
Mälardalen University Press Licentiate Theses
No. 213

STRATEGIC MAINTENANCE DEVELOPMENT
FOCUSING ON USE OF CONDITION BASED

MAINTENANCE IN MANUFACTURING INDUSTRY

Ali Rastegari

2015

School of Innovation, Design and Engineering

Mälardalen University Press Licentiate Theses
No. 213

STRATEGIC MAINTENANCE DEVELOPMENT
FOCUSING ON USE OF CONDITION BASED

MAINTENANCE IN MANUFACTURING INDUSTRY

Ali Rastegari

2015

School of Innovation, Design and Engineering



Copyright © Ali Rastegari, 2015
ISBN 978-91-7485-220-2
ISSN 1651-9256
Printed by Arkitektkopia, Västerås, Sweden



Abstract 
The growth of global competition has created remarkable changes in the way 
manufacturing companies operate. These changes have affected maintenance and 
made its role even more crucial for business success. To remain competitive, 
manufacturing companies need to continuously increase the effectiveness and 
efficiency of their production processes. Further, the introduction of lean 
manufacturing has increased concerns regarding equipment availability and, 
therefore, the demand for effective maintenance. Despite the increasing demand 
for reliable production equipment, few manufacturing companies pursue the 
development of strategic maintenance. Moreover, conventional maintenance 
strategies, such as corrective maintenance, are no longer sufficient to satisfy 
industrial needs, such as reducing failures and degradations of manufacturing 
systems to the greatest possible extent. The concept of maintenance has evolved 
over the last few decades from a corrective attitude (maintenance intervention 
after a failure) to a predictive attitude (maintenance intervention to prevent the 
fault). Strategies and concepts such as condition-based maintenance (CBM) have 
thus evolved to support this ideal outcome. CBM is a set of maintenance actions 
based on the real-time or near-real-time assessment of equipment conditions, 
which is obtained from embedded sensors and/or external tests and 
measurements taken by portable equipment and/or subjective condition 
monitoring. CBM is increasingly recognized as the most efficient strategy for 
performing maintenance in a wide variety of industries. However, the practical 
implementation of advanced maintenance technologies, such as CBM, in the 
manufacturing industry is relatively limited. 
Therefore, the objective of this research is to study how to develop and 
implement a CBM strategy in the manufacturing industry. This thesis will begin 
with an overall analysis of maintenance management to illustrate how to 
formulate a maintenance strategy and will continue with a focus on CBM, the 
cost effectiveness of implementing CBM, an introductory review of applied 
CBM practices and a discussion of CBM implementation processes in the 
manufacturing industry.  The data were collected through case studies, mainly at 
one major manufacturing site. The bulk of the data were collected during a pilot 
CBM implementation project. Following the findings from these efforts, a 
formulated maintenance strategy is developed and presented, and factors to 
evaluate CBM cost effectiveness are assessed. These factors indicate the benefits 
of CBM, mostly with regard to reducing the probability of experiencing maximal 
damage to production equipment and reducing production losses, particularly at 
high production volumes. Further, a process of CBM implementation is 
presented. Some of the main elements in the process are the selection of the 
components to be monitored, the techniques and technologies for doing so and 
their installation, and finally, the analysis of the results of condition monitoring. 
 



 
 

  



Sammanfattning 
Den ökade globala konkurrensen har lett till stora förändringar av hur 
tillverkningsföretag bedriver sin verksamhet. Förändringarna har påverkat 
underhållet och gett det en ännu mer avgörande roll för en framgångsrik 
verksamhet. För att förbli konkurrenskraftiga måste tillverkningsföretag hela 
tiden öka effektiviteten och ändamålsenligheten i sina produktionsprocesser. 
Införandet av slimmad produktion gör även att utrustningens tillgänglighet blir 
viktigare, vilket ökar behovet av effektivt underhåll. Trots det växande kravet på 
tillförlitlig produktionsutrustning, är det få tillverkningsföretag som arbetar med 
strategisk underhållsutveckling. Dessutom är konventionella 
underhållsstrategier, som avhjälpande underhåll, idag inte längre tillräckliga för 
att uppfylla de industriella behoven när det gäller maximal minskning av fel och 
försämringar av tillverkningssystemens funktion. Underhållsbegreppet har under 
de senaste årtiondena utvecklats från en avhjälpande inställning 
(underhållsinsatser efter ett fel) till en prediktiv inställning (underhållsinsatser 
avsedda att förebygga felet).  Strategier och begrepp såsom tillståndsbaserat 
underhåll (CBM, condition-based maintenance) har tagits fram för att stödja 
denna ideala situation. CBM är en uppsättning underhållsåtgärder baserade på en 
realtids- eller nära-realtidsbedömning av utrustningens tillstånd, som erhålls från 
inbäddade sensorer och/eller externa tester och mätningar utförda av bärbar 
utrustning och/eller genom subjektiv tillståndsövervakning. CBM håller på att 
erkännas som den mest effektiva strategin för att utföra underhåll inom en rad 
olika branscher. Det praktiska införandet av avancerade underhållstekniker, 
såsom CBM, inom tillverkningsindustrin är emellertid mer sällsynt. 
Därför är syftet med den här forskningen att studera hur man kan utveckla och 
införa CBM-strategi inom tillverkningsindustrin. Avhandlingen kommer att 
inledas med en analys av den övergripande underhållsförvaltningen för att 
illustrera hur en underhållsstrategi ska formuleras, varefter fokus kommer att 
läggas på CBM, kostnadseffektiviteten i att införa CBM, en inledande 
granskning av tillämpad CBM-praxis och genomförandeprocessen för CBM, i 
samtliga fall inom tillverkningsindustrin. De data som används i studien har 
samlats in genom fallstudier, främst vid en större produktionsanläggning. 
Merparten av dessa data samlades in i samband med ett pilotprojekt för att införa 
CBM. Som ett resultat av detta har en formulerad underhållsstrategi tagits fram 
och presenterats. Faktorer för att utvärdera kostnadseffektiviteten hos CBM har 
bedömts.  Dessa faktorer antyder fördelarna med CBM, främst i form av 
minskad sannolikhet för maximal skada på produktionsutrustningen och 
minskade produktionsförluster, i synnerhet vid höga produktionsvolymer. En 
process för införande av CBM har även lagts fram. Några av huvudfaktorerna i 
processen är valet av de komponenter som ska övervakas, metoderna och 
teknikerna samt installationen av teknikerna och slutligen hur analysen av 
resultaten från tillståndsövervakningen ska utföras. 
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1. Introduction 
This chapter is intended to introduce the purpose of this thesis. The background is 
discussed in detail. Based on the background, a research problem is formulated, and 
research questions are defined. Next, the research objective and delimitations are 
presented. Finally, the thesis outline is specified. 

1.1. Background  
In recent decades, production maintenance has evolved into one of the most important 
areas of the business environment for a firm to have a competitive production system 
(Kutucuoglu et al., 2001). The growth of global competition has created remarkable 
changes in the way manufacturing companies operate. These changes have affected 
maintenance and made its role even more crucial for business success (Kutucuoglu et 
al., 2001). To remain competitive, manufacturing companies need to continuously 
increase the effectiveness and efficiency of their production processes. Further, the 
introduction of lean manufacturing increases concerns regarding equipment 
availability. As a result, the demand for effective maintenance has significantly 
increased (Salonen, 2011). Al-Najjar and Alsyouf (2003) stated that the importance of 
the maintenance function has increased due to its role in sustaining and improving 
availability, product quality, safety requirements, and plant cost-effectiveness levels. 
Maintenance costs constitute an important part of the operating budget of 
manufacturing firms (Al-Najjar and Alsyouf, 2003). According to Leger et al. (1999a), 
in most production units, inappropriate maintenance can have serious consequences 
for product quality, equipment availability, environment, and firm competitiveness. 
Alsyouf (2009) noted that proper maintenance practices can contribute to overall 
business performance through their impact on the quality, efficiency and effectiveness 
of a company’s operations. This can improve the company’s competitiveness, 
including productivity advantages, value advantages and long-term profitability 
(Alsyouf, 2004). Consequently, proper maintenance can have positive effects for 
shareholders, customers, and society. 
Given the ever-increasing global competitive pressures, it is essential that companies 
gain a better understanding of maintenance management programmes in an effort to 
optimize both overall equipment effectiveness and productivity (Fraser et al., 2015). 
These pressures have given firms worldwide the motivation to explore and embrace 
proactive maintenance strategies in lieu of traditional reactive firefighting methods 
(Ahuja and Khamba, 2007; Sharma et al., 2005). Over the last few decades, 
maintenance functions have significantly evolved with the growth of technology 
(Rosmaini and Kamaruddin, 2012). Conventional maintenance strategies such as 
corrective maintenance are no longer sufficient to satisfy the industrial need to reduce 
failures and degradations of manufacturing systems to the greatest possible extent 
(Leger et al., 1999b). Jantunen et al. (2014) hold that the concept of maintenance has 
evolved over the last few decades from a corrective attitude (maintenance intervention 
after a failure) to a predictive attitude (maintenance intervention to prevent the fault). 
Strategies and concepts such as condition-based maintenance (CBM) have thus 
evolved to support this ideal outcome. CBM is a set of maintenance actions based on 
the real-time or near-real-time assessment of equipment condition, which is obtained 
from embedded sensors and/or external tests and measurements taken by portable 
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equipment and/or subjective condition monitoring (Butcher, 2000). CBM is 
increasingly recognized as the most efficient strategy for performing maintenance in a 
wide variety of industries (Randal, 2011). Accordingly, CBM represents one means for 
manufacturing companies to remain competitive by increasing the availability of 
production equipment in a cost effective way. 

1.2. Problem statement 
Jantunen et al. (2014) state that maintenance is a relatively neglected subject in many 
companies. To change incorrect attitudes on this issue, several actions are necessary on 
a political, social, and technical level. Despite the importance of developing strategic 
maintenance, a large part of the manufacturing industry currently lacks clear 
maintenance strategies (Jonsson, 1997; Alsyouf, 2009). It is therefore difficult to 
develop maintenance work in accordance with the strategic goals of manufacturing 
companies. There are few models for formulating maintenance strategy, and some 
proposed models are quite resource demanding (Salonen, 2011). 
Well-performed maintenance involves few corrective maintenance actions while 
performing as little preventive maintenance as possible (Cooke et al., 1997). This is 
similar to the objective of CBM. Shin and Jun (2015) state that, first and foremost, 
CBM gives us prior warning of impending failure and increased precision in failure 
prediction. Thus, it can more effectively reduce product failure than can other 
approaches. Moreover, a considerable body of evidence suggests that CBM confers 
economic advantages in most industries (Randall, 2011). Al-Najjar and Alsyouf (2004) 
and Al-Najjar (2009) promote the idea that CBM can convert maintenance into a profit 
centre. Sundin et al. (2007) document a number of cases of savings afforded by the use 
of CBM. A study by Rosmaini and Kamaruddin (2012) suggest that the application of 
CBM is more beneficial than that of time-based maintenance (TBM) from a practical 
perspective. However, the practical implementation of advanced maintenance 
technologies, such as CBM, in the manufacturing industry is relatively limited 
(Bengtsson, 2007b). According to Trimble et al. (2004), who consider a number of 
industrial sectors, 60% of companies have basic skilled staff and follow a primarily 
reactive strategy, whereas only 10% use advanced maintenance techniques such as 
CBM. Walker (2005) identifies some of the more common reasons that CBM 
technologies are unsuccessful with respect to effective maintenance activities, 
including discrepancies in training, management direction, technology selection, user 
commitment and user competence. According to Starr (2000), it is important that CBM 
be applied to appropriate problems in a plant rather than as an overall policy; it would 
not be cost effective to use expensive techniques everywhere. Bengtsson (2007b) also 
emphasizes that an important aspect of or precondition for a successful 
implementation is to implement the correct approach at the correct location in the 
correct manner. Carnero (2006) states, “The setting up of a predictive maintenance 
programme is a strategic decision that until now has lacked analysis of questions 
related to its setting up, management and control” (p. 945).  
Based on the above discussion, the problem is that CBM practices are not yet widely 
utilized within manufacturing industries, and guidelines for cost effectively 
implementing CBM that can contribute to manufacturing companies’ business 
competitiveness are lacking. 
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1.3. Research objective 
The main objective of this research is to study how to develop and implement a CBM 
strategy in the manufacturing industry. Figure 1 indicates the main areas of interest in 
this research. A CBM strategy that is well developed in its technical, organizational 
and economic aspects can contribute to overall maintenance management (Bengtsson, 
2007b) and can consequently enhance companies’ competitiveness with respect to 
their production systems. 

 

Figure 1 - Areas of interest 

1.4. Research questions 
To fulfil the research objective, the following research questions have been 
formulated. 

RQ1    What factors are necessary to consider to strategically manage production 
maintenance in the manufacturing industry? 
Based on the background and problem statement above, manufacturing companies 
need to have a clear maintenance strategy to lead them from a reactive approach 
towards a proactive approach, such as CBM, and to remain successful in the 
competitive environment. Therefore, this research question attempts to investigate the 
development of maintenance strategy within the manufacturing industry. 
 
 
 



4 

 

RQ2    What are the cost benefits of implementing CBM in the manufacturing 
industry? 
Prior to an implementation of CBM, it is essential to investigate whether implementing 
CBM would be cost effective for the company. As long as CBM technologies are 
costly, it is not cost effective to apply CBM where it is not needed. This research 
question attempts to investigate the cost effectiveness of implementing CBM in 
different applications in the manufacturing industry. 
RQ3    What are the current industrial practices and challenges of implementing 
CBM in the manufacturing industry? 
Prior to an implementation of CBM, it is necessary to understand the current industrial 
practices utilized to date within the manufacturing industry and the technological level 
to which they are utilized as well as what challenges will be encountered in 
implementation. This research question attempts to introduce the current industrial 
practices and challenges of implementing CBM in the manufacturing industry. 
RQ4    What factors are necessary to organizationally and technically implement 
CBM in the manufacturing industry? 
Based on the importance of a proper approach to ensure the successful implementation 
of CBM, this research question attempts to investigate how companies can implement 
a CBM strategy by analysing which factors should be considered during 
implementation. 

1.5. Scope and delimitations 
This research includes studies conducted within automotive manufacturing companies. 
Although CBM can be used in different applications, in this research, CBM was used 
as an approach for the maintenance of physical assets including fans, electric motors 
and machine tools in the hardening and machining processes of manufacturing 
companies. 

1.6. Outline of the thesis 
Chapter 1 introduces the research by presenting the background, the problem 
statement, the research objective and the research questions as well as the scope and 
the delimitations of this thesis. Chapter 2 presents the theoretical frame of reference on 
which the research was based. This chapter presents and summarizes the relevant 
literature, namely, studies on maintenance types, maintenance management and CBM. 
Chapter 3 presents the research methodology that is applied in this research. It 
discusses relevant scientific approaches and research methods. Then, it describes the 
research process to illustrate how this research has been conducted. Finally, it presents 
a reflection on the quality of the research. Chapter 4 presents the results of the research 
through a summary of the papers that constitute this research. The results will refer to 
the papers that have been published as part of this research. Chapter 5 presents a 
discussion of the results of the research. Chapter 6 presents the conclusions and the 
industrial and academic contributions of the research, the quality of the research and 
suggestions for future research. This chapter is followed by a list of all references used 
in the thesis and the appended papers on which this thesis is based. 
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2. Frame of reference 
This chapter presents the theoretical propositions that form the frame of reference for 
this research. To position this research and provide a platform to discuss its findings 
in relation to the relevant body of knowledge, the objective of this chapter is to cover 
theories and definitions in the fields of maintenance, maintenance management and 
condition-based maintenance (CBM) as well as the pertinent research that was 
previously conducted in these fields. The chapter concludes with several highlights 
from the theory described in the frame of reference. 

2.1. Maintenance types 
The term maintenance is defined in Swedish standard SS-EN 13306 (2001) as “the 
combination of all technical, administrative and managerial actions during the life 
cycle of an item intended to retain it in, or restore it to, a state in which it can perform 
the required function (function or a combination of functions of an item which are 
considered necessary to provide a given service)” (p.7). Kobbacy and Murthy (2008) 
describe the key objective of maintenance as “total asset life cycle optimization which 
means maximizing the availability and reliability of the assets and equipment to 
produce the desired quantity of products, with the required quality specifications, in a 
timely manner. Obviously, this objective must be attained in a cost-effective way and 
in accordance with environmental and safety regulation” (p.22). 
Maintenance may be performed through various actions, and there are various 
classifications of maintenance types (Shin and Jun, 2015). One classification of 
maintenance types and their relationships is indicated in the Swedish standard SS-EN 
13306 (2001), as shown in Figure 2. Maintenance is divided into two main actions, 
corrective and preventive. This broad classification of maintenance types is used in 
studies such as Duffuaa et al. (2001), in which CBM is below preventive maintenance. 
However, some studies, such as Shin and Jun (2015), classify maintenance into three 
types: corrective maintenance, preventive maintenance and CBM. In various studies in 
the maintenance literature, such as Shin and Jun (2015), Rosmaini and Kamaruddin 
(2012), Erbe et al. (2005), Duffuaa et al. (2001) and Blanchard et al. (1995), the term 
“type” has been used similarly to other terms, such as “approach”, “action”, ”strategy” 
and “policy”.  

 
Figure 2 - Overview of different maintenance types (SS-EN 13306, 2001, p.23) 
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Corrective maintenance / breakdown maintenance (BM)  
One definition of corrective maintenance is the following: “Maintenance carried out 
after fault recognition and intended to put an item into a state in which it can perform a 
required function” (SS-EN 13306, 2001, p.15). It is sometimes used synonymously 
with breakdown maintenance (BM) or failure-based maintenance (FBM) (Shin and 
Jun, 2015 and, Al-Najjar and Alsyouf, 2003). Corrective maintenance is also known as 
run-to-failure or reactive maintenance and is a strategy that is used to restore (repair or 
replace) equipment to its required function after it has failed (Blanchard et al., 1995). 

Preventive maintenance (PM) 
One definition of preventive maintenance is the following: “Maintenance carried out at 
predetermined intervals or according to prescribed criteria and intended to reduce the 
probability of failure or the degradation of the functioning of an item” (SS-EN 13306, 
2001, p.14). The concept of preventive maintenance involves the performance of 
maintenance activities prior to the failure of equipment (Gertsbakh, 1977). Preventive 
maintenance can be predetermined (periodic) maintenance or CBM.  

Predetermined maintenance / time-based maintenance (TBM)  
Swedish standard SS-EN 13306 (2001) defines predetermined maintenance as follows: 
“Preventive maintenance carried out in accordance with established intervals of time 
or number of units of use such as scheduled maintenance but without previous item 
condition investigation” (p.15). It is sometimes used synonymously with TBM, 
(Rosmaini and Kamaruddin, 2012). 
In the industry, application of the TBM strategy can be generally performed following 
either experience or original equipment manufacturer (OEM) recommendations and is 
based on a scientific approach (Rosmaini and Kamaruddin, 2012). The application of 
TBM through experience is a conventional preventive maintenance practice. In most 
cases, it is performed at regular time intervals (Canfield, 1986). 
Predictive maintenance / CBM  
The term predictive maintenance is defined as follows: “Condition based maintenance 
carried out following a forecast derived from the analysis and evaluation of significant 
parameters of the condition of the item” (Bengtsson, 2004, p.19). It is sometimes used 
synonymously with CBM (Bengtsson, 2007b). Swedish standard SS-EN 13306 (2001) 
defines CBM as “preventive maintenance based on performance and/or parameter 
monitoring and the subsequent actions” (p.15). Performance and parameter monitoring 
may be scheduled, on-request or continuous. CBM is explained in greater detail in 
section 2.3. 

2.2. Maintenance management 
Kelly (2006) offers the following generic formulation of the objective of maintenance: 
“...to achieve the agreed plant operating pattern, availability and product quality within 
the accepted plant condition (for longevity) and safety standards, and at minimum 
resource cost” (p.26). Murthy et al. (2002) define the two key elements of the strategic 
maintenance management approach: “(1) maintenance management is a vital core 
business activity crucial for business survival and success, and as such it must be 
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managed strategically. (2) Effective maintenance management needs to be based on 
quantitative business models that integrate maintenance with other decisions such as 
production, etc.” (p.290). They also note that maintenance is understood as a multi-
disciplinary activity in the strategic maintenance management approach. It involves 
“(1) scientific understanding of degradation mechanisms and linking it with data 
collection and analysis to assess the state of equipment; (2) building quantitative 
models to predict the impact of different actions (maintenance and operations) on 
equipment degradation; and (3) managing maintenance from a strategic perspective” 
(Murthy et al., 2002, p.290). As illustrated in Figure 3, Marquez and Gupta (2006) 
note that maintenance management must align with business activities at the strategic, 
tactical, and operational levels. 

 
Figure 3 - Maintenance process, course of action and feedback operating at the three levels of 

business activities (Marquez and Gupta, 2006, p.317) 

The maintenance management process consists of the following factors: asset 
maintenance planning, schedule maintenance operations, managing the execution of 
maintenance actions, assessing maintenance, and ensuring continuous improvement 
(Marquez, 2007). 
According to EN 13306:2001, the maintenance plan consists of a “structured set of 
tasks that include activities, procedures, resources and the time scale required to carry 
out maintenance”. The process of developing a plan consists of the following: 
identifying the maintenance task required, establishing the maintenance support and 
re-evaluating (Marquez, 2007). Maintenance planning means that one must “identify 
the asset, prioritize the asset according to maintenance strategy, identify its 
performance requirements according to strategy, evaluate the asset’s current 
performance, and plan for its maintenance” (Marquez, 2007, p.14). 

2.2.1. Maintenance decision making 
Maintenance decision making involves assessing and selecting the most efficient 
maintenance approach (i.e., strategies, policies, methodology or philosophy) (Al-
Najjar and Alsyouf, 2003). Maintenance decision making involves determining the 
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most appropriate maintenance policy to take, such as corrective maintenance, TBM or 
CBM. The consequences of an inefficient maintenance policy go far beyond the direct 
costs of maintenance (Al-Najjar and Alsyouf, 2003). Therefore, companies can save 
more money through appropriate maintenance decision making. 
Corrective maintenance is a strategy that leads to high levels of machine downtime 
(production loss) and maintenance (repair or replacement) costs due to sudden failure 
(Tsang, 1995). A preventive maintenance strategy contributes to minimizing failure 
costs and machine downtime (production loss) and increasing product quality (Usher 
et al., 1998). However, the TBM practice is not usually applicable when attempting to 
minimize operation costs and maximize machine performance (Rosmaini and 
Kamaruddin, 2012). Labib (2004) cites three reasons for this: (1) each machine works 
in a different environment and would therefore need different PM schedules; (2) 
machine designers often do not experience machine failures and have less knowledge 
of their prevention compared to those who operate and maintain such machines; (3) 
OEM companies may have hidden agendas, that is, maximizing spare part replacement 
through frequent PM actions. Marquez (2007) also states the reason that the 
maintenance plans provided by the equipment manufacturer are not completely 
reliable is that they are not aware of “business-related consequences of failure, safety 
considerations, regulatory requirements, the use of condition monitoring techniques, 
availability of resources and unique environmental conditions” (p.16). This statement 
is supported by Tam et al. (2006), who note that PM intervals based on OEM 
recommendations may not be optimal because actual operating conditions may be very 
different from those considered by the OEM. As such, actual outcomes may not satisfy 
company requirements. In addition to corrective maintenance and TBM, according to 
Gupta and Lawsirirat (2006), the main goal of CBM is to perform a real-time 
assessment of equipment conditions to make maintenance decisions, consequently 
reducing unnecessary maintenance and related costs. 
The achievement of more efficient maintenance depends on the capability of the 
implemented maintenance policy to effectively provide and employ relevant 
information concerning the factors that affect the life of the component/equipment in 
question (Al-Najjar and Alsyouf, 2003). Providing more relevant information on 
component condition increases the ability (effectiveness) of a maintenance solution to 
avoid failures and makes the best possible use of the equipment/component’s effective 
life by performing replacements ‘‘just’’ before failure; thus, this information improves 
the maintenance policy’s accuracy (Al-Najjar and Alsyouf, 2003). Jantunen et al. 
(2014) propose a guide for maintenance decision making based on component failure 
models. According to Figure 4, in case of wear models D, E and F, the use of CBM is 
not possible or sensible as failures can take place without a warning being registered 
by the measuring signals. In such a case, the best solution is to run the component until 
failure occurs; hence, the optimal maintenance type is corrective maintenance. When 
infant mortality is high (A and F), TBM is not an appropriate option. Cases A, B and C 
can be monitored, but is not sensible to monitor the remaining three (D, E and F). 
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Figure 4 - Failure models, adopted from Jantunen et al. (2014) 

2.2.2. Maintenance performance measurement 
According to Parida (2006), maintenance performance measurement can be defined as 
“the multi-disciplinary process of measuring and justifying the value created by 
maintenance investment, and taking care of the organization’s stakeholders’ 
requirements viewed strategically from the overall business perspective” (p.7). 
Maintenance performance measurement is required for measuring the value created by 
maintenance, to justify the investment made and revise the resource allocation, and to 
care for customers, health, safety and environmental issues while adapting to new 
trends in operation and maintenance strategy and organizational structural changes 
(Parida, 2006). According to Tsang (1998), because maintenance spending constitutes 
a large share of the operating budget for organizations with heavy investments in 
machinery and equipment, tracking the performance of maintenance operations in such 
organizations should be a key management issue. Another reason for linking the 
measurements to the organization’s strategy, according to Tsang, is the influence of 
the applied performance measurements on employee behaviours (Tsang, 1998).  

2.2.3. Computerized Maintenance Management System (CMMS) 
The increased amount of information available and a growing need to have this 
information at hand and in real time for decision making necessitates a CMMS to aid 
maintenance management (Labib, 2004). Legacy maintenance systems with large 
batch reports in which the focus was on data throughput are being replaced by 
dynamic, on-line queries created on-the-fly with answers in seconds rather than days 
(Labib, 2004). The CMMS can provide the following items (Labib, 2004): 

 Support CBM.  

 Track the movement of spare parts.  

 Allow operators to report faults faster.  
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 Improve communication between operations and maintenance personnel.  

 Historical information necessary for developing PM schedules.  

 Provide maintenance managers with information to have better control over 
their departments. 

 Offer accountants information on machines to enable capital expenditure 
decisions to be made. 

2.2.4. Maintenance strategy 
There is no consensus in the literature on the definition of maintenance strategy. Some 
authors (e.g., Zaim et al., 2012) define it as the choice among corrective maintenance, 
preventive maintenance and CBM. Other authors, such as Gallimore and Penleskey 
(1998), claim that it is the combination of reactive maintenance, regularly scheduled 
preventive maintenance, inspection, equipment back-up and equipment upgrades. The 
combination of these elements is specific to each facility and depends on the goals of 
the maintenance, the nature of the facility or equipment to be maintained, and the work 
environment. 
Tsang (1998) holds that a strategy reflects the organization’s conception of its intended 
long-term goal and the approach to achieving it. Because the strategy is often 
formulated at the senior management level, it is usually too abstract for line 
management personnel. As such, it becomes difficult to relate departmental and 
individual activities to the attainment of the strategic goal. Marquez and Gupta (2006) 
state that maintenance strategies are a means of transforming business priorities into 
maintenance priorities. By addressing current or potential gaps in maintenance 
performance, a generic maintenance plan can be developed. 
Pinjala et al. (2006) discuss the relationship between business and maintenance 
strategies. They define a maintenance strategy as a “...coherent, unifying and 
integrative pattern of decisions in different maintenance strategy elements in 
congruence with manufacturing, corporate and business level strategies; determines 
and reveals the organizational purpose; defines the nature of economic and non-
economic contributions it intends to make to the organization as a whole.” (Pinjala et 
al., 2006, p. 216). 

2.2.5. Formulating maintenance strategy 
There are few models for formulating maintenance strategies, and some of the 
proposed models are quite resource demanding (Salonen, 2011). The existing models 
are rather similar in their key elements. Authors such as Tsang (1998), Wilson (1999), 
Kelly (2006), Marquez (2007), and Salonen (2012) all emphasize the following steps 
in their models: 

 Identify the strategic goals of all stakeholders. 

 Identify the strategic goals for the maintenance department. 

 Identify relevant KPIs. 

 Assess the current state of maintenance. 

 Set the goals for each KPI. 
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 Make an action plan. 
Although these models share the presented steps, they have somewhat different 
approaches to achieving those steps. Figure 5 illustrates Salonen’s model for the 
formulation of maintenance strategies (Salonen, 2012). 

 
Figure 5 - A schematic view of the maintenance strategy formulation work process (Salonen, 2012) 

As shown in Figure 5, the model includes all steps previously mentioned. Salonen and 
Bengtsson (2008) propose involving stakeholders in the identification of relevant KPIs 
for the maintenance department. For transformation of the identified gaps between the 
current and desired states, Salonen (2012) proposes the use of SWOT analysis. 
Further, Salonen (2012) emphasizes the importance of documenting the strategy and 
the need for company management to approve the strategy to make it a steering 
document. 

2.3. Condition based maintenance (CBM) 
CBM, also known as predictive maintenance, is a modern and popular maintenance 
technique discussed in the literature (Dieulle et al., 2001; Han and Song, 2003; Moya, 
2004). Generally, CBM can be treated as a method to reduce the uncertainty of 
maintenance activities and is conducted according to the requirements indicated by the 
equipment’s condition (Peng et al., 2010). Hence, CBM enables us to identify and 
solve problems in advance before product damage occurs. In industry systems, any 
product damage can have serious consequences. In this respect, CBM is a very 
attractive method for an industry operating high-valued assets (Shin and Jun, 2015). In 
CBM, the lifetime (age) of the equipment is monitored through its operating condition, 
which can be measured based on monitoring parameters such as vibration, 
temperature, lubricating oil, contaminants, and noise levels (Rosmaini and 
Kamaruddin, 2012). CBM is needed to ensure equipment health management, lower 
life cycle cost, and avoid catastrophic failure (Rosmaini and Kamaruddin, 2012). 
According to Jardine et al. (2006), CBM is a maintenance programme that 
recommends maintenance actions (decisions) based on the information collected 
through the condition monitoring process. 

2.3.1. Condition monitoring 
Monitoring is defined as an “activity performed either manually or automatically, 
intended to observe the actual state of an item” (SS-EN 13306, 2001, p.16). Thus far, it 
has been difficult to achieve effectiveness in maintenance operations because there is 
no information visibility during the product usage period. However, emerging 
technologies are now expected to come into rapid use to gather and monitor the status 
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data of products during their usage period (Shin and Jun, 2015). Advancements in 
information technology have added accelerated growth in the area of CBM technology 
by enabling network bandwidth, data collection and retrieval, data analysis, and 
decision support capabilities for large data sets of time series data (Prajapati et al., 
2012).  
The core aspect of CBM is condition monitoring, which can be performed using 
various approaches and employing different levels of technology (Jardine et al., 2006), 
as presented in Figure 6. Condition monitoring can be performed either periodically or 
continuously. Typically, periodic monitoring is conducted at certain intervals, such as 
every hour or at the end of every working shift, with the aid of portable indicators such 
as hand-held metres, acoustic emission units, and vibration pens. The condition 
monitoring process also includes evaluations based on human senses (subjective 
monitoring) to measure or evaluate equipment conditions, such as the degree of 
dirtiness and abnormal colour (Rosmaini and Kamaruddin, 2012). In on-line (or real-
time) monitoring, one continuously monitors a machine and triggers a warning alarm 
whenever an error is detected. However, there are two limitations of on-line 
monitoring: (1) it is often expensive, and (2) continuously monitoring raw signals with 
noise produces inaccurate diagnostic information (Jardine et al., 2006). In comparison, 
periodic monitoring is used due to its low cost and because it provides more accurate 
diagnostics using filtered and/or processed data. However, the risk of using periodic 
monitoring is the possibility of missing some failure events that occur between 
successive inspections (Goldman, 1999). 

 
Figure 6 - Different approaches to condition monitoring, adopted from Bengtsson (2007a) 

As Bloch and Geitner (1983) state, most equipment failures are preceded by certain 
signs, conditions, or indications that such a failure was going to occur. In general, the 
purpose of the condition monitoring process is twofold. First, it collects the condition 
data (information) of the equipment. Second, it increases knowledge regarding the 
causes and effects of failure and the deterioration patterns of equipment (Rosmaini and 
Kamaruddin, 2012). In condition monitoring, information concerning internal effects 
must be obtained externally while the machines are in operation (Randall, 2011). 
According to Randall (2011), the two principal techniques for obtaining information 
on internal conditions are vibration analysis and oil analysis. 
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The most popular condition monitoring technique used in the CBM programme, 
especially for rotating equipment (e.g., bearing and gearbox), is vibration monitoring 
(Al-Najjar, 1997; Carnero, 2005; Higgs et al., 2004). Machines are constantly 
generating vibrations. Many of these vibrations are linked to periodic events in the 
machine’s operation, such as rotating shafts, meshing gear teeth, and rotating electric 
fields. Some vibrations are due to events that are not entirely phase locked to shaft 
rotations, such as combustion in engines. Other vibrations are linked to fluid flow, as 
in pumps and gas turbines, and these have particular or unique characteristics (Randall, 
2011). A machine in standard condition has a certain vibration signature, and fault 
growth changes that signature in a way that can be linked to the fault. 
In oil analysis or lubricant monitoring, the condition (quality) of the oil is evaluated to 
determine whether the oil is suitable for further use (Rosmaini and Kamaruddin, 
2012). Moreover, the results of oil analysis can show the wear conditions of internal 
oil-wetted components, such as engine shafts (Rosmaini and Kamaruddin, 2012). The 
lubricant transmits information from the inside to the outside of operating machines in 
the form of wear particles or chemical contaminants, for example. Its use is mainly 
confined to circulating-oil lubricating systems. Moreover, some analyses can be 
performed on grease lubricants (Randall, 2011).  
For certain types of machines, performance analysis, such as stage efficiency is an 
effective way to determine whether the machine is functioning correctly. 
Thermography is another condition monitoring technique. Sensitive instruments are 
employed to remotely measure temperature changes in comparison with a standard 
condition. Thermography is principally applied in quasi-static situations, such as 
electrical switchboards, to detect local hot spots and faulty refractory linings in hot 
fluid containers (Randall, 2011). Sound or acoustic monitoring is another technique 
that is frequently used in CBM; it has a strong relationship with the vibration 
monitoring technique. However, there is a fundamental difference between the two 
(Rosmaini and Kamaruddin, 2012). Whereas vibration sensors are rigidly mounted on 
the component involved to register local motions, acoustic sensors “listen” to the 
equipment. As in vibration monitoring, sound or acoustic monitoring is executed on-
line, either in periodic or continuous ways (Rosmaini and Kamaruddin, 2012). 

2.3.2. Condition monitoring of rolling bearings 
A rolling bearing is a mechanical component that carries loads and eliminates sliding 
friction by placing rolling elements (i.e., balls or rollers) between two bearing rings 
(i.e., the outer and inner raceway). Depending on the internal design, rolling bearings 
may be classified as radial bearings (i.e., those that carry radial loads) or thrust 
bearings (i.e., those that carry axial loads). Nearly all rolling bearings consist of four 
basic parts: the inner ring, outer ring, rolling elements, and cage, as illustrated in 
Figure 7 (El-Thalji and Jantunen, 2015). 



14 

 

 
Figure 7 - Elements of rolling bearing (El-Thalji and Jantunen, 2015) 

One of the problems of rotating equipment that is of greatest concern is the bearing 
condition (Morando, 1996). The majority of bearings fail before the natural fatigue 
limit of the bearing steel has been reached. In most cases, such failure is due to 
insufficient lubricant film between rolling elements and raceways. Inappropriate 
mounting, electrical currents and machine vibrations are other explanations for 
decreased bearing life (Morando, 1996). All machines with moving components 
generate forces from responding motion or defective balance. These forces, in 
response, act on the bearings, where rotation or sliding is supported on rolling 
surfaces. Extreme increases in forces due to component damage, over loading, or poor 
design are the basis for early failures in bearings. Bearing failure can result in major 
damage to shafts, rotors, and housings (Starr, 2000). 
According to (Morando, 1996), there are three typical outcomes of bearing condition 
monitoring:  

 Acceptable oil film, no surface damage, no special maintenance necessary. 

 Thin oil film and reduced life expectancy. 

 Bearing damage; the bearing has to be replaced, and the question is when. 
The following is a description of two common bearing condition monitoring 
techniques. 
Shock pulse method (SPM) 
The SPM involves the monitoring and analysing of the high-frequency compression 
(shock) waves created by a rotating bearing (Morando, 1996). Shock pulses contain a 
string of pulses with fluctuating magnitudes. The strength of the individual pulses and 
the ratio between stronger and weaker pulses are used in bearing condition analysis. 
The magnitudes of the pulses are dependent on the peripheral velocity of the bearing 
(rpm and diameter) and the lubricant film thickness between the rolling elements and 
raceway as well as the bearing’s surface condition. Damage on the bearing’s surface 
causes a significant increase in shock pulse strength combined with an obvious 
variation in the ratio between stronger and weaker pulses (Morando, 1996). Shock 
pulses are measured with a transducer that is tuned to function at the resonance 
frequency of 32 KHz where the resulting bearing signal is strongest (Morando, 1996). 
Direct condition monitoring can be delivered either by portable shock pulse analysers 
or continuous monitoring systems (Morando, 1996). 
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Vibration analysis 
In rotating equipment, such as fans, motors and pumps, vibration analysis is able to 
diagnose failures by measuring overall machine vibration or, more precisely, 
frequency analysis. The high-frequency technique can measure the condition and the 
lubrication of the bearings. Vibration measurement can be performed with an 
accelerometer (Starr, 2000). The principle of shock pulse transducers is similar to that 
used in vibration accelerometers (Morando, 1996). The signal from the vibration 
measurement is collected and analysed by a portable metre or computerized analyser 
or by a hard-wired system (Starr, 2000). 

2.3.3. Implementation of CBM 
According to Shin and Jun (2015), many manufacturing companies have recently 
initiated efforts to adopt new technologies and obtain more accurate real-time 
information on product status during its usage period. As diverse information becomes 
available, the CBM approach of using this information to prevent a critical failure or 
degradation in advance has been emphasized (Shin and Jun, 2015). Although most 
machine maintenance is still either purely reactive (fixing or replacing equipment after 
it fails) or blindly proactive, world-class companies are moving towards “predict-and-
prevent” maintenance (Kobbacy and Murthy, 2008), which is very similar to the goal 
of CBM.  
According to Walker (2005), the implementation of a CBM strategy entails the use of 
condition monitoring technologies. Although a large number of condition monitoring 
tools exist, they are rarely used. A proper approach to implementation, primarily 
during the early decision-making phase of implementation, can address some 
challenges and lead to a well-implemented and effective CBM. Below is a list of 
important steps to take or factors to consider in implementing CBM. These factors are 
adopted or reworked from Bengtsson (2007), Starr (2000), and Walker (2005): 

 Feasibility test.  

 Assignment of responsibilities.  

 Identification of maintenance assets.  

 Failure analysis to determine the parameters to monitor. 

 Selection of appropriate techniques to detect failures. 

 Selection of technologies. 

 Production of a selection process to determine the CBM strategy. 

 Cost effectiveness evaluation. 

 Management evaluation. 
In the early decision making concerning implementation, a company must decide 
whether CBM is suitable for its situation based on technical, organizational, and 
economic factors (Bengtsson, 2006). The first two steps for information gathering 
regarding plant selection are the determination of plant criticality and an audit of 
existing maintenance activities (Starr, 2000). The criticality of a plant can be based on 
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safety, capital value, and influence on the value of production (Starr, 2000). Condition 
monitoring can be performed using different approaches and utilized by different 
levels of technology (Jardine et al., 2006). The techniques must be appropriate for the 
failure mode and sensitive enough to provide an early warning of a major group of 
failures with infrequent measuring (Starr, 2000). Hess et al. (2001) also underline that 
the selection of technologies is based on the capabilities of the technology to provide 
early detection of degraded performance with less concern about whether its use is 
necessary based on a business perspective. Factors such as the buying, training, 
application, data processing and management of condition monitoring technologies 
must be considered very judiciously and a condition monitoring strategy must be 
developed before acquiring technologies (Walker, 2005). 

2.3.4. Cost effectiveness of CBM 
The cost effectiveness of CBM can be observed in various forms of potential savings, 
including reduced maintenance costs, damage limitation, and avoided production 
losses, which should be compared to the cost of CBM (set-up cost and operation cost) 
(Starr, 2000). In evaluating the use of CBM to make decisions according to measured 
data, the management’s function is to review the selection process, including routine 
monitoring, the selection of techniques, the selection of assets and cost effectiveness 
(Starr, 2000). 
For a CBM investment and implementation to have total effectiveness, both direct 
maintenance costs and indirect maintenance costs must be taken into consideration. 
Starr (2000) divides cost effectiveness into costs and potential savings, where reduced 
maintenance costs (direct cost/savings), damage limitations (direct cost/savings), and 
avoided production losses (indirect maintenance cost/savings) are cited as potential 
savings, and set-up costs (direct cost) and operations costs (cost of 
measurements/analysis) (direct costs) are the actual costs of CBM. These need to be 
compared and analysed before deciding where to implement CBM. Moreover, Hess et 
al. (2001) cite the importance of evaluating both potential savings and costs; they call 
this technology effectiveness evaluation and technology cost evaluation. Further, they 
note that it is wise to prepare a business case with a ROI calculation and state that, as a 
rule of thumb, a one-year or less payback period should be achieved if the technology 
is to be implemented.  

2.4. Concluding highlights from the frame of reference 
The highlights of the literature review are summarized as follows: 

 By simultaneously reducing operations costs and maintenance costs and 
increasing the performance and reliability of production equipment, an effective 
and efficient maintenance strategy can provide manufacturing companies with a 
competitive production system. 

 Few manufacturing companies are working on developing strategic 
maintenance. 

 Quite few of proposals for strategic approaches describe how to formulate 
maintenance strategy to support the company’s strategic goals. 
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 CBM can play a key role in providing persons responsible for management and 
maintenance with correct and reliable data to prevent unplanned production 
stoppages. 

 There is a lack of cost models to investigate the potential savings from 
implementing CBM in the manufacturing industry. 

 The practical implementation of advanced maintenance technologies, such as 
CBM, in manufacturing industry is scarce. 

 Most studies address the technical aspects of CBM, with less attention devoted 
to organizational aspects. 

 An appropriate approach for the implementation of CBM is needed. 

 Some of the necessary factors to consider when deciding whether to implement 
CBM are training, management direction, technology selection, user 
commitment and user competence. 
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3. Research methodology 
This chapter presents the scientific approach and research method used to conduct 
this research. The research process is discussed to show how the research was 
conducted. Finally, issues regarding the quality of the research are discussed. 

3.1. Scientific approach and research method 
Research can be performed using various methodological approaches (Arbnor and 
Bjerke, 1994). The choice of methodology depends to a large extent on the 
researcher’s view of knowledge, but it also depends on the nature of the research 
questions being asked (Merriam, 2009). The three main approaches, as described by 
Arbnor and Bjerke (1994), are the analytical approach, the actors approach and the 
system approach. The system approach considers reality to be objective and 
constructed in such a way that components are mutually dependent. The system 
approach explains (understands) the components based on the properties of the whole 
(Arbnor and Bjerke, 1994). The system approach has been applied in the research 
conducted as part of this thesis. The thesis considers different aspects of the condition-
based maintenance (CBM) strategy, including its economic, technical and 
organizational aspects. From a system perspective, CBM is composed of components 
that have mutual requirements. In addition, the system approach holds that real life is 
arranged in such a way that the whole differs from the parts (Arbnor and Bjerke, 
1994). It is not possible to isolate CBM strategy from its surroundings as it requires 
input from internal/external connected interfaces such as the overall maintenance 
management and production system. 
Moreover, according to Dhawan (2010), there are two basic approaches to research, 
the quantitative approach and the qualitative approach. The former involves the 
generation of data in quantitative form that can be subjected to rigorous qualitative 
analysis in a formal and rigid fashion. Dhawan (2010) states that the qualitative 
approach to research is concerned with the subjective assessment of attitudes, opinions 
and behaviour. Research in this approach is a function of the researcher’s insights and 
impressions. One way of differentiating qualitative research from quantitative research 
is that qualitative research is largely exploratory, whereas quantitative research is more 
focused and aims to test hypotheses (Glenn, 2010). The use of qualitative and 
quantitative data is fundamental to research design, and both types of data can be 
utilized for generating and testing theories (Saunders at al., 2012). Qualitative data are 
more suitable for studying complex phenomena (Alvesson and Sköldberg, 2008). A 
combination of qualitative and quantitative approaches has been used in the current 
research. However, qualitative data were the primary means of achieving the research 
objective. 
Saunders et al. (2012) describe a research strategy as a plan created by the researcher 
to answer the research questions. A research strategy can be defined as a methodical 
link between the philosophy and subsequent choice of methods to collect and analyse 
the data. To address the research questions and the objective, the research strategy here 
has been to find a suitable context for data collection and to study the phenomena 
affecting the successful implementation of CBM. Case study (Yin, 2009) was chosen 
as the main research method for collecting empirical data in this research. A case study 
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method provides the opportunity to use multiple sources of data and different data 
collection techniques (Yin, 2009). Moreover, the case study method enables the 
researcher to understand the empirical data, thereby allowing a suitable analysis of the 
phenomenon studied (Yin, 2009). Following Saunders et al. (2012) and Merriam 
(2009), the empirical data for the case studies presented in this research were mainly 
collected through observations, interviews, questionnaires and documents. The data 
collection process in each study is described in greater detail in the research process 
section. 
In addition, literature reviews were performed throughout the research process. First, 
general literature reviews were performed to clarify, map and obtain a clear image of 
the existing situation in the research area of interest as the research questions were 
being formulated. As the papers were written, more focused literature reviews were 
performed. The selection of literature for the review was mainly based on books 
(including licentiate and doctoral dissertations) and academic papers published in 
conference proceedings and journals. The databases and search engines employed in 
the study to find relevant studies were Ebrary, Google Scholar, IEEE Xplore and 
ScienceDirect. The main search terms or topics that were used were the following: 
“condition based maintenance”, “condition based maintenance cost effectiveness”, 
“condition based maintenance implementation”, “condition monitoring”, “condition 
monitoring implementation”, “maintenance development”, “maintenance 
management”, “maintenance strategy”, “maintenance strategy formulation”, 
“manufacturing industry”, and “vibration analysis”. 

3.2. Research process 
This section will explain the research process to illustrate how the research was 
performed. Four main studies were conducted as part of this research, which also 
included pilot project that was performed while conducting the other studies. In Figure 
8, the various studies performed during the present research are plotted in time and 
scale. 
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Figure 8 - The different studies performed during the research process 

Table 1 reports the studies and the research methods and data collection sources that 
were used in each study as well as the research questions and the appended papers 
with the highest correlation to each study. 

Table 1 - Overview of the research design and appended papers related to empirical studies 
Study Topic Research 

method 
Data collection 
sources 

RQ Paper 
No. 

I Maintenance 
strategy 

Single case 
study 

Observations, 
Interviews, 
Documents 

1 Paper I 

II CBM cost 
effectiveness 

Single case 
study 

Observations, 
Questionnaires 

2 Paper II 

III CBM industrial 
practices and 
challenges 

Multiple 
case study 

Interviews, 
Documents 

3 Paper III 

IV CBM 
implementation 

Single case 
study 

Observations, 
Questionnaires, 
Documents 

4 Paper IV 

The following is a description of the pilot project, a summary of the research studies 
and a description of the data analysis in the present research. 

3.2.1. Pilot project 
To illustrate the extent to which advanced CBM practices are applicable and cost 
effective in a manufacturing company and serve as a guide for further research and 
development in this area, a pilot project was followed in real time. The pilot project 
was performed at a major manufacturing site in Sweden. The company’s product is 
gearboxes, with a production volume of 95 000 products per year. The case company 
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expressed interest in investing in and conducting this pilot study in its hardening and 
machining production process. The purpose of the pilot project was to implement on-
line condition monitoring of gas circulation fan electric motors in hardening and 
machine tool spindles in machining processes. Some of the objects involved in the 
pilot project are illustrated in the following figures. 

 

Figure 9 - Gas circulation fan 

 
 
 

 
Figure 10 - Turning machine spindle 
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Figure 11 - Grinder machine 

The researcher’s ability to perform this pilot study in real time represented an excellent 
opportunity to collect valuable data to fulfil the research objective. The researcher had 
an active role in this project by cooperating with three maintenance managers and five 
maintenance engineers at the company as well as three contact people from a condition 
monitoring supplier. Therefore, the researcher employed participant observation as the 
data source during the pilot study, and relatively empirical data were collected during 
project meetings, workshops and informal discussions with the project members. The 
pilot project was conducted in parallel with the other studies in the present research. 
However, some of the data collected during the pilot study was used in study II and 
study IV, which will be described subsequently in this chapter. 

3.2.2. Study I – Maintenance strategy 
The first study concerns strategic maintenance management and the formulation of a 
maintenance strategy. The main objective of this study was to define a process for 
formulating a maintenance strategy to facilitate maintenance management to further 
strategic development. The empirical basis for the study was a single case study of a 
major manufacturing site in Sweden. The company produces gearboxes, with a 
production volume of 95 000 products per year.  
The main data source was participant observation. The observations were primarily 
obtained by observing the status of the company’s plant and, when possible, 
participating in maintenance-related meetings and in internal and external audits at the 
company. The data were also collected through on-site interviews and document 
analysis. The interviews were semi-structured using a set of predetermined questions 
listed in Table 2. In total, four interviews were conducted at the site. The interviewees 
were maintenance managers. Each interview lasted approximately one hour. The 
interviews were recorded and notes were taken to strengthen the validity and reliability 
of the data. The interviews were transcribed by the interviewer. In addition, various 
documents, including maintenance strategies, maintenance audits, maintenance 
organization charts, and maintenance activities, were studied. Analysing the empirical 
data provided the framework for formulating a maintenance strategy. The researcher 
then conducted several workshops with two maintenance managers to formulate the 
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company’s current maintenance strategy. Then, the maintenance strategy was provided 
and presented to the company. 

Table 2 - Interview guide for formulating maintenance strategy, adopted from Salonen (2011) 
1. Is there a maintenance strategy?   
2. Is it written or oral?  
3. Is it clearly tied to the business strategy?  
4. How do you formulate the strategy (a team effort/ the maintenance manager/ other)?  
5. Who approves the strategy (the company’s board)?  
6. Which components/ aspects are/ should be included in a maintenance strategy?  
 Maintenance organization  
 Control (maintenance control/ planning, spare parts planning, CMMS)  
 Policies/ concept (corrective maintenance/ preventive maintenance, TPM/ RCM)  
 Material resources (tools, machinery, etc.)  
 Technological resources (condition monitoring, etc.)  
 Economy (do you consider the financial effect of maintenance?)  
 Personnel (number, competences)  
 Work hours (shifts, on-call duty)  
 Technological skills  
 Are all departments served? 
 Focus areas  
 Spare parts management  
 Education and training  
 Others  
7. Are responsibilities defined in the strategy? 
8. Is the strategy communicated (to whom, how)? 

3.2.3. Study II - CBM cost effectiveness 
The second study was performed to investigate the cost effectiveness of implementing 
CBM in the manufacturing industry. The empirical basis for the study was a single 
case study of a large manufacturing site in Sweden, complemented by a brief 
benchmark using data from a reference manufacturing site in Sweden. The case 
company’s product is gearboxes, with a production volume of approximately 95 000 
products per year.  
The main source of data was participant observations through the pilot project of 
implementing CBM at the manufacturing company. In the study, CBM was applied to 
five critical gas circulation fans in a furnace in the hardening area of the production 
facility, four turning machines and one grinder machine in the machining area. The 
data from the case study were collected through various workshops with different 
departments at the company, primarily with maintenance engineers (see Table 3).  
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Table 3 - Workshops 
Workshop Purpose No. of 

Participants 
Cost 
Deployment 

Investigate maintenance cost history at the company according 
to the breakdowns 

1 

Hardening Investigate CBM cost effectiveness focusing on five fans in a 
furnace in the hardening area 

2 

Turning 
Machines 

Investigate CBM cost effectiveness focusing on four turning 
machines 

2 

Grinder 
Machine 

Investigate CBM cost effectiveness focusing on a grinder 
machine 

2 

Energy Investigate energy saving by using CBM on the fans in the 
hardening, turning and grinder machines 

1 

Reference 
Company 

Investigate CBM cost effectiveness in similar applications in a 
similar manufacturing company 

4 

For a suitable approach, the information regarding the parameters in the cost 
effectiveness model was collected through questionnaires and discussed during the 
workshops (see Table 4).  

Table 4 - Cost effectiveness analysis questionnaire, adopted from Moore and Starr (2005) and 
Kerf (2006) 

Type of loss List of needed data for evaluating the losses due to damage 

Capital loss  Current value of the equipment investment  
 Maximal damage cost (as a percentage of the current value of the equipment 

investment)  
 Current probability of maximal damage (as a percentage) 
 Minimal damage cost (as a percentage of the current value of the equipment 

investment)  
 Probability of maximal damage with CBM (as a percentage)  
 MTBF (mean time between failures) = runtime/no. of failures  
 Runtime  
 Number of failures  
 MTBR (mean time between repairs)  

Production 
loss 

 MTTR (mean time to repair)  
 Mean product price  
 Mean production rate = batch size/the time that the batch is in the machine  
 Batch size  
 The time that the batch is in the machine  

Quality loss  Reduction in product price due to quality issues  
Safety loss  Cost of fines for a breach of regulation (in the event that an asset failure injures an 

employee)  
 Cost of compensation for an injured employee  

Environmental 
loss 

 Cost of energy loss due to damage  

Customer 
satisfaction 
loss 

 Fines for late delivery  
 Lost business to a competitor due to late orders  
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Analysing the empirical data revealed the necessary factors to consider in analysing 
the cost effectiveness of CBM in the manufacturing industry. Consequently, the main 
benefits of implementing CBM at the company were identified and presented to the 
company. 

3.2.4. Study III - CBM industrial practices and challenges 
The third study was performed to present an introductory review of CBM practices 
applied in the manufacturing industry. The empirical basis for the study was a multiple 
case study of two major manufacturing sites in Sweden, complemented by a brief 
benchmark using data from reference manufacturing sites in France and Brazil.  
The data were collected through on-site interviews and document analysis from two 
manufacturing sites. Additional data from the two reference sites were obtained via 
document analysis. Table 5 describes the case companies and data collection 
techniques. 

Table 5 - Data sources 
 Case company A Case company B Reference comp. C Reference comp. D 
Type of 
product 

Engine Gearbox Engine Engine 

Volume per 
year 

85 000 95 000 42 000 18 000 

Processes Casting, machining 
and assembly 

Machining, heat 
treatment and 
assembly 

Stamping and 
assembly 

Machining, 
assembly, testing 
and painting 

Data 
collection 
techniques 

3 interviews with 
one maintenance 
manager and two 
people responsible 
for CBM, 
Documents  

3 interviews with 
two managers and 
one maintenance 
engineer, 
Documents  

Forms and 
documents 

Forms and 
documents 

The interviews were semi-structured using a set of predetermined questions listed in 
Table 6. In total, there were six interviews conducted on the two sites A and B. The 
interviewees were maintenance managers and maintenance engineers. Each interview 
lasted approximately one hour. The interviews were recorded and notes were taken to 
strengthen the validity and reliability of the data. The interviews were transcribed by 
the interviewer.  

Table 6 - Interview guide 
1. What is the role of CBM at your company? Do you see CBM as an important factor to implement? 
2. Do maintenance management and top management see CBM as a strategically important factor to 

realize technical availability? 
3. What is the competence level of your company in CBM? What is the reason for a lack of 

knowledge? 
4. What is the level of development of CBM tools at your company? 
5. Do you have on-line condition monitoring? If yes, what type and in which production processes 

(e.g., machining)? 
6. How do you choose the appropriate condition monitoring technique? 
7. How do you communicate condition monitoring data? 
8. What are the main challenges in implementing CBM in your company? 
9. What are your future plans? 
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The data were collected in two formats: interview protocols and CBM implementation 
matrixes. The framework in Table 7 was used for the matrixes to present the current 
CBM practices at the case companies. The matrixes were completed by the interviewer 
based on the answers from the respondents. 

Table 7 - CBM implementation matrix framework 
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In addition, various documents, including maintenance audits, maintenance 
organization charts and CBM maps at the case companies, were studied. By analysing 
the empirical data, the current industrial practices regarding CBM in the 
manufacturing industry were mapped to the matrixes. Further, several issues regarding 
the implementation of CBM in the manufacturing industry were discussed. 

3.2.5. Study IV – CBM implementation 
The fourth study was performed to provide a work process for implementing CBM in 
the manufacturing industry. The empirical basis for the study was a single case study 
of a major manufacturing site in Sweden. The case company’s product is gearboxes, 
with a production volume of 95 000 products per year.  
The main source of data was participant observations obtained during the pilot project 
implementing CBM at the manufacturing company. In the study, CBM were applied to 
five critical gas circulation fans in a furnace in the hardening area of the production 
facility. The data from the case study were collected during project meetings, 
workshops and informal discussions with the project members including maintenance 
engineers, maintenance managers, contact people from the condition monitoring 
supplier company and industrial and academic supervisors. To ensure a suitable 
approach during discussions and to ensure that the pilot project could be pursued in a 
structured and manageable way at the company, a questionnaire was used during the 
decision-making phase of the pilot project; the questionnaire is shown in Table 8. In 
addition, various documents, including the project’s object specifications, the 
company’s project model, and information on condition monitoring technologies from 
the supplier company, were studied. 
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Table 8 - Questionnaire for selecting the project objects 
1. What are the specifications of the selected object? (including any pictures and drawings)  
2. What were the main factors for selecting this object? 
3. What is the most critical component of this object? 
4. How does failure occur in this object? 
5. Are there any data that can be found from EWOs, including MTBF, MTTR, and MWT? 
6. What is the expected running time for the object? 
7. How many breakdowns has the object had? How frequently? 
8. Are there similar objects in the factory? How many breakdowns have they had? 
9. In the event of breakdowns, what maintenance tasks are performed on the object? 

Replacement? (A description of maintenance tasks that have been performed after each 
breakdown.) 

10. When was the last replacement? 
11. Is there any scheduled maintenance for the replacement? 
12. What conditions should be provided for the replacement? 
13. How many hours are required to perform the replacement? 
14. Do the breakdowns halt the entire production process? (How much production loss is 

estimated?) 
15. Do the breakdowns cause “quality” issues for the products? 
16. Do the breakdowns cause “safety” issues? 
17. How often should the object be lubricated?  
18. Are there are any data or estimates concerning the cost of the breakdowns, at least for 

maintenance costs? 
19. Did you have condition monitoring on this object before? If yes, how frequently? Which tools 

have you been using (if any)? On-line or offline monitoring? 
20. Regarding predicting the failure time through on-line condition monitoring, is it possible to 

schedule the maintenance for a time that does not affect production (during non-production 
time)? Or is there a possibility of having a buffer in production? 

To strengthen the validity and reliability of the data, the information was documented 
in hand notes and computer files during the implementation process. Using this 
information, the process for implementing CBM at the manufacturing company was 
developed.  

3.2.6. Data analysis 
The data collected must be processed and analysed to draw conclusions. There are 
various approaches described in the literature to analyse data. Pattern-matching logic 
and the clustering method were used for data analysis in the current research. In the 
clustering method, the researcher groups similar data into specific categories and then 
conceptualizes these categories to illustrate similar patterns or characteristics 
(Merriam, 1994). The data analysis of the observations, transcribed interviews, 
questionnaires and documents was based on the clustering method, where essential 
categories were identified. The categories were further developed to identify their 
relationships and patterns. The reason for selecting categories was to obtain a better 
understanding of the phenomenon and to better link the research findings. 
In addition, pattern-matching logic was used when analysing the empirical data in the 
case studies. Pattern-matching logic is a technique that essentially involves comparing 
empirically observed patterns with predicted ones (Yin, 2009). Pattern matching helps 
to ensure that there is a logical connection between the study results and existing 
theories within the field. Therefore, the empirical data from the case studies were 
continuously compared with the reviewed literature to find similarities and differences. 
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However, all data analysis techniques are dependent on the researcher’s pre-
understanding. Some of the researcher’s previous work experiences in the research 
area affected the current research. Therefore, efforts were made to involve several 
people with different backgrounds to analyse the data in each of the studies to reduce 
implications made by the researcher and prevent weakness due to bias. 

3.3. Quality of the research 
Evaluating the quality of research is an important but difficult task, especially when, as 
in this research, the results are based primarily on qualitative data (Corbin and Strauss, 
2008). The two most commonly used terms when judging the quality of research are 
validity and reliability. According to Gummesson (2000), validity refers to “the extent 
to which researchers are able to use their method to study what they had sought to 
study rather than (often without being aware of it) studying something else“(p.91). 
When case studies are employed, as in this research, Yin (2009) argues that the criteria 
for judging the quality of research are construct validity, internal validity, external 
validity and reliability. These quality measurements are discussed below. 

3.3.1. Construct validity 
Construct validity is concerned with the level of conformity between what is actually 
studied and the intended subject of study (Saunders et al., 2012). Tactics that can be 
used to increase construct validity include the use of multiple sources of evidence and 
a review of the draft case study report by the key informant (Yin, 2012). In the case 
studies in this research, these measures were considered to increase construct validity. 
Multiple data sources were used for data collection in the case studies, including 
observations, interviews, questionnaires and documents. The results were also 
triangulated using different data sources. In addition, the participants in the case 
studies, particularly during the pilot project, reviewed and controlled the findings 
across presentations of the results in different steps of the research process. 

3.3.2. Internal validity 
Internal validity concerns the question of how research findings match reality 
(Merriam, 2009). An example of tactic that can be used to increase internal validity is 
pattern matching (Yin, 2009). In the case studies included in this thesis, pattern 
matching was employed when analysing the empirical data to ensure that there was a 
logical connection between study results and the existing theories within the field. 
Moreover, several people with different backgrounds were involved in each study to 
reduce the implications made by the researcher and prevent vulnerability to bias. 

3.3.3. External validity 
External validity is concerned with the extent to which the findings of a study can be 
generalized and are applicable in other relevant settings (Merriam, 2009). According 
to Gummesson (2000), a common criticism of case studies as a scientific method is the 
inability to generalize from their results. He covers the difficulties of generalizing 
from a limited number of cases and notes that generalizability is closely related to 
validity. Yin (2012) suggests using theory in the single case studies to secure external 
validity. In the case studies in this thesis, the empirical findings were continuously 
compared with the reviewed literature to identify justifying and contracting theories 
and to explain similarities and differences with theory. Moreover, multiple cases were 
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selected for study in study III. While conducting the pilot project, the aim was to use 
various types of objects at the case company in studies II and IV to ensure external 
validity.  

3.3.4. Reliability 
Reliability refers to the replicability of research results. More precisely, the use of 
similar data collection and analysis techniques should lead to similar findings if a 
study is repeated or conducted by another researcher (Saunders et al., 2012). However, 
organizations and humans are subject to constant change, which means that it is 
infeasible to completely replicate studies (Merriam, 1998). As the research presented 
in this thesis was mainly qualitative, a recreation of the study conditions is not possible 
because it is much more reliant on the researcher's own understandings. According to 
Merriam (1994), independent of the type of research at hand, reliability can be 
strengthened through careful attention to the way that data and information are 
gathered, analysed and interpreted. Therefore, to strengthen reliability, every step in 
the case studies was carefully documented and the research methodology was 
transparently described. This was achieved by fully describing all steps in the process 
of collecting and analysing data. 

3.3.5. Role of the researcher 
 
The researcher who conducted this research is an industrial PhD student at Mälardalen 
University and has been a part of the INNOFACTURE Research School since 
September 2012. He is also employed as a maintenance engineer at Volvo Group 
Trucks Operation (GTO). He has a master’s degree in product and process 
development – production and logistics and a bachelor’s degree in mechanical 
engineering. The researcher’s background is in the manufacturing industry, where he 
has worked as a CAD designer in an R&D department and as the head of a preventive 
maintenance department in Iran. As the head of a preventive maintenance department, 
the researcher worked with tasks such as root cause analysis, maintenance planning, 
scheduling condition monitoring plans and developing CBM for the manufacturing 
company. Before becoming an industrial PhD student, the researcher worked at the 
case company as part of his master’s thesis in strategic maintenance development by 
formulating a maintenance strategy at the company. 
The researcher has acquired knowledge in the field of production maintenance in a 
manufacturing context. The researcher’s background has provided information on 
which persons to contact to address various questions. As this research was conducted 
in the company in which the researcher was employed, the researcher adopted the role 
of an internal researcher (Saunders et al., 2012). Moreover, he played an active role in 
leading the pilot project at the company. Therefore, he had considerable opportunity to 
access sources of data and communicate with the case company to verify and further 
extend the empirical findings. The research could thus have influenced the case 
company and the mind-set of the members of the maintenance department and other 
participants in the case studies. 
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4. Summary of research findings 
This chapter summarizes the research findings presented in the papers within the 
scope of this research. 

4.1. Correlation between papers, studies and research questions 
As explained in chapter 3, this research has been conducted through case studies and 
partly by performing the pilot project at the focal manufacturing company. The figure 
below presents the correlations among the appended papers, the studies, the pilot 
project and the research questions. 

 

Figure 12 - Correlations among the appended papers, the studies, the pilot project and the 
research questions 

The papers are summarized in the following sections. 

4.2. Paper I – Strategic maintenance management: 
Formulating maintenance strategy 

This paper is based on study I and primarily addresses RQ1. Its main objective is to 
define a process through which to formulate a maintenance strategy to facilitate further 
development in a strategic manner. The problem is investigated by means of a 
literature review and a case study at a major manufacturing site in Sweden, and a 
maintenance strategy is formulated and presented. The process used to formulate the 
maintenance strategy and the formulated maintenance strategy itself are the main 
findings of this paper. In addition, a summary of the company’s view of strategic 
maintenance development is also presented. Definitions and descriptions of the 
performance indicators and action plans used in this section are provided in the 
appended paper I. 

4.2.1. The proposed process of maintenance strategy formulation 
One positive aspect of formulating a maintenance strategy for a case company such as 
the focal company in study I is that the company’s business strategy had previously 
been formulated, and both the company and its maintenance department had clearly 
formulated visions and missions. Moreover, although there was not a clear 
maintenance strategy, some maintenance goals and activities had been identified in 
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different managerial frameworks, such as “management by objectives”. These positive 
aspects of the case company enabled the formulation process to extend a step beyond 
other processes proposed in the literature. Figures 13 and 14 show different phases of 
maintenance strategy formulation and the factors that should be included in the 
maintenance strategy. 
Figure 13 demonstrates that the work process begins by collecting data from the 
company, including different perspectives on maintenance strategies, the vision and 
mission of the company with regard to maintenance as well as maintenance activities, 
including “management by objectives” and “professional maintenance” within the 
“World Class Manufacturing (WCM) method”. Based on the information gathered, 
strategic objectives for maintenance and their relevant KPIs can be identified. In this 
step, a balanced scorecard is proposed to structure the maintenance strategy correctly. 
Depending on the company’s objectives, targets for the next three years must be 
determined, and action plans to reach these targets and objectives must be established. 
Then, relevant measures indicating the status of the action plans must be classified.  

 

Figure 13 - Maintenance strategy formulation process, phases 0 and 1 

In the next phase, the maintenance strategy is classified into three levels: strategic, 
tactical and organizational (see Figure 14). The use of different levels of action plans 
allows factors such as responsibility and time to be more easily recognized. 
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Furthermore, the maintenance manager and other personnel can obtain a more 
appropriate overview of the maintenance activities and ways to manage them. 
The last phase involves establishing a clear link between the maintenance strategy and 
the company’s business strategy (see Figure 14). In this step, the maintenance strategy 
must be classified in the same areas as the business strategy, although in some cases, 
the maintenance strategy includes more areas than the business strategy. However, the 
important element here is to establish a relationship between the factors that are 
included and the objectives and action plans. The main purpose of the maintenance 
strategy is to indicate a clear direction between activities and their results in helping 
the company to achieve its strategic goals. 

 
Figure 14 - Maintenance strategy formulation process, phases 2 and 3 

4.2.2. Formulated maintenance strategy 
The formulated maintenance strategy is divided into two parts that are each described 
in this section: strategic objectives and action plans.  

Strategic objectives 
The strategic objectives of maintenance are formulated and presented as illustrated in 
Figure 15. As described, a balanced scorecard is an appropriate manner in which to 
formulate the strategy that has been applied as a solution in this paper. According to 
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the company’s business strategy, the strategic objectives of maintenance are classified 
into different areas, including safety/quality/environment, leadership, employeeship, 
the organization and ways of working, competence, delivery, productivity and 
economy. Within these areas, the relevant KPIs and their measures are set, as are the 
targets for the current and the coming three years. 

 
Figure 15 - Strategic objectives 

In the area of safety/quality/environment, an improved safety culture and reduced 
energy consumption are the strategic objectives for the maintenance department. 
The strategic objective for maintenance with regard to leadership is to reach the 
highest steps of professional maintenance within the WCM method. Therefore, the 

Measures YTD 2012 Target 2012 Target 2013 Target 2014 Target 2015

Days without accident

Energy saving vs. 2008

Number of Break downs for AA machines which are in step 3

Cost Reduction (PM related)

Coverage on A components in VMMS (%)

EEI (Employee Engagement Indicator) (%)

Audit measurement (%)

Decidable EWO/Total number (%)

MWT (Machining)

MWT (Assembly)

MTTR (Machining)

MTTR (Assembly)

Development of team competence

Completed activities (%)

OEA

MTBF (Machining)

MTBF (Assembly)

MWTSP (Machining)

MWTSP (Assembly)

Time for all activities / Total available time

Using Preventive Maintenance compared with Corrective Maintenance 
(%)

Maintenance cost / Gearbox compared with baseline 2008

Improve Andon process

Increase MTBF

Increase Planned Maintenance 
Capability

Decrease MWTSP

Decrease MTTR

Improve technical availability

Competence development

PBP/ICP

Right First Time EWO

Improve safety culture

Reduce Energy consumption

Strategic Objectives

VGAS

Reaching step 5 for AA machines 
within Professional Maintenance 

criteria of World Class Manufacturing

 Improve 5S

Maintenance cost reduction per 
produced unit

Economy

Safety/Quality/Environment

Leadership

Employeeship

Organization and Way of Working

Competence

Delivery

Productivity
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maintenance manager can provide proper supervision by measuring the defined KPIs 
for each step, such as the number of breakdowns for classified machines, reduced PM-
related costs and coverage of the components in CMMS.  
In the area of employeeship, there is a significant measurement for the manager, the 
Volvo Group Attitude Survey (VGAS). The purpose of the VGAS is to continuously 
improve the working climate. Thus, the engagement of employees in this survey is 
important for the managers. The results can be calculated to include the Employee 
Engagement Index (EEI). Improving 5S in the working environment is also part of the 
strategic objectives of maintenance within employeeship and can be measured by its 
audit measurement. 
An Emergency Work Order (EWO) plays a key role in working with maintenance. A 
“right first time EWO” is a process implemented by the maintenance department to 
increase the efficiency of work orders, which can be measured by decidable EWOs per 
their total number. A dependability measurement that indicates the maintenance 
supportability of the organization is MWT, which may include mean waiting time for 
spare parts (MWTSP). MWT can be improved by implementing Andon, and 
improving it is an important strategic objective for maintenance.  
MTTR is a dependability measurement that indicates maintainability and illustrates the 
competence of maintenance personnel in performing maintenance work. A decrease in 
MTTR is an important strategic objective for maintenance. A Personal Business Plan 
(PBP) and an Individual Contribution Plan (ICP) are two other competence indicators 
in this area, and the percentage of their completed activities is a strategic objective for 
maintenance.  
With respect to delivery, increased technical availability is a strategic objective that 
can be measured by Overall Equipment Availability (OEA). This is one of the most 
important objectives and indicates the extent to which the maintenance department 
delivers services to production. 
MTBF is a dependability measurement that indicates equipment reliability. MTBF, 
MWTSP and the capability for planned maintenance can indicate the productivity of 
maintenance. Therefore, these objectives are formulated in the productivity area.  
One important aspect of maintenance that is frequently lacking in the formulation of a 
maintenance strategy is the financial aspect of maintenance. The presence of a 
financial factor within a maintenance strategy can indicate how cost-effective the 
maintenance work has been and can provide the maintenance manager with a better 
perspective regarding how to manage costs for effective and efficient maintenance. 
Maintenance cost reduction per produced unit has been understood as a strategic 
objective in this area. 

Action plans 
In the formulated maintenance strategy, maintenance actions are classified into 
relevant areas linked to business strategy. In this way, the maintenance manager can 
clearly see which action plan is taking place in which area and can directly observe the 
results using defined KPIs. Figure 16 illustrates the formulated maintenance action 
plans in the different areas. 
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Figure 16 - Action plans 

The maintenance strategy’s action plans can be structured into three levels, strategic, 
tactical and operational. Therefore, appropriate responsibilities for each level and 
measures to follow up maintenance actions can be defined. Moreover, the maintenance 
manager can define the time or deadlines for action plans.  
In this study, maintenance action plans are classified into the same areas as the 
strategic objectives of maintenance related to the business strategy’s action plans. 
Furthermore, action plans are structured into levels according to organizational layers. 

Action Plans Strategic
Measure for 

Strategic Action 
plans

Tactical Operational

Safety

Energy

SOP

Professional Maintenance within WCM

Management by objective

Reorganization in place

ETT Kliv

Audit Layer

5S

VMMS

Cross functionality

Andon

Competence

ICP/PBP

Time Efficiency

Wrap 

Maintenance Pulse

Cost Control

OEE process

Leadership

Employeeship

Organization and Way of Working

Competence

Productivity

Economy

Safety/Quality/Environment
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4.2.3. Essential results – Company’s view on strategic maintenance 
development 

Part of the results of the case study performed in this paper involves the case 
company’s view on strategic maintenance development, which is summarized as 
follows: 

 There were different views towards the maintenance strategy at the 
manufacturing company. 

 The maintenance strategy was not clearly written and was not well aligned with 
the company’s business strategy. 

 The company used KPIs for control of the strategic as well as the tactical and 
operational levels. 

 The company worked to continuously improve its maintenance activities. 

 The company implemented a lean concept within maintenance by adding 
activities such as Kaizen. 

 The company has begun to work with a newer CMMS with more attention to 
collecting valuable data to contribute to maintenance planning. 

 Top-level management and the maintenance managers shared the view that 
maintenance is a strategically important function. 

 The manufacturing company in this study showed considerable potential within 
the maintenance department by increasing interest in proactive tools and 
methods such as condition-based maintenance (CBM) to develop maintenance 
management that can fulfil the company’s overall goals in a lean environment. 
Therefore, an action plan to be included in the maintenance strategy is to 
develop and implement a CBM strategy to reach the highest possible level of 
proactive maintenance.  

The results can be found in more detail in the appended paper I. 

4.3. Paper II – Cost effectiveness of implementing CBM in the 
manufacturing industry 

This paper is based on study II and primarily addresses RQ2. The paper proposes a 
guide for an analysis of the costs and benefits of implementing CBM in the 
manufacturing industry. The guide is exemplified using results from the case study of 
a real CBM implementation in hardening and machining processes in a large 
manufacturing facility. The results indicate factors that should be considered to 
evaluate both the costs and benefits of implementing CBM. Moreover, a CBM cost 
effectiveness model is presented as one of the main findings of this paper. Finally, this 
section also presents a summary of the paper’s results with regard to the case study. 

4.3.1. CBM cost effectiveness model 
To illustrate the difference between annual maintenance costs with and without CBM, 
a model for CBM cost effectiveness is presented below. This model is based on a 
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combination of two cost models from the literature (Moore and Starr, 2005), (Kerf, 
2006). 

    (1) 

Ltot: Total cost due to machine damage  
LC: Capital loss (machine repair cost)  
LP: Production loss  
LQ: Quality loss  
LS: Safety loss  
LCS: Customer satisfaction loss  
LE: Environmental loss 

       (2) 
MTTR: Mean time to repair 
CL: Labour rate 
CS: Mean spares cost 
CD: Secondary damage cost 

The labour rate (CL) has almost the same values with or without CBM. Therefore, 
there is no need to consider it. 

     (3) 

     (4) 
ΔKtot: Damage reduction value with CBM  

fmax: Current probability of maximal damage (%) 
t: Time of expected operation 
fmax: Probability of maximal damage with CBM (%) 
Kmat, min: Minimal damage cost (in percentage of the current value of investment of 

the equipment) 
Kmat, max: Maximal damage cost (in percentage of the current value of investment of 

the equipment) 
Inv: Current value of investment in equipment 
MTBF: Mean time between failures 
MTBR: Mean time between repairs 

In equation 3, the cost of damage is defined as the cost of spares (materials). Labour 
cost is excluded because the costs of cleaning, disassembly, assembly and 
transportation are almost equal in the cases of minimal and maximal damage. The 
maximal damage cost includes the spare cost as well as the secondary damage cost. 
Secondary damage is damage caused to one asset based on the failure of another. 
MTBF can be calculated by manufacturing runtime divided by the number of failures 
of certain manufacturing equipment. MTBR is the runtime between scheduled 
maintenance actions. 

    (5) 
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ΣΔKtot: Damage reduction with CBM for all machines in the same group  

     (6) 
PP: Mean product price 
RP: Mean production rate 

Production rate (RP) is the number of processed products by a single production 
process per hour. 

     (7) 

RRP: Reduction in product price    

      (8) 
CSF: Cost of fines for breaches of regulations when an asset fail injures an 
employee 

CC: Cost of compensation for an injured employee 

      (9) 
CF: Cost of fines for late delivery 
CLB: Cost of lost business to a competitor due to late orders 

Environmental loss (LE) is the cost of energy loss regarding damage. 

4.3.2. Essential results – Difference between annual maintenance 
costs with and without CBM 

As discussed in chapter 3, the main part of the data from study II was collected at 
different workshops with different departments at the company, mainly with 
maintenance engineers. The purpose of these workshops was to investigate the 
difference between annual maintenance costs with and without CBM. Some of the 
main results of the workshops are presented as follows: 

 In the hardening area, the objects of the study were five mounted fans on top of 
a 920°C furnace that runs constantly. The expected running time for a fan is 
twelve months. However, the history of the fan has shown different working 
times. The earliest breakdown of the fan was recorded after approximately eight 
months of working time.  Each breakdown of these fans involves 20-22 hours 
of downtime. Therefore, the resulting production loss due to the breakdowns of 
fans is costly for the company. By using CBM to predict the failure of certain 
fans, it is possible to schedule their replacement in a manner that does not affect 
production. However, no resulting quality loss, energy loss, late delivery or lost 
business has been recorded because of these breakdowns, and there is high 
safety risk in performing the replacements by using CBM or not. 

 In the machining area, the objectives of the study were two types of turning 
machines, one with a motor spindle and one with a spindle and a pulley system, 
in addition to a grinder machine. The turning machines worked two by two in 
parallel. A breakdown in any of the machines’ spindles is estimated to involve 
5-8 days of downtime, which can also involve the risk of resulting loss and late 
delivery. With CBM, the time to repair can be reduced to one day. Therefore, it 
is possible to save production losses. Reducing the downtime can also decrease 

PPP RPMTTRL 

RPPQ PRMTTRL 

CSFS CCL 
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extra costs for the transportation of spares and extra labour costs. Moreover, 
there are few quality losses due to machine crashes. Therefore, CBM can also 
be used as a diagnostic system for quality control.  

These results and the collected quantitative data from the workshops were used in the 
model presented in the previous section. These results illustrate the one-year payback 
time of investing money into implementing CBM on 5 gas circulation fans and 5 
machine tools at the case company. 
The results of the workshops and the CBM cost effectiveness calculations can be 
found in greater detail in the appended paper II. 

4.4. Paper III – Current industrial practices and challenges 
regarding implementing CBM in the manufacturing industry 

This paper is based on study III and primarily addresses RQ3. The paper presents an 
introductory review of CBM practice as applied in the manufacturing industry, 
focusing on the technical constituents of monitoring asset condition. The empirical 
base for the study is a case study of two major manufacturing sites in Sweden, 
complemented by a brief benchmark of data from two reference manufacturing sites 
located in France and Brazil. By analysing the empirical data, the gaps and challenges 
in implementing CBM in the industry are presented, primarily focusing on monitoring 
asset conditions within the manufacturing industry. This section presents the 
summarized explanations of some of the main findings of this paper, followed by a 
presentation of the paper’s essential results with regard to the case study. The results 
can be found in greater detail in the appended paper III. 

4.4.1. Criteria for selecting the CBM technique 
Based on the case companies in study III, five main condition monitoring techniques 
are found to be important, including geometry analysis, vibration analysis, force 
control, thermography and oil analysis. Companies select CBM techniques based on 
the types of problems the machines have had. For instance, if a problem occurred due 
to geometric alignment, the appropriate technique to choose would be geometry 
analysis. Based on the empirics gathered from the case companies, a geometry analysis 
is typically applied to large machines. For machines that work at high speeds, 
vibration analysis is an effective way to determine whether a machine is functioning 
correctly. Vibration analysis is conducted to monitor the rotating accuracy of the parts 
that are linked to vibration, such as rotating shafts, spindles, bearings, drive units, fans 
and pumps. Force control is used for clamping spindle tools and similar parts. All the 
case companies use thermography techniques to monitor electrical cabinets. 
Additionally, for companies with thermal processes, thermography is used to monitor 
the heat treatment process. Finally, in all the case companies, oil analysis is conducted 
to analyse oil features and measure the amount of particulates to ensure the quality and 
function of the oil. 

4.4.2. Cost and value 
Based on the literature review and the case studies, there is no clear model for 
maintenance cost to compare production and maintenance costs. For instance, 
respondents in the case companies argued that on-line condition monitoring is not 
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justified financially. However, there is still no clear consensus on how to determine the 
cost of a breakdown to production to compare it with the cost of maintenance. 
The empirical data indicate that there are two perspectives regarding investing in 
CBM. In the first, a company prefers to invest money to increase the amount of 
resources and its competence in offline condition monitoring in addition to having 
some on-line condition monitoring of more critical places where safety is an important 
factor. In the other perspective, a company prefers to simply invest money to have 
more on-line condition monitoring for the machines. Obviously, this latter perspective 
demands fewer resources but still requires some resources to track the information 
collected from the on-line monitoring system and experts to analyse these data and 
develop maintenance plans as well as other requirements. 
Each of these views demand resources and require investment in tools and instruments 
as well as in education and training. The companies must understand the time required 
to implement CBM. The interviews, data and analyses in this research indicate that it 
may take substantial time to achieve valuable results from a CBM system. 
Management must provide CBM the opportunity to grow and acquire sufficient 
knowledge before expecting return on its investment. 

4.4.3. Main challenges in implementing CBM 
Currently, the case companies are attempting to apply CBM techniques in most of 
their key machines, but increased competencies are required to use these techniques 
effectively. Management support is one of the main challenges in this regard and is 
necessary to change the culture of the companies from incorporating reactive to 
proactive strategies. These companies have employed reactive strategies for many 
years, and time and additional knowledge are needed to transform the culture to utilize 
proactive strategies. In other words, it is necessary to convince management and those 
responsible for maintenance that working with proactive maintenance tools such as 
CBM is necessary for the companies’ future success in a competitive environment. 

4.4.4. Future plan for CBM at the case companies 
The case companies are attempting to train their employees to increase their 
competence in this area, which is one of the main challenges for the future. 
Furthermore, the companies have an interest in more advanced tools for CBM, such as 
on-line mobile systems, which can be located where there are critical problems to 
monitor one or several machines continuously for a specific period of time. It is 
possible to move the system to another location when it is needed for another problem. 
The companies want to use CBM techniques to obtain fingerprints from new 
production equipment so that they can use these data to return the machines to their 
original settings when needed. Further study of the effects of new products on the 
machines is another action plan for the future. This analysis may be facilitated by 
implementation of CBM techniques to determine how a product’s material can affect 
production equipment. 

4.4.5. Essential results – Enabling factors for CBM 
A successful environment in which to monitor asset conditions is an important 
enabling factor for CBM. In this regard, there must be a clear condition monitoring 
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strategy to manage the overall CBM strategy. Management support plays an important 
role in creating a strong organization in this area.  
Several enabling factors should be considered during the implementation of condition 
monitoring. The techniques should be selected appropriately. The level of competence 
within the CBM organization should be high enough to use the techniques effectively. 
Sufficient training and experience are necessary to become skilled in the techniques 
associated with condition monitoring. The level of complexity required for the 
condition monitoring technologies and their degree of continuous use must be resolved 
and resources must be determined. It is necessary to have a plan for all purchases, to 
consider the cost before purchasing the technologies and to determine who should 
provide the services.  
A robust asset registration system, asset failure histories and symptoms, and baseline 
data on the assets make asset condition monitoring data easier to analyse and 
contribute to appropriate maintenance plans. However, there must be a means of 
following up on the application of the technologies involved in monitoring the 
condition of assets to control their effectiveness. 

4.5. Paper IV – Implementation of CBM in the manufacturing 
industry 

This paper is based on study IV and primarily addresses RQ4. The paper presents a 
guide to implement CBM in a manufacturing industry and considers the technical 
constituents and organizational elements when implementing CBM. Its empirical basis 
is a case study of a major manufacturing site in Sweden. The data were collected 
during a pilot project to implement CBM at the case company. This section presents 
the proposed work process of CBM implementation and is followed by a summary of 
the paper’s results regarding its implementation on fans’ electric motors that are used 
in the company’s hardening process. 

4.5.1. Work process of CBM implementation 
One of this paper’s main findings involves the CBM implementation process that is 
used at the manufacturing company. The proposed work process of CBM 
implementation is presented in Figure 17. The steps to be taken in the process are 
illustrated below. 

 
Figure 17 - CBM implementation process 
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Concept study 
In implementing CBM, the company should consider different aspects in its early 
phases to estimate its feasibility. These aspects are classified as organizational, 
economic and technical.  
In the organizational aspect, evaluating the cultural needs and competence within the 
organization is necessary to assess whether CBM is feasible and what types of 
technologies are appropriate to use. A SWOT analysis and maintenance audits of the 
company’s maintenance activities can also provide useful information to investigate 
whether implementing CBM is proper. It should be determined whether CBM can 
improve the work environment, such as by reducing the number of unscheduled 
corrective actions and increasing OEA by decreasing the number of unexpected 
breakdowns. The safety factor should be assessed regarding both environmental and 
personnel safety. The company should decide whether to develop in-house expertise in 
condition monitoring or whether to use external condition monitoring contractors. In 
this regard the factors used to choose a proper condition-monitoring supplier must be 
assessed, such as the type of technologies that can be provided, ease of access and 
appropriate support in the future.  
Regarding the economic aspect, at this stage, financial issues cannot be precisely 
calculated at this early stage. Nevertheless, a list of requirements can be proposed to 
evaluate whether implementing CBM will be cost effective. Therefore, the possible 
size of the investment cost should be estimated, such as the cost of purchasing the 
condition monitoring equipment and its installation. The cost of maintenance and 
production loss per breakdown should also be estimated to provide a pre-estimation of 
the implementation cost as well as the returns on CBM implementation.  
A criticality analysis and maintenance audit can help assess the technical feasibility of 
implementing CBM. It should be determined whether the criticality of the failure is 
known and whether there are appropriate indicators for failure criticality. If so, are 
there proper tools or techniques to detect the failures? Importantly, in predicting 
failures, is it possible to prevent major damage and plan for maintenance at a time that 
does not affect production to reduce maintenance costs and production losses? 
There are a variety of tools and methods available to conduct feasibility tests, 
including Reliability Centred Maintenance (RCM) tools such as Failure Mode and 
Effect Analysis (FMEA) to perform estimates regarding technology. The choice of 
suitable tools and methods should be in accordance with the tools and methods that the 
company normally employs. However, in the early decision-making phase of 
implementation, light versions of tools and methods can be used to gain sufficient 
information for an appropriate feasibility test. Moreover, qualitative methods such as 
benchmarking against other companies, mapping current knowledge within the 
organization and interviews can be used in the early phase of the implementation 
process.  
Experiences from the concept study illustrate the relevance of pursuing a CBM 
implementation process. More accurate assessments and calculations should be made 
later in the process. 
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Defining responsibilities 
For a more structured implementation, responsibilities in the early phases of 
implementation must be defined. Early in the decision-making phase, the topics of 
implementation, development requirements, and the selection of the equipment, 
techniques and technologies can be discussed among the managers and engineers in 
the maintenance and production departments. However, after the early decision-
making phase, responsibilities may shift to smaller groups based on the selected 
equipment areas and the need to follow the implementation process. 

Selection of assets 
The selection of machines or components is a vital aspect to make the implementation 
manageable and cost effective. A criticality analysis of production assets can be an 
effective guide to select the proper objects for implementation. This criticality analysis 
can be based on existing data and previous experience with the assets at the company. 
Additionally, tools and methods such as RCM or FMEA can be used with more 
precision at this stage. The choice of tools and methods depends on what the company 
is accustomed to using. The use of tools and methods helps to structure the 
information while assessing the criticality of the assets. To perform a criticality 
analysis, the assets and their functional specifications should be identified, and a 
failure analysis should be performed using different levels of failure. 
Selection of techniques and technologies 
By deciding which assets to monitor and their failure types, the types of parameters 
and/or failure indicators can be determined. The parameters so determined can lead to 
decisions regarding which techniques to use. The parameters are dependent on the 
production equipment type; for example, for a bearing failure in an electric motor, 
vibration and shock pulse can be two of the main failure indicators. In selecting the 
techniques, several factors should be considered, including the availability of the 
technology to monitor the parameters, the competence and manpower required to use 
the technology and the cost effectiveness of applying the techniques. 
The condition monitoring techniques can be performed using different levels of 
technology. The choice among technologies should be based on organizational, 
economic and technical aspects. Condition monitoring can be performed by humans 
(monitoring using their senses) or by using measuring systems. The measuring systems 
can be applied either on-line or offline. On-line measuring systems can provide 
continuous monitoring of the assets and trigger warnings. The analysis can be 
performed automatically or manually to determine the time between detecting a fault 
and failure. This decision can be made depending on the asset type and based on the 
length of the interval between the fault and the failure of the asset. Although on-line 
systems may be more costly in certain aspects, they may require fewer human 
resources. Moreover, different technologies require different types of knowledge 
within the organization. Of course, technologies that are more effective at lower cost 
would be the best choice. 
Although the same process of implementation can be applied to hand-held condition 
monitoring (offline), the descriptions of the following steps are more relevant to 
implementing on-line condition monitoring based on the case.  
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Installation 
In on-line technologies, the installation of condition monitoring tools can be performed 
by personnel from the supplier companies of condition monitoring technologies. 
However, there are several factors that should be addressed in the decision making 
phase. Some factors to be considered are the positioning of the sensors and the 
placement of the sensors, cables, units and database.  
Measuring points should be carefully selected and set to ensure that future analyses 
will be valuable. Machine specifications can be used to identify the location and 
design of bearings. For instance, to select a measuring point for shock pulse 
measurement, it must be ensured that the signal path has only one mechanical interface 
between the bearing and the bearing housing. It is essential that the signal path 
between the measuring point and the bearing is in the loaded area of the bearing 
housing and must also be solid and straight. 
The direction of the sensors’ positions should be determined: horizontal, vertical or 
axial. There are several ways to mount the sensors to the objects using steel screws, 
insulated screws, magnets, thin layers of wax, glue or three axis-mounting brackets.   
It should be determined how to pass cables through the equipment to use shorter 
lengths of cable and to avoid disturbing operation of the equipment while also 
considering safety issues. The cables should be installed in good condition and should 
not be damaged. The unit that collects data should be located in a place that is easy to 
access and accessible by the power units. The company should be able to provide the 
units with the required power. The units can be connected to the company’s Ethernet 
to transfer the data to a database. A desktop or laptop computer can act as the database. 
The supplier companies provide customers with computer software products that can 
be installed on a desktop or laptop computer to collect and analyse the data. 

Data handling  
In the case study, one challenge to implementing on-line condition monitoring systems 
is connecting to the company’s IT server to collect the data in the database. Supplier 
companies should have access to the database to provide support to their customer, 
although some companies are restricted from providing this access to the IT server. 
Thus, it can take time to find a solution that is appropriate for both the supplier and the 
customer. Supplier companies can also recommend a proper solution to more readily 
accomplish this task. Another solution is to use 3G modems without connecting to the 
company’s IT server. In this case, the information is collected in the supplier’s 
database, but the customer may not have access to the data all the time, which makes it 
more difficult to perform the subsequent analysis. 
An advantage of on-line systems in connecting to the company’s IT server is the 
ability to connect to the company’s maintenance management system. Thus, the 
company could provide maintenance work orders based on its CBM system. 

Training 
Different technologies require different training and skills. The people responsible for 
using CBM must be trained to become familiar with the condition monitoring system 
and to be able to analyse the data from monitoring asset condition. More advanced 
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skills are required for advanced data analysis techniques, such as frequency analysis. 
The data from condition monitoring can be either raw information, such as information 
on vibration, or analysed data that can be observed as trends. Raw vibration or shock 
pulse information can be analysed by programming and simulating computer software, 
such as MATLAB. Most computer software products developed by condition 
monitoring suppliers are able to analyse the data and show the results as graphs in an 
automated analysis. Thus, suppliers can provide their customers with training courses 
for their condition monitoring applications and products. 

Measurement and setting baseline data 

Depending on the type of technology, measurements should be undertaken either on-
line (in real time) or offline (by handheld instrument). An early use of the 
measurement data is to set the baseline data as a fingerprint from the production 
equipment. This information documents the normal condition of the equipment. 
Warning limits can be set for the equipment using the baseline data. The on-line 
condition monitoring technologies can trigger warnings when a change is detected in 
the values compared with the baseline data. 

Data analysis 
The level of the data analysis depends on the type of technologies used. Some 
monitoring systems provide direct condition monitoring by building Green-Yellow-
Red Condition Analysis, which can provide data from the lubrication and surface 
condition of a bearing. The data from these types of condition monitoring systems can 
be analysed in a simple manner by examining the graphs that are provided by the 
computer software and analysing the trends presented therein. Data analysis can be 
performed through a more specific frequency analysis at a more advanced level, which 
can provide more accurate and reliable data on the conditions of the bearings.  
If a fault is detected, various factors can be analysed, such as the time necessary to turn 
the fault into a failure and when subjective factors, such as extra noise, will occur on 
the object. If there is a failure of the object, performing a failure analysis can indicate 
whether the results from the condition monitoring analysis are similar to the reason for 
the failure. The data analysis should lead to the establishment of more accurate 
warnings and a plan for maintenance activities that are more appropriately timed. 
Evaluation 

An important phase of the implementation process is to evaluate whether the 
implementation has been appropriately performed and whether it can provide the 
desired outputs. Some factors can be considered in this regard, such as the type of 
sensors, the positioning of the sensors and success factors such as cost and the time 
between the detection of a fault and failure. This data analysis can be used to examine 
whether the type of sensor is sensitive enough for the type of application to extract 
useful data. The same examination can be performed for the positioning of the sensors 
and the manner in which they are installed on the equipment. Furthermore, it may be 
necessary to add other sensors in different axes to extract more appropriate data. 
Regarding cost, as discussed above in this section, implementation should begin with 
an estimation of cost. However, after implementation, there is a clearer picture of cost, 
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particularly for the cost of condition monitoring tools. At this point, whether 
implementation has been performed in a cost-effective way can be determined. 
An important success factor for implementation is to determine the most precise 
interval time between detecting a fault and failure. Perhaps the best situation for the 
manufacturing company is to have sufficient time after detecting a fault to plan for a 
maintenance activity before failure. 

Improvement 
Logically, the results from the evaluation phase are used to improve implementation. 
Some technical examples of the improvement are to change the type of sensors, the 
positioning of the sensors and the number of sensors. Furthermore, the organization 
should follow up on the activities, increase competence to analyse the data and use 
CBM effectively; however, management support will still be required.  
The decision-making parts of the implementation process, including the selection of 
the assets, the techniques and the technologies, can be reviewed more generally at this 
stage. The company should establish routine monitoring. It should be clear what must 
be measured and when. More accurate warning limits will be set by repeated 
measurements. The techniques should also be used to detect the most common failure 
modes, and the most critical assets should be covered by these techniques. 

4.5.2. Essential results – CBM implementation on fans’ electric motors 
The proposed process of CBM implementation has been used to implement CBM on 
gas circulation fans’ electric motors in the hardening process of the manufacturing 
company. Below is a short description of this implementation and its results. 
The idea of implementing CBM at the manufacturing company was included in several 
discussions among the maintenance management teams and engineering teams. During 
these discussions, the technical, organizational and economic aspects of 
implementation were discussed. Investigations were undertaken to determine whether 
there is existing competence in this area within the organization to provide the 
necessary knowledge. Some of the asset objects that were selected for study are five 
gas circulation electric motors mounted on a furnace in the hardening area. Figure 18 
shows one of the two mounted fans on top of the 920°C pre-heating furnace, which 
runs 24-7. 

 
Figure 18 - Gas circulation fan mounted on furnace 
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According to the information collected regarding gas circulation fans’ replacements 
and breakdowns, the expected running time for a gas circulation fan is twelve months. 
However, the history of the fan has shown different working times. The earliest 
breakdown of the fan was recorded after approximately eight months of working time. 
The entire replacement process takes approximately twenty to twenty-two hours.  
An imbalance in a fan and electric motor or a fault in a bearing results in extra 
vibrations and noise. These parameters can be the failure indicators for the fans’ 
electric motors, which are measurable by vibration analysis and SPM techniques. 
These techniques can be applied either on-line or offline with handheld tools. In this 
study, on-line condition monitoring was selected to continuously monitor the 
vibrations and shock pulses from the fans and to trigger a warning alarm when an error 
was detected. As shown in Figure 19, two shock pulse transducers and one vibration 
transducer were installed on the electric motors. 

 
Figure 19 - Location of shock pulse and vibration transducers 

The transducers are connected to a system unit by cables. Condition monitoring data 
are collected on an SD card in the units. The data from the units are transferred to a 
computer database using the company’s Ethernet. Using computer software provided 
by a condition-monitoring supplier, the data are analysed automatically. The computer 
software is also able to trigger warnings. Hence, the early measurements from the 
objects can be used as the baseline data, and warning limits can be set based on the 
standards. 
By implementing CBM on the fans’ electric motors, two breakdowns on two fans were 
observed at the company. In the first case, the vibration trend was unstable for a long 
period of time and was at a higher level compared to the other fans, as illustrated in 
Figure 20. However, the significant increase in the vibration trend occurred in a very 
short time before breakdown, which was recorded at approximately twelve hours. 
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Figure 20 - Vibration measurement on the fan two days before breakdown 

In the second case, the vibration trend had a smooth and stable shape for a long time, 
as indicated in Figure 21. However, there was also a rapid increase in vibration in a 
short time, beginning three days earlier and ending with an extensive vibration that 
was recorded approximately twenty hours before breakdown. 

 
Figure 21 - Vibration measurement on the fan five days before breakdown 

In the latest time before failure, extra noise in the fan can be observed in the strong 
shock pulses in the shock pulse measurement in a very short period of time, almost 
twenty hours before breakdown (Figure 22). However, the shock pulses were at a high 
level approximately twenty-three days before the failure. 
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Figure 21 - Shock pulse measurement on the fan nine days before breakdown 

These results can be found in more detail in the appended paper IV. 
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5. Discussion  
This chapter discusses the research results and their implications with regard to the 
research objective and questions. The overall purpose of this thesis has been to 
contribute to strategic maintenance development and to successfully implement 
condition-based maintenance (CBM) in the manufacturing industry. Based on the 
theoretical review and the empirical results (in chapters 2 and 4), the following areas 
have been identified as important and relevant in relation to the objective and 
research questions. 

5.1. Strategic maintenance management 
To fulfil the research purpose of formulating a maintenance strategy at the 
manufacturing company in study I, a simple process was presented and tested through 
the case study presented in the previous chapter (Paper I). The study indicated that a 
relatively simple and non-resource-demanding process may be used to formulate a 
maintenance strategy aligned with the company’s overall strategic goals. The strategy 
formulated is based on a set of aspects that the company considers strategically 
important for its maintenance development. The company found the presented process 
logical and easy to comprehend. Moreover, some participants in the company 
remarked that the formulated strategy not only can indicate the factors to improve but 
also can be viewed as a map to observe all maintenance-related activities and their 
influencing factors.  
By establishing a well-formulated strategy for maintenance management, the company 
can achieve its strategic goals. One benefit of the strategy formulation is to reach an 
agreement with the company’s maintenance provider on the strategic goals of 
maintenance. A formulated strategy helps the company obtain a clear picture of what 
deliveries it must achieve to reach its strategic goals. Moreover, this strategy can help 
the company identify the relevant performance measures to use for its maintenance 
activities. For instance, using financial KPIs for strategic maintenance goals makes it 
easy to determine the clear influence of strategic maintenance development on 
finances and the difference in cost between a planned and an un-planned stop. Finally, 
because the strategy is signed and approved at the board level, it acts as a management 
document.  
For the case company that implements lean production principles in their 
manufacturing, predictable production capabilities are crucial. Therefore, applying 
professional maintenance and autonomous maintenance as well as working on 
eliminating root-cause failures can increase production stability. The case studies 
conducted in this research have shown that the company has substantial improvement 
potential within its maintenance and has begun to re-organize the maintenance 
department by increasing attention to proactive tools and methods, such as CBM, Root 
Cause Analysis, and Continuous Improvements. A well-formulated maintenance 
strategy that is clearly linked to the company’s overall goals can motivate the 
implementation of preventive maintenance planning in the production schedule and 
can increase awareness of the benefits to operators and production managers. One 
important aspect is that the company must identify the proper goals of its maintenance 
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and which factors should be developed to facilitate the strategic contribution of its 
maintenance programmes.  
Although maintenance is a cost centre as is any other production support function, by 
identifying the strategic goals of maintenance and implementing a well-formulated 
strategy, the company can enhance its return on the investment made in its 
maintenance.  

5.2. Cost effectiveness of implementing CBM 
Study II was conducted to investigate the potential savings to a manufacturing 
company of implementing CBM in hardening and machining processes. Two cost 
models from the literature were combined and used to illustrate the difference between 
annual maintenance costs with and without CBM and were presented in the previous 
chapter (Paper II). The results showed that reducing the probability of maximal 
damage in production equipment and reducing production losses, particularly in high 
production volumes, are two potentially significant benefits of CBM. Although 
reducing maximal damage in a single application might not seem to result in 
substantial savings in numbers for a company, it is logical to believe that a company 
can gain more benefits with a greater number of successful CBM applications with 
different types of production equipment. Furthermore, although a large part of the 
savings of CBM implementation should be related to preventing production losses, it 
seems difficult to gather this type of information in practice. This study has shown that 
the indirect maintenance costs, such as the cost of production loss, quality loss, safety 
loss or late delivery loss, are a substantial part of indirect maintenance costs. However, 
the companies in this study seem to have considerable difficulty calculating these 
costs. 
Although applying CBM is costly, a cost-effectiveness analysis for implementation 
can contribute to success and returns from CBM. The cost model has been developed 
using theoretical evidence by performing a pilot project at a large manufacturing site, 
and the factors have been investigated in workshops at the company. The suggested 
tools and methods require further practical testing in different potential applications. 

5.3. Main practices and challenges to implement CBM 
Study III relies on the notion that CBM plays a key role in providing management and 
people responsible for maintenance with correct and reliable data to prevent unplanned 
production stoppages. All the companies in this study (presented in Paper III) – 
including those that do not have a specific organization for CBM – are more or less 
working with all CBM techniques but on different levels. To select an appropriate 
CBM technique, the companies consider the problems that machines have previously 
had. Selecting the appropriate CBM techniques and technologies as well as increasing 
competence in measurement skills and data analysis are some of the main challenges 
for these companies in implementing CBM. Management support can therefore act as 
a key factor in implementation to provide the investments, resources and increased 
competence of the organization. One of the companies’ main concerns is the presence 
of sufficient resources and competences in this area to effectively perform both offline 
and on-line condition monitoring. For companies that have worked with reactive 
maintenance strategies for many years, one of the main challenges in implementing 
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proactive maintenance strategies (such as CBM) is transforming the culture of the 
company. 

5.4. Successful implementation of CBM 
The process of implementing CBM must consider different aspects in the decision-
making and the implementation phases of CBM, as presented in the previous chapter 
(Paper IV). Several organizational, economic and technical aspects must be considered 
to be successful. The implementation process can also be a good guide when 
implementing CBM in manufacturing companies without previous experience in 
CBM. Examining the process will provide experience that can be used to facilitate 
future work. However, performing the implementation process in a sequential order is 
sometimes difficult or impossible. Therefore, decisions and actions can be re-arranged 
in a different order based on particular needs.  
Given the breakdowns observed of the fans’ electric motors in study IV, one of the 
main issues to be discussed during implementation is the reason for the late warnings 
before breakdowns. Obviously, late warnings do not allow the company to schedule 
maintenance work outside of production time to reduce production losses. Therefore, 
some factors have been reconsidered in implementation, such as the type of sensors 
and their positioning and placement. Furthermore, a failure analysis was performed on 
one of the broken fans, and the results showed that the lubricant in the bearing was 
dried, which might be relevant to factors such as heat in the environment and can 
indicate the importance of implementation in a proper application. However, to obtain 
more accurate results from condition monitoring to predict failure, automatic analysis 
by computer software is not the only solution. Manual analysis by performing more 
specific frequency analysis can also be conducted as another solution. Increasing 
knowledge in performing advanced vibration analysis, such as frequency analysis, can 
provide a strong basis for predictive maintenance.  
Based on the discussion above and given that applying CBM is costly, an appropriate 
approach to implementation can help companies to succeed and achieve good returns 
on investment in CBM. The presence of sufficient resources and competence within 
the organization to analyse the data and follow up on the activities is important for 
continuous improvement. The implementation process has been developed using 
theoretical evidence by performing a pilot project at a large manufacturing site in 
study IV. The suggested tools and methods require further practical testing and 
performance in different potential applications. 
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6. Conclusions 
This chapter begins with a discussion regarding the main conclusions and the 
fulfilment of the research objective and the research questions. The research 
contribution is then presented, followed by an assessment of the quality of the 
research. The chapter ends by proposing topics for future research. 

6.1. Conclusions 
This research is based on the problems presented in the discussion in Chapter 1. The 
main objective of this thesis was to investigate how to develop and implement a 
condition-based maintenance (CBM) strategy in the manufacturing industry. A 
theoretical frame of reference has been presented to provide a theoretical foundation 
for the research. Further, four empirical studies were conducted to investigate the 
overall maintenance strategy and to determine the factors required to successfully 
implement a CBM strategy. 
Throughout the research, working with proactive maintenance strategies such as CBM 
has been understood as necessary for the manufacturing companies’ future success in a 
competitive environment. The research introduces current industrial practices and 
challenges of implementing CBM – including cost effectiveness – and provides a 
guide for the organizational and technical implementation of CBM in the 
manufacturing industry. 
To describe the research findings in a structured manner, the research questions are 
reviewed below, followed by a brief description of how they are answered within the 
research. Thus, the four research questions formulated in Chapter 1 can be answered as 
follows: 

RQ1    What factors are necessary to consider to strategically manage production 
maintenance in the manufacturing industry? 
This research question was formulated to investigate the need to manage production 
maintenance in a strategic manner. A literature review and case study were performed 
to answer this research question, and relevant evidence was collected to describe the 
current situation of the studied phenomenon. In this study, a work process for 
formulating a maintenance strategy was suggested to the case company, and the 
feasibility of this process was tested in cooperation with the maintenance managers. 
For instance, the company’s overall goals were considered and translated into the 
strategic objective of maintenance. Moreover, a balanced score card was used as a tool 
to provide a framework for maintenance strategy. As a result of this study, the 
company could formulate a maintenance strategy by using a simple process based on 
previously used tools, such as ”management by objectives” and the “company’s 
business strategy”. Additionally, the results indicate that the maintenance strategy can 
contribute to the company’s business goals. Therefore, the formulated maintenance 
strategy, including strategic objectives and their relative action plans, illustrates the 
factors that must be considered to strategically manage production maintenance based 
on the company’s overall strategy. However, these factors differ for different 
industries and companies based on their needs and possibilities. 
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RQ2    What are the cost benefits of implementing CBM in the manufacturing 
industry? 
This research question was formulated to investigate the cost effectiveness of 
implementing CBM in the manufacturing industry. A case study was performed to 
answer this question. In the study, a cost model was developed and tested in the case 
company to evaluate the cost effectiveness of implementing CBM on electric motors 
and machine tools in the company’s hardening and machining processes. Reducing the 
probability of maximal damage in production equipment and reducing production 
losses, particularly regarding high production volumes, were two potentially 
significant benefits of CBM.  
RQ3    What are the current industrial practices and challenges of implementing 
CBM in the manufacturing industry? 
Although advanced maintenance strategies such as CBM are considered promising 
ways to convert maintenance to a profit centre, few manufacturing companies are 
employing these strategies to their highest potential. Therefore, this research question 
was formulated to investigate the current industrial practices and challenges of 
implementing CBM at a number of large manufacturing sites. Hence, some of the 
main current challenges to implement CBM in the manufacturing industry have been 
identified, including management support, competence within the organization to use 
CBM effectively and company culture.  

RQ4    What factors are necessary to organizationally and technically implement 
CBM in the manufacturing industry? 
This research question was formulated to investigate how a CBM strategy can be 
implemented successfully in the manufacturing industry. To answer this question, a 
case study was undertaken by performing a pilot project at the case company to 
implement on-line condition monitoring on some of the company’s critical 
components. As a result, a work process for implementing CBM that focuses on its 
technical and organizational aspects is proposed and used in this study. The enabling 
factors for successfully implementing CBM include a clear condition monitoring 
strategy, management support, appropriate selection of techniques, adequate 
competence within the organization, determining the level of technological 
complexity, the degree of continuous use and responsibility, consideration of the cost 
and supplier of the technologies and robust asset registration and asset failure history 
and symptoms. 

6.2. Research contribution 
This research has both scientific and industrial contributions. The objective of this 
research was to study how to develop and implement a CBM strategy in the 
manufacturing industry. Therefore, this research contributes to the scientific 
community in terms of increasing practical and theoretical knowledge in the area of 
strategic maintenance development focusing on the use of CBM in the manufacturing 
industry. Moreover, by performing a pilot project to implement CBM from the early 
phases of the research, this study provides relevant knowledge to the industry. 
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6.2.1. Scientific contribution 
The main scientific contributions are summarized as follows: 

1. Providing a work process for formulating a maintenance strategy and presenting 
factors that should be included in the maintenance strategy. 

2. Providing a cost model to analyse the cost effectiveness of implementing CBM. 
3. Introducing the current industrial practices and challenges of implementing 

CBM in the manufacturing industry. 
4. Providing a process for implementing CBM by considering its organizational 

and technical aspects. 

6.2.2. Industrial contribution 
The main industrial contributions are summarized as follows: 

1. The maintenance strategy has been formulated and presented to the 
manufacturing company. The research can provide guidance for efforts to make 
the maintenance department a potential contributor to the overall company 
goals. 

Performing the CBM pilot project provided the following main contributions: 
2. The implementation of CBM by on-line condition monitoring technology of the 

fans’ electric motors and machine tools’ spindles in the company’s hardening 
and machining processes. The research provided guidance for the further 
development and implementation of CBM in similar or different applications in 
the manufacturing industry. 

3. An analysis of the cost-effectiveness of implementing CBM in the company’s 
hardening and machining processes. The research conducted illustrates the 
potential savings of implementing CBM in the manufacturing industry. 

6.3. Quality of the research 
Various aspects of the presented research quality were discussed in section 3.3. The 
methodological approach presented in chapter 3 was followed to ensure and improve 
the quality of the research. However, the researcher’s background and previous 
knowledge influenced the research process. Moreover, the researcher’s ability to 
perform a real pilot project and to play an active role in the company provided an 
excellent opportunity to understand the phenomenon and to collect reliable data as 
well as to strengthen the study’s contribution to both academia and the industry. 
Reflective discussions were held continuously during the project with the researcher 
and project members in addition to discussions between the researcher and academic 
and industrial supervisors to align the research results.    

6.4. Future work 
During the research process, several potential areas for future research work were 
identified. Some of these are described below. 
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Additional studies on the implementation of maintenance strategies 
Part of this research focused on maintenance strategy formulation. A possible 
continuation of the research could be to follow and investigate the implementation. A 
number of forces and obstacles that influence maintenance must be defined during 
implementation. The results of such an implementation investigation may demonstrate 
the importance of a well-formulated maintenance strategy and may motivate the 
management team towards further developments in maintenance.  
The CBM process in the manufacturing industry 

Case study III proposed to map CBM techniques currently applied in the 
manufacturing industry. Further research to continue this objective would involve 
mapping the full process of CBM in the manufacturing industry, including data 
processing and maintenance decision making. 
Implementation of CBM by performing more advanced vibration analysis for fault 
diagnostics 
To obtain more accurate results from condition monitoring to predict a failure, 
automatic analysis by computer software is not the only solution. Manual analysis 
through more specific frequency analysis can be conducted as another solution. More 
knowledge regarding the performance of advanced vibration analysis, such as 
frequency analysis, can provide a strong base for predictive maintenance.  
In addition to the topics presented, other interesting areas in this field are presented 
below. 

 More accurate analysis of the cost effectiveness of implementing CBM. 

 Investigation of the applicability of implementing CBM for different types of 
production equipment. 

 Development and implementation of CBM on machine tools.  

 Using condition monitoring to optimize the machining processes in machine 
tools. 

 Maintenance decision making using different methods or techniques, such as a 
maintenance decision-making grid, MCDM, and/or clustering. 

 
  



59

 

References
Ahuja, I. and Khamba, J. (2007), “An evaluation of TPM implementation initiatives in an Indian 

manufacturing enterprise”, Journal of Quality in Maintenance Engineering, 13(4), 338-352. 
Al-Najjar, B. (1997), “Condition-based maintenance: selection and improvement of a cost-effective 

vibration-based policy for rolling element bearings”, Doctoral Dissertation, Lund University, 
Lund, Sweden. 

Al-Najjar, B. and Alsyouf I. (2003), “Selecting the most efficient maintenance approach using fuzzy 
multiple criteria decision making”, International journal of production economics, 84(1), 85-
100. 

Al-Najjar, B. and Alsyouf I. (2004), “Enhancing a company's profitability and competitiveness using 
integrated vibration-based maintenance: A case study”, European Journal of Operational 
Research, 157(3), 643-657. 

Al-Najjar, B. (2009), “A maintenance model for identification, qualification and elimination of losses 
in companies profitability: an application example”, Comadem, San Sebastian, Spain. 

Alsyouf, I. (2004), “Cost Effective Maintenance for Competitive Advantages”, Thesis for the Degree 
of Doctor of Philosophy (Terotechnology), School of Industrial Engineering, Växjö University 
Press, Acta Wexionensia, Sweden. 

Alsyouf, I. (2009), “Maintenance practices in Swedish industries: Survey results”, International 
Journal of Production Economics, 121(2), 133-149. 

Alvesson, M. and Sköldberg, K. (2008), “Tolkning och reflection: vetenskapsfilosofi och kvalitativ 
metod”, [in Swedish], Studentlitteratur, Lund, Sweden. 

Arbnor, I. and Bjerke, B. (1994), “Företagsekonomisk metodlära”, 2nd ed. [in Swedish], 
studentlitteratur, Lund, Sweden. 

Bengtsson, M. (2004), “Condition Based Maintenance Systems – An Investigation of Technical 
Constituents and Organizational Aspects”, Licentiate Thesis, Mälardalen University, 
Eskilstuna, Sweden. 

Bengtsson, M. (2006), “Ideas, Views, and Experiences on how to implement a Condition Based 
Maintenance Strategy”, in proceedings of 10th MARCON, USA, Knoxville. 

Bengtsson, M. (2007a), “Decission-Making During Condition Based Maintenance Implementation”, 
in proceedings of the 20th International Conference of Condition Monitoring and Diagnostic 
Engineering Management, Coimbra, Portugal. 

Bengtsson, M. (2007b), “On condition based maintenance and its implementation in industrial 
settings”, School of Innovation, Design and Engineering, Mälardalen University. 

Blanchard, B. S., Verm, D. and Peterson, E. L. (1995), “Maintainability: A key to effective and 
maintenance management”, New York, NY: John Wiley & Sons. 

Bloch, H. P. and Geitner, F. K. (1983), “Machinery failure analysis and troubleshooting”, Gulf, 
Houston, TX. 

Butcher SW. (2000), “Assessment of Condition-Based Maintenance in the Department of Defense”, 
Technical Report. 

Canfield, R. V. (1986), “Cost optimization of periodic preventive maintenance”, IEEE Transactions on 
Reliability, 35(1), 78–81. 

Carnero, M. C. (2005), “Selection of diagnostic techniques and instrumentation in a predictive 
maintenance program – A case study”, Decision Support Systems, 38, 539–555. 

Carnero, M. C. (2006), “An evaluation system of the setting up of predictive maintenance 
programmes”, Reliability Engineering and System Safety, 91(8), 945-963. 

CEN (European Committee for Standardization) (2001), Maintenance terminology, EN 13306:2001, 
European Standard, Brussels: CEN. 

Corbin, J. M. and Strauss A. L. (2008), “Basics of Qualitative Research”, Sage Publications Inc., 
London. 

Dieulle, L., Berenguer, C., Grall, A. and Roussignol, M. (2001), “Continuous time predictive 
maintenance scheduling for a deteriorating system”, In Annual reliability and maintainability 
symposium, Philadelphia, PA, USA, 150–155. 



60

 

Duffuaa, S. O., Ben-Daya, M., Al-Sultan, K. S. and Andijani, A. A. (2001), “A generic conceptual 
simulation model for maintenance systems”, Journal of Quality in Maintenance Engineering, 
7(3), 207–219. 

Dhawan S. (2010), “Research Methodology for Business and Management Studies”, Sawastik 
Publishers and Distributors, Delhi. 

El-Thalji, I. and Jantunen, E. (2015), “A summary of fault modelling and predictive health monitoring 
of rolling element bearings”, Mechanical Systems and Signal Processing, 60, 252-272. 

Erbe H, Morel G, Lee J, Iung B, L´eger JB, Seliger E, et al. (2005), “Infotronic technologies for e-
maintenance regarding the cost aspects”, In Proceedings of IFAC. 

Fraser K., Hvolby H. H. and Tseng T. L. (2015), “Maintenance management models: a study of the 
published literature to identify empirical evidence”, International Journal of Quality & 
Reliability Management, 32(6), 635-664. 

Gallimore, K. F. and Penlesky, R. J. (1998), “A Framework for Developing Maintenance Strategies”, 
Production and Inventory Management Journal, 29(1), 16-22. 

Gertsbakh, I. B. (1977), “Models of preventive maintenance”, New York – Oxford: North- Holland 
Publishing Company. 

Glenn J. C. (2010), “Handbook of Research Methods”, Oxford Book Company, USA. 
Goldman, S. (1999), “Vibration spectrum analysis: a practical approach”, New York: Industrial Press. 
Gummesson, E. (2000), “Qualitative methods in management research”, Sage Publications Inc. 

Thousand Oaks, California. 
Gupta, A. and Lawsirirat, C. (2006), “Strategically optimum maintenance of monitoring-enabled 

multi-component systems using continuous-time jump deterioration models”, Journal of 
Quality in Maintenance Engineering, 12(3), 306-329. 

Han, Y. and Song, Y. H. (2003), “Condition monitoring techniques for electrical equipment: A 
literature survey”, IEEE Transactions on Power Delivery, 18(1), 4-13. 

Hess, S., Biter, W. and Hollingsworth, S. (2001), “An Evaluation Method for Application of Condition 
Based Maintenance Technologies”, in proceedings of the Annual Reliability and 
Maintenability Symposium, USA, Philadelphia, 240-245. 

Higgs, P. A., Parkin, R., Jackson, M., Al-Habaibeh, A., Zorriassatine, F., and Coy, J. (2004), “A 
survey on condition monitoring systems in industry”, 7th Biennial Conference on Engineering 
Systems Design and Analysis, ESDA ‘04, July, Manchester, UK, 163-178. 

Jantunen, E., Arnaiz, A., Baglee, D. and Fumagalli, L. (2014), “Identification of wear statistics to 
determine the need for a new approach to maintenance”, in Euromaintenance, 5-8. 

Jardine A. K. S., Lin D. and Banjevic D. (2006), “A review on machinery diagnostics and prognostics 
implementing condition-based maintenance”, Mechanical Systems and Signal Processing, 
20(7), 1483-1510. 

Jonsson, P. (1997), “The status of Maintenance Management in Swedish Manufacturing Firms”, 
Journal of Quality in Maintenance Engineering, 3(4), 233-258. 

Kelly, A. (2006), “Strategic Maintenance Planning”, Elsevier, Oxford. 
Kerf, M. De. (2006), “A Practical Model for Calculating the Financial Return of Predictive 

Maintenance”, 18th Euromaintenance, Switzerland, Basel, 599-605. 
Kobbacy, K. A. H. and Murthy, D. P. (Eds.). (2008), “Complex system maintenance handbook”, 

Springer Science & Business Media. 
Kutucuoglu, K. Y., Hamali, J., Irani, Z. and Sharp, J. M. (2001), “A framework for managing 

maintenance using performance measurement systems”, International Journal of Operations & 
Production Management, 21(1/2), 173-195. 

Labib, A. (2004), “A decision analysis model for maintenance policy selection using a CMMS”, 
Journal of Quality in Maintenance Engineering, 10(3), 191–202. 

Leger J.B. Iung B., Ferro De Beca A. and Pinoteau J. (1999a), “An innovative approach for new 
distributed maintenance system: application to hydro power plants of the REMAFEX project”, 
Computers in Industry, 38(2), 131-148, 

Leger, J.-B., Iung, B. and Morel, G. (1999b), “Integrated design of prognosis, diagnosis and 
monitoring processes for proactive maintenance of manufacturing systems”, IEEE Systems, 
Man, and Cybernetics Conference SMC'99 Proceedings, vol.4, 492-498. 



61

 

Marquez A. C. (2007), “The Maintenance Management Framework: Models and Methods for 
Complex Systems Maintenance”, Springer Science & Business Media. 

Marquez A. C. and Gupta, J. N. D. (2006), “Contemporary Maintenance Management: Process, 
Framework and Supporting Pillars”, Omega, 34(3), 313-326. 

Merriam, S. B., (1994), “Fallstudien som forskningsmetod”, [in Swedish], Studentlitteratur, Lund, 
Sweden.

Merriam, S. B., (1998), “Case study research: A qualitative approach”, San Francisco: Jossey. 
Merriam, S. B., (2009), “Qualitative research: A guide to design and implementation”, San Francisco: 

Jossey-Bass. 
Moore, W.J. and Starr, A.G. (2005), “Cost-Based Criticality – A case Study”, 18th International 

Conference of Condition Monitoring and Diagnostic Engineering Management, Cranfield, 
England. 

Morando, L. (1996), “Technology overview: Shock Pulse Method”, in proceedings of a Joint 
Conference, Mobile, Alabama. 

Moya, C. C. (2004), “The control of the setting up of a predictive maintenance program using a 
system of indicators”, International Journal of Management Sciences, 32, 57–75. 

Murthy D.N.P., Atrens A. and  Eccleston J.A. (2002), “Strategic maintenance management”, Journal 
of Quality in Maintenance Engineering, 8(4), 287 – 305. 

Parida, A. (2006), “Development of a Multi-criteria Hierarchical Framework for Maintenance 
Performance Measurement”, Doctoral dissertation, Division of Operation and Maintenance 
Engineering, Luleå University of Technology, Sweden. 

Peng Y., Dong M. and Zuo M. J. (2010), “Current status of machine prognostics in condition-based 
maintenance: a review”, International Journal of Advanced Manufacturing Technology, 50, 
297-313. 

Pinjala, S. K., Pintelon, L. and Vereecke, A. (2006), “An empirical investigation on the relationship 
between business and maintenance strategies”, International Journal of Production Economics, 
104(1), 214-229. 

Prajapati A., Bechtel J. and Ganesan S. (2012), “Condition based maintenance: a survey”, Journal of 
Quality in Maintenance Engineering, 18(4), 384-400. 

Randall, R. B. (2011), “Vibration-based condition monitoring: industrial, aerospace and automotive 
applications”, John Wiley & Sons. 

Rosmaini A. and Kamaruddin Sh. (2012), “An overview of time-based and condition-based 
maintenance in industrial application”, Computers & Industrial Engineering 63(1), 135-149. 

Salonen, A. (2011), “Strategic maintenance development in manufacturing industry”, Doctoral 
Dissertation, School of Innovation, Design and Engineering, Mälardalen University. 

Salonen, A. (2012), “Formulation of Maintenance Strategies – A Simplified Process”, International 
Journal of COMADEM, 15(3), 9-18. 

Salonen A. and Bengtsson M. (2008), “Identification of Maintenance Performance Indicators through 
Stakeholder Involvement”, Proceeding of the 2nd Swedish Production Symposium, 
Stockholm, Sweden. 

Saunders, M. Lewis, P. and Thornhill, A.(2012), “Research Methods for Business Students”, Harlow 
[u.a.]: Pearson. 

Sharma, R., Kumar, D. and Kumar, P. (2005), “FLM to select suitable maintenance strategy bin 
process industries using MISO model”, Journal of Quality in Maintenance Engineering, 11(4), 
359-374. 

Shin J. H. and Jun H. B. (2015), “On condition based maintenance policy”, Journal of Computational 
Design and Engineering, 2(2), 119-127. 

Starr, A. (2000), “A Structured Approach to the Selection of Condition Based Maintenance”, in 
proceedings of the 5th International Conference on Factory, 131-138. 

Sundin, P. O., Montgomery N. and Jardine A. K. S. (2007), “Pulp mill on-site implementation of 
CBM decision support software”, Proceedings of International Conference of Maintenance 
Societies, Melbourne, Australia. 

Swedish Standards Institute (2001), Maintenance Terminology, SS-EN 13306, Swedish Standards 
Institute, Stockholm. 



62

 

Tam, A.S.B., Chan, W.M. and Price, J.W.H. (2006), “Optimal maintenance intervals for a multi-
component system”, Production Planning & Control, 1–11. 

Trimble R., Baglee D. and MacIntyre J. (2004), “Modern Maintenance Practices: The barriers to 
implementation within small/medium enterprises”, The 5th IMA International Conference on 
Modelling in Industrial Maintenance and reliability, Institute of Mathematics and its 
Applications, 27-32. 

Tsang, A. H. C. (1995), “Condition-based maintenance tools and decision making”, Journal of Quality 
in Maintenance Engineering, 1(3), 3-17. 

Tsang, A.H.C. (1998), “A Strategic Approach to Managing Maintenance Performance”, Journal of 
Quality in Maintenance Engineering, 4(2), 87-94. 

Usher, S. J. H., Kamal, A. and Syed, W. H. (1998), “Cost optimal preventive maintenance and 
replacement scheduling”, IEEE Transactions, 30, 1121–1128. 

Walker, N. (2005), “The implementation of a Condition Based Maintenance Strategy”, Workshop 
paper, in proceedings of the 18th International Congress of COMADEM, UK, Cranfield, 51-
61. 

Wilson, A. (1999), “Asset Maintenance Management; a Guide to Developing Strategy and Improving 
Performance”, Conference Communication, Surrey: Farnham. 

Yin, R. K. (2009), “Case study Research, Design and Methods”, Sage Publications, London, UK. 
Yin, R. K. (2012), “Application of case study research”, Thousand Oaks, CA: Sage. 
Zaim, S., Turkyilmaz, A., Mehmet, F. A., Umar, A. and Omer, F. D., (2012), “Maintenance Strategy 

Selection Using AHP and ANP Algorithms: a Case Study”, Journal of Quality in Maintenance 
Engineering, 18(1), 16-29. 

 

 
 
 

Appended Papers 
 

Paper I     

Rastegari, A., and Salonen, A. (2015), “Strategic Maintenance Management - 
Formulating Maintenance Strategy”, International Journal of Condition Monitoring 
and Diagnostic Engineering Management. 

Paper II       
Rastegari, A., and Bengtsson, M. (2015), “Cost Effectiveness of Condition Based 
Maintenance in Manufacturing”, IEEE 61st Annual Reliability and Maintainability 
Symposium, Florida, USA. 

Paper III        
Rastegari, A., Salonen, A., Bengtsson, M., and Wiktorsson, M. (2013), “Condition 
Based Maintenance in Manufacturing Industries: Introducing Current Industrial 
Practice and Challenges”, 22nd International Conference on Production Research, 
Iguassu Falls, Brazil. 

Paper IV     
Rastegari, A., and Bengtsson, M. (2014), “Implementation of Condition Based 
Maintenance in Manufacturing Industry”, IEEE International Conference on 
Prognostics and Health Management, Washington, USA.  


