate correct decision making on a single
platform [2]. Since the complexity of technical systems is
growing and also the requirement of system sustainability is
increasing, there is a need of developing frameworks that
approach challenges related to the development of
eMaintenance solutions [3].
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Since maintenance activities are most often conducted in
cooperation between humans and machines, usability issues
need to be considered [4]. In short, if a system can assist
operators by quantifying and clarifying the condition of a
process it can substantially decrease the operator’s physical
and mental workload. By implementing user-centred design
methods usability can be improved and this will help decrease
the risk for detrimental errors. A proper eMaintenance
solution will provide a seamlessly integrated and fused service,
such as, data visualization and context-sensing [3]. With this
the users of the system can be more focused upon finding a
solution and not waste time and energy on trying to figure out
the context of the problem.
Even though the users of the system are assisted by the
eMaintenance solutions there are several issues that need to be
considered, since humans are prone to error and mistakes [5],
and this is because they have limited physical and cognitive
resources [6]. This means that too much stimulus can be
distracting, that is, if there is too much to keep track of or
maintain it can be stressful and lead to mistakes. On the other
hand, even too little stimuli can lull one into a condition of
unpreparedness so that when an emergency arises one is not
mentally capable of responding appropriately [6]. Therefore,
factors such as human error, statutory requirements, accidents,
etc. are important considerations in the development of
maintenance and support concepts [4]. An overview
concerning usability considerations for the design of
eMaintenance solutions will be presented in this paper.
II. MAINTENANCE
Maintenance can be perceived as the process that
compensates for deficiencies in the original design [4] and it
includes all the technical, administrative, and managerial
actions during the lifecycle of an item intended to retain it in,
or restore it to, a state in which it can perform the required
function [7]. The operation of maintenance is complex and it
includes; objectives or priorities, strategies, and
responsibilities and the implementation of them by means,
such as, maintenance planning, maintenance control and
supervision [1]. This increases in highly automated plants
there the integrated nature of the equipment and process
separates the operator from the process making it even more
difficult to diagnose and solve problems, while making the
operator a more integral part of the process [8] and when
problems arise they are difficult to diagnose and solve [9].
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The technical complexity and variety of technical systems
make efficient maintenance more difficult because the task of
identifying, tracing and diagnosing has become less
transparent [10].
And today’s maintenance often is based upon “trying to
solve immediate emergencies…. This kind of “work process
disturbances” will exist as long as unplanned and
unpredictable product failures can occur and the customers do
not have the required competence to resolve the problem
themselves. A more “proactive” approach would be to try to
reduce the consequences of such disturbances for both the
customer and manufacturer, by planning and accommodating
for such activities [4].
More specifically operators of the system are often
presented visual cues, of which, they need to place the cues in
the correct context before they can respond correctly. Since
too much information or the wrong information in the wrong
place at the wrong time can lead to distraction and mistakes
[6], of which, in some case can lead to detrimental results.
III. USABILITY
The usability context of this paper is based upon the idea
that usability is ‘‘the capability to be used by humans easily
and effectively’’ [11]. ISO standards on usability state that
usability is ‘‘the effectiveness, efficiency, and satisfaction
with which specified users can achieve goals in particular
environments’’ [12]. For usability in control rooms or even
with smart devices, often used by operators in highly
automated plants, one of the key questions is how to work
with and improve the usability of interactive systems.
Research addressing this question has led to guidelines for
improving the usability of systems [13], methods for
predicting usability problems [14] [15], techniques to test the
usability of systems [16], and discussions on how to measure
usability, e.g. [17] [12] [18].
The ISO 9241 standard for usability [12] breaks down
usability into three groups; effectiveness, efficiency, and
satisfaction, in further, effectiveness is the ‘‘[a]ccuracy and
completeness with which users achieve specified goals’’;
efficiency is the ‘‘[r]esources expended in relation to the
accuracy and completeness with which users achieve goals’’;
and satisfaction is the ‘‘[f]reedom from discomfort, and
positive attitudes towards the user of the product’’ [11].
Although usability cannot be directly measured but by the
use of several measures, e.g. effectiveness, efficiency, and
satisfaction, aspects of usability that can be measured [19].
The usability benefits in system thinking and system design
are accuracy and completeness in response time. How quickly
the task is completed and how correctly it is completed. Flaws
and errors need to be reduced and through design work based
upon the users capabilities. Therefore the goal is to “design
out maintenance or try to optimize the design with respect to
maintenance issues” [4]. The manufacturer should carefully
design the work processes for design, manufacturing,
assembly, etc., and, not least, for supporting product use, to
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avoid errors in use and reduced reliability and quality, and,
finally, for better service delivery performance [4].
IV. USABILITY AND EMAINTENANCE
Crespo Marquez and Gupta [1] when writing about
Maintenance Management they argue that an IT solution there
managers, planners, and production and maintenance
personnel would have access to all equipment data to help
them prioritize actions and make better decisions. To support
the role of keeping and improving maintenance system
availability and safety, as well as, product quality the
development of information and communication technologies
and their application to the maintenance framework has led to
the development of e-maintenance [20].
Globalization and fast growth of communication
technologies, computer and information technologies have
changed the pattern of maintenance. A new maintenance has
emerged and has been gradually replacing the traditional
maintenance [21]. Along with that are new variables being
added to the maintenance processes, e.g. business plans,
financial plans, real-time production and process information,
etc. The definition of eMaintenance is that eMaintenance
takes into consideration all limitations and constants and then
integrates requirements from stakeholders and facilitates
correct decision making on a single platform [2]. “This is
called e-maintenance in which the maintenance system is
dependent upon coordination, co-operation and negotiation
through the use of Internet and tether-free communication
technologies. This enables manufacturing operations to
achieve near-zero-downtime performance on a shareable,
quick, and convenient platform through integrating the
advanced technologies distributed through the manufacturing
process” [21].
With all this information, and the relevant alerts and
warnings that are also involved, a looming concern is the use
of visual information and how it is to be presented to the users.
In many cases, if not all, visual cues are used to alert, warn,
and inform users of the system of changes in the status quo.
This is a challenge for the designers of these highly automated
systems. eMaintenance solutions are used to assist in decisionmaking [3]. A central problem for those in the aircraft
industry is to manage the rapidly increasing information flow
[22]. The problem is that for example in aircraft systems the
parameters, as well as, the tolerances are becoming more and
more context specific. Cutbacks in available aircraft and
aircraft technicians are used to cut back on excessive costs,
and at the same time the complexity of the aircraft systems are
increasing greatly. On top of that the tolerance levels are
increasing. This can be a problem for service technicians or
personnel in that individuals need to know more, have less
time to conduct the task, and must be available at all hours of
the day. The risks for mistakes, which can lead to errors, and
even possibility a catastrophe, are much greater today. Similar
problems arise in manufacturing and process industries where
the systems are becoming more complex and at the same time
greater demands are being placed upon the personnel.
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As shown earlier, more and more complexity is being
adopted to maintenance systems. On top of that complexity
eMaintenance solutions place greater demands on the users,
there the integrated nature of the equipment and process
separates the operator from the process making it even more
difficult to diagnose and solve problems, while making the
operator a more integral part of the process [8] and when
problems arise they are difficult to diagnose and solve [9].
The technical complexity and variety of technical systems
make efficient maintenance more difficult because the task of
identifying, tracing and diagnosing has become less
transparent [10].
James Reason [5] defines human error “the failure of
planned actions to achieve their desired ends without the
intervention of some unforeseeable event” Training and
awareness-creating activities are therefore necessary to avoid
such errors.
V. DESIGN CONCERNS
Present eMaintenance projects are testing “smart” devices
on service personnel to assist them in their service rounds and
repair tasks. These devices allow for real-time communication
with the control room personnel and databases to assist in
repair work. eMaintenance is an important context for
usability because “for complex products, there is a problem in
making the available information accessible and
understandable to the user” [4].
The goal of eMaintenance solutions is to provide decision
support to the maintenance process and its related processes
(e.g. operation process and business process) [23].
eMaintenance solutions also maintain or improve upon
performance quality, productivity, and profitability by
integrating the whole maintenance platform. This is why
usability aspects need to be considered and implemented into
the design of eMaintenance support systems. eMaintenance
solutions need to take into consideration the user and the
context of the user. It is not reasonable to expect the user to be
an expert in all parts of the system but a good eMaintenance
solution would be able to recognize the situation and present
appropriate information to the users. “Often reasons for
product failures can be traced back to design engineers’ and
managements inability to foresee problems” [4].
“Traditionally, software products designed for the information
technology industry put more focus on feature richness than
on ease of use, the assumption being that IT professionals are
expert users who should be able to figure out the functionality
of the application regardless of how complex of poorly
designed the user interface is” [23].
However, recently discussions recur on which measures of
usability are suitable and on how to understand the relation
between different measures of usability. These discussions of
usability are in part fueled by concerns on the limitations of
commonly employed usability measures. Take as an example
Dillon [18], who has argued that users, designers, and owners
of a system may not equally weight the importance of a
usability measure such as time. Thus, the importance of time
as a measure of usability may be overestimated. Another
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example comes from Hassenzhal et al. [24]. They argue that
commonly employed usability measures ignore what they call
hedonic quality, that is ‘‘quality dimensions with no obvious
relation to the task the user wants to accomplish with the
systems, such as originality, innovativeness, beauty, etc.’’ [24].
eMaintenance usability solutions can be incorporated in
maintenance decision support provided by fulfilling the goals
of usability engineering [25]. This is based upon of working
quantitatively with usability and also application of the
measures of usability. “it is now an accepted and common
practice to purchase products whose sole purpose is to help us
master products that we own, but cannot use properly” [26]. It
is probably more important to find solutions for the user needs,
hence, produce new solutions than try to adapt them to the
user [27].
A. User-centred design
“As the industry has matured, there has been an increasing
shift in focus towards ease of use” [23]. In order to understand
the problem of human error one needs to consider what
increases the risk for errors. This includes; too much
information, improper information, improper grouping of
information, and improperly located information. By
measuring usability, flaws while interacting with the user
interface can be detected and, hopefully, corrected before they
result in a mishap.
The role of user-centred design, focuses upon four
principals developed from Gould and Lewis [28] user
involvement, empirical measurement, iterative design, and
multi-disciplinary teams that are used in three phases, concept
formation, prototype development, and evaluation. The user
involvement principal maintains that an understanding and
knowledge about the user(s) is necessary, that an empirical
measurement or validation of the design is required, design
iterations should be used and take into account the insights
gained in the empirical validation, and multi-disciplinary
teams should be used so to have a broad knowledge base of
the users, technologies, and the context of the design problem.
Design
Conclusion

Product  User
Evaluation  Research

Fig. 1. User-centred design model

The standpoint of user-centred design is that the designer
uses the feedback and knowledge of the user to analyse the
different steps in the design process (Figure 1). Jordan [29]
explains this in the three levels of user needs, which are
functionality, which shows that a product needs to function
properly. If it does not function properly then it cannot be
usable and if it does not have the right functionability it will
cause dissatisfaction. For artefacts to be complete in this level
the designer must have an understanding of what the product
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will be used for and the environment it will be used in.
Usability takes into consideration that the first level is fulfilled.
Usability is a qualitative attribute that assesses how easy
artefacts are to use. This is defined by five components;
learnability, efficiency, memorability, errors, and satisfaction
[30] [31]. Pleasure is the third level and usability is a key
component to pleasurability for without usability pleasure is
hard to come by. The difference between usability and
pleasure is that objects are not just usable tools, but they also
are objects that one has a relationship to. As stated by
Markeset and Kumar [4] there is a greater need than just
having a function but also users need to feel a certain level of
satisfaction in using the eMaintenance system. Customer
satisfaction is not only decided by value and performance of
hardware purchased but by the total value received and by the
quality of interaction and relationship experience throughout
the service life of the product [4].
Finally, proposals for new measures of usability are
continuously emerging. The HCI literature now contains
discussions of, for example, fun, aesthetics, apparent usability,
sociability and flow [19]. These proposals all seem to suggest
that common conceptions of how to measure usability may
need revisiting.
B. Customers goals
A main task of good usability is to reduce errors that lead to
downtime, thus, increasing of system availability and
reliability. The better the operator understands the system and
its interface the lesser of a chance they will make incorrect
decisions. A usable system satisfies its users and increases
their efficiency, which leads to increased system availability.
The trend that maturing markets has competing products with
similar feature sets. Thus, ease of use and overall use
experience are becoming more important to the buying
decision.
When measuring usability, we want to select usability
parameters based on the business objectives. This means that
business objectives should be defined and understand. The
usability parameters should be used to contribute to or are
relevant for each specific objective and then selection of an
appropriate approach and tools can be undertaken. In other
words, this means that one needs to fulfil the customer’s goals.
Then in following a performance indicator system should be
used to monitor the effectiveness and efficiency of the
implemented operation, maintenance and support strategies
[32]. To ensure the desired product performance at a support
system for a reasonable cost, one has to develop maintenance
and product support concepts right from the design phase [4].
“Enterprise Applications can be both feature rich and easy to
use” [23].
C. Customer Satisfaction
Customer satisfaction is crucial to business success and,
therefore, product and service strategies should be aligned to
meet customers’ needs. An important part of that is staying
close to customers and providing superior services. This also
helps create more loyal customers and increased customer
satisfaction [33]. The main goal of a service intended to
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support a product, is to ensure the expected function and/or to
facilitate the clients access to its function and in this case it is
the eMaintenance solution and the goal is to produce a
functional system where “the user company focuses on core
business processes (e.g. production) and need not worry about
service/maintenance” [4].
VI. DESIGN RECOMMENDATIONS
One important issue for the need for good design in
eMaintenance solutions for highly complex systems is that no
matter how perfectly the system functions it is still impossible
to design a system that is maintenance free [4]. Surely, the
reasons for improper maintenance and maintenance failures
can be traced back to maintenance design [34] but the
complexity of it makes it almost impossible to find a perfect
solution. Therefore, “it is important to understand operators’
requirements, performance targets, system attributes, and the
competence level of operators and maintenance personnel
before the design process is initiated [4]. In order to produce a
good design these things need to be taken into consideration:
D. Stress reduction
Stressors that can cause stress are noise, vibration, heat,
dim lighting, and high acceleration, as well as psychological
factors such as anxiety, fatigue, frustration, and anger along
with time pressures [6]. Many stressors impose a distraction
and, thus, divert selective attention away from task-relevant
processing. Yerkes Dodson Law [35] states that arousal
improves performance, while too much arousal or stressors
cause performance to decrease. This follows an inverted U
shaped pattern. People who are stressed, while performing,
chose patterns of self-preservation, that is, they often continue
with a plan of action, which, they have used in the past [6].
E. Human Error
According to Reason [36] the primary cause of major
accidents and incidents in complex systems, such as, nuclear
power, process control, and aviation are due to human error.
Many errors committed in operating systems are the result of
bad system design or bad organizational structure rather than
irresponsible action [5] [37]. Human errors made in
experiments are not as detrimental as errors made in real life
situations, therefore, are models or guidelines produced to
help designers predict and test for errors in both simulated and
natural conditions before implementing new changes. In
dealing with humans it is difficult to isolate errors of a certain
kind because the human, as mentioned earlier, can be affected
in many different ways.
Human error can be categorized in several ways and a
model that is consistent with the information processing
model is the Skill Rule Knowledge Taxonomy (SRK) by
Rasmussen [38]. This taxonomy provides “some basic
distinctions which are useful in defining the categories of
human performance for which separate development of
models is feasible”. Three levels of human errors, skill-, rule-,
and knowledge-based, were developed to be useful in design
and evaluation of new interface systems. The skill-based and
rule-based levels are automatic responses, while the
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knowledge-based level is slow and a thought process needs to
be engaged (Figure 2).

2) Equipment design: Equipment should not allow people
to misunderstand what is to be done. Let the operator know
what actions to take and give feedback to what they are doing.
Use constraints that prevent people in making errors. Use
reminders so that actions are not forgotten. Avoid systems that
require similar actions, which result in different functions in
different contexts [37].

Stimulus  Evidence

Knowledge-based
Interpretation
Situation
Assessment

Mistakes

Rule-based
Plan
Memory

Intention
of  Action

Skill-based
Action  Execution

Slips

Lapses  and  
mode  errors
Fig. 2. SRK taxonomy

The skill-based behaviour represents things one is skilled
with, e.g. walking, typing on the keyboard. At this level only
small errors, called slips, can occur. The rule-based behaviour
requires no reasoning in the thought process. One is in a
familiar situation, e.g. riding a bike, driving a car, and here
can errors of memory lapses or mistakes occur when one is
distracted or under stress. While knowledge-based behaviour
takes in effect when one comes to an unfamiliar situation there
the thought process needs to take into consideration
unexpected factors, e.g. uncommon alarms in a system or
detour in the roadway. At this level detrimental errors, also
called mistakes, can occur. The goal is to design systems that
do not allow for knowledge-based decisions when the user is
distracted or under stress.
F. Error remediation
The SRK taxonomy is used to help guide the overall design
process, while Rasmussen [38] states that quantitative
methods can be used to help guide the specifics of the design.
This method is not designed to remove human error, but to
increase the systems tolerance to errors [39]. Norman [37]
says that one is to design for error by assuming that errors will
occur, plan for them, and design a system that allows users to
make errors and recover from them. The design should allow
reversible actions, while preventing irreversible actions
through the use of:
1) Task design: Simplify tasks by making them similar to
natural tasks, but give mental aids to the new method. Certain
tasks do not need to be changed, but what the operators is
doing has to be made visible and feedback should be given so
they can keep control of the situation. Parts of a task could be
automated so reduce unnecessary work and if a task is too
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complex or difficult the nature of the task should be changed
[37].

3) Training: A lack of knowledge and training is a large
source of mistakes. Even with training it is important that the
immediate and relevant feedback is given. People should also
practice at correcting errors so they will know how to deal
with them in the actual situation [6].
4) Assists and rules: If things cannot be solved by design
then develop rules of operation or by standardizing the way
things are to be used [6].
G. Usability for Maintenance
Usability is important and essential when developing
eMaintenance solutions, since it facilitates maintenance
decision-making through provision/enhancement of usercentred design. Since error remediation is an important part of
eMaintenance solutions the use of Rasmussen’s taxonomy is a
helpful tool to use. Recommendations by Rasmussen [39] are
used to help reduce human error:
1) A formalized description of the categories of the tasks
need to be determined if a plan is to be developed.
2) A task must be described in terms based upon the human
mental functions. Subjective preferences and performance in
the given environment is necessary for design.
3) Analysis of human performance in real-life situations is
necessary to identify strategies and subjective performance
criteria.
4) Different types of experiments should be used to evaluate
different design concepts. Qualitative evaluation of the
peoples’ strategy of performance is better suited than
quantitative measures.
5) It is also important to continuously measure system
usability during the whole system lifecycle since the usability
parameters will be change due to changes in the system
requirements and the system characteristics.
VII.
CONCLUSIONS
Based upon the customer and manufacturers point of view,
the human is the most important part of a maintenance system.
That is why it is very important that the human can work
effectively and safely within the system and its environment.
If this is not possible then when the user interacts with poorly
adapted and integrated complex technical system, under stress,
then system safety, operation reliability and costs will be
negatively affected.
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eMaintenance solutions assist system users in solving
problems, therefore, both subjective and objective measures of
usability should be added to the design of the maintenance
framework. Just as differences between interfaces may not be
found in an objective measure for subjectively experienced
duration, and vice versa [19] it is necessary to know what one
is measuring and why. Therefore, are user-centred design
methods recommended for eMaintenance system design.
In conclusion 11 recommendations are given to assist
designers for eMaintenance solutions. These are developed
from the results found in this paper and they are necessary
reminders for those who develop tasks and interfaces for the
maintenance workers:
1. Not	
  too	
  simple,	
  so	
  to	
  reduce	
  boredom.	
  
2. Not	
   too	
   complex,	
   so	
   to	
   prevent	
   unnecessary	
  
negative	
  stress.	
  
3. Allow	
   for	
   correct	
   warnings	
   in	
   the	
   correct	
  
situation,	
   so	
   to	
   prevent	
   confusion	
   between	
  
warnings	
  from	
  different	
  systems/	
  equipment.	
  
4. Correctly	
   show	
   warnings	
   so	
   that	
   the	
   correct	
  
information	
  is	
  shown	
  in	
  the	
  correct	
  situation.	
  	
  
5. Unnecessary	
   or	
   impertinent	
   information	
   can	
   be	
  
“hidden”	
   until	
   it	
   is	
   relevant	
   or	
   “asked	
   for”	
   by	
   the	
  
user.	
  
6. Use	
  logical	
  groupings	
  of	
  information,	
  so	
  to	
  reduce	
  
confusion,	
  of	
  which,	
  may	
  lead	
  to	
  errors	
  in	
  stressful	
  
situations.	
  
7. Present	
  information	
  so	
  that	
  the	
  users	
  can	
  quickly	
  
orientate	
   themselves	
   to	
   what	
   they	
   are	
   looking	
   at	
  
and	
  what	
  they	
  are	
  looking	
  for.	
  
8. Present	
  the	
  most	
  relevant	
  and	
  useful	
  information	
  
in	
  easy	
  to	
  use	
  locations.	
  	
  
9. Allow	
  for	
  user-‐centred	
  studies	
  to	
  be	
  completed	
  in	
  
both	
   simulated	
   and	
   natural	
   environments	
   to	
   gain	
  
a	
  better	
  understanding	
  of	
  the	
  area	
  of	
  interest.	
  
10. Use	
   redundant	
   information	
   presentation	
   to	
  
reduce	
  misunderstanding.	
  	
  
11. Design	
   the	
   system	
   so	
   that	
   the	
   users	
   can	
   make	
  
decisions	
  they	
  are	
  trained	
  for.	
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Abstract— Large haul trucks are subject to a number of faults.
The vehicle suspension and the engine are particularly prone to
problems, due to the severe operating conditions and the high
time-varying loads on the equipment. From different methods of
system analysis, simple measures have been identified for
condition monitoring analytics related to faults in large hauler
engines and suspensions.
Keywords— Maintenance information requirements, wireless
telemetry, truck suspension faults, diesel engine fault diagnosis

I. INTRODUCTION
Much of the extra-heavy oil extracted from the oilsands of
Northern Alberta Canada is produced from surface mines.
These operations employ a truck-shovel mining method. The
harsh and highly variable operating conditions pose many
reliability challenges for trucks. Large off-road haul trucks are
subject to a variety of faults, particularly engine problems and
suspension strut failures. Maintenance is an increasingly large
portion of mining operating costs. Downtime is mostly
engine-related, because the vehicles are robust enough to
operate even with suspension damage. Haul trucks use directinjected, turbocharged Diesel engines, which have good
performance but can exhibit reliability problems that are
difficult to detect and diagnose. There is a strong push toward
predictive maintenance to reduce costs and production losses;
but condition monitoring and maintenance involve a number
of complex technical and economic issues. In mining
operations, two key opportunities are to improve condition
monitoring of vulnerable systems on trucks, particularly
engine faults and suspension component failures.
Most large mining trucks have telemetry systems that
stream a set of data that is archived and displayed to
dispatchers and maintainers [1]. Current approaches to faultevent detection are based on user defined events, with three to
five parameters and alerts & alarms based on upper and lower
thresholds and duration outside of the threshold range [2]. The
fault-detection approach is not always effective, because
thresholds of condition indicators may be exceeded
periodically due to time-varying behaviour of the machines,
including different operating modes.
For improved fault detection, the system should filter and
reject anomalies in operating conditions, such as transients,
and differentiate amongst different operating modes, such
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running loaded uphill or downhill empty, which may produce
feature combinations that would appear anomalous unless
viewed in the proper context [3]. In this project, attempts are
made to apply combination of signal based and model based
fault detection techniques to condition monitoring of mining
haul trucks.
It is currently impractical to install a dedicated monitoring
and processing system on board each vehicle, and so wireless
communication systems are employed to send telemetry data
from the trucks through vendor-supplied sensors and data
acquisition systems on board the trucks. This data is then
transmitted through radio systems in the mine, generally using
mesh radio or a variant of the IEEE 802.11communication
standard, to a client or to an archival database that is
subsequently queried to analyse the telemetry data.
Mine radio systems were deployed for production
dispatching and for monitoring production performance.
While telemetry enables improved understanding of machine
condition, care needs to be exercised to avoid a tragedy of the
commons, wherein the radio infrastructure is overwhelmed by
the communication requirements for different users of
information from the truck fleet.
Haul truck major fault modes include engine injector
failures, power train and braking failures, failure of struts in
the suspension system, pin wear and suspension linkage
damage, frame cracks, and tire damage during operation. In
this paper, issues of fleet condition monitoring and associated
fault detection are considered, in the context of relying on
vendor-supplied systems for condition information - but
looking ahead to how additional wireless information can
enhance fault detection and identification. This study uses
information from existing sensors, with limited data rates; and
so the cases studies of interest are restricted to engine faults
(injector failures) and suspension strut damage.

II. INFORMATION FLOW REQUIREMENTS
There are three basic approaches to system modelling for
maintenance performance: by processes related to revenue
generation, by fault modes and effects on equipment that
generate revenue, or by business process and information for
decision-making associated with the maintenance function
that restores production system reliability.
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A. System Analysis Based on Production Processes
The first approach to system analysis for reliability is to
deconstruct the system to be maintained by production
processes. This method has four steps.
The first step is to define the boundaries of the system, its
inputs, outputs, and internal processes. A common system
analysis approach is SIPOC (Suppliers-Inputs-ProcessOutputs-Customers), a method that allows a business unit (or
an entire company) to consider what needs to be observed to
evaluate the performance of a single business process [4].
Leading indicators of performance relate primarily to process
inputs; lagging indicators relate to process outputs. Leading
indicators are useful for identifying process issues early, so
that actions can be taken more proactively. Assessment of
appropriate values for (measurable) inputs and outputs allows
metrics to be defined systematically. As well, the system
analysis allows root causes of poor outputs to be identified.
The second step is to identify whether the process is
performing within specifications. If there is excessive variance,
then process root cause analysis is done to determine whether
there is some change to inputs to the system, or there is an
external disturbance that is affecting the system. The intent of
the second step is to understand whether the system itself is
likely to have preserved its integrity to be able to perform
when within its nominal range of operating conditions.
If the inputs and externalities are not outside of expected
norms, the third step is to determine whether there is a system
element that is not performing within acceptable norms. This
is the objective of condition monitoring, which for mobile
equipment, requires on-board systems or some means of
telemetry to bring data from the machine to be evaluated.
From the current information available, and prior knowledge
about the equipment and how it behaves (which should
include how it is likely to behave under different fault
conditions), further investigation yields a diagnosis of what
element is failing and how. More sophisticated analysis may
reveal multiple potential sources of faulty operation.
The fourth step is to assess whether there is a risk that the
system will lose productivity or quality within some time
period, and further to assess whether that risk is more than the
risk associated with a decision to change the planned
maintenance schedule (and thus take equipment out of service
prematurely).
In the case of maintenance performance indicators, the
processes can be analyzed to reveal metrics that indicate
correct performance, and to flag maintenance action when
measures show excessive variance from the norm.
B. System Analysis Based on Fault Modes and Effects
The second system analysis technique is to identifying
specific maintenance tactics to deal with a set of possible
scenarios, that is, failures modes that can occur in the process
equipment of interest. This is a bottom-up, maintenancecentric method, in contrast to the top-down, productionoriented approach described above. A bottom-up set of
metrics can be created based on root cause analysis of faults,
which are examples of gaps between expected performance
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and actual performance, production delays due to untimely
outages or maintenance issues, cost overruns on maintenance,
safety & health incidents, and noncompliance with
environmental regulations.
Standard methods for conducting Failure Mode and Effects
Analysis (FMEA) were developed in manufacturing in the
1980s, arising from the need to have a consistent process for
identifying potential failure modes and for ranking the risk
associated with each failure mode, before finalizing a design
[5]. Standard FMEA terms are:
•
Failure: inability to perform intended function to a
defined specification
•
Severity: the consequence of a failure event
•
Occurrence: the probability that a failure event will
occur within a specified time period without controls in place
•
Current controls: design features or actions to
prevent or detect failure
•
Detection: how a failure event can be detected
•
Risk Priority Number: product of severity,
occurrence, and detection
The FMEA process (usually done by a group with a
facilitator) has eight steps:
1)
Identify the system, subsystem, or component of
interest, and illustrate with a block diagram
2)
Define the potential failure modes in a particular
operating scenario, perhaps using other techniques such as
fault trees or fishbone diagrams.
3)
Estimate the potential Severity of the failure if it is
not controlled, on a scale of 1 to 10 based on agreed
definitions for each rating.
4)
For potentially severe failures (usually any failure
with a severity rating greater than 1), estimate the probability
of Occurrence on a scale of 1 to 10, usually based on expert
judgment from past experience with similar equipment in
similar service.
5)
For each potentially severe failure, determine
whether the failure can be detected or prevented, through
design modification, machine controls, or procedural controls,
and rate the Detection on a scale of 1 to 10.
6)
Calculate the Risk Priority Number (RPN), which is
the product of Severity, Occurrence, and Detection. RPN can
thus range between 1 and 1000.
7)
For failure modes that exceed an acceptable
threshold of RPN, identify additional controls to reduce the
RPN to an acceptable level.
8)
Assign action items to implement any additional
controls, and evaluate the residual RPN once controls are in
place to confirm that the risk will be controlled. In the case of
maintenance activities, this step is more extended, moving
beyond articulating a procedure for repair that includes
provision for parts and other resources. The action may be to
modify a design, or to implement a condition monitoring
program with analytic procedures and comparative metrics for
identifying the existence of a fault in certain circumstances
(that is, a conditional probability that a fault exists, given
some set of currently measured features), identifying the
particular fault, and then initiating a maintenance action to
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remedy the situation. In this way, FMEA is similar to other
structured methods for identifying and controlling risk, such
as risk assessment and HAZOP.

•

Reviewed as appropriate for ongoing relevance and
effectiveness.
Successful KPI implementation depends on defining a
reasonably small set of appropriate KPIs, with a strong
endorsement from management, measuring and reporting
KPIs with integrity and continuity of the information, and
allowing everyone in the company to see KPI trends. The
balanced scorecard framework to monitoring business
performance relies on a set of measures to assess
organizational performance in four areas: Financial, Customer,
Internal Business, and Innovation and Learning [9]. This can
apply to internal business processes such as maintenance,
provided that the metrics and measures can be assessed
accurately, and the internal customer relationship is well
understood. The customer of Maintenance is Production, and
so Maintenance performance must link to Production
performance metrics. Benchmarking is very similar to the first
three steps of a Six Sigma process, that is, Define, Measure,
and Analyze. Benchmarking is most effective when done for
KPIs. To get the learning from benchmarking, the exercise
needs to be done honestly, so that there is clear understanding
of where issues exist. In a condition monitoring application,
appropriate KPI might be the time interval to diagnose and
correct a fault, or the difference between mechanical
availability of a fleet that uses condition monitoring compared
to an industry average (or to a part of the fleet that does not
use condition monitoring), because availability links directly
to production and revenue.
Consider the sequence in the maintenance process, shown
in Figure 1. In this figure, the data collection box includes all
aspects of telemetry to deliver information to a repository
from which it can be analysed for contextual business
decision-making [10].

C. System Analysis Based on Maintenance Functions
The third way to specify the requirements for a condition
monitoring system (and, in the case of mobile equipment,
specifying the sensing, signal conditioning, telemetry, and
diagnostic subsystems) is to analyze the flow of information
for maintenance decision-making, which includes the
equipment and the maintenance business processes. This
system includes information related to all of the resources
associated with maintenance activities, information generated
and used while executing maintenance activities to restore
reliability, and any monitoring done to allow for continuous
improvement.
There are a number of business functions related to
ensuring system reliability (it’s more than just turning
wrenches!). These functions include: Procurement, incoming
quality assurance of equipment & warehousing of parts,
reliability engineering to identify fault modes and effects,
procedure development for likely & important fault modes,
maintenance planning & scheduling, training, logistics related
to maintenance activities (tool cribs, cranes, field facilities,
shop facilities), inspections, diagnostics, monitoring of work
done in shops and in the field, reviewing performance of
maintenance tasks and processes for improvement, based on
established performance metrics [6]. Depending on the
organization, maintenance may be done in-house by company
employees in company facilities; activities may be partially or
completely contracted out, but executed on the company
premises; or specific activities may be contracted out off-site.
For a large organization, a combination of strategies may be
applied.
Metrics for assessment is where benchmarking comes in.
Benchmarking is the process of monitoring and trending
performance measures within (and across) companies. Key
issues in benchmarking are definitions of metrics, choosing
appropriate descriptive statistics (what’s average, and what’s
best in class, what variance is acceptable, under what
conditions), whether absolute or relative measures are more
important, whether measures need to be combined into an
analytic measure such as ratios of metrics can be used to
evaluate performance, whether trends are important over time,
how to measure accurately and consistently, and how to deal
with information obsolescence. Ideally, measures and metrics
should be leading indicators of how a process is behaving.
Characteristics of Key Performance Indicators have been
identified [7]. Parmenter (2007) surveyed a wide range of
companies and defined seven characteristics of an effective
KPI [8]:
• Aligned and linked to corporate strategies and objectives
• Related to financial measures
• Linked to an accountable person or team
Fig. 1 Information Flow in Maintenance Processes [10]
• Related to actions
• Monitored in a timely manner (daily or even hourly)
Performance measures are often based on previous
• Presented in an understandable way
experience. An unstructured approach will be affected by the
• Balanced and linked to reinforce other KPIs
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people involved in establishing the measures. Because
consistent metrics and measurement processes are important,
it is appropriate to apply a structured analysis of the business
processes and system. SIPOC system analysis or other
methods can be applied.
In the case of maintenance, categories of failures can be
defined for process equipment design as well as for operating
and maintenance practices. Possible categories include:
• Inappropriate design specification: results in a system not
built to the right requirements demanded by the overall
system
• Calculation error: results in a design error at the system or
component level, even if the specification was correct
• Procurement error: results in wrong component(s) being
ordered, which may be based on the correct process
design
specification
but
incorrect
secondary
specifications related to preventing failures of interest,
such as environmental conditions of temperature,
humidity, vibration, etc.
• OEM product failure: due to component not being
manufactured properly by the Original Equipment
Manufacturer
• Incoming QA error: results in not catching problem with
poor component or subsystem
• Storage degradation problem (for example, leaving
components in laydown rather than indoor storage):
results in degradation of the component
• Installation problem: results in equipment being unable to
perform properly, or having higher risk of some failure
modes (due to poor quality of work. Undocumented
modifications during installation, lack of proper
inspection at time of installation to confirm correct
installation, as-builts not done to note any field
modifications due to change in facility that was not
accommodated in the design)
• Commissioning problem: results in system not being
ready for production
• Operating problem (such as lack of proper start-up or
operating procedure, procedure not followed, incorrect
control narrative, inappropriate transient behaviour,
overloading of equipment, and equipment being run even
when faults are known): results in premature failures and
possibly consequential damage and risk to personnel
• Process change that affects system performance or
reliability (such as change in feed, change in throughput)
• Undocumented change in system: results in impaired
ability to do logical diagnostics
• Diagnostic problem: results in fixing symptoms rather
than root cause, so problem recurs and can even get worse,
or there may be multiple contributing problems which
make unique diagnosis difficult
• Maintenance quality problem: results in system not being
restored to full reliability, cost overruns, and delays
(examples include incorrect procedure or no procedure,
correct procedure not followed, and no checks in place to
monitor procedural compliance)
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•

Spare parts problem: results in not having spare parts
available of adequate quality, which leads to running
faulty, or replacing with non-OEM (unqualified) parts, or
running with partially consumed parts

There can also be decision errors, where information was
uncertain or missing, and an incorrect decision was made,
such as repairing a component that was not actually failing, or
allowing equipment to continue to operate with the
expectation that the remaining useful life was longer than
required to survive to the next scheduled shutdown. In such a
situation, it is important to identify what led to the wrong
decision, so that the decision-making process can improve.
Effective flow of information can allow for any of these
potential problems to be avoided. Most mine mobile
equipment telemetry is done to reduce operational variability,
such as ore blend consistency and throughput, and to check
for major fault situations on the equipment and inappropriate
actions by operators. In some cases, the set of sensors and the
telemetry system captures data can be used for diagnostics.
Benchmarking allows for consistent definitions and consistent
metrics for comparative analysis (between different shifts,
different mines within a company, and across an industry
sector).
The information flow, and the information context
(including timeliness, location, etc.), determine the reporting
requirement. Human factors can be used to assess appropriate
presentation format. Ideally, a report should also include the
underlying metric for decision making, access to underlying
information that has been used in analysis (for example, with
analytics that combine a number of data, or show a trend
extracted from a series of data). Current systems use
production systems for quantitative telemetry, with people on
cell phones creating their own ad hoc information networks
(with no documentation of how decisions were actually made
and what information in context was valuable).
In future, wireless mobile computing infrastructure for
production and reliability monitoring will have to support
much higher bandwidth than is currently available. In radio
communications, open pit mining operations have to manage
the radio spectrum carefully. Mobile computing generally uses
packet-based networks, which are non-deterministic but
adequate for communication of maintenance information. For
wireless communications, there must be effective
preprocessing of data to reduce the required bandwidth while
ensuring that accurate information is transmitted in a timely
way to the appropriate client (or archival database). With
limited bandwidth, network traffic must be brokered so that
high priority information is not delayed when bandwidth is
restricted [11].
Despite these constraints, there is great scope for embedded
wireless sensors serving data, and for mobile clients that allow
information to be presented in the situational context
(including threshold metrics for the measures of interest, and
the KPIs that are important to the overall business). Some
work has been done to develop dashboards to display related
information; but work needs to be done on the human factors
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of how to show context effectively, especially when some
archival data may be obsolete or questionable.
III. FAULT IDENTIFICATION USING TELEMETRY
Two brief case studies are presented to illustrate how
current telemetry archived on servers can be used for fault
detection and identification metrics and analytics, and then
real-time telemetry data can be used as the measures. Haul
truck suspension strut faults and direct-injected diesel engine
faults were identified as faults of interest for telemetry-based
detection and identification, having both a high rate of
occurrence as well as apparently measurable condition
indicators with sensors that already exist on the vehicle and
are polled at a reasonable data rate.
In any fault detection method, there must be a set of
training data to determine a one-versus-all classification
method that has high accuracy and low rejection rate. There
must also be testing data to verify that the method works on
different data [12]. Data sequences that occurred during
failure events were manually identified by experts for the
training set and the test set.
A dataset was available from an oilsands operating
company, and some data were also available from a surface
mining equipment fleet operating in hard rock. Only
Caterpillar 797 trucks were available through the Vital
Information Monitoring System (VIMS). This limits the
available telemetry in two ways: only a vendor-supplied set of
sensors was available, and the data rates are limited by the onboard communication network and the buffering and
transmission capability of the radio infrastructure.

The strut dampens vertical motion of the body caused by
motion over uneven ground, and supports side-loads during
turning. The four struts on a truck undergo ongoing timevarying loading in harsh operating conditions, which results in
wear in the seals and control valves in the strut, allowing
leakage that degrades strut performance and eventually leads
to the strut bottoming out and not dampening the load. A
single collapsed strut can have serious effect in structural
damage and tire wear.
Some methods have been developed for indicating a faulty
strut during operation of the truck, such as using descriptive
statistics of the pressure data [13]. Pressure signal properties
such as mean values, variances, or skewness can be used to
generate symptoms that indicate a fault. This method is very
simple and capable of detecting an anomaly in the strut under
certain operating conditions, that is, when the road conditions
provide a stationary random input process. Descriptive
statistics are only useful for anomaly detection on consistently
uneven ground. This method cannot identify different kinds of
faults or distinguish between them. When the vehicle has a
transient motion, such as going over a large bump, the
pressure fluctuation may yield different behaviours depending
on the condition of the strut.
Wavelet analysis is an effective method for analyzing
vibration signals for time-varying systems [14]. Wavelet
functions can be used for detection of transient feature
component because they have similar time-frequency structure.
The Continuous Wavelet Transform (CWT) is based on a
family of functions:

ψ a ,b (t ) =
D. Haul Truck Suspension Fault Identification
A strut is an element of a vehicle suspension system that
acts as a combination spring and shock absorber, with more
structural support to stabilize the vehicle frame and body. A
schematic of a strut assembly is illustrated in Figure 2, which
consists of a piston that moves up and down in fluid-filled,
pressurized cylinder. The interior volume above the piston is
the rebound chamber, and the volume below the piston is the
compression chamber.
Z

1
t −b ,
)
ψ(
a
a

a > b∈ℜ

ψ is a fixed function called the ‘mother wavelet’,
localized both in time and frequency. The function ψ a ,b (t ) is
where

obtained by applying the operation of shifting in the time
domain ( b -translation) and scaling in the frequency domain
( a -translation) to the mother wavelet. Different mother
wavelets can be used according to system characteristics. In
this study, the Morlet wavelet is employed. The CWT of a
signal x(t ) is defined by:

1 ∞
t −b
)dt where
x(t )ψ * (
∫
−∞
a
a
ψ * (t ) is the complex conjugate of ψ (t ) . Coefficients
W xψ (a, b) can be seen as similarity indices between the signal
∞

Wxψ (a, b) = ∫ x(t )ψ a*,b (t )dt =
−∞

1

and daughter-wavelet ψ a ,b (t ) located at position b (time
2
3

Z

shifting) with scale a. The contribution of signal energy in the
specific scale a , and the translation b , is defined by a twodimensional wavelet energy density function E(a,b) called a
scalogram:

Fig. 2 Schematic of vehicle suspension strut
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E (a, b) = Wxψ (a, b)

2

Wavelet transforms of two different signals can be compared
by calculating the total signal energy distribution at a specific
scale a for each signal, which is denoted as CWT signal total
energy distributions. Total signal energy distribution at a
specific scale a can be calculated by adding together all signal
energy in different translations at that scale, as follows:

scalogram peaks. This indicates that the road conditions are
important for effective fault detection and identification.
Simulations also showed that a higher sampling rate would
improve classification accuracy. (It should be noted, however,
that the road profiles were assumed, and not based on field
measurements of actual road profiles.) Additional testing is
being done at a 10 Hz sampling rate, to assess whether the
higher signal bandwidth reveals additional features of interest
for diagnostics, and other wavelet families are being evaluated
for their classification accuracy.

+∞

E (a ) = ∫ E (a, b)db
−∞

The square of the modulus of the CWT can be interpreted as
an energy density distribution over the (a, b) time-scale plane.
The energy of a signal on this plane is mainly concentrated
around the so-scaled ridges of the wavelet transform.
Characteristic frequencies related to a fault are found by
extracting features such as peaks from the scalogram.
By knowing time and date that struts were fixed, two sets
of faulty and normal data each with 10000 pressure data
(sampled at 1 Hz) could be separated from the overall set of
data for the six-month period. CWT was applied to the data in
each class [15]. The pressure signal and its scalogram for a
normal strut are shown in Figure 3.

Fig. 4 Scalogram for faulty strut

Fig. 3 Scalogram for normal strut

The scalogram shows some cyclic artifacts, which may be
removed by applying the complex Morlet wavelet. Figure 4
shows the time-series and corresponding scalogram for a
faulty strut. Figure 5 shows the signal energy distributions at a
specific scale a, with a clear distinction between the normal
and faulty cases. A sensitivity analysis was conducted using a
half-car numerical simulation to assess the effect of differing
road profiles on fault identification. The numerical results
indicate that fault identification can be achieved from peak
features in the scalogram, provided that the road conditions
are consistent. When the road bed has a different type of
random variable, then there can be significant changes to the
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Fig. 5 Signal energy distribution at a specific scale

a

E. Haul Truck Engine Fault Identification
Direct-injected, turbocharged Diesel engines generally have
an Engine Control Unit that measures a number of engine
variables as part of regular control functions. In addition, there
is an on-board diagnosis (OBD) system that stores fault codes
for troubleshooting by mechanics. In some cases, the control
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system in the engine can change operating point mode of the
engine to exclude the faulty component, a tremendous
advantage if unscheduled maintenance does not have to be
done, and the engine can be serviced at a later time with good
understanding of the specific fault of interest. Of course, some
faults can increase emissions, or may lead to other engine
degradation. Condition monitoring and fault diagnosis
(CMFD) systems for engines are typically based on simple
limit or plausibility checks of some of the measured signals
and on simple signal-based methods. The increasing
complexity of electronic controlled Diesel engines, with a
rising number of actuators and sensors in the engine to
improve performance and control emissions leads to ever
more sophisticated CMFD methods. Model-based fault
detection methods developed in recent years are promising
ways to enhance fault detection in vehicles. The model can be
any type, from logic-based symbolic models to differential
equations.
The internal combustion engine involves many different
thermodynamic, mechanical and chemical processes and
therefore accurate physical modeling of the engine and its
load is very challenging; but some assumptions and
simplifications can allow physics-based models to be used in
at least some operating conditions (with the compromise of
limiting the applicability of the physical model outside a range
of the system state variables).
Diesel engines typically comprise the following subsystems: a fuel injection system; pistons, rings, and liners;
connecting rods and outlet shaft to a transmission (and load);
an inlet system; an exhaust system; heat exchangers; a
lubrication system; and bearings. For advanced diesel engines
an electronic control sub-system will also be present.
For diagnostics, an engine model is needed that models
engine behaviour in normal condition, and in faulty conditions.
Common faults should be known and modeled before starting
the CMFD with model-based methods. The fault model
represents knowledge of possible faults and how they
influence the process. FMEA and physics-base damage
models may be used. Some of the common faults which are
diagnosed and which occur as a result of degradation or
malfunction of one or more units of the diesel engine [16].
•
Power loss
•
Emission changes
•
Lubricating system fault
•
Noise and vibration
•
Wear
•
Thermal overload
•
Leaks
There are several kinds of signal to be measured:
•
Pressure (including cylinder pressure, fuel system
pressure, oil pressure, intake & exhaust pressures).
•
Rotational angle/speed
•
Temperature (inlet and exhaust, oil, etc.)
•
Vibration
•
Particles in oil and exhaust
•
Fuel and oil quality.
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In the current the focus is on the piston-cylinder system and
the injector system. Initially, the thermodynamic relationship
between exhaust temperatures and injector efficiency is being
exploited. The combustion torque is the physical cause which
generates the crankshaft motion. The oscillation of the
combustion torque and of the load torque decrease when the
engine is accelerating. This oscillation can be described by a
low-pass filter. An appropriate model for a Kalman filter
approach is a discrete low-pass system H(z), excited by white
noise U(z) of power spectral density S u (z) =σ u 2 [17].
A low-pass system of second order, with a double pole on the
real axis can give good results [18].
A simpler approach is to look for an engine temperature
distribution anomaly, by looking for a drop in temperature
along a bank of cylinders, that is, one part of the engine
(because the exhaust temperature is not measured uniquely at
each cylinder, but rather on the manifold that connects a set of
cylinders). Because the differential temperature between
exhaust manifolds should be low, any increase in this
differential temperature is highly likely to be due to a failure
of at least one piston to fire properly and produce the required
amount of heat. This is an important failure mode, but difficult
to catch; and so a very limited data set is available. Analysis
and thresholding for fault detection is in progress.
IV. CONCLUSIONS AND FUTURE WORK
An outline has been presented for determining how to
develop improved analytics for machinery diagnostics using
currently available telemetry systems. The biggest challenges
are the limited number of sensors and the sampling rate.
Advanced telemetry will be assessed to remove information
flow bottlenecks, using self-contained “motes” for sensor
networks on board mobile equipment. These motes are selfpowered, provide signal conditioning and compression, and
transmit up to 150 m. These embedded devices can be
connected to strain gauges, pressure sensors, thermistors, and
other transducers. Other vendor-supplied systems will be
considered, for example, the Michelin MEMS system of
internal sensors inside tires. Integrating wireless devices in a
mining environment has significant challenges, for antenna
survivability, battery life in cold weather, shock & impact
resistance, and exposure to water and mud, not to mention
communication rates over long distances, and dealing with
scalability for sensing devices as well as for mobile clients
that will be used by decision-makers and analysts. Fortunately,
improved wireless standards and inexpensive rugged devices
are becoming available. In this way, additional information be
gathered to augment condition information from the current
generation of sensors.
Telemetry enables improved reliability in mining and other
industries through greater access to information about the
current status and condition of machinery. Mining equipment
information requirements are significant. For surface mining
applications, the wireless spectrum must be managed carefully.
Bandwidth and simple rugged sensors are the keys to success
in deploying more integrated condition monitoring systems
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for machinery diagnostics and prognostics to improve the
reliability of mining equipment.
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Abstract— Effective and efficient maintenance requires a proper
information logistics, which can be delivered through
eMaintenance solutions. Development of eMaintenance solutions
faces extensive challenges. One of these challenges is how to
ensure the quality of data used in different eMaintenance
solutions. Data Quality (DQ) concerns all phases of the
maintenance process. The purpose of this paper is to answer the
research question: how should DQ be considered and managed
when developing eMaintenance solutions. To deal with such
challenges a case study was conducted at a mining company.
Empirical data has been collected through interviews,
observations, archival records and workshops. The data analysis
has been based on an empirical framework that supports the
identification of required information services. Conditions that
support the DQ and the information logistics, along with that,
support the maintenance process have been presented. These
aspects have also been related to the phases of a generic
maintenance process.
Keywords— eMaintenance, maintenance process, information
logistics, Data Quality, Information and Communication
Technology, Information Quality, Information System,
Computerized Maintenance Management Systems.

I. INTRODUCTION
eMaintenance can be defined as a maintenance strategy
where tasks are managed electronically using real time data
obtained through digital technologies (i.e. mobile devices,
remote sensing, condition monitoring, knowledge engineering,
telecommunications and internet technologies) [1].
eMaintenance is also considered as a maintenance plan to
meet the productivity through condition monitoring, proactive
maintenance and remote maintenance through real-time
information support for decision making. eMaintenance thus
can be termed as a maintenance support for the e-operation
through remote diagnostics and asset management, simulation
for optimisation and decision making under an e-business
scenario for an organisation. As a provider and consumer
relationship scenario, the term eMaintenance is often related
to providing maintenance services remotely by enhanced use
of ICT [2]. However, eMaintenance solutions aim to facilitate
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maintenance decision-making by providing an effectiveness
and efficiency in maintenance information logistics.
When dealing with maintenance information logistics
content management (i.e. ‘what to deliver’) is highly
important, since it addresses issues related to the content
including data and information [2]. However, in a decisionmaking process the quality of decision is strongly linked to the
quality of the underlying data used during the data analysis,
[3]. Hence, aspects related to DQ need to be emphasised in
solutions aimed to support the decision-making process.
Therefore, in development of eMaintenance solutions, DQ is
essential and it needs to be considered the solution’s whole
lifecycle.
DQ in maintenance forms the integral part of information
logistics, which is the backbone of a maintenance system
derived from a clear maintenance strategy that, in turn, should
be derived from and linked to the corporate strategy. This
paper presents a broader perspective and contributes to DQ
issues in all phases of the maintenance process. The purpose
of this paper is to answer the research question: how should
DT be considered and managed when developing
eMaintenance solutions.
II. THEORETICAL FRAMEWORK
The management of maintenance consists of activities as:
developing and updating the maintenance policy, providing
finances for maintenance and coordinating and supervision of
maintenance (see Figure 1). The elements of maintenance
support planning are: maintenance support definition,
maintenance task identification, maintenance task analysis and
maintenance support resources. Maintenance preparation
concerns the planning for specific maintenance tasks, which
includes planning of maintenance tasks, scheduling activities
and assigning and obtaining resources. The maintenance
execution phase includes the actual performance of
maintenance, recording results and special safety and
environmental procedures. Maintenance assessment includes
measurement of maintenance performance, analysis of results
and assessment of actions to be taken. Finally, maintenance
improvement is achieved by improving the maintenance
concept, the resources, the procedures and the equipment.
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FIGURE 1. PHASES OF AN OVERALL MAINTENANCE PROCESS [4]

A. eMaintenance
The eMaintenance concept was introduced in the early
2000 and is today a common term in maintenance-related
literature [5]. However, there are different views of what
eMaintenance actually is. Some consider eMaintenance as a
maintenance strategy, where tasks are managed electronically
by the use of real-time item data obtained through digital
technologies [1]. From a general perspective eMaintenance,
concerns the use of new ICT in the maintenance area [6]. In
this paper we adopt a broad view on eMaintenance in line
with [5], as maintenance processes managed and performed
via computing. This definition thus includes maintenance
activities in all phases of the maintenance process and it
includes a variety of ICT solutions ranging from computerised
maintenance systems to sensor technologies. eMaintenance
has gained increased attention in research with emphasis on a
variety of issues. According to [7] four general issues
addressed in eMaintenance literature: 1) standards, 2) platform
development, 3) process formalization, and 4) system
development and implementation. Besides these issues the
literature also addresses eMaintenance from an information
logistics perspective [1] [8] [9].
B. Data Quality
Quality is the degree to which a set of inherent
characteristics fulfils requirements [10]. Hence, Data Quality
(DQ) can be described as the degree of a set of permanent
characteristics in the data or dataset that fulfils a certain data
consumer’s requirements or stated expectations. Furthermore,
information can be described as the meaningful data [10].
Simultaneously, Information Quality (IQ) can be described as
the degree of a set of permanent characteristics in the
information that fulfils a certain consumer’s requirements or
stated expectations
For most contemporary organizations quality management
is well-known and integrated into the everyday work for
improving the quality of their product or service. However,
when it comes to quality of the information that is produced
and consumed in the organization the quality focus is not that
extensive. Wang argues that the field of product quality has an
extensive body of literature on Total Quality Management
while information quality not has such an extensive body of
literature [11]. High quality information is according to Wang
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dependent on the quality of the raw data and the process
throughout which is processed [11].
However, maintaining data at a high quality level involves
significant costs. These costs are associated with efforts to
detect and correct defects, set governance policies, redesign
processes, and invest in monitoring tools. From an economic
perspective; one would try to reach a certain quality level at a
minimum possible cost [12].
There are a number of theoretical frameworks for
understanding DQ [13] [14] [15]. Wand and Wang have
defined a set of DQ dimensions [15]. These are four intrinsic
(system-oriented) DQ dimensions to specify whether data is
complete, unambiguous, meaningful, and correct. While Price
and Shanks have suggested a semiotic framework that
classifies data into levels: form, meaning and application
according to the use of data and quality needed [14]. Different
techniques to improve the DQ have also been suggested, such
as data profiling, data standardization, linking and data
cleaning. DQ is thus of importance both when designing an
eMaintenance solution and during its operational phase.
Information Quality (IQ) also used as a description to the
DQ where “information” refers to both data and information.
Some of literature has used both expressions to represent DQ
making it difficult to distinguish between the two expressions.
In the other hand, some authors tried to distinguish between
DQ and IQ. According to Rosanne and Graeme, DQ is
product-based perspective and hence the quality is defined in
terms of the degree to which the IS data meets basic
requirements specifications, while IQ is a service-based
perspective of quality which focuses on the response of the
consumer to their interactions with the IS [16]. Thus, IQ and
DQ are intrinsically related and in this paper we will focus on
DQ as an important enabler of IQ.
In this paper we will adopt the DQ dimensions suggested
by Wand and Wang [15] to classify the DQ problems found in
our case study.
III. DATA QUALITY IN EMAINTENANCE
The quality of the data in manufacturing has not been
thoroughly discussed in prior research [17]. Moreover, only a
limited number of papers focus on DQ and areas of
maintenance.
Data quality issues are also considered in different
industrial applications. Problems related to data quality are
often handled with different software tools supporting to
produce good quality data in information systems and
applications such as OPC and SCADA.
IV. THE CASE STUDY
The case study was conducted at a Scandinavian mining
company with approximately 160 employees. The plant
consists of the actual mine and a concentrator plant. This case
study focuses on the maintenance process for the
concentrating plant, since maintenance activities in the mine
are mainly conducted by subcontractors. The concentrator
plant is led by a manager, who has two section managers, one
responsible for production and one for plant maintenance and
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automation. The maintenance and automation function is
divided into a mechanical and an electrical team.
In this case study a first step was to get a view of the
current state of the maintenance process in the concentrating
plant. For this, documentation provided by the mining
company was studied to understand their organizational
structure and the operational process more precisely. After
that, we conducted ten interviews with people working at the
concentrating plant. We sought to interview people from
different positions and organization levels to get as many
perspectives on the maintenance process as possible. The
interviews were conducted in two rounds, in the first round six
interviews were conducted with maintenance and production
personnel. In the second round, four interviews were
conducted with maintenance technicians to understand the
information flows and IT support for maintenance execution.
Table 3 shows titles and tasks of the interviewed personnel
from maintenance and production organisations.
TABLE 1.
TITLES AND TASKS OF INTERVIEWED PERSONNEL

Title
Section
Manager
Foreman
Mechanic
Foreman
Mechanic
Engineer
Technician
Mechanic
Operator
Designer

Task
Automation and plant maintenance
Mechanical maintenance
Mechanical maintenance
Electrical/automation maintenance
Electrical/automation maintenance
Development of mechanical maintenance,
Condition monitoring
Preventive maintenance, KaTTi upkeep
Preventive maintenance
Production
Automation systems

The interviews were semi-structured with open-ended
questions and lasted about one hour each. The interview
structure was based on the sub phases of the maintenance
process (Figure 1). These phases guided the semi-structured
interviews, but we were open to pursuing follow-up questions
and issues raised by the respondents. All interviews were tape
recorded and followed up during the data analysis. After the
interviews, the problems related to information flows in
maintenance were compiled and structured according to their
relevance to DQ and impact on the different phases in the
maintenance process.
V. RESULTS
The ICT solutions used in the maintenance process at the
studied company were, with few exceptions, a number of
“stand alone” maintenance management systems with poor
data exchange. Most of the data had to be manually
transferred between systems. In addition to these systems, a
large proportion of the maintenance information flows were
supported by phone. The aim of the interviews was to get an
understanding of how the different maintenance phases were
supported by ICT and the information flows throughout the
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phases. In the study a number of problems were identified
related to the use of ICT in the maintenance work.
A. Identified Issues
In the case study we have identified a number of problems
related to the use of ICT in the maintenance phases. We first
present all identified problems and then identify which ones
that are related to DQ issues.
1) Stand-alone IT-systems: The CMMS does not
contain all information required for the operative and strategic
decision making in the different phases of the maintenance
process. Also there are different sections in maintenance
information systems, which are not connected with each other.
This causes problems to integrate data to produce valuable
information, for example maintenance management. Also
information search is difficult in this case, for example finding
spare parts and documents. Data in production, material
management, warehouse and purchasing related IT-systems
were not connected to data in the maintenance information
system. The data was not comparable and it was difficult to
combine, complicating maintenance related operative and
strategic decision-making.
2) Data Multiplicity: This problem concerns the
duplication of information and its existence in different
systems or parts of a system. Certain information regarding
technical documentation and drawings are stored both in the
maintenance system and in other media (i.e. computer harddrives, CD-ROMs, paper). However, in many cases there was
no technical information, drawings or work instructions in the
maintenance system. The stored information was not regularly
updated or maintained and, thus, making it difficult to know if
it can be trusted. Sometimes, the information sources
contained conflicting information, which made it difficult to
trust.
3)
Manual input and transfer of data: This problem
relates to the practice of feeding the systems with information.
The practice of manually entering data has led to a wide
variation of data quality, e.g. some of the maintenance
personnel enter very detailed and descriptive failure reports,
while others can omit compulsory information. Thus, the
maintenance foreman often had to consult the operational staff
and do a physical inspection to get necessary information.
4) Usability of systems: This problem points to the
interface and functionality of the systems used in the
maintenance processes. Several shared the opinion that the
usability of the maintenance systems could be improved.
Since it was difficult to find relevant information and user
guidance was lacking, as well.
5) IT-solutions are not available on the work site:
Maintenance related IT-solutions are made to improve
different parts of the maintenance process. However ITsolutions were not commonly available at the jobsite. The
most common situation was that maintenance and operative
staff used the IT-solutions through the office PC. Although the
most significant part of the data was collected from the jobsite
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while maintenance was execution (see figure 1). Along with
that they wanted maintenance related information, via ITsolutions, on the jobsite.
6) Performance indicators missing or difficult to obtain:
To continuously follow up and improve the maintenance
organization, it is important to have indicators of its status and
efficiency. Maintenance assessment is currently based on
information from SAP, where material costs, salaries for the
maintenance staff and costs for subcontractors are followed up.
However, material costs can only be followed on a sub
process level, not on equipment level. Moreover, salaries are
only followed at the plant level. There was no information
available on the efficiency of the maintenance organization
(due to invalid data of work time execution and status of work
orders). Thus, it was difficult to make assessments and
improvements of the organization based on real performance.
7) No instructions or guiding: One problem related to
DQ is the lack of instructions and education for operative and
maintenance staff concerning data collection. There was no
plan or common practice, for what information, by whom and
in what form should be collected in different phases of the
maintenance process. There were several different methods to
collect data and, therefore, information in the database was
not compatible. Making it difficult to do systematic dataanalysis and to produce key performance indicators.
8) No data upkeep: One normal problem concerning
DQ in information systems is data upkeep. It has been
discovered that without systematic upkeep the quality of data
in information systems will decrease. To produce reliable
information from large amounts of data, data has to be correct
and in correct form. This requires regular checks and
adjustment of the data. Along with that, regular data upkeep
makes it is possible to identify and correct problems in the
data collection phase. In this case study there was no person
responsible for data upkeep.
9) Problems with master data: Usually when problems
with DQ are discussed, it concerns transaction data.
Transactions data means data collected from different parts of
maintenance process during normal work tasks. However one
problem concerns the quality of master data. Master data
means data, which is, mainly created during the
implementation phase of the information system, i.e.
equipment hierarchy, position numbers, device numbers and
spare parts. Gaps or mistakes in master data, significantly
affects the quality of the collected transaction data. Good
quality master data, created in implementation phase, is a
prerequisite to good quality transaction data and it also needs
frequently upkeep to maintain good quality.
10) Data not used in decision making: In this case study
CMMS was mainly used for information transfer and
communication between people of different positions and
organizations, e.g. sending and receiving work orders or
accessing information from the system. The data in CMMS
was not collected for operative and strategic decision making.
For this reason people were not motivated to collect good
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quality data in its correct form because they were not aware of
what purpose the data was to be used for.
11) Knowledge recycling: This problem concerns the
issue of not using previously gained knowledge in the
maintenance work. A root cause analysis was recorded for all
unplanned shutdowns that lasted more than one hour. An
existing template was used and saved in a word file but the
form was difficult to access, which resulted in old files that
were rarely consulted or followed-up.
12) Poor connections between teams: This problem
relates to the transfer of information between maintenance
teams. When, an operator made a failure notice, it was
categorized as either a mechanical or as an electrical fault.
However, some failures are not only rooted in either a
mechanical or an electrical problem and they can only be
solved with electrical and mechanical technicians working
together. The normal operation was that the work order was
sent to one of the groups and, since, they cannot solve the
problem, they direct it to the other group, and if they cannot
find a solution they direct it back and so on. Both groups have
different foremen and separate coffee rooms; thus,
information sharing between the groups was not facilitated by
the system or the organizational structure.
13) Poor IT knowledge: Computerized maintenance
management systems (CMMS) are usually made to support
the maintenance organization in their tasks. CMMS can be
used as the IT-solution to collect data and support people in
their work tasks and is used to manage the whole operative
and strategic actions in the plant. However, this study showed
that CMMSs were mainly used by maintenance organisations,
even though; the operative staff completes a lot of
maintenance actions. This lead to the situation that only part
of the actual maintenance actions were recorded in the CMMS
and therefor a great deal of data is not collected. Finally, when
the operative and strategic decisions were made, they were
based on the recorded data which was only showed a part of
which occurred. Therefore, the strategic decisions were often
not well grounded.
B. Data Quality in Maintenance
The perceived problems, presented in the previous section,
were all rooted in different aspects of DQ. Table 2 gives an
overview of the different problems identified during the
studies, an also linkage between the problems and the phases
in the maintenance process.
The data quality problems are listed in rows and they are
correlated with maintenance phases in the columns. This table
shows that the maintenance preparation phase has the greatest
number of deficiencies. This shows that preparation and
planning are necessary factors for improving DQ, but as in
this case the lack of preparation affected the whole system
negatively. A problem that showed up in all the maintenance
phases was the lack of transparency in the system. If a focus
was placed on usability, several of the other problems would
most likely be reduced. Both planning and clearly

ISBN 978-91-7439-379-8

understandable instructions, tasks and systems would increase
the DQ level greatly.
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Abstract— Spare parts inventory management differs from both
work-in-process inventory management and finished product
inventory management mainly due to its unique aspects in
function with maintenance. Furthermore, its inventory
management shows more complexities and the performance
measurement differs from other productions’ either. Studies
both in theoretical research and in practice have shown that only
some concrete figures had been considered in traditional KPI’s
for spare parts inventory management, including the total stock
value, cost of keeping stock, critical spares stock-outs,
operational downtime due to stock-outs, rate of circulation, etc.
However, such KPI’s may only reflect limited results from spares
inventory management. In another word, they cannot help to
find out the root causes of which aspects are the management’s
bottlenecks, or from which aspects it can be improved step-bystep. This paper aims to propose a new way to measure the
performance of spares inventory management from the
perspective of a House of Maintenance Management (HOMM).
First, the HOMM-Spares with PDSA (Plan, Do, Study, Act)
thinking will be promoted with the consideration of spares
management. Second, management review for spares inventory
using the HOMM-Spares will be discussed in details and the
performance measurement will be clarified. Obviously, with the
new promoted measurement system, we can not only review its
performance from a more systematic standing point, but also, the
continuously improvement plan with a more scientific analysis
will be achieved simultaneously. How to support decision making
with this spares performance measurement system is
demonstrated as well with a case study.
Keywords— Spare parts, Maintenance management,
Performance measurement, PDSA

I. INTRODUCTION
Spare parts inventory management differs from both workin-process inventory management and finished product
inventory management mainly due to its unique aspects in
function with maintenance (Huiskonen, 2001). Furthermore,
its inventory management shows more complexities and the
performance measurement differs from other productions’
either. Recent literatures (including Kennedy et al. 2002;
Bolyan et al. 2008; Bolyan & Syntetos 2009; Syntetos et al.
2005; Syntetos et al. 2009; Eaves & Kingsman 2004; Ghodrati
et al. 2007; Mccarthy et al. 2004; Kobbacy & Liang 1999;
Fildes et al. 2006; and references therein) shows that
achievements regarding spares inventory optimization mainly
focus on four aspects: 1) spares classification optimization; 2)
spares forecasting optimization; 3) spares inventory strategies
optimization; and 4) spares inventory management
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information system development. In addition, to measure the
effectivness of such optimizations, one common thing is to
focus highly on the spares inventory value improvement with
some special Key Performance Indicators (KPI’s), including
the total stock value, cost of keeping stock, critical spares
stock-outs, operational downtime due to stock-outs, rate of
circulation, Inventory Record Accuracy (IRA), number of
returned parts to stores, etc. Related studies can be easily
found; for instance, Daniel Dewald (2011), who owns over 30
years of experience in spares management consultant, has
proposed a quantitative measurements matrix chart with 24
KPI’s for spares inventory management being discussed. In
his stuides, he did not only list useful KPI’s with the formula,
but also, he ranked the importance of each KPI in four
categories: critical needs, high importance, moderate needs,
and low importance. – as
Although the KPI’s for spares management are set up
more and more strictly, however, complains on site are still
very common which is another unneglected fact in pratice. For
example, maintenance departments may complain that they do
not know which kind and how many spares should be stocked
ahead of time. Purchasing departments may complain that
they do not know how to control the spares keeping cost,
because they are not sure if some budgets can be reduced with
low stock-out risk. In addition, to achieve more logically
spares management, lots of efforts have been already tried.
However, the effectiveness is not obvious. For instance, some
spares inventory plans may be only based on the
manufactures’ suggestion or some limited experience set up.
However, because the spares real lifetimes will be influenced
by their real running conditions, the spares history data on site
is also important for individual plants. Meanwhile, the spares
purchasing budget might be reduced in the next accounting
period if the higher management level thinks the spares
inventory cost is too high; or on the contrary, the lower level’s
management department will be blamed if the spares stock-out
happens. Although usually financial departments do not know
why the gaps have been occurred, they may have the rights to
control the spares budget. In addition, some spares usage
feedbacks from work orders, condition monitoring and
inspection tasks may be used, but most feedbacks have turned
to be individual’s experience which cannot be shared and
applied further. Meanwhile, people do not know clearly about
any exact figures to describe the spares information regarding
history usage, even where to store such information.
Furthermore, spares inventory management strategies may be
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reviewed, but only when needed; training program may be set
up, but only for storekeepers; maintenance engineers may
think the spares management is isolated from other
maintenance works, which is not good for accumulating
spares data on site.
Obviously, reviewed from the KPI’s mentioned above, we
may find that such KPI’s may only reflect limited results from
spares inventory management. For instance, with the number
of the cost for keeping stock, we may only know how much
money are occupied by the spares inventory, however, the
number will not let us know how much shoud be redued as
well as how to reduce it. Even sometimes, we do not know if
the numbers from KPI’s are too high or too low. We just want
them to looks better (reduced or enhanced). In another word,
the number of KPI’s can not help to find out the root causes of
which aspects are the management’s bottlenecks, or from
which aspects it can be improved step-by-step. However, both
theorical references and studies in practice have shown that
integrated studies on how to improve above KPI’s are limited.
To deal with above problems, we propose a new method to
measure the performance of spares inventory management
from the perspective of a House of Maintenance Management
(HOMM), instead of paying much more attentation only to
strict KPI’s with concrete numbers. The rest of this paper was
organized as follows. In section II, the evoluation from
HOMM with PDSA (Plan, Do, Study, Act) thinking to
HOMM-Spares is promoted. In section III, management
review for spares inventory using the HOMM-Spares is
discussed in details and the performance measurement is
clarified. Obviously, with the new measurement promoted
system, we can not only review its performance from a more
systematic standing point, but also, the continuously
improvement plan will be achieved with a more scientific
analysis simultaneously. Section IV has demonstrated that
how to support decision making with this spares performance
measurement system with a case study. Finally, in section V,
the conclusions, contributions and potential extensions of this
paper is put forth.
II. FROM HOMM TO HOMM-SPARES
The House of Maintenance Management (HOMM) was
firstly promoted by Lin & Ghodrati (2011), in which the
improvement activities for maintenance management can be
described from the following aspects: “Roof”, “Ceiling”,
“Walls”, “Floor”, and “Door & Windows” ( see Fig.1.).
Compared with the HOMM discussed above, maintenance
pares parts inventory management, which belongs to a more
concrete area, should also be incorporated in it as being
reviewed. The revolution process can also be shown from
below five aspects.
A. Roof of HOMM-Spares
The roof of mentioned HOMM is consisted of long/shortperiod business goals. All other sub-goals, such as production
performance, financial profits, etc., will be focused on the
central task of the overall long term business goal.
Accordingly, the roof of HOMM-spares (see Fig.2.) naturally
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consists of long/short-period spares management goals, which
should also be focused on the central task of the overall long
term business goal.
The most common goal in a long period is to supply the “right
item” at “right place” and “right time” with “the lowest price”.
For a shorter period, it can reduce/enhance some concrete
numbers such as the total stock value, cost of keeping stock,
critical part stock outs, operational downtime due to stockouts, rate of circulation, etc.
B. Ceiling HOMM-Spares
At each plant, there should be some either qualified or
non-qualified management systems (Lin & Ghodrati, 2011).
All management systems will support to achieve the business
goal and make maintenance decisions shown on the “walls”.
Spares management system belongs to the non-qualified
category, which can be viewed as the ceiling in the HOMMSpares.
The contents of such system should cover the spares’
whole life, including spare parts’ selection, purchasing,
installation, operation, maintenance, quality tracking, spares
obsolete, and the like. Meanwhile, different working tasks
should also be considered in the system documents, including
but not limited to: spares information recording, spares
maintenance, lubrication, condition monitoring, and spares
cost management.
C. Walls of HOMM-Spares
Following the thinking of continuous improvement, which
was developed by Dr. W. Edwards Deming (1986), four
pieces of load bearing wall have been considered in HOMM,
with indicators of “Plan”, “Do”, “Study”, and “Act”. In
addition, they are viewed as four stages which cannot be
neglected in continuous improvement activities. In the
HOMM-Spares, similar walls also exist.
1) Plan: Main tasks shown on this wall involve: setting
up spares management goals, spares database, spares plan, as
well as spares management processes. Plan is a basic stage for
continuous improvement activities; and it will decide, as for
spares management, what will be done, where they will be
done, who will do them, as well as when and how they should
be done.
2) Do: In the execution stage for spares management,
work orders are still the mainline to be followed. There are
four key points: spares preparation for planned/un-planned
work orders execution, spares failure analysis, spares
feedback, and spares business processes execution. During the
Do stage, nearly all spares working plans are executed.
3) Study: Based on the belief that, our knowledge and
skills are limited but improving, in the Study stage, key
information will be improved. In the HOMM-spares, the KPI
system for spares management should be constructed,
focusing on different needs. That is to say, the KPI system
should be divided into different levels (management level,
operational level, etc.) and be focusing on different areas
(spares reliability, spares inventory management, spares
business process, spares suppliers evaluation, etc.).
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Fig. 1 House of Maintenance Management (Lin & Ghodrati, 2011)

4) Act: Following the Study stage, some gaps naturally
will be discovered. And then, the most important thing is to
improve the performance (or to study). Benchmarking or
Client Need Analysis will help us to know more clearly about
the differences between one plant and others in the same
segment, in a local or international level. Also, the rate of
study can be measured here. Other indispensable work
involves: spares lifetime analysis, spares inventory
Management Strategy Review (MSR) and optimization,
spares management training, spares Business Process
Reengineering (BPR), as well as spares KPI system’s
optimization.
After a cycle, all those in the Plan stage should be
reviewed and improved further. And then, a new cycle starts.
D. Floor of HOMM-Spares
Because in the HOMM-Spares, data also plays a
significant role when decisions are made, so it can be counted
as the foundation and thus be viewed as floor. Usually, most
data related to spares management should have been recorded
in several kinds of Management Information Systems (MIS),
such as Enterprise Resource Planning (ERP), CMMS\EAM,
special software for spares inventory management, and some
other special useful tools for maintenance management. For
instance, both SAP and MAXIMO are the most popular MIS
where some special modules can be used for maintenance
spares inventory management.
E. Door & Windows of HOMM-Spares
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As discussed in the former HOMM (Lin & Ghodrati, 2011),
if a start point is from the plan wall, we can imagine that a
door exists. It is true that, we can start from each point in
practice, when we plan to diagnosis the running conditions of
the HOMM-Spares. By the same way, there should be
windows, by which continuous improvement activities can be
implemented through them.
III. PERFORMANCE MEASUREMENT VIA HOMM-SPARES
In practice, compared to the HOMM-Spares described
above, few plants have done the cycle well. It is increasingly
becoming common to set up some KPI’s for its performance
measurement, including the total stock value; cost of keeping
stock, critical spares stock-outs, operational downtime due to
stock-outs, rate of circulation, etc. However, actions for
reviewing and improving them are limited.
Therefore, we propose to apply the HOMM-Spares to
review the plants’ spares management level in the form of a
survey, to find out the effective improving ways, and make
maintenance decisions as well.
F. Roof of HOMM-Spares
To make sure that all maintenance spares inventory
management works will take us closer to the organization’s
business goal, we should review that:
•
If the spares management goals are striking for a
long period and a short period separately?
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Fig.2 HOMM-Spares

•
If both the decision makers and operators (or other
engineers) on site understand all goals?
This aim to confirm that all spares management plans and
activities will support and result to one goal, and everybody
knows “where to go”. The tasks to construct the “roof” can
also be viewed as a part of the “Plan” wall.
G. Ceiling of HOMM-Spares
Spares Management System plays a critical role in the
management systems. In practice, only some plants with
higher management level may already have set up one.
Usually, some simple rules or business process such as spares
purchasing, inventory input/output, spares suppliers’
evaluation may have already been set up; however, they
should be integrated as a whole management system. In other
way, it can be an indicator or a milestone of the maturity of
any management system. In this light, following issues must
be reviewed:
•
If any spares management system has been set up?
•
If it has already been set up, whether the system
documents have covered the spares’ whole life, including
spare parts’ selection, spares purchasing, spares installation,
spares operation, spares maintenance, spares quality tracking,
spares obsolete, etc.?
•
If it has already been set up, whether the system
documents have covered the spares’ different management
tasks, including but not be limited to spares information
recording, spares maintenance, spares lubrication, spares
condition monitoring, and spares cost management?
Obviously, based on the plants’ different speed of study
(rate of improvement in the “Study” wall), the system should
be improved continuously.
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H. Walls of HOMM-Spares
I. Plan
In order to know if the spares management goal is set up
clearly, we need to review what have been discussed in
section 3.1 with both maintenance managers and maintenance
engineers on site.
The quality of the spares database is a critical foundation.
To evaluate whether the dataset for spares management is
satisfactory, at least three aspects need to be reviewed: the
quality of spares registration, the quality of spares
classification, and the quality of spares criticality analysis.
Details including but not limited to:
•
If the dataset for spares registration is completed
(how much (per cent) is registered), including spares
catalogue, etc.?
•
If the Bill of Materials (BOM's) information in the
plant is subject to the spare’s level?
•
What percentage of all spares has accurate & up to
date BOM that makes up the catalogue showing all stock
items, locations, economic order quantities, (EOQ) ReOrder (RO) Points, and safety inventory levels?
•
How does the plant classify its spares by criticality
(only by ABC analysis, by corresponding equipment’
criticality, or any other criticality analysis such as RCM,
etc.)?
•
What proportion of all spares had a criticality
analysis performed?
The quality of the spares (usage) plans should also be
reviewed:
•
What percentage of all planned spares has been
derived from a standardized/recognized technical process?
For example, spares Root Cause Analysis (RCA), Failure
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Mode & Effects Analysis (FMEA), Reliability Centred management KPI systems have been set up, but most of them
Maintenance (RCM), and Risk Based Maintenance (RBM). are short of improvements. Therefore, when the Study stage is
•
How accurate (effective) are spares configuration for reviewed, we need to know the followings:
standard Maintenance Tasks?
•
If the KPI’s for spares management have been set up
•
How accurate (effective) are spares demand
considering different management levels’ needs, for
recognition for work orders?
instance the decision level, the management level, and the
•
If the operators are qualified, those who are
operation level?
responsible for spare parts inventory management?
•
If the KPI’s for spares management have been set up
considering different spares users, including different
Regarding the spares management process, the following
department, different channels, different equipment,
aspects should not be neglected:
different work orders with different maintenance strategies,
•
Have all spares management processes been set up,
and different criticality?
such as spares application, spares purchasing, spares
•
If the KPI’s for spares management have been set up
obsolete, spares failure analysis, as well as how to set up
considering different time periods?
EOQ / RO/safety inventory level for different kinds of
•
If the KPI’s for spares management have been set up
spares, etc.?
considering spares reliability (lifetime analysis), spares
•
Whether all spares management processes do satisfy
inventory management (inventory control indexes such as
all the maintenance needs or not?
the cost of spares, the cost of keeping stock, etc.), spares
business process, and spares suppliers’ evaluation?
II. Do
•
How accurate (effective) are the current KPI’s for
In order to know the spares real implementing situations,
spares management with exact data?
we need to review them from four aspects. First, reviewing the
•
What is the percentage of the KPI’s for spares
spares management with work orders’ execution, which is
management have been applied when making related
consists of planned and un-planned work orders. Secondly,
decisions?
reviewing the spares failure analysis, in which the historical
IV. Act
data should be recorded and analysed. Thirdly, the review
should be taken with work feedbacks, including feedbacks
The Act stage is another important phase in the walls of
from work orders, condition monitoring, and inspection tasks. the HOMM-Spares. We have to know the situations from the
Such feedbacks are easily to be neglected. Finally, reviewing following aspects:
the business process execution should not be neglected neither.
•
If the differences focusing on spares inventory
Details include:
management between this plant and other plants in the
•
If the spares information has been recorded in details
same segment are clearly known?
in work orders, including spares registration number,
•
What are the differences between this plant and other
equipped equipment, equipped numbers, failure
plants in the same segment?
information, etc?
By such questions and answers, we may get not only the
•
How accurate (effective) are the spares preparation
benchmarking
but also the rate of study for this plant.
for planned work orders?
It is very common that spares failure data may only be
•
How accurate (effective) are the spares preparation
recorded and few of them were analysed for further utilization,
for unplanned work orders?
•
What is the percentage of spares, which are especially for spares inventory management strategies
optimization. However, they are very important for reducing
implemented with failure analysis?
•
If all the work feedbacks have been completed with the operational downtime due to spares stock-outs and the cost
sufficient spares information (feedbacks for work orders, of keeping stock, as well as accumulate information for
suppliers’ performance evaluation. We should review the
condition monitoring, and inspection tasks, etc.)?
•
Whether the spares management processes were following aspects for spares lifetime analysis:
•
If the spares failure analysis data has been utilized
followed well?
for decision making?
III. Study
•
How accurate (effective) are the spares lifetime data
for
maintenance
management??
In traditional performance measurement for spares
management, only some KPI’s are set up to evaluate the
Simultaneously, spares inventory management strategies
working effectiveness. From the HOMM-Spares’ view point,
need to be reviewed:
it is not enough.
•
How often the spares inventory management
Usually the plants in practice have set up their own simple
strategies are reviewed?
spares management KPI’s, considering various interests but
•
How the spares inventory management strategies
often without sufficient scientific reason and support.
optimization
activities are implemented?
However, the most KPI’s have been so far set up only from
economic viewpoints which cannot be suitable for all the
levels of management. Even some completed spares
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Spares management optimization should not be neglected.
For this, the following reviews are essential:
•
If all spares have been obtained at the right place,
right time, right quantity, and for right equipment?
•
If the structure of spares inventory is reasonable?
•
How often the spares catalogue, showing all stock
items, locations, economic order quantities, (EOQ) ReOrder (RO) Points, safety inventory level, will be
reviewed and updated?
•
How often the spares purchasing cost and lead time
have been reviewed?
As for spares KPI’s:
•
How often the KPI’s will be reviewed and updated?
I. Floor of HOMM-Spares
Nowadays, because of enormous data for recording and
analysis, computerized management programs are getting very
popular. It may be embarrassing that some software has been
designed perfectly but engineers who use them may be not
satisfied. The root causes can be different. Besides design
problems, it may be caused by operator’s error, or process
imperfectness, etc. Anyway, we should not evaluate the
spares management level just by that if the plant has applied
some advanced software, but also how such software be used
in practice from the following aspects:
•
If all spares management tasks have been connected
with MIS, or if they can be tracked from any MIS?
•
Whether the data is sufficient enough as making
decisions related to spares management?
•
How about the MIS’s application on site related to
spares inventory management, which have already been
implemented, such as ERP (e.g. SAP, Oracle),
EAM/CMMS (e.g. MAXIMO, APIPRO), and any other
useful modules or tools?
J. Door & Windows of HOMM-Spares
Obviously, without the continuous improvement activities,
the knowledge in the plant will not be used resulting in the
failure of PDSA cycle. In other way, the activities during
Study and Act stage would become of little use without
continuous improvement process. Without the “door” and
“windows”, we will not know the real running situations of
the PDSA cycle. To ensure that the cycle works continuously
and effectively, some classical points as below should be
reviewed:
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•
How often the spares inventory management
strategies are reviewed?
•
If the PDSA cycle’s (for spares management)
running details are visible and understandable by all?
IV. CASE STUDY
Customer A develops, manufactures and markets valueadded aluminium profiles, profile-based building systems and
heat exchanger solutions in aluminium. Currently they have
implemented SAP system as well as EAM system for several
years, with which the spares inventory are managed and
related information are recorded. In addition, they have set up
some strict KPI’s, including spares cost, spares usage, and
spares cost for maximum Top 5 per week/month/ each
equipment, and the like. The results are announced per month.
The maintenance department adjusts the budget application
based on the statistics and the purchasing department
evaluates the suppliers after a while. The management
processes have been set up, and it seems that they are
followed well. However, they are still confused: there are
more and more spares stocked in the warehouse; the spares
stock-out may occur quite often; maintenance engineers have
always complained that they are not sure which kinds of
spares should be stocked with low stock-over risk and vice
versa, etc. Therefore, they want to know that how to evaluate
their spares management level, where the management
bottleneck exist, and the most important is how to improve it.
TABLE I
MATRIC FOR HOMM-SPARES

Walls

Human factors should not be neglected, because all rules
are made for and need to be followed by people. Following
aspects should be reviewed:
•
How many training hours per year are given on an
average to a crew regarding spares management?
•
As for spares management, does there exist any
concrete training plans for individuals with different
operator levels?
•
How about the results from WCA (Workgroup
Climate Assessment) or similar evaluations among spare
related departments?

House

I

II

III

IV

Roof
Ceiling

0
0
8
20
8
20
0
2
58

0
2
16
8
8
4
0
0
38

2
0
0
0
0
0
2
0
4

0
0
0
0
0
0
0
0
0

Plan
Do
Study
Act

Floor
Door & Windows
Total Facet

Total
(weights)
2
2
24
28
16
24
2
2
100

* I: fire fighting; II: maintaining; III: promoting; IV: innovating

The purpose of the study is to make a 3-years’
development plan for Customer A’s maintenance spares
management, after reviewing the activities with our HOMMSpares from all facets. The application was divided into four
phases: fire fighting, maintaining, promoting, and innovating.
In fire fighting phase, spares management activities are mostly
reactive, unstable, and may even be chaotic. Sometimes,
people even do not know why they do, what they do, or how
long it takes. The costs and the historical details are not
recorded. In maintaining phase, spares management activities
are not optimal; however, they are now becoming stable. In
other words, they are essentially functional activities. In
promoting phase, the spares management activities are
proactive (sub or solid optimal) and stable. People know what
to do, when, why, where and how to do. They actually
perform it in full and on-time. In innovating phase, spares
management activities are optimal and are reliable, and future
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focused. People know what is done, based on what they
intended, and they deduce how to improve in the future.
TABLE II
THREE-YEAR DEVELOPMENT PLAN
House
Roof
Ceiling
Plan

Do

Study

Act

Floor
D&W

Tasks
Spares management goal
Spares management
System
Spares registration
Spares classification
Spares criticality Analysis
Spares configuration
Spares demand
recognition
Spares management
process
Spares preparation for
planned work order
Spares preparation for
unplanned work order
Spares failure analysis
Spares feed back from
work orders
Spares feed back from
condition monitoring
Spares feed back from
inspection tasks
Spares business process
execution
KPI for spares reliability
KPI for spares inventory
management
KPI for spares business
process
KPI for Suppliers
evaluation
Spares Benchmarking/
Client Needs Analysis
Spares lifetime analysis
Spares inventory MSR &
optimization
Spares management
training
Spares BPR
Spares KPI system review
Spares related MIS
review
PDSA implementation

2010
III

2011
III

2012
IV

2013
IV

II

II

III

III

II
II
I
I

II
III
II
II

II
IV
III
III

III
IV
III
III

II

II

II

III

II

II

III

IV

I

II

III

III

I

II

III

III

I

II

II

III

II

II

III

IV

I

II

III

III

I

II

III

III

II

II

III

IV

I

II

III

III

II

II

III

III

I

II

III

III

II

II

III

III

I

II

III

III

I

II

III

III

II

II

III

III

HOMM-Spares, spares management development plans can
be made more scientific and credible. In the HOMM-Spares,
PDSA cycle works not only in the whole spares management
business, but also in any concrete area. When reviewing the
HOMM-Spares, to get more truth, we should collect
information from different sources, not only through people
(from management and operator levels), but also through MIS
data and by real running situations on-site observed by
reviewers.
In the case studies, customer A can get the evaluation for
its spares management with the HOMM-Spares, and the
development plan to improve it. The weights which were set
up in Table I should be adjusted further with consideration of
different needs. Furthermore, in this paper, the HOMMSpares has been described roughly, details can be different
regarding different industrial segments.
ACKNOWLEDGMENTS
The authors would like to thank for the support of CAMM
(Centre of Advanced Mining & Metallurgy) project in this
research work.
REFERENCE
[1]

[2]

[3]

[4]

I

II

II

III

I
I

II
II

II
III

III
IV

III

III

IV

IV

I

II

III

III

[5]

[6]

[7]

[8]

As evaluated by our HOMM-Spares principles, customer
A has its 58% spares management activities belonging to firefighting phase, 38% activities belonging to maintaining phase
and 4% belong to promoting phase. Or we can say, 92%
activities in the organization are in a stabilizing phase (I% +
II%), and only 8% are in optimizing phase (III% + IV%).
Details can be seen from table I.
Based on the results from reviewing the HOMM-Spares
concept for customer A, a future development plan for
maintenance management in the next three years can be made
as shown in table II. Additionally, there are two PDSA
processes seen from rows and columns separately.

[10]

V. CONCLUSIONS
It is natural that, after reviewing all mentioned aspects, one
will get ideas on how to improve the spares inventory
management level step-by-step. It means that, with the help of

[14]

ISBN 978-91-7439-379-8

[9]

[11]
[12]

[13]

A A Syntetos, et al. The effects of integrating management judgment
into intermittent demand forecasts. International Journal of Production
Economics. 118 (2009):72–81
A A Syntetos, J E Boylan, J D Croston. On the Categorization of
Demand Patterns. Journal of the Operational Research Society. 56
(2005): 495- 503
A H C Eaves, B G Kingsman. Forecasting for the Ordering and StockHolding of Spare Parts. Journal of the Operational Research Society.
55( 2004): 431-437
B Ghodrati, P A Akersten, U Kumar. Spare parts estimation and risk
assessment conducted at choghart iron ore mine. Journal of Quality in
Maintenance Engineering. 13(2007):353-363
Daniel Dewald. Key Performance for Stores and MRO. (2011-07-04:
13:25),
http://reliabilityweb.com/index.php/articles/key_performance_indicato
rs_for_stores_and_mro/
J E Boylan, A A Syntetos. Spares pars management: a review of
forecasting research and extensions. IMA Journal of Management
Mathematics. 12 (2009): 1-11
J E Boylan, AA Syntetos, G C Karakostas. Classification for
forecasting and stock control: a case study. Journal of the Operational
Research Society. 59 (2008):473 -481
J Huiskonen. Maintenance spare parts logistics: Special characteristics
and strategic choices. International Journal of Production Economics.
71 (2001):125–133
J Lin, B Ghodrati, U Kumar. House of Maintenance Management in
Mining Industry. Accepted by Conference Press. IEEE International
Conference on Quality and Reliability. Thailand, Bangkok, 14-17
September, 2011
K A H Kobbacy, Y Liang. Towards the development of an intelligent
inventory management system. Journal of Integrated Manufacturing.
(1999): 354-366
M Walton. “The Deming Management Method,” The Berkley
Publishing Group. New York, 1986
R Fildes, P Goodwin, M Lawrence. The design features of forecasting
support system and their effectiveness. Journal of Decision Support
System. 42 (2006): 351-361
T M Mccarthy et al. The Evolution of Sales Forecasting Management:
A 20-Year Longitudinal Study of Forecasting Practices. Journal of
Forecasting. 25 (2006):303-324
W J Kennedy, J W Patterson, L D Fredendall. An overview of recent
literature on spare parts inventories. International Journal of Production
Economics. 76 (2002):201–215

83

84

ISBN 978-91-7439-379-8

Maintenance Strategy Development in the UK
Food and Drink Industry
David Baglee1, Michael Knowles2
#

*Institute for Automotive and Manufacturing Advanced Practice, University of Sunderland
The Industry Centre, Colima Avenue, Sunderland, UK, SR5 3XB
1

david.baglee@sunderland.ac.uk
michael.knowles@sunderland.ac.uk

2

Abstract— The food and drink industry is a key industrial sector
employing many thousands of people making a substantial
contribution to the global economy. Small to Medium
Enterprises (SMEs) account for a considerable percentage of the
sector’s activity. While many manufacturing sectors have
embraced and contributed to the development of modern
maintenance practices, the food and drink industry is perceived
to be falling behind, a trend which is having a negative effect on
the productivity of this industry. This paper investigates the
barriers, both real and perceived, to the implementation of
modern maintenance practices and the opportunities to apply
modern technology to support improved efficiency
Keywords— Food and Drink, Condition Based Maintenance,
Overall Equipment Effectiveness, Maintenance Strategy
Development.

I. INTRODUCTION
The penetration of maintenance engineering “Best
Practice” within the United Kingdom (UK) food and drink
industry are weak and inconsistent. In addition , UK food and
drink production facilities are secretive with regard to
dissemination of maintenance strategies, are unaware of
advances in engineering and maintenance methods and are
reluctant to embrace new methods and technologies to
improve their production process and thus increase their share
of the world market. As a consequence, any novel technology
or process needs to be well proven before becoming adopted
by food companies.
Since 1990, several studies have been completed in the UK
that has identified the need for the implementation of better
maintenance practices. While there is no doubt that some
organisations have taken this on board and achieved
significant measurable benefits, the following conclusions are
applicable to the majority of organisations (including the food
sector). It costs approximately £20 billion per annum to
maintain plant and equipment in the UK alone. Even small
improvement should result in significant benefits. In the UK
the food and drink sector employs approximately 400,000
people and has a manufacturing turnover of £73 billion a year
[1], and the sector accounts for 15% of UK manufacturing
turnover [2]. Recent surveys have shown that approximately
70% of food and drink industry still operates a breakdown
maintenance system and that the available technologies are
not being used as effectively as they should be. Organisations
claiming to have a “planned” maintenance programme seldom
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meet their targets, usually because of unexpected breakdowns.
While some organisations have successfully implemented
some of the available tools and technologies, they are not in
common use, and methods need to be devised to assist with
the process of implementation. One of the major problems is
the difficulty of recording and passing on intellectual capital
of the workforce.
Designing and implementing a correct maintenance
strategy is essential for a company’s competitiveness. Large
companies take advantage of modern maintenance practices
and technologies to improve their production responsiveness
and flexibility. SMEs, especially in the food-processing sector,
have been largely unable to implement such strategies. In
response to the problems outlined above the main objective of
this work is to assess the effectiveness of existing
maintenance practices and to develop appropriate maintenance
strategies which will help reduce the cost of production and
maintenance and improve productivity. The new strategy will
stimulate the development and application of more energy
efficient technologies and business practices for use
throughout the company whilst not compromising food safety
and quality.
The key objectives for the work are:
• To identify critical equipment that affects system
performance and availability.
• To identify the range of maintenance practices that
organisations are using to maintain their refrigeration
equipment.
• To assess the effectiveness of existing maintenance
practices thorough relevant maintenance related metrics
• To identify a range of modern maintenance strategies that
will increase the performance/availability of refrigeration
equipment.
The remainder of the paper is structured as follows. Section
II describes methods of analysis used to identify poor practice
and the barriers to improvement. Section III describes
methodologies and techniques that can be used in the
development of improved practice. Section IV provides an
overview of the results of trialling improved practice and
conclusions and suggestions for future work can be found in
Section V.
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II. ANALYSIS
Overall Equipment Effectiveness (OEE) is used to target
the major losses associated with poor maintenance
practices[3][4]. The maintenance performance indicators are a
measure of equipment availability, performance rate and
quality rate. OEE addresses all losses caused by equipment
faults, and many companies recognize the important role OEE
plays in determining bottom-line results. The OEE calculation
(see Fig. 1) is used as an index for measuring maintenance
performance. The model is organized in a structured and
systematic way because it starts with the general elements
such as quality, productivity and availability then examines
the low-level maintenance losses such as reduced speed and
defects. An advantage of OEE is that it provides a benchmark
from which to start a maintenance initiative by providing one
simple figure from three functional and important areas.
Initially a target group of five companies comprising of
nine sites were identified. These companies were in Bristol,
Cambridge and Northern Ireland. To obtain background
information questionnaires were distributed to 120 staff within
the chosen companies. Eighty two completed questionnaires
were returned. The aim of the questionnaire was to identify,
but not be restricted to, the following:
•
What is the company maintenance strategy?
•
Are equipment records kept, used and updated?
•
Does management believe this approach to
maintenance is the most appropriate method?
•
What are the factors that influence the company

when deciding upon implementing or not implementing
maintenance improvement initiatives?
•
What would be the impact upon the culture,
workforce and management of the adoption of a new
maintenance strategy?
•
Is the management aware of modern maintenance
practices such as TPM[5][6]?
To support (or not support) the questionnaire findings
interviews were carried out with 8 senior managers from each
company (one person managed two sites). The interviews
followed a similar structure in that the same questions were
asked to interviewees but additions were included from
previous interviews.
The findings confirmed what was largely expected in that
the majority of SMEs operated a reactive maintenance system,
which was largely configured to respond to breakdowns.
Although a reactive approach was the dominant maintenance
system, several companies did have a mixture of reactive,
planned and condition based.
Table 2 identifies the
respondents approach to maintenance; the figures indicate the
main method of maintenance.
The majority of the respondents believed that their
maintenance practices did not have a direct impact upon their
profitability.
Additionally, many also believed that
production schedules and performance would be adversely
affected by the introduction of a new maintenance initiative.
The lack of maintenance planning, or identifying areas where
maintenance is important, has produced maintenance system

Fig. 1 Example of IEE Calculation
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which neither optimize the maintenance tasks or find an
optimum balance between the costs and benefits of
maintenance, therefore resulting in an ad hoc maintenance
system which is a mixture of reactive, preventive and
condition based.
There would appear to be a strongly held perception
amongst the majority of the respondents, that the reactive
paradigm is acceptable as it ensures that the only time spent
on maintenance is when faulty equipment is being repaired
and this is considered as beneficial to production. Knowledge
of the central argument which is used to justify a
planned/preventative maintenance approach and which
advocates that the frequency of breakdowns be reduced
because of its adoption would appear to be missing from the
responses. The case study respondents, who employ a purely
reactive system believe the cost of maintenance is kept
relatively low because costs, work force and finances, are only
incurred when something breaks
TABLE I
RESPONDANTS APPROACH TO MAINTENANCE

Condition
Size

Reactive

Planned

Advanced technologies include:
•
Vibration Spectral methods (Velocity, acceleration,
ESP, Acoustic Emission)
•
Electrical panel thermography
•
Full spectrographic Oil analysis
•
Fixed sensors to measure the vibration levels from
inaccessible plant
Vibration analysis has been selected as the focus
technology. Further details on its application are provided
below.
A. Vibration Analysis Overview
Vibration measurement systems fall into two categories,
single value methods and spectral vibration measurements.

Monitoring
(Predictive)

Small

(86%)

(9%)

(5%)

Medium

(73%)

(20%)

(7%)

At this stage Diagnostic Solutions (DSL) were appointed to
assess a variety of methods for monitoring refrigeration plant
condition and reliability and thereby increase the amount of
“live” data.
Dale Farm (N Ireland) and Yeo Valley (Somerset) were
chosen as candidates for the assessment process, both within
the dairy processing manufacturing sector.
In addition to the above 2 sites, DSL were already
monitoring a number of ASDA Chilled Distribution Centre
(CDC) as part of an on-going commercial refrigeration
monitoring service. DSL have installed and fitted 12 on-line
monitoring systems within a number of ASDA sites under
sub-contract to STAR Refrigeration of Glasgow, this
monitoring project has been on-going for the last 2 years.
III. METHODS AND TECHNOLOGIES CONSIDERED
CbM methods were tried in two distinct technology blocks.
The first attempted to use very basic and low cost methods to
predict food manufacturing plant health. The second phase
involved advanced CbM methods and technologies.
The basic technologies include:
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•
Hand Held Meter (ISO 10816 Velocity and
Enveloped acceleration overall levels)
•
Laser sighted temperature gun
•
Some oil sampling.

1) Single Value Measurements: The variety of single value
measurements is endless, from the ISO filtered levels
mentioned in ISO 10816 [7] to the ‘magic numbers’ offered
by some of the technology vendors. Single value methods
include:
•
•
•
•
•

Hand Held meters
SPM Units
Acoustic Emission Units
Vibration Pens
4-20mA sensors

Single value methods are either ‘generic’ or ‘specific’. The
generic case is where a value will indicate the presence of ‘a
problem’ but cannot categorise the problem into a specific
fault (e.g. Unbalance, looseness, misalignment, cavitation,
etc.). The specific methods concentrate on issues such as
bearing faults and try to eliminate the influence of ‘other’
faults through the use of algorithms and electronic design.
Table 2 outlines the more common types of measurement
with comments on applications and a brief technical
description of the method.
Single value vibration methods have two major advantages
and only one real disadvantage; these are low cost, simple
interpretation and lack of accuracy respectively. The overall
CM system implications of single value methods are discussed
within the later sections of this text.
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TABLE II
SINGLE VALUE VIBRATION METHODS

Single Value Method Summary
Description
Applications
2Hz – 1kHz filtered Works
as
a
general
Velocity
condition indicator.

Method
ISO
Filtered
Velocity
SPM

Acoustic
Emission

Vibration
Meters /
pens
4-20mA
sensors

Carpet and Peak
related
to
the
demodulation of a
sensor
resonance
around 30kHz.
Distress
&
dB,
demodulates
a
100kHz carrier which
is sensitive to stress
waves.
Combine
velocity,
bearing, acceleration,
temperature
and
occasionally speed.
Filtered
data
converted
to
DCS/PLC compatible
signal.

One of the better single
value bearing indicator
methods. Some problems on
larger bearings and gear
units.
Better general indicator
than ISO velocity, without
the ISO comfort zone.

Look for ISO Velocity,
envelope & enveloped
acceleration.
ISO velocity, g’s envelope
Can be used to ‘home in’ on
specific problems by filter
selection.

20Hz – 2000Hz. Detection capabilities cover the following
fault conditions:
• Unbalance,
• Misalignment,
• Looseness,
• Resonance,
• Cavitation,
• Blade problems,
• Turbulence
Acceleration (High Frequency)
Amplitude Demodulation Methods (often called enveloped
acceleration or ESP) are used to extract impacts from the
standard acceleration spectra, through the extraction of
amplitude-modulated components and the display of those
demodulated components on an FFT plot. This process is
illustrated within Figure 3. Impacts are created as a rolling
element collides with a damaged area. These impacts show as
transients within the time domain. The Demodulator extracts
these transients. Extracted impact frequencies are then
displayed on an envelope spectrum .

Single value data are easy to trend and interpret as shown
by Figure 2 below

Fig. 2 Trends visible in vibration analysis

2)Spectral vibration measurements: This type of
measurement involves the detection and display of specific
components of a time history sensor output. The use of
specific frequency components lends itself to the detection of
faults down to a single mechanical component (e.g. bearing,
gear, and impeller). Once again, various methods, techniques
and signal conditioning systems are used to detect specific
components of the raw time history data:
•
•
•
•

Hand Held Data-collectors
Spectrum Analysers
PC Analysers
On line systems

Velocity (Mid Frequency)
The most commonly used method for fault identification,
mainly due to the scalar consistency of the method (i.e.
25mm/s is high almost irrespective of the machine type). Used
to detect signs of mechanical problems in the frequency range
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Fig. 3 Extracting fault information from envelope spectrum

IV. DISCUSSION OF RESULTS
Between 3 and 4 visits were made to each of the 2
evaluation sites. A number of problems were observed within
Dale Farm relating to the freeze drier unit fans in particular,
however the problems were not severe enough to warrant
immediate maintenance intervention during the course of the
CbM assessment within this facility.
The main problem observed within Yeo Valley related to a
blower unit that went from ‘high bearing levels’ to replace the
bearing. An overhaul of this blower showed badly damaged
motor bearings. In both of the above cases when discussing
assets from Dale Farm and Yeo Valley; the assets in question
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were critical and would cause serious downtime if they failed
in service.
Most of the 1st line refrigeration system comprises
circulation/cooling pumps and refrigeration compressors. The
only observed problem during the assessment period related to
misalignment on one of the Dale Farm Chillers. This is
supported by the data collected by DSL over the last 24
months from STAR refrigeration (ASDA, CDC sites). In short
the compressor assemblies themselves all demonstrate a high
level of reliability.
The Table 3 below shows the number of faults rectified
within the 24 months of monitoring the ASDA compressor
sets every 2 hours.
TABLE III
FAULTS DETECTED BY CONDITION MONITORING

Major Motor
Faults
4

Minor Motor
Faults
9

Compressor Faults
0

The core of any refrigeration plant is the chiller compressor
set, this also constitutes the most expensive and safety critical
element in the refrigeration chain. Experience within this
DEFRA project and throughout the last 24 months of on-line
monitoring has resulted in the following conclusions from a
reliability viewpoint:•
Motor bearing and coupling problems cater for 100%
of the problems observed
•
Compressor data should be collected close to 100%
load
The following recommendations are made based on the
assessment completed within this project and the experience
DSL have gained over the last 2 years of monitoring
refrigeration compressor related equipment:•
Low cost on-line monitoring is ideal to ensure
compressor data are measured under load
•
It would be more efficient to log compressor process
and energy data at the same time as vibration such that all
pertinent data elements could be compared and analysed
•
Spectral vibration is required to adequately
categorise the failure modes, hence at the very least a monthly
walk around vibration assessment would be required.

•
•

Outline clear links between the processes.
Systematic and easily understood.

V. CONCLUSIONS
The data collection exercise and the data collected by
Diagnostic Solutions Ltd has shown that a new approach to
maintenance is required. This new approach will need to
embrace new and relatively inexpensive technologies,
outlined above. The use of Condition Bases Maintenance
(CBM) techniques such as vibration analysis, thermal cameras
or oil analysis can be used to determine objectively the
condition of machines and can predict failures. However their
application is dependent upon cost to purchase, the ease of use
(intrusive or non-intrusive) and the ability of the company to
collect, analyse and determine maintenance. However, the
diagnostic capabilities of predictive maintenance technologies
have increased in recent years with advances made in sensor
technologies. These advances in component sensitivities, size
reductions, and most importantly reduced cost, have opened
up an entirely new area of diagnostics to the maintenance
engineer and equipment operator.
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The cost of surveillance systems through the use of wireless
data transmission and battery power has changed the condition
assessment and energy monitoring market place. DSL believe
that further developments in low-cost surveillance and web
based monitoring software represents the best possible method
for determining reliability and efficiency of refrigeration plant.
Therefore, a new approach to maintenance is required which
is developed from the maintenance needs of the equipment
and the limited available resources. Due to the aforementioned
barriers the new methodology must be:
•

Simple in structure.
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parties has resulted in the development of a number of
applications and innovative solutions in the migration of
technical publications from being traditionally paper based into
a rich media environment, where repair diagnostics, training
and technical data repository have been included. These
developments have shown that a technical publications
environment need not be a shelf of books, but can be a highly
interactive application that has a web browser feel whilst
delivering technical answers at web browser speeds. Research
in this field has shown that the current generation of
engineering students require data to be instantly available on
line in contrast to engineers of 10 years ago who would spend
long periods of time trawling through technical libraries of
books to obtain technical data.
The use of this rich media environment enables knowledge
to be captured in text format or in a video format so that it can
be re-played at a later stage. Thales Optronics like many other
companies within the defence environment have an extremely
skilled workforce and as every day passes that workforce gets
older. The effect of the downturn in global defence spending
has resulted in a reduction in the recruitment numbers, and in
areas such as manufacturing operations where a wealth of
developed knowledge resides with the technical staff. One of
the effects of the reduction in defence spending means that
through the natural retirement of personnel combined with the
reduction in recruitment numbers, that the skills and
knowledge that these people have gained in a lifetime of work
is subsequently lost. A commonly known and widely accepted
additional dynamic within customer support, is the age profile
of senior engineers and the perceived “skills gap” and retention
of specialist field knowledge. Identified in 2007, [1] of 500
surveyed engineering and technology based companies in the
UK, 51.8% indicated that they had serious difficulties in
Keywords— Technical Publications, Electronic Documentation,
recruiting suitable qualified engineers.
For clients
Remote Maintenance. Defence contractor, Digital technologies
experiencing plant or equipment downtime, the need to access
solutions in as short a time as possible is obvious, and this led
I. INTRODUCTION
to research activity focussed on reduction of travel time for
For over 10 years a research relationship has been engineering staff to on site support.
established between Glasgow Caledonian University (GCU)
Under these circumstances the use of multimedia can be
and Thales Optronics. The collaborative work between both used to capture this knowledge, precision processes and skilled
Abstract— This paper details the research relationship and
activity between the university and a commercial client working
within the defence industry over a ten year period. The
investigative core deals with the contractor’s requirement to
address paper to electronic conversion of technical
documentation and maintenance procedures, and the financial
requirements of reducing on going customer support cost, whilst
providing a competitive advantage. From initial projects
involving optical media/ laptop computer multimedia
applications, to the use and deployment of smart phone and PDA
devices, and more recently the use of wearable computing
systems/ head mounted display / augmented reality assistance,
the research study has tracked technological changes over the
period, and the impact of the same on working practice.
However, at an organisational level, the adoption of the use of
electronic maintenance support systems has been problematic in
an industry ironically at the forefront of technology
development, but still tied to traditional paper based knowledge
support. An additional factor common to many engineering
industries is the capture and retention of acquired knowledge of
an ageing workforce, directly connected to the cost of customer
support. The latter stages of this research study aims to decouple the technology led solution approach of conversion from
print to electronic media, to allow for the development of
information retrieval paradigms more suited to the delivery of
focussed assistance at the operational point of access. Today’s
social networking experience, and online knowledge repositories,
change the ways in which students acquire information and
solutions. The challenge is to convince the engineer that the
quality of the solution is not weakened by the absence of the
physical documentation product derived from the book
metaphor, but that the technologies already exist to provide
knowledge and support even in the areas of remote maintenance,
that provide the same experience as one to one instruction and
guidance.
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techniques, such as specialist assembly techniques, alignment
procedures or test processes can prove invaluable. When using
the technical publications application in a fault diagnostic
environment then the captured video can be replayed in the
absence of a technician to assist with the resolution of defects,
or to ascertain defective components. This method of test and
diagnostics has been proven through a series of repairs that
were performed on a piece of specially developed test
apparatus. By using a video technique to assist the technicians
with the diagnostics combined with technical support data
loaded on to a laptop. The test and repair times were then
compared with the conventional repair process. The results
showed that the tests performed using the video as a guide
were significantly reduced. Moreover, non-technical personnel
who had no prior knowledge of the equipment successfully
completed the repairs using the video methods in times
comparable with skilled technicians [2].
II. TECHNICAL APPROACH
The resultant claim which this paper makes is that the
levels of technology now present in the fields of network
communications, and computer technologies, are more than
sufficient for the delivery and effective use of electronic
technical documentation, and remote maintenance support.
Indeed the final commercialised product involving the client
was delivered on a tablet pc, as a complete system for the use
of remote maintenance support, and was adopted as a solution,
less that six months from a previous system build which still
reported various issues re use and effectiveness. However the
genesis and progression of the research activity with the client
had to overcome limitations in terms of technology, well
known to multimedia and interaction designers. The concept
of conversion of engineering documentation from paper based
systems to electronic delivery, was viewed initially as the use
of computing systems to house the data in format which
allowed for ease of transportation, storage, and access. Within
the defence community, security of data is a approach to
building an electronic system. Essentially, until fairly recent
developments in web performance / bandwidth, and in
particular video compression and quality, the internet was not
a suitable option for defence related documentation, and user
training. Hence the research investigation has been more
focussed on physical device augmentation. Here the interplay
of the device from laptop computer and optical media, to
smaller PDA and more recent micro computers, and tablet pc,
is often compromised by the media content required for
engineering technical documentation. For example the display
and navigation of wiring schematics, often produced as
physical A3 paper / CAD images, and the need to resolve the
data held on the same (pin and track numbers, component
values etc), has presented design problems. Early systems
(circa 2001) were authored as a hybrid multimedia solution
with a CAD viewer installed as part of the DVD or CDROM
deliverable. The schematic was viewable both as a low
resolution overview, and a fully scalable CAD drawing, by
switching to a proprietary free software tool. The physical
screen size of small portable devices such as the Apple iPod
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Touch, and other hand held PDA systems, offered highly
portable solutions, but difficulties in visual navigation of
schematics and textural data lifted from existing A4 layouts.
In 2006 an interactive application was developed for a
submarine periscope for the Royal Canadian Navy [3]. This
application was developed primarily for a laptop to assist with
technical publications and diagnostics. This flexibility is
achieved through the development of a multimedia approach
to technical publications, it would not be possible to achieve
the same success by simply transferring and referring to the
technical handbooks, as they run to fifteen volumes and are in
excess of 1600 pages. Figure 2 shows a sample screen from a
diagnostic tool developed for the Canadian Royal Navy, in the
maintenance of the CK035 search periscope. Here the solution
to large format document navigation was to embed a modified
PDF viewer into the multimedia structure, giving access to a
suite of tools typically used within PDF software such as
Adobe Acrobat etc.

Fig. 2 Schematic design and control

The rise of the multi touch interface and track-pad gestures
initially within Apple products, has given documentation
designers the option to remove screen based controls as
displayed in the previous figure. Scale, rotation and X,Y axis
movement has become quite intuitive. Coupled with advances
in display quality, the resolution of fine detail is quite
sufficient. This is also true for photographic media, and there
are options to include HD quality video segments. Prior to the
introduction of high quality low data video codecs, the
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solution to video quality within optical media, came via the
use of hybrid multimedia / DVD titles as shown in Figure 3,
allowing the user to access the video segments via an interface
solution housing a DVD player, in order to bypass high (lossy)
compression and artifact generation. This solution required the
user to have suitable DVD playback software installed within
his laptop, and had limitations with cross platform access.

By 2010, the research team had established a depository of
interface solutions, graphical approach, and navigational
techniques, which were generally well accepted by the client.
The developments in computer processing power, physical
size and weight, and the improvement of quality of digital
media, allowed the team to focus on hardware augmentation.
III. AUGMENTED REALITY AND EFFECTIVENESS
As the possibilities of new technologies emerged, the
research investigated the use of augmented reality display and
wearable (HMD – Head Mounted Display) computing
systems. The investigation was initiated by the need to define
a remote maintenance solution which would combine the
expertise of the manufacturing engineering staff with a means
of communication and information display to that of an on site
engineer, or military personnel, as shown in Figure 4.

Fig.3 Embedded DVD video within documentation
Fig. 4 Remote Maintenance structure

To date a total of five electronic documentation examples
have been developed and deployed, each driven by the needs
of particular maintenance activity. At the heart of each design
is a commercial imperative to reduce costs, typically by
assisting the end user to fully understand his role within the
maintenance cycle, and service level agreements. The initial
approach was to mirror decision tree flow diagrams present
within the paper based support documentation, and to lead the
user to a clear identification of service level tasks, in order to
avoid a return to manufacturer scenario in instances whereby a
simple repair could be carried out in the field. Within other
projects, speed of diagnosis and repair effect under stressful
working conditions (periscope repair at sea) was achieved by
linking the periscope fault display system to the electronic
documentation system. This assisted the user to zone into the
effective section of the diagnostic and repair activity. Later
products employed 3D animated sequences in tandem with a
video showing assembly procedure, and the use of a simulated
battlefield environment, for training of a laser sighting system.
The interface design and data presentation issues have been
explored in a number of test products, as the research
developed, it became clear that a shift to a similar information
design paradigm of that of internet search browsing, and
extraction of specific knowledge with related links, was going
to be more effective to the user within the maintenance task.
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Thales has been working on developing this maintenance
approach on a product called REMAIN (REmote
MAINtenance). This product is used to provide the operator
with a wearable computer system that enables rich media to be
presented to the operator via a monocular viewer . The system
uses a TV camera attached to the monocular that enables other
users to view what the operator is seeing. A benefit of this
type of equipment is that it can import the interactive technical
publications media and be use this information to assist with
the repair and diagnostics on a wide range of platforms, from
aircraft, to armoured vehicles to submarine platforms [4]. The
REMAIN equipment is developed on a Personal Digital
Assistant (PDA) equipment and has a bespoke interface to the
communications and camera interfaces. The processor
systems built into PDA’s were never developed to perform
extensive interfacing tasks such as multi serial interfaces,
MPEG conversion and driving video displays. There are
limitations to such equipments, and as we progress to a High
Definition video world where high resolution means high
memory and processing capacity, then PDA’s struggle to offer
real time video and reaction times. Recent technological
developments have seen a number of small micro PC’s with
solid state hard drives that have become available on the
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marketplace. These PC’s are not much smaller than some
PDA’s, however they have the processing capability and
access speeds and capabilities of most netbooks or laptops. A
development project in 2010 between Thales and GCU has
developed the next generation of REMAIN equipment. Based
around the micro PC, all serial interfaces are handled with
ease and the interfaces for the camera system is by a Universal
Serial Bus (USB). The SVGA video required for the
monocular display simply plugs into the micro PC video
connector. Power is provided by a wearable battery pack and
the power duration is dependent upon the type of cell selected,
and can be Lithium Polymer, or Lithium Ion. Up to 6 hours
continual operation is achieved by using either type. This
development offers an enhanced capability similar to the
existing REMAIN system, but also offers an open architecture
in the form of USB interfaces and further expansion capability.
The after sales and ongoing customer support costs for
products, are significant bid factors for defence contractors.
Even if enhanced multimedia electronic documentation
systems are supplied, there will inevitably be a gulf between
the expectations of the user and client, and the acquired
expertise of the manufacturer. Factor into this equation, the
reality of military personnel, tours of duty and rotation, you
have issues which place manufacturers in difficult operational
and business situations. As an enhancement to standard video
conferencing solutions, the team developed a wearable system
with a head mounted display unit (monocle) adapted from an
existing military supplier. The Liteye system [5] shown in
Figures 5 - 6 , is a helmet mounted eye-cell used to convey
tactical battlefield information, developed for the US military.
Initial testing of the system with the modified HMD showed
very positive results, taking into account the issue mentioned
previously on the weight of the display. The interoperability
of the display with the user gave excellent visual results with
only a very slight restriction in the field of view on the right
hand side due to the display optics. No parallax or image
displacement was apparent and all manual assembly testing or
watching video clips could be achieved very easily. The
Liteye display has a sliding shutter that allows the user to
block off the in coming light from the outside scene. This is
particularly useful in high light conditions when the operator
needs to concentrate on the screen, e.g., when looking at video
clips or photographs. The optical definition on the display
raster is very clear even towards the periphery of the field of
view, the manual focus on the display enables any operator to
achieve optimum focus over a range of plus or minus 4
dioptres.

Fig 6. Helmet mounted HMD

The HMD was used in a test to perform a simple
diagnostic investigation on a piece of test equipment. This test
has been run previously using 20 students of varying
experience and capability. Historically the best time was 26
minutes to identify and rectify the defect. By using the HMD
in place of the laptop screen the defect was identified in 29
minutes. This shows that the HMD can provide the data for
the operator to use in diagnostics via a multimedia training
application. It was generally felt after the testing that further
development is required on the HMD. The weight does affect
the operator’s ability to wear the HMD similar to wearing
safety glasses for example. The HMD developed for the latest
development of REMAIN is shown in Figures 7 - 10. The
system comprises of two USB cameras for communication
and macro inspection, a 7 inch HDMI screen display, and a
tool-belt with battery packs to deliver power to the micro PC
and HUD display.

Fig 7. Monocle housed within Safety Glasses

Fig 5. Liteye Military HMD
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Fig 8. Video Conference between off and on site staff

as previously mentioned would be to employ the slide cover
on the monocular to give a separation of left / right eye visual
fields. This gives rise to two initial issues for the operator,
firstly depth perception, and unique to the individual, the
effects of left / right eye dominance. Whilst it is possible with
practice, to cognitively switch from one eye to another, e.g
using a single eyepiece microscope, or image composition in
photography, or rifle eyescope sighting, whereby both eyes
are open, this usually requires some practice or training.
Braithwaite [6] describes the issues facing British army pilots
converting to fly the Apache Attack Helicopter, and
“focussing techniques” required for the use of the monocular
eyepiece. Deployment of the proposed HUD system for
equipment maintenance and repair / diagnostic duties, will
have to address the problems of use within a varied range of
situations / environments. Research and testing of the
following areas is proposed:

1.
2.
3.
4.
5.
6.
7.
8.
9.

Flat field and depth perception within complex
3D real world spaces.
HUD contrast issues and occluded visual fields.
Cognitive capture.
Physical ergonomics of HUD use.
Interface development for HUD imagery.
Dual Modality information processing.
Documentation design.
HUD or projected display systems.
Cost / benefit analysis.

Fig 9. Micro PC system worn on tool belt

Fig 10. USB inspection camera

The initial testing of the HUD monocular was based on the
interpretation of video instruction, previously presented via a
laptop computer. This test effectively meant that the
participant was “hands free” and able to carry out the
procedure without interruption to view the media on a
separate device. The video would have to be viewed on a
neutral background surface i.e looking away from the device
under maintenance / diagnostic investigation. The alternative
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It is worth noting that there is significant research publishing
within the filed of HUD design for automobile/ driving safety,
however this form of HUD use is by practical definition
influenced by the driver position within the vehicle,
windscreen visual field, and the tasks of driving the vehicle
and following instructions relating to navigation and safety/
road use legality. Gish and Staplin [7] within their report into
human factors aspects of HUD in automobiles stated that little
research had been carried out on “virtual image distance”
being the perceived distance at which projected information
would appear to the user. This distance is usually a direct
comparison between HUD and HDD (Head Down Displays)
such as distance to dashboard / control surfaces etc. The
importance of this is the effects of “attentional tunnelling” and
cognitive switching between information. The “Mandelbaum
effect” is an example of this conflict of between near and far
visual fields, and the tendency to focus on the surface located
nearest the observers eye. The presence of a HUD graphic,
will tend to define an “edge” within the visual field and cause
misaccommodation or a “cognitive–accommodation trap”
simply stated as a focus within the HUD imagery to the
exclusion of the wider visual field (edges of the windscreen).
Using this example, the question of HUD imagery positioning
is raised. Chao, Huang and Doong, [8], investigated the
positioning and effectiveness of locating the HUD /in vehicle
information in 4 distinct regions of the interior of a vehicle.
Findings show that there was only a marginal improvement of
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the HUD information placed within the centre of the
windscreen, to that of the left and right positions. This was
shown for both male and female drivers of varying age groups.
Laramee and Ware [9] discussed the issues of monocular
HUD use and the particular issues with head mounted see
through displays, as different to the vehicle windscreen
projected display. The perceptual/ cognitive issues of
binocular rivalry can lead to a dominant and suppression
phase in the users ability to deal with two different images
from both eyes. In word processing tests, users direction of
gaze, when there is nothing to focus on, “phoria” over a
period of 45 minutes was measured and found to be present
for the first 5 minutes for most subjects, however some users
displayed prolonged HUD eye dominance for longer periods,
and reported side effects such as temporary headaches.
Similar studies, showed that some Apache helicopter pilots
using the HUD monocular in night vision scenarios would
close the non-HUD eye in order to concentrate on information,
with possible safety issues.
Whilst some automobile HUD research deals with anticipation
and warning (traffic congestion out of visual range), Charissis
and Papanastasiou [10], there is little requirement to deal with
a layered information display, which may well be a significant
consideration for maintenance / repair work. In a previous
design of a multimedia system for a periscope configuration,
some procedures required an understanding of the physical
space within the periscope control / optical housing, and the
relationship between components and fixtures. An advantage
of the proposed HUD system would be to use a type of
“Superman x-ray vision” overlay as discussed by Livingston
et al [11] however using this form of visual display raises
potential problems of occluded layers in augmented reality.
Here, within a building navigation project, it was concluded
that multiple layers of information presented as the buildings
structure, would have to be rationalised to prevent user
confusion in terms of both depth perception and information
overloading. User acceptance of any HUD system should be is
at the centre of research investigation irrespective of advances
in technology, from early investigation of an augmented
maintenance system for computer printer repair, (KARMAKnowledge based Augmented Reality for Maintenance
Assistance 1993), Feiner, MacIntyre, and Seligmann [12], to
Nilsson and Johansson [13] study of AR within a medical
equipment context, user experience and a practical benefit
analysis has to be taken into context. Within the latter study,
the participants were given tasks of assembly and maintenance
on two types of medical equipment, both of which they were
not familiar with. Feedback on using the AR system was
generally positive, however as this task was supported by
voice instruction / coaching from a both the AR system, and
by a communication link to an experienced technician. The
test subjects reported that the dual modality of visual and aural
information could be confusing, the need to respond to the
confirmation of each task stage (to be intercepted by voice
recognition). Given that the authors propose HUD and
communication system for military maintenance tasks, will
have to rely on both the delivery of high performance HUD
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graphical and peer to peer communication, the challenges of
implementing this system will require a review of
documentation development, and the design of instructional
communication between on and off site engineering staff. The
potential cost saving benefits to industry could be
considerable, if the technology can be employed / adapted to
the needs of the user, rather than the user having adapt
working practises beyond reasonable expectations to adopt a
new technology.
IV. RECENT TECHNOLOGIES
Throughout the development timescale of electronic
documentation systems, the design of visual information has
largely been influenced by the functionality of the hardware
technologies available at the time. From screen resolution and
processing power, to the development of HD quality video
and playback codecs, and the portability of PDA and micro
PC devices, the design of installed or archived media, as
opposed to wireless communication access of centrally
located information, has been a continual issue. Within the
remote maintenance research, the design of the “off the shelf”
modular components, and the connectivity of the same, was
influenced by cost factors. Although a “wearable” system was
developed and tested, the use of the same involving the
monocular HMD was limited in it’s use. In some restricted
space maintenance environments, with the need for
communication and directed repair assistance, allowing the
engineer to remain “hands free”, the augmented reality display
would appear to be an advantage. However, testing of the
communication link via the use of a commercial web
conferencing application, did show significant time lags in
peer to peer communication. The arrival of the tablet PC and
branded devices such as the Apple iPad, with forward and rear
cameras, and video conferencing software built in to the
system architecture, with touch and gesture input interface,
raise further opportunities for the operational requirements of
remote maintenance. In a series of test video conference
communications between the UK and the USA, the
“FaceTime” application available for Apple products,
consistently delivered acceptable frame rates and audio
quality, with one half of the connection being under 1Mb
broadband speed. Compared to similar tests using internet
based software (Skype, Adobe Connect) the Apple technology
demonstrated a simple communication environment whereby
one of the parties was able to switch between forward and rear
cameras (iPad ver2) to show detailed views of equipment.
Given the existence of screen sharing and screen remote
control and capture applications, the use of the tablet pc may
become significant in maintenance procedure, as a low cost
hardware solution.
V. ADOPTION ISSUES
The success of the video test diagnostic application and a
number of others that Thales and GCU has collaborated on,
have received recognition and plaudits from Thales
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Internationally. The developed products have been
demonstrated at three International conferences and
significant interest has been shown in our products. However,
despite the tangible successes of this project, there has been a
general reluctance to adopt these new techniques. Defence
publications are governed by a number of Defence Standards
(DEF STANS) that control the format, layout and quality of
technical publications primarily for NATO countries. These
standards have been in force in various issue levels in excess
of 40 years. Therefore any change to this established medium
would require a great leap of faith and commitment for our
customers and for our company to make that change. The
customers are the defence organisations such as the UK
Ministry of Defence (MoD), the United States Department of
Defense (DoD) and the Canadian Department of National
Defence (DND) amongst numerous others. A decision to
change the format of technical publications would be out-with
the recognised technical publications standards, and it would
mean at some point there would be two standards of media
that would support the publications. Therefore based on this
example it may in some way attempt to explain why there
appears to be a reluctance to move to a multimedia approach
despite the time, cost and technological benefits.
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Abstract— The objective of this paper is to present the process,
results, and range of usability of a machine classification in a
company that is producing discrete items. The classifications
were built on the four factors of: (1) if the machines had any
redundancy, (2) the utilization factor of the machines, (3) the
quality impact of the machines, and finally, (4) the age of the
machines. Through different levels and an assessment process
the machines were classified in AAA-, AA-, A-, B-, or C-classes,
AAA being the most critical. The classifications were performed
in teams consisting of representatives from maintenance- and
production engineering as well as production managers and
operators, this, in order to achieve a consensus regarding the
classification results. The result not only gave a deepened view on
the factory layout, it also gave a good foundation to prioritize
many improvement initiatives. Several ranges of use will be
illustrated in the paper, as well as how the process and results
has been received by the employees.
Keywords— Machine classification, Maintenance development,
Manufacturing industry, Condition monitoring

I. INTRODUCTION
Ireland and Dale [1] express that in order to receive the
most out of the manufacturing equipment it is necessary to
prioritize where to perform actions. It is very seldom that
companies have the correct resources, monetary or
organizational; to work on all possible improvement areas at
the same time and prioritizing where to perform the work
becomes ever so important. Also references [2] and [3]
discuss the importance of prioritizing the equipment. Suzuki
[1] suggests prioritizing the equipment from the factors: safety
and environment, quality, delivery performance, demand of
production flow, and the costs of improvement action.
Reference [3] suggests the similar factors of: safety,
environment, quality, production (stop time due to
breakdown), and maintainability.
Discrete item manufacturers that transform from a
functional layout to a lean, flow-oriented one, a lot of the time
looses their possibility of redundancy between machines, that
is, the factory becomes more exposed to disturbances.
Therefore, in being a discrete item manufacturer, knowing
which machine is critical is vital in order to be able to
prioritize, for instance: breakdown repair sequence, preventive
maintenance activities and intervals, operator-based
maintenance development and implementation, condition
based maintenance activities and intervals, improvement work
initiatives etc. Classifying machine criticality is one approach
that can help companies in achieving a better priority.
However, additional functions in an organization may very
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well benefit from a machine classification also. For example,
production management as well as production engineering can
both help in the classifying process as well as benefiting from
the results of the classification in their day-to-day work; this
also helps achieving a consensus between them and the
maintenance department.
The objective of this paper is to present the process, results,
and range of usability of a machine classification in a discrete
item manufacturer.
A. Case company setting
The case company is a discrete item manufacturer, located
in the middle parts of Sweden. The manufacturing site process,
assemble, test, and paint components for the heavy transport
industry. The manufacturing site has, since 2007, undertaken a
major change initiative, transforming from a functional layout
with: complex logistics, a high work in progress, and low
flexibility to a lean, flow-oriented, characterized with:
improved quality, a higher flexibility in handling product
variations, and improved efficiency in logistics. The
manufacturing site is currently divided in two separate value
streams, one for each component being manufactured, and in
some 30 different manufacturing cells, responsible for their
specific part in the logistic flow. The manufacturing cells
consist of, for example: machining centers, turning-, milling-,
grinding-, hardening-, washing machines etc. The paint and
hardening shop is used by both value streams. In the change
initiative, several new machines were installed, several were
scrapped, and several were relocated within the manufacturing
site in order to achieve the lean layout. Currently, roughly 800
blue collars are running the operations together with roughly
150 white collars.
The lean layout and production strategy has put an
increasing pressure on the maintenance function in delivering
higher availability and an increasingly more planned
environment. In order to achieve this, the maintenance
department has also embarked on a major change initiative
shifting from corrective maintenance to a predetermined and
condition based maintenance approach. In doing so, a better
prioritizing tool, such as a machine classification, has been
necessary.
II. THE PROCESS OF CLASSIFICATION
The initiative to classify all manufacturing equipment came
from the maintenance engineering department; it was
therefore also natural that the same department took
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ownership of the process as well as the performance of the
classification.
The classifications were built on the four factors of: (1) if
the machines had any redundancy, (2) the utilization factor of
the machines, (3) the quality impact of the machines, and
finally, (4) the age of the machines. Through different levels
and an assessment process the machines were classified in
AAA-, AA-, A-, B-, or C-classes, AAA being the most critical.
The factors safety and environment that are usually also
acknowledged in such a classification were redundant in this
particular case as another company wide classification ruled
that these factors were more important than any other factor.
The classifications were performed in teams consisting of
representatives from maintenance- and production engineering
as well as production managers and operators, this, in order to
achieve a consensus regarding the classification results. The
teams were assembled manufacturing cell by manufacturing
cell. A short introduction to the classification, its purpose and
process, was held by the representative from maintenance
engineering. Maintenance engineering also provided a list of
all machines that were used in the respective manufacturing
cells. Some of the machine equipment, such as, for example,
mist collectors, lifting tables, and racks that, by the production
department, were ruled not to be of importance for this
specific classification were classified as “not applicable” (NA).
The classification of the machines started with the redundancy
factor and its different definitions and continued with
utilization, quality impact, and age of the machines. See Table
1 for the different definitions for each factor. The results were
entered in an Excel sheet. The production engineer,
production manager and operators only saw the factors and its
different definitions during the process. Afterwards they were
shown the assessment flow, see Figure 1, and how their
machines were classified. The assessment flow, the factors,
and the levels was created by the maintenance engineering
department through discussions regarding what was
considered the most important factors from a maintenance
perspective. Before starting the work with classifying all
machines, the factors, levels, as well as the assessment flow,
were tested on two manufacturing cells. The particular cells
were managed by a production manager with long experience
from production management, implementation of new
methods, as well as from working at this particular
manufacturing site.

TABLE I. DEFINITIONS OF THE FACTORS USED IN THE CLASSIFICATION.

1
No internal
redundancy,
cell stopping

1
> 0.85
1
Extremely
tight
tolerances for
the machine
type. Very
large risk for
customer
impact

Redundancy
2
3
Internal
Internal
redundancy
redundancy
(redundant
(redundant
machine
machine
within the cell within the cell
that with a
that with a
change over
change over
that takes
that takes less
longer than 2- than 2-shifts,
shifts, can
can take over
take over
operation)
operation)
Utilization factor
2
3
0.85-0.81
0.8-0.5
Quality impact factor
2
3
Very tight
Normal
tolerances for
tolerances for
the machine
the machine
type. Large
type. Risk for
risk for
customer
customer
impact
impact

4
Internal
redundancy
without the
need for
change over

4
<0.5
4
Wide or no
tolerances.
No risk for
customer
impact

Age
1
>12 years

2
12-9 years

3
8-5 years

4
<5 years

Fig. 1 The assessment tool
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In short, the different classes can be explained as:
• AAA – a machine, that if it breakdown stops the
manufacturing cell. The machine is also process
unique (at this specific manufacturing site) or
extremely capital intense
• AA – a machine that if it breakdown stops the
manufacturing cell or a machine with an extreme
utilization factor or a machine with a high
utilization factor as well as an extreme quality
impact factor
• A – a machine with redundancy possibilities
within the manufacturing cell, however, with a
high utilization factor and/or a high quality impact
factor
• B – a machine with redundancy possibilities
within the manufacturing cell, however, either
with a high utilization factor or a high quality
impact factor
• C – a machine with redundancy within the
manufacturing cell, low utilization factor and low
quality impact factor
III. RESULTS OF THE CLASSIFICATION
All machines in the manufacturing site are of course, to
some degree, critical; otherwise, what would be the point in
having them. Although, some machines are of course more
critical than others. The view, prior to this objective
classification, within the entire manufacturing site, was that all
machines were equally and highly critical to the
manufacturing process. By simply asking the question
regarding redundancy though, made both the production and
maintenance functions realize that some machines are more
critical than others. As Figure 2 visualizes, 42% of all
classified machines are critical (AAA or AA) and 5% of these
are also capital intense or process unique for this particular
operation site. 6% fell into the A-type category, 21% into the
B-type category, and 30% into the C-type category. Of course,
variations within the cells and between the manufacturing
cells were in some cases rather large. Some manufacturing
cells are built on more or less a straight line where all
machines become important for the delivery performance of
the cell, others are built with a higher possibility of
redundancy. In fact, two manufacturing cells have been
designed to have no critical machines and an additional four
other manufacturing cells have only one critical equipment, in
those cases, a material handling equipment. This also brings
up the questions if all manufacturing cells should be regarded
in the same manner or if they should be treated as they are,
independent. It may seem as the manufacturing site has made
mistakes in developing the layout of the plant when as much
as 42% of all machine equipment is critical and more or less
stops the entire manufacturing cell when having a breakdown.
This is however always a tradeoff when it comes to
implementing a lean layout. One can also argue that by having
such a factory layout no deviations go by unnoticed which is
also part of the manufacturing philosophy.
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Fig. 2 Results of the classification, all machines and their respective class

When all manufacturing cells had been classified and when
the statistics had been entered in the Excel sheet a major
communication task was embarked on. Naturally, as the
maintenance engineering function was responsible for the
classification, it was also that function that was responsible for
the communication. A communication material, explaining the
reasons for, the process of, and the results of the classification
as well as possible ranges of usability, was put together.
Communication and discussion meetings were then held with:
the top managers, the production managers, the managers of
production engineering, the department of production
engineering as well as the maintenance department. A short
information regarding the classification was also held at the
site’s fall kick-off attended by the entire production
department with all support functions, all together some 700
employees present. At all communication and discussion
meetings the production managers and engineers were asked
to, one more time, look over the results for their
manufacturing cell and reconnect with the maintenance
engineering department if they found something to be
erroneous or perceived as being unjust. At the meetings,
information on where to find the classification was given. The
Excel sheet with all information regarding the classification
was uploaded to the start page of the intranet of the site, the
actual classification (AAA, AA, A, B, C) was also entered
into the maintenance system, accessible by all.
The Excel sheet contains information on the machine
classification for all manufacturing cells, see Figure 3.
Therefore, everyone can see how certain machine equipment
has been classified and thus also the underlying factors for the
result. It also contains some statistics on the different
manufacturing value streams. A summarizing list makes it
easy to sort between different aspects. One example is to sort
out all critical machines (AAA and AA) and the age of the
machines (older than 12 years). This view is, for example,
important for the production engineering department
responsible for re-investment of machines, the view is also
important for the maintenance engineering and spare part
department in keeping spare parts in stock and also to
investigate if any spare parts are on the way of going obsolete.
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B. Production Engineering Perspective
The production engineering department can use the
perspectives below in order to reduce the criticality of their
manufacturing cell:
• Prioritizing replacement investments
• Prioritize improvement work
• Develop or invest in redundancies at critical
sections
• Development of Poka-Yoke (error proof) devices
at critical machines

Fig. 3 Excel sheet of all machines, their classification, and the different
factors and how they were classified in those factors. Auto filtering makes it
easy to; for example, filter out all critical machines (AAA and AA)

IV. RANGE OF USABILITY OF THE CLASSIFICATION
The machine classification can be used as a tool to achieve
a consensus regarding where in the factory layout the most
critical equipment is located. This should of course be a major
tool for how the day-to-day work should be prioritized.
However, as mentioned above, the factory has an overall
priority order which precedes the classification, namely:
safety and environment. If, for example, the maintenance
department receives a work order concerning immediate
safety risks it is of course prioritized. An additional example
can be if the maintenance department receives a work order
concerning a leak of some media (oil or washer fluid) it is of
course prioritized. After these exceptions, though, the machine
classification is meant to be used as a tool to prioritize
different initiatives within the factory. However, the machine
classification should also be seen as a long term tool to
prioritize where improvement actions taken will lead to less
critical disturbances in the future. The next subchapters will
elaborate on some perspectives for different affected
departments.
A. Production Management Perspective
The production management can use the perspectives
below in order to reduce the criticality of their manufacturing
cell:
• Dimensioning of buffer sizes at critical machines
• Prioritize improvement work
• Increase education and training at critical
machines, specifically for new or un-experienced
operators/assemblers
• Execution of operator-based maintenance
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C. Maintenance Department Perspective
The maintenance department can use the perspectives
below in order to reduce the criticality of manufacturing cells
and as a tool to prioritize immediate actions:
• Breakdown repair sequence (immediate actions)
• Disturbance repair sequence (deferred actions)
• Development
and
implementation
of
predetermined maintenance, interval and activities
• Development and implementation of condition
based maintenance, intervals and activities
• Increase competence level on critical machines by
education and mentoring system
• Development and implementation of operatorbased maintenance
• Prioritize improvement work, for example, rootcause failure analysis
• Spare part storage dimensioning
V.

DEVELOPMENT AND IMPLEMENTATION OF CONDITION
BASED MAINTENANCE

As indicated above, using the machine classification as a
strategy to implement condition based maintenance is a
possibility. At a large manufacturing site, as the case company
is, monitoring all equipment is not economical feasible or
even sought after. Using the machine classification it is
possible to sort out different equipment in various aspects to
use in implementing condition based maintenance. Below, a
few examples on how the machine classification has been
used at the case company will be explained:
• For instance, it is possible to sort out critical
equipment (AAA and AA) and implement (in
shorter intervals than other equipment), for
example, a handheld infrared camera on electrical
cabinets in order to find incipient failures before
disturbing the production.
• Further, there is a possibility to sort out machines
with an extreme or high quality impact factor and
implement Ballbar and/or other various geometry
measurement techniques in order to find incipient
quality deviations before causing disturbances in
production.
• Also, it is possible to sort out the most critical
equipment (AAA) and, if feasible, implement online vibration monitoring or other continuous
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monitoring technique in order to find incipient
failure before causing disturbances in production.
VI. DISCUSSION AND CONCLUSIONS
The machine classification was, at the start of the process,
only thought to be used in a maintenance perspective. During
the process, though, other perspectives how the classification
could be used were revealed. A lesson learned is that it would
have been good to present these during the classification
procedure with the production managers, operators, and
production engineers in order to get a better discussion. It has
been viewed as important, though, to have the classification
being performed by a cross-functional team in order to get a
consensus regarding the classification and the factory layout
as well. There is a risk in letting a maintenance function alone
perform the classification as it can lead to a variety of
discussions on definitions. It has also been important to
present the results of the classification as not only a tool for
maintenance to prioritize breakdown repair sequence but as a
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tool for more long term improvement work, it is in this aspect
highly important to involve additional functions than
maintenance. Improving the efficiency and effectiveness of
manufacturing equipment, and particular when having a lean
strategy, is a bigger task than a maintenance function alone
can take on. There is a need for cross-functional teams that
together, with different competences, attack problems and
disturbances. A machine classification can be the basis in
prioritizing between those improvement work initiatives.
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Abstract — Today, many companies struggle with maintenance
work established by pre-requisites during purchasing,
installation and start-up of plants, systems and machines. In
search for improvements in existing maintenance organizations,
it´s easy to conclude that they look like and is a direct
consequence of previous engineering decisions and activities.
Maintenance is, however, performed in the operation phase
with weak coupling to what created it. Using an empirical
knowledge base, several examples of this narrow view on
maintenance is given along with the consequences it results in
today.
It is argued, that the increasing need to create and preserve
knowledge will be the driver for change and the main
contribution to an enlarged and more efficient maintenance
function. Improvements are pointed out using references to the
leading actors creating the frontier today where most companies
could be tomorrow. The paper hopefully will contribute to how
maintenance processes and activities are being designed, set-up
and carried out.
Keywords — Maintenance, Definition of, Improvement and
Performance
of
Maintenance,
Maintenance
Services,
Maintenance Processes, Enlarged Maintenance Function.

I. INTRODUCTION
Maintenance is a targeted activity area in industry today. As
a profession, maintenance secure that infrastructures, plants,
systems, components can be used for their purpose during the
course of their life-length, by upholding asset properties such
as functions and performance. As such, maintenance is an
important contributor to sustainability and business economy.
The classical role of maintenance is clear– fix something
when it´s broke or prevent so it does not. Today, the number
of faults and errors tend to decrease and times between
failures increase, due to use of modern equipment with better
quality. The knowledge acquired around a previous failure
thus fade away. But modern equipment requires deeper
knowledge difficult to obtain and retain over time. Together
with the relatively small amount of events that occur inside
company walls, productivity development of
in-house
resources is difficult and they can never compete with external
specialists.
In search for improvements in existing maintenance
organizations, it´s easy to conclude that they look like and is a
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direct consequence of previous engineering decisions and
activities. What you purchase, you install and use. In today’s
lowest bid environment it could mean very low performing
systems to take care of and use in production.
Surprisingly, maintenance as a company function is seldom
responsible for or even involved in the pre-work establishing
their work content and pre-requisites.
Even more surprising is that what ultimately should govern
and dimension the whole decision chain from what you need,
what you buy, and what you use – the actual availability of the
plant, system, machine or function – is often neither required
or measured!
These are some of the findings from 15 years of industrial
experience covering various companies in different lines of
business; 11 outsourcing projects in manufacturing, food and
mining, plus a 7 year development project in energy
companies in several energy sectors and many countries.
During the time period it has been extremely difficult to
grasp how companies set up, run and develop their
maintenance activities as well as what they incorporate in and
mean with maintenance. Searching for enlightenment in
standards and textbooks gives precise answers. Looking for
reasons to situations occurring in industry however, can
seldom use that wisdom as guidance or sources for
explanation. Despite the fact that availability issues are a
result of what you buy, modern textbooks still state that the
most important maintenance engineering frameworks are
RCM and TPM [1].
The logical chain of events – in terms of engineering
decisions and actions – that finally lead to activities needed to
uphold functions and performance of an asset (plant, system,
equipment or product), are cut into several organizational
pieces. In each part managers with their short horizon budget
steering try to optimize his or hers part respectively. Results
are often obtained with no consideration to long time
perspectives or a company perspective as a whole.
In practice this means that there exist something called
maintenance in companies but is has very little to do with the
circumstances that really has decisive influence on availability,
expenditures and earnings in the company. Instead, those
decisions are made by other company functions.
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Looking at schools and university for guidance and hope for
a change in the future, one finds no education programs
covering maintenance issues and knowledge. In industry, most
people working with such issues are “self-learned” through a
long work experience. A manager for a maintenance
department is in turn somebody that is lifted up from that
working community. Instead of focusing on long term issues
and economy, those guys or girls mostly dig into technical
details – something they are familiar with.
All this continuously is supported by the narrow definitions
of maintenance [2], [3]. It is clear that these traditional
definitions must change and that the profession must recapture
what constitute its meaning and role in a business
environment. In many papers, this is implicated and even used
as a point of departure, bur often it all ends up in traditional
work views and with no coupling between maintenance and
what gave birth to the work done today in companies [4].
This paper will explain how an enlarged maintenance
function will affect performance of industrial maintenance and
services, thus contributing to a sounder development both of
internal maintenance carried out and maintenance bought
from service providers.
First, examples are given of how the particular work is
carried out today using the empirical knowledge base. By
explaining the coupling to the operative work, the logical
chains of decisions and actions are exemplified. By linking
together activities in the establishment life-cycle phase with
the operation phase it is shown how an enlarged coherent
maintenance function could improve the situation.
It is argued, that the increasing need to create and preserve
knowledge will be the driver for change and the main
contribution to an enlarged maintenance function; Suppliers
could enlarge their product definition to include services
useable for end users, and end users could use their part of
different product populations to maximize the knowledge base
within a company.
The key is to use the whole or the largest product population
possible. This will in all cases create better knowledge,
efficiency, and maintenance services.
Results after practical implementation are pointed out using
references to the leading actors creating the frontier today
where most companies could be tomorrow. The paper
hopefully will contribute to how maintenance processes and
activities are being designed, set-up and carried out.
II. EMPIRICAL FINDINGS
In this section, the findings from the empirical knowledge
base will be described. Each finding constitutes a part of the
logical links of decisions and activities that finally constitutes
a maintenance function as an industrial business activity. For
each activity listed, there is a direct or indirect coupling to the
maintenance function. This coupling is described and
exemplified. For clarity the activities are grouped in a life
cycle sequence:
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A. Plant establishment phase
- No availability requirements in requirement
specifications
o Without availability requirements the most
important property, and the goal for all
activities aiming at upholding an asset, is
missing.
-

Documentation, maintenance plans, spare parts
required, etc. are not a part of project deliveries
o These deliveries establish the basis for the
asset care activities and are normal job
ingredients irrespective if the work is
performed in house or by an external
maintenance supplier.

-

The service suppliers do not use the knowledge from
a whole product population.
o This is the case when parts of a total
maintenance
organization
work
for
themselves divided up by different
organizational borders. Within the company,
the knowledge and experience base gained
around the very same systems or equipment
is thereby not used.
o Today, suppliers of products also deliver
maintenance. Several of those do not use
their entire product population and the data
and knowledge from all the usage of their
products.
o External service suppliers should also use
such specialization possibilities to increase
the value of their service offers

-

Decisions about what to buy is done by others, e.g.,
purchasing
o It is still uncommon that maintenance is
involved in purchasing. In some companies
internal rules state that they should, but they
are not allowed, their requirements are not
taken into consideration or they themselves
do not prioritize the work and thus are not
present.

-

Decisions not based on present value life cycle
analysis of costs and profits
o Many companies require a present
discounted value calculation when a large
amount of capital is involved. For smaller
amounts no such calculation is performed.
In some cases only the cost part is present in
the calculation. Taking into account known
costs for acquisition, activities for upholding
performance and functions, etc., the cost
part is fundamental in decisions. Including
the earnings part will show even more
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precise what alternative to choose in
purchasing.

employees. That knowledge base is only a
small part of the suppliers´ total product
populations installed and used. It is clear
that such optimization attempts are difficult
if not meaningless.

B. Plant operation phase
-

-

Plant unavailability not measured and losses
following from unavailability are not showing up in
any economic footprint
o What you measure you can react upon.
Production losses or increased costs due to
unavailability are crucial in order to be able
to prioritize activities that must be
performed. Some companies are not
interested since “the capacity installed is not
fully used” – one is able to produce what
could be delivered to the market. The losses
could be considerable, but since it does not
show up in any report, no one is, or can be
held, responsible.
Projects (how we cooperate) and investments (how
we use capital) are not activities to uphold properties
and functions of an asset.
o In some companies the maintenance
expenditures are zero! Work items are put
together in larger packages in order to be
able to activate capital. Projects are by
nature something where we exactly know
(should know) what to do, so for such
reasons they are often directed to tendering
processes and put in separate accounts.

-

Sub optimization in organization silos.
o Example: projects are carried out optimally
in a local manager’s sense, e.g., based on
day time work instead of 24h work
schedule. On a company level the amount of
money lost due to the longer plant
unavailability is considerably larger than the
difference between the 8 h and 24h work
schedule. Sometimes losses are several total
project budgets for the local manager only
in one single case like this!

-

Asset managers try to optimize their maintenance.
o The maintenance expenditures can be
considerable large taking into account
projects and investments. Unavailability
(not being able to use) a plant or an
infrastructure – and costs associated with
that, could be considerable. Still, asset
managers try optimize what´s being defined
as maintenance expenditures - the direct
cost for the resources doing what is
considered as the maintenance work.
o

Managing an existing asset fleet is based on
an experience among existing and former
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o

Optimization even exists within companies
where the maintenance organization does
not work with the entire product population
within that company! This means that the
total knowledge and activity base is divided
along with the maintenance organization.
Since failures tend to be fewer and hence
MTBF´s longer, experts on different
equipment and systems need the entire
population available in a company to
develop their knowledge and their
productivity.

C. Plant termination/life-end phase
- Maintenance records/information/experience are not
reused in projects
o Even if the company will build up more or
less exactly the same technical system, this
does not occur. Information such as life
costs, life earnings, life-lengths and failure
data are lost.
III. DECISIONS AND ACTIONS BUILDING AN
ENLARGED MAINTENANCE FUNCTION
The classical view upon maintenance has fortunately
developed from the “fix broken items” or “replace” to
preventive work using different means such as condition
monitoring. But, it focuses only on what, should, or, could be
done in the operations phase.
As indicated from the findings in the former section, many
engineering decisions and activities successively end up in
what maintenance is actually needed. In the same manner,
many decisions in different parts of an organization
successively establishes the prerequisites for the maintenance
left to be done – maintenance as it looks like today.
The traditional maintenance function has to be enlarged to
include the decisions and associated actions necessary to build
up and uphold the properties of an asset (plant, system,
component, etc.):
-

Product design solution
Specification of product requirements
Specification of process and process requirements
purchasing of systems and components that fulfill
process requirements
building or setting up the manufacturing system
a system that can manufacture a product according to
specification
a product shipped to the end user in due time
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-

a useable product satisfying customer
throughout the service life of the product

needs

Actors are the suppliers delivering their solutions to the end
users and the end users and their ambitions through
requirements and specifications get what they need in their
facilities. Hence several delivery-use chains could be involved
in establishing an end user facility. The fundamental key to
success lies in the establishment phase in each connection of a
delivery-use chain. Here, the supplier could not only deliver a
valuable product with high reliability, long life, and the
correct functions and performance – but also connect to end
users and the products life phase. There, valuable information
could be obtained in order to improve existing or next
generation products [5].
From an end user perspective, the establishment phase
define what product to buy – the physical one only or a
product where a part of a, or a complete, service package is
included. Here, end users have an important task to require
that suppliers take care of spare parts, maintenance and even
being responsible for up time of their products.
A. Establishment Phase
The establishment phase defines functions, performance and
the prerequisites for what is needed to be done due to wear
and ageing in the operations phase.
Maintenance results in terms of availability or usability
often becomes what the company in question regards as
enough or, in infrastructure, what the public can tolerate. In
some cases society has taken the role of the end-user and set
up strict requirements to be followed in order to define the
lowest threshold that companies must reach up to.
Department of Defence, as one of the largest product
purchasers in the world, early understood the importance of
requirements on and structure of early product development
phases. They have developed a series of what, why and how
specifications [6], [7]. Recent versions describe what is
needed in order to reach goals stated on availability and
maintainability. An important part is the requirements on a
closed loop product development, e.g., the suppliers should
monitor their products field performance, collect data about
failures and other events of interest and feed these back to
product improvement and development of existing and next
generation products, se Fig. 1.
Outside the military industry only business areas governed
by public authorities requirements, such as aviation and
nuclear power production, have implemented early product
development and coupled that to activities in the products’ use
phase [8]. There have been activities to increase the coupling
between the establishment and operation phase for companies
in general. In UK a study showed the increasing importance of
maintenance costs and availability levels to the profitability of
an industrial organization. The committee for Terotechnology
started to try to influence industry to put greater efforts in the
establishment phase. The work did not develop as it was
intended and that is considered as the main reason why it has
not been accepted by or used in industry [9].
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Fig 1 The Closed Loop (From [6])
Why organizations do not carry out the establishment phase
more rigorously is a key question. Americas Society of Civil
Engineers has conducted a study of the status of Americas
Infrastructure. The 2009 Report Card for Americas
Infrastructure is not an encouraging reading. Hearings held
have pointed out that maintenance does not create “ribbon
cutting” when bridges or tunnels are opened after a
maintenance project. Politicians and decision makers don´t
find maintenance as something interesting enough to put their
time or effort in [10].
Another explanation is the division of the organization.
Engineers must be put in the same room as the procurement
people. Today most purchasing is done in the low-bid
environment. Instead, the lowest life cycle cost should be in
focus or preferably the bid with the highest discounted present
value taking into account both cost and earnings! This is also
something well known but not well established [11], [12].
It is important that end users of products to be purchased
realize that it is the life cycle aspects that are important. As
indicated in the empirical findings, several elements of such a
cost structure are not measured or reported. There are even
lines of businesses where faulty production units contribute to
higher revenues for other working units!
B. Operation phase
Here it is clear that the major component affecting what
activities needed to uphold functions and performance is
knowledge. The knowledge chain is driven by a flow of
information from end users to product manufacturers or
suppliers as indicated above, but also from product
manufacturers and suppliers to end users. Of course, long use
periods of a plant or a system also create a lot of knowledge.
If we equal a products life cycle use period with the end
users use of it, a system of systems have produced a product
that will be used by end users. That product can in turn be put
in a system of systems to produce another product. Such
delivery chains can be very long for complex end products. In
each part, the maintenance function secures usability of the
process built to produce a product, giving the asset owner a
possibility to deliver products, e.g., in due time to users.
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When a product is shipped to the end user, it should fully
meet design requirements, be manufactured according to
specifications, and be capable of satisfying customer needs
throughout the service life of the product. The products ability
to perform its intended functions - can be defined as quality
over time or maintaining continuous customer satisfaction.
Including necessary maintenance prerequisites is natural for a
supplier caring about the market and customers there.
The importance of product quality and product reliability
when customers start using it has been known for a long time
[11], [12]. Ahmed [13] distinguishes between on and off line
methods. Off line is during product design and manufacturing
and on line are methods for measuring, monitoring and
assessing product reliability that design engineers can act
upon. He points out that the techniques available could be
used to continuously monitor reliability performance of a total
population of products in field use for product uplifts and
engineering changes.
One of the practical problems at that period of time was
collection of data in separate systems, each one targeted to a
specific part of the organization (e.g. designers, service
personnel). It was however easy to show that by using data
from these systems, a detailed knowledge could be obtained
about systems and components and their reliability [14], [15].
Closed loop approaches from user to manufacturer are today
common
practice
in
the
semiconductor
and
telecommunication industry in order to monitor the product
from the first second in use in order to increase field system
MTBF. The approach has given companies lower warranty
costs and early warning signals to take necessary corrective
and preventive action to ensure product safety and
effectiveness [16], [17]. It is evident that the entire process of
controlling and increasing reliability must be based upon
knowledge about the end use of a product.
In the aviation industry, product manufacturers such as Rolls
Royce (RR) have developed Total Care program where RR
gets paid per flying hour (performance contracting). RR (the
Original Equipment Manufacturer) assumes the cost of
maintenance and support services and has to consider
operating performance and any disruptive events which take
the engine out of operation. This will cause the engine to
cease generating income for the OEM. In the concept, the
performance of the product and its functions are monitored in
order to feedback deviations for corrective actions, but also to
prevent such deviations to occur in other products in the
product population.
With the paid by the hour incentive, it has been shown that
reliability is affected positively to a great extent [18]!
The extension of the concept is straightforward – a
modelling of the costs over a life cycle. As more data
continuously are gathered, the model get better and better to
predict and quantify costs and inherent economy for both end
users and RR themselves [19].
In order to be able to implement a closed loop product life
cycle system, a key element is acquiring the information from
the product in the field. Projects are ongoing such as those
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associated with the IMS in USA and the Promise project in
Europe [20], [21].
By using smart embedded systems a seamless etransformation enable product lifecycle information to be
transferred to knowledge. In the Promise project, application
scenarios include products early, middle and end of life
product lifecycles. By introducing such means, manufacturers
and suppliers of those products could improve product and
service quality, efficiency and sustainability.
IV. CONCLUSIONS
Maintenance today is a limited and narrow part of what
really is a large number of successive decisions and actions
needed to build up the activities necessary to uphold functions
and performance of an industrial plant, a system, a component
or a product!
A key element in developing this enlarged future
maintenance function is knowledge - about plants, systems,
components and products. The connection between end users
strive for value in their investments and the suppliers ambition
of developing products with high end user value could be used
to gain momentum.
Based on the user perspective it is clear that real value does
not appear until the user is able to use the product bought and
enjoy the benefits from a (well enough) functioning product.
With such value proposals, market analysts and market
developers try to get companies interested to develop their
activities from the traditional product design, manufacture,
deliver scheme to activities closer to the end-user, so the push
is really existing from the suppliers side [22]-[27].
Many organizations and companies have understood the
importance of the activities needed to uphold properties of
assets such as plants and infrastructure. Most decision bodies
within companies and government understand the importance
of low unavailability (implies a good enough system or not the
lowest bid taken) and the necessity of a good enough
maintenance function able to continuously uphold asset
properties maximizing life-length or profits or minimizing
environmental impact. If this increased knowledge can be
used to develop the maintenance function remains to be seen.
The use life cycle phase produce valuable feedback from
product failures and other incidents that arise. By using root
cause analysis and defining preventive actions, current and
next generation design could be improved. Here, it is
important that the information gained is forwarded to the users
of the whole product population!
Without a larger knowledge base than the one that could be
obtained in s single company, most maintenance functions
will have severe difficulties to develop and reach good enough
efficiency. In the same way, a large company must use the
internal product population present to reach the maximum
effects possible.
Finally, by not connecting the logical links of decisions and
activities constituting the maintenance function, the benefits
of an enlarged maintenance function could not be obtained.

111

REFERENCES
[1]
[2]
[3]
[4]

[5]

[6]
[7]
[8]
[9]

[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

R. Manzini, A. Regattieri, H. Pham, and E Ferrari, Maintenance
for Industrial Systems, Springer-Verlag London Ltd, 2010.
B.S. Dhillon, Engineering Maintenance, CRC Press 2002.
A. C. Márquez, The Maintenance Management Framework,
Springer-Verlag London Ltd, 2007.
A.H.C. Tsang, A.K.S. Jardine and H Kolodny, “Measuring
maintenance performance: a holistic approach”, International
Journal of Production Management, Vol 19, No 7, pp 691-715.
1999.
Y. Cui, A.W. Khan, “A Case Study: Reliability based product
development and improvement model”, Quality and Reliability
Engineering International, Vol 24, pp 361-373, 2008.
Department of Defense Guide for Achieving Reliability,
Availability, and Maintainability, DoD. Aug 3, 2005.
The ANSI/GEIA-STD-0009 standard, ANSI, 2009.
K. Persson, “Underhållsverksamhetens effektivitet och
ändamålsenlighet”, SKI Rapport 01:37, 2001 (In Swedish)
A. Kelly, et al. “Terotechnology – a modern approach to plant
engineering”, IEE Proceedings, Vol 129, No 2, pp 131-136,
March 1982.
Report Card for Americas Infrastructure,[Online]. Availiable:
http://www.infrastructurereportcard.org/.
K.B. Misra Ed, Handbook of Performability Engineering,
Springer-Verlag London Ltd, 2008.
K.A.H. Kobbacy, D.N.P. Murthy Eds, Complex System
Maintenance Handbook, Springer-Verlag London Ltd, 2008.
J.U. Ahmed, “Modern approaches to product reliability
improvement”, International Journal of Quality & Reliability
Management, Vol 13, No 3, pp 27-41, 1996.
J.A. Jonas, J.A. Hayes, “Use of a field failure database for
improvement of product reliability”, International Journal of
Reliability Engineering and System Safety, Vol 55, pp 131-134,
1997.
H.T. Loh et al, “A study of service center records using data
mining”,. Available: http://dspace.mit.edu/handle/1721.1/4041.
M. Whaling and C. Kemp, “Driving the feedback loop reliability
and safety in the full life cycle”, Proceedings of RAMS, pp 61-67,
IEEE, 2004.
T.Jin, B. Janamanchi, Q. Feng, “Reliability deployment in
distributed manufacturing chains via closed loop Six Sigma
methodology”, International Journal of Production Economics,
Vol 130, pp 96-103, 2011.
J.A. Guajardo, M.A. Cohen and S. Netessine, “Impact of
Performance Based Contracting on Product Reliability: An
Empirical Analysis”, Available:
http://opimweb.wharton.upenn.edu/people/faculty.cfm?id=159.
J.S. Wong, J.P. Scanlan and M.H. Eres, “Modelling Life Cycle
Costs of Aero-engine Maintenance”, in Collaborative Product and
Service Life Cycle Management for a Sustainable World,
Advanced Concurrent Engineering, Part 6, pp 233-240, Springer,
2008.
J. Lee, “Product life cycle knowledge management using
embedded Infotronics: methodology, tools and case studies”
International Journal of Knowledge Engineering and Data Mining,
Vol 1, Issue 1, April 2010.

[25]

[26]
[27]

Service Innovations in Sweden based industries, Vinnova Swedish Governmental Agency for Innovation Systems, 2009. (In
Swedish, summary in English).
BestServ Feasability Study report, Technology Industries of
Finland, 2003.
I. Visnjic, B.V. Looy, “Can manufacturers become service
providers? Fostering complementarity between products and
service” Presented at the Academy of Management Conference,
San Antonio, USA, Aug., 2011.

The Promise-project, [Online]. Available: http://www.promise.no
P.Fernandes, et.al., “An overview on degradation modeling for
service cost estimation”, in Functional Thinking for Value
Creation, Proceedings of the 3rd CIRP International Conference
on Industrial Product Service Systems, Technische Universität
Braunschweig, Braunschweig, Germany, May 5th - 6th, pp 309315, 2011.
The New Business Innovations, NUTEK- Swedish Agency for
Economic and Regional Growth, 2008. (In Swedish, summary in
English).
Achieving Excellence in After Sales Service – a primer for
industrial companies, Boston Consulting Group, Sep., 2009.

112

ISBN 978-91-7439-379-8

The Role of Quality Management Activities in
Achieving High Performance of Maintenance
Processes
Damjan Maletič#1, Matjaž Maletič #2, Boštjan Gomišček#3
#

Faculty of Organizational Sciences, University of Maribor
Kidričeva c. 55a, 4000 Kranj, Slovenia
1

damjan.maletic@fov.uni-mb.si
matjaz.maletic@fov.uni-mb.si
3
bostjan.gomiscek@fov.uni-mb.si
2

Abstract— Background – In today’s highly competitive
environment maintenance, quality, and productivity are
essentially related components and very important operational
issues for a modern, successful, economic, and profitable
production system. Thus, the purpose of maintenance processes
is not only to keep the plant machinery and equipment available
(and reliable), but to maintain high quality and productivity, as
well. Quality management activities can significantly contribute
to performance and improvement of maintenance processes.
Objectives – The intersection between quality management and
maintenance becomes interesting when viewed from the
perspective of quality management approaches and practices.
The focal point in this paper, therefore, emerges from the lack of
understanding how various quality management approaches and
practices can contribute to the overall performance of the
maintenance processes. The aim of this study is to define the
impact of quality management activities on performance of
maintenance processes.
Method - Research design is based upon the findings from the
investigation of the theoretical foundations of intersection
between quality management and maintenance, considering
quality management activities as well as maintenance
performance. The questionnaire survey was carried out among
Slovenian organizations in order to address the research
problem. Several statistical analysis methods including
correlation analysis as well as regression analysis are utilized to
accomplish the objective of this study.
Results – Results of the study indicate that quality management
activities incorporated into maintenance activities have positive
impact on performance of maintenance processes.
Originality/significance – The paper focuses attention on the
frequently overlooked intersection between quality management
and performance of maintenance processes. We conclude that
these results can contribute to organizations seeking for an
approach how to improve performance of maintenance
processes. This study also contributes to the literature by
providing an insight into deployment of quality management in
maintenance activities in organizations.
Keywords— quality management, practices, maintenance
processes, maintenance performance, performance measurement
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I. INTRODUCTION
Many companies are working today in a changing world
with competitors all over the globe. To survive and prosper on
the market it is essential that they are continuously and costeffectively improving their operation [1].
Much has been written about the relationship between
quality management and performance. For example, as
presented in study [2], author found a positive relationship
among Total Quality Management (TQM) and business
performance measures. Presented results showed that TQM
had a significant direct effect on all measures except financial
and market results. Other studies [3]–[5] have also linked
quality management practices with performance. Moreover, in
study [6] author investigated relationships between quality
management practices and quality performance. Author found
that core quality management practices directly leads to
improved quality performance. Apart from the relationship
between quality management and performance outlined above,
several authors have investigated link between maintenance
and performance. For instance, Swanson [7] found a strong
positive relationship between proactive and aggressive
maintenance strategies and maintenance performance. Cua et
al. [8] presented an empirical study of three manufacturing
programs (TQM, Just-in-Time (JIT) and Total Productive
Maintenance (TPM)) and their impact on manufacturing
performance. The findings from these empirical analyses
demonstrated the importance of implementing the practices
and techniques belonging to all three programs towards
achieving high manufacturing performance.
In the light of the above mentioned, it is also important to
outline the intersection between quality management and
maintenance, to provide a better understanding of purpose of
this paper. Few studies have focused on addressing this issue.
In study [9] authors presented quality tools and their
applications in different maintenance activities in order to
improve maintenance quality. Al-Najjar [10] presented a
concept Total Quality Maintenance (TQMain), which enables
the user to continuously maintain and improve the technical
and economical effectiveness of manufacturing process
elements. Furthermore, Vassilakis and Besseris [11] presented
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an application of TQM tools into the environment of a
maintenance department. Further to this, linking quality
management with maintenance performance leads to the
several other studies. Ben-Daya and Duffuaa [12] highlighted
and proposed conceptual approaches for linking and
modelling the relationship between maintenance and quality.
Moreover, Alsyouf [13] proposed a conceptual model that
tried to link maintenance, productivity and profitability.
Furthermore, in study [14], authors presented a conceptual
approach for continuous improvement in the field of
maintenance, based on the PDCA cycle. In a recent study,
Khan and Darrab [15] presented analytical relation between
maintenance, quality and productivity. They found a positive
relation between maintenance and productivity. However, the
relation between quality hours and productivity presented in
the mentioned research was found to be negative.
Despite several studies on quality and maintenance, there is
still a lack of clarity on how quality management practices can
affect maintenance performance. Thus, the basic idea behind
this paper is that quality management practices are very
important when trying to achieve higher maintenance
performance. Therefore, the purpose of this paper is to
examine the impact of various quality management
approaches and specific practices on the overall performance
of the maintenance processes.
II. QUALITY MANAGEMENT PRACTICES

Quality management practices have been documented
extensively in measurement studies that have developed and
validated instruments capable of measuring the practices and
the studies that have investigated the impacts of quality
management practices on performance [16].
Based on extensive literature review authors in their study
[17], authors classified quality management practices in ten
distinct generic practices: top management commitment and
support, organization for quality, employee training, employee
participation, supplier quality management, customer focus,
continuous support, improvement of quality system,
information and analysis, and statistical quality techniques use.
After selecting ten generic practices, authors [17] grouped
them into three main categories:
1.
2.

management practice: issued from the top
management,
infrastructure practices: intended to support core
practices and
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3.

core practices: based on tools and techniques
specifically related to quality.
Moreover, the quality management literature concurs that
quality management practices are developed around two
dimensions: core and infrastructure quality management
practices. The core quality management practices entail the
use of scientific methods and statistical tools and the
infrastructure quality management practices create a learning
and cooperative environment for quality management
implementation [6].
III. MAINTENANCE PERFORMANCE MEASUREMENT
Performance measurement is a fundamental principle of
management.
Like
other
manufacturing
functions,
performance measurement is important in managing the
maintenance function [18]. In addition, performance measures
provide an important link between the strategies and
management action and thus support implementation and
execution of improvement initiatives [19].
Muchiri et al. [17] stated that for each element important in
the management of the maintenance function, the main
challenge is to identify the performance indicators (MPIs) that
will tell whether the element is managed well. Wireman [20]
defined MPIs as a set of measures used for the measurement
of maintenance impact on the process performance. MPIs
could, therefore, be used for financial reports, for monitoring
the performance of employees, customer satisfaction, the
health, safety, security and environmental (HSSE) rating, and
overall equipment effectiveness (OEE), as well as many other
applications [21].
IV. METHODOLOGY
A. Sample
This study utilized a survey of a sample of Slovenian
organizations, encompassing various sectors. For the purpose
of this study data from 53 organizations were used.
The questionnaire was responded by manufacturing,
construction, transportation and other type of industry, in
portion of 77.4%, 7.5%, 3.8% and 11.3%, respectively.
B. Measures
Several topics (related to quality and maintenance) were
conceptualized to formulate questionnaire, each tested on fivepoint Likert scales (1 = “strongly disagree”, 5 = “strongly
agree”).
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TABLE I
CONSTRUCT VALIDITY AND RELIABILITY

Factor

Items

Quality in
maintenance

We include quality management tools and techniques
in the maintenance processes – QMM1
On the basis of the quality management system we
have established a process for managing maintenance
processes - QMM2
The audit is used to determine the effectiveness of
maintenance – QMM3
We continuously inform the employees in the field of
maintenance about the quality of processes and
products, with the purpose of maintenance processes
improvement – QMM4
The teams are used in the field of maintenance –
QMM5
Management
is
committed
to
continuous
improvement in maintenance - QMM6
We deploy the principles of ISO 9000 in maintenance
processes – QMM7
Operators feel responsible for their assets – QMM8
65.5

% of variance
Maintenance
performance
indicators

% of variance
S.D. – standard deviation

Factor
loading

Cronbach’s
alpha

Mean (S.D.)

.881

.922

3.36 (1.438)

.876

3.62 (1.289)

.842

3.25 (1.343)

.841

3.23 (1.293)

.830

3.77 (1.031)

.795

3.63 (1.189)

.763

3.83 (1.438)

.613

3.34 (1.037)

We are achieving high availability of assets – MPI1
.895
Repair times (MTTR) are consistent with the plan –
MPI2
We are achieving high Overall Equipment
Effectiveness (OEE) – MPI3
We are achieving times between failures (MTBF),
which are in accordance with the manufacturer’s
specifications – MPI4
77.7

C. Research methods
1) Exploratory factor analysis
For the purpose of validating the measurement instrument
we used an exploratory factor analysis.
2) Correlation analysis
According to the presumption of the proposed link between
quality management and maintenance performance, the test of
measuring the association of variable is Pearson correlation.
3) Regression analysis
Regression analysis was used in order to analyze the
relationship between a dependent variable (maintenance
performance) and independent or predictor variable (quality in
maintenance).
V. RESULTS
A. Construct validity and reliability

.909

3.61 (.954)

.894

3.41 (1.087)

.878

3.39 (1.145)

.858

3.22 (.987)

questionnaire was measured using Cronbach's alpha
coefficient. The results of validity and reliability are presented
in Table I.
The Pearson correlation matrix (Table 2) shows that
»quality in maintenance« variables are positively and
significantly related with maintenance performance. As can be
seen in Table 2, the strongest relationship was found between
QMM4 and maintenance performance (r = .751, p < .01).
Variable QMM5 is also strongly related to maintenance
performance (r = .744, p< .01). Furthermore, our results
support a moderate correlation between QMM1 (r = .697,
p< .01), QMM3 (r = .681, p< .01), QMM2 (r = .677, p< .01),
QMM6 (r = .652, p< .01) and QMM8 (r = .477, p< .01) and
maintenance performance. Moreover, the correlation analysis
revealed that weakest correlation is between QMM7 (r = .437,
p< .01) and maintenance performance, but still significantly
positive.

In order to confirm the latent factor structure for measured
variables, an exploratory factor analysis was performed. To
test the reliability, the internal consistency of the
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TABLE III
CORRELATION MATRIX

Construct
1
2
3
QMM1
1
QMM2
.841**
1
QMM3
.705**
.710**
1
QMM4
.706**
.611**
.620**
QMM5
.613**
.687**
.666**
QMM6
.639**
.606**
.590**
QMM7
.668**
.753**
.709**
QMM8
.462**
.385**
.395**
MPI
.697**
.677**
.681**
** Correlation is significant at the 0.01 level (2-tailed)

Correlation matrix
4
5

A table 3 show that the linear model tested is significant (p
< .05). The regression analysis accounted for 65.7% change is
caused by quality in maintenance which is dependent variable.

1
.696**
.707**
.466**
.641**
.751**

1
.612**
.544**
.541**
.744**

6

7

8

9

1
.519**
.462**
.652**

1
.220
.437**

1
.477**

1

Value of beta also shows that quality in maintenance is
important predictor of maintenance performance (Beta = .810,
p = .000).

TABLE IIIII
REGRESSION ANALYSIS

R - Square
.657

F - Change
84.100

N
53

Sig. F - Change
.000

Independent variable

Standardized coefficient
(Beta)

t

Sig.

2.546
9.171

.014
.000

Constant
Quality in maintenance
Predictor: Quality in maintenance
Dependent variable: Maintenance performance

.810

Table 4 shows the results of independent t-test. Mean
values were estimated in order to show the relationship
between quality management approaches and maintenance
performance. The results show that the mean value is higher
within the group of organizations that have implemented TPM
in comparison with organizations that don't have implemented

TPM. According to t-test, the difference between means is
significant (t = 2.049, p = .046). For other differences between
two group means this can not be confirmed, regarding the ttest.

TABLE IVV
T TEST RESULTS FOR QUALITY MANAGEMENT APPROACHES WITH MAINTENANCE PERFORMANCE

QM approach
ISO 9001

Yes
No
TPM
Yes
No
5S
Yes
No
*Significant at the 0.05 level (2-tailed)

Mean value
3.4706
3.2292
3.8864
3.2571
3.8333
3.2574

VI. DISCUSSION
In this study we have provided empirical evidence that
quality management practices have a positive impact on
maintenance performance. As shown by the regression results
(Table 3), quality in maintenance is important predictor of
maintenance performance (Beta = .810, p = .000). This result
therefore, corroborates the studies [10], [12] and [15] in which
authors have linked quality and maintenance. This finding,
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Mean Difference

t-value

p-value

.24142

.779

.440

.62922

2.049

.046*

.57598

1.921

.061

however, also contribute to the understanding of the impact of
quality management practices on performance of processes. In
one sense, our findings are somewhat similar to the findings
of study [16], in which author found a positive correlation
between quality management practices and organizational
performance. One possible explanation of this is that high
maintenance process performance could lead to better
manufacturing performance and nevertheless to better
organizational performance. Therefore, incorporating quality
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management practices into maintenance processes could
reflect in better maintenance performance and consequently in
better manufacturing performance. More specifically, the
finding highlight the role of quality management practices in
maintenance processes and substantiates the idea of the
deployment of quality management practices directly into
maintenance processes in order to achieve high maintenance
performance.
The results of our empirical study also clarify the role of
different quality management practices on maintenance
performance. Considering our findings, the most important
practice regarding the maintenance performance is informing
employees in the field of maintenance about the quality of
processes and products, with the purpose of maintenance
processes improvement (r = .751, p < .01). This finding
suggests that information about quality is important part of
maintenance processes improvement. Moreover, this result
also supports the discussion in quality management literature
concerning the continuous improvement (CI), especially from
the point of view that not all organisations have equal CI
abilities [22]. Given the fact that CI abilities include different
problem-solving skills in which information certainly
represent important role, our finding therefore, provide insight
on the interaction between CI and performance. With respect
to Bessant et al. [22] who stated that CI is viewed as a
particular set of routines that can help an organization to
improve performance, this finding implies that information
about quality could improve CI abilities and could therefore
lead to better maintenance performance.
As evidenced by the correlation analysis presented in
Table 2, teams are shown to have a significant and positive
relationship with maintenance performance (r = .744, p< .01).
This result acknowledges various arguments concerning the
team-based maintenance strategy. As cited by Sharma et al.
[23], TPM is defined as a team-based maintenance strategy
designed to maximize equipment effectiveness by establishing
a comprehensive maintenance production system covering the
entire life of equipment, spanning all equipment related fields
and involving every one, i.e. from top management executives
to the production operators. In the light of this argument, our
finding can be understood in the sense that teams in the field
of maintenance can improve production effectiveness through
achieving high maintenance performance.
Furthermore, as seen in Table 2, our results support a
moderate correlation between quality management tools and
techniques and maintenance performance (r = .697, p< .01).
The importance of taking into consideration the quality
management tools and techniques in the field of maintenance
is an idea already accepted in the TQM literature. The study of
[11] supported this by implementing the basic principles of
TQM by means of statistical process control (SPC) quality
tools and Cause and Effect diagram into the environment of a
maintenance unit of large aerospace company. This argument
is substantiated by the study finding that the use of quality
management tools and techniques in the field of maintenance
is positively correlated to maintenance performance.

The findings of this study have also produced important
insight into the benefits resulting from the implementation of
TPM. According to t-test, the difference between means is
significant (t = 2.049, p = .046). As seen in Table 4 mean
value is higher within the group of organizations that have
implemented TPM in comparison with organizations that don't
have implemented TPM. This means that there is positive
relationship between TPM and maintenance performance.
Hence, this result is consistent with the argument of Ahuja
and Khamba [24], who stated that an effective TPM
implementation program can focus on addressing the
organization’s maintenance related problems, with a view to
optimize equipment performance.
Based on the study findings, the least important, but still
significantly positive (r = .437, p< .01) quality management
activity is deployment of the principles of ISO 9000 in
maintenance processes. But on the other hand, according to ttest, the difference between mean values of the relationship
between ISO 9000 and maintenance performance (Table 4)
can not be statistically confirmed. This result is somewhat
consistent with the finding of study [25], in which author
found no significant difference on the improvement of the
production process between organizations that have a quality
systems certificate and those which have not.
VII.
CONCLUSION
This study has investigated the effect of different
approaches, as well as specific quality management practices
on maintenance performance using data from Slovenian
organizations. Taken together, these results not only provide
interesting insight into the role of quality management in the
field of maintenance, but also point to a relationship among
quality management practices and their correlation with
maintenance performance. To summarize the main findings,
our results show that quality management practices are
positively and significantly related with maintenance
performance. Our findings, therefore, demonstrate that
organizations benefit from quality management activities in
the field of maintenance. Results also clearly reveal that the
quality management activities can facilitate the manufacturing
organization’s quest for achieving enhanced maintenance
performance.
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To Explain Maintenance Efficiency and Effectiveness
for People Outside of the Maintenance Function
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Box 10231, 100 55 Stockholm, Sweden
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Abstract— This paper will describe the possibilities for the
maintenance function to get an understanding for its positive
contribution to the achievements of production availability,
profit, competitiveness, health, safety, environmental protection,
cost effectiveness and image for the company.
The paper will cover a number of aspects regarding the
expectations, the challenges and the possible achievements for
the maintenance function. It will also discuss the communication
problems for maintenance people in the contacts with other
functions in the companies and outside of the companies. The
influence of the Asset Management will also be covered as well as
the necessary competence development.
Keywords— Maintenance Results, the Economical Language,
Cost Efficiency, Productivity, ROMI, Asset Management

I. NOW IT’S ABOUT TIME!
For most of the maintenance professionals there is obvious
that all the efforts they are making will result in essential
positive contributions to their companies. Unfortunately, this
fact is not obvious for many people outside the group of
maintenance professionals.
A lot of requirements regarding the maintenance activities
have been expressed during many years from outsiders.
Typically these requirements have been in the area of cost
reduction, or sometimes have been little more positive and
expressed as cost effectiveness.
Now the maintenance professionals have to make sure that all
the outsiders understand that each Euro spent in maintenance
will give more than one Euro back as profit for the company.
II. THE SEVEN AREAS OF CONTRIBUTION
There are primarily seven areas of positive contribution to the
company by the maintenance function.
Availability
To make sure that the production equipment are ready to be
used according to the specified function during agreed
calendar time.(This includes also no speed losses or no quality
losses in the production due to technical problems in the
production equipment. This is the maintenance depending
OEE.)

C.
Environmental Protection
To make sure that no failures will occur in the production
installations that will cause any environmental damages.
D.
Health
To make sure that no incidents or accidents will occur for
the maintenance people.
E.

Asset Preservation
To make sure that the value of the production equipment
due to technical reasons will not degrade more than what is
normal for the actual type of production equipment.
F.

Cost Efficiency
Cost Efficiency will be expressed as “The Achieved Results
by the Maintenance function” versus “The Costs for that
achievement”.
G.
Productivity
Productivity will be expressed as “The Achieved Results by
the Maintenance function” versus “The Used Resources for
that achievement”

• Direct costs
• Indirect costs
• External costs

Safety
To make sure that no failures in the production equipment
or failures in the safety installations that will cause any
injuries of any people in the company.
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RESULTS
COSTS

ACTIVITIES

RESULTS

* Preventive maint.
* Corrective maint.

* Availability * Health
* Asset Preservation
* Safety
* Environmental Protection

A.

B.

COST EFFICIENCY

COSTS

RESOURCES

• Direct hours
• Indirect hours
• Use of technical
resources

PRODUCTIVITY
RESULTS
USED
RESOURCES

Fig. 1 The maintenance efforts and its contributions
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III. THE VALUE OF THE MAINTENANCE
CONTRIBUTION
All the seven areas of contribution are of great importance
for the company.
A. The Availability
Will allow the company to produce and sell the expected
produced quantity and thereby achieve the expected profit.
Here it should be possible to calculate the amount of lost
profit for each percent less availability than required. This will
give the maintenance function a possibility to explain the
importance of the economical spending in maintenance.

values on reputation and image as well as on incidents and
accidents in Safety, Environmental Protection and Health.
COST EFFICIENY
90 % Availability

RESULTS
COSTS

400 000 Euro

Improved Results
Present Achieved
Results

The same Costs
The same Results

Present Costs

Better
COST
EFFICIENCY

B. The Safety
87 % Availability

Will hopefully result in no injuries of people in the
company. To set an economical value on an injury is not easy,
but will always give a bad reputation regarding the safety
issues in the company and a bad image for the company.
C. The Environmental Protection
Will hopefully result in no environmental damages.
Depending on the consequences of damage the economical
value of such damage can be a relatively small amount but can
also result in millions of Euros. On top of that it will also have
an effect on the image of the company.
D. The Health
Will hopefully result in no incidents or accidents for the
maintenance people. Here it is important to achieve an
understanding in the company for all the risks that are
involved in the corrective maintenance activities especially.
Of course the economical values spent to reduce these risks
have to be cost effective. But here again it is not easy to set an
economical value on an accident for a person. Any such
accident will also result in bad reputation for the company and
has an effect on the company image.

Lower Costs
400 000 Euro
87 % Availability
350 000 Euro
© Copyright Jan Frånlund 2011

Fig. 2 The achievements of better cost efficiency

Really it might even be better for the maintenance function
if the term “Cost Efficiency” could be changed to the term
“Return on Maintenance Investment – ROMI”. By that the
word “cost” should be changed to the more positive word
“investment”.
Cost Effectiveness

Return On Maintenance Investments
(ROMI)
Business Oriented Results
Overall
Equipment
Availability
Effectiveness

Asset
Preservation

Safety

E. The Asset Preservation
Will indicate in how successful the maintenance function
has been to not reduce the condition of the production
equipment during the past calendar time and thereby kept the
value of the equipment as high as possible. Here it should be
possible to make an estimation of how much the value of the
equipment should have decreased without relevant
maintenance activities and thereto spent money.

Health
Environment
Protection

Fig. 3 The business oriented results

G. The Productivity
Will give the maintenance function a possibility to explain
its productivity, which normally nobody is thinking about
regarding maintenance. Here the achieved results should be
F. The Cost Efficiency
compared with the resources used.
Will give the maintenance function a possibility to show its
For the contribution Productivity it is of course easiest to
efficiency in using the money spent in maintenance. Here use that for the achievement of the Availability. But even for
should the achieved results be compared with the money spent. the other achievements it is possible to compare the results
If one look upon the achievement for the Availability here
with the used resources.
above it will be possible to get an economical value of the
result. The same possibility might exist for the Asset
Preservation. But for the other achievements it is not so easy
to get a precise economical figure for the achieved results.
Here it must be an internal discussion in the company to set
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Normally there are a lot of expectations for the maintenance
function from the people outside of that function, especially
from the production function. There is also normally very
often a possibility for the maintenance function to get results
according to those expectations. But unfortunately the cost for
such a performance from the maintenance function is not
always accepted by the others.

PRODUCTIVITY
90 % Availability

RESULTS
60 man years

USED
RESOURCES

Improved Results
Present Achieved
Results
Present used
Resources

The same use
of Resources
The same Results

Better
PRODUCTIVITY

Less used
Resources

87 % Availability
60 man years

87 % Availability

Therefore it is very important to develop and sign a written
agreement between the maintenance and the production
functions. This should be an agreement where the two parties
have a fully understanding of what is possible to achieve for
an acceptable amount of money. This understanding is a good
example of a practical solution to achieve a better
communication where both parties do understand each other.

55 man years
© Copyright Jan Frånlund 2011

Fig. 4 The achievement of better productivity

The contractual
goal … goal ...
The
is to achieve satisfied parties

IV. THE COMMUNICATION PROBLEMS
The priority one for a company is the profit it will make and
to reach that by a competitiveness situation where the
company will be one of the leaders. Normally cost
effectiveness is important means to achieve the profit.
Unfortunately, it is quite common that in the attempt to get
cost reductions the maintenance budget quite often will be
reduced. We in the maintenance field are fully aware of that
such cost reduction might normally result in serious problems
regarding the availability of the production equipment in the
coming years.

Why do we spend
2 millions in maintenance
when we never have
any failures?

Fig. 5 The communication problem between the managing director and the
maintenance manager

The problem here is that the maintenance people have not
been able to explain what kind of consequences will occur if a
cost reduction in the maintenance budget will be implemented.
The main reason might be that the maintenance people and
people outside of maintenance do not speak the same
language. The maintenance people use the technical language
and the others the economical language.
Hopefully the previous information in this paper will give
some ideas of how to explain the positive results for the
company, thanks to maintenance.

when the
made
* when
the agreement
contract isissigned
during the
* during
the actual
contractual
period
period of performance
when the
* when
the actual
contract is
concluded
period
is concluded

Develop and sign
a written agreement
between the maintenance
and the production functions
Fig. 6 The importance of agreements to make the communication easier

V. THE COMPETENCE DEVELOPMENT
Nowadays more and more industries are aware of the
necessity that all functions in the company are working
together as a team. That has especially been underlined
regarding the responsibilities for physical assets.
The term “Asset Management” is used for that purpose.
Company Management,
Designers
&
Project managers

Production
Management

Maintenance
Management

Right
Capacity

Right
Production

Right
Maintenance

Asset
Management
The necessary cooperation between all
functions in the company.

Right
Logistics

Logistics
Management

The Company Team Work

Jan Frånlund 2008

Fig. 7 A general description of Asset Management
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In short this means that one should make sure that (a) the
assets used for the production are “tailored” exactly for that
purpose; (b) the production is using the assets the right way;
and (c) that the right maintenance is performed to keep the
assets available for production when expected.
Of course also the necessary logistics support should be
handled the right way.
By the implementation of the Asset Management
philosophy, the awareness of the positive contribution from
the maintenance function will be more obvious. Therefore
Asset Management is something that supports good
maintenance achievements and better communication in the
company.
VI. THE EXPLANATION
To answer the question from the Managing Director and to
explain all the results achieved by the maintenance function,
there are many ways of doing that. Here is only given an
example.

• The company has been able to sell for 450 000 Euro more
• There has been a cost reduction in the production by 30 000
• The company reputation and image have been intact,
due to no injures and no environmental damages
• All these results have been achieved with better
cost efficiency and better productivity in maintenance

4) The number of incidents for the maintenance people has
been reduced by 40 % and is now 12 per year.
5) No degradation of the state of the production equipment
that is not normal has been observed, thanks to an investment
of 10 000 Euro in a precaution training process.
6) All these results here above have been achieved for the
same cost as in previous year. The investments mentioned are
included in the cost. We have therefore got a better Cost
Efficiency.
7) The results here above have also been achieved with 5
man years less than in previous year. This has proven that we
have a better Productivity in the maintenance function.
THE ULTIMATE CHALLENGE FOR THE
MAINTENANCE FUNCTION
Even if it is a trend of increasing understanding of the
importance of maintenance inside the companies there is still
much to do to achieve a fully understanding of what
maintenance is all about and the positive effect maintenance
has for health, safety, environment, profit, competiveness,
company image, etc.
VII.

The challenge
to explain the important results for these
Politicians
Company
Management

Fig. 8 An example of an answer

Production

Economy

Marketing

Authorities

Maintenance

The answer here above is based upon the following details
which of course can be added to the answer.
1) By investment in Condition Control equipment for
40 000 Euro we have been able to increase the Availability by
3 % which has resulted in an increase in sell of 450 000 Euro
for the company. At the same time we have reduced the speed
losses in the production equipment by 20 % which is worth
20 000 Euro for the company and we have reduced the quality
losses in the production by 40 % which is worth 10 000 Euro
for the company.
2) There have been no injuries due to failures in the safety
precaution installations. We have observed 5 degradations in
these installations that were taken care of before a failure
could occur.
3) There have been no environmental damages. However
we have observed 2 degradations in the technical precaution
installations which we took care of before a failure occurred.
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Training
institutions

Media

The Public

Jan Frånlund 2009

Fig. 9 The challenge for the maintenance function

There are many groups of people that has to be educated if
maintenance will become fully appreciated.
There have been some discussions about how far the
maintenance people have arrived in the process of explaining
what maintenance is all about.
In the next page is a result of such a discussion in Sweden.
Maybe the situation is similar in other countries?

ISBN 978-91-7439-379-8

How far have we arrived in the explanations ?
100%

75%

50%

25%

0%

25%

50%

75% 100%

Company
management

Politicians

Production

Authorities

Economy

Training
institutions

Marketing

Media

Maintenance

The Public
Jan Frånlund 2009

Fig. 10 An estimation of the present situation in Sweden

VIII.
CONCLUSIONS
It is obvious that the maintenance people have to tell others
the importance of the seriously efforts made in maintenance.
It is also obvious that these messages have to contain how
the maintenance function has contributed to the profit, the
competitiveness, the reputation and the image for the
company.
To explain the maintenance efficiency and effectiveness the
economical language has to be used as much as possible.
Some remarkable achievements have been done in the
understanding of what maintenance is all about, BUT THERE
IS MUCH MORE TO DO!
GOOD LUCK!
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Abstract— Value driven maintenance (VDM) is a fairly new
maintenance management method based on four maintenance
value drivers and to calculate the discounted present value
(DPV) of the maintenance strategy. However, the dependability
of the engineering assets needs to be assessed in order to make an
estimation of the DPV. Therefore, the European standard EN
15341 has been studied, in order to find the most essential
indicators for the four value drivers and for estimation of the
DPV. Terminology containing drivers and killers are common in
the field of asset management, but definitions are scarce. One
section in this paper is therefore dedicated to review these terms.

II. PERFORMANCE DRIVERS AND KILLERS
Kaplan and Norton [3, 4] use the term performance driver
extensively in their work with the Balanced Scorecard (BSC),
which complements financial measures of past performance
with operational measures of the future performance.
Financial measures are commonly considered as lagging
indicators, i.e. output, or outcome measures. Therefore,
performance drivers can be interpreted as the inputs to a
process, whereas performance killers are the ones that are
performing badly.
Indicators measuring inputs to a process are often
Keywords— performance, killers, drivers, VDM, MPM,
considered
as leading indicators [5]. Thus, lagging indicators
maintenance, indicators, PI, KPI, HSE
measure outputs.
I. INTRODUCTION
The financial perspective of the BSC constitutes mainly of
Value driven maintenance (VDM) is a maintenance output measures, while the other perspectives of the Balanced
management method developed about four value drivers in Scorecard have more performance drivers within them. One
maintenance, which are; asset utilisation, resource allocation, example given by Kaplan and Norton is measure of on-time
cost control and HSE (health, safety and environment) [1]. delivery; such a measure will be a useful performance
These four drivers are used to calculate the value of the measure for customer satisfaction and retention [3].
To Tsang [6, 7] the term performance drivers are equivalent
maintenance strategy using the formula of discounted present
value (DPV). However, a maintenance performance to lead indicators, which have the ability to predict future
measurement (MPM) system is needed in order to build up outcome. Parida and Chattopadhyay [8, 9] agree that a lead
knowledge of the four drivers and to be able to make an indicator can be a performance driver which acts like an early
estimation of the DPV. The European standard on warning system. However, the authors do not state that
maintenance key performance indicators (KPIs) EN 15341 is performance drivers are lead indicators. Patra et al. [10] have
providing a battery of indicators for this purpose [2]. However, the same stance of policy, i.e. a lead indicator can be a
due to the ratio-based construction of the indicators, even the performance driver.
Markset and Kumar [11] states that performance killers are
most general indicators of the standard can be challenging to
implement in an organisation without previous experience in factors/issues that reduce performance without being strong
data collection and analysis. The most essential indicators and enough to stop a process. The authors give a number of
easiest to implement is therefore the indicators found the in examples of performance killers: equipment that is critical
the numerators and denominators of the KPIs in the European with respect to uptime, health, safety and environment;
bottlenecks in capacity, administration and inventory;
standard.
In this paper, the indicators of highest importance for incompetence; lack of proper tools and facilities; faulty
organising a MPM system for the four value drivers of VDM procedures and checklists; inadequate information and
communication flow; etc. Furthermore, Parida and Kumar [8,
have been extracted from the EN 15341 standard.
Terms like; value drivers, performance drivers, etc. are 12] have discussed a number of performance killers, which are
commonly used in the field of asset management, but unavailability of resources, materials, spares, personnel, IT
definitions are mostly missing. The paper is therefore starting support, project support, time etc., i.e. a performance killer
with a review on the use of this terminology. No standards can be non-availability of resources. This confirms the
have been found for the terms; performance driver and presumption that performance killers are process inputs that
performance killer. The review is therefore concentrated on leads to poor performance.
authors that are using the terms.
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A. Cost Drivers
Horngren [13] defines cost driver in accounting as any
variable that causally affects costs over a given time span.
Markeset and Kumar [11] have listed examples of cost drivers;
unplanned maintenance, process bottlenecks, equipment with
high energy requirements, potential liability issues,
operational and/or maintenance costs, training costs, facility
costs, disposal costs, etc.
Nyström [14] used Horngren’s definition and defined cost
driver in a railway management context, as an analogous to
unpunctuality driver, which in turn are defined as any factor
that affects unpunctuality. Espling [15] gives some examples
of cost drivers in railway infrastructure management; labour,
labour overtime, spare parts and infrastructure failures.
Furthermore, Nissen [16] considers the actions taken after
inspection of railway switches and crossings as cost drivers,
since they could be omitted if the switches and crossings were
more reliable. This can be interpreted as unreliability of
engineering assets is a cost driver.
B. Conclusion on Drivers and Killers
Deduced from Kaplan and Norton’s description of the
Balanced Scorecard, a performance driver is an input to a
process. Similarly, a performance killer is an input to a
process that performs badly or hinders performance.
According to the references and previous reasoning,
performance killers and cost drivers are similar, but not
necessary the same. Both impair process outputs, but a
performance killer can reduce the revenue, while the expenses
are the same, i.e. it does not have to increase costs. Quality is
an example of performance killer and cost driver. Bottlenecks
are another example, defined by Oxford Dictionaries as a
situation that causes delay in a process or system.
Nyström [14] used Horngren’s definition and defined cost
driver in a railway management context, as analogous to
unpunctuality driver. A common indicator in accounting is the
capacity utilisation, often calculated as the actual output over
the potential output. Another essential aspect in any process is
the quality of the output. Deduced from previous reasoning,
any factor that reduces capacity, quality, punctuality, etc. can
be a performance killer or cost driver of the outputs.
The definitions and descriptions of the terms discussed in
the identified literature are brought together in Table I and the
input-process-output model (IPO-model) in Fig. 1.
As can be seen in Fig. 1, coincident indicators and soft
indicators are mentioned as well. Coincident indicators
measure events at the same time as they occur, compared to
leading and lagging indicators which measure future events or
events that already have occurred. Soft measures are the same
as qualitative indicators, which can be used to measure
customer satisfaction etc. In this context the customer is the
user and maintainer of the engineering assets.
Regarding the term “maintenance value drivers”, used in
VDM, the origin comes from the discounted present value
(DPV), as the four value drivers are terms in the formula for
calculating the value of all future cash flows. See Eq. 1 in the
next section.
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TABLE I
DESCRIPTION OF TERMS AND REFERENCES

Term

Description

Reference

Performance
Driver

Input to a process

[3]

Performance
Killer

Input to a process that performs
badly or hinders performance.
Note: Similar to cost driver but
does not necessary effect costs, it
can affect only revenue.

Deduced
from
performan
ce drivers

Factors and issues that reduce
performance without being strong
enough to stop a process

[11]

Cost Driver

Any variable that causally affects
costs over a given time span

[13]

Bottleneck

A situation that causes delay in a
process or system

Oxford
Dict.

Leading
Indicator

Indicator measuring the inputs to
a process, giving indication of
future events. Leading indicators
are also called operational
indicators.

Deductive
reasoning

Operational
Indicator

Driver of future financial
performance. Note: See also
leading indicator.

[4]

Lagging
Indicator

Indicator measuring the outputs
of a process, giving indication of
events that have already taken
place. Leading indicators are also
called financial indicators.

Deductive
reasoning

Fig. 1 IPO-model with integral MPM system.

III. INDICATORS FOR VALUE DRIVEN MAINTENANCE
The value drivers; asset utilisation, resource allocation, cost
control and HSE of VDM, represent the core of the
maintenance function in organisations, see Fig. 2.
Maintenance managers must balance the importance of the
value drivers in order to maximise the stakeholders’ value. A
business that experiences a high market demand may want
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asset utilisation to be increased and will therefore put more
money on maintenance and resource allocation. On the other
hand, a declining market does not require as high asset
utilisation and the focus is therefore to control costs. Whereas,
a business providing health care may put more focus on HSE.

maintenance performance measurement system. There are two
major standards for this, the European standard EN 15341 and
the SMRP Best Practice Metrics [2, 17]. The value for an
organisation to use standardised indicators or metrics, such as
the indicators from the standard EN 15341 or the SMRP
metrics are [18]:
•
•
•

•
•
•

FIG. 2 MAINTENANCE VALUE DRIVERS. ADAPTED FROM [1]

Jonker and Haarman [1] have formulated a formula to
calculate the cash flows from the value drivers based on
discounted cash flows. Recalling the discounted present value
with multiple cash flows and by using the value drivers, the
value of maintenance is:

,

,

,

1

,

,

EN 15341 has been used in this paper to find and connect
the most relevant standardised indicators to the four
maintenance value drivers of VDM. The standard consists of
71 key performance indicators (KPIs) categorised into three
groups and three levels. The groups are economic, technical
and organisational indicators, and the levels are going from
general indicators to more specific ones. The most simple
connection can be done by connecting the three groups of
indicators to the value drivers, see Fig. 3.

(1)

Where:
DPV = Discounted present value (the origin to the term value drivers
in this context)
CFt = Future cash flow at time t
FHSE,t = Compliance with HSE regulations, ∈ [0,1]
AU = Asset utilisation
CC = Cost control
RA = Resource Allocation
r
= Discount rate

After ascertaining the required asset utilisation and
consulting involved engineers, e.g. reliability and performance
measurement engineers, the maintenance and resource
allocation objectives and strategies need to be adjusted. This
requires data to be collected, which have large costs and large
cost savings associated with it. The most important
performance indicators (PI) are therefore to be identified in
order to know what data to collect for building up a
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Maintenance managers can rely on a single set of
predefined indicators supported by a glossary of
terms and definitions
The use of predefined indicators makes it easier to
compare maintenance and reliability performance
across borders
When a company wants to construct a set of
company indicators or scorecard, the development
process based on predefined indicators will be
simplified
The predefined indicators can be incorporated in
various CMMS software and reports
The predefined metrics can be adopted and/or
modified to fit the company’s or the branch’s
special specific requirements
The need for discussion and debate on indicator
definitions is ended and uncertainties are
eliminated

Indicator
Groups
Economic
indicators
Technical
indicators
Organisational
indicators

Indicator Level
Level 1 Level 2 Level 3
E1-E6

E7-E14

E15-E24

T1-T5

T6 T7

T8-T21

O1-O8 O9 O10 O11-O26

Fig. 3 EN 15341 indicator groups connected to the value drivers of VDM

Every KPI has been constructed by taking the ratio of two
factors or PIs, i.e. data is need for at least two PIs in order to
be able to calculate any of the KPIs in EN 15341. This makes
even level 1 indicators challenging to calculate for
organisations where this practice is new. Therefore, the factors
(numerators and denominators) can be seen as level 0
indicators, easiest to calculate and most essential to have.
Out of all the level 0 PIs, the easiest to calculate and most
important ones have been heuristically deduced from the EN
15341 standard and are presented in Fig. 4 and Table II.
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Indicator names ending with .1 and .2 are referring to the
numerator and denominator respectively. The third number
refers to first or second term in the numerator or denominator.
The in indicators T16.2(2), T16.2(3), TTR and WT are
indicators not found in the standard, but considered important
to have in a MPM-system. T16.2(2) and T16.2(3) are the
number of corrective work orders and preventive work orders
respectively. TTR (time to repair) is a measure of
maintainability. WT (waiting time) is a measure of the
maintenance supportability or maintenance support
performance. The definitions of maintainability, maintenance
supportability and maintenance support performance are
found in [19, 20].
TABLE III
LEVEL 1-3 INDICATORS BASED ON THE LEVEL 0 INDICATORS
Fig. 4 Level 0 PIs heuristically deduced from EN 15431
TABLE II
LEVEL 0 INDICATORS EXTRACTED FROM EN 15341

Economic Indicators
E1

E7

Economic Indicators
E1.1

∑€

E3.2

∑#

E7.1

∑€

E8.1

∑€

E10

E10.1

∑€

E11.1

∑€

E15.1

∑€

E16.1

∑€

E21.1

∑€

E12

E15

Technical Indicators

∑€
ARV

E3

∑€

E8

ARV
∑€

E11

∑€
∑€

∑€

E16

∑€

E21

T6.2.2

∑ DT

T7.2.2

∑ DT

Technical Indicators

T11.2

∑#

T16.2

∑#

∑#

T16.2 2
TTR

∑#

T16.2 3

∑t

T1

T17

∑€
∑€
∑€
∑€

∑€
∑€

∑€

∑ DT

∑ UT

∑#

Warehouse turnover

∑€

T1.2.2

T1.1

∑€

∑#

∑ UT

∑ UT
∑ DT

∑ UT
∑#

Availability related to maintenance

MTBF

Organisational Indicators
O1.1
O21.1
WT

∑#
∑t

O1.2
O23.1

∑#
∑t

∑ WT

Organisational Indicators
O1

HSE Indicators

HSE Indicators
T5.1

∑#

T12.1

∑#

T14.1

∑#
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∑#
∑#

T11.1

∑#

T13.1

∑#

T5

∑ #Injuries
Maint
∑t

T5 2

injuries
∑ #Pot
Maint
∑t

T11

∑ #Injuries
Failure
∑#

T12

injuries
∑ #Pot
Failure
∑#

T13

dmg
∑ #Envir
Failure
∑#

T14

envir dmg
∑ #Pot
Failure
∑#
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The extracted level 0 indicators can be used to calculate
some of the level 1-3 KPIs. This has been carried out and is
presented in Table III and Fig. 5. These KPIs are considered
to be the easier to calculate and most important indicators
following the level 0 indicators. Three additional indicators
within parenthesis can also be seen in Table III and Fig. 5,
which requires the asset replacement value (ARV) and
maintenance inventory value. These have been added, since
they give valuable inputs, but may not be the first indicators to
be implemented by an organisation.

IV. CONCLUSIONS
A review on killers and drivers related to asset management
has been carried out and concluded in Table 1. Any input that
reduces the output (capacity, quality, punctuality, etc.) is a
performance killer or cost driver; and vice versa, regarding
performance drivers. Leading indicators measure the inputs,
i.e. driver and killers, but the indicators can as well be a driver
or killer since the MPM system is built to assist in driving the
performance.
VDM uses the formula of DPV to estimate the maintenance
value, which requires assessment of the dependability of the
engineering assets. Knowing what to measure and analyse is
important, since large costs and large cost savings are related
to the activity. EN 15341 has been used to answer this
question. The indicators of EN 15341 are constructed as ratios
of factors, which can be hard to implement for an organization
new to the process of measuring and analyzing their
performance. Level 0 indicators have therefore been extracted
from the standard as the most essential and first indicators to
implement into the maintenance function. This battery of
indicators are still powerful to help in understanding the assets,
facilitate reliability studies and benchmarking, at the same
time as they provide confidence due to their standardisation.
Furthermore, the level 0 indicators can be used to calculate
some of the Level 1-3 KPIs, as a second step in constructing a
MPM system.

Fig. 5 KPIs based on the level 0 PIs, with exception for the PIs within
parenthesis, which requires ARV and inventory value

The most important indicators to implement have been
identified through EN 15341. Besides, connecting the
indicators to the four value drivers of VDM, categorising
according to leading and lagging indicators can as well be
carried out. This has been shown as a last step in Fig. 6.
E15.1-2 and E21.1 were put as leading indicators since they
are measures of personnel training and maintenance policy.
Technical PIs,
Organisational
PIs (excluding
O21.1), E15.1
E15.2 E21.1 E15
E16 E21

Condition
monitoring

Economic PIs
(excluding
E15.1 E15.2
E21.1 E15 E16
E21)

LEADING
INDICATORS

COINCIDENT
INDICATORS

LAGGING
INDICATORS

INPUTS

MAINTENANCE
PROCESS

OUTPUTS
Operational
values

Soft measures,
e.g.
questionnaires

LAGGING
INDICATORS

OUTCOME
Customer
satisfaction

HSE

HSE (PIs, risk assessment and soft measures, e.g. questionnaires)

Fig. 6 Identified PIs categorised according to leading, lagging, etc.
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Abstract— Industrial maintenance services can be seen as a
group of activities with which industrial assets are kept in
operative condition. Maintenance service providers and their
customers form collaborative business networks, the goal of
which is to avoid both economical and operational losses. The
main objective of the study is to create a cost model at the
general equipment level for industrial maintenance services. The
study is divided into two main sections. In the first phase the idea
is to create a framework for a cost model with a literature review.
The second, empirical part of the study is based on costing
information from interviews and information given by network
companies: a pulp mill, a maintenance company and an
equipment provider. The maintenance of three different
equipment processes are examined in the network through a case
study to get more specific information from real world situations
to develop the first version of the model.
The cost model differs from traditional cost models. Earlier
cost models have focused on the perspective of either the service
provider or the customer, but not on both perspectives at the
same time. In order to achieve this win-win situation in a
business network, open books practice is expected from each
member of the network.
The key results of the paper concern the cost items that should
be considered in the model, the structure of the model, and how
the general cost model is constructed. During the research the
model has been extended, and new cost categories included. The
cost model can be used in various performance measurement and
decision-making situations, like maintenance service pricing,
contract negotiations, outsourcing decisions, and life cycle cost
management. In further research it will be considered how the
perspectives of risks and benefits can be attached to the model.
Keywords— Maintenance services, Cost model, Industrial
network, Win-win situation, Open books

I. INTRODUCTION
This article sheds light on the networks of industrial
maintenance services. The focus is on cost modelling for
managing maintenance costs objectively. The existing models
and tools for maintenance cost management only consider the
perspective of one company. However, in order to achieve and
manage a win-win situation in a network, the viewpoints of
both the maintenance service provider and the customer must
be considered.
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Industrial maintenance activities are outsourced more and
more often to external service providers. Several studies
indicate that companies strive for cost savings by outsourcing,
e.g. [1]–[7]. It must be remembered, however, that networks
have to be managed actively in order to achieve the benefits.
Open communication between the partners is a prerequisite
for a win-win situation in a network [8]–[11].
Both the cost categories of maintenance, e.g. [12]–[15], and
the risks of maintenance and outsourcing, e.g. [5], [6], [16]–
[18], have been studied before, whereas the costs, benefits,
and risks of maintenance have not been quantitatively
integrated in the academic literature. Previous studies include
numerous cost models for maintenance, e.g. [3], [13], [16],
[19]–[24]. There is still a need for pragmatic models which
integrate the qualitative and quantitative perspectives, as well
as the maintenance network point of view. The literature
reviews about win-win situations, maintenance costing, and
cost models of maintenance in this paper have been built on
the basis of the ideas of Hatinen [25].
The main objective of the study is to create a cost model for
industrial maintenance services at the general level. The
purpose of the cost model is that it can be used in performance
measurement and decision-making situations where the goal is
to influence maintenance costs caused by either the
maintenance provider or the customer. The research questions
are:
- What kind of costs should be considered in a general,
mutual cost model for maintenance networks, and what
is the structure of the model like?
- How can the model be constructed in a network
environment?
The empirical part of the study was conducted in
cooperation with a maintenance network consisting of three
companies. A case study was carried out with three different
maintenance processes. The data was collected with
interviews in the chosen network companies, as well as in the
form of quantitative and qualitative written company data.
II.

STRIVING FOR WIN-WIN SITUATIONS IN MAINTENANCE
NETWORKS

As manufacturing companies focus on their core business,
supportive activities like maintenance often get outsourced.
For example, the Finnish Maintenance Society [26] states that
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out of the 50 000 people employed in industrial maintenance
in Finland, 15 000 are employed by maintenance service
providers. According to this indicator, 30% of Finnish
industrial maintenance has been outsourced. In an
international survey conducted by the European Federation of
National Maintenance Societies [27], 24% of the surveyed
companies had outsourced their maintenance activities.
Companies usually outsource their functions in order to
achieve competitive advantage and cost effectiveness through
focusing on their core competences [1]–[4]. Maintenance
outsourcing can be beneficial through reduced costs, increased
quality, and increased focus on strategic asset management [1],
[5]–[7]. In the literature, the maintenance outsourcing decision
is often presented as a very black and white one. However,
this is not always the case, because the maintenance function
can also be outsourced partially. This emphasizes the role of
selecting the level of research. In this paper, the level of
research is the equipment level, which enables the application
of our model also in partially outsourced maintenance
situations.
Outsourcing asset maintenance comprehensively to a single
service provider has boosted long-term partnerships between
customers and maintenance service providers. This calls for
goal congruence between the customer and the service
provider in order to reach mutual benefits. Some reasons for
partnership and networking include global competition, the
need for specific resources due to fast technological
development, need for cost and risk sharing, and need for
production flexibility [10]. Competition has started to move
from being between companies into being between business
networks. The benefits of networking tempt most companies,
but it still remains somewhat unclear for decision makers that
networks must be managed actively [28]. Most of the existing
management tools have been designed for individual
companies, and they cannot be used as such in business
networks. Thus there is a need for new, network-level
management tools. Our mutual cost model, introduced below,
addresses business network cost management.
In maintenance outsourcing it is crucial to define who is
accountable for the success of the maintenance activities and
for the availability of equipment [8], [16]. The risks of
outsourcing have been addressed in previous research, e.g. [5],
[6], [16]–[18]. However, the perspective has concentrated on
just one company, usually the customer. In addition, the risks
have mostly been studied at the company level, and they have
been strategic by nature. In this study, the risks are taken to
the equipment level, so that they are more approachable and
easier to value. Some previous research has included
quantitative, equipment-level risk analysis in proactive
maintenance planning, e.g. [29]. However, the risks have not
usually been linked to cost and benefit inspection. There is a
definite need for objective, mutual risk assessment of
maintenance outsourcing. This is how the objective sharing of
benefits and risks in maintenance networks can be approached.
As the asset fleet owners keep on outsourcing maintenance
services, the collaboration between the customer and the
service provider needs to be widened. From the collaboration
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point of view, the longer service contracts underline the
importance of benefit sharing in networks [17]. Particularly
when the customer operates in the process industry, not
allocating enough resources into asset maintenance, or
maintenance actions of poor quality, can incur major losses
through lost production [30]. In capital-intensive process
industries the production is continuous, which emphasizes the
role of successful proactive maintenance [31]. Due to great
risks of production losses, the maintenance costs of process
industry companies have traditionally not been inspected
much. However, the recent profitability problems of the forest
industry have boosted maintenance outsourcing in Finland.
Many companies of the process industries are now facing a
new situation where maintenance costs should be known for
contract negotiations and the maintenance service provider’s
performance measurement. There is a need to manage the
relationships between the customers and the service providers
in a more objective way in order to reach a win-win situation.
Thus the costs, benefits and risks from the perspective of both
the customer and the service provider must be transparent.
Varamäki et al. [32] have constructed a framework for
network-level performance measurement. This framework
consists of six interactive perspectives of measurement:
network culture, resources and competences, models of action,
internal processes, customer perspective, and financial
indicators of the network. The logic of our cost model coheres
with this framework: in the network culture perspective,
mutual trust is required for any further measurements. The
model is a tool for network resource management.
Maintenance risks and benefits will be quantified by
measuring especially the internal processes and the customer
perspective. Finally, we can use the cost model to measure the
financial indicators of the network, to manage a win-win
situation, and to divide the profit of the network objectively
between the companies.
Both the customer and the service provider reach for
financial and non-financial benefits from maintenance
collaboration. The win-win situation can emerge, because the
outsourced function belongs to the core competence of the
service provider. This means that the service providers can
invest more in improving their performance in maintenance,
compared to their customers. The service providers also have
accumulated knowledge about maintenance, and they can
achieve economies of scale with their extensive customer base.
Thus outsourcing can lead to services of higher quality with a
lower unit price [2].
In order to improve the competitiveness of the whole
business network, openness and mutual trust must be
advanced [8]. These include both the sharing of benefits (the
win-win principle), and the handing of internal information
about e.g. costs, productivity and efficiency over to the other
members of the network (the open books practice). Cost
information has traditionally been regarded as highly
confidential information, which can cause damage to the
company if revealed to others. In competitive situations this
holds true, but in business networks things are quite different.
Open books can quantitatively ensure the objective sharing of
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costs, benefits, and risks in a business network. In addition,
the cost effectiveness of the network can be improved through
the open books practice [9], [10].
There is a real need to create tools and methods to improve
communication between the customer and the service provider
in maintenance service collaboration [11]. One important
approach is to develop cost models to show how maintenance
services affect the customer’s business from the point of view
of costs, risks and benefits. This is vital particularly in
maintenance business networks, due to the increasing role of
proactive maintenance: when the service provider maintains
the assets successfully, breakdowns are minor. If the customer
is uncertain about what exactly it is that they are buying from
the service provider, they can easily get the impression that
the maintenance services are overpriced [8], [33].
III. MAINTENANCE COSTING
The complexity of technology and the important role of
maintenance in manufacturing industries have caused an
increase in maintenance-related costs. Maintenance cost
management is thus noteworthy and should not be neglected
[5], [13], [34], [35]. The maintenance costs and profits should
be expressed in monetary terms in order to support the
discussion with the decision makers of companies, and in
order to enable quantitative maximization of maintenancerelated net benefits [13], [19], [36]. Dekker [19] writes that
maintenance benefits are nearly always specified as the cost
savings induced by maintenance actions. The quality of the
maintenance work affects the costs and benefits of the
customer. If the equipment or processes go down, a loss of

production will occur [37]. Also, if rejects are increased due to
incorrect or inefficient maintenance, the costs will increase
because of higher material usage. All aspects that affect the
costs and benefits should be taken into account in the
maintenance collaboration, so that it can be examined who is
carrying the risks in the network. The costs and benefits
should then be proportioned to the risks of each member of
the network.
El-Haram and Horner [12] have categorized the costs of
maintenance into direct labour, direct materials and spare
parts, direct equipment and tools, administration and
management, overheads, and loss of revenue. Salonen and
Deleryd [13] have categorized the direct maintenance costs
into costs of labour, spare parts, and other direct maintenance
costs, whereas the indirect costs include for example
production losses and inadequate quality of maintenance.
Mirghani [14], [15], on the other hand, has developed a
framework for the costing of planned maintenance. He has
categorized the maintenance costs into direct materials, direct
labour, and support services. The costs of support services
must be allocated to the cost objects using either a single basis
of allocation or turn to activity-based costing, ABC. Also
Emblemsvåg [38] underlines ABC in managing the resources
behind maintenance costs. The basic idea of cost allocation in
ABC is that companies need resources to carry out activities,
whereas cost objects consume activities [39], [40]. ABC is a
more equitable way to allocate indirect costs of delivering
services compared to traditional methods. To adapt ABC to
maintenance, a general framework of maintenance is needed
(see Fig. 1).

Fig. 1 A general maintenance framework (adapted from [41], [42])
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Maintenance uses different resources, e.g. tools, workforce
and spare parts, and the use of resources can be either planned
or unplanned. Unplanned i.e. unscheduled maintenance equals
basically the reactive part of corrective maintenance, which is
more costly than planned maintenance tasks [42]. Planned
maintenance can be either preventive or corrective by nature.
From the cost management point of view, planned and
unplanned maintenance should be separated and the needed
resources for both should be defined against service level
agreements. These definitions should be based on the average
reference data. After that the cost of each activity should be
tracked down. The same activities can be either planned or
unplanned, and e.g. planned spare change should be separated
from the same but unplanned spare change (e.g. overtime,
longer downtime, etc.). Tracking down the service activities
and costing them helps to bundle and modulate the services,
which makes them more open to the customers.
IV. PREVIOUS COST MODELS OF MAINTENANCE
There has not been much academic discussion about the
cost models that work in maintenance business networks.
There are both qualitative and quantitative models for
maintenance optimization, though. The qualitative models
include for example total productive maintenance and
reliability centered maintenance, whereas the quantitative
models are usually very mathematical and theoretical by
nature [3], [19], [20]. The perspective of the qualitative
models has been very extensive, while most of the quantitative
models have been extremely specified. The practical
implications of the quantitative maintenance optimization
models have been rather limited thus far [3]. In order to
improve the practical applicability of the models, academics
should combine both the qualitative and the quantitative
aspect in maintenance modelling in the future, and the models
should be developed in cooperation with case companies [3],
[20]. This is exactly what we have done when developing our
cost model. The quantitative maintenance optimization
models aim at balancing the costs and benefits of maintenance
[19]. The goal of our model, on the other hand, is to balance
the costs, benefits, and risks of maintenance objectively
between the members of a business network.
Some previous maintenance models are described briefly
below to illustrate the different perspectives already addressed
in the doctrine. Salonen and Deleryd [13] have modelled the
costs of poor maintenance by studying the cost effects of
quality in both preventive and corrective maintenance. Tam
and Price [21] have developed an investment model for
maintenance, which minimizes the sum of three cost
categories: the costs of maintenance resources, the costs of
planned downtime, and the costs of quantified risks. Oke [22],
on the other hand, has developed a profitability model for
internal maintenance departments of industrial companies.
Thus the perspective of Oke’s model is that of a customer
company. In addition, the cost categories are not specified in
that model. The customer-service provider relationships
management has been modelled for example by Hui and
Tsang [16]. However, their model focuses solely on the
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perspective of the customer. Komonen [23] has developed a
cost model for industrial maintenance. This model is very
academic by nature and focuses on finding economies of scale
in industrial maintenance business by using regression
analysis. Also in this case, the perspective is that of a
customer company. Models that integrate qualitative and
quantitative perspectives exist in maintenance performance
measurement. For example Alsyouf [24] has developed a
model which illustrates the impact of maintenance actions on
the return on investment.
Next, the practical interests and needs of industrial
maintenance services regarding cost modelling are discussed
on the basis of master’s theses concerning real life research
problems in different companies. A list of the selected theses
is presented in table 1. Together with the academic interests
discussed above in the literature review, the practical demands
revealed in the master’s theses form a basis for our objective
cost model for maintenance networks.
TABLE 1
LIST OF THE MASTER’S THESES REVIEWED FOR THIS PAPER
Writer

Year

Title of the thesis

Ordering
company

Nikkanen, T.

2010

Profitability, growth and
cost structure of
maintenance companies
(in Finnish)

LUT, University

Selenius, J.

2010

Development of
operating costs
simulation model for
workshop company
service sales

Larox Ltd.,
Industrial filter
supplier

Hallila, H.

2007

FMS-investment
calculation model for
sales support (in
Finnish)

Fastems Ltd,,
Factory
automation
supplier

Olli, P.

2007

Development of pricing
model for consumable
part service (in Finnish)

Metso Paper,
Consumable part
services for
paper machines

Karjalainen, M.

2005

Life cycle costing of
process cranes in paper
industry (in Finnish)

Konecranes,
Industrial lifting
solutions
provider

Eronen, M.

2004

Activity-based costing
model for a vendormanaged inventory
service

Metso Paper,
Pump overhaul
services for
process
industries

Kangasmuukko, P.

2003

Maintenance
subcontracting and
controlling in a cement
plant (in Finnish)

Finnsementti
Ltd., Cement
producer

Ali-Löytty, J.

2002

Life cycle cost analysis
in technology-oriented
business (in Finnish)

Teknoware Ltd.,
Train indoor
lighting supplier
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From the theses it can be concluded that the service
providers are interested in tools with which they can show
their customers the financial benefit caused by subcontracting
[43], [44]. The need to examine the costs of subcontracting
also exists in the customer companies [45], [46]. In the thesis
of Olli [44] the costs of both the customer and the service
provider have been considered while constructing a pricing
model. We transfer this approach into maintenance cost
modelling in this paper. The theses of Karjalainen [47] and
Ali-Löytty [48] underline the life cycle approach in cost
modelling, whereas Nikkanen [49] and Selenius [50] define
the different cost categories of the industrial maintenance
business.
Our cost model differs from the traditional viewpoint of
previous maintenance cost models. The existing models focus
on the perspective of either the service provider or the
customer, but not on both perspectives at the same time. To
be able to be objective and to manage a win-win situation in
the maintenance network, the costs of both perspectives
should be noticed. This is why our cost model is designed as
mutual. From the discussion above it can be concluded that
the maintenance companies need comprehensive tools for
their cost management. However, previous models have not
often included the perspective of the maintenance benefits or
that of the equipment life cycle. Our goal is to attach these
aspects into the model, together with other features. In order
to contrive practical implications, our approach consists of
both quantitative and qualitative considerations.
V. RESEARCH DESIGN
The research presented in this article was started in the year
2009 and it has been a part of an ongoing research project
called The Cost and Profitability of the Industrial Maintenance
Services carried out by LUT. The project focuses on the
following areas: the profitability and investments of
maintenance service providers, the structural change and
outsourcing of the industrial maintenance sector, and cost and
pricing models for industrial maintenance services.

worldwide known metal company which delivers machinery
for paper and pulp companies. These companies were chosen
as the context because the companies have been working
together for many years and they were also willing to take a
close look at the maintenance costs on the process level.
The maintenance processes in the network were considered
through a case study. The case method was used because the
research focus was on a current phenomenon in a real-life
context and because the case method is useful for theory
development and testing [51]. The study contains three
separate cases called chipper (Case 1), DD-washer (Case 2)
and drying machine (Case 3). These cases were selected in
close collaboration with the network companies and they
enabled us to gain a holistic view of the maintenance costs.
The cases concerned different phases in the pulp
manufacturing process. Also the terms of contracts varied
significantly in the three cases.
In the empirical part of the study these three cases were
described through written material, such as external and
internal documents and several personal and group interviews.
The respondents were involved in maintenance processes
through production, material management, customer
relationships and accounting. An interview schema was used
and each interview was tape-recorded. Before the costing
information was collected in euros, the cost items and cost
categories of the cases were defined. A collection form of the
cost data was made on the basis of previous studies on
industrial maintenance for the cost model, case descriptions
and interviews. The cost data covered a one-year period and it
was collected by the interviewees with the help of a
spreadsheet. After testing, the structure of the model was
presented and the results were analysed in workshops. The
case study method made it possible to receive specific
information about real maintenance situations.

Effluent
treatment
Case 1

Pulp Mill
(Customer)
Case 1

Case 3

Equipment Provider
(Service Provider)
Case 2

Maintenance Company
(Customer & Service
Provider)

Fig.2 Customer-service provider relationships in the studied business network

The study is based on analyses of the previous studies on
industrial maintenance shown in Table 1, a literature review
and real cases of a maintenance network with service
providers and customers. The studied network, as presented in
Fig. 2, consists of three companies operating in the forest
industry: a Pulp Mill, a Maintenance Company and an
Equipment Provider. The Pulp Mill has a long history in pulp
manufacturing. The Maintenance Company has been founded
in the end of the 20th century and the Equipment Provider is a

ISBN 978-91-7439-379-8

Waterways
Case 2

Pulpwood
and saw
mill chips

Debarging
chipping
and
storage
Scrubbing of
malodorous
gases
Cleaning of
flue gases

Atmosphere

Cooking

Washing
and
screening

Case 3

Oxygen
delignification

Bleaching

Drying

Baling
Pulp

Evaporation plant

Recovery boiler

Causticising

Lime kiln

Turbin

Steam

Electrisity

Cleaning of
flue gases

Atmosphere

Fig. 3 Pulp manufacturing process including three cases

VI. DEVELOPMENT OF A COST MODEL FOR NETWORKS
A. First Version of the Cost Model
In the first phase, the idea was to create framework for a
cost model in the light of company cases (Table 1). To be
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able to be objective and to have a win-win situation in the
maintenance network, costs from both perspectives (provider
and customer) should be noticed. The first version of the
model is presented in Fig. 4. The total costs are divided into
five subcategories: operating costs, machines and tools, spare
parts, logistics and quality. Examples of cost items are given
under each cost category.

Total costs of the service
provider

Total costs of the customer

Operating costs
Workforce
Overtime
Fuel

Workforce
Energy

Needed own tools

Costs of spare parts
Unit costs

Price
Spare part consumption

Costs of logistics
Inventories
Transportation

Profit for the service provider
Cost savings for the customer

Maintenance costs

Machines and tools
General maintenance tools
Specific maintenance tools

Inventories
Sourcing

Costs of quality
Warranty costs

Loss of production
Rejects

Total cost of the service
Machine

Fig. 4 The first version of the cost model

The idea is that the service provider uses the knowledge of
the installed base or service history to minimize the
maintenance costs. Offering these services causes costs to the
provider, and this should decrease the needed maintenance
resources from the customer’s side. This kind of mutual cost
model enables the optimization and transferring of income

statement and balance sheet items from the customer’s side to
the service provider’s side of the cost model and vice versa.
For example, who owns the spare part stock? Stocking needs
different resources, e.g. a warehouse, handling, working
capital, sourcing, etc. The resources should be used in most
efficient way, which is one motive for outsourcing
maintenance.
Besides the use of resources, also the quality of the
maintenance work affects the customer’s costs and value
creation. If the machines or processes go down, loss of
production will occur. Also, if rejects are increased due to
incorrect or inefficient maintenance, the costs will rise. All
aspects that affect the costs should be taken into account in
maintenance collaboration. If the service provider has
promised a certain uptime for the machine and is carrying
most of the risks, the provider pays the warranty costs and the
customer pays the price related to the uptime.
Even though only five major cost categories are included in
the model, it is complex enough for describing how the costs
behave in a mutual relationship.
B. Second Version of the Cost Model
The first version of the cost model was tested by three
different equipment processes (Fig. 3). In the paper we
concentrate on case three, a drying machine. Its maintenance
service process consists of preventive and corrective
maintenance. This is one of the most critical machines in the
pulp manufacturing process, because the breakdown of the
drying machine will stop the whole process rapidly. Another
reason for the case selection was that the cost structure of the
other two cases is simpler than the one of the drying machine
(see Table 2 and Appendix A).
The biggest maintenance cost category for the Pulp Mill is
quality costs. These quality costs (55.2%) are caused by lost
production during a shutdown (40.9%) and due to operation
failures (14.3%). The lost production cost is calculated by the
lost sales margin. This lost production due to operation
failures was surprisingly significant. It would be interesting to

TABLE 2
THE COST STRUCTURES OF THE CASES
CASE 1: Chipper
Corrective maintenance
/unscheduled reactive
breakdowns

CASE 2: DD-washer
Preventive maintenance

CASE 3: Drying machine
Preventive maintenance and
corrective maintenance
/unscheduled reactive
breakdowns

Pulp Mill

Equipment
Provider

Maintenance
Company

Equipment
Provider

Pulp Mill

Pulp Mill

Equipment
Provider

97.0%

24.4%

36.9%

29.2%

100.0%

39.4%

64.6%

Operating costs
Cost of machines and tools
1.1%

2.4%

0.3%

1.7%

3.6%

32.3%

1.0%

1.3%

Costs of spare parts
65.4%

58.7%

64.8%

Costs of logistics
0.5%
Environmental costs
0.4%
Costs of quality
Other costs

TOTAL
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55.2%
1.9%

10.2%

1.5%

6.0%

100.0%

100.0%

100.0%

100.0%

100.0%

100.0%

100.0%
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C. Third Version of the Cost Model
Despite the problems described above, the cost model
can be used in various performance measurement and
decision-making situations, like maintenance service
pricing, contract negotiations, outsourcing decisions, and
life cycle cost management. A tested and expanded version
of the cost model is presented in Figure 5. Although the
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model seems to be usable in many situations, it must be
considered critically, because the development work of the
model continues.
The next step is to add the risk and benefit components
to the model. What kind of risks are the most essential, and
how these risks can be quantified in the maintenance cost
model? How should the benefits be divided between the
partners in the network? How can the model be used for
performance measurement? The maintenance costs of the
machine should also be studied in the long run, e.g. for a
five-year period. Then it would be interesting to analyze
how investments in the preventive maintenance of the
Maintenance Company contribute to the life-cycle
maintenance costs of the Pulp Mill. Causal relationships
should be tracked down to get a picture of the real benefits.
To measure the value creation and efficiency of the
maintenance services, the total costs of the service should
be compared to the output or efficiency of the machine,
process or installed base.
Total costs of the service
provider

Total costs of the customer

Total costs of the
customer/ service provider

Operating costs
Workforce
Overtime
Material

Workforce
Energy

Subcontracting costs
Outsourcing services

Outsourcing services

Cost of machines and tools
Needed own tools

Profit for the service provider
Cost savings for the customer

General maintenance tools
Specific maintenance tools

Maintenance costs

find out how increased training and know-how of the
employees would reduce operation failures. The operating
cost category of the Pulp Mill consists of subcontracting
(31.7%) and equipment (7.3%) costs. The subcontracting
costs are mainly comprised of the services of the
Maintenance Company.
On the other hand, the biggest cost category of the
Maintenance Company is the operating cost (64.6%). This
includes the work force (32.9%) and subcontracting
(25.6%). The cost structure of the Maintenance Company
is similar to companies operating in the same field [49],
according to the financial statements of fifteen Finnish
maintenance companies.
During the research it was discovered that the cost
model was not wide enough. The original model was
constructed for one service provider and one customer.
However, the studied cases showed that the cost model can
be used in a situation with several service providers and
customers (Fig. 5). The cost model was extended and three
new cost categories, subcontracting, environment and other
costs were included. The subcontracting costs were
separated from the operating cost category so that it would
be easier to control the typical costs of maintenance
services. The environmental costs are significant in this
industrial field. The third new cost category, other costs,
includes among others training and negotiation expenses.
It was also discovered that the cost terms were not
established in the maintenance business. This is a result of
traditional maintenance moving towards service business.
It would be easier to make the most of the model if the
companies in network used the same cost terms. In each of
the studied cases the companies understood the cost
categories in a different way, and this incurred problems in
using the model. The cost allocation methods also varied in
the studied network companies, e.g. terms like direct and
indirect costs, variable and fixed costs or ABC were not
understood in the same way in the studied cases.
It was also noticed that the so called open books idea
was not yet common in this network. In the beginning of
the research it was supposed that the companies would
open their costs in single cases to each other. On the
contrary, the companies wanted to hide the real monetary
costs, and therefore the costs in the model are presented as
percentage values. It seems that the win-win and open
books-principles are not easily realized in long-term
customer relationships. It is much easier to maximize the
company’s own profit than to share the benefit with
another company. However, the open books approach
would lead to greater benefits mutually.

Costs of spare parts
Unit costs
Inventories

Price
Spare part consumption

Costs of logistics
Transportation

Sourcing

Environmental costs
Handling
Cleaning

Cleaning
Control

Costs of quality
Warranties

Loss of production
Rejects

Other costs
Training
Negoations

Training
Negoations

Total cost of the service
Machine

Fig. 5 The second version of the cost model

VII.
CONCLUSIONS
The purpose of this study was to create a general cost
model at the general equipment level for industrial
maintenance services in order to help the decision-making
and performance measurement of the network. Our first
research question aimed to uncover the costs and the
structure of a mutual cost model for maintenance networks.
The findings from the three network companies suggested
that a mutual cost model for maintenance must include the
following cost categories:
operating, subcontracting,
machines and tools, spare parts, logistics, environmental,
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quality, and other costs. Due to the special characteristics
of the forest industry, the quality costs caused by lost
production play a significant role in maintenance. This cost
category can be reduced by investing in preventive
maintenance. However, it is also essential to pay attention
to the total network cost of the maintenance service.
During the research we also discovered that the cost model
can be used in situations with several service providers and
customers, unlike the original model suggested.
Our second research question aimed to uncover the
development process of a cost model in a network
environment. Based on our findings we conclude that the
companies must use the same cost terms and same cost
allocation methods. This is a prerequisite also for mutual
performance measurement. The companies must adapt the
open books idea genuinely. To be able to be objective and
to manage a win-win situation in the maintenance network,
all costs from both perspectives (provider and customer)
should be noticed. All costs should be considered in the
long run so that the cause and effect of the costs become
visible and the real benefits for both sides are achieved.
Although the theoretical framework of the model seems to
be ready, the implementation of this tool still requires
resources and cooperation from the network partners.
APPENDIX A
THE COST STRUCTURE OF CASE THREE

[4]

[5]

[6]

[7]

[8]
[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

CASE 3: Drying machine
Preventive maintenance and
corrective maintenance (unscheduled reactive breakdowns)

Equipment Provider

Pulp Mill
Operating costs
Workforce total
Equipment total
Subcontracting (Annual maintenance)
Subcontracting (Condition-based maintenance)
Subcontracting (Preventive maintenance)
Subcontracting (Unscheduled reactive breakdowns)
Subcontracting total

64.6%
32.9%
6.1%

39.4%
0.4%
7.3%
6.8%
6.3%
2.5%
16.2%

[18]
13.3%
3.1%
1.0%

[19]

8.2%

31.7%

25.6%

Cost of machines and tools

0.3%

1.7%

Costs of spare parts

3.6%

32.3%

Costs of logistics

1.0%

1.3%

Environmental costs

0.4%

Costs of quality
Lost of production (Annual maintenance)
Lost of production (Unscheduled reactive breakdowns)
Lost of production total
Failures total

[17]

55.2%

[20]

[21]

[22]

12.2%
28.7%
40.9%
14.3%

[23]
Other costs

TOTAL

100.0%

100.0%
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Abstract— Process Performance Measurement is a strong tool
for Change Management in organization, which supports process
improvement. This definition includes all activities, which
present objective and detailed information about process
performance. Therefore is necessary to set appropriate Key
Performance Indicators – KPI, which can objectively described
process effectiveness. In organization are mostly used indicators
as Amount of production, Amount of Non-conformity of
Financial Indicators.
This paper presents the major advantages and disadvantages in
building processes of KPI, especially in Maintenance
Management Processes. It compares different using of
KPI/MPI/SPI in several industry areas and highlights gaps in
methodology of KPIs building and theirs Management according
to monitored processes and activities. The aim of this
contribution is to create fundamental framework for
KPI/MPI/SPI identification in processes of Maintenance
Management related to known processes in several industry
enterprises. According to the KPI/MPI/SPI identification in
different organization is important to find the way, how to
choose the right indicators, which are able to evaluate the
process and are not used only for paper records.

Each chapter of this article is orientated to the management
needs to recognize principles especially in maintenance
management with the aim to link the creation and monitor of
effective measurement performance indicators (KPIs) so that
they are appropriate instrument for assessing the achieved
objectives and further improvement in the desired area.
II. MANAGEMENT SYSTEM PRINCIPLES AND REQUIREMENTS
Critical Success Factors (CFS) is quality, cost, time and
knowledge given by effective and efficient Risk Management.
According to particular sources in 21th Century development
of organization will depend 90% on level of human
knowledge (knowledge economy), as shown in Fig. 1 [1].

Keywords— Management system, Improvement, KPI/MPI/SPI,
Safety Management, Risk, Maintenance strategy

I. INTRODUCTION
“If you think Education is Expensive: try to count the cost
of ignorance“. Terry Wireman.
As early defined in the introduction, it is clear that the
present day brings an increased demand for appropriate level
of education in relation to increase reliability and
effectiveness of all identified processes management.
The problem of effective management, particularly in terms
of demands for continuous improvement is just a lack of
information and knowledge on management level. Managing
quality, safety or maintenance requires at least knowledge
about principles of any management systems. Measurement
aspects in order to control and improve processes and
activities are an important part of the evaluation planned
companies aims.
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Fig. 1 Critical success factors of organization development

Management system is a set of interconnect processes that
brings to the organization increased efficiency and
effectiveness in achieving determined objectives.
Total Quality Management - TQM (which evaluation is
based on model EFQM – Model Excellencies) define basic
principles of management system, namely [2]:
1. Customer focused organization
2. Leadership and teamwork
3. Development and Involvement of people
4. Process orientation
5. Social Responsibility (environment)
6. Continual Improvement
7. Result Measurement
8. Mutually beneficial supplier relationships.
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Process is defined as a set of activities using resources and
regulations to enable the transformation of inputs into outputs,
as shown in Fig. 2 [2].
The process approach represents identification, interaction
and process control in such way that the output of one process
is presented as input to the next process. This relation can be
understood as the certain interconnection of process.

•
•
•
•
•

Fig. 2 The base principles of process [10]

Continual
improvement
of
the
organization’s
performance needs to be taken as a major goal of any kind of
organization!
The Deming control cycle PDCA (P – plan, D – do, C – check,
A – act) an iterative four-step management process typically
used in business, which should bring continually improvement
e.g. of quality, safety or change management (Fig. 3), [2].

Fig. 3 Deming´s cycle of continual improvement

III. PRINCIPLES OF PROCESS MEASUREMENT
In terms of effective control and subsequent improvement
process identification is necessary to build an effective system
of objectives measurement. This system must meet the
following criteria:
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Data collection and its analysis which allow
obtaining information for right decision-making and
outputs of decision effectively apply into practice.
Helps to recognize difference of intuition, perception
and reality.
Helps to overcome stereotypes in the thinking
of managers and destroy mental barriers.
Helps uncover “weakness“, of organization and open
space for improvement.
Identify Key factors (KPI) for successful
performance.

In the business are known 2 basic types of measurement:
• Technical Measurement – means to set the value of
the parameters, which are related to physical
processes outputs, i.e. products (engine performance,
dimension parameters etc.).
• Systematic Measurement – helps to define and
identify behavior of organizational system, i.e.
management system (MS) of organization.
The term performance measurement means to design
activities, which provide objective and accurate information
about individual processes, so these processes can be managed
by their owners in order to satisfy all requirements (goals) of
processes.
Fundamental Principles for effective
measurement of process are:
− Validity of measurement
− Complexity of measurement
− Detailed orientated measurement
− Adequate frequency of measurement
− Accuracy of measurement
− Breach detection
− Correct timing of measurement
− Stability in time
− Easy understanding
− Responsibility for results.

performance

Regardless of the type of indicators must exist procedure
for their accurate identification, respectively algorithm, upon
it is possible to establish a group of indicators which can be
representative in terms of explanatory value of given process
as shown in Fig. 4.
KPI is a measured characteristic (or a set of characteristics)
of a phenomenon, according to a given formula, which allows
to assess the evolution (Indicators are related with objectives)!
KPIs are commonly used by organization to evaluate its
success or the success of a particular activity in which it is
engaged.
In determining the indicators may be different levels of
their dividing, among others the dividing of indicators in
dependence on time, whether and when the event occurred on:
 Leading types of indicators signal future events.
These indicators are referred to as warning signs,
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which suggest that in future may happen some
change.
Lagging indicator is one that follows an event.
These indicators value changes as the result of
specific events in the past.

Maintenance policy and safety rules following have a
significant impact on achieving operational efficiency!
In the maintenance management is the structure of key
performance indicators described in standard STN EN 15341.
The frame of KPI in maintenance management is based on
internal and external factors, which affect the performance of
maintenance management, and these are divided into three
basic areas (total number of parameters is 71), namely:
- Technical,
- Economic,
- Organizational (see Fig. 5).
Maintenance Influencing Factors and Maintenance Key Performance Indicators
External
influencing
factors
Lo ca tion
So ciet y Cu ltu re
Nat io na l L ab o ur
Cost
Marke t S itu at io n

Indicator
Groups

La ws Re gu lat io n s
Se ct or / Bra nch es

Internal
influencing
factors

Indicator Level
Level 1

Level 2

Level 3

Economic
indicators

E 1 E2 E 3 E4
E5 E 6

E 7 E 8 E9 E 10
E11 E 12 E 13
E1 4

E 1 5 E 16 E 1 7
E 1 8 E 19 E 2 0
E 2 1 E 23 E 2 4

Technical
Indicators

T 1 T2 T3 T4
T5

T6 T7

T8 T9 T10 T11
T1 2 T 13 T1 4
T1 5 T 16 T1 7
T1 8 T 19 T2 0
T21

Organizational
Indicators

O 1 O2 O 3 O4
O 5 O6 O 7 O8

O 9 O1 0

Comp an y Cu ltu re
Pro ces s S eve rit y
Pro du ct Mix
Pla nt Size
Utiliza tion Rat e
Ag e of P la n t

O 11
O1 4
O1 7
O2 0
O2 3

O1 2
O1 5
O1 8
O2 1
O2 4
O2 6

O1 3
O1 6
O1 9
O2 2
O2 5

Critica llit y

Fig. 5 KPI in maintenance process and their´s influencing factors [5]

Fig. 4 Steps of KPI identification process [2], [4], [10]

In general in industrial area, KPI is possible to divide into
six major groups according to the specific area of application:
•
Economic
•
Organizational
•
Production
•
Technical
•
Safety
•
Environmental.
IV. MAINTENANCE MANAGEMENT AND KPI
Maintenance Performance is the result of the utilization of
resources in providing actions to retain an item in, or to
restore it to a state in which it can perform the required
function [5]. It can be expressed as an achieved or expected
result.
The Maintenance Performance is dependent upon both
external and internal influencing factors such as: location,
culture, transformation and service processes, size, utilization
rate and age and is achieved by implementing corrective,
preventive and improvement maintenance, using labor,
information, materials, organizational methodologies, tools
and operating techniques.
Maintenance Performance is an outcome of complex
activities which can be evaluated by appropriate indicators to
measure both the actual and expected results [5].
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External influences can be also variable factors outside
Management Company, such as society culture, company
location, labor costs, market situation, legal requirements and
the public demands.
Internal factors are factors which affect the management
company, i.e. size of the company, critical indicators,
company culture, processes complexity, requirements for
readiness and performance, etc.. These influences are
transformed into requirements management and maintenance
policy [2, 3].
Some sample of the economic indicators according to
mentioned standard are described in Table I.
TABLE I
ECONOMICAL KPI IN MAINTENANCE MANAGEMENT
Shape of Indicator

Value

E1

Overall maintenance cost (CM)
Depreciated replacement cost approach

E2

CM
Earned Value + external CM

E3

CM
The amount of outputs
CM + non-facileness cost by maintenance
depreciated replacement cost approach

x 100
[%]
x 100
[%]
-

E4
E5
E6

CM
Production transformation cost
Equipment /item ability
CM

x 100
[%]
-
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Some U.S. publications [6] divide KPI in the maintenance
into global (overall) and specific, as shown in Table II.
Several years of monitoring shows the using of the
European standards which specify KPIs in maintenance
management indicates a particular problem with the
identification of maintenance processes and consequently to
specific activities performed within these processes and their
measurement.
TABLE III
Global KPI in Maintenance Management
KPI
Formula
Description
Requirement
IGU1

N
IU G1 = CU
VVP

IGU2
IU G 2 =

N CU
VCT

IU G 3 =

N CU
IN CZ

IU G 4 =

N CU
NVN

IGU3

IGU4

NCU – Total
maintenance costs
(year).
VVP – Total output
expressed in tons.
NCU – Total
maintenance costs
(year).
VCT – The total
sales.
NCU – Total
maintenance costs
(year).
INCZ – The value
of the total
investment in
plant and
equipment.
NCU –Total
maintenance costs
(year).
NVN – Total
manufacturing
cost.

Average cost of
maintenance
is
5%
of
total
volume
production
Average value in
chemical
a
metallurgical
industry is from
3,8% to 8,6%.

Those indicators are only informative. It is clear, that each
company has own indicators, base in theirs characteristics and
topic of production.
Modern maintenance management must be based on
corporate objectives and to specify own goals.
Maintenance planning phase requires the application of
various analytical methods and procedures for identifying
critical equipments, where their own failure may endanger the
strategic objectives e.g. safety, high cost of repair of
equipment, loss of customer, etc. [7].
Currently, the method of Failure Mode and Effects
Analysis or criticality was proved to be effective (FMEA /
FMECA), which will define the maintenance strategy for each
equipment or item according to their expected causes. These
strategies (predictive, preventive, and corrective) constitute
the basic framework for maintenance task definition. Task
definition of particular tasks consists of activities that must be
provided in terms, capacity, cost and time. They are based on
experience with similar failure equipments, operating
conditions, legislative requirements and supplier demands.
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In terms of maintenance performance measurement is an
important indicator such as ratio of corrective and preventive
tasks (e.g. 30/70) and quality of maintenance task [8, 10].
Implementation of maintenance activities based on defined
maintenance programs and tasks through the structure of KPI
is measured and checked in the same way as in other areas
where customer satisfaction is measured. Thus, even in the
maintenance is possible to apply claim indicator, i.e. repeat
failure after repair, or detectability disorders, or their causes
(e.g., detection of cause’s shutdown /9x shutdown equipment).
It is important to realize that the process, activity indicator and
the owner of the process must be identified. E.g. Preventive
maintenance of pumps is a process, where e.g. carried out
bearing replacement – is an activity, where the responsible
person is the main mechanic.
Only by setting objectives, identifying specific processes
and KPIs in the pyramid structure can tasks in maintenance be
improved.
V. CONCLUSIONS
Measuring performance in maintenance is a relatively new
area. Trends for achievement excellence in maintenance
management need to be linked with the correct understanding
of the principles of management and development of
appropriate KPI structure. This structure is particularly
influenced by the overall culture of the society and its
management rules (e.g. the implementation of quality system
management etc.).. Relationship with maintenance and
production is an important factor for successful and objective
performance measurement of maintenance for meeting
customer needs.
This paper was elaborated under 7FP entitled “iNTegRisk”, no. CPIP213345-2 and co-financed by APVV based contract No . DO7RP-0019-08.
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Pipelines carrying fluids and slurries are very common. The
third-generation pipelines carrying spherical or cylindrical
capsules (hollow containers) filled with minerals or other
materials including hazardous liquids are rather a new concept.
These pipelines need to be designed optimally for commercial
viability. Researchers, so far, have used rather simplified
empirical and semi-empirical methods for optimisation purposes,
the range and application of which is fairly limited. This study
uses a rigorous approach to predict pumping cost based on
Computational Fluid Dynamics (CFD) analysis and hence
optimise capsule pipelines. A numerical solution has been
obtained for pressure drop from the equations governing the
turbulent flow around a concentric spherical capsule train
consisting of 1–4 equal density capsules in a hydraulically smooth
pipe section. The diameter of the pipe used in the analysis is 0.1m
while the capsules’ diameters are in the range of 50 to 80% of the
pipe diameter. The investigation was carried out in the practical
range of 0.4≤bulk velocity≥ 1.6 m/sec. Obtained results of
pressure gradient along the pipeline in presence of capsules were
compared with the available experimental data to validate the
model used. The results predicted by the model agree well with
the experimental data. The computationally obtained data over a
wide range of flow conditions has then been used to develop a
rigorous model for pressure drop. The pressure drop along the
pipe can be used to calculate the pumping requirements and
hence design of the system. The least cost principle has been used
for optimisation.

Nomenclature
A
C1
C2
C3
D
d
ε
f
g
H
k
ρ
L
N
η
Q
∆P
Re
γ
μ
V
t

Sum of the coefficients of head loss in pipe fittings
Levelised net annual cost of power consumption per unit
watt (£/W)
Levelised net annual cost of pipes per unit length of pipe
materials (£/m)
Levelised net annual cost of the capsules per unit weight of
the capsule material (£/N)
Pipe Diameter (m)
Capsule Diameter (m)
Pipe surface roughness (m)
Friction Factor
Acceleration due to gravity (m/s2)
Head Loss (m)
Diameter ratio of capsule to pipe (d/D)
Density (kg/m3)
Length of the test section (m)
Number of Capsules
Pump efficiency (%)
Discharge rate or throughput
Pressure drop (Pa)
Reynolds number
Specific weight (N/m3)
Dynamic viscosity (Pa.s)
Velocity (m/s)
Thickness (m)

Subscripts
Keywords— Spherical Capsules, Bulk Velocity, Computational
Fluid Dynamics (CFD), Head Loss, Pressure Drop, Maintenance
Cost, Manufacturing Cost, Optimisation

I. INTRODUCTION
In the third generation of transport pipelines, hollow
capsules of spherical (or cylindrical) shapes are used to
transport materials such as minerals, powders, medicines etc.
These capsules are injected into the pipeline and are carried to
the desired pumping station where special facilities are
installed to filter out these capsules from the pipeline.
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p
b
w
c /cap.
m

Pipe
Bulk
Water
Capsule
Mixture

Advantages of capsule pipelines listed by Agarwal and Mishra
[1] are as given below:
1. Separation of fluid and solid medium is not required
2. There is no contact between the solid and the fluid phases
3. Fluid is not contaminated
4. Material reaches the destination in a dry state
5.Capsule pipelines are more economical than slurry pipelines
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Fig. 1 Geometrical setup of the Capsules in the Pipeline

A model has been developed here, based on least-cost
principle for optimal sizing of the capsule pipeline.
II. NUMERICAL SOLUTION
Commercial CFD package FLUENT has been used to
obtain the pressure drop in the capsule carrying pipeline. A
hydrodynamically smooth (i.e. ε/D = 0) test section similar to
that of Ulusarslan and Teke [2] has been numerically
modelled for L= 1m and D = 0.1m. According to Munson and
Young [3], the minimum criterion to obtain a fully developed
flow is 50*D; hence an additional pipe length of 100*D has
been introduced before the test section. Capsules of various
sizes i.e. d = 0.05, 0.06, 0.07 and 0.08m are introduced in the
test section. Pressure drop investigations have been carried out
in bulk velocities range of V b = 0.4–1.6 m/s. Capsules trains
with capsule numbers N = 1–4 have been used to carry out the
analysis. Fig. 1 shows the geometrical setup for the case of N
= 2 and d = 0.08m. Following assumptions have been made to
solve the equations governing the turbulent flow in the
capsule carrying pipeline:
1. Flow is steady
2. Capsule velocity has been taken to be equal to the velocity
of water i.e. V w = V c = V as suggested by Ulusarslan [4]

3. The pressure drop can be computed using a single phase
method for the bulk velocity V b =V
4. Capsules are made of polypropylene material which has the
same density as water i.e. ρ w = ρ c = ρ
III. OPTIMISATION THEORY
The design procedure for a straight spherical capsule
pipeline comprises the determination of the diameter of the
pipeline, such that the total cost should be at minimum. The
total cost of the pipeline is the sum of the pumping, pipe and
capsule costs.
A. Operational cost
While designing a hydraulic pipeline in engineering
practices, head loss calculations play a vital role in the
selection of the pumping power, distance between the
pumping stations and the optimisation of the complete
pipeline. Various correlations have been developed to account
for the pressure drop in a capsule transporting pipeline.
1) Pressure Drop: Using the aforementioned assumptions,
the capsule throughput rate (Q c ), water discharge rate (Q w )
and the total discharge rate (Q) can be computed by the
following expressions:

Fig. 2 Variation of Pressure Drop and Head Loss at different Bulk Velocities
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Fig. 3 Variation of Total Head Loss as a function of Pipeline diameter

Capsule throughput rate;

(6)
(1)

And the Reynolds number of capsules is calculated by:

Water discharge rate;

(7)
(2)

Total Discharge rate;
(3)

2) Head Loss: Head loss is the reduction in the total head of
the fluid as it moves through a fluid system. Pressure drop can
be expressed as head loss. There are two major types of head
losses:
1. Major Head Losses
2. Minor Head Losses

Fig. 2 shows the variations in the pressure drop and the head
loss in hydraulic capsule pipeline for the case shown in Fig. 1.
The result shows that as the bulk velocity of the mixture
increases, the pressure drop and the head loss in the pipeline
increases exponentially. Using the results from numerical
simulations, a rigorous correlation has been developed for the
pressure drop per unit length in a spherical capsule pipeline.

Major head loss in the capsule transporting pipelines is due to
the friction force between the capsule and the fluid and also
between the adjacent layers of the fluid. It also accounts for
the friction forces present between the pipe material and the
fluid. Major head loss per unit length in terms of Q c can be
expressed as follows:

(4)

(8)

(5)

Minor losses are present in the pipelines due to different
factors such as fittings used in the pipelines, bends, sudden
expansions or contractions etc. General relationship for minor
head loss per unit length in terms of Q c can be expressed as
follows:

Where;

Where the Reynolds number of water is expressed as:
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(9)
Where A is a constant representing the sum of the coefficients
of head loss in pipe fittings etc. Total head loss in the capsule
pipeline can be computed as:

(13)

(10)
Fig. 3 shows the variation of total head loss as a function of
the pipeline diameter at Q c =0.05m3/s for the case shown in
Fig. 1. The results indicate that as the diameter of the pipeline
increases, the total head loss decreases. The drop in the total
head loss from D=0.4 to 0.5m is 150% as compared to D=0.9
to 1m which is 50%.
B. Least cost based Optimisation
While designing a capsule transporting pipeline, the
optimisation parameter that needs to be considered is the total
cost of the pipeline including the capsules Based on the
pressure drop correlation and considering the market price of
the materials, a robust formulation of total cost optimisation is
presented here.

(14)
3) Cost of Pipes: Cost of the pipes based on C 2 and C c ,
which is a constant of proportionality and is dependent on
expected pressure and diameter ranges of pipe, can be
computed from the following expression:
(15)
4) Cost of Capsules: Cost of the capsules based on C 3 can
be computed using the following expression:
(16)
5) Total Cost: The total cost than would be:

1) Pumping Power: The power required per pumping unit
can be computed using the following expression:

(17)

(18)
(11)

(12)
2) Cost of Pumping Power: Cost of the pumping power
based on C 1 can be expressed as follows:
(19)

Fig. 4 Variation of Maintenance Cost as a function of Pipeline diameter
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Fig. 5 Variation of Manufacturing Cost as a function of Pipeline diameter

IV. DESIGN EXAMPLE
At Q c =0.05m3/s for the case shown in Fig. 1, what is the
effect of the hydraulic pipeline’s diameter on the maintenance,
manufacturing and total costs using the following parameters:

η = 65%
C 1 = 8 £/W
C 2 = 1.1 £/m

C 3 = 12 £/N
C c = 0.01
t c = 10mm

Fig. 6 Variation of Total Cost as a function of Pipeline diameter
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TABLE I
HEAD LOSS AND COSTS OF HYDRAULIC CAPSULE PIPELINE

(£/m)

(£/m)

C Total
(£/m)

0.196

245.2

104.2

349.5

0.4

0.058

70.82

127.9

198.7

0.5

0.023

27.25

158.4

185.6

0.6

0.010

12.55

195.6

208.1

0.7

0.005

6.544

239.6

246.1

D (m)

H (m)

0.3

C

Maintenance

C

Manufacturing

A. Solution
Fig. 4-6 shows the variation of maintenance, manufacturing
and total costs as a function of the pipeline’s diameter. Fig. 4
indicates that at lower pipeline diameters, the maintenance
cost is significantly higher. As the pipeline diameter increases,
the maintenance cost decreases. Fig. 5 shows that as the
pipeline diameter increases, the manufacturing cost, as
expected, increases due to more material being used for the
pipeline and the capsules. Fig. 6 shows that at lower pipeline
diameters the total cost is significantly higher and it decreases
as the pipeline diameter increases. At a specific pipeline
diameter, the total cost reaches its minimum value after which,
as the pipeline diameter increases, the total cost again
increases.

That pipeline diameter, for which the total cost is at its
minimum, is the optimum diameter for the hydraulic capsule
pipeline. Table I summarises the Total Head Loss and the
costs involved in designing the hydraulic capsule pipeline for
some of the pipeline diameters. The table clearly shows that
the optimum pipeline diameter is 0.5m in this design example
as its total cost is at minimum. Fig. 7 shows the variations in
Total Head Loss and Total Cost of the hydraulic capsule
pipeline as a function of Pipeline’s diameter listed in Table I.
V. CONCLUSIONS
A versatile and robust method for the optimisation of
capsule transporting pipelines has been presented here.
Pressure drop correlation for equal density spherical capsule
train in a hydraulic pipeline has been developed. From this
correlation, head losses, maintenance, manufacturing and total
costs of the pipeline can be computed for any diameter and
number of capsules.
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Abstract:—Excessive moisture has an adverse effect on the
building materials structure. Most standard construction
materials are characterized by porous structure, resulting in the
ability to absorb water in liquid and gaseous phases in the inner
pores. Under certain conditions, water fills the pores within the
structure of building material and then moves back to its
surrounding. Many technical studies have shown that monitoring
the moisture transport is mainly based on experimental methods.
Keywords—capillary conductivity, moisture transfer, microwave
radiation, porous material

I. INTRODUCTION
Excessive moisture in building materials affects the
physical characteristics of building structures and causes its
degradation. Apart from a few exceptions, building materials
always contain moisture. To evaluate the negative effects of
humidity on the material, which is used in building
construction, it is necessary to determine its moisture
characteristics. Every building construction that forms the
building envelope and is made of porous materials should be
designed with respect to a number of factors that somehow
impede its function. Such factors include water vapour – as a
liquid moisture phase.
Diffusion of water vapour is sufficiently explored but
regarding moisture transport in porous structure there is in
some circumstances water vapour involved in its liquid phase.
Therefore it should be considered decisive for the transport of
moisture. However, it is necessary to know information about
its expansion in porous media and in particular about the
condensation of water vapour. If water vapor condensed in
porous material, liquid moisture emerges in part of
construction. If there is a liquid moisture gradient in a porous
material, it is an indicator of liquid moisture moving through
in capillaries. This phenomenon is called capillary
conductivity of moisture.
II. DESCRIPTION OF MOISTURE TRANSPORT
Water gets in porous material from the environment and the
equilibrium between the material moisture and the ambient air
moisture is reached under steady temperature and moisture
conditions. If the partial pressure of water vapor in a building
material is lower than that in the ambient air, then the material
absorbs water vapor from the air. An impact of moisture on
coefficients of thermal conductivity varies
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according to the real temperature and moisture content of a
material.
Material moisture is characterized by water content in the
pores of a material and is expressed by the weight or volume
parts of water in proportion to the solid phase of a material.
Fig. 1 shows a model of impact of external influences on
porous materials. Moisture diffusion processes are accelerated
by water vapor and with greater temperature gradient the
expansion also increases.
convection
inwards

accumulation

convection
outside

source of moisture

water vapour
space of pores

qd ,ϕ

qd ,ϕ

qd ,θ

qd ,θ
equilibrium

Liquid water
(bound/nonbound)

q
u

qκ ,u
u

latent heat
θ

q

θ
enthalpy

q

source of heat

Fig. 1 Model of impact of external influences on porous materials [1]

A. Diffusion in capillary medium
Porous materials consist of cavities in various forms.

Fig. 2 Example of capillary profile a) water, b) water vapour diffusion, c)
adhesive water

Many technical studies show that the moisture monitoring is
prevailingly based on experiments. Previous calculating
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methods introduced e.g. by Glaser, which became the basis for
the standard calculations in many European countries in the
1960’s are not always sufficient with respect to the demands
for the civil structures.
B. Moisture accumulation in porous building materials
Sorption and desorption isotherm expresses the value of
the absorption and release of moisture from the air at different
temperature different relative humidity and the state when air
reaches equilibrium moisture. When the relative humidity in
porous materials is just below 100% then sorption isotherm
rises steeply which results in capillary condensation (fine
pores quickly absorb water) [4].
Fig.7 Determination of the condensation zone in a construction by means of a
numerical calculation (Glaser) [4]

Fig.3 Sorption and desorption
isotherm [6]:

Fig.4 Dependence dampness on
diffusion coeff. [2]:

Progressive increase in material moisture from 60% relative
humidity is attributed to capillary condensation. Therefore the
capillaries are filled up to 90% relative humidity with water
and at the same time there appears condensation (Kießl. K).
Fig. 5 and 6 present increase of condensation on the sides of
porous medium.

In reality dampness does not remain in delimited zone.
Condensation extends in porous material in all directions and
is affected by moisture gradient and thermal changes.
Dampness spreads because of porous texture of building
material in a wider range then it is described according to
Glaser model – depending also on outer conditions - for
example within the range of Ax – Bx (Fig. 3 and 4).
This fact subsequently effects the physical characteristics of
building materials which in time influences thermal technical
behavior and also changes heat conductivity λ of building
material.

Fig.8 Distribution of condensate
out of condensation zone

Fig. 5 Monolayer

Fig.6 Multilayer

Fig.9 Transfer condensate to
the surface structure

D. Waveform of moistening

In the Fig. 5 and 6 there are visible water strata in capillary
environment caused by water vapor condensation. Diffusion
resistance is lower than in humid conditions. The increase of
water vapor permeability occurs at isothermal conditions.
C. Condensation zone
The condensation occurs between the points A and B as
seen on the graph. If the diffusion flow density value at the
beginning of the condensation process is qdA and the
diffusion flow density value at the end of the process is qdB,
the amount of condensed water vapor may be calculated as
follows [2]:
(1)
qd = qdA − qdB
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Fig.10 Humidity profiles u(x) at time intervals tx [6]:
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In the Fig. 10 there is presented humidity profile u(x) at
time intervals t x while moistening porous material with
marked initial and boundary conditions for determining the
coefficient of capillary conductivity.
A is the starting coordinate of the profile of the wetting
front, B is the length of the wet section, and C is the
dimension into the dry region → ∞. Along the vertical axis are
presented the values of moisture weight, where u 2 is moisture
weight in the measured sample and u 1 is moisture weight in
the measured sample after its moistening.
By combining the Lykov’s equation, which describes the
transport of moisture within porous materials, and the
continuity equation, then we get equation in form as follows
[4]:
∂u
(2)
ρ . = ∇ . q = − div q
S

∂t

If we arrange the measurements in such a way that the
liquid can rise through the porous material only in the
direction of the x axis, and the humidity gradients are equal to
zero, then the last equation can be expressed in onedimensional form[4]:
∂u
(5)
ρS .
= − ∇ . (− ρ S .κ . ∇ u )
∂t
after adjustment:
∂u ∂
∂u
(3)
= (κ )
∂t

∂x

∂x

If there is known spatial and temporal distribution of
moisture in building material, it is possible to determine the
coefficient of capillary conductivity.
III. COEFFICIENT OF KAPILLARY CONDUCTIVITY
The coefficient of capillary conductivity can be calculated
either by method of gradual integration according to the x
coordinate (ξ) or by introducing ξ to substitute the distance
measured along the samples length from the point on the
curve of the wetting front du, expressed in the formula up to
∞. In practice, however, it is included in the interval on the
measured sample up to the distance, where moisture occurs in
steady state, i.e. u2, which is the value of relative humidity in
the measured material, see Fig. 10.
A. Matan method
Matan method is the method for determining the coefficient
of capillary conductivity, if we know one wetting curve and
the time since the beginning of the experiment ή. To simplify
the calculation there is used the function of transformation of
two variables on the function of one variable ή:
x
(4)
η=

x ( u1)

∫

κ (u ) ⋅ u ′( x) ⋅ 2 t =

x (u 2)

κ (u (x )) =

−

x
⋅ u ′( x)dx
t

∞

1
ς u′ (ς ). dς
2.t.u′(x ) ∫x

(6)
[m2.s-1] (7)

κ(u(x)) coefficient of capillary conductivity
[m2.s-1]
t time interval, humidity is as a function of curve u(x) [s]
ς substitution of the distance measured along the sample
η transformation denoted as Boltzmann coordinate [m.s-1/2]
x coordinate in the length of sample
[m]
u 1 maximal value of humidity by weight
[-]
[-]
u 2 humidity by weight of material
B. Vapour transport coefficient according to EN ISO 12572
According to European standard 15026 the determination
of the vapour coefficient is described in EN ISO 12572. In
case of high water content the liquid transport has a particular
influence on the moisture transport behaviour of porous
material. The material characteristic to describe this process is
the liquid diffusivity or the liquid conductivity. Both transport
coefficients are linked by the following equation [2]:
∂w
(8)
K ( p ) = − D (w)
suc

w

∂psuc

K(p suc ) [s..m-1] vapour transport coefficient
D w [m2.s-1] diffusion of moisture as transfer coeff.
suction
p suc [Pa]
w
[kg.m-3] gravimetric moisture
Informative mention in conclusion of the European
Standard EN ISO 15026 presents the moisture distribution and
functional relation between Dw and ws on the basis of
measurement by NMR method (nuclear magnetic resonance).
The standard presents following data [2]:
(9)
∂psuc
∂w ∂psuc
∂w
K ( psuc )

∂x

= − Dw (w)

∂psuc

∂x

= − Dw (w)

∂x

According to Krischer the density of liquid water flow rate
is defined as follows [5]:
dp
(10)
mu = − k p . ρ w .
dx
IV. DETECTION OF MOISTURE USING EMWR
Fig. 11 represents construction of experimentally built-up
apparatus for monitoring moisture transport in porous
materials.

2 t

which converts the solution of partial differential equations to
solve (4) ordinary differential equations in new variables and
after substitution there is obtained an ordinary differential
equation [1]:
∂
∂w
∂w
(5)
⋅ (κ ( w) ⋅ ) + 2η
=0
∂η

∂η

∂η

where:
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Fig.11 experimentally assembled measuring apparatus on EMWR principle
[6]:
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A. Detection curves of wetting
The values of coordinates determining location of the
wetting front profile are obtained from measurements using
the microwave measuring apparatus. Detection of moisture
quantity diffusing in the material is carried out at certain time
intervals from the start of moistening of sample material (see
chapter II. D).

Fig. 12 Dependence of a change of intensity of EMWR on moisture by
weight in length of specimen [6]

Fig. 12 shows the change of EMWR intensity depending
(the y axis) on the moisture by weight in the length of
measured sample (the axis x) at time intervals 10, 20 and 30
minutes in the course of its moistening (see chapter III. A) and
consequently determines functional dependence on moisture.

chosen intervals for inert porous materials without their
destruction and without interrupting the measurement.
By help of this waveform (see fig. 13) was given
coefficient of capillary conductivity in agreement with math
emetic functions.
Methodology of measuring using the experimental
apparatus was developed on the basis of test measurements on
specimens taken from porous materials.

Fig. 15 Dependence of capillary conductivity coefficient on moisture [6]

V. CONCLUSIONS
Capillary conductivity of liquid moisture in the porous
structure of the building materials for the needs of
construction practice is still insufficiently explored. The
standards on this issue mention only and refers to the
experimental measurement using magnetic resonance imaging
In fact there does not exist practically usable methodology for
the integration of its impact on the thermal-technical
characteristics of building materials. Experimentally prepared
apparatus and proposed methodology allows continuing in the
mathematical processing of the obtained data to calculate the
capillary conductivity κ and to determine the functional
dependence on moisture. It is the incorporation of the impact
of liquid moisture in building materials in assessing the
thermal insulation properties.
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Fig. 13 Weting curves [6]
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Abstract— Off-road haul trucks have a number of components
and subsystems that compromise mechanical availability. In the
case of ultra-class haulers, tire life can be problematic. This
paper considers an analysis of tire failures for an operating
oilsands mine, where tire life is affected by factors that relate to
seasonal conditions. Issues of consistent definitions for tire
condition codes are also important for mechmarking.
Keywords— haul truck tires, condition monitoring, fault codes,
telemetry, haul road condition

I. INTRODUCTION
Ultra-class haul trucks are used for material handling in
large open-pit mining operations. These trucks, which have a
payload capacity of over 300 tons, have conventional six-tire
configuration: two steerable wheels up front, and a single axle
with dual wheels on the back. Pneumatic tires distribute the
load to the ground and provide some suspension benefit. Tires
are non-redundant, and so tire condition is important for driver
safety and equipment productivity.
Syncrude Canada Ltd operates an oilsands mine in
Northern Alberta Canada. Oilsand is an unconsolidated soil
comprising bitumen, sand, clay, and water. A typical oilsands
mine employs a truck-and-shovel mining methods, with four
to six benches. Benches in the mine are simply the material
present at the elevation of the bench; and there is no special
construction material laid down on the benches or ramps. Haul
roads in the mine are constructed with local materials, and
gravel is fairly scarce. Crushed rock (such as siltstone) and
clay may be present in the haul road bed. Oilsand roads can
be problematic, because oilsand has an undrained shear
strength that depends on temperature, which can vary between
-40 C to + 40 C in the region of interest.
Tires are prone to premature failure. Specific end-of-life
events are not predictable from tire age only, and so there are
safety and production risks. Tires in oilsands service do not
wear out the tread. There is a range of possible damage
mechanisms, which fall into two general categories: fatigue
endurance, and damage due to some initiating event, such as
driving over a rock or hitting an obstacle. To mitigate risk, tire
condition is assessed periodically (typically one per week) by
physical visual inspection by a tire technician who goes out
into the field to examine the tires according to a schedule.
Early detection often allows for repairing rather than
scrapping a tire. Tires are rotated to different positions on the
truck, because front tires have more side-load during turning
and pose more risk to the operator and vehicle if there is a
rapid deflation. This repositioning of the tire typically happens
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after 1300 to 1500 hours of operation. For this reason, rear
tires are more prone to showing end-of-life behaviour, as the
rear tires already some length of operating service. Because
some fault modes can develop between inspection intervals,
new methods for condition monitoring are being developed.
As part of a study on new methods for monitoring the
condition of haul truck tires in oilsands service, an evaluation
was conducted of the different modes of damage that occur
during operation, to understand the dominant modes and at
what times of year they are most frequent.
II. SEASONAL EFFECTS ON TIRE LIFE
A tire usage database is maintained by the operating
company and a tire service company, which is contracted to
store, install, inspect, repair, and replace the tire inventory.
The database includes the tire type and serial number, its
usage (in number of nominal operating hours), and a diagnosis
of the mode of damage during operation at the end of tire life.
This database is the source of information used to develop the
histograms related to tire life and when during the year tires
are removed from service.
A. Overall Tire Life
The Syncrude tire database was examined for a five-year
period between 2005 and 2010. The overall longevity of all
tires is shown in Fig. 1. The best-fit is a 3-parameter Weibull
distribution,
(1)
where t is time. The maximum likelihood estimates of the
parameters were found to be α = 5400, β = 2.52, and γ = 34.6
[1].

Fig. 1 Overall Distribution of Tire Longevity [1]
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The metric for average tire life is 8000 hours or better,
which has not been met. The measurement is done based on
operating hours. It is noted that the definition of operating
hours is not always consistent. For example, operating delays
may be included, even though the vehicle is not moving,
which artificially increases the tire’s apparent working life.
For benchmarking between different mines, the measure must
be consistent.
The seasonal variability in diagnosis of what damage
during operation ends the tire useful life is shown in Fig. 2.

The overall distribution of different modes of damage
during operation at this mine is shown in Fig. 3.

Fig. 3 Frequency of Modes of Damage During Operation

Fig. 2 Overall Seasonal Variation in Tire End of Life

Time distributions for the most frequently occurring
modes reveal for tread cut and separation a nearly normal
distribution with a mean duration of about 4500 hours.
Sidewall cut and impact tread damage both show evidence of
early mortality, which may be due to unsuitable operating
conditions for the tire type.
When the most frequent modes are plotted with respect to
time of occurrence during the year, the data yield the chart
shown in Fig.4.

From the figure, it is clear that tires fail more often in
spring and summer than in winter. This histogram only shows
when tires are taken out of service. In reality, a tire may incur
damage during operation that takes some time to manifest
visually in such a way that the tire is removed from service.
B. Tire Life for Different Damage Modes During Operation
A number of different damage modes are possible in
different parts of the tire [2], as listed in Table 1.
Table 1: Modes of Damage During Operation [2]
Failure area

Failure modes
Cuts

Tread area

Delamination

Fig. 4 Frequency of Major Modes of Damage by Month

The data were then analysed for each month when failures
occurred, and the best-fit distribution and parameters were
determined. Histograms are shown in Figures 5 to 16.

Separations
Cuts
Shoulder area
Separations
Cuts
Sidewall area

Separations
Radial splits
Separations

Bead area

Flange erosion
Cracking
Splits

Liner area

Fig. 5 Frequency of Damage in January

Lifting liner
Wrinkled liner

158

ISBN 978-91-7439-379-8

Fig. 6 Frequency of Damage in February
Fig. 10 Frequency of Damage in June

Fig. 7 Frequency of Damage in March

Fig. 8 Frequency of Damage in April

Fig. 9 Frequency of Damage in May
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Fig. 11 Frequency of Damage in July

Fig. 12 Frequency of Damage in August

Fig. 13 Frequency of Damage in September
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The data indicate that seasonally varying factors may
affect tire life. As tires last on average only about a half year,
there may be winter factors that affect summer failures; but it
appears that there may be chronic endurance factors that lead
to progressive failure of tires, while other injuries to tires
during operation lead to end-of-life after only a short time.
The data do not allow these questions to be answered.

Fig. 14 Frequency of Damage in October

Fig. 17 Frequency of Tread Cuts in August

Fig. 15 Frequency of Damage in November

Fig. 18 Frequency of Tread Cuts in December

Fig. 16 Frequency of Damage in December

Generally, the density and peakiness change throughout
the year. (The width of the bins is an artefact of the set of
analyses and has only a minor effect on the density of
individual bins.) This change in the distributions happens for
particular modes as well.
Fig. 17 shows the distribution for tread cuts during August,
which is mid-summer when roads are warm (above 20 C on
average) and the shear strength is at its lowest. In contrast
with the summer tread cut distribution, in December, when the
average temperature is below -20 C, the distribution is flatter
and has a lower density, as shown in Fig. 18.
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Road conditions and ambient temperature may be causal
factors. In summer, rolling resistance is high in the pit (on
oilsands benches). Rolling resistance causes the tires to heat
up and may reduce the performance of the tire. Operators tend
to drive more slowly when resistance is high. More
importantly, however, any hard lumps of hard sharp material
in the road bed may erupt to the surface, presenting a
protuberance that can cut the tread. In winter, the benches and
roads do not require as much ongoing maintenance to keep the
road surface smooth, which allows trucks to be driven faster,
increasing productivity. Ironically, in winter the truck tires
actually run slightly hotter (averaging about 33 C on the
surface) than in summer (averaging about 30 C).
There is some uncertainty about consistency of damage
mode classification. This analysis assumes that all modes have
been categorized correctly, when in fact there is considerable
interpretation required by technicians, and there is not always
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agreement between the supplier and the field technicians with
respect to whether a tire has a particular mode of damage.
This is important when attempting to determine whether tires
are being removed from service due to high-load external
factors, such as hitting rocks or braking on ramps, or end-oflife from internal fatigue damage.
A measurement that relates more directly to the duty that
the tire experiences is the time integral of tons-kilometres-perhour (TKPH), which is the product of the payload of the truck
and the speed at which the truck is driven. This measure is
calculated from the four suspension strut pressures and the
vehicle speed. This measure does not include any
consideration of the road quality or how carefully the operator
drives the machine.
III. ROAD QUALITY ESTIMATION
Since there appears to be a relationship between the road
quality and tire life, some measure of road quality would help
to predict tire damage accumulation. Road quality can be
assessed as the variability in road elevation. Uneven roads
have high variability with respect to distance travelled. It is
possible to use the variability in strut pressures as an indirect
measure of road quality, particularly when a single type of
truck is used in a fleet. Haul truck suspension struts are
pressurized to act as spring-damper elements between the
wheel axle and the truck body, as illustrated in the quarter-car
parametric, lumped-parameter model diagram in Fig. 19. The
undulation of the road is a function of time u(t) as the vehicle
travels over the road. The vehicle dynamics transform the road
roughness into a pressure response in the strut through the
governing dynamical equations of motion, which includes the
behaviour of the suspended truck body ms, which has vertical
motion x s (t), and the tire/wheel/axle suspension system, which
moves with motion x t (t) and connects to the rest of the truck
through the strut – and to the road through the tire. The
vehicle dynamics can help in understanding effects of under
inflation (a change in tire stiffness k t ) [3] and road conditions
u(t).

The model can allow for change in tire stiffness as a
function of tire rotation angle to be estimated; and this
estimate - done on a periodic basis as the tire rotates - can
then be linked to possible faults in the tire. There are also
faults signatures that can be linked to problems within the
strut itself.
The strut pressure is the only observable feature of vehicle
vertical motion; but there are four struts. Strut pressure
variability that is seen in all four struts likely indicates
something that is happening to the entire vehicle due to road
conditions, rather than faults in individual components (tires
or struts). Figure 20 shows the left front strut mean pressure
and variance for a four month period from June to September.
Figures 21, 22, and 23 show the mean and variance for the
right front strut, left rear strut, and right rear strut respectively.
Mean pressures are slightly lower in June for all struts.
This may be due to smaller payloads in the truck during June,
or longer periods of time when the truck is unloaded. This is
an example of the need for clear descriptions of operating time,
and how analytics are calculated.

Fig. 20 Left Front Strut Pressure Monthly Mean and Variance

Fig. 21 Right Front Strut Pressure Monthly Mean and Variance
Fig. 19 Quarter-Car Suspension Model Block Diagram
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Drivers have air-ride seats, and so they have little direct
perception of changes in ride quality if the rear struts or tires
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are having problems. Figure 23 shows that the right rear strut
was generally under-pressurized. This affects payload
estimation as well as affecting structural stress on the vehicle.
Right rear tires are more prone to damage, partly because the
driver is located at the front left of the vehicle, and so it is
more difficult to avoid obstacles while reversing and turning.

severity of service. These are opportunities to establish clear
benchmarking metrics and to assess measures beyond what
are currently used, including higher data sampling rates on
strut pressures to look for shock loading, measuring tire
internal pressure and temperature, and linking pressure
variations to road locations. Condition data from other sites
will be considered, through the Large Tire User Group (a
surface mining industry association).
With an on-board global positioning system (GPS), the
road conditions can be mapped. Work has been done on using
vibration analysis [4] coupled with GPS, but persistent strut
pressure variability in a certain location would tell a truck
dispatcher that road maintenance equipment should be
deployed to fix bumps, smooth a ramp, or grade a road. Future
work will also consider relationships between reliability
models and causal factors such as road quality, payload-speed
vehicle energy usage to move material, expressed in tonskilometres-per-hour (TKPH), and roadbed shear strength and
composition, to understand root causes.
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Abstract— Concrete is the most popular building material.
Monitoring its properties during lifetime is very important too.
Non Destructive Methods can determine its properties very
early.
The article describes application of non traditional method for
description of concrete lifetime. We know that concrete lifetime
is similar as a human life. When it is a yang it is as a baby. When
we have time to care for him he grows up bouncing. Concrete
behaves are similar. There are not more suitable methods to
monitoring concrete properties during whole lifetime mainly in
early age.
The concrete samples 10 cm × 10 cm × 40 cm have been
monitored by the Acoustic, the Impedance Spectroscopy and
sometimes by the Non Linear Ultrasonic Spectroscopy, the
Impact Echo and Ultrasonic Methods. Every time was measured
temperature into specimens and of surrounding by help of NTC
resistors. These acoustic and electrical methods seem possibilities
to be applicable in first time after making concrete mixture.
However evaluation these methods are not facile. Expert is
essential for good analyses of the recorded data.
Note that measuring concrete early age is very complicated
because mixture contains much water.
All experiments support ideas about necessary to curry concrete
as young as possible.
Keywords— Acoustic Emission, Temperature, Concrete,
Lifetime, Non Destructive Testing

I. INTRODUCTION
When concrete is born - when you place fresh concrete
where you want it to live out its life - it's like a baby: very
sensitive and easily ruined. If you take good care of it, when
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it's young it will grow up to be a strong and reliable adult;
neglect it, and you'll be sorry! [1,18]
Curing is all of the things that we do to keep our concrete
baby happy during the first week or so of its life: maintain the
proper temperature (neither too hot nor too cold) and
dampness (I know, most babies prefer to be dry - concrete
likes being difficult). [22] Curing is easy to skip in the instant
but that will have a major impact on the quality of your
finished work. While curing is important for all concrete, the
problems that arise from not curing are most obvious with
horizontal surfaces. An uncured slab, whether decorative or
plain gray, is likely to develop a pattern of fine cracks (called
crazing) and once it's in use the surface will have low strength
that can result in a dusting surface that has little resistance to
abrasion. [4]
Concrete is a compound material made from sand, gravel
and cement. The cement is a mixture of various minerals
which when mixed with water, hydrate and rapidly become
hard binding the sand and gravel into a solid mass. The oldest
known surviving concrete is to be found in the former
Yugoslavia and was thought to have been laid in 5,600 BC
using red lime as the cement. The first major concrete users
were the Egyptians in around 2,500 BC and the Romans from
300 BC [5]
In 1756, British engineer, John Smeaton made the first
modern concrete (hydraulic cement) by adding pebbles as a
coarse aggregate and mixing powered brick into the cement.
In 1824, English inventor, Joseph Aspdin invented Portland
Cement, which has remained the dominant cement used in
concrete production. Joseph Aspdin created the first true
artificial cement by burning ground limestone and clay
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together. The burning process changed the chemical properties number, n, is increasing. If the non-linearity effect is not
of the materials and Joseph Aspdin created a stronger cement entirely symmetrical, there can arise low-amplitude second
than what using plain crushed limestone would produce. [6,13] and higher even-numbered harmonic components, whose
amplitudes may be lower than those of the odd-numbered
Acoustic emission is usually characterized as elastic energy ones (see Fig. 4). Among these emerging components, the
spontaneously released by materials when they undergo third harmonic is the most distinctive one. Therefore, its
deformation. Acoustic emission is defined as the class of amplitude is being evaluated most frequently.
phenomena where transient elastic waves are generated by the
rapid release of energy from localized sources within the
material. Theoretical spreading of acoustic emission is shown
in Fig. 1. [3]

Fig 3 Theory of result at nonlinear spectroscopy – generated spectrum []
Fig. 1 Theoretical spreading of acoustic emission wave [9]

Non-linear acoustic spectroscopy methods can be split into
resonant and non-resonant. One or more (harmonics) signals
are broadcast into a sample structure. Sensors fixed on the
sample surface detect structure responses. Harmonics and
non-harmonic frequencies imply structure quality. [14]
Block diagram of experimental set up of Non Linear
Ultrasonic Spectroscopy is shown in Fig. 2.

Fig 4 Theory of result at nonlinear spectroscopy – echo spectrum []

Fig. 2 Block diagram of measure experiment of nonlinear spectroscopy [12]

The nonlinearity gives rise to additional signals featuring
different frequencies according to Fourier expansion (see Fig.
3). In general, the amplitudes of these additional components
(f n ) decrease with the natural number n by [2]

f n = n ⋅ f1

(1)

where f 1 is exciting frequency. Nevertheless, among the
emerged signals, the third harmonic appears to be most
pronounced, in general, these frequency component
amplitudes are falling when the harmonic order natural
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Impedance spectroscopy, which belongs to the methods of
non-destructive testing of concrete, monitoring spectrum
changes during cement hydration. Differences are observed in
the spectra of tangents delta and capacity, respectively. The
resistance for samples and its quality is described by the
dominant type of loss in material.
Impedance spectroscopy is a general term that subsumes
the small-signal measurement of the linear electrical response
of a material of interest (including electrode effects) and the
subsequent analysis of the response to yield useful
information about the physicochemical properties of the
system. Analysis is generally carried out in the frequency
domain, although measurements are sometimes made in the
time domain and then Fourier transformed to the frequency
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domain. Impedance spectroscopy is by no means limited to
the measurement and analysis of data at the impedance level
(e.g., impedance vs. frequency) but may involve any of the
four basic immittance levels: thus, most generally, impedance
spectroscopy stands for immittance spectroscopy.

Fig. 8 Preparing experimental set-up of impedance spectroscopy measurement
coax. – coaxial cable, GP-IB – device control cable, PC - personal computer
[5]

Complex permittivity ε* is [7,24]

ε * = ε ′ + i ⋅ ε ′′

(2)
where ε’ is real and ε” is imaginary component. Dissipation
factor is [6]
Fig 5 Circuit diagram of Impedance Spectroscopy method [5]

D = tan

ε ′′
ε′

(3)

These electrical properties are depended on frequency f, thus
D(f) and ε”(f). Monitored value of Impedance Spectroscopy is
usually dependence of dissipation factor on frequency. [8]
However time histories of capacity and/or resistivity are
important too. [20]
Fig. 6 Electrode connection of impedance measurement

Temperature measurements into specimens get important
information about chemical reaction of concrete components.

There are shown circuit diagram in Fig. 5 theoretical
connection in Fig 6, real electrodes included into sample in
Fig. 7 and block diagram of equipments in Fig 8.

Fig. 9 Temperature sensor

Negative resistance coefficient resistors, i.e. NTC
thermistors (see Fig. 9), whose resistance decreases with
increasing temperature, are used to measure the temperature.
The sensors are placed inside the specimen.
Fig. 7 Applied electrodes at experiments

II. EXPERIMENTAL SET UP
The experiment has set up as shown in Fig. 10 and real in
Fig. 11.
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Fig. 10 Experimental setup: AE – acoustic emission system, IS – impedance
system, T – temperature measurement, SW – switch, SM – (two) samples

Two different concretes were prepared which contain
mineral admixtures. It was shown that the concrete containing
a mixture of fly ash and grounded recycled concrete offers
some better mechanical properties that the concrete containing
only one of these admixtures. Beams 100 × 100 × 400 mm
were made from mixtures with fly ash (marked S1) and with
fly ash and grounded recycled concrete, respectively (marked
S2).

Fig 12 Acoustic Emission equipment [10]

Temperature,
acoustic
emission
and
impedance
spectroscopy (electrical properties) were measured
simultaneously on two and two different types of concrete
samples for a long time (see Fig. 11). [17]

III. EXPERIMENTAL RESULTS
An increase in temperature was recorded for both of the
concretes during their setting and hardening. Usually, a
dormant period occurs between mixing and the start of setting
of cement in accordance in calorimetric tests. But in the
present case, the measurement proceeds in a semi-real
situation.

Fig. 11 Experimental set up of concrete samples (S1 and S2) with sensors for
acoustic emission and impedance spectroscopy

Acoustic emission signals were taken by measuring
equipment DAKEL XEDO (see Fig. 12) and LOCAN 320. [6]
Four acoustic emission sensors (two and two) were placed on
the samples for each system. Acoustic emission events were
measured “continuously” during a fortnight. [11] A sinusoidal
generator and two recorded sensors were applied. Impedance
spectroscopy used GPIB interface for controlling RLCG
bridge and ohmmeter and USB for setting switch. Each
sample contained two plates and two cylinder bars for
measuring electrical impedance. Temperatures inside of the
samples were measured by NTC thermistors. They were let
into concrete immediately after mixing. [15]

166

Fig. 13 Difference of temperature inside specimen and environment (cca 25oC)
for samples (S1 and S2) during the first 13 days and zoom for 2 days.

At the start the temperature increases (see Fig. 13), thanks
to a higher temperature of the environment. A short peak at
about 7 hours is not explained yet, the wide peak at about 13
hours represents the active period. The next temperature jump
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at about 24 hours is connected with the unmoulding of
specimens and with their enveloping by PE foil to avoid water
exchange with the environment. (see Fig 14). Acoustic
emission activity is basic tool for evaluation of acoustic
emission. [23]
The time history of tan δ shows a similar course for both
types of concrete structures, however, the values are slightly
different.

Fig. 16 Time history of resistance at 10 kHz

Fig 14 Acoustic Emission activity N C and temperature differences during first
24 hour after mixture

Nonlinear ultrasonic method was applied for monitoring the
sample structure during first 28 days. 31 kHz frequency
exciter was used here. Time t frequency f spectrum s shows
interesting changes on 3rd harmonic frequency in Fig. 16.
Major structural changes are expected from 8 day to 28 day
according to Fig. 17, when spectrum 3rd harmonic contained
change of curve course. According to acoustic emission
activity (Fig. 14) important change could be around 18 day.

Fig. 17 Non Linear Ultrasonic Testing of sample S1 during first 24 days.

Fig. 15 Time history of capacity at 10 kHz

The capacity and resistance time’s dependence at frequency
10 kHz of both types of samples is shown in graphs in Fig. 15
(capacity) and Fig. 16 (resistance). The maximum capacity is
reached at 7 hours after mixing. 18 hours is a local capacity
minimum. Unmoulding in 24 hours is discernible too. The
resistance course can be interpolated by three straight lines
with directions – 7 Ω/h up to the 30 h, 1 Ω/h to the 7 day and
7 Ω/h to the end of experiment. The capacities decrease and
resistances increase – these changes show that structural
changes continue in the course of time.
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[7]

IV. CONCLUSIONS
Applying the methods described in the paper can help to
determine the behaviour and the properties of concrete
mixture mainly during the early age or during the whole
lifetime without its destruction. Nevertheless, their application
immediately after mixing the concrete is not easy. [16]
Ultrasound measurement of concrete properties during its
lifetime is not easy, too. [19,21]
Impedance spectroscopy can monitor electrical property
changes during the whole concrete lifetime. Its disadvantage
is mainly the inclusion of electrodes in the structure. Concrete
properties are changed mainly during the first day of setting of
concrete structure. Although major changes take place
immediately after mixing, important changes continue to
happen for a long time. Higher generated frequencies may
monitor small changes in the structure. The system contains a
high frequency sinusoidal generator (up to 10 MHz) and a
recorder will replace low frequency (up to 20 kHz) RLCG
bridge.
Our measurements show that the effect of a material
inhomogeneity is very low in the case of non-linear ultrasonic
spectroscopy, its non-linear effect being substantially lower
than in common defects. It has also been verified that the
transfer functions of degraded specimens correlate fairly with
the material structure defects.
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Abstract— This article will discuss how CBM methods have been
developed and typical methodology for different areas. Basic
principles and capabilities for each method will be discussed and
this forms the basis for future approaches and needs. As with all
CBM methodology, it is not always easy to understand when a
product is “good” or “bad” or when a machine or part is
"healthy" or not. Finding the “really sick” amongst “really
good” is almost a trivial task. However, finding the “almost sick”
amongst the “almost good” is the challenge but also where the
money are saved and with a direct impact on maintenance is
focused. If the CBM approach should be used for prognostics, it
is vital that the quality and precision of the classification is well
known and high. Hence, ample time must be spent on
understanding the classification properties for each methodology
and how to overcome its respective weakness and focus on its
strength. Some examples of such methodologies will be discussed
with their typical classification properties and how that relates to
prognosis.

-

-

Keywords— CBM, prognosis, FFT, signal processing, feature
set, human listening, .

I. INTRODUCTION
In production line testing, Condition Based approaches can
help in determining if a product has its proper sound and
vibration “signature,” thus revealing if the product is
“healthy” or not. The medical doctor uses his stethoscope to
listen to heart and lungs and from this data he is often able to
determine “sickness status.” All of these approaches assume
that the proper health parameters can be found using sound
and/or vibration analysis or with some other feature set or
signals. That is not necessarily the case for all products.
Before we can even discuss a prognosis methodology and its
decision process we must first successfully handle a number
of other steps. In Figure 1, an outline of some of the key steps
are addressed:
- Select some proper sensor locations. This is not an
easy task and it is possible that key data will be missed
because it would have been too challenging to mount
the sensor at a more correct location.
- Select proper sensors and what physical parameter is of
interest. Can the sensors measure the parameter
correctly? When deciding in between e.g. displacement,
velocity or acceleration, one must understand the
vibration frequency range quite well. Not doing this
can have a profound impact on what is possible to
actually find in the data.
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Most data collection systems are digital today and this
can introduce some very dangerous errors. If proper
sampling has not been used, new frequency
components that does not exist in the real data will
exist in the sampled data set and they do not have any
relation to the real data. This type of error is more
common than many users really understand. There are
more errors related to sampling that can impact data
quality, [7].
In order to avoid the above “aliased components,”
proper filters must be used. These filters can have a
profound impact in transients. If we have transients in
the data (common when errors start), these will look
“very different” depending on what filters has been
used. This can become a substantial error factor and
hide some important information.
The analysis part can consist of many types like: FFT,
Higher Order Moments, Filters, Envelopes, Cepstrum,
Broad Band Analysis, Neural Networks, Demodulation
etc, just to mention some methods. They all exhibit
some pros and cons but they can also add some huge
errors or hide core information.
What Does It Mean? (WDIM) This is a far from easy
factor and too much “trust” is given to the FFT and
other common tools. In multiple projects, this has been
proven, [2][3][4][5][6][7][8].
Go/NoGo testing. This will be discussed further in this
article with some examples. Proper feature sets must
be defined, making sure that the best indicators are
being used, [3].
Prognosis needs a very good, quality foundation in
regards to all the included elements. If not, the wrong
conclusions can make the prognosis come out very
wrong. This is not good and we should try to avoid that
by understanding the process and enable a proper
handling of each element.

This article is unable to cover all these aspects but it is
important to understand that a failure on any of the parameters
can have disastrous impact on the prognosis quality but also
on Go/NoGo and/or the “health status.” Hence, it is essential
to fully understand the chain from reality to prognosis, making
sure that the proper foundation for a prognosis decision can be
made. It is common that analysis tools are being used that are
based on stationary signals. Some of these tools are: FFT,
Cepstrum, filters, Modulation and Envelope. Transient
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analysis is one of the more difficult ones, and require a
thorough understanding of the underlying mathematics and
physics. Examples will be discussed later, where very large
errors are introduced, by not complying to the assumptions for
the theory. Transient often contain very important information.

Fig. 1 Outline of the main structure from reality with all its data and steps
toward a possible prognosis success!

II. HEALTH MONITORING TESTING
As with all CBM methodology, it is not always easy to
understand when a product is “good” or “bad” or when a
machine or part is "healthy" or not. The more knowledge
about the product, the better, but the methodology in
quantifying the proper parameters in the production line
testing system is essential. Finding the “really sick” amongst
“really good” is almost a trivial task. Finding the “almost
sick” amongst the “almost good” is the challenge but also
where the money are saved and with a direct impact on the
duration time. Hence, ample time must be spent on
understanding these challenges and how to overcome them
and how to use their information properly. When moving to
prognostics, this foundation becomes even more essential.
With prognostics, an extrapolation of the current parameter set
and classification is being used and small errors will become
“magnified” with this extrapolation. Hence, prognosis
demands an excellent understanding of what is the correct
parameter to base the prognosis on and making sure that this
parameter has been found correctly.
The feature set to define “health” is not always clear. The
ability to correctly classify a bad component over a good one
is not the key challenge in PASS-FAIL testing. The challenge
is to find the ones that are almost at the limit. Thus, the key
challenge is to make the yellow zone around the failure limit
as small as possible – the dangerous and expensive “faulty
zone.”
If the system indicates HEALTHY when it should have
indicated a FAIL, a faulty product is being used and a
catastrophic failure is likely to happen. If the system indicates
a FAIL when the product should have indicated HEALTHY, a
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replacement that was not needed is being performed. Usually,
the latter is better than the first, but that rather depends on the
consequences for each “mistake.” In the left figure below, the
classical system approach using a system that is not able to
fully locate the key system parameters for a valid GO-NOGO
testing is depicted. The right figure depicts a system where a
more robust method is used. The latter method is more
effective in optimizing time to repair.

Fig. 2 PASS/FAIL challenge illustration. The system solution to the right is
much better and gives better predictions!

In order to meet the requirements on maximum test time
(number of DUTs per day), it is essential to build custom
design test beds that are rapid and intuitive. Below, an
example has been depicted, outlining one possible means of
having e.g. electrical motors being tested without the need for
magnet mounts or gluing of sensors. Actually, no sensors are
attached to the motor at all and still both sound and vibration
parameters are properly measured! This approach can be
utilized for any size motors.
The “good” and “bad” properties of the motors are not an
obvious task. Should the overall SPL be used or should a
focus on bearing and rpm frequencies and their harmonics be
the focus? How will the motor be perceived once it is installed
in its end-user environment. During testing, the motor is “freefree” and then, in its application it is clamped. Some
vibrations that do not radiate sound could easily trigger modes
in the “new structure” and if “emitted sound” is paramount,
the motor might sound good in the testing but will sound bad
when mounted. Hence, what feature set should be used for the
testing?

Fig. 3 Example of an electric motor for a PASS/FAIL testing. The change in
health parameters can often be found using changes in sound and vibration
patterns. By properly measuring and analyzing these signals, a quality
database containing information on health can be found.

Another category that often needs health monitoring is
power stations. Vibration levels can easily impact bearings
and other important rotating parts and from a sustainability
point of view, vibrations are probably the “number one
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factor.” Wind mills have a very short life time versus water
power stations. Thus, an on-line monitoring of these levels is
paramount. The a-priori knowledge is that if vibration levels
are below 1 mm/s, life time is good and bearings will have a
very long life time. Is that a good feature set?
For this specific application, it turns out that a feature set
based on some specific frequencies gives not only “good” and
“bad” but also helps understand what is wrong plus how the
motor might behave in its installed environment. The feature
set that was selected was:
–
–
–
–
–
–
–
–

Filter 1: E.g. Wb, RBF
Filter 2: E.g. Wc, BCF
Filter 3: E.g. W, motor frequency
Filter 4: E.g. Wbp, BBOF
Filter 5: E.g. Wbpi, BBIF
Filter 6: The band from X Hz to Y Hz.
Filter 7: SPL with background removed
Filter 8: Human Listening Index, HLI

This feature set has turned out to be a better strategy than the
one previously used – listening to the motors using the human
ear. Typically, when one feature set has been used for some
time, the knowledge and understanding in regards to
components and what is “good” and “bad” has increased and
then a baseline needs to be used. This is a good and important
process, but it is a process.
III. ROBUST HEALTH MONITORING STRATEGIES
When building systems for health monitoring, they can
separated into two main types of categories:
•
A-priori based systems
•
Knowledge based systems
In the case of a-priori based systems we know in advance
what we are looking for, e.g. if the vibration levels for some
frequency range is above X dB or some limits, the product has
a RED light. This a-priori knowledge is often based on our
understanding about the product and its Linear and Time
Invariant properties (LTI). The LTI assumptions are needed
and required for most analysis available. When systems are
not LTI, some quality degradation in regards to our detection
process is likely and thus it is possible to impair the decision
process for refit duration optimization. It is not uncommon to
forget about the LTI properties and then challenges arise and
these typically manifest as amplitude errors more so than
frequency errors.
FFT is often used in CBM and prognostic applications as a
tool to quantify amplitude and frequency of different
components in the signal. The foundation for the FFT is
discrete signals, with a deterministic or stationary behavior.
An unknown signal can typically be classified into the
following categories:

Fig. 4 Example of signal classes for an unknown signal. If a signal does not
obey the “green” property, amplitude values might be very wrong.

The above foundation for the FFT is well described in text
books but we tend to forget that this is not the situation we
have in real life. A bearing with “no problems” typically
fulfills the FFT requirement rather well. However, when the
bearing starts to have challenges, transient signals and/or
random components are often added in the signal. The
estimation of these component amplitudes will be wrong
unless special care is taken to correctly scale the different
components.
These combinations of components in the signal from e.g.
all classes above are very common to see in real life signal
and especially when there machine or component has a
“faulty” state. Also, if it is the goal to correctly find an
estimate the amplitude levels of components that are arising,
and using these for prognostics, it is even more crucial that we
are not making large amplitude errors due to the improper
signal class for the FFT.
Below, an example of a combined signal where the leftmost
peak has “green” properties but the rightmost signal obeys
“pink” properties. They ALL comply with the stationarity
requirement for the FFT but since it is not a deterministic
signal, amplitude values will be very wrong. In this case, the
amplitude error is 100,000 percent!

Fig. 5 Example of the classification challenges of signals. If a signal does not
obey the “deterministic” property, it might look like we have a discrete
component but that might be very wrong.

For knowledge based systems it is different since we build
our knowledge base on the testing cases for that product. The
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knowledge based systems typically divide the testing into
categories like “different perceived” levels or experience that
we are collecting while measuring. This could be “whining”
or “rough” sound or vibrations. This requires some
“definition” what the respective terminology mean. In the
automotive industry such measures have been defined and a
“total perceived level” can be computed as a weighted sum of
the different parameters. In health monitoring, sounding “bad”
does not necessarily imply “break” but sometimes it does.
This understanding is essential. Also, a product’s “good
health” properties are typically known, but do we really know
all states where it is “bad health?” Typically, that is not the
case and we must be handling these “unknowns” in a good
way.
Below, an a-priori based system is outlined for quality or
“health” testing. The developed system obeyed some unique
features like:
• No rpm signal was needed. Such a sensor signal
would have been slow to mount in production and
typically generate costly production line challenges.
• Vibrations could be detected using non-contact
accelerometers.
• Two wireless microphones were the only sensors that
needed to be moved into the car. From these, using
advanced and patented signal processing methods, all
relevant data could be extracted, directly in the
production line.
• A RED and GREEN light, making it easy for the
production employee to handle. If a RED light came
on, a report was printed suggesting what the problem
was. This enabled the production line team to fix the
vehicle in most cases without calling the R&D
department.
• “Invisible testing”, meaning that the sound and
vibration testing was performed in the background of
the functionality testing and thus performed using an
extremely short time period. This was considered as
“mission impossible” by multiple other expert teams.
• Making “Mondays” disappear and simultaneously
going from Subjective to Objective in terms of
classification.
The challenge was not only to develop an extremely fast
system but also keeping the robustness of the vibration
classification. Many algorithms have been developed for this
purpose at universities but they might require a Cray computer
and rather long computational time. When implementing such
systems, it is important to think outside the box and use a
methodology allowing for excellent robustness still keeping
the total time needed low. Many algorithms and approaches
that would work off line cannot be used. Also, the handling of
the “Device Under Test,” DUT by the test personnel must also
be considered. If it is not easy to use, it will not be used!

enabled a rapid and very effective testing of the parameters
Volvo had an interest in knowing. This enabled them to
decide if the final vehicle complied to their standard or not.

Fig. 6 Example of a PASS/FAIL system solution for 100% testing of cars.
The requirement was that test time should be very short and robustness high.

The system installation was also capable of handling low
frequency vibration measurements without the need for an
attached accelerometer. The time constraints, cable challenges
etc. would have been too expensive for a rapid production
system. Therefore, a non-contact accelerometer was
developed, enabling the measurements to be done at the
proper position in the car body, without any sensor
“installation.” Again, the aim for the system was to allow very
rapid and easy to use production testing of a fully assembled
cars using a computer for the testing and judging.
The feature set used was based on the “Volvo Expert
Knowledge” and implemented in the system using the same
foundation as their experts would have used.

Fig. 7 Example of a feature set that was used when going from Subjective to
Objective parameters for “good” and “bad” but also for prognosis.

Below, the production system is depicted that was
developed for the needs of Volvo in Sweden. The system
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IV. PROGNOSIS FOUNDATIONS
When making decisions on sensor readings, it is essential to
know that the sensors are reading proper data, correlated to
health conditions. Many of the errors in data acquisition is due
to faulty sensors or cables. This could thus lead to that the
system declaring the device under test as “healthy” though it
is not. Therefore, it is suggested that the system approach
incorporates correct signal and sensor health monitoring
before a decisions about the system is being made.
4.1 Going from Subjective to Objective!

4. Once the steps above are handled properly, the
classification algorithm is the foundation for success.
The proper output will form the foundation for the last
step: the GO/NoGo decision.
5. The GO/NoGo decision is the final stage and it is
typically good to have a set of parameters from stage
#4, enabling some redundancy making sure that the
decision is well based. Many Health Monitoring system
only use step #4 and #5 and almost and arbitrary sensor
location and type plus no data quality analysis. The
likelihood for faulty predictions has increased and
might lead to wrong refits.

The test system, sensor signals and our signal processing
strategy must all be in line for maximum accuracy,
repeatability and reliability for successful prognosis. In the
past, production line testing was often performed using
“golden ears,” as described in the project from Volvo. The
same applies to many other companies. By properly using
advanced signal processing techniques, good sensors and
strategic placement, a system that moves from subjective to
objective can be accomplished. These systems must be
designed for the application and there is no “general solution”
if the system should be rapid and accurate. Hence, these
systems build on extensive experience and a solid foundation
in physics and signal processing techniques.
4.2 Sensor placement and usage.
The sensor location is also of great importance for a good
result. When reading sound and/or vibration data, it is possible
to receive information that is much more due to local sound or
vibration levels, than global levels. An example would be if
the sensor would be placed in the middle of a motor housing.
The sensor would then most likely see the “breathing mode”
of the housing than the vibration levels of the motor itself.
Unless it is the “breathing mode” that is of interest, this
placement is incorrect. This can also lead to incorrect data and
this might be misleading for health monitoring. By using more
sensors, creating redundancy but also allowing for statistics to
become helpful, a more quality approach can be construed.
If few sensors are used, it is paramount to understand the
physics behind the vibrations or sound, making sure that we
measure what we expect to use as the prognosis foundation.
Below, an outline for such a success approach is being
suggested.
1. Sensors must read the proper physical parameter with
enough dynamic range or quality to determine both
“Good” and “Bad.”
2. Sensors must be placed in proper physical positions
enabling them to read data revealing the quality
parameters we are interested in.
3. Data quality analysis must be performed since we
cannot know for sure that the sensor is working
properly. A faulty sensor might read “good” all the
time and that is not what we are looking for!
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Fig. 8 Example of a system that utilizes a feature set that is then used when
going from Subjective to Objective parameters for “good” and “bad”.

4.2 Understanding of physics.
The understanding of physics is important. Many faults
have a good foundation in its physics and “signature.” By
understanding the physics and using this to its full extent in
the feature set definition and extraction, a robust set of
parameters can be found. Numbers without a good reference
does not really mean anything and hence, their value
decreases.
The definition of what is ”good” and what is ”bad,” is
essential. What is the challenge?
– Emitted sound or vibration?
– Fatiguing vibrations or sound?
– Not all vibrations create sound and not all sound is
fatiguing!
The definition of the proper parameter and how this
parameter should be measured is essential. As an example,
should vibrations be measured using displacement, velocity or
acceleration? What is the challenge? Is it low frequency or
high frequency? For low frequency, displacement is usually
more dangerous and for high frequency it would be
acceleration but this must be investigated.
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A robust methodology is important and this must be
developed. If we cannot get answers that are “the same” every
time for the same “data set,” this variance might have a severe
impact on the prognosis. Understanding variance and its
physics for the application and what signal processing tools
can be used to properly squeeze out the most of the data set is
paramount.
Repeatability in the measurements and signal processing is
important. The SNR in the data collection is one part but if the
signal processing foundation is not fulfilled, this will
introduce errors that will increase the variations. This is
especially true for amplitude estimates. Since we often use
these amplitude estimates as the foundation for the prognosis
and/or decision if the Device Under Test, DUT, is “Good” or
“Bad,” this is a complication. Hence, it is essential to base the
analysis on the proper foundations and handle the different
signal classes correctly. Many amplitude errors in the CBM
industry are due to this signal processing challenge.
A prognosis approach requires even more robust and
excellent classification than what would be the case for
classical CBM. We are basing a futuristic prediction on the
current analysis. Small errors can have large consequences.
Hence, it is very important to understand the errors that come
from the FFT, signal processing approaches but also how and
why a specific feature set has been selected. If this analysis
has been properly set, a good foundation for successful
prognosis has been found.
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Abstract— The paper deals with nonlinear interaction between
elastic wave and structural defects in concrete specimens.
Present ultrasonic non-destructive testing methods are very
sophisticated, but they have some limitations for practice use.
For example, it is an impossibility integral testing procedure,
time demanding or practically infeasible testing of solids with
inhomogeneous materials or with complicated forms. In such
examples it is possible to utilize measurements of nonlinear
effects of wave propagation and creation of higher harmonic
signals in the vicinity of defects.
Our research work is focused on influence of the concrete ageing
conditions on its internal structure integrity. Non-standard
concrete ageing conditions resulted in the development of microcracks in the specimen structure. The nonlinear elastic
properties of the structure were probed by using the analysis of
response frequency spectrum generated from a continuous wave
transmission through the concrete samples. We have examined
whether or not the micro-cracks in the structure give rise to
parasitic components being able to generate nonlinear
phenomena in the signal transmission. A single harmonic
ultrasonic signal method was applied to the specimens and
evaluating of the second and third harmonic components as a
quantity
of nonlinearity was reviewed. Verification
measurements which have been carried out in parallel with the
ultrasonic ones, give evidence of the specimen structure integrity
deteriorations and confirm the correlation between the nonlinear effects on the transfer characteristics with the existence of
defects in the specimen internal structure.
This work further develops of a previous research work which
was focused to ceramic materials. After the achievement of the
first results from finer ceramic materials use in building
industry, we are dealing with the application of nonlinear
ultrasonic spectroscopy method to concrete materials. We
prepared samples from fine concrete mixture for these first
measurements.

decade. Concrete proved to be a durable construction material
in the recent years, however, concrete structures often
experience degradation after years of service. Structure
rehabilitation techniques have reached a high standard
recently. However, the absence of an acceptable, relatively
fast and cheap monitoring method, which would be capable of
detecting structure faults at an early stage, thus making a
simple and cost-effective maintenance possible, is still
persisting. Therefore, elaboration of new and simple
defectoscopic methods, capable of determining the integrity of
a given structure or a building element is of sign importance.
It is also essential to develop and/or refine the methods
designed to estimate the lifetime of building structures.
Nonlinear ultrasonic spectroscopy represents new
possibilities in acoustic nondestructive testing of material
damage mentioned above. Experimental evidence for the
highly nonlinear behaviour of microcracked and damaged
materials has existed for years from experiments of static
stress-strain behaviour and dynamic nonlinear wave
interaction. Recently, various papers on both the theoretical
and experimental examination of diverse methods and their
applicability in some fields have been published [1-3]. One of
the fields in which a wide application range of nonlinear
ultrasonic spectroscopy methods may be expected is civil
engineering. Poor material homogeneity and, in some cases,
shape complexity of some units used in the building industry,
are heavily restricting the applicability of "classical"
ultrasonic methods [12]. Precisely these nonlinear ultrasonic
defectoscopy methods are less susceptible to the mentioned
restrictions and one may expect them to contribute to a great
deal to further improvement of the defectoscopy and material
testing in civil engineering.

Keywords— Nonlinear elastic wave spectroscopy, Damage in
structures interrogation, Concrete samples

II. NONLINEAR ULTRASONIC SPECTROSCOPY METHOD
Two groups of methods focusing on the material response
nonlinearity have been dealt with until now, namely,
resonance and non-resonance methods [1], [2].
The first group of methods focuses on samples exhibiting
strong resonance effects. It is of advantage to make use of the
resonance frequency shift versus the exciting signal intensity,
which is a non-linear effect. Resonance methods are hardly
applicable to specimens in which the resonance effects are

I. INTRODUCTION
This Stability of building structures is one of very important
issues in the field of non-destructive defectoscopy. Thanks to
the stormy development of concrete and reinforced concrete
buildings taking place in the last century, the condition of
concrete and reinforced concrete became a hot topic in the last
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suppressed. Therefore, non-resonance methods are used in
these cases. These methods analyse the effect of nonlinearities on acoustic signals propagating through the
specimens and methods can be split into two groups:
● Measurements using a single harmonic ultrasonic signal
(a single frequency f 1 )
● Measurements using multiple harmonic ultrasonic
signals (usually, two frequencies f 1 , f 2 ).
In what follows, we describe a first-group method which has
been applied to the experiment.
A. Single Harmonic Ultrasonic Signal Measurement Method
In this case, where the excitation is accomplished by a
single frequency f 1 (Fig. 1) the non-linearity gives rise to other
harmonic signals, whose frequencies f v obey the Fourier
series formulas:
f v = n f 1 │n = 0, 1, 2,…∞

(1)

conditions (denotation L). In consequence of water content
reduction after hardening, the specimens shrank and
microcracks arose in the specimen structure. The third
specimen group (denoted S) was placed for twelve days of the
ripening process into a dryer in which the air temperature was
60oC in order to increase the specimen load and get heavier
structure deterioration. The experiment aimed at identifying
the effect of non-standard conditions of the concrete mix
ripening on the structure integrity, by means of nonlinear
ultrasonic spectroscopy. To verify the correlation of the nonlinear effects with structure defects, some other characteristics
of concrete specimens, such as the ultrasonic wave
propagation velocity and the predominant resonance
frequency shift in the frequency spectra of the specimen
response to a mechanical impulse, were analyzed.
A. Measuring Using Nonlinear Ultrasonic Spectroscopy
Method
Single-harmonic-signal non-linear ultrasonic spectroscopy
method was applied to the tests of concrete specimens. An
ultrasonic generator with a frequency f 1 = 30 kHz was used as
a transmitter to generate a harmonic ultrasonic wave in the
specimen. The experimental set-up and testing of its
component units have been described in detail previously [9]
and will be only briefly described here - Fig. 2.

Fig. 1 Frequency spectrum of a non-linear medium response

In general, these frequency component amplitudes are falling
when the harmonic order natural number, n, is increasing. If
the non-linearity effect is not entirely symmetrical, there can
arise low-amplitude second and higher even-numbered
harmonic components, whose amplitudes may be lower than
those of the odd-numbered ones. Among these emerging
components, the third harmonic is the most distinctive one [2],
[4]. Therefore, its amplitude is being evaluated most
frequently.
III. EXPERIMENTAL
Our research of the potential applicability of non-linear
ultrasonic spectroscopy to the evaluation of building material
structural integrity focused first on ceramic elements [5-7].
Having gained first results and experience we switched our
focus on concrete structures, showing higher degree of
inhomogeneity and roughness as compared with ceramic
materials [8]. As many as 21 specimens of dimensions
4cmx4cmx16cm were prepared from a fine concrete mix.
After the concrete hardening had been completed the
specimens were divided into three groups. The first specimen
group (denoted V) was kept, in accordance with standard
conditions, in water for the entire ripening period (28 days). In
this case no water content reduction took place. The second
specimen group was kept in air in laboratory environment
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Fig. 2 Experiment set – up

The measuring apparatus consists of two principal parts,
namely, a transmitting section and a receiving and measuring
section. The transmitting section consists of four functional
blocks: a controlled-output-level harmonic signal generator, a
low-distortion 100 W power amplifier, an output low-pass
filter to suppress higher harmonic components and ensure
high purity of the exciting harmonic signal. The main chain of
the receiving section includes an input amplifier with filters
designed to minimize the receiving chain distortion and a
band-pass filter amplifier. Having been amplified, the sensor
output signal was fed into a THPS3-25 HandyScope3
measuring instrument to be sampled and analyzed. For the
purpose of improving the reliability and accuracy of the
nonlinear experiments and minimizing the error effects the

ISBN 978-91-7439-379-8

attention was focused to transmission between exciter (E) and
sensor (S) - Fig. 2. Elements meeting the given requirements
were chosen [10]. A program package to control the
measuring process, the data processing and evaluation makes
an indispensable tool. The measurement results were
represented in the form of frequency spectra.
The frequency spectrum of Fig. 3 pertains to V12 specimen
and represents the measurement results of the group of
specimen which ripened under standard conditions in water.
The diagram shows clearly that the harmonic component
amplitudes decrease with the serial number n increase in good
agreement with Eq. (1), which gives evidence of the fact that
structural integrity of these specimens makes no source of
nonlinear phenomena.

that of the fourth harmonic 4H. This change in the transfer
characteristic appears to manifest the existence of
nonlinearity in the specimen structure, which is due to
insufficient specimen water content during the specimen
ripening period.
The frequency spectrum shown in Fig. 5 pertains to No S1
specimen.

Fig. 5 Transfer curve of S1 specimen which was subjected to stronger
shrinking-induced stressing

Fig. 3 Transfer curve of intact specimen (No V12)

Fig. 4 shows the measurement results for No L2 specimen,
which represents the specimen group partially stressed by
shrinking.

It represents the measurement results obtained from the group
of specimens which were subjected to heavier stressing during
the ripening period, in order to trigger the microcrack
generation. The diagram shows clearly a stronger nonlinearity, which is due to the structure damage. A very abrupt
drop of the second harmonic amplitude 2H is evident,
amounting to almost 60 dB with respect to the first one 1H,
thus manifesting a heavy deterioration of the specimen
structure.
To verify the correlation between the occurrence of nonlinear effects and the specimen structure defects, a number of
further measurements were carried out using following
methods.
B. Determination of Ultrasonic Wave Propagation Velocity
The propagation velocity of ultrasonic waves in the
specimen in question was determined by means of the
ultrasonic impulse method. This method is based on ultrasonic
pulses being periodically sent into the material under
investigation. The quantity to be measured is the impulse
propagation velocity. This velocity is different for various
materials and varies with their properties. For example, a
good-quality concrete features a higher ultrasound impulse
propagation velocity than an inferior-quality one. The
frequency of longitudinal oscillations in the specimens was
calculated using the well-known formula:

Fig. 4 Transfer curve of L2 specimen which has been stressed by shrinking

It is evident that higher harmonic component amplitudes are
decreasing more abruptly. At the same time, the fifth
harmonic component’s amplitude, 5H, exceeds in magnitude
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fl = λ / cl

(2)

where: λ - ultrasonic wave wavelength [m]
c l - mean velocity of ultrasonic waves [m.s-1].
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Table 1 summarizes mean values of calculated ultrasonic
wave propagation velocities and corresponding frequencies of
longitudinal oscillations for three different specimen groups.
TABLE I
VALUES OF VERIFICATION PHYSICAL QUANTITIES

c l /m.s-1

f / Hz

V: ripening in water

3 410

10 650

L: ripening in air

3 060

9 670

S: ripening in a dryer

2 860

8 970

Specimen group

The summary of values given in the table shows the effect of
non-standard concrete specimen ripening conditions on their
structural integrity. The ultrasonic wave propagation velocity
drops with the specimen deterioration degree. Another method
used for specimen structure quality testing is a method called
Impact-echo.
C. Impact – echo Method
This method is used for non-destructive quality evaluation
of building elements and concrete and masonry structures. It is
based on the propagation of stress waves, which are generated
by a mechanical impulse. A short-duration mechanical impact,
produced by tapping a hammer or a small steel ball against the
surface of tested object produces low-frequency stress waves
(from 1 to 60 kHz) that propagate into the structure and are
reflected by flaws and/or external surfaces [11]. Reflected
waves are recorded on the surface by a sensor in the form of a
voltage signal. The resulting voltage versus time plot (timedomain realization) is digitized and fed into the memory of a
computer, which subsequently carries out the frequency
analysis of it. What results are a time realization and the
corresponding frequency spectrum display. The predominant
frequencies (which are represented by local maxima in the
spectrum) may be associated with multiple reflections within
the structure, carrying information on the structure integrity
and defect localization. While carrying out these experiments,
we also focused on tracking the effect of the exciting signal
intensity on the predominant frequency shift, which is amply
used when studying specimen with strong resonance effects
(see paragraph 2).
Impact - echo method was applied to the tests of concrete
specimens. A special hammer provided longitudinal excitation.
The mechanical impulse was applied at the exciter point (see
Fig. 2), a piezo-electric sensor S was used to pick up the
response. The measurements results are represented in the
form of the specimen response frequency spectra as shown in
Figs 6 through 8.
The diagram shown in Fig. 6 pertains to V12 specimen. This
specimen ripened under standard conditions in water. The
longitudinal direction predominant frequency equals 9 700 Hz,
whereas the calculation according Eq. (2) provides 10 270 Hz.
Slightly evident value 19 400 Hz corresponds to the second
harmonic component.
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Fig. 6 Response frequency spectrum of intact specimen (V12)

Fig. 7 shows the response frequency spectrum for L2
specimen. This specimen underwent shrinking due to
insufficient water content. It is seen that the predominant
frequency shifted to 8 800 Hz, which corresponds to a shift of
940 Hz with comparison with V12 specimen. The diagram
also shows the second (17.6 kHz) and third (26.4 kHz)
harmonic components. According to Eq. (2), the longitudinal
oscillation frequency was calculated to equal 9 500 Hz to this
L2 specimen..

Fig. 7 Response frequency spectrum of L2 specimen, which was stressed by
shrinking

Fig. 8 shows the behaviour of S1 specimen, which was
subjected to stronger shrinking-induced stressing, being
placed in a dryer. In this case the predominant frequency
shifted to 8 000 Hz, which makes, in comparison with V12
specimen, a shift of 1740 Hz. The diagram also shows the
second (16 kHz) and slightly third (24 kHz) harmonic
components. According to Eq. (2), the longitudinal oscillation
frequency was calculated to equal 8 900 Hz to S1 specimen.
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Fig. 8 Response frequency spectrum of S1 specimen which was subjected to
stronger stressing

While applying the Impact - echo method, we also focused
on the effect of the exciting impulse intensity on the
predominant frequency shift, which – as a non-linearity
induced phenomenon – is being used to study specimens
featuring pronounced resonance behaviour. Slight shift was
only observed in specimens of S group, which was
characterized by heavier structure damage. The shift has
neither been observed in specimens of V group made of the
highest quality concrete nor in L group specimens whose
structure was only slightly damaged.

Fig. 9 Predominant frequency shift versus exciting impulse intensity plot

IV. CONCLUSIONS
Our experiments aimed at verifying the non-linear
ultrasonic spectroscopy potential to evaluate the concrete
specimen structure integrity. Three groups of specimens,
made of a fine concrete mix and differing in the structure
integrity degree, were tested. The first specimen group,
denoted V, was – after the specimen hardening had been
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completed – kept in water for 28 days, in order to eliminate
the shrinking induced stressing which would otherwise result
from water content reduction. The second specimen group,
denoted L, was kept in air at laboratory temperature. Water
content reduction resulted in shrinking and micro-cracks
generation in these specimens. In the third specimen group,
the shrinking process was increased by drying the specimens
at a temperature of 60oC for 12 days during the ripening
process.
Single-exciting harmonic frequency, non-linear ultrasonic
spectroscopy was used to test the specimen. The exciting
frequency equalled 30 kHz. Transfer characteristics of the
exciting signal were analyzed. We investigated whether the
specimen structure integrity was impaired due shrinkinginduced stressing as a source of non-linear effects in the
propagation of elastic waves. In the case of stressed specimen
groups (L and S), there appeared micro-cracks-induced
nonlinear effects in the frequency spectra. They resulted in
suppressing the even-numbered harmonic frequencies,
especially, the second harmonic in the case of more heavily
damaged specimens of the S group. In order to verify the
correlation between the non-linear effect occurrence and the
structure damage, verification measurements were carried out
using two different methods.
Ultrasonic wave propagation velocity was determined. The
magnitude of the velocity decreased when the shrinkinginduced specimen damage degree grew up.
The results of our measurement using the Impact – echo
method proved a shift of predominant frequency components
lower values in the case of the specimen shrinking-induced
stressing. The results of our measurement using the Impact –
echo method proved a shift of predominant frequency
components lower values in the case of the specimen
shrinking-induced stressing. A slight shift in the predominant
frequency as a function of the exciting signal intensity was
only observed in specimens subjected to heavier shrinkinginduced stressing.
Non-linear spectroscopic methods are new diagnostic and
defectoscopic methods, which have been designed on the
basis of non-linear effect studies. The research and
development of these methods and their practical application
is – in view of the topic complexity and the exigency of the
instrumentation to be developed – in its initial stage currently.
The dissemination of these methods’ application may be
expected to bring enormous economic and safety impacts. The
non-linear behaviour measurements are likely to be ones of
the most sensitive and affordable methods for study and early
detection of defects. Although the topic as such is of rather
basic research nature, we expect the new defectoscopic
methods to be introduced in the practice and the existing
methods to increase their yield and reliability in this building
industry branch promptly and on a large scale.
Poor material homogeneity and, in some cases, shape
complexity of some units used in the building industry, are
heavily restricting the applicability of "classical" ultrasonic
methods. Precisely these non-linear acoustic defectoscopy
methods are less susceptible to the mentioned restrictions and
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one may expect them to contribute a great deal to further
improvement of the defectoscopy and material testing in civil
engineering.
Taking advantage of the mentioned benefits, the ultrasonic
defectoscopy makes it possible to carry out the following:
• Fast one-shot (integral) testing of entire bodies (including
bodies of complicated shape), which could be well
applicable to the mass production of small and mediumsized elements (roof tiles, ceramic ceiling slabs, etc.).
• Increase in accuracy and sensitivity of defect localization
methods, where the application of classical ultrasonic
methods is restricted, to a high degree, due to the
material inhomogeneities.
• Defectoscopy – based constructed facility condition
assessment and life estimate (for example, for bridge
structures, hourdis slab ceilings, etc.).
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ABSTRACT — The purpose of this paper is to propose a maturity
assessment method developed in order to measure the state of
maintenance practices in a company. The method is based on the
assessment of the capabilities of a maintenance department as to
managerial, organizational and technological issues. By using
this method, it is possible to classify companies into five maturity
levels and to analyse the level reached by a company for the main
features and critical points of operations. Eventually, a company
can make a benchmark with best companies at a given maturity
level. The method has been used in a test sample of thirty-two
companies in the Northern Italy.
Keywords— Maintenance Maturity, Maintenance Best Practices,
Maintenance Policies.

I. INTRODUCTION
The method for maintenance maturity assessment, proposed
in this paper, has the primary purpose to analyse how
maintenance practices are currently set-up in a given company
and, in particular, how much new practices have been
developed thanks to the advancement in the use of ICT
tools/devices for diagnostics, prognostics, maintenance
engineering. The method is developed starting from the results
achieved in some previous works. Its concept was firstly
presented in [1] and further discussed in [2]; afterwards, a set
of empirical tests was performed by assessing the maintenance
practices in plants in the process production sector [3], in
companies operating as maintenance service providers in the
telecommunication networks [4] and in the case of Original
Equipment Manufacturers extending their products with some
maintenance services [5]. In these contexts the maturity
assessment method was used as a tool for a case study
analysis and achieved positive feedbacks for what concern its
potentials to assess the maturity of maintenance processes.
This paper aims at extending the use of the method by
proposing it as an integral part of a survey analysis. The
survey is currently run in the context of the Observatory on
“Technologies and Services for Maintenance” of the School of
Management of Politecnico di Milano (shortly speaking
TeSeM [6]).
The Observatory is a research structure, which integrates in
a collaboration platform other Italian universities (at the
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moment, Politecnico di Bari, Università degli Studi di
Bergamo, Università degli Studi di Bologna, Università degli
Studi di Firenze) with the purpose to monitor the state of the
art of the maintenance choices within small, medium and large
companies located in different regions of Italy, in the field of
industrial plants, infrastructures and services. A primary
purpose of TeSeM is to observe the innovations in
technologies and services for maintenance: to this end, a
research on annual basis is carried on, through case studies
and industrial surveys involving both demand-side firms (as
plant operators and asset owners) and supply-side firms (as
suppliers of technologies and services). This paper provides a
focus on intermediate outcomes of the 2011 research, whose
objective is to observe the state of the art of maintenance
policies, in different industrial sectors and company sizes.
Next figure 1 shows the conceptual model of the research:
herein the “maturity” is considered as a determinant of the
development of maintenance policies in a company.
Focusing only on the “maturity” box, the paper presents the
maturity assessment method by means of its background
(paragraph 2), its theoretical model (paragraph 3) and its use
in a test sample of manufacturing firms in the Northern Italy
(paragraph 4). Eventually, next research steps are discussed in
the concluding remarks (paragraph 5).
“SPONSORSHIP” IN
THE COMPANY
QUALITY PERCEIVED
FROM MAINTENANCE
ACTIVITIES

Determines

Determines

DEVELOPMENT OF
MAINTENANCE POLICIES

COMPANY’S CONTEXT
•Company’s size
•Company’s sector

MATURITY OF
MAINTENANCE
MANAGEMENT

Determines

•Distribution of policies
•Type of resources employed

Determines

Determines

ECONOMIC RESULTS
OF MAINTENANCE
ACTIVITIES

Fig. 1 Conceptual model of the 2011 research
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II. LITERATURE BACKGROUND
A. Overview and comparison of methods
Defining a maturity ranking in maintenance is a recent,
well known, but still open problem. Indeed, the maturity is a
concept that has been introduced to assess different
maintenance management issues for evaluating their quality,
usually in a qualitative or a semi quantitative way. Moreover,
maturity does not necessarily lead to an holistic indicator:
instead, it could be developed for analysing specific aims or
well identified maintenance process areas, to obtain different
maturity indexes for assessing such aims or areas [1], [5].
Because of the various choices that can be decided when
designing such an assessment method, it is worth considering
the suggestions that can be sourced from literature, from
methods not necessarily designed for analysing maintenance
management. Hence, the main existing methods are firstly
presented, one of these methods is selected as reference
background to help designing the method proposed in this
paper.
Reference [7] presents a Corrective Maintenance Maturity
Model. The model “specifies what a problem management
process should look like” and “structures each process into
three maturity levels (Initial, Defined, Optimal)”. The
proposal of this author is the result of an empirical study
carried on in industries adopting corrective maintenance of
software products. Another method from software engineering
field is the CMMI (Capability Maturity Model Integration).
This has been developed by the Software Engineering Institute
at Carnegie Mellon University [8] and it is one of the most
mentioned model to build a maturity assessment system. It is
derived from the Capability Maturity Model (CMM)
presented by [9]. CMM distinguishes process areas, where
each area consists of a homogeneous set of key practices for
software engineering. Then, CMM bases on the idea that the
improvement is made by little steps, rather than by
revolutionary changes, by focusing on some process areas and
the adoption of key practices therein. This method achieved a
great success and, in some cases, its implementation gave
great benefits (e.g., companies implementing the CMM
method gained 35 % productivity increase and 39 % postdelivery defect reduction, on average). The CMMI method is
a revised release, completed at the beginning of 2000ies, in
order to cover a range of activities related both to software
development and engineering. Since then, CMM(I)-based
models can also be found in the areas of project management,
design, reliability, project reviews and supply chain
management. Related to the topic of this paper, it is worth
mentioning the maturity model proposed by [10] to establish a
roadmap for Reliability Centred Maintenance (RCM). The
roadmap is based on the CMM method: a stage of the RCM
implementation roadmap is presented with a list of key
practices, representing activities that, when performed, lead to
a set of goals in a specific process area; being the goals
associated to maturity levels, when a group of goals is reached,
the correspondent maturity level is reached in that specific

184

process area. The PACE (i.e. pressures, actions, capabilities,
enablers) framework is another model proposed by [11], and it
is based on a scheme different from previous proposals (i.e.
not CMM(I)-based). Indeed, a pressure on a firm (e.g. to
maximize the availability) needs actions (as preventive
maintenance programs) which can be implemented thanks to
capabilities (as the real time monitoring) and enablers (as the
CMMS for data storage). According to this framework, a firm
can compare its responses to pressures with those provided by
“Best in class” companies, to make a benchmark. The
understating idea is that, according to a maturity level and to
pressures it is subjected to, a firm may focus on specific
objectives to improve its business; a firm can then have
recommendations on the next steps needed to improve its
maintenance performances. The last method, worth
mentioning, is presented by [12]. Their proposal is based on a
maintenance maturity grid, built on two variables. The
variable named as “good maintenance practices employment”
considers a list of factors, to represent areas which to work on,
to achieve a successful maintenance management (examples
of factors are information management, spare parts
management and human resource management). Therefore, a
series of good practices are indicated for each factor (e.g., in
reference to spare parts management factor, the adoption of
the Pareto diagrams to control stock and the record of cost of
spare parts are the good practices that can be employed). On
the basis of this list of factors, each firm achieves a percentage
of employed practices, with respect to the whole listed; the so
obtained measure relies on the horizontal axis of the maturity
grid. The second variable is the “benefits gained from
maintenance”, measuring the effectiveness of maintenance
management. Indeed, a student-t test of significance is
performed in order to identify those factors that actually
influence the effectiveness of a maintenance management
system; in this way, the factors considered as significantly
related to the maintenance effectiveness are defined, and, by
measuring them, a value, for each firm, of effectiveness
gained in maintenance management is obtained; the so
obtained measure relies on the vertical axis of the grid.
We preferred the CMMI as a base ground for our
maintenance maturity assessment method because it is a
consolidated model (since its later integration in 2001) and
proved itself attractive in several fields of application
(software development, maintenance management, project
management, supply chain management, etc ...), thus showing
its flexibility to integrate different process areas under the
“lens” of maturity assessment. On the other hand, the PACE
framework is quite promising but it requires better
understanding of the pressure concept to distinguish different
levels of pressure a firm can be subject to. This is quite a
complicated matter and may require specific research work.
Since pressure is a different concept, that can be reasonably
treated separately from maturity, we have preferred to
postpone to future works both the creation of pressure
rankings in different sectors and the study of relationships
between pressure and maturity rankings. Eventually, reference
[12] is proposing a promising approach. Nonetheless, these
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authors are discussing two related but separated issues, i.e. the
best practices (which, in our concern, are strictly associated to
the maturity concept) and the results achieved (which, in our
concern, are an outcome of adoption of best practices, see also
the conceptual model of fig. 1, figuring out that “maturity” is
considered to be a determinant of maintenance policies, which
are, in the meanwhile, determinants of the economic and
quality results of the maintenance activities).

Synthetically speaking, CR offers the maximum flexibility
for prioritizing process improvements and aligning them with
the business objectives, while in SR a predefined path must be
followed. SR is then more rigid, because it hypothesizes that,
to grow up, a firm has “one best way” to travel along: once
reached a predefined series of goals, then the firm is able to
step up to the upper level.

Since we suppose that there is not a pre-defined roadmap in
maintenance management (considering also the possibility to
have different good practices in different company’s sectors
and sizes), the CR is preferable because of its road-mapping
flexibility. Fixing “one best way” to process improvement in
B. An introduction to the CMMI approach
maintenance management is then avoided by using CR.
Besides,
choosing CR has the advantage to enable, in the
CMMI approach provides two representations as alternative:
maturity
assessment,
more visibility to the analysis of single
the Staged Representation (SR) and the Continuous
PAs.
Hence,
the
assessment
of less upfront investments is
Representation (CR).
going to be possible, since stepping up the maturity can be
SR considers 5 Maturity Levels (MLs), related to the whole analysed by referring to each single PA, rather than a set of
activity that must be evaluated. For each of them, a few PAs involved in a maturity level.
Process Areas (PAs) are defined, that have to be improved to
reach the specific ML. Hence, if a generic firm is at level 3 of
The application of the CMMI theory, in CR mode, to the
maturity, it has to improve a set of predefined PAs to reach Observatory’s survey analysis is presented in the remainder.
level 4. This means that this CMMI representation provides a
III. THEORETICAL MODEL
predefined roadmap for improvement, in which every stage /
ML contains a set of PAs indicating where to focus in order to
A. The maturity levels associated to the process areas
make company work better.
CR defines 6 Capability Levels (CLs), instead of MLs; a
What is used for the survey run in TeSeM is the idea that a
CL represents a measure assigned to a lone PA; in this way, maturity level (ML) can be associated to a given process area
maximum flexibility for firms to choose which processes to (PA), according on how the processes included in the area are
point at is provided. The adjective “continuous” means that either managed or executed. To this end, a scorecard is
there are no stages in which to focus on different goals, and proposed (tab. 1).
procedures to follow are organized to support the development
TABLE 1 THE SCORECARD DEFINING THE SCALE OF
of every single PA. In this CR, unlike in staged one, goals are
MATURITY LEVELS
not specifically defined. Herein, every PA has a different
Description
capability level, and the whole of them make up a so-called Maturity
Level
Capability Profile.
Figure 2 summarises the two representations, as taken from
Process is managed by ensuring the continuous
ML 5
improvement; causes of defects and problems in the
the CMMI original proposal.
The CMMI is better analysed in next sub-section, since it is
the reference method for developing our maturity assessment
method.

Optimizing
ML 4
Quantitatively
Managed

ML 3
Defined

ML 2
Managed

processes are identified, taking actions in order to prevent
problems from occurring in the future.
Process performance is measured, and causes of special
variations are detected; quantitative analyses are
conducted, indeed a good balance is reached between the
quantitative and qualitative analysis; process management
is fulfilled thanks to organizational responsibilities and
fully functional technical systems.
The process is planned; semi-quantitative analyses are
done periodically to define good practices/management
procedures; process management depends on some
specific constraints for the organizational responsibility
or the technical systems.
The process is partially planned; performance analysis is
mostly dependent on individual practitioners’ experience
and competences; process management is weak because
of deficiencies in the organizational or in the technical
systems.

ML 1
Initial

The process is weakly controlled, or not controlled at all.

Fig. 2 Capability profile in CR versus Maturity levels in SR
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This is used to assess the current practices run in the PA
under concern in the assessment: if the PA adopts either good
or best practices, an high ML is associated to the PA; the
highest ML is assigned if the practices used in the PA are run
accordingly to a continuous process improvement-like
approach; the lowest ML is assigned when the practices are
either weakly available or not performed at all.
A “modified” continuous representation is then proposed,
offering the scorecard as a schema for assigning MLs for well
defined PAs in maintenance. Differently from the original
CMMI terminology, we prefer to adopt the term “maturity
level” instead of “capability level” for a single PA, even if the
concept still stands: we want to create a (maturity) profile for
each relevant PA. The relevant PAs have been defined in
relationship with the objective of the TeSeM’s annual research.
B. The managerial, organisational and technological issues
The maintenance maturity is not considered as a holistic
indicator, but it is evaluated through three maturity indexes
according to the original concept of [1].
The understating idea is that, based on the key practices,
PAs can be aggregated under three issues – managerial,
organisational and technological –, therefore also aggregated
profiles for the respective maturity levels can be provided. As
a final outcome, the maintenance maturity is assessed both as
a synthetic index (in the remainder GMI, measuring the
general maturity level) and a set of component indexes
accordingly with the issues identified so far (MMI, OMI and
TMI, measuring the maturity level reached for each issue).
•

•

•

Management Maturity Index (MMI) assesses all the
PAs concerned with the planning and control cycle (i.e.
ranging from registration of the maintenance work
orders to maintenance planning and budgeting).
Organizational Maturity Index (OMI) refers to all
those PAs concerned with knowledge management and
improvement of internal and external relationships
(within the maintenance internal structure and with
parties external to the maintenance department, i.e.
with other enterprise functions or third parties).
Technological Maturity index (TMI) takes into account
all the PAs related to the support of information
systems, ICT tools, diagnostic / prognostic tools,
maintenance engineering tools; the main concern is to
assess how tools / devices are being adopted in the
company’s practice.

Each index – GMI, MMI, OMI or TMI – results then in a
ML accordingly with the scorecard (tab. 1). In particular, the
MLs of the scorecard are used at first to assign the score to
each PA; then, the set of scores obtained by a company in the
different PAs constitute a maturity profile, similarly to CMMI
CR, and can be used to calculate the maturity indexes.
Operatively, at this purpose, for each defined PA, there
may be more than one related questions in the survey
questionnaire. For every question, its related scores are
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defined according to the scorecard, thus, based on the answers
to the questionnaire, obtained by interviewing the
maintenance manager of a firm, it is possible to calculate all
the maturity indexes. The calculation method is synthesized as
follows.
•

•

•

Each issue – managerial, organisational and
technological – is investigated by means of a set of
questions included in the survey questionnaire. In other
terms, each set of questions enable to focus on the key
practices actually run in different PAs, pertaining to a
selected issue.
Once the questionnaire is filled in, answers can be
translated into scores. At this point, the output of the
interview, carried on through the survey, is a set of
scores related to the PAs. In order to have a unique
score referable to a given issue, the specific maturity
index is calculated (i.e. TMI, OMI, MMI) as average
of the scores reached by the PAs pertaining to the issue
under concern.
At the end, all the specific maturity indexes (i.e. TMI,
OMI, MMI) are synthesized into the general Maturity
Index (GMI) by means of a multiplicative model (GMI
= MMI x OMI x TMI). The use of this formula was
considered to fit better with the need to reward the
firms implementing the concurrent improvement of all
the maintenance issues.

Next tab. 2 provides a summary with the number of
questions included in the questionnaire and the PAs under
analysis for each issue.

TABLE 2 MATURITY INDEXES, PROCESS AREAS AND QUESTIONS
INCLUDED IN THE SURVEY QUESTIONNAIRE
Index
TMI

OMI

MMI

Process areas (PAs)
Monitoring, diagnostics and prognostics system
Computerized maintenance management system
Reliability and maintenance engineering system
Relationships with other enterprise functions
Outsourcing (i.e. relationships with third parties)
Empowerment of maintenance personnel
Maintenance engineering structure
Maintenance planning and budgeting
Information sharing with third parties
Registration of maintenance work orders

Questions
25

10

9

C. An example of maintenance maturity assessment
Next fig. 3 shows an example of outcome of the
maintenance maturity assessment of a company. The chart
provides both the GMI and its component indexes, TMI, OMI
and MMI: this enables to obtain an overview of weak and
strong points in terms of maturities actually achieved by the
company. In the example, the company is not much mature
(i.e. ML 2 is the general maturity level achieved by the
company, see the scorecard of tab. 1 for details on its
description) and the technological issue is the less mature
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issue (i.e. equivalent to say that it is the weakest issue in
maintenance operations).
5
4,5
4
3,5
3
2,5
2
1,5
1
0,5
0
Technological
maturity level

Organizational
maturity level

Managerial
maturity level

General
maturity level

Fig. 3 Maturity profile based on the maturity indexes

An in-depth analysis can be also done by breaking down
the maturity indexes in a maturity profile of selected PAs.
These can be chosen considering each issue, e.g. by
identifying the PAs pertaining to the technological issue.
Doing so, the maturity profile results in a bundle of values that
helps identifying main features and critical points (i.e. the
strongest and weakest process areas) for a given issue. Next
fig. 4 provides an example of a maturity profile for selected
PAs under the technological issue.

5

related to technological issues, especially the “Reliability and
Maintenance Engineering System”.
IV. USE IN THE MANUFACTURING INDUSTRY
This section provides a brief account of the first results of
the survey, considering a test sample of thirty-two companies.
A short description of the sample is firstly presented, to
provide a snapshot of companies respondents of the survey
(sub-paragraph A): the description is neither complete nor
supported by descriptive statistics because the aim is to
provide the reader just with a general flavor of the state of
practices in the sample under investigation, before proceeding
with their measurement through the assessment method
proposed in this paper. This is done in the next sub section
(sub-paragraph B) and enables to have a more detailed
analysis of the state of practices according to the standard
defined by our maturity assessment method.
A. The main features of the sample
The sample of companies interviewed through the survey is
on the majority composed of medium and large companies
coming from the chemical / pharmaceutical, automotive and
mechanical sectors, with a number of maintenance workers
between 1 and 20. The maintenance budget is between zero
and one million euros and is generally determined by
organizational units to which the maintenance unit refers to or
is directly defined by the top management.
Most of the companies analyzed in the survey does not
present a business unit with maintenance engineering
responsibilities; RCM methodology is not generally known
(or not used).
Considering maintenance information systems, supporting
the maintenance management, there is a general lack of
complex systems, such as CMMS, replaced by simpler tools,
such as spreadsheets and local databases. For companies using
a CMMS, the maintenance plan is not updated or is updated
only after the occurrence of important events (such as e.g.
revamping); analysts are, in general, not involved in a detailed
analysis of data collected through the CMMS,
correspondingly no specialized software is used for failure
data analysis.

4,5
4
3,5
3
2,5
2
1,5
1
0,5
0
Computerized
maintenance
management
system

Reliability and
Monitoring,
maitenance
diagnostics and
engineering system prognostics system

Fig. 4 Maturity profile of process areas under the technological issue

In the example shown, the company provides the
following bundle of values: the lowest level is for “Reliability
and Maintenance Engineering System”, other PAs (that is the
“Computerised Maintenance Management System” and
“Monitoring, diagnostics and prognostics system”) achieves
an higher level, even if always limited to a low maturity.
These low values motivate the low ML achieved for the TMI:
the company generally shows weaknesses in all the PAs
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Last but not least, keeping a perspective on the
maintenance policies, the preventive maintenance is mainly
defined basing on the operators’ experience or the suppliers’
recommendations; the Condition Based Maintenance is
mainly operated through the inspections as primary asset
evaluation method.
B. The maturity assessment method applied to the sample
The maturity indexes reached by the companies
interviewed in the sample can now be analyzed with more
details.
A first analysis concerns the sample distribution: a box plot
(fig. 5) is used to make an analysis of the distribution of the
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ML 4

maturity level that feature a ML for a specific issue –
managerial, organizational or technological – higher than the
general maturity level itself. Once they are identified, the best
level companies can be also characterized in terms of
company’s size or sector (fig. 6).

ML 3

ML 3

Best Level
(sector)

Chart Level
(% share)

Best level
(size)

ML 2

TML

(technological)

ML 1

MATURITY LEVELS

ML 5

general maturity level GMI and its component indexes OMI,
TMI, MMI.

General
maturity level

Technological
maturity level

Organizational
maturity level

Managerial
maturity level

34%
22%
11%
11%
11%
11%

OML

(organizational)

Other metal products
Chemical / Pharmaceutical
Food & drinks
Electronics
Machineries & equipments
Automotive

78% Large Enterprise
22% SMEs

Fig. 5 Box plot of companies’ maturity profiles

As can be seen from the box plots, the companies in the
sample have a general maturity level between ML2 and ML3
(i.e. on average). This is due in great part to the low level of
practices in technologies and managerial aspects (i.e. low
values of the TMI and MMI). The organizational maturity (i.e.
the OMI), instead, is generally better and reaches, on average,
ML3; nonetheless, the sample is quite dispersed and
companies may show also very low maturities also in the
organizational issues.
A criticality analysis can be carried out to provide more indepth on the sample and, more precisely, to identify the
weakest points of companies present in the sample. To this
concern, we made an analysis at each maturity level (i.e.
general maturity level). We also established a rule to fix when
a PA is critical at each level: when at least 60 % of the
companies, in the sample of companies at the given maturity
level (i.e. general maturity), achieves a lower maturity level
for the PA (than the one reached as general maturity), the PA
is identified as a critical one. The example shown in tab. 3
identifies the critical PAs for the companies pertaining to the
sample at a general maturity level equal to ML 3: all the
critical PAs achieve a maturity level equal to ML2.

MML

(managerial)

lML1

lML2

lML3

lML4

lML5

Fig. 6 Maturity assessment of best level companies (at ML3)

In the example, considering companies reaching ML3 as
general maturity level, it is possible to see that the best level
companies are dominated by large companies in the
organizational maturity level (reaching a value of ML4); from
the point of view of industrial sectors, the results are quite
dispersed in different sectors.
V. CONCLUSIONS
This paper proposed a method to assess the state of
maintenance practices in a company. The method is being
used as a tool to support a survey on the state of maintenance
policies and practices within Italian companies. The survey
questionnaire was developed by the TeSeM Observatory of
the School of Management of Politecnico di Milano and is
now being distributed to the Italian industry, in different
regions thanks to the collaboration with Politecnico di Bari,
Università degli Studi di Bergamo, Bologna and Firenze. The
planned target is the fulfillment of 150 questionnaires at the
end of 2011.

TABLE 3 CRITICALITY ANALYSIS FOR COMPANIES AT ML3
Index
TMI

OMI

MMI

Process areas (PAs)
Monitoring, diagnostics and prognostics system
Computerized maintenance management system
Reliability and maintenance engineering system
Relationships with other enterprise functions
Outsourcing (i.e. relationships with third parties)
Empowerment of maintenance personnel
Maintenance engineering structure
Maintenance planning and budgeting
Information sharing with third parties
Registration of maintenance work orders

Criticality
Critical
Non Critical
Critical
Non Critical
Non Critical
Non Critical
Critical
Non Critical
Critical
Non Critical

Last but not least, the best level companies can be detected
at a given maturity level. To this concern, the best level
companies have been defined as those companies at a general
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The results shown in this paper are taken from a first
sample of companies, coming from the survey, and can be
considered as an intermediate outcome of the 2011 research.
This was discussed during a TeSeM workshop attended by
invited managers of 16 companies, divided in 12 demand-side
firms (as plant operators and asset owners) and 4 supply-side
firms (as suppliers of technologies and services). During the
event, managers were firstly informed of the results achieved
in the sample, having a closer look to the state of maintenance
practices of the respondents; afterwards, the maintenance
maturity assessment method was presented and the maturity
assessment results were commented; in the last part of the
workshop, an open discussion was held thus allowing to
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obtain the first feedbacks. Feedbacks enabled a positive
validation of the method, as for credibility of the results.

[10]

[11]

In next steps, the method is going to be further adopted
during the 2011 research, in order to fulfill the objectives
envisioned in its conceptual model (fig. 1): that is, to
demonstrate that the maintenance maturity is a determinant of
the development of maintenance policies and of economic and
quality results of maintenance activities. Correspondingly, in
next activities, the maturity assessment method will be related,
at first, to typical leading indicators measuring the
development of maintenance policies (e.g. man-hours for
condition based maintenance work orders / total man-hours
available, ...) and, after that, indicators measuring the
economic results of maintenance activities (e.g., annual
maintenance budget / volume of sales, ...). The last
relationship will concern maturity and quality of maintenance
activities: to this end, a self-audit will be achieved directly by
the maintenance manager, judging the maintenance quality
through levels of satisfaction reached for what concern
tangible and intangible benefits. Relating the maturity level of
a company with the development of maintenance policies and
the level of satisfaction of the maintenance manager will
eventually help figuring out how the perception of (quality in)
maintenance management is aligned with the maturity level of
the maintenance practices in a company.

[12]
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Abstract: When a company wants to compare maintenance and
reliability performance internally or externally, a common
platform of predefined indicators is required. This challenge
has been addressed by the Society of Maintenance and
Reliability Professionals (SMRP) and the European Federation
of National Maintenance Societies (EFNMS). In 2006, these
organisations launched a joint “harmonisation” activity to
compare and contrast existing maintenance and availability
performance indicators –SMRP Best Practice Metrics and
European standard EN15341 “Maintenance Key Performance
Indicators” – with the objective of developing a set of common
indicators that could be used as a basis for improving asset
performance. This endeavour ultimately lead to the publication
of “Global Maintenance and Reliability Indicators 4th edition”
in June 2011. This presentation will provide a status report on
both this project and its spinoffs. Additionally, the
harmonisation process will be described along with examples of
the application of harmonised metrics.

I. INTRODUCTION
With increased globalisation, a common understanding of
maintenance and availability performance indicators is
desirable.
Seemingly insignificant differences between
metric definitions can dramatically affect the resulting
measure.
Without a common set of indicators and
definitions, the ability of an international company to
accurately perform benchmarking between facilities, in
different counties or continents, is compromised. To resolve
this dilemma, a team comprised of EFNMS and SMRP
representatives has been working toward a common set of
indicators that can be applied globally. This cooperative
effort is termed “Harmonisation”.
II. EUROPEAN INDICATOR DEVELOPMENT
The EFNMS, a not-for-profit organisation, is committed to
improving maintenance for the benefit of European citizens.
In 1998, Working Group 7 (WG7) was formed and tasked
with selecting a number of benchmark indicators that were
regarded as important when measuring maintenance
performance [1], [2].
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Members of Working Group 7 actively participated in the
standardisation activities of the European Committee for
Standardisation: Technical Committee 319 - Maintenance
(CEN/TC 319). The technical committee’s efforts resulted in
publication of 71 in European Standard EN:15341
Maintenance Key Performance Indicators in early 2007 [3].
The European Maintenance Assessment Committee – EMAC
- (previously called WG 7) utilises the indicators in EN:
15341:2007 to conduct workshops throughout Europe and
the Middle East, at which more than 400 participants in
sixteen countries have been given the opportunity to calculate
indicators on their company’s maintenance and availability
performance, and to gain a deeper understanding in the
application of these indicators [3].
III. SMRP METRICS DEVELOPMENT
The SMRP, an independent nonprofit society, is devoted to
instilling excellence in maintenance and reliability across all
types of manufacturing and service organisations worldwide.
The SMRP Best Practices Committee was chartered with
identifying and standardising maintenance and reliability
metrics (indicators) and terminology. This development work
commenced in 2004 and was closed in early 2011 with more
than 70 completed metrics [4].
The SMRP Best Practices Committee has also developed a
workshop which utilises the SMRP metrics.
IV. HARMONIZATION BEGINNINGS
Until 2006, the SMRP work was conducted independently of
the European efforts. At EuroMaintenance 2006 in Basel,
Switzerland, key members of the EMAC and the SMRP Best
Practices Committee met for the first time. The purpose of
the meeting was to exchange information and to explore
possible cooperation efforts.
It was clear from the start that both groups should endeavour
to work toward a common set of indicators to best serve the
needs of international companies and their local suppliers.
However, since both groups had been developing and
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publishing indicators, some divergence had already occurred
in formulas, definitions and grouping factors. It was decided
that a joint EFNMS-SMRP working group should be formed
to resolve differences between the EN:15341 indicators and
those being developed by the SMRP Best Practices
Committee.
V. HARMONIZATION PROCESS
Side-by-side comparisons were made of both the indicator
formulas and term definitions. The basis for the European
terms was EN:13306:2001 Maintenance Terminology [5] and
IEC 60050-191:1990 Dependability and Quality of Service
[6]. The SMRP definitions are contained within each
indicator (metric) description, and have been compiled in a
Glossary of Terms [7]. As there were terms and formulas
that were not common to both sets, the glossary of terms
contains two extensive lists.
An indicator is determined to be common if it has the same
basic formula or could be universally applied. For these
common indicators, it is first determined whether any
differences can be eliminated. If there are differences that
cannot be eliminated, the differences are qualified or
explained. This is the essence of the harmonisation process.
It should be noted that the grouping of indicators is different.
In EN:15341, the indicators are grouped into economic,
technical and organisational sets. The SMRP indicators are
categorised in accordance with the five pillars of the SMRP
Body of Knowledge: Business and Management,
Manufacturing Process Reliability, Equipment Reliability,
People Skills and Work Management [8].
VI. HARMONIZATION RESULT
The joint working group made very good progress,
announcing the first harmonisation results in January 2007
[9]. To date, the twenty-nine indicators listed in Table 2 have
been harmonised, and the list of potential indicators has been
exhausted. Each indicator is classified as:

the SMRP metric is recommended for use by EFNMS as a
guideline or supporting document for the European Indicator
During the ongoing harmonisation process, both the SMRP
and EFNMS have published the harmonised indicators –
“Global Maintenance and Reliability indicators 4th edition” –
which is currently being employed at the EFNMS
benchmarking workshops. Also, the harmonised indicators
have been applied at the first joint SMRP-EFNMS
Benchmarking Workshop, hosted by Euromaintenance 2008,
as well as many other events since its inception.
VII.
HARMONIZATION FUTURE
The harmonisation work was completed by the spring of
2011. Since then, the harmonisation process has gone to the
operating mode.
It is also desired to promulgate the use of these indicators as
accepted standards. Discussions are ongoing with CEN/TC
319 to consider proposing the harmonized metrics as global
standards or guidelines.
The harmonisation process has also generated three new
activities, all of which originate from participants’ responses
and requests during the workshops organised by SMRP and
EFNMS. The responses from the maintenance community
are:
•
•
•

These requests are currently being developed into activities
by the two maintenance and reliability organisations.
For further information, visit our website at:
www.HarmonisedIndicators.org.

•

IDENTICAL – The bases of the indicators are the
same; although there may be some differences in
how they are presented. The differences are detailed
in the comments.
• SIMILAR – There are some differences in the
differences that are detailed in the comments.
• SAME PERFORMANCE – The indicators measure
the same performance area; but there are significant
differences in the definitions or calculations that are
detailed in the comments.

When an indicator is harmonised, a statement declaring this
fact is added to the SMRP metric description. Furthermore,
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How do I get these metrics from my CMMS?
Which indicators to be applied to my work
processes
What is the appropriate value for every indicator
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APPENDICES
Table 1
EFNMS- Original WG 7 Indicators

I:01 Maintenance costs as a % of Plant replacement value
I:02 Stores investment as a % of Plant replacement value
I:03 Contractor costs as a % of Maintenance costs
I:04 Preventive maintenance costs as a % of Maintenance costs
I:05 Preventive maintenance man hours as a % of Maintenance man hours
I:06 Maintenance costs as a % of Turnover
I:07 Training man hours as a % of Maintenance man hours
I:08 Immediate corrective maintenance man hours as a % of Maintenance man hours
I:09 Planned and scheduled man hours as a % of Maintenance man hours
I:10 Required operating time as a % of Total available time
I:11 Actual operating time as a % of Required operating time
I:12 Actual operating time / Number of immediate corrective maintenance events
I:13 Immediate corrective maintenance time / Number of immediate corrective
maintenance events

Table 2
EFNMS-SMRP Harmonized Indicators

Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
E1

SMRP
Metric
1.5

Difference
Similar

Comment
Note 1:The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" (office, workshop and warehouse)
Note 2: The SMRP term “Replacement Asset Value” = the EN 15341 term
“Asset Replacement Value”
Note 3: The SMRP metric is calculated on an annual basis. The EN 15341 is
undefined in term of time

E3

1.3

Similar

Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" " (office, workshop and warehouse)
Note 2: The EN 15341 definition: “Production and service quantity”
expanding the definition to more than a physical product.
The similar SMRP component definition is “… any other standard units of
measure”. This makes the two component definition identical
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Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
E7

SMRP
Metric
1.4

Difference
Similar

Comment
Note 1: Both indicators exclude depreciation cost for strategic parts
Note 2: SMRP metrics include operating materials. The EN 15341 definition
only includes maintenance materials. This can give a higher value compared
to the EN 15341 indicator.
The difference is estimated to be less than 5 %.

E8

5.5.5.

Similar

Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" " (office, workshop and warehouse)
Note 2: Both EN 15341 E8 and the SMRP metric 5.5.5 include internal
Maintenance Personnel costs. Internal Maintenance Personnel cost includes
blue collar, managerial, support, and supervisory personnel.
Note 3: The SMRP term “Internal Maintenance Employee Cost” =
13306/15341 term “Total internal personnel cost spent in Maintenance”

E10

5.5. 71

Similar

Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" " (office, workshop and warehouse)

E11

5.5.38

Similar

Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" (office, workshop and warehouse)
Note 2: It is assumed that operating materials (“O” component in MRO) is
only for maintenance purposes

E12

5.5.31

Identical

Note 1. The EN 15341 indicator includes only the inventory turns of spare
parts in the calculation. The SMRP metric calculates the value of the spare
parts + operating parts (MRO).
However the SMRP metric 5.5.31 offers the possibility to calculate spare
parts separately.
Note 2: If the SMRP 5.5.31 calculation is applied only to the spare parts in
stock excluding operating parts, then the metrics are identical

E13
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5.5.4

Similar

Note 1:The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" (office, workshop and warehouse)
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Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
E15

SMRP
Metric
5.1.1

Difference
Similar

Comment
Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" " (office, workshop and warehouse)
Note 2: The SMRP component definition for Corrective Maintenance “is the
hours/cost to restore equipment to a functional state after a failure or when a
failure is imminent”. This is similar to the EN 13306 definition “.
Maintenance carried out after fault recognition and intended to put an item
into a state in which it can perform a required function”
Note 3: Corrective maintenance consists of “Deferred maintenance” and
“Immediate/Breakdown Maintenance”.
Note 4: SMRP includes part of the work identified during Condition Based
Maintenance (CBM), and Preventive Maintenance (PM) in the Corrective
Maintenance definition.
In the EN definition for Condition Based Maintenance any work identified
during CBM activities is included in CBM indicators.

E17

5.1.5

Same Performance Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" " (office, workshop and warehouse)
Note 2: EN 15341 defines Conditioned Maintenance (cost) as: “Preventive
maintenance which includes a combination of condition monitoring and/or
inspection and/or testing analysis and the following maintenance actions.
SMRP counts the “condition monitoring and/or inspection and/or testing
analysis” and does not include the ensuing activities (i.e., work performed as
corrective maintenance) as CBM
Conclusion: Calculating the indicator based on the SMRP metric 5.1.5
definition will give a lover number than by the EN 15341 definition since the
ensuing actions are excluded” from the SMRP definition of CBM
Note 3: Both EFNMS and SMRP include human senses in CBM
Note 4: Both EFNMS and SMRP include failure finding tasks for hidden
failures in CBM ref. IEC 60300-3-11
Note 5: EN 15341 and SMRP include operator CBM hours in the calculation
Note 6: Both E17 and 5.1.5 include contractor cost
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Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
E18

SMRP
Metric
5.1.3

Difference
Similar

Comment
Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" " (office, workshop and warehouse)
Note 2: The SMRP term “Preventive” = The EN 13306/15341 term
“Predetermined”
Note 3: Minor tasks not included in the Preventive/Predetermined procedure
detected during Preventive/Predetermined maintenance are included in
Preventive/Predetermined activities.
Please look at the Q/A section at the Harmonised Indicator website for further
discussions of the subject.

E20

5.1.9

Similar

Note 1: The difference is that EN 15341 has a broader definition and includes
depreciation of maintenance owned equipment and facilities in "Total
Maintenance Cost" " (office, workshop and warehouse)
Note 2: The SMRP metric includes the planning and preparation cost for a
Shutdown. Planning and preparation costs are expected to be less than 5% of
the Shutdown cost. EN 13541 defines the cost as: “Cost of maintenance
performed during shutdowns”. This excludes the planning and preparation
costs.

E21

4.2.1

Identical

Note 1:The SMRP term: “Maintenance Employees” is similar to EN 15341
“Direct + Indirect personnel”
Note 2: SMRP includes participation in conventions, seminars and workshops
under the umbrella of SMRP Body of Knowledge in “Training hours”
Note 3: Salary cost during training is included in the calculation.
Note 4: The result of the indicator E21 is “unit of value/person.
Metric 4.2.1 offers the possibility to calculate the result as a percentage.
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Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
T1/T2

SMRP
Metric
2.2

Difference
Comment
Same Performance Note 1: Both the SMRP metric and the EN indicator uses the term
“Availability”.
The different use of the term “Availability” reflects the cultural difference.
Note 2: EN 15341 looks at availability from an equipment perspective.
Note 3: The SMRP metric looks at availability from a operation perspective
Note 4: EN 15341 indicator count only corrective and preventive maintenance
as unavailability.
Note 5: The SMRP metric counts scheduled and unscheduled unavailability.
Note 6: The SMRP definition “Uptime” is similar to the EN 13306 term
“Operating time” consequently the nominator in T1 is similar to the
nominator in 2.2
Note 7: The denominator in 2.2 is nearly similar to the denominator in T2.
Conclusion: Metric 2.2 is similar to the nominator in T1 and the denominator
in T2.

T17

3.5.1

Identical

T18
T21

3.1
3.5.2

Identical
Identical

Note 1: SMRP uses the Reciprocal value MTBF as Failure rate.
EN/IEC standards uses MTTF for the calculation of a Failure Rate.(1/MTTF)

Note 1: The difference is in the glossary EN 15341 refers to "R Restore"
while SMRP refers to "R Repair". IEC 15191 term 191-13-08 approves
"restoration" as well as "repair" Conclusion: The difference is academic
Note 2: Both the SMRP metric and the EN metric include administrative and
logistic delay in the calculation.

O3

5.5.3

Identical

The SMRP definition for a failure is similar to the definition used in many
ISO/IEC EN standards: “Termination of the ability to perform a required
function”
.
EN 15341 Indicator O3 and SMRP Metric 5.5.3.are Identical
Note 1: Numerator and Denominator are reversed in the two metrics.
Note 2: The SMRP metric is expressed as a ratio, while the EN indicator is
expressed as a percentage.
Note 3: The SMRP metric can be calculated with inclusion of contractors. The
EN 15341 Indicator calculates only “Internal” or “Maintenance Employees”

O8

5.7.1

ISBN 978-91-7439-379-8

Identical

The SMRP term “Maintenance Employee Hours” is similar to the EN 15341
term “Total maintenance personnel man hours”
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Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
O10

SMRP
Metric
5.5.6

Difference
Identical

Comment
Note 1: "On call" craft workers are excluded from the calculation for both
metrics/indicators
Note 2: SMRP Metric calculates the formula as a ratio.
EN 15341 indicator calculates the formula as percentage.
Note 3: The term “Maintenance Craft worker” is similar to EN 15341: “Direct
maintenance personnel”

O16

5.1.2

Similar

Note 1: The SMRP component definition for Corrective Maintenance “is the
hours/cost to restore equipment to a functional state after a failure or when a
failure is imminent”.
This is similar to the EN 13306 definition “. Maintenance carried out after
fault recognition and intended to put an item into a state in which it can
perform a required function”.
Note 2: Corrective maintenance consists of “Deferred maintenance” and
“Immediate/Breakdown Maintenance”
Note 3: SMRP includes part of work identified during Condition Based
Maintenance (CBM) and Preventive Maintenance (PM) in the Corrective
Maintenance definition.
In the EN definition for Condition Based Maintenance, any work identified
during CBM activities is included in the CBM indicators.

O17

5.4.1

Same performance

Note 1: The difference is that metric 5.4.1 measures the labour hours that
breaks the maintenance schedule. Indicator O17 measures only the labour
hours spent on equipment failure requiring immediate action regardless of
schedule or no schedule. When comparing Metric 5.4.1 with O17, the metric
5.4.1 will be a higher value since it measures labour hours spent on equipment
failure + poor planning + rapid change of priorities.
Depending on the application of the metric, one should be careful about
making comparisons
See the Harmonised Indicator web site for further discussions

O18
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5.4.2

Same performance

Note 1: Proactive maintenance contains the EN 13306 definition of
Preventive Maintenance + the part of corrective maintenance tasks originating
from findings during predictive and preventive activities.
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Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
O19

SMRP
Metric
5.1.6

Difference
Same performance

Comment
Note 1: EN 15341 defines Conditioned Maintenance (hours) as: “Preventive
maintenance which includes a combination of condition monitoring and/or
inspection and/or testing analysis and the following maintenance actions”.
SMRP counts the “condition monitoring and/or inspection and/or testing
analysis” and does not include the ensuing activities (i.e., corrective
maintenance) as CBM
Conclusion: Calculating the indicator based on the SMRP metric 5.1.5
definition will give a lower number than by the EN 15341 definition since
“..the ensuing actions are excluded” from the SMRP definition of CBM.
Note 2: Both EFNMS and SMRP include human senses in CBM.
Note 3: Both EFNMS and SMRP include failure finding tasks for hidden
failures in CBM ref. IEC 60300-3-11.
Note 4: EN 15341 and SMRP includes operator CBM hours in the calculation.

O20

5.1.4

Identical

Note 1: SMRP “Preventive” = EN 13306/15341 “Predetermined”
Note 2: Minor tasks not included in the procedure detected during
Preventive/Predetermined maintenance are included in
Preventive/Predetermined activities.
Please look at the Q/A section at the Harmonised Forum on the EFNMS and
SMRP websites for further discussions.
Note 3: Both O20 and 5.1.4 include contractor labour hours
The SMRP definition of Preventive Maintenance: “Preventive maintenance
(PM) is an equipment maintenance strategy based on replacing or restoring an
asset on a fixed interval regardless of its condition. Scheduled restoration and
replacement tasks are examples of preventive maintenance.”
Is similar to the EN 13306 definition:
“Preventive maintenance carried out in accordance with established intervals
of time or number of units of use but without previous condition
investigation”

O21

5.5.8

Similar

Note 1: Both SMRP and EN15342 calculate only direct personnel.
Note 2: Permanent contractors on site are included in the calculation of SMRP
metrics, 5.5.8. EN 15341 excludes contractors.

O22

5.4.4

Identical

Note 1: Both metrics/indicators measure schedule compliance - Not planned
and scheduled performance.
Note 2: Metric 5.4.4 is calculated on a weekly basis. EN O22 is calculated on
any given time frame - also weekly.
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Table 2 Classification of Harmonized Indicators
EN 15341
Indicator
O23

SMRP
Metric
4.2.2.

Difference
Same performance

Comment
Note 1: The difference is in the calculation method. EN 15341 Indicator O23
expresses the result as a percentage. SMRP Metric 4.2.2 metric calculates the
result as hours per year per maintenance employee.
Note 2: Denominator is similar for both metrics including training hours for
direct and indirect personnel.
EN 15341 O23 expresses the indicator as a percentage of "Total Maintenance
personnel man hours”. which includes contractor hours and excludes indirect
personnel
SMRP Metric 4.2.2 expresses the result as a ratio per maintenance employee
(excluding contractors and including direct and indirect personnel).
Note 3:The SMRP term: “Maintenance Employees” is similar to EN 15341
“Direct + Indirect personnel”.
Note 4: SMRP includes participation in conventions, seminars and workshops
under the umbrella of SMRP Body of Knowledge in “Training hours”. This
difference is estimated to impact the calculation with less than 5 %.

O26

5.5.33

Identical

Note 1: The difference is in the way the performance is calculated. EN 15341
measures the success rate, while SMRP measures the "un-success rate".
Note 2: The formula for the calculation of the metric 5.5.33 based on the O26
calculation is: 100 % - (Value from EN 15341, O26) = Result for SMRP
5.5.33 metric
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Abstract— The maintenance performance measurement is
often faced with a lack in knowledge about the real function of
the maintenance department within organizations, and
consequently the absence of appropriate targets emanating from
the global mission and vision. These facts bring about metrics
not adapted to the real needs, which has a strong load of human
factor and without a roadmap of the amount of data to be
collected, their processing and use in decision making.
This article proposes a model where qualitative and quantitative
methods are combined in order to complement advantages and
disadvantages of them both.
Keywords—
performance

Human

factor,
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indicators,

I. INTRODUCTION
Nowadays, new technologies, especially IT, are available
to all organizations. The difference between a good and an
excellent organization is not only found in technology but
also in the empowerment of human capital. Although
technology is increasingly replacing men in production
organizations, they still need the presence of operators to
manage and maintain their machines. This dependence
involves humans associated with a constant source of
potential error that must be minimized.
Within the field of asset management, there are multiple
factors that affect the reliability of systems. One factor that
may influence the availability of any asset is what is known
as "Human Factors", which can be defined as physical and
psychological capabilities of the individual, like training,
education and experience. Human factor issues are also the
conditions under which individuals must work, and that
affect these individuals’ capabilities, modifying the
accomplishment of objectives.
Studies of employee influence within the field of
maintenance has been performed mainly on those areas in
which safety and reliability are the main concerns, as they
play a major role regarding the reliability of systems. These
fields include aeronautics, chemistry and energy production,
where safety, health and the environment often have the
highest priority versus other factors.
The influence of human factors in the maintenance
performance measurement consists of two factors that
unequivocally form it:
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•
•

The issue of human element in performance
measurement, whatever the activity undertaken.
The human factor in maintenance management and
generally all matters relating to the maintenance
function.

A number of conclusions on the use of metrics for
measuring the quality and performance of the maintenance
function within an organization will be drawn from the
combination of these two factors.
It is noteworthy that performance measurement in
organizations is usually unwelcome, since its starting point is
the attempt to improve a hypothetical negative existing
situation, likely to change because things are supposed to be
able to be done better than up to now.
The way in which these performance measurements are
carried out is varying, thus highlighting:
• External assessment, that is an audit made by
someone unrelated to the organization
• Internal evaluation consisting of three constituent
factors:
o Self-evaluation
o Evaluation made by subordinates
o Assessment made by superiors
With regard to human factors in maintenance, this has
been a subject of study since early implementations of Total
Productive Maintenance (TPM) because the history of the
evolution of maintenance departments inside the companies
has been full of organizational changes, which have made
this function more or less important. This fact has had an
obvious influence on individuals linked to this department.
These changes have ranged from the integration of
maintenance in production, to the outsourcing of the function
itself. Therefore morale, motivation or ownership pride has
experienced many ups and downs. All this affects the
performance measurement of a department, which is
controversial in organizations and usually ill-considered
because of its cost or its services perception.
II. HUMAN FACTOR IN THE MAINTENANCE FUNCTION
The first development in the human relations approach
was the Mayo’s work [1]. He established that psychological
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and social factors were important both for worker satisfaction
and for productivity. Considerable advances were made
during the period 1950-1970, mainly by Maslow [2],
Herzberg [3] and McGregor [4], in the understanding of
worker motivation.
Previous theories, especially McGregor’s [4], have had
numerous applications in maintenance, the TPM is actually
an attempt of evolution from theory X to theory Y, with the
convinction that a flatter structure giving workers autonomy
would increase productivity.
Similarly we can conclude that the Maslow’s pyramid [2]
has an absolute validity in the field of maintenance, as needs
are concerned, in three basic aspects:
• It is difficult to perceive ownership pride when the
bottom of the pyramid is not covered, i.e. the salary
to support the operator and his/her family is
unsatisfactory. The feelings of belonging are typical
of populations where the basic needs are satisfied.
• The introduction of work teams has provided
individuals with high autonomy, thus making selfesteem and external recognition grow faster. One
factor that influences negatively is subcontracting,
where the non-membership in the organization leads
to a little recognition as well as a reduced sociability
that impedes the operator's personal growth.
• Number of maintenance accidents is higher
compared to normal operation accidents due to the
non-standardized intervention in machines with
lowered barriers. With the appropriate ergonomics
and protections established by regulating
organizations employees feel protected and
appreciated.
Herzberg [3], in line with Maslow [2], as said above,
suggested a prioritization of physical needs with respect to
personal development. Regarding maintenance, the physical
capacity
of
an
individual
is
also
important.
Mounting/dismounting or transporting of spare parts become
insurmountable obstacles if the maintenance workers do not
have the appropriate tools or the necessary logistical support.
During this period, the general view of industrial
sociologists was that work had become too controlled and
boring. This feeling towards excessively hierarchical
structures with no room for innovation led to the following
changes:
• Replacement of detailed instructions for clear
objectives.
• Increased
accountability,
providing
more
opportunities for progress, performing tasks of
planning, organization, direction and control of a
joint function with other employees.
• Study of job organization in an attempt to give
greater satisfaction to human needs.
• Replacement of control oriented leadership to
mentor/advisor oriented leadership.
• Suitable configuration to create efficient employee
teams.
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In recent years there have been many industrial
applications of this approach. Some applications have
focused on the design of individual jobs with some
autonomy, but with little emphasis on self-managing working
groups. In other work, managers and unions have worked
together, implementing and modifying, through experience,
many of the ideas of work teams and participatory
management, like the Swedish Employers Confederation [5].
More recently, the industrial climate has changed again and
brought about staff reductions and new alliance policies
which are changing the management style of human factors.
In some cases, wrong maintenance performance
implementations and further decisions based on them are
backward steps of considerable size, due to wrong
outsourcing or misunderstood multitasking policy.
Therefore, identifying and understanding the human factor
make the employee work more satisfactory and thus more
effective regarding of organizational objectives. The interest
lies in identifying the main factors influencing the effort to
achieve the objectives of the maintenance. Some of the
factors (e.g. a sense of ownership of the equipment, which
have an effect on the reliability and performance) will affect
the maintenance through targets, and hence the effectiveness
of the maintenance function, and others will affect (e.g.
motivation) through efficient resource use. It is important to
understand that management can undertake actions to change
human factors, for instance, creation of work teams at shop
floor level, proposed in TPM, can improve the feeling of
ownership.
When identifying human factors, the following points are
relevant:
• It is important to distinguish between human factors
and measures that affect them.
• Human factors can interact between one another.
For instance, moral affects motivation.
• Kelly [6] believes that some human factors, such as
goodwill toward the company, may be regarded as
dominant.
• There are performance indicators that provide a
measure of certain human factors. For instance, the
level of absenteeism is an indicator of morality.
Such indicators will be easily calculated with "hard"
and "soft" cost division. The absenteeism rate is a
parameter easily obtained from the Enterprise
Resource Planning or ERP, therefore the degree of
absenteeism will be easily quantified. Other
parameters are not so immediate, they are more
difficult to obtain.
When maintenance departments are audited, the purpose is
to get an idea of how well the human factors are involved in
this function, since human factors, the cost model and the
RAMS parameters are three underlying factors for a
successful audit, Galar, Berges et al. [18]. Strategies,
structures and systems are not complete if they do not
provide the relevant information about human factors.
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III. AUDIT MAINTENANCE MODEL THROUGH SURVEYS
The maintenance audit is a concept that hides a complexity
associated with the regulation vacuum and the dispersion of
opinions on this practice, even unusual in organizations. The
criteria differ and the lack of standardized procedures and the
scanty literature on this subject, has led to a gap in research
and in the application of the auditor models. There are few
standards regarding the assessment of maintenance
performance. The most classic one is the COVENIM 250093 [7] of Venezuela, which considers an evaluation survey
format. Recent standards, BS PAS 55:2008 [8] and EN
15341:2007 [9], propose Key Performance Indicators or KPIs
for maintenance, i.e. numerical indicators derived from
information systems, as the most appropriate way of
measuring performance of the maintenance function, similar
to performance measurement in production management, e.g.
Jovan, Zorzut [18].
Qualitative methods, like COVENIM 2500-93, come from
surveys and interviews carried out, with a strong component
of human factor. While those made through indicators are
considered and called quantitative, since they are influenced
only of the reliability of the data contained in the computer
systems. These typologies present characteristic problems
and difficulties that arise from the nature of these evaluation
processes, which are:
• Qualitative: Related to the complexity of evaluating
the performance associated with work of people.
• Quantitative aspects: Quality of the records stored in
computer systems.
This article proposes a model of combining qualitative and
quantitative methods in order to complement advantages and
disadvantages of the both. The surveys of different
hierarchical levels constitute the qualitative side, compared to
the measurement of a set of indicators that represent the
quantitative. The indicators revise the possible tendency of
too optimistic or pessimistic responses of the surveys. Both
methods should be used together, since their mixture will
provide staff’s perception of the reality, with the boundary
conditions of the numerical indicators. Clarke [10] stresses
upon that the maintenance assessment should include
acquisition, operation, maintenance and disposal of assets in
the measurement, and observe their performance from all the
aspects related to the organization. This inevitably leads to
the use of both qualitative and quantitative indicators, as
proposed in the model presented.
The human factor influences both aspects, but the
qualitative one reflecting a more loaded measurement on this
factor. However, several factors, involving people, influences
the audit process:
• Positive and negative experiences of previous internal
and external audits. Obviously the most complex audit is the
first one due to the concerns and fears that it is believed to
cause, and the difficulty of finding certain records necessary
in the production of indicators. Systematization of the
process will be streamlined in future audits. The fear of
negative results, warranting punitive measures, sanctions,
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cutbacks or restructurings prevails in this first part. Therefore
one has to be prepared of the weaknesses in favor of the
improvements that can be made.
• Minimum training required for the auditor. Hoberg and
Rudnick [11] propose that managers and supervisors appoint
the staff who will be involved in the audit process. An
outside consultant or trainer will be in charge of training on
how to proceed and achieve objectives, which will have been
clarified by management. The audit team is the one to begin
the process of collecting and analyzing data and to conduct
the audit, and the facilitator acts as a passive advisor. Many
authors, like Kaiser [12] Idhammar [13] or Tomlingson [14]
match Hoberg and Rudnick [11] on the need for specific
training before the audit, in order to create a multidisciplinary
team to meet the audit responsibilities.
• Involvement of subcontractors in the audit process. The
audits should involve subcontractors, even assuming the
complexity of the measurement between internal and external
service and the suspicions that have traditionally existed in
relation to each other. The subcontractors are a major factor
in this process because they are part of the performance of
the maintenance function and contribute to it. Therefore, the
integration of contracts and their efficiency and effectiveness
deserve special attention, and especially when studying
outsourced parts where future outsourcing are going to be
decided. Again, there will be fear in internal staff that the
produced data will possibility increase outsourcing of the
maintenance. On the other hand, the contractors will not
welcome the performance measurement either. Provided
information must be reflected in the contractual terms,
otherwise it becomes useless. In the absence of
measurements when performing the contracted services, the
subsequent insertion of metrics is extraordinarily complex.
• Involvement in the audit of the safety and the
environment. Woodhouse [15], in his definition of asset
management, emphasizes that the workers and supervisors
are exposed to risks associated to manipulation of physical
assets, hazardous for individuals and the environment. This is
an intrinsic aspect of maintenance performance management.
That is why audits should involve aspects of quality, safety
and environment. Maintenance work is the most exposed
activity to accidents for staff and to environment. This is due
to many factors, like; safety barriers lowered, leakage of
fluids, work at heights, exposure to chemicals, bad
ergonomics, etc. Apart from the damage the maintenance
staff may suffer from, there are a number of potential hazards
towards production workers, which the maintenance is
responsible for. As an example, the fact that a mechanical
seal of a centrifugal pump cannot leak fluid from the
pumping, which can cause damage to the operator next to it.
These two responsibilities, within the team itself, and the one
with respect to staff at the factory, make safety and
environment key factors in the audit of maintenance.
• Participants in the audit: All the staff involved in the
maintenance function should participate in the proposed audit
process, as required by the Balanced Scorecard perspective.
All hierarchical levels in the command chain have input to
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the maintenance, and each should contribute in providing
information and in achieving the metrics needed. Staff from
other areas, such as production, purchasing, finance and
human resources should be part of the working group, as the
issues arising from these departments have a high impact on
effectiveness, but especially in maintenance efficiency.
Obviously this type of multilevel and interdepartmental
working groups requires some degree of corporate maturity
and an established quality culture.
IV. MAINTENANCE AUDIT MODEL
The audit submitted consists of both qualitative and
quantitative aspects. Numerical indicators are measured
through information systems, which constitute the
quantitative part, and the survey batteries, conducted at
different hierarchical levels, constitute the qualitative one.
The indicators together with the results of the surveys will be
processed as shown in Fig. 1.

poorly qualified, and formulate a guide to start studying the
details of the reasons for the situation.
What is important in this assignment of ratings is to have a
baseline, in order to first have an idea about the current state
of maintenance, and second, to compare under the same scale
the various aspects involved, rather than the value itself, as
an absolute value that does not have any interest. It is
therefore important to be especially careful in conducting the
first audit, since it will be a support and a subsequent
reference. Individualized graphics can also be generated for
some specific items of the surveys according to hierarchical
levels, or calculations of the dispersion in the results of
different people in the same category within the organization.

Fig. 2. Graphic representations of the survey items and hierarchical levels

Fig. 1. Proposed model of audit quality and quantity

Both indicators and surveys will be properly balanced to
give more credence to the measurements obtained from
different dimensions. Once processed, they will be compared
to references associated with each measure, which will show
deviations from normality, alarms or the ease of having the
situation under control. Some indicators will provide
measures in conventional monetary units, time units, or
number of shares, products, etc. Others will be ratios of
certain figures representing percentages, such as the ones for
the different items and types of maintenance, efficiency or
inefficiency indexes, the desired value of which will be unity
or zero.
The average value for each set of questions for each overall
aspect considered may occur on a chart as shown in Fig. 2,
together by a score sheet adapted to different hierarchical
levels on which the survey was conducted. Thus, the auditor
has a relative appreciation of all aspects and can compare.
Therefore, he/she can focus on those aspects which are
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V. SURVEY VALIDATION THROUGH MAINTENANCE KPIS
The method proposed by Tavares [16] is focused on
maintenance radars, with around fifteen items, assessed
through surveys. The results, averaging the responses of
groups, are put into a radar chart, or spider diagram, so that
the items quantified adopt a morphology which is
characteristic of the organization, and allows visual
comparison between different maintenance organizations. A
case study, Fig. 3, identifies both areas that are highly
developed and areas that have significant gaps.
Tavares proposal incorporates a high amount of human
factors, the result of the audit is not a true reflection of the
reality, but a sum of weighted views according to the people
surveyed. The method proposed in this paper does not
eliminate the surveys, because this perception gained through
these data yields non-negligible information. It is the
perception of those who carry out the maintenance. These
insights will be useful in making subsequent
recommendations in the audit process.
The proposed model combines the results of the surveys
with KPIs. Each aspect assessed through surveys will be
associated with related KPIs, to study their positive or
negative agreement. The resulting model will be the one in
Fig. 4.
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1. Pride ownership
2. Organization
3. Training of management
4. Training of planners
5. Training of technicians
6. Motivation
7. Management control
8. Work Orders
9. Rework
10. Tools
11. Parts
12. Preventive maintenance
13. Maintenance Engineering
14. Measures of work
15. Data Processing

Fig. 3. Maintenance Radar by Tavares [16]

Fig. 4. Model validation surveys through equations based on efficiency
KPIs.
n

SurveysValidated =  SurveyRaw ⋅ KPI Efficiency

(1)

i =1

Where n is the total number of questions performed in the
survey and KPI equation is as follows:
n

KPI Efficiency = ∏ KPI1 ⋅ ⋅ ⋅ ⋅KPI n

(2)

i =1

Where n is the total number of normalized KPI selected
because of its strong correlation with the audited item
In Fig. 4, it can be observed how the results obtained from
surveys are multiplied (block π) by the results of the
efficiency equation proposed as a combination of one or
more KPIs, which are considered as a necessary guarantee
for the smooth running of the process and the item quality
evaluated. There are items to consider such as work orders,
or the warehouse, imposing more complex equations of
efficiency combining several indicators, due to the implicit
need to cover several aspects such as work order backlog, the
absence of permanent work orders or the accuracy in
predicting system resources
VI. CASE STUDY
Traditional models certainly advocate audit to measure
maintenance performance through surveys of various aspects
of the maintenance function. This model considers the
information from those involved in the maintenance function
as very important, if it is properly validated by objective
numerical indicators, which reduce part of the human factor
inherent to surveys and interviews.
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At this point, the surveys, the results obtained from them,
and the corresponding validation by the associated indicators
are shown. In this case study, the audit results are from a
paper mill and from a press, where the former one was
audited in a traditional way and the latter one was audited
with the proposed method. Both methods are presented for
comparing the different results obtained. The indicators
drawn from surveys and their further validation comes from
those conducted at levels 3, 4 and 5, maintenance managers,
supervisors and technicians respectively, as shown in Fig. 5
and 6. Specific values of hierarchized answers following
Likert scale, ranked from 1 to 5, can be found in Table I.
Survey on the maintenance scheduling:
1. Are there work requests to the department from other
areas such as production, quality and prevention of
labor risks?
2. Are there priorities between jobs?
3. Is there a workload known as outstanding work?
4. Are these jobs scheduled?
5. Are these works planned?
6. Is the duration of the planned and scheduled work
known with any degree of accuracy?
7. Is there a checking on both the work performance
and the results obtained?
8. Are 95 % of maintenance works scheduled and
planned at the latest 1 day before being made?
9. Are spare parts, tools, equipment needed and
appropriate documentation ready for the completion
of this work?
10. Do planners clearly suggest the tools to use and the
components to replace?
11. Are there instructions or procedures for carrying out
the work?
12. Does maintenance staff previously know tasks to be
performed?
13. Is the role of planner defined?
TABLE I
RESULTS OF SURVEYS ON MAINTENANCE SCHEDULING. PAPER
MANUFACTURING INDUSTRY
Planned Maintenance
Level 3
Maintenance
Manager
1
2
3
4
5
6
7
8
9
10
11
12
13

4
3
5
4
4
4
3
4
3
4
3
4
4

Level 4
Supervisor
1 2 Avg.

1

2

3

Avg.

5
5
5
5
4
4
4
5
4
3
4
3
5

4
5
5
5
5
4
5
5
4
4
5
5
5

5
5
5
5
5
5
5
5
5
4
5
5
5

4
5
3
5
4
3
4
4
4
4
4
3
5

4,333
5,000
4,333
5,000
4,667
4,000
4,667
4,667
4,333
4,000
4,667
4,333
5,000

5
4
4
4
4
3
4
4
4
2
4
3
4

5
4,5
4,5
4,5
4
3,5
4
4,5
4
2,5
4
3
4,5

Level 5 Technician
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Fig. 5. Results of surveys on maintenance planning. Paper Industry.

In question 6, on job scheduling, there is a worrying
matching response. The people seem to ignore the bulk of the
task ahead for the next day. In question 12, regarding
planning, there seems to be a lack of knowledge about tools
and spare parts. Such a low answer to such a key question,
warns of possible faulty planning.
When viewing the responses from the same level in both
companies, the differences mentioned above can be seen. In
fact, surveys of the same factors do not usually differ more
than one point between different hierarchical levels. At the
level of maintenance manager, one can see that the most
important differential jump occurs when asking about
knowledge of the work the following day (aspect 12), much
lower in the press that in the paper industry. Therefore, it
predicts a weak indicator of planning or execution of
scheduled jobs, as discussed above. In the middle level, the
most significant difference appears in the specification of
tools, security measures or parts needed to perform the tasks
(aspect 10 and 11), i.e. shortly detailing the type of work and
accessories for it. Logically, this anxiety appears at the
appropriate level of planners and team leaders. At technician
level, the next day is still not clear in the press industry, an
increasing divergence appearing to ask about planning and
scheduling to decrease the score.
Noting the differences, the conclusion drawn is a worry on
the scheduling of tasks in the press, but it is masked by
responses in other aspects. Thus the final values relating to
surveys are summarized in the following table:

Fig. 6. Results of surveys on maintenance planning. Industry press.

TABLE II
RESULTS ACCORDING TO HIERARCHICAL LEVELS IN INDUSTRY
SURVEYS EVALUATED

At level 4 and 5, where a larger number of surveys is
carried out, average values were calculated to provide a more
global value, see Table I.
Regarding the paper industry audit, except for one case, the
result interpretation places all values above 3, very close to 4,
which gives an idea of an opinion and a uniformly positive
perception on the work planning by the maintenance team as
a whole. Given the surveys, it is commonly observed that the
responses of the technicians are usually higher than those of
the supervisors, and in turn, those of the maintenance
manager. This effect is the result of positive responses at
levels that respond to concerns on the result of the audit
process, showing fear for punitive actions. The nuance that
gives differences can be resolved by using a correction
factor. Surveys of the three levels indicate that the collective
impression is that of an adequate planning, with areas for
improvement, but meeting the expectations. The subsequent
numerical indicators will validate whether this impression
expressed in the polls is true or not.
Similarly, the results of surveys in the industry press can
be seen. Similarly, they have been completed for: the
hierarchical level 3, the maintenance manager; for the
hierarchical level 4, maintenance crew chief and middle
management; and for level 5, three technicians.
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Results
Industry press

Maintenance Scheduling
Level 3
Level 4
Level 5

Average result
Results
Paper Industry

Maintenance Scheduling
Level 3
Level 4
Level 5

Average result

4,154
4,308
3,821
4,094

3,769
4,038
4,538
4,115

It can be seen that the maintenance scheduling indicators
obtain high values according to the three hierarchical levels
and to the two plants audited, see Table II and Fig. 7. Two
values are above four. This fact indicates that, in the classical
model, the planning work is being carried out in a successful
way.
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Fig. 7 Result of the survey planning work. Paper industry versus industry
press.

The survey results should be validated by different
indicators. In the case of surveys on the planning of work, the
numeric indicator to confirm the accuracy of the maintenance
team impressions is IO5, as seen in Fig. 8. IO5 indicator
represents the volume of the total planning.

Fig. 8 Classical model, validated by KPIs.

There are many theories and proposals on this indicator,
IO5. World Class is considered by the majority to be around
95 %, of the labor available hours that are occupied in
planned maintenance. The problem of lack of contingency
workforce is solved by hiring outside companies to carry out
the overtime work, i.e. expensive.
The target of 95 % stems from an aversion to the waste
caused by idle resources and requires a comprehensive work
planning and control. The companies in the past three years
have come and gone into the range of 95 % in compliance
with the mark of World Class Maintenance (WCM). As for
the paper industry, IO5 value is 96.96 % while the industry
press value is 28.32 %. It is a low value due to the casuistry
of the department and the versatility in tasks with respect to
the activity of safeguarding assets, see Table III.
TABLE III
VALIDATED INDICATOR
COMPANY

Survey results

IO5

Paper
Press

4,115
4,094

96,96 %
28,32 %

Validated
surveys
3,9899
1,159

Combining the values derived from surveys with the
validation index, very high values around 4 are obtained
again for one business, which means that the findings of the
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surveys are reliable. Therefore the traditional model matches
with the proposed audit. It is not like that for the press
industry, since we see a significant reduction between the
validated indicator and the one obtained from the surveys,
reflecting the feeling timidly expressed in the responses
regarding knowledge of the planned activity. Therefore an
appropriate encoding of tasks related to the preservation of
productive assets is required, as well as an adequate
communication of these tasks, so that they will increase the
planned and scheduled work. This case shows a failure of the
traditional model of surveys or radar, where this aspect
would have gone undetected by providing a seamless correct
current planning.
VII. CONCLUSIONS
The human factor in the maintenance function is an
essential factor involved in the performance of this
department. Despite technological improvements in the
conservation of machines, the human element remains
essential to the quality of the work performed.
Elements such as maintainability, the ability to keep
machinery in good condition by staff, have a direct
relationship with the physical and psychological behavior of
operators that undertake repairs or preventive maintenance
tasks. These tasks have increased the use of technology but
have not eliminated the manual handling of items and tools.
These factors refer to the need for different times for the
execution of identical maintenance tasks. To clarify this
issue, it is necessary to analyze all the aspects involved in
this KPI component endowed with more human element in
maintenance. The three groups given below are the most
influential:
• Personal factors, which represent the influence of
skill level, motivation, experience, attitude, physical
capability, vision, self-discipline, training, liability
and other characteristics related to the personnel
involved.
• Conditional factors, which represent the influence of
the operating environment and the impact that it has
to the failure in the physical condition and
geometry.
• Environment, which represents the influence of
conditions, such as; temperature, humidity, noise,
light, vibration, time of day, season, wind, noise,
etc. in the maintenance staff during the recovery
operation.
Thus, the time employed in the execution of each
maintenance task is influenced by the factors mentioned
above. Consequently, the nature of the maintenance task also
depends on the variability of these parameters.
This dependency is affected by successive organizational
changes in the department, such as subcontracting or
outsourcing of certain aspects which were integrated to the
business. The latest trend is the outsourcing of specialized
companies, where the partnership with these organizations
leads to second and third line of work, even store
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management that are sometimes transferred to a specialized
company, part of the alliance, which combines mixed
company-transferred employees and new personnel provided
by the contractor. This practice introduces some negative
items to the human factors, such as a decline in morale and a
strong resistance to change, no positive feeling of goodwill
towards the company, an a decrease in the pride of belonging
and in the ownership for the equipment. This is worrying
factors in critical facilities, where reliability improvement is
pursued.
Performance measurement of this function is imbued with
aspects of behavior of those who perform tasks. In any
performance measurement process a punitive aspect is
perceived. The metrics should take into account feelings as
moral, envy, jealousy, vertical and horizontal polarization,
protectionism, team spirit, and as far as the implementation
of the measurement system is concerned, they should take
into account the resistance to change in an organization
where there is no tradition of measuring.
Therefore, the proposed model combines the qualitative
and quantitative measurements of the quality of work
performed. It performs a mixture between the traditional
method of in-depth surveys and the interviews at different
hierarchical levels in the search for associated KPIs that are
associated with the results of these questionnaires. The result
is backed by the quality of computer information systems,
and it modulates, endorsing or punishing, the results of
questionnaires, which are a hierarchical sense or the
projection of a desire rather than the current state of a
situation.
Finally, the proposed audit affects the ownership of the
indicators. The performance measured, ranked by
hierarchical levels, allows us to observe the strategies to meet
the objectives, not only depending on the overall
organization, but sometimes being more tied to a hierarchical
level. Like in the maintenance scheduling in the case study;
the planners and supervisors are responsible and therefore
they have to do the improvements, according to validated
survey in Table III. This hierarchical aspect allows not only
the rapid identification of the persons responsible for
improving the strategy, but also the encouragement to that
improvement.
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Abstract – Maintenance can be considered as a combined
information and knowledge processing and management
system. Effective knowledge, practices and experiences
management is growing in importance, especially in advanced
processes and management of advanced and expensive assets.
Efforts of integrating maintenance knowledge management
(MKM) processes with MKMM will be increasingly more
important due to the increasing complexities of these overall
systems – the context in which the performance measurements
has been performed is also important input in the performance
analysis. Integration of MKM in MPMM can result in higher
quality of the decisions and actions in the maintenance
processes and in the overall work to increase efficiency and
decreasing costs in the organizations.
Integration of MKM (Maintenance Knowledge Management –
knowledge, experiences and practices management) with
collaborative structures and interfacing abilities with qualified
services for simulation, modeling and computations can be
regarded as Intelligence-based Maintenance (iMaintenance).
These infrastructures present in iMaintenance can further
improve MPMM efforts due to possible utilization of more
accurate property and context information and services –
changes in installations, environmental factors etc. not easily
integrated in current MPMM implementations.
Integration of MPMM with iMaintenance solutions can also
improve the interaction between management and the
maintenance operators and also allow improved interaction and
integration with production operators in the organization.
MPMM can with this approach be integrated as a natural
component in the overall ICT-based maintenance and
collaboration solutions – the performance status reporting will
be seen as a natural extension to the normal routines. In this
context the usability of the end-user environments will be very
important – especially when designing systems for mobile use by
maintenance operators in the field.

needs for enhanced value, improvement in asset management
and improving productivity. Such prognostic business
requirement compels the organizations to minimize the
production and service downtime by reducing the machine
performance degradation and minimize risks. The above
organizational requirements necessitate developing proactive
maintenance strategies to provide optimized and continuous
process performance with minimized system breakdowns and
maintenance. With these changing systems of the business
world in the 21st century, a new era of e-intelligence, efactory, e-automation, e-maintenance, e-marketing and eservice have emerged.
CMMS and CM are the most popular repositories of
information in maintenance, where most of deployed
technology is installed. The combination of the strengths of a
top-notch CMMS (preventive maintenance (PM) scheduling,
automatic work order generation, maintenance inventory
control, and data integrity) with the wizardry of a leading edge
CM system (multiple-method condition monitoring, trend
tracking, and expert system diagnoses) can allow work orders
to be generated automatically based on information provided
by CM diagnostic and prognostic capabilities. Just a few years
ago, linking CMMS and CM technology was mostly a vision
easily dismissed as infeasible or at best too expensive and
difficult to warrant much investigation. Now, the evolved
technology in CMMS and CM has made it possible to achieve
such a link relatively easily and inexpensively (figure 1).

Keywords – eMaintenance, iMaintenance, MKMM, CMMS, CM,
Collaboration Structures, End-user Interfaces, Mobile solutions

I. MAINTENANCE KNOWLEDGE MANAGEMENT AND
IMAINTENANCE
The production and process industry are passing through a
continuous transformation and improvement for last couple of
decades, due to the global competition coupled· with
advancement of information and communication technology.
(ICT). The business scenario is focusing more on e-business
intelligence to perform transactions with a focus on customers
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Fig.1 ICT architectures in maintenance – CMMS, CM. [1]

209

CMMS (and MPMM) environments do not today
effectively support integration of advanced competence
resources like multimedia and integrated collaborative
environments useful for effective remote support and
interaction with internal / external specialists. Core
functionalities for effective experience capture are not present
in current CMMS / MPMM environments - the main
challenge is the lack of effective meta-data management and
ontologies management supporting effective searches and
management of the experience resources. Thus, CMMS, CM,
MPMM and Knowledge Management have to be linked.
Knowledge management is evolving as an increasingly
important factor in the operations and maintenance of
processes and use of advanced technical systems and
components. The complexity of processes and equipment
increases together with an ever-increasing fragmentation of
products, variants and versions of hardware and software in
combination with ever increasing competition for
knowledgeable staff and specialists. The increased complexity
of equipment, processes and solutions increases risks at
different levels of the organizations and in the processes, risks
that can have a substantial impact on performance and costs
and reduced ability to sustain efficient production. Integration
of systems for standard knowledge management (training and
education, competence databases) with systems for practices
and experience capture management specifically adapted for
maintenance solutions can be named Maintenance Knowledge
Management (MKM). What also characterizes a Maintenance
Knowledge Management system in comparison to a more
standard knowledge management systems is the ability to
handle a larger number of variants of knowledge resources –
due to the very large number of types of equipment and
variants in production and other processes and their properties
and connected information and data (figure 2).

Integration and inclusion of maintenance knowledge
management (MKM) into the processes and infrastructures of
e-maintenance creates the foundation for a more
comprehensive approach to ICT-based maintenance solutions
which one can call iMaintenance (“Intelligence-based
Maintenance”). The iMaintenance approach do not only aim
at integrating maintenance knowledge management into the
integrated CMMS / CM / MPMM solutions but also offer
integration of collaborative environments, access to
simulation / computation engines & services, ontologies for
effective tagging of resources, solutions etc. all designed to be
effectively used across different levels of the organization and
interacting with external actors. This integration lends itself
well to ICT environments implementing cloud networks – an
architecture aiming at integrating existing ICT systems and
limiting the redundancies of data between systems (figure 3).

Fig. 3 Schematic presentation of an ICT maintenance cloud environment [2]

The main advantage of a maintenance cloud environment is
the elimination of duplicated data and potential access to
highly qualified computational services like simulations and
analysis of very large datasets. A highly functional
iMaintenance solution can integrate these different sources
and services at the end-user level and thus allowing more
effective and efficient maintenance and management
processes and results.
One such example of a potential iMaintenance solution is
presented in figure 4 where each component and module in
the system can be connected to different unique parts of a
maintenance cloud solution. By a modular approach the enduser are also capable of designing their own unique setup of
tools and modules for their own unique needs and processes,
account take to their unique access control profiles and work
roles.

Fig. 2 Properties and resources connected to an asset etc.
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II. MPMM – MAINTENANCE PERFORMANCE MEASUREMENT
AND MANAGEMENT INTEGRATION WITH IMAINTENANCE
One of the most vital parts of an advanced iMaintenance
solution is the Maintenance Performance Measurement &
Management (MPMM) – both in the case of planning /
follow-up and analysis on the management side and the in-situ
involvement of the maintenance operators in their status
updates, planning and follow-up. By integrating the needed
status reporting as a natural part of other activities, the quality
of the data improves, thus increasing the accuracy of the

ISBN 978-91-7439-379-8

following analysis and conclusions. The quality of the status
information and data delivered into the systems for
maintenance performance management can be increased
further by improved in-situ support in the form of practices /
experiences documentation etc. in direct connection to the
status and data reporting activities, thus minimizing the risk of
faulty data inserts and modifications.
To improve the quality of the MPMM activities the
managers and operators often need to integrate different
information and knowledge elements in their analysis and
final conclusions. In the case of status and data entry in the
field the operators might need to include properties describing
changed conditions, changes in configurations and especially
in the case of ICT-based equipment installed software patches
and configurations. Most of the current ICT-systems in the
maintenance field do not allow this information to be entered
in a structured manner allowing more specific and advanced
analysis. The analysis of maintenance performance can
become more accurate if the overall end-user environment
allows for integration and access to most of the assets /
resources / processes properties, specifications, experiences,
fault records etc. in parallel to the evaluated performance data.
Examples of such “externalities” can be repair events, changes
in specifications, changed external conditions, earlier
documented human errors etc.
Another challenge for effective maintenance performance
measurement and management beyond the need for accurate
data and information access and analysis is the effective
dissemination of the results of the analysis to the different
levels of the organization and to speed up implementation of
corrective actions and their feedback. Actively involving the
maintenance operators in the maintenance performance
management processes can increase the quality of the data
collection, data analysis and conclusions by integrating
experiences and observations from different parts of the
organization.
III. END-USERS INTERFACES FOR IMAINTENANCE AND MPMM
There are mainly three different approaches when utilizing
of fragmented information / data spaces – using different tools
to handle each individual information source, integrating by
implementing advanced cloud approaches (integrating at the
server level) or creating solutions that integrate the different
information spaces at the end-user / application server level.
In the last two cases regardless if the integration is performed
at the server level or the end-user level it is vital that the enduser environments are flexible and modularized enough to
effectively integrate, access and manage the data and
information from the different sources.

Fig. 4 Demonstrator of integrated end-user
(iMaintenance), courtesy of Enviro Data, Sweden

desktop

environment

The example presented in figure 4, is a demonstrator of an
integrated end-user environment supporting modular and work
context-centric approach to information management for
multiple organizational layers in an iMaintenance structure.
This demonstrator presents ability to support end-user
adaptation of the overall work environment depending on
work roles, deployment environment and user access control
structures. End-user controlled mash-up of information from
many disparate information sources and services – all
presented in one unified end-user environment. This
demonstrator is based on research covering end-user
environments for qualified maintenance of advanced technical
systems (military fighters) allowing integration of knowledge
/ practices / experiences / standards management into a unified
and integrated support environment for the maintenance
operators. This type of environments allows integration of
maintenance performance measurement, status reporting and
management as integrated part of the normal work processes
and contexts, both for management and for maintenance
operators. The ability of the environment to be adapted for the
specific end-user work contexts is very important – close to
every organization is unique in their asset stock, their internal
maintenance processes and their external environmental and
market contexts. Another vital component in a ICT
environment aiming at integrating MPMM and knowledge
management is the ability to effectively manage experience
capture – both at managerial and work floor levels and to
utilize these experiences effectively in the performance
analysis stages.
Mobile solutions like tablets and pads can be used allowing
for relatively cost-effective deployment in large numbers
across an organization, increasing the involvement of
additional active actors in the maintenance performance
management processes. This allows for new approaches in
MPMM – increased direct involvement of maintenance
operators when performing status, repair and error reporting,
feedback structures for environmental and other feature data
that will improve the accuracy of the performance analysis etc.
Mobile solutions can also assist in mitigating the everexisting challenge of how to disseminate the results of the
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performance analysis to the maintenance operators in a format
and context that will allow them to act and implement
improvements and corrections in their area of expertise and
access rights. iMaintenance solutions offers the potential to
give access to more tools for different staff to actively and
effectively evaluate different approaches for improvements
and corrections and to more effectively communicate with
relevant specialists and experienced staff in their efforts to
achieve the planned performance levels.

Fig. 5 Demonstrator of integrated end-user iPad environment (iMaintenance),
courtesy of Enviro Data, Sweden (Montage)

The iPad demonstrator presented in figure 5 shows a simple
example of multi-modal and modular interfaces for iPads and
in adapted form also for modern smartphones / Android-based
units and personal computers using modern web-browsers.
With these tools easily accessible to close to all staff in an
organization the concepts and solutions in MPMM can be
vastly extended regards taken to the organizations policies,
access control infrastructure and internal organizational
culture. With these more advanced end-user support tools the
access to supporting information and resources will be
drastically improved and the ability of the individual to
contribute with vital information for the performance
management processes will also be drastically improved.
Similar to the demonstrator in figure 4 the mobile terminals
can access a multitude of services and information sources in
the maintenance cloud environment and also allow them to
adapt their own unique system according to their own unique
needs and work processes. Mobile solutions can also be the
foundation for collaborative environments with external
specialists involved in advanced performance management
analysis or being accessed as specialists on the equipment
used in the production processes. Involvement of external
specialists in the efforts to analyse breakdowns or lacking
performance can improve the accuracy of the planned
mitigated efforts and solutions and also increase the accuracy
when estimating the performance of the equipment and/or
overall processes. Finally, mobile solutions integrating
iMaintenance (Maintenance Knowledge Management
integrated with collaborative environments and access to
services etc.) with MPMM structures can also contribute to
mitigate the strongest threat to a systems performance –
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accidents and incidents that disrupts the normal execution and
process flows.
IV. CONCLUSIONS
By integrating advanced and extended knowledge
management structures and resources into the maintenance
performance measurement and management processes the
quality of the analysis can improve. Both in terms of higher
quality of the data used in the analysis and in terms of more
effective dissemination mechanisms to the operational staff
and structures. By utilization of the more advanced structures
present in concepts like iMaintenance the ability of
operational and managerial staff to improve the processes can
increase. Additionally, new features, properties and
experiences can more effectively be integrated into the
analysis processes and interactively be managed by a wider
selection of internal and external specialists.
This type of integration between iMaintenace and MPMM
structures and processes demand highly advanced approaches
in end-user interfaces and process flows. Performance data by
itself is often not enough – also the data underlying the
analysis also has to include environmental / contextual and
configuration status information of different types,
information that often evaluated through a prism of detailed
knowledge about the surrounding environment around the
processes and equipment. Supporting the end-users with
integrated tools for information management and local
analysis can be a vital tool for improved and effective
maintenance performance management.
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Abstract— The purpose of this paper, therefore, is to find out
whether in the course of task performances, miners engage in
activities influenced by their tacit knowledge to enhance the
quality of the maintenance process for high technology
equipment in deep mines. Guided by an organizational activity
theoretical framework, data was collected by observing and
interviewing four different mineworkers engaged in rock drilling
and roof bolting activities in an underground mine. An
interpretive descriptive analysis was conducted to understand
the mineworkers activities when engaged with their work. It is
found that the miners use their acquired experiences to find ways
of maintaining and managing the machines they use for optimum
work performance. It is concluded that an employee’s tacit
knowledge, when made visible, can help determine the horizon of
possible actions that can influence either positively or otherwise
on the maintenance process.
Keywords— Miners’ Activities; Tacit Knowledge; Maintenance
Process; High Technology Equipment

I. INTRODUCTION
The use of automation and remote operation technologies
in today’s competitive business climate to increase the
productivity of workers has seen to the emergence of faster
time-to-market, lower costs and increased initial product
quality. In the mining industry, the increasing use of high
technology has made the competitiveness of the business
climate even tougher. The introduction of such high
technology has seen to the transformation of the mines’ work
environment by enabling smarter, more integrated mining
systems with ever increasing levels of automation.
Transformation of the work environment is also introducing
substantial changes to the mines’ organizational structures and
business processes both of which need to work in concert with
the high technology in order to enable a substantial increase in
mining performance and productivity. It has also created a
new type of human work with added competencies and
knowledge as well as workload.
This new type of human work is underlined by the
transformation of miners’ tacit knowledge and skills (for
example the ability to ‘read the rock’) into competence
oriented abstract knowledge. Since the new forms of work in
the mines have less need for traditional mining competencies,
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attitudes and ideals, mine workers might have to find new
ways to learn. They also have to develop new identities and
masculinity in tune with the new workplace culture. This is
not to say that the old culture should be completely discarded.
It could be used to provide important context for workplace
learning and for the construction of new identity. This is
because a lag to worker identity could lead to difficulties in
adapting attitudes and norms resulting from the demands and
structures of the high technology and the new work tasks.
Changes in the organizational structures of most firms in
the mine industry are therefore oriented towards flat and lean
organization. Based on this lean perspective, mining
companies need a smaller multi-skilled staff that can operate
in several areas as well as perform variety of functions within
the company. It is important to observe that in using such a
smaller workforce with expanded role responsibilities, the
mine also stands the risk of losing operational and business
knowledge. The consequence of such risk is that it increases
not only the operational costs, but also the cost of the
maintenance
process
resulting
from
human/labour
intervention, replacement of failed parts, and lost production.
By implication, such risk could have consequential effect on
the reliability of decisions that are taken along the production
value chain, including those related to the maintenance
process.
This issue therefore, brings to the fore the challenge of
mitigating the risks of losing operational and business
knowledge in deep mines by studying and the understanding
the work activity of miners to intelligently, capture and
transfer their knowledge useful for increasing situational
understanding their contribution towards maintaining the high
technologies they use in the maintenance process towards
increasing productivity. This is because, in any planning and
development activity, there are several alternatives available,
and one has to choose the alternative that fits in the best [1].
The alternative choice entails the selection of factors or
variables that constitute various performance criteria, such as
productivity, effectiveness and efficiency [2]. In this regard
therefore, there are a number of criteria or goal functions,
broken down to different maintenance indicators like; mean
time between failure, downtime, and maintenance cost,
planned maintenance tasks and unplanned maintenance tasks
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which needs to be considered from different stakeholders’
view, and also integrated from operational level to the
strategic level. The maintenance performance indicators are
measures that can be extended to a working environment [3],
and used to measure the impact of maintenance on the process
performance [4]. A performance indicator is therefore, a
measure equipped with baselines and realistic targets to
facilitate prognostic and/or diagnostic processes and justify
associated decisions and subsequent actions at appropriate
levels in the organization to create value in the business
process [5].
It is quite obvious that only a few researchers, so far, have
tried to give detailed pictures of possible competency of
miners in influencing the quality of maintenance of the high
technology machines they use in the mines. Most attempts
also show a strong belief that technology development and
automation will improve the quality of maintenance task, in
terms of flawless start ups after maintenance and resulting in
acceptable condition of plant and machinery. Thus, in an
organization based on knowledge management, it is essential
to measure the use of knowledge for the continuous
improvement of the organization, since the number of new
ideas generated and implemented can function as a measure of
innovation and development, as well as the employees’
participation in and motivation for the organization [1].
The purpose of this paper, therefore, is to find out whether
in the course of task performances, miners engage in activities
influenced by their tacit knowledge to enhance the quality of
the maintenance process for high technology equipment in
deep mines.
II. THE MINER AND HIGH TECHNOLOGY MACHINE USAGE IN
MINING
A modern mine is so technically advanced that the
proportion of unskilled labour will decrease significantly or
disappear, and hence there will be fewer workers with higher
wage costs [6]. By implication, the mines of the future will
have a smaller staffing with a different kind of model for work
organization, since it is expected that automation will provide
improvements in terms of work environment and job safety
[7]. Production centers will therefore be creating new
professional roles [6]. Yet, there is the concern that despite
many promising production concepts, organizational models
and development of new technologies during the last decades,
the mining industry faces a large gap between expectations
and real implementation [6], [7], [8].
There is also the realization that increased automation,
combined with an ever tougher global competition, will lead
large industrial companies to rely on a lean organization with
multi-skilled workers capable of managing multiple areas of
the business, with technology and work built around
‘autonomation’, where people and machines cooperate [9]. In
this respect therefore, process automation and remote
operation technologies in the mines will enable smarter, and
more integrated production systems [9]. In these wise,
significant efforts to develop communication systems for
increased security have been made [10]. In the view of [6]
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even though such system is for verbal communication, it
should have positive effects on productivity, quality of work,
and cooperation.
It will also be interesting to see if the system can also
support image information and communication, especially
based on the perspective that miners equipped with mini
cameras could, for everyday and emergency situations,
provide their colleagues and senior management with
information that is difficult to convey verbally [6]. In this
regard, [9] predicted an increasing degree of remote control
from production centers and collaborative visualization rooms
where the operators have monitoring and coordinating
activities across the value chain from distant locations (i.e. in
the community or elsewhere). In this case, the remote
operators will be supported by intelligent and automated
decision systems, and will also use the Web 2.0-system of
global communication, information and learning. By
implication, the jobs of the operators will change in character
towards service work and their new tasks will require different
kinds of skills [8].
In addition to dealing with advanced information
technology the miners will have to interact with different
specialist teams located all over the world. In this regard,
mining companies will gradually turn to a flat and lean
organization with multi-skilled workers who can operate in
several areas and functions within the company [9]. This
therefore calls for a work organization that supports high
productivity as well as good working and social conditions [6].
For the deep mines of the future, the issue here is not only
about designing systems/automation as well as work
environment that are adaptable to the mine-workers
underground, but rather to consider the workers who are
engaged in the different facets of future mining activities as
key resources whose understanding of the deep mine practice
could be utilized towards enhancing creativity in designing
better systems [7]. In such system, there will always be a
sense of ongoing process of social becoming that is realizable
through a chain of social events, or practice and all of these
aspects must be in tune [11]. Therefore overall knowledge is
needed in the deep mine’s work system design and its parts,
especially on how to harmoniously integrate the human and
the other systems in the value chain (i.e. to be able to see the
human as an integral part of the system, and an asset) [7]. By
implication, the maintenance process in a deep mine can be
theorized as organizational activity system as highlighted by
[7] in figure 1 below.
Figure below provides an idea of the complexity that can be
inherent in organization’s mining process relative to the
functional dynamics of expert practices and management that
is attributable to knowledge that both explicit and implicit.
Such complexity is therefore relative to the number of
different operations (OP) entailed in each maintenance action,
and also the number of different maintenance actions outlined
by the maintenance process as an organizational activity.
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Performance of maintenance in an industrial firm is dependent
on decisions made at the strategic, tactical and operational
levels. This is because decisions at these three levels have an
influence on maintenance performance and its quality [1].
Decisions for centralized or decentralized maintenance
organization are made at the strategic level. Decisions on
maintenance intervals, inspections, repairs, replacements and
overhauls are taken at the operational level by the
maintenance department. Decisions on maintenance budget
for individual plants or machineries, skills, and inventories are
taken at the plant level. Similarly, decisions on preventive or
condition based maintenance are taken at the plant level.

Fig. 1 Simplified illustration of an organizational activity in a
future mine (where OP stands for operation) [7]
This complexity has been summarized mathematically by [7]
as follows:
Org. Activity ≈ ∑ (Action 1 + Action 2 + Action 3 + Action 4
+.…..+ Action N) + ∑ Internal Constraints +
∑ External Constraints
(where, Action N = ∑ (OPN,1 + OPN,2 + OPN,3 + OPN,4 + OPN,5
+ OPN,6 +……….+ OPN,n); N = 1, 2, 3, 4, 5, 6, 7, ……n)
For the organizational activity system shown in figure 1
above, the maintenance performance indicators (MPI) could
be considered from the perspective of the multi-hierarchical
levels of the organization. The first hierarchical level could
correspond to the corporate/strategic level, the second to the
tactical/managerial level, and the third to the
functional/operational level [1]. The maintenance indicators of
the functional level are integrated and linked to the tactical or
middle level in order to help analysis and decision making at
the strategic or tactical level [1]. Therefore, maintenance is
vital for sustainable performance of any industrial operation.
As such, it is important for owners and managers of assets to
know the relationship between the output of maintenance
process in terms of its total contribution to the business goal
and the inputs to the different sub processes [1]. Maintenance
therefore, requires significant investment in physical assets
and plays an important role in achieving organizational goals
[12]. Investment in maintenance can be justified by the
implementation of an appropriate performance measurement
system that could be used to measure the quality and
effectiveness of maintenance [1]. Such system ensures that
performance oriented actions are aligned to the strategies and
objectives of the organization [13].
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III. METHODOLOGY
Criteria for measurement can be quantitative or qualitative.
Some examples of quantitative measure can be quality,
downtime, output, number of accidents, injuries, number of
stops short or long, quality problems, item returned from
customer along with costs and risks [1]. Qualitative areas
include employees’ satisfaction, environmental aspects such
as noise, humidity and many others [1].
A. Data Collection
Data was collected from an underground mine in Sweden.
The mine uses cut-and-fill and sub-level stoping as the basic
methods in its underground mining. The sources of data were
the mines’ employees. Data was collected through recorded
interviews and on-site observations. In the data collection
procedure, four separate visits (shifts) were made to the
mine’s underground work environment in the company of four
different mineworkers engaged in rock drilling and roof
bolting activities.
B. Data Analysis
The recorded interviews were transcribed and scripted [14].
The validity of the scripts generated for all the interviewees
was established after crossing-checking with each interviewee.
An interpretive descriptive analysis was conducted to
understand the mine workers activities when engaged with
their work. This was because in the dialogue (i.e. interview
conversation), the subjects (interviewees) did not only answer
the questions prepared by the researcher (interviewer), but
they (interviewees) were also given the space to formulate
their own conceptions of their lived world [15]. The
expectation here was that the sensitivity of the interview
approach and its closeness to the interviewees’ “lived world”
would lead to the evolution of knowledge that could be used
to understand the relative outcome of the commercialisation
processes of the organization studied. An interpretive
description qualitative approach [15], [16], [17], [18] was
used to analyse the scripts generated from the interviews.
According to [15], it can become almost impossible for a
researcher to untangle the shared component of a subjective
experience from the narratives that people place them in, and
so qualitative research tends to require thoughtful analysis of
the relationship between the data sources and the findings
derived from them. With this observation in mind, the

215

experiences of the interviewees in enhancing the maintenance
process were analysed.
IV. RESULTS
The results showed that the miners, based on acquired
experiences, mostly find ways to manage the machines they
use for optimum work performance. In some instances,
especially in production drilling, the machine operators’ use
their knowledge of the rock and the sounds that emanates
during drilling operations to identify and avoid difficult
portions which could result in machine breakdowns. This
viewpoint was highlighted by a miner as follows:
The most important thing when you come to work
everyday is that the machine should have repairments.
This level is about 1000 metres deep and we have no
vehicle to drive around. In my opinion, if there is
such vehicle, the maintenance team can go round
during lunch break to fill oil, diesel, and if you have
something you want to fix, they fix it for you. That is
the most important thing.
The miners also engage in acts that enhances the life time of
the machines. For example, in a roof bolting activity, the
operators were observed to engage in frequent disembarking
from their cabins to wash the cement compartment of the
machines in order to minimize the possibility of the cement
leftovers caking inside the compartment.
Most of the time, I use the experience I have acquired
over the years to manage this machine for optimum
performance. For example, I have realized that when
I wash the machine’s cement compartment
immediately after I complete a task, I avoid cement
caking which affects the life span of the machine. I do
not write down the fascinating and/or intriguing
discoveries I have made over the years on the best
way to use equipment in carrying out my tasks.
Sometimes I share my acquired knowledge with
colleagues using the same machine. I also apply this
knowledge when I am training others over here with
the hope that they learn from experience.
The tacit knowledge developed by the operators and used in
enhancing machine life and performances is neither shared nor
documented by the operators. Occurrences when using the
machines that are viewed as intriguing by the operators are
also not documented by them, as it is obvious in the following
interview exchange with an operator
Researcher: How do you feel now? The
machine is not behaving well.
Operator : Yes, because it is an old machine.
Researcher: So do you think it is possible in the
next fifteen years to replace you
with robots? That is to bring robots
here.
Operator : No, not in this working environment.
Researcher: Why?
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Operator : Because I know it is impossible. Look at
the production drilling at this spot, bad!
It took me almost six minutes, and as
you observed, I did some repairs. So I
don’t think so.
Researcher: So, bringing robots here is almost
impossible?
Operator : Yeah, it is impossible! We need people
down here to work on these machines.
Researcher: The repair work you have done now,
you can call the mechanic to come and
look at it, but you chose to do it
yourself, why?
Operator : Yeah, because I can do it. You call the
mechanic when you cannot do the
repairs. We have only two guys here.
Though it is one minute journey here
from their base, you sometimes have to
wait for two hours. Therefore instead of
waiting for two hours, you go ahead and
fix the machines yourself. You have to
do it.
Researcher: So at the end of the day, will you let
someone know that you did this during
the work? Don’t you think that there has
to be a way for managers to appreciate
what you have just done (i.e. for them
to know that when you are working and
something happens to the machine, you
repair it yourself)?
Operator : No.
Researcher: Why? I know you want to go faster.
Going faster means you are helping
management to make more money.
Maybe your managers do not know that
you do this kind of repair works here.
Operator : Because I do not think about it. Yeah!
The better the machine works the more
money. They know, but they do not care!
Researcher: So, how do you feel, when you get
the sense that you are sacrificing,
but they (management) do not care.
Operator : I feel bad! You know the song “bad
to the bone”.
V. DISCUSSION
The results show that the monitoring and management of
the work environment in mining is complex. Relations
between causes and effects are often diffuse with the causes
interacting in many ways. Many effects show up only after a
long exposure time. Therefore one has to use quite a large
amount of different indicators, including subjective ones to
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monitor the maintenance process in the work environment and
its associated impact on the work organization. Activities in
organizations are realized as individuals and cooperative
actions, as well as chains and networks of such actions, both
of which are related to each other by the same overall
objective and motive. In the same vein, a distinction can be
made from one miner’s activity to another according to their
motive. In this regard, therefore, the miner’s organizational
activities can be categorized into three levels. These are the
activity level, the action level and the operation level. Based
on this categorization, the miner’s organizational activity is
viewed to consist of actions or chains of actions, which in turn
consist of operations. The maintenance actions taken by the
miners are fundamental components of their mining activities
and are subordinate to their specific goals of getting the work
done and fast. But as it is explained by [19], actions are not
special “units” that are included in the structure of activity.
Human activity does not exist except in the form of action or a
chain of actions [20]. Thus the miners’ knowledge of their
work environments is a subjective indicator that continues to
remain tacit. This knowledge is rarely captured, often difficult
to codify and is most commonly transferred through personal
experience. The capture this knowledge is difficult due to the
unintentional omission of miners’ experiential details, such as
the contextual information on their work activities.
Addressing this issue will require management’s ability to
intelligently capture this tacit knowledge for subsequent reuse
when maintenance decisions need to be made. In this regard,
the miners need to be empowered to add and update their
acquired knowledge as they work. There is little point in
capturing the miners’ knowledge unless that knowledge can
be used to improve future maintenance decisions. For example,
obtaining a brief history of from miners of similar machines
maintenance alerts and the corresponding actions taken and
consequences is of most value when presented to the
maintenance schedulers who decide on how to respond to the
next alert. This form of proactive knowledge search solutions
will become available to improve the use of captured
knowledge. Based on this perspective, it is of interest to
understand the true motives that belie the miner’s pursuant of
his/her transformed organizational activity as defined by the
addition of his/her interventions in creating new
organizational practices. Thus explaining a miner’s true
motive for a production activity requires an understanding of
the associated wildfire activities [21], and the miner’s
“emerging object of activity” in the pursuant of his/her
“transformed” organizational activity [20]. Acquisition of
such understanding could result in the cross-pollination of
ideas and shared operational awareness of human factors in
the maintenance process that could lead to significant
efficiency gains for the organization. This therefore indicates
that teams of specialists will be required to relate to machine
operators in solving maintenance problems rapidly, for
example, allowing logistics schedulers, mine planners and
maintenance schedulers and machine operators to come
together to run simulations of both production and
maintenance process along the value chain in order to rapidly
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come out with effective production schedule to take advantage
of a new market opportunity. This type of rapid problem
solving requires that experts and knowledgeable workers
interact with each other positively in a collaborative
environment [9]. Such collaborative environment has the
potential of enhancing identification of maintenance related
information that is of value. The miners could become expert
knowledge sources that could be captured and rewarded by
management. It is likely that the miners’ can become the
conduit to updating the knowledge bases for improving
maintenance processes in the mines.
VI. CONCLUSIONS
The result above has shown that an organization is a social
structure wherein employees can play a decisive role in
improving its performance. It is therefore, concluded that an
employee’s tacit knowledge, when made visible, can help
determine the horizon of possible actions that can impact
either positively or otherwise on the maintenance process. By
bringing to the fore this understanding, intelligence which is a
characteristic of the individual miner becomes a valued entity
of the organization. In this respect therefore, miner’s
knowledge about applied rock mechanics and rock
reinforcement and the outcomes of interactions between the
machines they use for work and the work interfaces must be
secured.
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Abstract— The evolutions on the new information technology
tools make us innovating in perpetuity. We see all around a
world communicating faster and faster, the ideas multiply, the
concepts change constantly. Now comes the "cloud computing",
a new solution that makes noise, which everyone talks nowadays
in the software world. This article allows knowing more and
focus in remote switch monitoring, one of the many applications
in railways for this new information technology.
Keywords— cloud computing, condition monitoring systems,
switchs and crossings, LCC, FMECA, ROI, predictive
maintenance

I. CLOUD COMPUTING IN A FEW WORDS
Cloud computing is effective in the architecture client /
server systems and mainly on the Internet. In this term lie
three levels of service: Software (Software as a Service or
SaaS), the software platform (Platform as a Service, or PaaS)
and the network infrastructure (Infrastructure as a Service, or
IaaS).
1) SaaS: The user can use the software over Internet. This
is for example a text editor that uses the Internet without
needing to install on the computer. The updates are automatic,
no more CD for installation, no more license number, ...
2) PaaS: The user has a platform with access to multiple
applications. For example, it’s a set of office applications (text
editor, calculator software, mailbox, presentations ...). The
user still does not install any software; it simply needs to
access the Internet. It does not need to know the power of his
machine to suit his jobs in the company. It can simply uses a
computer or a smartphone that has access to Internet. There is
access to all business applications from anywhere, regardless
of machine.
3) IaaS: The user rents a remote computer. He installs the
operating system he needs (Linux, Windows, Fedora ...) to put
his applications. Let’s imagine the manager of a website
for a music festival. He faces a busy period that varies
between the beginning and the end of the event. He must
invest in capacity for visitors to vary function of time. With
this service he will be able to use a web server capacity which
will vary based on the date of the event.
Cloud computing makes it possible to have Internet service
with all licenses and applications required by paying only the
use (fixed monthly rental, use by minute). Thus, it offers an
application without worrying about installing the hardware,
software, updates, changes in capacity, and so on...

II. CLOUD COMPUTING SAYS “GOOD BYE” TO THE ROI1
With cloud computing we can now remove the return on
investment for software applications that requires the purchase
of computer equipment. Indeed, until now many applications
do not start since the initial investment cost of the equipment
is high. We generally had to be sure to deploy the application
to certain number of computers for the trouble it interval. Not
to mention the incessant advanced technology that makes
often obsolete before the material to have cushioning ... With
the new technology that brings the "cloud", we use the
application at the request for the selected period and with the
adapted hardware architecture to its needs.
Vossloh Cogifer has participated in various European
projects on life cycle cost for infrastructure. We then applied
the LCC 2 calculation on a switch and crossing monitoring
system. The life cycle cost of all was established with an
evaluation of various costs around the switches and crossings
in Europe including as well the benefits of such a system. It
appears that the main strength of the solution that offers cloud
computing is the initial investment. Indeed, while it takes on
average 4-5 years to start with a return on a switch remote
monitoring system, the solution in cloud computing can be
profitable in the first year.

Fig. 1 LCC evaluation on a monitored switch

1
2
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Return On Investment
Life Cycle Cost
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Some topics not to forget about:
• Cloud
computing applications require Internet.
Although it is widespread in the public and
organizations, the Internet is not yet democratized with
the maintainers of railways. So before proposing the
passage in cloud, it is undoubtedly move his teams
forward to use the Internet.
• The railways are seeking to retain control of their
technology and their efforts to improve. So when one
makes possible real-time access to their equipment
through the Internet, it is perfectly legitimate for them
to consider the area of information security, the settings,
and confidentiality.
• Internet access versus the access to the intranet of the
enterprise network is not at all equivalent. Where the
turnouts lie do not reside necessarily the people.
Suddenly, the public wireless network (3G) will not be
guaranteed while the access points of the intranet are an
obligation in the rail industry (such as telephone
security, access point to watch signalling).
• The data must have a nationality, and it is one of the
things to take care of. In a application of data collection
such as monitoring, it must be defined from the outset
who owns the data. Servers in the cloud can be
contracted in France but also in Hong Kong for example
for a lower price. But the law of the land applies where
the data physically resides.

The graph in figure 1 shows that this new technology
allows a minimum investment and then makes clear the use of
a condition monitoring system. This conclusion is mainly due
to the change in supply (rental instead of investment) and the
cheap cost for the cloud server. A server represents generally
between 10% and 40% of the investment in a remote
monitoring system. Depreciation then depends on the duration
of use while in the cloud computing depreciation is the most
profitable. Datacenters typically use the same servers
throughout their life cycle for various applications in many
companies.
A significant feature is noteworthy. In financial terms, the
lease is treated differently from the investment. The lease is
generally treated as an operational expenditure (OPEX) while
the investment is a capital expenditure (CAPEX). The
acquisition of a standard remote monitoring system implies
then a study of the ROI while in cloud computing this is added
expenditure improving the life of the maintenance team.
So although it is functionally identical, the condition
monitoring system using cloud computing technology is
financially different from standard systems. It can no longer
take into account the ROI, one of the brakes nowadays for
access to the innovative information technologies.
III. VALUES OF THE CLOUD
Cloud, like any computer activity, must be evaluated at a
fair value. Its value corresponds not only to its price. We must
add the other elements that it can be mixed with in order to
see through a cloud not always transparent.
First we evaluate the potential savings:
• The cost of energy. Cloud providers have adapted
energy contracts, they use energy to power the servers
more efficiently. A gain of 50% is achievable by
combining the "scaling down3", virtualization (multiple
operating systems on the same hardware) and an
automated installation.
• The cost of staff in charge of the infrastructure. Time
spent managing the server maintenance is included in
the price of the cloud.
• In an application for switch and crossing monitoring,
few servers are used, so the benefit is not necessarily
very important. It is then necessary to generalize the
approach with other monitoring systems to take full
advantage of this technology.
From a general point of view, the world of the railway
industry is not ready yet for cloud computing. We see around
us the enormous amount of information available, and we are
afraid because we feel that it is difficult to control
communication.

3

Scaling down is to unplug the physical installations if in
overall use.
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IV. THE CLOUD INFRASTRUCTURE
The "cloud computing" was born thanks to outsourced IT
service providers. These are generally companies to publish a
web site or Internet service providers themselves. These
companies have an installed base they call "datacentre". A
datacentre is an entire building dedicated to the installation of
servers. These are cabinets with sometimes more than 50
servers; some of them are the size of a hard drive 3.5 inches.
These buildings can consume up to 32 MW for an area of 16
000m ². This consumption represents the needs of a city of
25,000 people. This pushes managers inventing data centre air
conditioning systems well thought out. For example in Iceland,
datacentres use the outdoor temperature as a source of cold air.
They suck the outside air in order to cool the equipment inside
buildings. Other buildings use air/water heat inverters to cool
the air through the groundwater. These datacentres offer very
high-speed bandwidth (100Mb/s in general) because they have
direct agreements with major Internet suppliers.
Another area has also helped this trend, the 3G network
(and soon the 4G). The tablet PC are multiplying,
smartphones flood the phone market, in short, we see that a
big change is happenning with the new LTE4 network such as
low cost mobile Internet with high bandwidth . The web is the
4

Long Term Evolution or 4G is the next generation of the
wireless mobile network
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V. “SURVAIG® AS A SERVICE”,AN INNOVATIVE OFFER FOR

bigger client/server application in the world, you soon
realize why cloud computing will quickly develop.
The remote maintenance system SURVAIG® also benefits
from these technologies. In principle, this system fits into the
secure computer network of the railway infrastructure which
has generally difficulties to access the Internet. As shown in
figure 2, the innovation has been the use of remote monitoring
equipment that we manufacture, combined with a PC server
rent on the Internet (IaaS) and install all applications into one
SURVAIG® platform (PaaS). So we access to the operating
software via the Internet (SaaS) with a large bandwidth for
reliable use of the system 24/7. The other innovation was to
use the 3G mobile network to link the field equipments to the
server on the Internet. For this we define a virtual private
network (more commonly known as VPN).

MONITORING SYSTEMS

Cloud computing solutions are now included to our
technical system architectures. But that's not all, we are going
much further, to propose switch and crossing monitoring at
the request and at optimized cost.
We now propose an approach with support in order to
ideally integrate a computer aided maintenance system. This
is divided into several phases. At first, we define the approvals
and plans of the system. We then install the basic equipment
for data measurement to begin acquisition and to have a
system ready to be configured. Subsequently, we give support
to our customers with an analysis of failure modes observed
by maintenance teams (FMECA5). We also analyze the raw
data recorded and we bring our expertise to this analysis.
After this first phase, the setting is validated by the
infrastructure manager and the system begins to operate. The
system is installed in parallel of the existing infrastructure
without having to change anything.
We offer a monthly rental for access to SURVAIG®
application as a SaaS. The server is typically hosted in our
local private cloud, but we also offer the possibility of hosting
it in the manner desired (in our offices in the country, in the
public cloud, etc.).
The applications are numerous:
• The maintenance contractors who have a temporary
contract and want to provide remote monitoring to
improve their services.
• The research engineers can now enjoy the reliability
and robustness of a monitoring system and adapted to
the railway use for a series of measurements during a
few months only.
• The infrastructure managers who want to reduce the
investments will not have the intial cost and the
maintenance cost of a server by investing in a hosting
process.

Fig. 2 LCC evaluation on a monitored switch

This technology has already enabled us to install several
systems in recent years, which until there would have been
problematic. For installation of a monitoring system on the
track side for example, we used a 3G mobile network (where
there are no other Internet or Intranet connections available).
And for the network of a tram operator we used the private
cloud, as it allows us to manage our server and increases
security of the installation. For reasons of security of the
transportation system, the operator prohibits any connection
between administrative network and field network. With the
private cloud, Internet allows linking the server installed in
our offices with the equipment installed on the intranet of the
operator.

The customer benefits from the Vossloh Cogifer quality
and takes advantage of its experience on switches and
crossings, product and system signaling, its advice on
monitoring of railway infrastructure and its assistance on site
or remotely. Through its international network, Vossloh
Cogifer can provide services everywhere in the world.

It is now possible to use the cloud technology applied to
our monitoring systems. This possibility is an important
innovation that we have achieved. This innovation now allows
us to adapt our software development in what will be certainly
the infrastructures of the future computer science.

5
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VI. CONCLUSION
The "PaaS" solution in the future will allow unique access
to monitoring services. This will include all of our remote
monitoring systems (level crossing, batteries, switches and
crossings, track circuits, automated lubrication) and other
useful applications for predictive maintenance. The user will
only be interested in the operating applications without
knowing the technique. This PaaS offer will then adjust the
services according to his needs.
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Abstract: A large number of Australian rail bridges were
constructed over 80 years ago and have become costly to
maintain. Infrastructure managers are under pressure to
maintain bridge structures to a specified performance level with
less maintenance funding and fewer resources. Currently, some
rail operators maintain bridges through asset management
systems which are simplistic and only address immediate
operational issues. This is despite the fact that a life cycle cost
analysis is essential to strategically maintain bridge assets over
their operational life. A new Bridge Management System (BMS)
which consists of a life cycle cost analysis and ranking model is
proposed in this paper. The proposed model can provide
solutions at the element, bridge and network levels. A brief
background is provided on Australian rail bridge history along
with an overview of their current condition. The applications and
limitations of current maintenance systems are then explained.
Finally, the proposed maintenance cycle with its components are
discussed. Scope for future work is identified and discussed in
the conclusion section of this paper.
Keywords: Bridge Management System, Life Cycle Cost, Rail
Bridge Maintenance, Essential Maintenance Optimisation.

I. INTRODUCTION
Rail bridges and other civil infrastructure perform an essential
role in the economy of a country and their value cannot be
understated. Coal is a major export commodity in Australia
and in 2008-2009 was worth approximately $58 billion to the
Australian economy [1]. Rail transport is the primary method
of moving coal to the ports in Australia and sustained
operations of rail bridge assets are crucial for maintaining this
export income.
Funding cuts in recent years has meant that longer term assets
have suffered as bridge maintenance is placed on the low
priority list. There are over 9,840 bridges in Australian Rail
Networks and most of them are nearing the end of their
economic life. One Australian rail network which has
predominantly steel and concrete bridges has claimed 5% of
its bridges require urgent repair. Another rail network with
timber bridges claimed 14% of its bridges also need urgent
repair. Such conditions will lead to increased maintenance
costs and reduced availability as the structures continue to
deteriorate. Bridges are designed to carry specified design
loads to meet a desired capacity. If bridge structures are not
maintained to a minimum standard, some bridges will

ISBN 978-91-7439-379-8

eventually become compromised and their functionality will
be reduced. Furthermore, axle loads and train speeds are
increasing, and one organisation has increased from 20 tonne
and 60km/h to 26.5 tonne and 80 km/h in the past 10 years.
For some heavy haul lines, gross tonnages have increased
from 60 Million Gross Tonnes (MGT) to 160 MGT over the
past 20 years. Therefore, railway infrastructure owners are
expecting fixed infrastructure asset performances well above
their design criteria. Rail agencies are being challenged to:
 Find solutions for operating with higher axle loads;
 Maintain safety and integrity of bridges at higher train
speeds and increased MGT;
 Reduce maintenance costs on aging infrastructure; and
 Reduce the risk of bridge collapse.
To address these challenges, the managing agency has to
decide whether a bridge replacement, upgrade, refurbishment
or repair is warranted. There are two general maintenance
intervention classifications to delay or improve the bridge
condition; Essential Maintenance (EM) and Preventative
Maintenance (PM) [2]. Traditionally, most rail bridges were
maintained with EM, while PM has always had funding
constraints. This is in spite of the fact that implementation of
PM strategies help reduce overall maintenance costs.
Therefore, maintenance managers would benefit from
decision support systems to make more informed decisions.
Such decision facilitation methods are usually a complex array
of processes due to the many and varied factors that may
affect the outcome. As a rail agency’s bridge inventory
continues to age, it becomes increasingly difficult to
determine which areas require maintenance spending as a
matter of priority. A systematic approach would be beneficial
to ensure that structures remain safe and serviceable.
Existing Bridge Management Systems (BMS) are complex
tools to use and are classed as a specialised type of asset
management system. The BMS database is continually
updated with maintenance works and inspection results to
provide the full range of current and historical data for
analysis. Computerised BMSs were developed in the 1980’s
[3] to assist with decision support capabilities [4],
maintenance scheduling and fault recording [5], and have
evolved over the past two decades into complex systems that
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can generate maintenance plans and budgets. The simplest
systems consist of a database or spreadsheet application that
holds important information on each structure; for example,
structure location, inspection records and maintenance history.
More complex systems contain algorithms that manipulate
data to produce optimum maintenance strategies based on
multiple and often conflicting objectives.
Despite the evolution of BMSs, bridge failures and large
derailments continue to occur. Most systems were developed
either for a particular structure, or to meet the requirements of
a particular bridge agency, and then developed further to meet
the needs of a wider market. Various organisations outside of
Australia have developed their own BMS, and many agencies
have modified existing systems to suit their organisation. The
most popular BMSs in the USA were created in the early
1990’s, called PONTIS [6] and BRIDGIT [7], and were
developed under FHWA and NCHRP projects respectively. A
USA survey conducted in 2006 on BMS decision support
concluded that 40 states use PONTIS and four states do not
use any BMS at all [8].
In 2011, over 50% of Australian Rail Bridges were not
managed by a dedicated BMS. Two rail agencies use the
BridgeAsyst BMS developed by ‘Pitt and Sherry’ [9], while
most other rail agencies use generalised asset management
systems. These management systems do not have bridge
deterioration or life cycle cost (LCC) analysis functionality.
Furthermore, many Australian rail agencies continue to record
only asset, inspection and maintenance information. A brief
comparison of Australian management and recording systems
used for structural assets in 2011 is provided in Table 1.
Table 1 - Comparison of Analysis Tools included in Rail Bridge Management
Systems
Asset
Inspection
and
Maintenance
Information

Deterioration
Tool

Life Cycle
Cost
Analysis

Optimisation
or
Prioritisation
Tool

Yes

No

No

No

Yes

No

No

No

BridgeAsyst [11]

Yes

No

No

Risk based

RAMSYS Bridges &
Structures [12]

Yes

Yes

No

No

System Name

Rail
Infrastructure
Maintenance
System (RIMS)
Maximo V7.1
[10]

Other factors related to costs, scalability, interface and user
friendliness are important. There is limited published
information regarding these topics. The difficulty with
determining costs is the definition between purchase costs and
customisation/development costs. For example, the purchase
cost of one of the systems was $20,000AU in 1999 for an
organisation where one of the authors has worked, but the
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organisation had to spend over $1 Million in
customisation/development,
training,
data
migration,
maintenance, upgrades, interfaces and services related costs.
Another system has offered one of the rail operators in
Queensland “installation” of their BMS system at a cost of
$50,000AU
with
an
unknown
level
of
customisation/development, training, migration and interface
related costs. Detailed cost information is considered
‘commercial in confidence’ and therefore is not considered in
this paper. BMS companies do not publish cost information on
their websites or in their publicity materials, so this
information is generally not in the public domain. User
friendliness is subjective and difficult to quantify without a
detailed study. There is also limited data related to scalability.
Therefore, these factors are not discussed in this paper and are
to be scoped in future work.

Many management systems record bridge assets at the
element level and store the details in an asset register. This
allows inspection schedules to be programmed and
maintenance information recorded also at the element level.
To ensure accurate analysis results also requires the capture of
accurate maintenance and inspection data. Captured data
should be stored in the management system without any loss
of information accuracy and element history/tracking.
Many management systems have weaknesses integrating
bridge and network level decisions, and also in optimising
inspection and maintenance decisions which consider large
and complex algorithms involving life cycle costs.
Furthermore, few Australian management systems allow for
predictive maintenance analysis and calculation of Remaining
Service Potential (RSP).
Therefore the issues associated with management of
Australian railway bridges are:
 Access to the bridge site in remote locations;
 Access to inspect ‘out of reach’ bridge elements;
 General asset management systems used without LCC
analysis tools;
 No method to determine if long term maintenance
strategies are cost effective;
 Local repairs conducted without local or network
optimisation;
 Planning does not account for repair quality and the
impact of future maintenance;
 Bridge ranking is often conducted with limited
parameters.
In order to overcome the above shortcomings and enable an
effective bridge maintenance paradigm in Australia, a
comprehensive BMS is proposed to minimise LCCs, provide
maintenance strategy options and determine the optimum time
for intervention.

ISBN 978-91-7439-379-8

II. PROPOSED BRIDGE MANAGEMENT FRAMEWORK
Life cycle cost analysis and optimisation of bridge
maintenance incorporating factors affecting bridge
management is considered. These factors include: structure
condition, load carrying capacity, rate of deterioration of
individual bridge elements, maintenance repair, rehabilitation,
optimisation and the remaining service potential of the both
the overall structure and its individual elements. The focus is
on formulating practical LCC analysis and optimising the
repair decisions at both the network and project levels. The
research has considered the following aspects:
 Maintain highest standards of safety for the travelling
public while improving riding comfort and
convenience of the public;
 Avoidance of costly repairs though appropriate
preventive maintenance and correction of rapidly
deteriorating deficiencies within an appropriate
timeframe;
 Efficient utilisation of engineering and maintenance
personnel and funding;
 Minimisation of total life cycle costs and accurately
forecasting future budget requirements.
This research provides a substantial benefit with assisting rail
industry organisations to make informed technical and
managerial decisions regarding reducing life cycle costs and
enhancing the safety of rail bridges.
Frangopol [13] identified the main components for any
advanced optimisation framework. They are the performance
indicators, the monitoring and updating tools and the
optimisation technique used to determine future plans.
Similarly, the framework proposed in this research consists of
these components placed into different levels, starting from
asset level and progressing to an optimised solution level.
These levels are encapsulated in modules and depicted in
Figure 1 to highlight the impacts and relationships between
the various levels.
Performance monitoring and the indicators used are derived
from the organisational strategic mission and vision
statements. Maintenance policies are based on the desired
methods and processes required to meet these statements. The
various maintenance and safety policies provide set
performance targets and condition levels when maintenance
interventions occur. At the operational level, work procedures
are developed to perform maintenance works while following
policy documentation. Maintenance performance indicators
measure the impact of maintenance on the asset and ultimately
on the organisation.
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Figure 1 – Australian Rail Bridge Project Framework Module Structure

A comprehensive multi-criteria hierarchical framework for
maintenance performance measurement was presented in 2007
by Pardia and Chattopadhyay [14]. The following relevant
maintenance performance indicators taken from this document
are applied and compared against organisational railway
bridge requirements and targets:
Structure related indicators:
 Availability: The total time the structure is available
for unrestricted service. Restricted service or
downtime for maintenance reduces the structure
availability. This indicator is measured as a
percentage of uptime / (uptime + downtime).
 Performance: This indicator reflects the reduced
train speeds and loading due to structure deficiency.
It is expressed as a percentage of actual performance
over design performance. This indicator excludes
downtime due to maintenance.
 Quality: This indicator refers to track quality and
how it relates to passenger comfort. Flat and straight
track ‘top and line’ allows a smoother movement of
the train over the structure. Quality is measured by a
track geometry vehicle and rates the structure with a
‘track condition index’.
 Condition: This indicator is used to monitor
structural and non structural condition of the physical
asset. Condition is measured both qualitatively using
visual inspection and quantitatively using sensors /
non-destructive testing devices.
Maintenance task related indicators:
 Quality for maintenance tasks: Maintenance quality
has always been difficult to accurately ascertain.
Therefore the following broad categories are used:
Better than new, as good as new and as bad as old.
 Planned maintenance tasks: Time and cost measured
for planned maintenance activities.
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Level 1
Asset Type

Unplanned maintenance tasks: Time and cost
measured for unplanned maintenance activities.
Response time for maintenance: Time from fault
identification to the time train services recommence.

The BMS framework is to accommodate ‘structure related
indicators’ and ‘maintenance task related indicators’ to
capture the intent of the relevant organisation. The
effectiveness of maintenance processes are measured by
maintenance performance indicators and compared with
maintenance targets and requirements.

A. BMS Asset Register
Rail bridge asset details were traditionally stored in
categorised file systems for ease and speed of access. Today,
asset details are stored in one or many electronic databases
that may be connected to provide one location for
management and analysis. The database design and table
structure is dependent on the type of asset recorded. For this
project, a proposed table structure design is based on bridge
elements as shown in Figure 2. Special attention is given to
joints and bearings as these elements are troublesome and
additional asset details are recorded for condition monitoring,
cost estimation and deterioration analysis.
The proposed asset register complies with Austroads [15]
guidelines and will include tables to store design, operational,
environmental, historical, and criticality information. The
additional recording of detailed bridge categorisation
information will allow for broader maintenance policy
implementation, improved maintenance cost estimation and
analysis.
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Level 4
Component

Component,
Joints

Beam

Deck/Transoms,
Joints
Span
Arch/Multi Arch
Cross Girders,
Cross Braces,
Joints
Headstocks
Columns/Piles/
Foundations
Pier
Asset Type
(BRIDGE)

Sills/Wales

Corbel
Wing walls/
abutment sheeting
Ancillary
Bridge Escapes
Walkways/access
Services –
lighting, signals,
signs, etc

Feature Crossed

The proposed BMS is to ensure accuracy of decisions and
incorporates a Geographic Information System to capture,
store, manipulate, analyse, manage, and present
geographically referenced data. The BMS is modular in
design to allow for future expansion and improvements. The
following sections describe the key modules in the proposed
framework.

Level 3
Element

Truss

Health safety security and the environment indicator:
 Number of accidents/incidents: Is an indicator on the
safety practices and maintenance processes currently
in use.
Employee satisfaction indicator:
 Employee absentees: An indicator on staff happiness,
motivation and willingness to improve their own
maintenance skills and provide improvement
suggestions.

Level 2
Group

Bearings

Batter Protection

Attachments/
photos

Figure 2 - Bridge Asset Register Structure

B. Inspection and Maintenance
All rail agencies in Australia inspect their bridges at set
frequencies based on their internal bridge maintenance
standards. There are four common inspection types;
preliminary, general, detailed and engineering. The
preliminary inspection is conducted at least weekly via a
‘patrolman’ in an on-track vehicle where applicable. The
‘patrolman’ is not usually a qualified bridge inspector, but
they are trained to look for the symptoms of an underlying
bridge fault. The general inspection is conducted every one or
two years depending on structural material. In addition to the
general inspection, a bridge inspector also conducts a detailed
inspection every four to six years depending on the
organisational maintenance standard or policy. All
engineering inspections are conducted on an ‘as-needed’ basis
[16-19].
Many rail agencies have complex inspection frequencies
based on risk, construction material and bridge design. For
example, RailCorp has set a higher inspection frequency for
broad flange steel beams over roads. To give a comparison of
Australian rail bridge inspection frequencies for selected
agencies, the predominate bridge frequencies were categorised
into the most common bridge designs and presented in Table 2.
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Table 2 - Categorised inspection frequencies for Australian rail bridges

Agency
Queensland
Rail
QRNational
RailCorp
ARTC
KiwiRail
V/Line
NZTA

Steel and Concrete
General – 2 years
Detailed – 4 years
General – 2 years
Detailed – 4 years
General – 1 year
Detailed – 2 years
General – 2 years
Detailed – 6 years
General – 1 year
Detailed – 6 years
General – 1 year
Detailed – 3 years
General – 2 years
Detailed – 6 years

Timber
General – 1 year
Detailed – 2 years
General – 1 year
Detailed – 2 years
General – 1 year
Detailed – 2 years
General – 2 years
Detailed – 4 years
General – 1 year
Detailed – 6 years
General – ½ year
Detailed – 2 years
General – 2 years
Detailed – 6 years

The information recorded from bridge inspections includes;
bridge details, date of inspection, fault details, underlying
cause of fault and repair priority. The results from inspections
and maintenance works are stored in separate tables within the
maintenance system and historical data is kept in perpetuity.
This framework proposes to record element fault details that
allow deterioration prediction modelling and LCC
optimisation. The proposed fault recording method includes
multi-level categorisations as well as the following
information:
 Bridge name or number;
 Element name or number;
 Nature of the fault and cause;
 Level of severity or state and size;
 Percent of element at this level of severity or state;
 Maintenance priority and repair timeframe if
immediate remedial action is required;
 Recommended repair method.
The resultant information when coupled with the asset register
provides the full details of the element fault. A rating is
calculated to supply the BMS performance indicator derived
from the condition, criticality and safety. Deterioration
modelling is conducted from historical and field data to
provide a forecast of future condition.
C. Knowledge Database
Effective life cycle cost analysis requires the knowledge of
maintenance actions and the ability to determine expected
element life gained from the various maintenance alternatives.
The recording of the various preventative and essential
maintenance action effects on asset life and the methodology
employed to determine these gains are stored in the
knowledge database. Each maintenance action is linked to the
inspection condition state where the action would be effective.
The link between condition or fault and allowable
maintenance action is governed by the relevant agency’s
maintenance policy.
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An asset deterioration rate is dependent on many factors,
including environmental and operational conditions. It is
proposed that all major factors affecting deterioration are
recorded so they can be used in creating various deterioration
profiles in relation to available maintenance options. Profiling
of every maintenance option is a monumental undertaking that
is made simpler by developing maintenance classifications
based on similar deterioration processes. Historical
maintenance data from participating rail agencies is expected
to assist in the knowledge database development.
The knowledge database is also expected to store the cost of
repairs as a ratio based on the size of the repair. Cost
weighting factors are included in the asset register to account
for the geographical location of the asset and the difficulty to
gain access to conduct inspections and maintenance.
D. Maintenance Cycle
The final level of the proposed BMS framework is an
optimisation model which assists in identifying cost effective
maintenance strategies within a maintenance cycle. A multiobjective optimisation model using genetic algorithms has
been suggested for both single and multiple maintenance types
[20-21]. Their approach was to implement a maintenance
activity once an element reaches a set performance threshold.
While evaluating multiple maintenance options and
determining the optimal action, they considered only lowest
present cost value. It was identified that the lowest
maintenance cost is not always the lowest cost over the life of
the asset. As a result, this was later expanded to include
multiple performance indicators by Okasha and Frangopol
[22]. However, this method does not account for partial
repairs, repair quality or maintenance deterioration rates as the
effects of maintenance are hard to ascertain [22]. As a result,
this maintenance model was developed by considering that
maintenance conducted today has an effect on deterioration
and also future maintenance requirements. The quality and
method of repair provides a valuable input to the LCC
analysis. The optimisation model evaluates each maintenance
action alternative against the element’s current condition or
fault. The cost of repair and the life gained by the repair is
used to determine the optimal maintenance action. The
proposed maintenance cycle and modules are depicted in
Figure 3.
If an element is repaired by a method with a different
deterioration rate than the original structure, then two
deterioration rates could be calculated to determine future life.
The first one would be calculated for the original unrepaired
percentage of the element and the second for the percentage of
the element that underwent repair. The result will provide two
deterioration rates from which future life analysis could be
achieved. A repair or replacement may decrease the overall
life of the structure if the repair was of a lower quality or the
replaced element’s design created additional stress on the
surrounding elements. New repairs may also incur new
inspection schedules which will increase total life costs.
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Figure 3 - Proposed BMS Maintenance Cycle

Analysis module: This is the start of the proposed BMS
planning process. Once a bridge is constructed it immediately
starts to deteriorate at a variable rate dependant on design,
construction quality, environmental and operational
parameters. The deterioration models predict the future
condition of bridge elements based on current and future
parameters.
Optimisation module: This module uses the output from the
deterioration model to determine the best time and method of
repair or if any replacement structures or elements are
warranted. This is achieved by a five stage mathematical
optimisation process as shown in Figure 4. These five stages
determine priority, cost/benefit, LCC, element replacement
needs and if a total bridge replacement is cost effective. The
analysis is conducted on multiple repair method alternatives
available at each condition state of the structure. The process
determines the most cost effective solution which may include
leaving the structure to deteriorate to a lower condition before
implementing a more cost effective repair in the future.

Safety Issue
(High priority faults)

Worst condition or
highest rating bridges

Calculate costs estimates
for each repair option

Calculate estimated life
gained by each repair
option

LCC based on cost benefit
analysis and planning
horizon

Check if bridge or element
replacement is warranted

Results

Figure 4 - Optimisation Process for Essential Maintenance

The proposed optimisation module has the ability to run
‘what-if’ scenarios and provide the total cost of maintenance
actions in the future. Maintenance intervention alternatives
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have an impact on future condition which may not be highly
desirable. For example, a repair action may require a higher
frequency of preventative maintenance tasks to ensure
adequate life of the structure. To identify these issues before
implementation, the proposed BMS evaluates EM and PM
actions by separate methods during the maintenance cycle’s
optimisation module. The optimisation module is expected to
create a portfolio of projects to be completed within the
agency’s maintenance planning period.
Implementation module: The portfolio of works is issued to
the implementation team who schedule the projects according
to available resources and optimum cost benefit. Often, the
portfolio of projects is spread over the whole network and
planning concurrent projects near each other will reduce total
track closures and overall costs. Reducing track closures
minimises maintenance disruptions and maximises track
availability.
Improvement, monitoring and review: This module aims to
improve and review maintenance and system processes on a
regular basis. Maintenance performance measurement is
reviewed and performance indicators are tested to ensure they
meet the organisational strategic vision. Time and cost
elements are recorded into the knowledge database to
continually feed the optimisation module. New methods of
repair and innovations are also recorded in the knowledge
database and approved improvements are circulated via
procedural work method updates. Bridge maintenance
research conducted external to the organisation can be
reviewed for implementation into the agency. At completion
of each project, an inspection is carried out to determine the
repair quality for use within the deterioration module. As
more maintenance data is collected, the knowledge database
will improve and provide improved cost estimations and
deterioration modelling.
III. CONCLUSION
This paper reviews the proposed Australian Rail Bridge
Management Framework. The system aims to reduce structure
maintenance costs by using life cycle cost analysis for each
valid maintenance alternative. The proposed BMS offers
complex multiple deterioration models for each element and
provides an LCC optimisation model. A deterioration,
optimisation and simulation model is proposed in a
maintenance cycle to provide a workable framework. The
system offers a total bridge management solution with
predictive condition modelling and the ability to conduct
‘what-if’ scenarios.
Current and future work includes an asset categorisation
system, an inspection and maintenance recording system, a
cost estimation model for LCC analysis, deterioration models
for both existing structures and proposed repair actions, and a
multi-objective optimisation model.

ISBN 978-91-7439-379-8

ACKNOWLEDGMENTS
The authors are grateful to the CRC for Rail Innovation
(established and supported under the Australian Government's
Cooperative Research Centres program) for the funding of this
research project, Project No. R3.118. Project Title: Life Cycle
Management of Railway Bridges. Support from the following
Australian Rail Agencies: V/Line, TASRail, QRNational,
Queensland Rail, RailCorp and ARTC is also gratefully
acknowledged.
REFERENCES
[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

Australian Coal Association. "Coal Exports Details 2008 - 2009".
[Online]. Available: http://www.australiancoal.com.au/the-australiancoal-industry_coal-exports_coal-export-details.aspx. Accessed 20 July
2011.
J.S. Kong and D.M. Frangopol, "Life-cycle reliability-based
maintenance cost optimization of deteriorating structures with
emphasis on bridges". Journal of Structural Engineering, 2003, vol.
129(6), pp. 818-828.
M.J. Ryall, Bridge Management, 2nd ed., Amsterdam: ButterworthHeinemann, 2010.
M.J. Markow and B. Hyman, "Bridge Management Systems for
Transportation Agency Decision Making", Transportation Research
Board, Washington, DC, National Cooperative Highway Research
Program Research Report Synthesis 397, 2009.
T. Loo, D. Williamson and R. Quinton, "Bridge Expert Analysis and
Decision Support System," in Proceedings of the 9th International
Bridge Management Conference, 2003, Orlando, Florida:
Transportation Research Board.
W.E. Robert et al., "The Pontis Bridge Management System: State-ofthe-practice in implementation and development," in Proceedings of
the 9th International Bridge Management Conference, 2003, Orlando,
Florida: Transportation Research Board.
H. Hawk, "BRIDGIT: User-Friendly Approach to Bridge
Management," in Proceedings of the 8th International Bridge
Management Conference, 1999, Denver, Colorado: Transportation
Research Board.
P.D. Thompson, "Summary report: survey of Bridge Management
System decision support," Federal Highway Administration,
Washington, DC, 2006.
P. Prasad and D. Coe, "Implementation for a Bridge Management
System with the Australian Rail Track Corporation," in Proceedings of
the 2nd Small Bridges Conference, 2007, Gold Coast, Australia: Pitt
and Sherry (Operations) Pty. Ltd.
IBM Corporation, "Tivoli Maximo Asset Management," 2010.
[Online].
Available:
http://www.ibm.com/software/tivoli/products/maximo-asset-mgmt.
Accessed 2 November 2011.
Pitt and Sherry (Operations) Pty. Ltd., "BridgeAsyst bridge
management
system,"
2011.
[Online].
Available:
http://www.pittsh.com.au/. Accessed 2 November 2011.
Mermec Group, "RAMSYS Decision Support System - Bridges and
Structures,"
2009.
[Online].
Available:
http://www.mermec.com/ramsys/asset-types/247/1/bridges-estructures.php. Accessed 3 November 2011.
D.M. Frangopol, "Life-Cycle performance, management, and
optimization of structural systems under uncertainty: Accomplishments
and challenges," Journal of Structure and Infrastructure Engineering,
2011, vol. 7(6), pp. 389-413.
A. Parida, and G. Chattopadhyay, "Development of a multi-criteria
hierarchical framework for maintenance performance measurement
(MPM)." Journal of Quality in Maintenance Engineering, 2007. vol.
13(3), pp. 241-258.
Austroads, "Guidelines for Bridge Management – Structure
Information," Austroads Publication AP-R252, 2004.
QR, "Civil Engineering Structures Standard: Module 01 - Structure
Monitoring," 2008, QR: Brisbane, Australia.

231

[17]
[18]
[19]
[20]

[21]

[22]

ARTC, "Bridge and Structure Examination: General Requirements,"
2005, Australian Rail Track Corporation Ltd: Sydney, Australia.
RailCorp, "Civil Technical Maintenance Plan," 2008, Rail Corporation:
Sydney, Australia.
V/Line, "Inspection and Assessment of Bridges and Structures," 2010,
V/Line: Melbourne, Australia.
L.A.C. Neves, D.M. Frangopol and P.J.S. Cruz, "Probabilistic lifetimeoriented multiobjective optimization of bridge maintenance: Single
maintenance type," Journal of Structural Engineering, 2006, vol.
132(6), pp. 991-1005.
L.A.C. Neves, D.M. Frangopol and A. Petcherdchoo, "Probabilistic
lifetime-oriented multiobjective optimization of bridge maintenance:
Combination of maintenance types," Journal of Structural Engineering,
2006, vol. 132(11), pp. 1821-1834.
N.M. Okasha and D.M. Frangopol, "Lifetime-oriented multi-objective
optimization of structural maintenance considering system reliability,
redundancy and life-cycle cost using GA," International Journal of
Structural Safety, 2009, vol. 31(6), pp. 460-474.

232

ISBN 978-91-7439-379-8

Performance Based Railway
Infrastructure Maintenance:
Towards Achieving Maintenance Objectives
Stephen Mayowa Famurewa#1, Ulla Juntti*#2, Uday Kumar*#3
#

Division of Operation & Maintenance Engineering, Luleå University of Technology
Luleå, Sweden
*
Luleå Railway Research Centre
Luleå, Sweden
1

stephen.famurewa@ltu.se
2
ulla.juntti@ltu.se
3
uday.kumar@ltu.se

Abstract— The measurement and management of railway
infrastructure capacity has received increased attention in recent
years due to the pressing need to optimally utilized the existing
railway infrastructure capacity and as well create more capacity.
In a bid to improve the maintenance function and utilization of
the existing infrastructure, some of the infrastructure managers
(IM) reviewed their approach to outsourcing of maintenance
functions, giving larger responsibilities to maintenance agent
called contractors. The growing responsibilities of the
contractors are however resisted by some IM due to some
unresolved doubts. This paper discusses the outcome oriented
approach to maintenance outsourcing; performance based
railway infrastructure maintenance contracting with its issues
and challenges. A framework is described and performance
monitoring tool is proposed to enhance Performance Based
Railway Infrastructure Maintenance (PBRIM) contracting as a
strategy for improving the effectiveness of maintenance function.
Keywords— outsourcing, performance based railway
infrastructure maintenance, input, output and outcome
measures.

I. INTRODUCTION
The non-stationary business environment of the railway
transport requires continuous improvement of the maintenance
process from the strategic point of view to the operational
perspective. The demand for more effective maintenance is
increasing due to changing structure and demands of the
stakeholders, complex technology, legislations and also
business goal to optimally utilize the existing railway
infrastructure capacity and as well create more capacity.
Aggregation of all these factors is an obvious demand for a
dependable asset which consequently requires an effective
maintenance. This challenge could be approached by taking
advantage of the possibility of outsourcing due to its potential
benefits.
According to Campbell [1], outsourcing of maintenance in
whatsoever level should not be seen as automatic strategy to
achieving maintenance objectives. The outsourcing of specific
or general functions, maintenance services in packages or full
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service is not an undisputed path to maintenance excellence.
Though it could have the potential to cut cost, make the
maintenance more effective by improving the quality and
quantity of service by means of reducing failure interruption
of traffic. Martin [2] has explored the viable options of
contracting out maintenance activities and the consequences
of transferring maintenance management function to the
contractor. Espling [3] has also studied the different railway
infrastructure maintenance contracts within the Swedish
transport administration pertaining to scope, objectives, forms
and outcome. The result of her gap analysis pointed out
improvement areas and also risk areas.

The adoption of performance based maintenance contract
though not widely accepted in the railway maintenance is a
well established practice in road maintenance. Detailed
description of the business process of performance based road
maintenance contract and the in-depth study of its deployment,
evolution, monitoring and improvement have been studied [4],
[5], [6]. The national cooperative highway research program
provided a synthesis report of the state of the practice of this
outsourcing strategy in road maintenance [7].
However a successful deployment of performance based
maintenance contracting in the railway system will require a
robust performance management process. A critical system in
any performance management process is performance
measurement system [8]. Bititci [8] also identified two key
issues to be checked in the content and structure of a viable
performance measurement system as integrity and deployment,
these are vital for effective and efficient performance
management process. Kumar and Parida [9] analyzed the need
for maintenance performance measurement, issues on
maintenance performance measurement MPM were discussed
by them and they also reviewed the existing MPM systems.
Åhren [10] had also contributed to the identification and
development of maintenance performance indicator for the
railway infrastructure. All of these are instrumental in the

233

assessment of the value contribution of maintenance function
to the success of the business.
To harness the potential benefit of PBRIM contracting, a
well structured monitoring tool has been formulated to assess
the input, output and outcome of the maintenance outsourcing
approach. This monitoring tool will indicate the level of the
maintenance function and also the degree of asset preservation.
The monitoring tool helps the IM to assess the performance of
PBRIM contract and to identify improvement opportunities
and also make other decisions to achieve the maintenance
objectives and add more value to the business objectives. This
article however does not cover the detailed procedure, design
and contents of the PBRIM contract documentation.
II. HISTORICAL EVOLUTION OF MAINTENANCE IN SWEDISH
TRANSPORT ADMINISTRATION

Traditionally, infrastructure such as roads, railway,
communication networks, public buildings, dams, media
distribution facilities and other public facilities are owned by
governments. The maintenance of these infrastructures is done
by dedicated in-house maintenance departments [11].
However for several reasons among which will be expounded
later in this article there is a growing trend towards
outsourcing these maintenance activities to external agents
especially in Sweden, Finland and Holland.
The conventional structure of railway administration had
been combined responsibilities of both train operation and
infrastructure management. The demand for higher excellence
both financially and quality wise in the offered service and
infrastructure has led to several segregations and separation of
duties in the railway sector. The witnessed segregation in
timeline has been both vertical and horizontal segregation.
Over two decades ago, demands on increasing the
effectiveness and efficiency of railway transport and other
reasons of deregulation have led to the segregation of the
railways into traffic operators and infrastructure managers in
some countries. It has also become common to outsource the
maintenance activities of both the rolling stocks and the
infrastructure. A recount of the experience in Swedish
Transport Administration “Trafikverket” could be traced back
to 1988 when the Swedish railways was vertically separated
into two parts: the Swedish National Rail Administration,
with responsibility for the infrastructure management; and the
Swedish railways with responsibility of running train services
[12].
The tasks of the new infrastructure administration include:
the management responsibility of delivering train paths by
producing and selling capacity on the tracks to railway
companies and traffic organizations. It extends to the
development of the state-owned railway network by planning
and expanding the network for current and future passengers
and purchasers of transport [13]. The later responsibility
involves services and maintenance works on the infrastructure
to keep the asset in a reliable, available and safe state. As at
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this time the maintenance and renewal works were done with
in-house resources with little or no engagement of private or
external agents in the engineering works.
The restructuring process proceeded in 1998 when the
infrastructure administration was horizontally separated into
two parts: the infrastructure administration named Banverket,
and Banverket Production which had the task of maintenance,
rebuilding and new construction of the railway infrastructure.
This structure was often referred to as client-contractor, which
involves a service buyer - infrastructure administration, and a
service provider – maintenance contractor [14]. Since 2010,
the maintenance service provider has become an independent
state company competing with other private contractors in the
railway infrastructure maintenance contract market.
The contracting out of maintenance works to competitive
market started in 2001 with few players and few contracts.
The type of outsourcing differs in volume of work and
responsibility of the contractors. The involvement of the
maintenance service providers called the contractors in the
maintenance process also vary. However at the early stage of
the outsourcing, the labour and equipment of the contractors
were utilized while most of the engineering analysis and
technical function were done in house by the infrastructure
manager. The evolution of the maintenance function in recent
years has seen a greater involvement of contractors in the
maintenance management of the infrastructure. Some
infrastructure
regions
within
Swedish
Transport
Administration now employ outcome based or functional
contracting strategy. Figure 1 shows a picture of the evolution
of maintenance organization with different scenario in
timeline and parties involved.

Fig. 1: Evolution of railway infrastructure maintenance at Swedish Transport
Administration
1- All operations done by SJ, 2- traffic operations by SJ and infrastructure
management by Trafikverket, 3- Maintenance outsourced to a public company,
4- Competitive contractor market with single or bundled activities being
outsourced, 5- Full maintenance service outsourced with performance
specification.

In this new trend in maintenance outsourcing, the contractors
become largely involved in the maintenance process not only
at the operational level but also right in the strategic level.
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III. PERFORMANCE BASED MAINTENANCE CONTRACTING
It is the management practice of transferring or
subcontracting some functions, activities and responsibilities
performed in-house to external agents with a specified level of
service to be met. A performance based maintenance
contracting is an approach to contracting that provides
incentives and penalties to the contractor to achieve specified
targets for measurable outcomes and outputs [7]. The
performance measures are related to the condition of the
different asset type and also the outcomes of maintenance on
operation, safety and economy.
There are different levels and different scenarios of
maintenance outsourcing. Murthy [11] described the various
contract scenarios based on the activities that is outsourced.
The three key responsibilities differentiating these different
scenarios are who determines: (i) What asset type to be
maintained (ii) When to maintain (iii) How to maintain. The
scenarios of outsourcing could also be explained using the
responsibilities of client (i.e. Infrastructure Manager) and
contractor in the maintenance process. Table 1 depicts the
possible outsourcing scenarios. The scenario where the
contractors have major responsibilities to decide what, when
and how questions, is referred to as the performance based
maintenance. A remarkable feature of performance based
maintenance is that asset owner or IM does not specify the
maintenance technique but rather define the performance
requirement of the maintenance function. Its appellation
differs in various industries and part of the world but the
concept remains the same. It is often called functional
guarantee contract, performance based contract, output based
contract, full service maintenance, performance specified
maintenance
contract,
total
maintenance
contract,
performance contract etc.

Stremersch et al [15] has also described outsourcing based
on two dimensions of service packaging/bundling and
extension in customer need. The first dimension focuses on
the maintenance service offer; is it single unbundled service or
complete bundled maintenance service. The later describes
the extent to which the customer needs are satisfied.
The different types of performance based maintenance
contracts could be distinguished based on these two
dimensions of activity scope and asset coverage [7], [14]. It
could be a single activity such as snow cleaning, grinding,
lubrication or single asset such as track maintenance, tunnel
maintenance, level crossing maintenance. It could be more
comprehensive in the form of work package on few asset
types such as maintenance of all track structures, maintenance
of all signal facilities. Furthermore a more intensive
performance based maintenance contracts entails bundling of
nearly all the maintenance activities on all infrastructure asset
types for a contractor or a team of contractors with an
expectation of a certain level of outcome. Figure 2 shows the
two dimensions and the different types of performance based
maintenance contracting.

TABLE I
OUTSOURCING SCENARIOS

Activities

What

When

Planning
Scheduling
Execution
Assessment

Yes
Yes

Yes
Yes

Improvement

Yes

Responsible
Actors

How Risk
owner

Contracting
Fig. 2: Performance based maintenance contracting strategies based on
method of delivery

IV. MOTIVATION FOR PERFORMANCE BASED MAINTENANCE
CONTRACTING

Yes

IM

IM

IM

IM

In-house

IM

IM

MC

IM

MC

MC

MC

MC
+
IM

Traditional
Outsourcing
Full service
PBRIM

MC- Maintenance Contractor
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The motivation and advantages of performance based
maintenance contracting as identified by national cooperative
highway research program [7] include;
1.
2.
3.
4.
5.

Potential to reduce maintenance costs
Potential to improve level of service
The transfer of risk to the contractor
It encourages practical innovation
Better competence and skills with higher availability

235

6.
7.
8.
9.

Enhanced asset management
Change in performance criteria from a focus on
inputs and outputs to customer-oriented outcomes
Reduction in contract administration requirements
Promise of stable financial obligation and reduced
lifecycle cost

requires a well structured procedure or framework. This
practical framework of a PBRIM could be distinctively
separated into four stages and each of the stages has its own
element which must be well studied, defined and structured to
enhance the potential of this outsourcing technique.

V. ISSUES OF PERFORMANCE BASED MAINTENANCE



Initiation or conception stage



Design or development stage



Implementation stage



Monitoring and Control stage

CONTRACTING

The fundamental issues to be addressed in outsourcing of
maintenance activities were discussed by Campbell [1]. The
readiness of the company to outsource, what to outsource and
six practical steps to evaluate the outsourcing process are the
major issues addressed by Campbell, check [1] for further
reading. In railway infrastructure maintenance, these issues
could be technical, management, economic or legal.
The risks of outsourcing maintenance activities are perceived
to be higher if the PBRIM is employed compared to other
outsourcing approaches. Maintenance of railway infrastructure
was admitted to be a core activity for the infrastructure [16]
while some other literatures referred to it as a
strategic/significant support function. Moreover with due
consideration to both views, the potential benefits of PBRIM
could be harnessed. The significance of PBRIM is very high
for infrastructure manager since maintenance is a strategic
function which has high influence on the business success. An
unforeseen or unnoticed deficiency in maintenance service by
the contractor would not only be of operational and economic
impact but could also be catastrophic. This thereby informs a
framework for the initiation, design & procurement and
implementation for PBRIM. It further demands a well
structured and robust monitoring system for the appropriate
performance measures.
It is very important for business owners (infrastructure
manager in the context of this article) to carry out a proper
evaluation of the implications of outsourcing their
maintenance. If done properly, outsourcing can be more
effective than in-house maintenance, facilitating the
achievements of maintenance objectives and greater business
productivity. For successful PBRIM contracting, it is also
necessary to investigate the possible challenges of the
approach.
VI. FRAMEWORK FOR PBRIM CONTRACTING
The involvement of external agents in the management of
maintenance means a large influence of these agents on the
productivity of the client. The deficiency of the maintenance
function under PBRIM when unnoticed could be costly,
catastrophic and in worst scenario lead to the exit of the client
in business. The attainability of the maintenance objectives
(dependable asset, safe and comfortable traffic and also
support for capacity expansion) together with the
sustainability of the relationship of the client-contractor

236

A. Initiation or conception stage
This is the first stage in the process of PBRIM contracting, it
is essential to check the readiness of the IM to employ this
strategy. The existing IM maintenance policy, tradition,
business objectives, regulations and government legislations
should be properly checked for conflicts. It is a preliminary
assessment of the feasibility of PBRIM, this entail an initial
comparison analysis of the possible alternatives for getting the
job done. This entails a methodological identification of the
need for PBRIM, and also justification of the evaluation
criteria for the decision for PBRIM. At this stage in a critical
assessment of the business environment and criteria for
PBRIM, it is of necessity to answer the questions below:
Are the in house resources, skills and competence
insufficient to meet the desired criteria?
What are the deficiencies in the employment of
traditional outsourcing strategy where single maintenance
services are outsourced or services are bundled in packages
with specification of maintenance technique or methods?
Are the evaluation criteria specific, measurable,
achievable and realistic under the specified conditions?
The above questions are guidelines for the assessment of the
appropriateness of PBRIM at the conception stage. Clear and
positive answers to this preliminary assessment would be a
spring board to the second stage of the process towards a goal
oriented maintenance function under the PBRIM approach.
B. Design and development stage
This is a significant part of the framework as most of the
work is done here. A logical design and development of the
PBRIM contract is needed for objective oriented infrastructure
maintenance. It is no automatic path to maintenance success
thus a gradual build up of the elements of this stage is of great
importance. This is the core of PBRIM since its success
depends on it. The elements of this stage include;


Definition of responsibilities and conditions of assets



Determination of incentives and disincentives



Performance measures, targets and procedure



Procurement
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All the four activities mentioned above must be well
designed; their procedures and modalities should be clearly
stated.
The infrastructure manager should specify what is expected
of the contractor in terms of cooperation forms,
responsibilities and scope of the contracts. Though the
maintenance technique or policy is not given but the vivid
description of the railway lines to be maintained should be
given. The asset register should be updated with a detailed
description of the asset condition. It is also needful to define
the responsibilities of the IM for conflict avoidance and other
undesired negligent scenario.
A significant issue to be addressed in any maintenance
program is the degradation of the asset. Since degradation is
connected to the operational profile, or traffic on the
infrastructure, it is the responsibility of the IM to ensure the
traffic characteristics agreed upon. Changes in traffic volume,
speed, axle load and other traffic parameter should be
communicated to the contractor for a review of maintenance.
Also important to mention about the condition of asset
during the contract are the boundary conditions, which can
affect the outcome of the maintenance function. Boundary
conditions in a PBRIM contract are those factors that
might alter the maintenance deficiency beyond what the
contractors are able to have any influence over. It is necessary
to consider factors such as climate (snow, wind and
thunderstorm), especially when setting the expected outcome
for contract.
Another important element at the design stage is the
determination of what to do when the performance target is
either surpassed or not met (Incentives/disincentives). The
target should preferable be in a range, the upper limit, which
is often called the goal limit and the lower limit often referred
to as the contractual limit. This specifies the performance
level for incentives to encourage maintenance excellence and
disincentives to penalize poor maintenance performance. The
gainshare- painshare mechanism as described by [17] is
relevant in the design of the reward and penalty for the
performance of both the contract.

Contractual limit
(y% below target)

Goal limit
(x% above target)

Acceptance

Target
Incentive

Penalty

Performance measure
Fig. 3: Prototype of performance target

The third element is the core of this research, creating a
monitoring tool for the performance of the PBRIM contract.
The performance measures, targets and the procedure should
be developed before the maintenance procurements. The
questions of what to measure, how to measure and also the
target to meet are cogent for the success of PBRIM and thus
should be really given enough concentration during the design
stage. A detailed description of the monitoring tool is given
later in the article.
The procurement process of the maintenance comes before
the PBRIM outsourcing technique is implemented. A multicriteria decision making technique might be needed to
examine the potential contractor market for the desired
contractor selection criteria. These criteria might include;
contractor’s technical understanding of the maintenance work,
organisational competence or staffing, past experience, cost
and so on. For further reading on low bid- best value
procedure and detailed procurement process for a typical
performance based maintenance contract we refer to [7] and
[5].

C. Implementation stage
This is the stage where the PBRIM is introduced into the
railway infrastructure management. The contractors take over
the maintenance function with focus on meeting the
established targets. The IM assesses and monitors the
A well designed risk reward process will contribute performance of the contractors and deficiency is penalized
immensely to the success of PBRIM as both IM and with disincentives while excellence is rewarded with
contractors are confident that their respective goals will be incentives. A necessary factor of this stage is the sustenance
reached. The risk taken by contractors to meet some of a successful working relationship (partnering) between the
performance target will be rewarded when met which leads to IM, contractors and other stakeholders. The efficient
good return for the contractor and dependable asset for the IM. management of the different interfaces is a key factor to
This encourages the contractor against unnecessary cost success. The framework for partnering developed by Olsson
cutting which could be detrimental to the infrastructure & Espling [14] could be used in addressing the relationship
performance. A typical risk and excellence reward process is factor in this outsourcing approach. In coherence with the
shown in figure 3. The target for any performance measure outsourcing approach considered in this article, the most vital
(asset based) is not a fixed value as it is a constraint function factors of partnering relations that could influence the
which depends on inherent capability of the asset, operating outcome of PBRIM are partnering process elements and
condition, age, environmental condition.
success elements as described by Olsson & Espling [14].
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These factors should be considered for the hitch free
implementation of PBRIM to enhance the potential for
achieving the business goal and create an innovative climate.
In addition, emphasis should be laid on feedback management,
client contractor meetings and effective communication,
contract review process, conflict resolution, goal clarification,
good flow of information and data between clients and
contractors (this data should include, failure data, maintenance
data, operation data, renewal data, condition data of
infrastructure and also rolling stock). The frequency of the
client contractor meetings could be high at the commencement
and gradually reduces as the volume of pressing issues and
conflicts would be reducing with time. Nonetheless it is
expedient to have periodic schedule for the meeting (monthly,
quarterly etc) to review the outsourcing process, especially the
performance target. Furthermore it is necessary to involve the
manufacturers, suppliers, and train operators at some points in
this relationship management as they are significant
stakeholders that could influence the potential of this approach.
D. Monitoring and Control stage
It is supposed that the monitoring tool or technique would
have been designed at the earlier stage of this process. The
monitoring tool or technique specifies what is to be assured in
terms of both quality of the asset and quality of the service.
During the period of the contract, the major responsibility of
the IM is to manage the contract by implementing the
designed monitoring tool and resolve issues that evolve. The
strategic monitoring and control of the maintenance checks
the input and output of related activities, work and processes.
It also checks consequential outcome of the maintenance
function as well as some other requirements and specifications
in the contract. This involves some relevant analysis and
improvement suggestions. The monitoring is a continuous
process, though the data for some measures are collected on
asset specified frequency. Data collection that requires track
possession for infrastructure inspection depends on the
inspection regulation for maintenance or safety needs. Other
measures could be monitored randomly, periodically or based
on complaints by users.
VII. PERFORMANCE MONITORING TOOL FOR PBRIM
As mentioned in previous section of this article, the core of
this research is the development of a monitoring tool to follow
up the outcome of the discussed maintenance outsourcing
strategy for railway infrastructure. There is need to assess if
the specified performance target is achieved by the contractor.
An early detection of gap or disparity would alert the
infrastructure manager for quick intervention.
Kumar & Parida [9] emphasize on the need to develop
formal measures of maintenance performance to evaluate,
control and improve the maintenance activities for ensuring
achievement of organizational goals and objectives. In a
strategy such as examined in this report PBRIM, the
underlying concept for its formulation is specification of
maintenance performance and not maintenance strategy, the
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measurement of the maintenance performance becomes of
extreme significance for the infrastructure manager.
MPM is a complex task involving the measurement of
various inputs and outputs and also outcome of the
maintenance process. Kumar & Parida [9] in their MPM
system emphasized the need for the performance measures to
consider different perspectives and components of the
maintenance process in an integrated manner. The
performance measures should be robust enough to detect
shortfalls, predict negative consequences and perhaps insight
into the root cause. The intriguing questions are what to
measure, how to measure and how to extract necessary
information about the level of service of the PBRIM
contractors.
Åhren [10] had identified and analyzed some performance
indicators for railway infrastructure. Some of the indicators
are used in the development of the monitoring tool for PBRIM
contract; additional specific measures are also gathered from
literature surveys and also synthesis of similar practices in
other industries.
In the development of the robust performance monitoring
tool for PBRIM, the different stages of maintenance process
were put into consideration and a three component tool was
formed. This tool monitors the maintenance to quantify its
efficiency and effectiveness, and the components are




Input measures
Output measures
Outcome measures

A short description of these measures is shown in figure 4 and
thereafter explained in the succeeding text.

TECHNICAL
SYSTEM

INPUT

OUTPUT

TRAFFIC OR
SERVICE

OUTCOME

Fig. 4: Components of a PBRIM monitoring tool

1) Input Measures: The commitment and effort of the
contractor into the maintenance process can be assessed. The
resources which are expended on the maintenance service
could be collected and analysed. The resources include;
•
•
•
•

•

Number and skills of crews at the time of
establishing maintenance work
Total maintenance man hour per track
kilometer or per asset type
Technology and innovation of the
contractors
Number of training for personnel (quality
improvement, safety, capacity
development).
Number of infrastructure improvement
suggestions
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The input measures could serve as lead indicators since they
are performance drivers which stir maintenance performance.
Some other literature referred to this tool as forecasting tool.
Though the infrastructure manager does not specify the input
parameters into the maintenance process in PBRIM,
nonetheless a robust monitoring tool requires a follow up of
the input resources for early detection of deficiency which
could lead to failure to meet the maintenance objectives.
2) Output Measures: The direct result of the
maintenance process is referred to as output; it also defines the
rate of performing the maintenance activities. Output
measures consist of some direct maintenance service measures
such as response time, mean time to repair and number of
failures. These are intermediate measures between input
measures and outcome measures as they give some
information about the level of performance of the PBRIM.
More detailed measure that gives clearer indication of the
influence of the maintenance work on asset condition, asset
performance and business success is the outcome measure.
Examples of the output measures are:
•
•
•
•
•
•
•
•
•

Logistics Delay (Response timeliness)
MTTR
MTBF
Number of maintenance backlog
Achievable availability
Corrective maintenance hour/ Total
maintenance hour
Actual maintenance to planning estimate
(overdue)
Number of reported failure
Task rate: Rate at which some preventive
maintenance tasks or inspection are being
executed. For example;
 Length of track ground per
specified time.
 Length of track inspected per
specified time.
 Length of track tamped per
specified time.

3) Outcome Measures: These are lagging indicators that
give the level of performance of the maintenance process. It is
an indication of the quality of the maintenance process and
quantification of benefits or additional value of the
maintenance to traffic operation. They provide basis for
assessing the deviations of performance from targets after the
completion of the maintenance activities. The outcome
measure could be divided into strategic areas representing the
basic maintenance objectives.
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TABLE 2
OUTCOME MEASURES

Objectives
Safety

Strategic/
Result areas
Safety
Performance

Environmental
Performance
Cost
effectiveness

Cost
performance

Dependability

Asset Quality
Performance

Comfort

Customer
oriented
performance

Measures
• Number of
accidents/incidents
• Derailments
• Number of Level
crossing accidents
• Noise, vibration
• Maintenance cost per
tonnage kilometre
• Maintenance cost per
train kilometre
• Maintenance cost for
corrective maintenance?
• Track quality index
(Q-factor)
• Number of defects per
track kilometre
• Number of failures per
track kilometre
• Number of inspections
remark
leading
to
corrective maintenance
per track kilometre
• Maintenance hour per
train kilometre
• Maintenance hour per
tonnage kilometre
• Number
of
speed
restrictions and number
of affected train.
• Delay
hour
per
passenger kilometre
• Number of traffic
influencing functional
failure per track km
• Freight train delay hour
per tonnage kilometre
• Q-factor

Note: All the measures are only infrastructure related quantification

VIII. DISCUSSION
A well structured PBRIM offers the potential for achieving
the maintenance objectives, making the support function more
effective in terms of its contribution to quality and quantity of
train operations. It is important to comment that maintenance
expertise within the client’s (IM) organization should not be
wholly discarded; they are needed to administer and supervise
PBRIM contracts. This is necessary since the inspection of the
asset and monitoring of the performance of the contractors is
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retained by the IM. In addition the renewal or new investment
should be the sole obligation of the IM, the strategy for this
should be developed by the IM and not the contractor [16].
The collaboration between the contractor and the IM should
not be underestimated as this might be helpful in developing a
good maintenance strategy. The contribution of the IM
maintenance expert would be valuable for the success of the
PBRIM due to the long term experience and knowledge with
the infrastructure.
The performance measurement procedures should be
handled by the IM and the result of the analysis should be
promptly addressed for improvement. As practiced in road
maintenance, a third party might be employed for the
measurement procedure [7], though this might result in
reduced need for skilful expert within the IM organization
which is undesirable. However the performance measurement
procedure should be clearly known by the contractor. In
addition, collaboration between the IM and contractor in the
analysis of the performance measure and target would
enhance the identification of improvement area in the
maintenance process.
The performance target should be specific, realistic and
should reflect the past performance, present state and traffic
operation on the infrastructure. Standards and Benchmarks
could be used in developing the target where necessary. It is
important to review the performance target since it is dynamic
and a function of the age, usage profile, and environment of
the asset. A review of the outsourcing process including the
target should be initiated when the target are not met and not
just a kick out of the contractor
IX. CONCLUSION
PBRIM contract is a tool for achieving maintenance
objectives if the environment and philosophy of the IM is
affirmed suitable. This article has identified important
considerations and framework in the development and
implementation of PBRIM. With the three level monitoring
tool, the performance of a PBRIM contract can be assessed
and tracked for early detection of deficiency in maintenance
and also for improvement. The earliest alarm or signature for
deviation from objective oriented maintenance could be seen
in the input measures, since the IM would not want to wait till
the end of the contract or for a catastrophic consequence of
the maintenance deficiency before they act. On the second
level, the output measure, this could serve as both lead and lag
indicators depending on the process and perspective of the
analysis; however, clue could be extracted on what the
performance of the PBRIM could be ahead of time. Also
unnecessary cost cutting at the detriment of the level of
service of the maintenance function could be detected. Finally
at the end of the contract or at any other instance where
review is necessary, the output measures are useful for
assessment of the performance of the PBRIM. A deployment
of a well structured PBRIM contract with an effective
monitoring tool is potent towards achieving maintenance
objectives.
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Abstract— The overall transport policy objective of Sweden is to
ensure economically efficient and sustainable transports for
citizens and businesses throughout the country. This objective is
divided into a functional goal related to availability and a
considerate goal related to safety, environment and health. These
objectives are in turn manifested and deployed within
Trafikverket (Swedish Transport Administration).
Audits and experience show that Trafikverket has to more
clearly link the effects of maintenance to the transport policy
objectives. In order to support this linkage, Trafikverket has
decided upon a strategy for operation and maintenance. This
strategy outlines different measures and goals that are related to
the Quality of Service (QoS), e.g. punctuality, robustness and
safety of travels and transports, and linked to operation and
maintenance.
One important part to further support this linkage is a riskbased dependability approach for continuous improvement that
deploys overall availability requirements, supports an analysis of
faults in technical systems and their consequences, and also
supports the selection of effective and efficient dependability
actions.
This paper describes some risk and dependability initiatives and
experiences
within
Trafikverket
(Swedish
Transport
Administration) to link maintenance performance measurement
and management to overall objectives, with a focus on railway
and availability-related indicators. Qualitative data was collected
through interviews, workshops and document studies, while
quantitative data was collected through data bases. As a
framework for analysis, international standards within the risk
and dependability areas were applied.
Keywords— Risk, Dependability, Availability, Maintenance,
Quality of Service (QoS), Railway, Sweden

I. INTRODUCTION
Trafikverket (Swedish Transport Administration), as all
other authorities in Sweden, should be managed efficiently,
take care of the state’s resources, comply with present
applicable laws and obligations, and present its performance
in a reliable and fair manner; see SFS(2007:515) at [1].
Trafikverket has the responsibility for long-term planning
of the transport system for road, rail, maritime and air traffic.
The administration is also responsible for the construction,
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operation and maintenance of public roads and railways. In
addition, Trafikverket is responsible for ensuring that the
entire road and rail sectors are developed in accordance with
the transport policy objectives determined by the Swedish
Parliament. The overarching transport policy objective is to
guarantee provision of transport systems for citizens and
businesses throughout Sweden which is socio-economically
efficient and sustainable in the long term. This objective is
divided into a functional goal related to availability and a
considerate goal related to safety, environment and health.
These objectives are in turn manifested and deployed within
Trafikverket. [2]
The volume and content of maintenance is decided upon
during the long time planning, which also includes new
investments in infrastructure. One prerequisite for efficient
maintenance management is that the information about
maintenance needs and costs are reliable and sufficient.
Otherwise, there might be an erroneous estimation of the
needs, and available resources can be used erroneously. Some
of Trafikverket’s challenges related to maintenance planning
are [3]:
•
assessment of maintenance actions and their effect
with regard to strategic goals;
•
knowledge about the linkage between maintenance
actions and the effect on travellers and cargo
customers;
•
knowledge about which factors that affect the need
of maintenance;
•
model and criteria for prioritization of
maintenance actions;
•
overarching condition measures for different asset
types;
•
central information systems with relevant
information.
These challenges can to some extent be met by the
provision of appropriate information logistic solutions to all
stakeholder of the maintenance process through utilization of
new and innovative Information & Communication
Technology (ICT), i.e. the approach of eMaintenance [4], [5],
[6], [7], [8]. One important part of this solution is
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Computerized Maintenance Management Systems (CMMS)
that contain relevant data and information for maintenance
purposes. However, in order to achieve a true risk-based
maintenance approach that considers overarching strategic
goals of an organization, it is also necessary to apply
principles, frameworks, processes, methodologies and tools
from both the risk and dependability management areas.
The purpose of this paper is to describe a proposed riskbased dependability approach to link maintenance
performance measurement and management to overall
objectives. The description is based on a case study of
Trafikverket with a focus on railway and some proposed
availability-related indicators.
The remaining part of this paper is outlined as follows. First
there is a short description of the applied study approach.
Then, there is a description of the case study, with a focus on
the proposed risk-based dependability approach and
availability-related indicators for railway. Finally, the paper
ends with a brief discussion about the results and experiences
of the study and gives some possible directions for further
development.
II. APPLIED STUDY APPROACH
Based on the stated purpose, the following research
question was formulated: How can a risk-based dependability
approach be used to link maintenance performance
measurement and management to overall objectives of an
organization? Based on systematic selection criteria [9], a case
study was selected as an appropriate research strategy to
answer the stated research question. Due to accessibility and
available resources, it was decided to study the current
practices within Trafikverket, which also enabled the use of
action research [10], [11]. Hence, the paper describes some of
the context and practices of risk and dependability
management within Trafikverket from a strategic point of
view. Empirical data has been collected through action
research, interviews, document studies, observations and data
bases. The analysis is based on relevant theories and practices,
e.g. within risk and dependability. Finally, the paper has been
reviewed by key informants and roles in order to verify its
content.
III. STUDIED RISK-BASED DEPENDABILITY FRAMEWORK
In Sweden all authorities have to identify hazards within
their area of responsibility that can lead to damages or losses;
see SFS(1995:1300) at [1]. Furthermore, the authorities have
to estimate associated risks and their present and potential
costs. Each authority shall make a risk evaluation and take
proper actions for risk reduction or control. From a strategic
point of view, a risk can be classified as any event or
circumstance that has impact on the following [12]:
•
objectives that are aligned with and support the
mission;
•
operations with an effective and efficient use of
resources;
•
reliable operational and financial reporting;
•
compliance with applicable laws and regulations.
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To manage the above risks, Trafikverket aims at Enterprise
Risk Management (ERM). One reason is that ERM provides
principles and a framework that includes processes,
methodologies and tools used by organizations to manage
threats and seize opportunities related to the achievement of
their objectives and value creation for its stakeholders [12],
[13], [14].
Within Trafikverket ERM is promoted through a risk
management framework that aims at the integration of riskrelated areas such as: internal control, dependability
management, traffic safety, security, information security,
health and safety, environment, quality, continuity
management, work environment, code of conduct, compliance,
and insurance (see Figure 1).
INTEGRATED ENTERPRISE RISK MANGEMENT
Risk management
Continuity management
Incident management
Crisis management

Dependability
management

Internal
control

Traffic
safety

Information
security

Quality
management

Code of
conduct

Fig. 1 Principle of integrated Enterprise Risk Management (ERM)

As a foundation for this integration Trafikverket has a
strategy with governing criteria for internal control and risk
management that is based on the principles, framework and
process of ISO 31000 (risk management). The reason for this
selection is that ISO 31000 is intended to harmonize risk
management processes in existing and future ISO-standards
[14]. As a consequence, existing ISO-standards will adapt
their risk-related vocabulary to ISO 31000 once they are
updated. Hence, the use of ISO 31000 will support an
integration of diversified risk-related areas. The risk
management process applied within Trafikverket is illustrated
in Figure 2.
g
p
1

2

Establish context
Setting the scope
and risk criteria for the
risk management policy

Risk identification
Identification of
opportunities and threats

4

3
Risk analysis
Estimation of probabilities and consequences

Risk evaluation
Is the risk acceptable?

Yes

No

5b

5a
Risk treatment
Through decision about
acceptance

Risk treatment
Through decision about,
e.g. avoidance, reduction,
or transference

6

Aggregation of risk
To next level of responsibility
if not possible to treat
within own mandate

Fig. 2 Generic risk management process applied within Trafikverket

As seen in the risk management process, after selection of
approach for risk treatment (e.g. acceptance, avoidance,
reduction or transference, treatment), more specific actions
should be selected if the risk is not acceptable. To guide the
selection of action for risk treatment, the ‘Four step principle’
should be applied within Trafikverket. See Figure 3 for an
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illustration of the ‘Four step principle’ in a dependability
perspective, which shows the relationship between the four
steps as prioritized actions for risk treatment.
Transport system

2
Operation

3

4

Maintenance

Modification

System services

1
Stakeholder
requirements

Felkonsekvens

Fig. 3 The ‘Four step principle’ as actions for risk treatment illustrated in a
dependability perspective, inspired by SS 441 05 05

This paper focuses on the first area, i.e. the deployment and
linkage of dependability objectives and results. To manage the
deployment and escalation of dependability measures, as well
as their planning and follow up, throughout the different
hierarchies of Trafikverket over time, different types of
support are used, e.g. management models and software
adapted for the balanced scorecard logic. At Trafikverket the
risk management process described in Figure 2 is integrated
into the work with the balanced scorecard, which together
with guidance of the ‘Four step principle’ supports an
identification of appropriate dependability activities to treat
risks that are not acceptable. Simultaneously, risks that might
affect the fulfilment of dependability goals can be managed in
the same manner. See Figure 4.
Transport policy goals

When more specifically considering the risk area of
dependability management, it is decided that Trafikverket
should rely on available standards, e.g. the IEC 60300-series.
More explicitly, when considering maintenance tasks and their
frequency from a risk-based dependability approach,
methodologies like Reliability Centered maintenance (RCM)
are of interest, which is described in standards such as IEC
60300-3-11 and SAE JA 1011. When explicitly considering
maintenance performance measurement and management the
standard EN 15341 for maintenance key performance
indicators is of interest.
There is also dependability standards applied within
Trafikverket that are more specifically aimed at a certain
application area, e.g. EN 50126/IEC 62278 for railway.
With the aid of the framework described above it is
possible to support an integration of dependability
management into Trafikverket’s overall governance, strategy
and planning, management, reporting processes, and policies.
However, to achieve this integration it is also necessary to
consider the management principles of Trafikverket. These
management principles are primarily by objectives and results,
and secondly by mission, where the latter can be divided into
projects or administration. There are also other important
management principles, e.g. management by rules due to the
safety criticality of railways. Hence, based on applied
management principles, there are mainly four areas were
dependability management aspects should be considered:
•
Dependability-related objectives and results that
are deployed and linked from the highest strategic
level to an appropriate level of the infrastructure.
•
Management system, i.e. the performance,
effectiveness, and applicability of included
dependability-related processes, methodologies
and tools.
•
Modification projects that range from large
investments in new infrastructure (a budget of
more than four billion SEK) to smaller
reinvestments of existing infrastructure, which
should be viewed in a life cycle perspective.
•
Administration, i.e. operation and maintenance of
infrastructure assets.
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Fig. 4 Principle of the application of Balanced scorecard within Trafikverket,
with the consideration of risks integrated

The general transport policy goal stated in the national plan
is: “to guarantee provision of transport systems for citizens
and businesses throughout Sweden which is socioeconomically efficient and sustainable in the long term”. In
the current national plan for the time period of 2010-2021, a
new way to deploy the policy goal into goals for the
infrastructure system was introduced, which focuses on the
transport service provided to the customers. The operation and
maintenance strategy documented in the national plan presents
goal levels for six Quality of Service (QoS) that are judged to
be important for the customers. These QoS are ‘Punctuality’,
‘Robustness’, ‘Traffic information’, ‘Comfort’, ‘Safety’ and
‘Usability’. All these QoS are given three different goal levels,
i.e. ‘basic’, ‘+’ and ‘++’. The asset classes and the different
QoS levels form a matrix that should be deployed to goals for
the infrastructure system. In Table I the goal levels for the
different QoS and asset types for 2021 are illustrated, while
quantified goal levels for 2021 is given in Table II.
Punctuality is measured by comparing the registered actual
time for train arrival at stations with the planned time stated in
the timetable. Different time margins are used to evaluate if a
train is punctual, i.e. on time according to the timetable. Most
frequently, ‘Right Time + 5 minutes’ (RT+5) is applied.
Hence, a train that arrives less than six minutes after the
scheduled time is classified as punctual. The principle for
calculating punctuality is stated in Eq. 1.
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Punctuality =

(Number of trains arriving within RT+5)/
(1)
(Total number of trains passing the station)

TABLE I
LEVELS OF QUALITY OF SERVICE (QOS) FOR DIFFERENT ASSET CLASSES.

Quality of
Service
(QoS)
Punctuality
Robustness
Traffic
information
Comfort
Safety
Usability

Asset class
1

2

3

4

5

++
++

+
++

Basic
+

Basic
Basic

Basic
Basic

++

++

+

+

Basic

+
++
Basic

++
++
Basic

+
++
Basic

Basic
++
Basic

Basic
++
Basic

TABLE II
QUALITY OF SERVICE (QOS) WITH RELATED GOALS AND LEVELS FOR 2021.

Quality of
Service
Punctuality

Punctuality

Robustness

Traffic
information
Traffic
information
Comfort
Comfort

Safety

Safety

Usability

Goal

Basic

+

++

Punctuality (%)
Hours of train delay
caused by the
infrastructure per
produced
trainkilometers (#)
Maximum duration
before a connection is
restored after a bigger
disturbance, e.g. storm,
landslide etc. (days)
Web-based planning for
travelling based on all
means of transportation.
(#)
Satisfied customer
index (%)
Q-number
Satisfied customer
index (%)
Killed or severely
injured while travelling
or transporting due to
deficiencies in
operation or
maintenance. (#)
Vehicle damages due to
deficiencies in
operation or
maintenance. (#)
Availability of services
that make travelling
possible for all, e.g.
escalators, elevators etc.
(%)

82

87

93

120

100

55

8

4

2

-

-

Available
in three
big cities
in 2012

70

80

85

65

85

90

50

75

85

-

-

0

-

-

Shall
decrease

99

-

-

Punctuality is a good measure of the QoS aimed at the
customers of the transport service. However, since the
punctuality measure does not contain any information about
the causes of why a train was unpunctual, it cannot easily be
deployed from the service level to the transport system level,
i.e. the rolling stock and infrastructure. In Trafikverket,
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availability is used to link the physical infrastructure and its
performance to the QoS levels.
A. Proposed risk-based dependability management approach
During the goal setting phase of the work with the balanced
score card, a SMART (Specific, Measurable, Attainable,
Relevant, and Time-bound), but challenging goal level for
availability is decided upon at the highest organizational level
responsible for maintenance of the infrastructure. This work is
related to the wanted and actual levels for different QoS. One
important support when selecting a SMART goal level is risk
assessment, which is integrated into the balanced score card.
If no risks to achieve the selected dependability goal are
identified, the goal is probably not challenging enough. On the
other hand, if there are risks to achieve the goal that are
judged to be unacceptable and no appropriate actions to treat
the risks are identified, the availability goal level should
probably be reduced.
Thereafter, the selected availability goal can be deployed to
goal levels regarding reliability, maintainability and
maintenance support for different required functions of the
infrastructure. When considering the railway infrastructure,
these required functions are the track function, the power
supply function and the train path function. These three
functions are independent of each other, and are all necessary
to be present in order to enable the transport service. Due to
historical reasons, these functions are in turn addressed to
different technical systems of the infrastructure that provide
one or more of these functions, e.g. rail, contact wire, and
signalling system. The goal levels that are addressed to the
functional infrastructure hierarchy are then related to the
organizational parts within Trafikverket that are responsible
for each availability measure. Hence, the organizational parts
that are responsible for the technical systems of the
infrastructure are also responsible to manage the reliability
and the maintainability. Simultaneously, the organizational
parts that are responsible to manage maintenance contracts
and deal with related entrepreneurs consider the maintenance
support. One example of a possible deployment of the
proposed availability indicator is illustrated in Figure 5.
From a risk perspective, the Swedish railway network is
divided into different lines that are assigned one out of five
asset classes, based on a criticality evaluation. The asset
classes are intended as a complement to other significant facts,
for use in connection with the planning of maintenance,
reinvestments, or when investigating the need for design
changes. The level of criticality is based on the railway
traffic’s needs of a well functioning infrastructure system,
described in the form of a qualitative assessment and
weighing of the following four criteria:
•
Transportation task: the importance of transports
from a business and/or socioeconomically
perspective.
•
Disturbance sensitivity: how sensitive the traffic
system is to disturbances (failures).
•
Recoverability: how quickly a traffic system can
recover from a disturbance.

ISBN 978-91-7439-379-8

•

Regularity/frequency: Periodic
transports with a fixed interval.

Service

and

recurring

Traffic

Goal: 1/10 unsuccessful
trainpassages (90 %
availability).

And
Service supplier
Goal: 5/100 unsuccessful
trainpassages caused by
trafikverket (95 % availability).

Trafikverket

Railway operators
5/100 unsuccessfultrainpassages
caused by the railway operators
(95% availability).

And
Trafikverket
Goal: 4/100 unsuccessful
trainpassages (96%
availability).

Maintenance

Operations

Goal: 1/100 unsuccessful
trainpassages (99%
availability).

And
Maintenance
Goal: 3/100 unsuccessful
trainpassages (97%
availability) caused by the
technicalsystem (reliability,
recoverability or
maintainability).

Department of national maintenace &
regional departments of maintenace
execution

Infrastructure
development

Goal: 1/100 unsuccessful
trainpassages (99%
availability) due to
deficencies in maintenance
support performance.

Fig. 5 Illustration of possible deployment and levels of proposed availability
indicator

Asset class 1 includes railway lines with very heavy traffic
and marshalling yards with a very high utilization rate, while
asset class 2 covers large continuous railway lines, key
regional railway lines and marshalling yards with high
utilization rates. Asset class 3 includes railway lines with
other major freight and passenger traffic, and marshalling
yards with lower utilization. Regarding asset class 4, it
includes railway lines with less traffic and marshalling yards
with a low utilization rate. Finally, asset class 5 includes
railway lines with small or no traffic. A description of the
levels of the four criteria for the five asset classes is
summarized in Table III.
TABLE III
LEVEL OF CRITERIA FOR DIFFERENT ASSET CLASSES.

Asset
class

Criteria
Transportation task

Disturbance
sensitivity

1

Very
important

Very high

2

Very
important

High

3

Important

Medium

4

5

Less
important
Less
important or
not
applicable

Low
Very low or
not applicable

Recoverability

Regularity/
frequency
Many traffic
flows, many
Very low
trains, heavy
traffic
Many traffic
Small
flows, many
trains
Many traffic
flows or
Intermediat
traffic flows
e
requiring
regularity
Few traffic
High
flows
Very high
or not
applicable

Very few or
no traffic
flows

The proposed availability indicator is on an aggregated
level applied for sections, lines and asset types, where
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marshalling yards are treated separately, due to their
complexity and uniqueness. However, the indicator can also
be used on lower indenture levels of the infrastructure, e.g.
required functions (i.e. track, power supply, and train path
functions) or physical systems (e.g. rail, contact wire, or
signalling system).
In the work with the balanced score card, the setting of
desired goal levels and the follow up of actual levels of the
proposed dependability and risk indicators are related to
specific sections and lines and their assigned asset types.
Normally, the follow-up of the dependability indicator,
associated risks and activities is performed on a regular basis
every month and more thoroughly every fourth month.
However, the follow-up might also be initiated at need and the
interval may be shortened if there are critical risks present.
B. Proposed dependability and risk indicators
There are different availability measures that can be applied,
see e.g. some of the standards mentioned in Section III. In
these standards it is seen that availability indicators basically
can be calculated as stated in Eq. 2 and 3.
A = MUT / (MUT + MDT); 0 ≤ A ≤ 1
(2)
̅ = 1-A
(3)
where,
A = Availability (dimensionless)
̅ = Unavailability (dimensionless)
MUT = Mean Up Time (measured in e.g. time, distance, or
cycles)
MDT = Mean Down Time (measured in e.g. time, distance,
or cycles)
If the time interval of interest is the primary concern, the
focus is on instantaneous, limiting, average, or limiting
average availability. There are three commonly used
availability indicators, i.e. inherent availability (Ai), achieved
availability (Aa), and operational availability (Ao). The
inherent availability includes the reliability and
maintainability of the technical system, which is due to the
design of the technical system, while the achieved availability
adds preventive maintenance. Finally, the operational
availability also adds the support organization’s maintenance
support performance.
Within Trafikverket, mainly two different types of
operational availability (Ao) indicators are applied. One type
of indicators is based on clock or calendar time and is used
when the MUT and MDT of the required function can be
determined independently of the effect on train traffic, e.g. the
power supply function and telecommunication. The other type
of indicator is based on cycles (i.e. train passages) and is used
when MUT and MDT of the required function cannot be easily
determined without the effect on train traffic, e.g. the rail
function of switches and crossings. The measures for
calculating the second kind of operational availability is for
MUT the number of successful train passages and for MDT the
number of unsuccessful train passages.
A train passage is classified as successful if its delay
between two measure points along the considered line is less
than three minutes. Hence, if the delay of a train passage is
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three minutes or more, it is classified as unsuccessful. The
time limit for successful train passages can be adjusted
according to desire, but the selected level is commonly used
within Trafikverket and will also catch the effect of
infrastructure failures with small traffic disturbances. Another
reason is that train passages with a delay of more than three
minutes have to be registered together with the cause of the
delay. Hence, the proposed availability indicator can be
deployed from the service level to the transport system level
and its corresponding function, technical system or
responsible organizational level.
When aggregating the actual availability during the analysis
and follow up, the availability of higher infrastructure levels is
based on the geometric mean of the availability of lower
infrastructure levels, see Eq. 4.
∏

A

∏

/

; j = 1, 2, …, n (4)

The lowest level is the distance between two physical
measurement points within the infrastructure. The reason for
using the geometric mean is that it is more representative than
the arithmetic mean when dealing with quotients, which the
availability indicator is.
In addition to the geometric mean of the proposed
availability indicator, the maximum and minimum value for
the considered indenture level of the infrastructure and time
interval are included to achieve an estimate of the indicator’s
spread and not only its point estimate.
The level of potential events (E) that might affect the
fulfilment of availability goals and the status of actions for
treatment is also considered in the follow-up. When the
potential event has wanted consequences it is classified as a
possibility (P), while it is classified as risk (R) if it has
unwanted consequences. The criticality is calculated as the
product between the Likelihood (L) of an event and the
consequences (C) if the event is materialized. Based on the
size of the product, it is classified into one out of four
criticality (CR) classes. Both the likelihood and the
consequences are measured on a five-point scale. The
likelihood and consequence classes and criteria for criticality
are documented in Trafikverket’s strategy with governing
criteria for internal control and risk management. The actions
are in turn classified in one out of three categories depending
on its status. See Eq. 5
E=L*C
(5)
where,
(dimensionless, ranging between 1-25)
L = Likelihood (measured on a five point scale, 1-5)
C = Consequence (measured on a five point scale, 1-5)
For 2010 the achieved availability and unavailability levels
for the different asset types within the railway infrastructure
are given in Table IV and Table V respectively. The goal for
2012 for unavailability that is included in the balanced score
card is that these levels should be improved with 10 %.
Regarding the selected availability goal for 2012, a risk is that
it is difficult to judge if it is attainable or not. The reason for
this is that the reference year of 2010 had a winter that was
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unusually harsh. Simultaneously, earlier years cannot be used
since the reporting system was redesigned for 2010. The
causes of railway infrastructure unavailability during 2010 are
illustrated in Figure 6.
TABLE IV
ACHIEVED AVAILABILITY LEVELS FOR DIFFERENT ASSET CLASSES WITHIN
THE RAILWAY INFRASTRUCTURE, MINIMUM AND MAXIMUM AVAILABILITY
LEVELS FOR INCLUDED TRACK SECTIONS AND NUMBER OF TRACK SECTIONS
WITHIN EACH ASSET TYPES DURING 2010.

Asset classes
railway
infrastructur
e

Availabilit
y
(%)

1
2
3
4
5

97.73
99.24
99.33
99.05
97.87

Minimum
availabilit
y for an
individual
track
section
(%)
99.57
97.16
92.08
87.91
84.80

Maximum
availabilit
y for an
individual
track
section
(%)
99.97
99.79
99.94
99.94
99.74

Numbe
r of
include
d track
sections
(#)
20
43
54
35
6

TABLE V
ACHIEVED UNAVAILABILITY LEVELS FOR DIFFERENT ASSET CLASSES WITHIN
THE RAILWAY INFRASTRUCTURE DURING 2010 AND CORRESPONDING GOAL
LEVELS FOR 2012.

Asset classes
railway
infrastructure
1
2
3
4
5

Actual level
unavailability 2010

Goal level
unavailability 2012

1/250
1/125
1/150
1/100
1/50

39/10000
7/1000
3/500
19/2000
9/500

Fig. 6 The causes of railway infrastructure unavailability during 2010
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IV. CONCLUSIONS
By integrating risk management in the work with
availability goals included in the balanced scorecard, a more
holistic and risk-based dependability management practice is
achieved. One reason for this is that critical availability goals
are communicated with and involve top management. This
includes the management board and the Director General
within Trafikverket through the integrated work with the
balanced score card and internal control. In addition,
externally the board of directors is committed and the
Government informed through the work with internal control.
Another important aspect is that there is a combined focus on
both dependability management activities to fulfill availability
goals, as well as risk management activities to treat risks that
might affect the fulfillment of these goals.
The proposed risk-based dependability management
approach also contributes to enhanced data and information
quality by pinpointing critical data and information for
dependability management activities. This can be achieved
through the application of risk-based methodologies such as
RCM and FMECA in order to identify functions, failures,
failure causes, effects, consequences and strategies for failure
management that should be included in a maintenance
program and act as part of a requirement specification for a
CMMS.
One important property of the proposed availability
performance indicator is that it can be deployed and
aggregated between different levels of the organizational
hierarchy of responsibilities (e.g. different maintenance
echelons), which can be used when working with the balanced
scorecard and its related IT-system. Another important
property of the indicator is that it can be aggregated and
deployed in relation to the physical hierarchy of the
infrastructure (i.e. different indenture levels), which is closely
related to the applied CMMS. These two different hierarchies
are also related to each other, e.g. through a maintenance
policy. Hence, the IT-system used for the work with the
balanced score card and the CMMS should also be linked with
each other, to enable exchange of data and information for the
two different purposes. Another important IT-system that
should be linked to the described context is the one used for
developing (e.g. through RCM/FMECA) and documenting the
maintenance program, in order to achieve a true dynamic
maintenance program that evolves throughout the
infrastructure’s whole life cycle.
The proposed availability indicator can be used to monitor
the effect of dependability management activities aimed at
different indenture levels of the infrastructure and related to
the responsibility of different hierarchical levels of the
organization, e.g. different maintenance echelons. The
proposed indicator reflects the operational availability (Ao),
which is of main interest when considering the infrastructure
from a transport service perspective. Thereby, the indicator
also highlights potential improvements of reliability,
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maintainability and maintenance support from a transport
service perspective. However, cancelled train passages are not
included in the indicator at the moment. This provides a scope
for further development of the indicator by inclusion of
cancelled train passages into the number of unsuccessful train
passages. However, today the data quality for cancelled trains
has to be improved to be included in the calculations, e.g. due
to lack of information about the cause of cancelation. One
important development of the indicator is to link costs to the
efforts and effects of dependability activities in order to
enable a quantified cost-benefit analysis and follow up.
Another possible development would be to integrate the
proposed availability indicator with indicators reflecting the
infrastructure capacity and the QoS into an indicator of the
Overall Equipment Efficiency (OEE).
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