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Nowadays, by increasing competitions in business, decision-making in maintenance 
management gets higher priorities. While maintenance in many industries is known 
as a necessary evil, making cost-effective decisions constructed based on analytical 
and quantitative assessments improve maintenance position from a cost center into a 
profit generating one. Within the scope of rotating equipment maintenance, it is vital 
to consider both economic and technical variables integrated to survive in the 
competitive market. Taking the role of improving rotating equipment performance 
within a cost-effective approach into account, this project proposes a consistent 
model followed by substantial results. The model application can be briefed in 
improvement of decision-making processes from technical and economic 
perspectives to direct them into the company profitability aligned with the company 
goals. Further, it proposes technical and economic indicators and improves 
utilization of maintenance resources including personnel skills and experience to 
enhance maintenance performance and develop cost-effective scenarios. Within the 
model, eMDSS (software) is used as an intelligent facilitator/tool, which improves 
accurate decision-making and identifying and prioritizing maintenance problems. To 
ensure from the model and its tool applicability, it is applied on a real case study and 
reliability of the achieved results are tested and approved in detail. In result, the 
project is successful in evaluating previous technical and economic decisions and 
selecting the most cost-effective scenario for future with a saving value exceeding 
133K! and profit of 114K! for the case equipment. 
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This section briefly introduces what the study is all about and gives a general overview of the 
problem area. At the first step a background to the studied topic is outlined covering 
importance of the area of study. Then the problem is discussed followed by problem 
presentation narrowed down to the problem formulation. Purpose and relevance of the study 
are discussed indicating theoretical and practical application of the study. The section ends 
by delimitations, limitation and time frame of the study. 

"#"# -.+/0'(*%)!
Since the human creation on the earth, as Lam (2003) cited, decision-making under 
uncertainty and risky circumstance has been controversial. During the history of evolution, 
human being has been enhancing its observations, skills and knowledge to decrease the 
uncertainty. This effort has happened simultaneous with increasing rate of interfering 
elements, which must be taken into account when making decision. Today, comprehensive 
decisions are much more complicated since made decisions not only should be considering 
stakeholders financial satisfaction but also should be able to meet economical as well as social 
and environmental commitments within the hard market competitions. To reflect on one of 
today’s problematic issues, Lam (2003) states that uncertain decision-making should be 
undertaken in production industries to confront possibility or rate of failures in order to fulfill 
increasing reliability of the equipment. However, what are necessitates of decision making 
especially for equipment in industry?  

Woodhouse (1993) argued that designing productive and competitive systems in modern 
industries requires a solid assessment of two aspects: Reliability and entire life cycle costs of 
the system. As Al-Najjar and Kans (2006) mentioned, cost-effectiveness is a gauge of amount 
of invested capital in the defined maintenance policy, which should be beneficial 
economically in the long period of time. Generally, cost-effectiveness should be noticed 
together with technical investment simultaneously to make it rational. Al-Najjar (2010a) 
argues that companies in order to remain in the global competition should take vital objectives 
such as production cost reduction, production process and product quality improvement. Such 
achievements would enhance companies’ profit margin and cost-effectiveness. 
Considering such objectives, as Muller et al. (2008) cited, role of maintenance management in 
preserving and improving system availability, safety and product quality is noticeable 
indisputably. Generally speaking, maintenance strain and problems are including uprising 
maintenance efficiency and effectiveness in a reasonable way, which take profit-generating 
concept into account, Kans (2008b). Further, as Khan and Haddara (2003) stressed, 
maintenance comprehensive objective is to enhance operation profitability and optimize total 
life cycle cost alongside safety and environmental considerations. Further, Ingwald, Kans and 
Al-Najjar (2004) elaborated that considering maintenance as a profit-generating center within 
companies is because of the fact that its success is closely connected to the firms’ efficiency 
growth. But what is required in order to succeed and how is it possible? Heng, et al. (2009), 
reply that early prediction of machinery failure would directly impact on the operation 
downtime and maintenance costs. 

Traditionally, reliability prediction is made by failure time data, Lee et al. (2006). They 
continue that usually maintenance actions are initiated without considering product current 
health state in terms of reliability index e.g. block-replacement and or age-replacement, which 
are both time based, This approach as Lee et al. (2006) claimed does not bring up reliability at 
many times. Crespo Marquez (2007) defined operational reliability as the probability of 
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fulfilling the mission for each item without suffering of failure. This probability would be 
defined under clear operational conditions and during a specific time period. Further, he 
claimed that reliability could be considered as a proper measure or indicator of maintenance 
management achievements, derived from corporate goals and policies. Once more, main 
question is what are boundaries for increasing level of reliability and how much more 
investment in maintenance is reasonable?  
Nowadays, data is usually generated in the maintenance and company databases but how 
proper does it utilized? Brazhnik and Jones (2007) determine that oceans of data created with 
advances in technologies and science call for data integration from heterogeneous sources that 
might be diverse in purposes, rules and technologies. Besides, it should be clarified how 
background capabilities and proper tools (e.g. Information Technology requirement, 
technical/financial data and skilled human resources) should be utilized to support the 
maintenance mission in a continuous improvement cycle. 

Referring to Kans (2008a), Information Technology (IT) can be utilized by maintenance 
management to reach profitable maintenance. Al-Najjar and Alsyouf (2000) indicate that new 
maintenance approaches based on Condition Monitoring (CM) and advanced information 
technologies can reduce probability of failure considerably in complex environments. As Al-
Najjar (2010a) employed the idea of Decision Support Systems (DSS) and Expert Systems 
(ES) in maintenance and production area in order to develop a tool/module to transform 
maintenance (and production) investment and decision-making to be more reasonable and 
profitable. 

Burstein and Holsapple (2008) define ES as a problem-solving package that mimic human 
experts in a specific area. They continue ES is constructed by knowledge of human’s experts 
and then coding it into a format that is used by computer in order to evaluate alternative 
solutions of problems. Kans (2009) introduces ES as another system used for reducing 
downtime while conducting reactive maintenance in a company.  
Vercellis (2009) defines a DSS as an “interactive computer-based application” which 
integrates data and mathematical models to assist decision-making in complicated problems. 
Further, he determines that a DSS transforms data into information and knowledge in 
decision-making process. Burstein and Holsapple (2008) refer to a number of literature 
surveys and studies with major following DSS applications: supporting group decision 
making, evaluating large databases and manipulating quantitative models. Kans (2008a) 
asserted that a DSS, which is applicable in strategic level, is a computer based information 
system for decision-making in the work order analysis, improvement processes, inventory 
handling and optimization and etc.  
According to Han and Yang (2006), fast improvement in different IT technologies gradually 
is resulted into emerging e-maintenance in place of traditional maintenance. They explain that 
e-maintenance integrates existent advanced Internet and web based technologies and sources 
in order to achieve zero targeted downtimes. Iung et al. (2009) explained that maintenance 
principles and related concepts e.g. collaboration, pro-activity, knowledge, intelligence, web 
services and Internet are applied and integrated into maintenance to provide e-maintenance 
considerations. Muller et al. (2008) add that integrations and collaborations in the e-
maintenance assist maintenance process in utilization of information, knowledge and (e)-
intelligence.  

In brief, what is expected from maintenance role in today’s industries is utilizing available 
resources including data, personnel’s knowledge, skills and experience to in a cost-effective 
and technical-based approach. To fulfill such an ambition, expected IT applications should be 
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beyond a simple tool but functioning as intelligent facilitators, to enhance decision-making 
process consistent with main strategies. 

"#1# 2'(3456!),7+*77,(%!
Many years after Al-Najjar (1996) and Tsang (1998) remarked that maintenance is noted by 
companies as a cost center, there are few research evidences to show that a breakthrough is 
evolved in views of companies. Duffuaa et al (2002) relate this issue into blurred perception 
of maintenance role in attaining company’s objectives. Alsyouf researches in 2004 showed 
that 70% of the Swedish companies still consider maintenance as a cost center (Alsyouf, 
2004). Moreover, costs of maintenance are quite considerable as Ahlmann (2002) estimated 
them in Sweden to constitute 6.2% of industries’ turnover which is approximated 200 billion 
SEK per year. Referring to Salonen and Deleryd (2011), maintenance represents up to 70% of 
the company’s total production expenses in Sweden.  

Al-Najjar and Kans (2006) denote that today’s strategies imply cost minimization 
simultaneous with cost-effective utilization approach from available resources. They consider 
maintenance cost-effectiveness as a measure showing how much invested capital is 
economically beneficial in the long term. As Al-Najjar (2007) stated, well-maintained 
equipment acquire higher effectiveness and reliability; but improper or lack of maintenance 
have appreciable negative consequences on items such as machinery, delivery schedule, 
production costs, customer satisfaction and etc. He continues that selection of most cost-
effective maintenance strategy and policy affects above items positively. As Veldman et al 
(2011) cited, a company could produce aligned with its goals (e.g. high quality, low expenses, 
short delivery time and etc.) only limited to extent of the plant availability and reliability.  

Among different policies, Vibration Based Maintenance (VBM) as one of the Condition 
Based maintenance (CBM) strategies is a highly advised maintenance policy. It is known as a 
reliable maintenance strategy for rotating equipment to enhance maintenance from a cost 
center into a profit center. There are many references supporting this idea; a number of them 
are given in section 1.3. 
Maintenance Management is defined as “All activities of the management that determine the 
maintenance objectives, strategies, and responsibilities and implement them by means such as 
maintenance planning, maintenance control and supervision, improvement of methods in the 
organization including economic aspects” (Swedish Standard SS-EN 13306:2001). Wang et al 
(2000) define information as process data. Hoffer et al. (2009) give a definition from 
Information as “data that have been processed in such a way that knowledge of the person 
who uses the data is increased”. By this definition, maintenance data is one of basic 
requirements needed for maintenance manager decision-making. 
To make cost-effective decisions still there are more requirements. Experience is one of these 
requirements, which can assist maintenance decision-makers in taking seasoned decisions that 
looking forward longer-term benefits consistent with strategic goals. Sunassee and Sewry 
(2003) give a definition from knowledge, which incorporates experience and decision making. 
Later, they define experience stored in human mind as knowledge and determine it as an 
intellectual asset in companies for the time being. Baartman and Bruijn (2011) explain that 
skills “are interwoven with knowledge and pertain to the psychomotor domain in 
manipulating and constructing”. They denote skills as an important factor of vocational 
competence. Skilled performance is also considered as an organized sequence of activities, 
which incorporate information and professional activities. 
Consequently, though available resources are more evolved in recent decades (e.g. skills, 
experiences, knowledge, maintenance data volume and accessibility, etc.), in increasing 
competitive market, cost-effectiveness, more accurate decision-making and better utilization -
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of available resources matters. Therefore, responsibility of maintenance managers for taking 
accurate decisions in short time by relying on their at hand resources and with consideration 
cost-effectiveness is a headache of maintenance managers. Moreover, in some cases they must 
be able to map and analyze their previously made decisions in order to follow up effectiveness 
and return of investments.  Thus, considering the illustrated gap in literatures (given in section 
4.2), a model, which can suggest a systematic-practical approach, could assist to make 
technical decisions cost-effectively. 

"#8# 2'575%&.&,(%!(9!&:5!;'(3456!
Considering performance of rotating equipment is subjected to a number of technical 
variables including accidents, failures, stoppages and equipment life cycle, if a cost-effective 
policy be utilized in improving these variables, it can improve the maintenance performance 
(effectiveness) as well. As stated already in the previous section, VBM is one of the highly 
advised maintenance policies, see for instance Al-Najjar (1998, 2000a, 2000b, 2001b and 
2006), Al-Najjar and Wang (2001) and Zhan, Makis and Jardine (2003). VBM techniques 
could be used for better diagnostics, better prediction of time to maintenance action, better 
fault identification as well as modeling of time to failure, Al-Najjar and Wang (2001). All of 
these achievements mean prolonging the effective life length of the component/equipment 
which is associated with higher levels of equipment reliability and performance more reliable 
production continuity simultaneous with fewer expenses, less tied up capital and less spares 
needed, Al-Najjar (2007). Within the scope of rotating equipment, it is assumed that Vibration 
Based Maintenance (VBM) is the dominant strategy with enough capability of increasing 
performance of equipment and maintenance but also enabled to improve cost-effectiveness. 
Furthermore, proper decision-making process in the maintenance scope necessitates better 
utilization of available resources including maintenance data, personnel’s skills and previous 
experiences. To achieve the above, there are a number of certain questions, which should be 
answered in this project: 

• How to utilize current and historical maintenance data of the rotating equipment in order 
to predict future vibration trends versus time, estimate potential failure probability, and 
remained life of a component/equipment in order to make more accurate decisions? 

• Based on which indicators it would be possible to develop a number of valid alternative 
solutions for a particular problem of rotating equipment and how to facilitate selecting the 
most cost-effective one? 

• How can the maintenance decision-makers evaluate and analyze technical and economic 
effects of a particular maintenance decision for rotating equipment in a specified period of 
time, to evaluate/enhance effectiveness of previous decisions? 

• How higher equipment performance is connected with cost-effectiveness? 
These are a number of practical questions that maintenance management frequently faces 
while company profit margins should be met simultaneously. It is important that decisions 
made by the maintenance management be defendable (from economical, decision-making and 
technical views) while substantial consequences of suggested solutions are assessed in a 
learning cycle. This project studies the presented problem from technical, economic and 
decision-making viewpoints in the maintenance domain. 

"#<# 2'(3456!=('6*4.&,(%!
How to utilize available maintenance data, experience and skills to improve performance of 
rotating equipment cost-effectively? 
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The purpose is to develop a model for more effective utilization of resources in order to 
improve performance of rotating equipment cost-effectively. 

"#?# @545A.%+5!
Practical maintenance decision-making is sometimes tough and unreliable specially when 
there is no real assessment of component/equipment conditions and no failure probability 
analysis. A survey conducted by Jonsson (1997) among 284 Swedish companies in various 
sizes and different industrial categories proves that only two fifth of them were utilizing either 
preventive or condition based maintenance, while others were actually dealt with corrective 
actions. This condition was not changed considerably as Alsyouf (2009) survey among 118 
various size Swedish companies active in different scopes of production evidenced that 
majority of the Swedish industries still spend one third of the time on unplanned tasks.  
Respectively, if a model or tool could be at disposal of maintenance decision-makers to 
improve utilization of their available resources (e.g. data, personnel skills and experience; 
knowledge, etc.) in order to increase assets performance cost-effectively; the discussed gap 
can be filled without needing unjustified investments. This target can be attained through 
embracing more accuracy and more cost-effectiveness in maintenance decisions, which result 
into higher asset performance and finally higher profitability. Therefore, preferred alternative 
scenario could be represented in compare with others. Further, the gap of using VBM in 
improving machines performance shows itself also in Chapters 3 and 4. 

"#B# C,6,&.&,(%7DE54,6,&.&,(%7!
To respond properly to the purpose of this project, the mentioned concepts i.e. managerial 
decision-making, higher maintenance performance and higher maintenance cost-effectiveness 
delimit the study perspectives. Moreover, the project is delimited into rotating equipment 
while safety and environmental issues of them are not directly taken into the model account. 
Limitations of the project are including maintenance technical and economic qualified and 
reliable data, which are not always at hand. Other project limitations are resources; out of 
them the most important one is the time-manpower of the authors, which in such projects is 
sort of unavoidable. From the other hand, although the model will be tested practically on one 
case study, such a single evaluation might be insufficient but unavoidable due to the project 
limited time. Another limitation is access to the required numbers of historical failure data 
(e.g. exact stop and start time, exact Mean Time To Repair, accurate mean working time etc.) 
which are usual when extracted data from different databases are compared together. In this 
case deleting in valid or unreliable data would be unavoidable. 

Further, the project model would concentrate on maintenance management of rotating 
equipment, so the static equipment; the electrical machines and instruments are excluded from 
the model scope. In addition, the model will indirectly affect safety, environmental issues and 
external customers as well, although these concepts are also out of the model framework. 

"#F# G,65!='.65!
The thesis project tasks are composed of following parts and represented in ;YSZ[K!&: 

• Pre-studies and discussions, to finalizing problem formulation and purpose 
• Literature survey, theory reviewing and Model development 
• Two Seminars (Chapter 1-4 and 1-7 preparations) 
• Empirical data collection (Chapter 5) 
• Analysis, Result, Reliability tests and Conclusion preparation (Chapters 6 to 9) 
• Reviewing, finalizing and ultimate refinement followed by presentations
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At this chapter first research approaches, research methods, data collection method, 
literature survey, reliability and validity approaches are briefly introduced. In the end of each 
concept the adopted methodology for this report is also explained. 

!"2" 3)-%$4*#$%$&'()*&55'-&()*
As Ghauri and Gronhaug (2005) explain, researchers can adopt different research approaches 
to introduce what is true or false and obtain conclusions, which relate the theory into their 
empirical findings. These approaches as introduced by the mentioned authors are induction, 
deduction or abduction.  
The inductive approach, as cited by Saunders et al. (2007) involves study and revises the 
empirical data through real physical observations in order to build up the theoretical 
background. Ghauri and Gronhaug (2005) recognize induction as an organized process in 
establishing the general scheme and proposal for the theory based on factual observations. 
Chalmers (1999) added that the conclusion in Induction might not be reliable: it is not the 
case that if the statements account for the promises are verifiable then the conclusion should 
be verifiable. 

The deductive approach analyzes and examines facts as well as the theoretical background 
and follows it by generating the conclusion or as Saunders et al. (2007) name “testing theory”. 
Ghauri and Gronhaug (2005) consider deduction as a valid process for generating the 
conclusion based on known ideas. In brief as Chalmers (1999) cited, Deduction is the case 
that if the statements constituting the promises are true then the conclusion must be true; it 
could be the cases of mathematical or philosophical sciences. He continues that regulations 
and theories would be derived from physical real observations and experiments, which 
constitute the scientific knowledge. Chalmers (1999) determines laws and theories which 
constructing the scientific knowledge are extracted by Induction from acquired facts which in 
turn are provided by observations and experiments. When such generic knowledge, laws and 
theories are available, they can are utilized to draw up predictions and explanations by 
deduction. Refer to #$%&'(!) for illustration. 

An example can more clarify the meaning of deduction:  
1. Pure water boils at 100 ! C at the sea level 
2. We are at the sea level and have a kettle of pure water  
______________________________________________________ 

Therefore, our kettle of pure water also starts boiling at 100 ! C 
Abduction approach, as Saunders et al. (2007) denote, is a combination of inductive and 
deductive approaches where first the theoretical background is prepared inductively and then 
is tested deductively.  
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This project studies its presented problem from decision making, technical and economic 
perspectives within the scope of maintenance. It is followed by reviewing relevant theories 
and literatures (in Chapters 3 and 4) to develop a model in order to analyze the empirical data. 
In Chapter 4, a literature survey is conducted in the interested perspectives of this project 
followed by other side areas of the model to give a comprehensive view on the latest relevant 
studies. Outcomes of this survey are illustrated in section 4.2. Later on, empirical findings are 
collected through interviewing, site visiting, database studying and archival records reviewing 
Chapter 5. Following by deductive tests of the model in the Analysis (Chapter 6) prediction 
and explanation of Results (Chapter 7) are provided by deduction. Results reliability are 
tested in Chapter 8. Finally in Chapter 9, conclusions are given completed by 
recommendations, applicability of the study for other studies and further studies needed as 
extension of the present study.  

!"!" #$%$&'()*.$%604*
There are three types of research design: case study, survey and experiment. Selecting any of 
them would be dependent on the number of units and variables, Patel and Davidsson (2003). 
A case study, as Andersen (1998) defines is an empirical investigation that focuses on a 
contemporary phenomenon within the frames of reality while enables the use of various 
information sources. A multiple case study as Yin (2003) describes is an investigation of two 
or more delimited units. He continues that a case study design is preferable when the 
examination is something practical. It is also advised when striving for deeper knowledge. As 
this project intends to propose a model based on the given theory and then testify it on one 
case machine, it is known as a single case study research. As positivism is defined by keeping 
the work scientific and free of human values, this project can be categorized a sort of it.  
The project proposes two models; one in general and the second in details, both of them are 
based on the theoretical discussions given in the Chapter 3. The detail model, which is an 
extension of the general one, is developed in order to be applied in the practical levels. The 
proposed models enhance decision-making process technically and cost-effectively in order to 
increase the company profitability. Further extensions, could be multiple case studies in order 
to testify the model applicability on other rotating equipment.  

!"7" 8&,&*3-//$(,6-4*
Data collection is an approach by which data needed data for the analysis is gathered. As cited 
by Ghauri and Gronhaug (2005), this data could be opinions, facts or statistics. Yin (2003) 
denotes totally six ways of data collection for research methods as follows: 
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• Documentation such as formal studies and evaluations; minutes of meetings; progress 
reports 

• Archival reports like computer files and records; organizational records 
• Interviews with limited number of persons to collect required data 
• Direct and participatory observations such as meetings 
• Physical artifacts such as monitoring a machine vibration data  
Ghauri and Gronhaug (2005) followed by Saunders et al (2007) and Limaye (2009) introduce 
two methods for collecting data including qualitative and quantitative. Limaye (2009) 
explains that usage of qualitative data is mainly when the process definition is unclear, when 
inaccurate measurement is at disposal or when the measurement instrumentations are 
unavailable/unreliable. He elaborates some advantages and disadvantages of qualitative data 
as depicted in ,-./(!0 and ,-./(!). 

>7?8&';)'@$78".7."0&',7.7AB,07+.7#&'7+,'3"17,07+.7#&'47,/C.&,'D%/9'E"97F&:'(GG<='

Advantages Disadvantages 

• Faster data gathering (no need of actual 
measurement) 

• Perception based and could vary from 
person to person or instance to 
instance • Suffices the purpose when audience maturity 

is low 
• No need for expertise in the domain of 

evaluation area 
• It may not be useful for highly 

matured environment 
• Independent of measurement instrument 

 
Quantitative data, as Limaye (2009) explains, is the actual measurement of a product or 
process attribute expressed in numbers, which is the case of data in industries. This type of 
data eases comparison and mapping variation in processes or products in industrial 
applications. Units of measurements are needed to compare qualitative data. 

>7?8&'()'@$7+.".7."0&',7.7AB,07+.7#&1'7+,'3"17,07+.7#&1'47,/C.&,'D%/9'E"97F&:'(GG<='

Advantages Disadvantages 

• Much more accurate compared to 
qualitative data 

• Requires measurement, also “unit” for 
definition and an instrument 

• Makes easy comparison between 
different entities 

• May require some levels of automation to 
collect data and conduct the analysis 

• Gives exact status of production or 
process 

• Time consuming 

• Possibility of statistical analysis • Amount of errors are a function of human 
errors as well as accuracy- repeatability 
of the measurement instrument • Graphical representation or plots would 

be possible 
 

At this project archival technical and economic reports including computer files and hard 
copies are used. Interviews with a number of responsible persons have been arranged to seek 
for decisions made in different periods. A number of site visits and direct observations were 
carried out. General data -such as data related with the case company introduction- is 
collected from the company internal portal. Technical collected data is quantitative and based 
on measurements.!
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As Yin (2003) cited, judging regarding the quality of research results is based on validity and 
reliability where validity measures to what extend the results can be generalized but reliability 
measures the consistency and stability of those results. In other words, validity defines if the 
findings are really regarding what they appear to be about but reliability concern is to what 
extent data collection techniques or analysis yield consistent findings, Yin (2003). He also 
divides the validity into internal and external validity where internal validity refers to the 
results ability to measure what the researchers intend to measure (Saunders et al., 2007) but 
external validity answers the questions like to what population, treatment variables and 
situations the result can be generalized (Kvale, 1989). 

One of the methods going to be used at this project for data reliability is cross checking 
between different data sources including vibration databases, archive documents and the 
organization database. Important data will be double checked with relevant contact persons 
from the case company especially when doubtful. Results of the project should also take the 
case company approval for their applicability and reliability. The model would be relied on 
theory bases, therefore is internally valid. The model external validity will be ensured because 
it will be developed for general applications of rotating equipment and not a specific 
intention. Chapter 8 is delicately designed to ensure about the results reliability. 

,-./(! 2 shows a summary of the thesis methodology selection including data collection, 
research method, research design, scientific approach and scientific perspective. 
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Methodology Selection of the project 

Data Collection Research 
Method Research Study Scientific 

Approach 
Scientific 

perspective 

Interview 

Archival records review 

Meetings 

Site visit 

Internal portal  

Deductive One case study Quantitative Positivism 
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At this section required theories to support next chapters of project are elaborated, followed 
by needed introduction to the software modules used as a tool in the project. 

7"2" #-,&,640*$@:65A$4,*&4.*5$'B-'A&4($*0-&/%*
Bigret (2004) defines rotating equipment simply includes a rotating part (such as wheel) and a 
stationary part (such as the body frame) to perform a function such as pumping a liquid or 
compressing a material. Water wheel could be known as the first created “rotating machines” 
by the human being a short time B.C. Later on, wind mills were followed by steam machine 
in the medieval. Simultaneous with further development in steam engines and later on steam 
turbines, they were used in many of the transport mechanisms such as ships, trains and 
automobiles. 
Rotating equipment are the backbones of many manufacturing companies. Today, as Bigret 
(2004) also states, various types of rotating machines such as agitators, gas turbines, steam 
turbines, expanders, fans, generators, electro motors, centrifugal compressors, centrifugal 
pumps and gearboxes are in use in industries with continuously enhancing efficiency and 
many various functionalities. 

Nowadays, as asserted by Al-Najjar and Kans (2006), manufacturing companies strategies 
imply cost minimization in addition to the ability of utilizing available resources in a cost-
effective way. Therefore, decreasing product cost and keeping on time delivery are among the 
customer demands and thus are in the manufacturers’ focus (Al-Najjar, 1997). As Al-Najjar 
(2007) asserts, companies financial targets such as less maintenance costs, less delay in 
delivery and less production expenses could be fulfilled through achievement of some 
equipment technical goals including for instance higher Overall Equipment Effectiveness 
(OEE), higher reliability and higher performance (effectiveness).  

As stated in the definitions, performance is defined as “the level to which a goal is attained”, 
Dwight (1999). Referred to this definition, at this project equipment performance is including 
equipment effectiveness, but not limited to it. By this definition, equipment performance 
should not be taken in the same meaning as performance rate, which is an element of OEE as 
well, but it can go beyond depending on the designated “goals”. This definition is consistent 
with Dwight (1999). 

7"!" +&64,$4&4($*.&,&*
As stated already, Al-Najjar and Kans (2006) define data as “the abstract description of a set 
(or sets) of measurable variables from relevant working area in an enterprise” while 
information is defined as “the output that is drawn from data based upon their contents with 
respect to a particular environment, i.e. with respect to the processing aspect and perspective”. 
By these definitions, they introduce a flow of increasing usefulness, subjectivity and 
complexity starting from measurable variables and continued by Data, Information and finally 
knowledge.  
By above definitions, maintenance data is interpreted as a kind of available /needed data in the 
maintenance database. Examples of maintenance data could be including machines 
specifications, components specifications, machines performances, vibration measurements, 
spare parts etc.  
Al-Najjar (2010b) described that data which is needed to be considered and applied for 
assessment of costs and profit losses -due to stoppages, unavailability, spare parts, man-hours, 
overheads, bad quality etc. - can be classified into following groups: 

1- Raw data: The directly extracted data from databases 
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2- Processed data: Both aggregating and de-aggregating data, which are resulted from 
processing raw data by using the companies’ predetermined formulas 

3- Estimated data: data that does not exist and determined from the companies’ databases 
using previous experiences and mathematical/statistical relations. Al-Najjar (2010c) 
declares this type of data cannot be always discovered in databases  

Fisher and Kingma (2001) outline data quality factors as accuracy, timeliness, consistency, 
completeness, relevancy and fitness for use. Al-Najjar and Kans (2006) mean data integration 
that data can be stored, processed, analyzed, interpreted, combined and finally accessed at the 
demanded time in an easy way. They continue that cost-effective maintenance decisions are 
dependent into analyzing and effective utilization of relevant information reached by using 
relevant and high quality data. 

Al-Najjar and Kans (2006) determined the importance of relevant data for maintenance 
decision-making. They claim, cost-effective decisions can only be made using relevant data 
from different effecting areas of maintenance such as maintenance policy. They explain root 
sources of data include different sets of measurable variables defined and measured in 
activities involved in business processes. In case two or more units of data are combined, 
unlimited ways of their interpretation into information can be invented. In fact, one unit of 
data provides the basis for many units of information. They rank data, information and 
knowledge subsequently, according to the increasing level of usefulness, complexity and 
subjectivity. 

7"7" C4,$//$(,:&/*D%%$,%*
Matsuura (2003) describes intellectual assets including knowledge, information, know-how 
processes and skills. Cheema (2010) defines intellectual assets including information, patents, 
programs, procedures, knowledge, experience and etc., which reside in the peoples’ head and 
guide their various types of skills. He adds nowadays because of globalization and market 
competitiveness, intellectual resources and capabilities are receiving more and more degree of 
importance in organizations. Alsyouf (2006) determines that measures like qualifications of 
maintenance work force, level of training and human resources development are considered to 
be among critical characteristics of maintenance resources. 
As explained in the section 1.2, Sunassee and Sewry (2003) explain that knowledge is an 
expertise stored in the minds and gained using experience and interaction of human with its 
environment. It was also explained in section 1.2 that Baartman and Bruijn (2011) denote 
skills as an important part of vocational competence and assert that skills “are interwoven 
with knowledge and pertain to the psychomotor domain in manipulating and constructing”.  

As explained in previous section, it is known that cost-effective decisions can be made using 
integration of analyzing and effective utilization of information, databases and knowledge, 
Al-Najjar and Kans (2006). They define “knowledge” as “relevant information able to be 
utilized for making relevant decisions through applying logical inference for updating human 
understanding”. By this definition, knowledge and decision making are integrated. Gomez 
Fernandez and Crespo Marquez (2012) notify that although information is needed for better 
decision-making, experience and skills have great value in decision making processes. They 
continue that experience provides more confidence in decision making.  

Al-Najjar (2010b) explains companies’ previous experiences are required when the raw or 
processed data do not exist, therefore, data should be anticipated based on other economic and 
technical experiences in the companies. He adds previous experiences of failure data of the 
same or equivalent components/equipment could be used when the probability of failure and 
residual life of a component/equipment is required. Al-Najjar (2010c) declared that 
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comparing different machines with the same or similar attributes is possible by which 
previous experiences throughout the company in a cost-effective way would be utilized. As a 
final point, Al-Najjar (2007) demonstrates potential savings can be achieved through better 
utilization of experience and skills to identify and eliminate root causes behind production 
losses and disturbances. 

7"9" 8$(6%6-4EA&F640*G$'%5$(,6;$*64*+&64,$4&4($*+&4&0$A$4,*
Maintenance Management is already defined in section 1.2. as “All activities of the 
management that determine the maintenance objectives, strategies, and responsibilities and 
implement them by means such as maintenance planning, maintenance control and 
supervision, improvement of methods in the organization including economic aspects” 
(Swedish Standard SS-EN 13306:2001). Referring to the IEC standard (2012), maintenance 
philosophy is a system of principles for the organization and execution of the maintenance. 
Maintenance strategy is interpreted by Crespo Marquez (2007) into long-term maintenance 
objectives, which are exemplified as reaching to the optimal 
reliability/maintainability/availability or ensuring from improving current situation of an 
asset. Maintenance tactics are those tactics that a maintenance manager may consider to 
achieve its illustrated strategies. Tactics referring to Campbell and Jardine (2001) are subject 
to taken strategies and concepts. 

As Wang and Pham (2006) asserted, to optimize maintenance procedures, usually cost is 
considered as the most significant indicator e.g. expected maintenance costs per unit of time, 
total reduced costs, savings and etc. Hence the optimized maintenance management policies 
are the ones, which tend to maximizing the profits and/or minimizing the costs. Moreover Al-
Najjar (2010b) mentioned the proper decision-making in company’s maintenance 
management can provide higher quality of production and processes, equipment performance 
management, competitive price, on-time delivery and environmental-social friendly 
production. OEE is another important criterion introduced by Al-Najjar (2007) defined in later 
sections. He determines that improvements in performance of a maintenance policy aimed to 
reduce production expenses and increase availability, performance efficiency and quality rate. 
Referring to Kans (2008) there are three types of decisions made in an organization, which are 
operational, tactical and strategic. Operational decisions are regarding day-to-day operations 
belong to the lowest level of the company. Tactical decisions are concerning control and 
allocation of company’s sources by a timeframe of weeks to months. Strategic decisions are 
long term planning for overall goals setting of the organizations. This type of decision is 
highly complex and unstructured where the full set of data is unknown. 

!"#$#%&'()*+#,-./$(0#&1/23#3(&/0(3.'.%$#2/(
Griffiths (2005) introduces risk-based audits as one of methods for identification and 
assessment of those risks that threat the organization. For this purpose, company is suggested 
to identify its key risk elements as the basis for risk auditing. It is also suggested to start 
identification by risk based auditing the processes, especially the main ones. Next step after 
risk identification would be risk mitigation, which has its own methods. 

To simplify risk assessment process, Griffiths (2005), suggests a matrix including two 
weighted factors of risk likelihood and severity of occurrence. Each key risk element should 
be measured and weighted based on these two factors. Then, weighted-attributed values of 
these two factors are multiplied at each other and resulted value is located in a matrix ranked 
from e.g.1 to 9. At this stage, those risks, which have received higher multiplied weights (e.g. 
6 to 9) are called critical and should be mitigated in urgency. Less critical risks receive lower 
urgencies respectively. Matrix cells, as Griffiths (2005) proposes can be highlighted in red, 
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yellow and green to represent high, medium and low (or No) urgencies. The author advises 
risk assessment matrices for different decision-makings from strategic into lower levels. 

42".(&%%+"&$.(0.%#3#2/5-&6#/1(
In order to increase the accuracy of the maintenance decision- making and its profitability 
when the condition of equipment/component exceeds a particular level, Al-Najjar (2010b) 
notifies a number of indicators, which should be considered in addition to trend data and 
current component situation:  

• Prediction of the near future condition, e.g. assessed by vibration level at the time of next 
planned measurement or stoppage 

• Residual lifetime evaluation to ensure steady production process for fulfillment of 
delivery schedule 

• Failure probability assessment found on equivalent or the same components (or 
equipment) previous experiences  

Al-Najjar and Alsyouf (2004) denote, when evaluating the role of maintenance, majority of 
maintenance costs can be recovered by implementing more efficient maintenance policies. It 
is undeniable that maintenance decision-making varies from case to case therefore, finding a 
single solution which is capable in supporting entire maintenance requirements is somehow 
impossible. Arniaz et al. (2009) confirm that as it is unattainable to find such a system, due to 
the fact that every company has its own strategies, machinery, technical problems and 
economic indicators. However, referring to Al-Najjar (2010b), the maintenance accurate 
decisions avoid both underestimating and overestimating. Respectively, underestimation 
causes extra losses of production as a consequence of low product quality and unexpected 
stoppages; while overestimation result into assess values more than real rate of fault 
developments, which leads to decreasing machine lifecycle and increasing spare parts 
consumptions. 

42".(!23$5.77.%$#8.(0.%#3#2/5-&6#/1(
Both underestimation and overestimation in decision making result in economic negative 
consequences. It was already stated that Al-Najjar and Kans (2006) highlighted importance of 
relevant data for maintenance decision-making. Cost-effective decisions can only be made 
using relevant data from different effecting areas of maintenance such as maintenance policy, 
personnel competence and production data. Moreover, IT development has contributed 
towards providing effective decision solution for complex cases of decision makings with 
easiness in short amount of time. Authors continue that cost-effective decision-making could 
be achieved by integration, analysis and effective utilization of relevant data, information, 
databases and knowledge. Data sources for decision-making also affect the accuracy of 
maintenance decisions. Heterogeneous data source are required to make common database 
and their integration with decision support system will provide the best possibility for 
accurate cost-effective decision-making.   
Generally speaking, making the decisions of why and when to stop a production are crucial 
questions for the companies’ profitability. Al-Najjar and Kans (2006) stated the decision-
making process should be based upon company business goals, strategies and objectives to 
decrease the risk of the maintenance activities’ efficiency/effectiveness declining. Therefore, 
maintenance activities not only solve the instant problems, but also keep their cost-
effectiveness characteristics. Al-Najjar (2007) reiterates cost-effective continuous 
improvement and maintenance performance management require effective tools for 
monitoring and analyzing technical and economic data, followed by mechanisms to convert 
maintenance investments into technical actions and economic terms. Quantification of 
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maintenance investment effectiveness on the company’s business enables user to achieve 
optimization and reliable decision-making procedure.  
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Al-Najjar and Alsyouf (2004) exemplify maintenance costs including direct costs such as 
spare parts; training; administration or outsourcing. Examples of indirect costs are given such 
as delivery penalty costs due to unplanned stoppages; poor maintenance quality; performance 
inefficiency and unavailability cost. That is why economic losses are called potential savings. 
They continue maintenance related economic losses are outcomes of e.g. maintenance 
performance inefficiencies; stoppages; delivery delay penalties; absence or lack of skilled 
labor; shorter component’s life and excessive spare parts. Al-Najjar (2007) explains that some 
financial indicators including less delay in delivery, less maintenance costs, and less 
production expenses are actually outcomes of technical improvements. These technical 
indicators are subsequently including higher maintenance quality and more accurate 
assessment of time to measurement.  Further, longer component mean effective life would 
result into longer production time and more production subsequently which end up into lower 
production costs.  

Effective maintenance is applied to improve company’s profitability and competitiveness 
through continuous cost-effective improvement of production process efficiency, productivity 
and effectiveness. This intention as Al-Najjar (2007) determines, can be achieved via 
maintaining and improving the quality of contributing elements in the production process 
continuously and cost-effectively. Further, he specifies that maintenance performance 
demands effective tools for monitoring and analyzing technical and economic data followed 
by identification of mechanisms converting investments into technical actions and back into 
economic terms. 

According to Al-Najjar (2007), selection of the most cost-effective maintenance policy affects 
mean life length of the equipment and its failure patterns which in turn affect production, time 
of delivery and production costs. He added providing appropriate maintenance policies such 
as VBM could influence production, quality, tied up capital and different relevant expenses in 
the company’s level. Such an approach as he approved, could answer why, when, where and 
how much should be invested on maintenance to provide continuous cost-effectiveness and 
ensuing maintenance as a profit generating center.  It is specified that savings in maintenance 
costs and production expenses can be achieved by more efficient maintenance performance. 

7"H"2" +-4$1*&4.*C,%*=&/:$*
Giving an introduction to the Economic perspective, it is required that money and its real 
value be explained. According to Parameswaran (2007) there is no use to talk about the value 
of money if we do not determinate the time. Money has no value itself, it changes from time 
to time. There are two major branches when the value of money is determined: Net Present 
Value (NPV) and Future Value (FV)  

If the future value of an incomes or a cost are known, the Present Value (PV) using the 
56&-7$89!0 could be calculated: 
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r :  interest rate 

N :  number of periods (years if interest is compounded yearly) 
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Parameswaran (2007) explains if there are several future incomes or costs, the NPV can be 
simply calculated by adding these incomes or costs together when PV is calculated. Relation 
between PV and FV is denoted in 56&-7$89!) : 

!" ! !"!!! ! !!!!
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r :  interest rate  
N :  number of periods (years if interest is compounded yearly) 
(
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Sloman and Hinde (2007) define inflation as the rate of annual percentage increase in prices. 
They continue that the most usual measure of inflation is consumer prices which is measured 
by the government and declared in comparison with the same product prices over the past 12 
months. They emphasize that the reader should not be confused with inflation rise or fall with 
a rise or fall in prices. A rise in inflation means a faster increase in prices while a fall in 
inflation means a slower increase in prices. In both cases price increase is still experienced. 

Ultimately as Hagberg and Henriksson (1996) stated for considering both interest and 
inflation rates simultaneously, another term “cost of capital (i)” could be considered as 
summation of “rate of interest” and “general inflation rate”. Therefore, both of the interest 
and inflation rates are already considered in the (i) factor of the 56&-7$89!0 and 56&-7$89!).  

:.,".%#&$#2/(
Depreciation is the declining in an asset value, Blank and Tarquin (2008). Referring to 
Sullivan et al (2009), depreciation is defined as “decrease in the value of a physical property 
with the passage of time & use”. It should be noticed that depreciation is a matter of allocation 
in accountants not valuation. In other words, it is “accounting concept” to determine the 
annual decreasing of capital funds invested against before-tax income, they continued. With 
the above definition, obviously there are two independent depreciation methods: time based & 
production based. In the time-based depreciation, the value of the asset (which is called Book 
Value in accountants) decreases as a function of time. In production based depreciation, the 
value of the asset again decreases but as a function of use or production.  

One of the most used methods for depreciation calculation as denoted by Sullivan et al (2009) 
is straight line. This method may be defined as 56&-7$89!2: 
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where 

• AC=Acquisition cost of the asset 
• SV=Salvage value or the value of the asset at the end of depreciation period 
• SL=Service life or the mean life cycle of the asset 

In this case; Book Value (BVK) of the asset at the end of year K is defined as 56&-7$89!3: 
!"! ! !" ! !!!!!"#!
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In the first decade of twenty first century, facing financial crises during recent years reduced 
profit margin of companies. Today’s strategies should consider cost minimization, 
differentiation and capability of the using available resources cost-effectively are the most 
vital items for the companies to survive in market, Al-Najjar (2010b). It is known that 
company’ profit and competitiveness are common targets of the businesses, Al-Najjar (2007). 
Moreover, as Al-Najjar, Hansson and Sunnegårdh (2004) highlighted, reliable maintenance 
policies in situations that companies experience declining profit margin could be achieved by 
assessing maintenance performance; finding whether or not the planned goals are achieved 
and continuous improvement is on-going. Al-Najjar (2011a) mentioned that reducing 
economic losses would improve profitability of companies in such a marginal situation. 
Furthermore, He noted that within production processes, keeping and enhancing quality of 
each element of production and maintenance processes could improve profitability of 
companies. Efficient and effective resource utilization, as Al-Najjar (2007) asserts, increases 
internal efficiency of company and influences profitability.  
Alsyouf (2004) developed a conceptual model to connect maintenance cost-effectiveness into 
profitability. He clarified maintenance cost-effectiveness improves operations quality, 
effectiveness and efficiency through which company advantages of the company including 
productivity and profitability are enhanced.  
Al-Najjar (2001a) specified that improvement of the products quality and accurateness in 
delivery in an economically competitive way, always exists among the firms’ goals. To 
achieve this goal, an integrated maintenance and manufacturing data should be considered. 
Furthermore, he continued that in order to get assured of competitive product price, both 
technical and cost-effective decisions should be appraised through maintenance and 
manufacturing systems.  
Al-Najjar and Kans (2006) explain that today’s strategies imply cost minimization together 
with the ability to use available resources cost-effectively. Maintenance cost-effectiveness is a 
measure to evaluate whether or not the total invested capital in the selected maintenance 
policy in the long-term is economically beneficial. Commonly, maintenance is considered as a 
necessary evil cost-center within the firms, Al-Najjar (2007), since it costs companies’ 
immense budget. Instead of this unfitting opinion, he emphasized that maintenance should be 
deliberated as a profit-generating center. So it is more suitable to use the term of maintenance 
economic factors instead of maintenance costs, to distinguish the items that influence and 
influenced by maintenance market and also prevent labeling maintenance as a cost-center, Al-
Najjar (2010b). This is aligned with Crespo Marquez (2007) who also confirms that 
profitability in maintenance is a priority within maintenance objectives, which assist the 
business competitiveness. 
Also referring to Al-Najjar and Alsyouf (2004), profitability increment required superior data 
coverage and quality, which make better possibility of control over maintenance direct costs 
and savings. According to Alsyouf (2007) an effective maintenance policy could influence the 
productivity and profitability of a process in the firms. He defined the profitability as the 
56&-7$89!4: 
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As Alsyouf (2007) cited, the Productivity could be denoted as the ratio of the quantity of 
produced outputs in a specific interval to the sum of the input factors, which needed to come 
up with the outputs. Input factors (e.g. manpower, materials and energy) could be considered 
separately or altogether. Also, Price recovery is the ratio of the outputs price to the costs of 
the required inputs. 

Moreover, Ingwald, Kans and Al-Najjar (2004) noted that in order to assess the achievement 
of business strategies and objectives such as cost-effectiveness, the relevant performance 
indicators should be identified as the meters or measures of development and growth. 
Conclusively, to recognize, identify and avoid the cost-effective lowering issues, it is advised 
to drill down from a corporate (higher level) KPI to figure out the real problems in functional 
level (lower level) such as specific machines; all these could be achieved by supporting of 
functional level indicators, Crespo Marquez (2007).  It is outstanding to disclose that the 
mentioned levels of performance indicators could be define, measure and control 
appropriately for maintenance management performance.!!
Finally, Al-Najjar (2007) indicates in order to survive in sever competitions; companies need 
to continuously improve their maintenance and manufacturing processes and profitability. 
Cost-effective continuous improvement demands effective tools for monitoring and analyzing 
technical and economic data followed by solutions to convert maintenance investments in 
maintenance into technical actions followed by their economic outcomes. Such qualified 
maintenance investments enables user to make reliable cost-effective decisions which 
improve company profitability. 
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Generally speaking, improvements in production and maintenance processes lead to higher 
production performance, Al-Najjar (2009). To assess impacts of maintenance on the 
company’s economy in different events and intervals, a number of formulas are developed by 
Al-Najjar (2007). These formulas could be used for assessing impact of maintenance on 
company economics alongside two different intervals in order to compare and underline 
changes in maintenance (and production) performances during these two periods. In other 
words these formulas assist to evaluate whether usage of available maintenance technologies 
generate savings or losses. As described in (Al-Najjar, 2007, 2009 and 2010b), following 
formulas which represent most common sources of generating savings/losses, can be applied 
independent from the maintenance policies in the companies.  
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In the 56&-7$89!:, the S1, S2, …, S5 are evaluated as follows: 

• Failures: Fewer or more failures in two different intervals would subsequently generate 
savings or losses in the production cost, which are shown in the 56&-7$89!"  by S1: 

!! ! !! ! !!!!! !!"!!!!
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where Y and y are the failure numbers during the previous and current period [so the 
value of (Y-y) would be the number of avoided failures], L1 is the failure average 
stoppage time, Pr is the production rate and PM is the profit margin.  
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• Average stoppage time: shorter or longer stoppages alongside two different intervals 
generate shorter (or longer) production time. The savings (or losses) due to shorter (or 
longer) average stoppage times are presented in the 56&-7$89!*!.;!S2: 

!! ! !!! ! !!!!! !!"!!!!
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where L1 and l1 are failure average stoppage times during the two different periods 
(respectively previous or current), so the value of (L1-l1) is the difference in failure 
average stoppage time, also Pr,  PM and y are the same as expressed in the 56&-7$89!" 
specifications. 

• Short stoppages: Fewer or more short stoppages during two period times generate savings 
or losses in the production cost. The savings (or losses) due to less (or more) short 
stoppages are expressed in the 56&-7$89!+ by S3: 
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where B and b are number of short stoppages during the two different periods 
(respectively previous or current), L2 is the average stoppage time, and Pr and PM are 
the same as explained in the 56&-7$89!". 

• Quality production: the savings or losses generated due to enhancing (or declining) in the 
production quality are offered in 56&-7$89!01 by S4. 
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where p and P are the high quality production per hour respectively in current and 
previous periods, Ph is the number of production hours per day, Pd is the number of 
production days per period and PM is the profit margin. 

• User defined expenses: these types of expenses are paid by the companies to cover 
personal compensation due to accidents, penalties of environmental violation and 
damages, insurance premium, direct maintenance costs (containing labor, spare parts and 
overhauls), tied up capital in spare parts or equipment, delivery delay penalties and etc. 
The saving or losses according to user defied expensed in two different intervals (current 
and previous) is expressed in 56&-7$89!00 by S5: 
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where Eb and Ea respectively are the expenses before and after the improvement in the 
maintenance, so the 56&-7$89!00 represents reduction or increment in these expenses; 
and j denotes the types of user defined expenses. 
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Al-Najjar (2007) illustrates some technical steps by which maintenance can impact on plants 
functions including financial ones. He introduces a number of indicators including better 
utilization of available technologies, better prediction of time to maintenance actions and 
more accurate assessment of time to measurement which directly result into higher 
maintenance quality. Fewer failures and fewer accidents are outcomes of more accurate 
assessments of time and higher maintenance quality as well. Longer component effective life 
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is denoted as another achievement of higher maintenance quality. Further technical impacts 
could be summarized as higher machines’ performance or efficiency, higher OEE and less 
short stoppages. Above mentioned technical impact/indicator have some financial effects as 
well, which are explained in the next section. Moreover, Al-Najjar and Alsyouf (2004) denote 
that maintenance related economic losses are outcomes of some internal and external reasons. 
Examples of internal reasons are given such as maintenance performance inefficiencies; 
machines stoppages; absence or lack of skilled labor; shorter component’s life and excessive 
spare parts.  
Al-Najjar (2002) determines that maintenance performance affects the product and machine 
quality, because well-maintained equipment acquires higher reliability and effectiveness. On 
the other hand, bad quality maintenance provides appreciable negative consequences due to 
its technical impact on machinery, product quality, production costs and delivery schedule.  
Further, selection of the most cost-effective maintenance policy affects mean effective life 
length of the equipment and its failure patterns as well, which in turn affects production, 
quality, production costs and time to delivery.  

In order to monitor the maintenance performance on a particular equipment as Al-Najjar, 
Hansson and Sunnegårdh (2004) represent, parameters such as downtime, availability, 
reliability, performance efficiency, product quality rate, OEE, maintenance-related costs, 
income losses, total maintenance cost, delivery delay penalties, number and cost of accidents, 
spare parts, tied-up capital, planned stoppages, failures, cost of manufacturing a quality 
product and etc. could be utilized.  

Al-Najjar (1996) defined Overall Equipment Effectiveness as 56&-7$89!0). Moreover, as Al-
Najjar, Hansson and Sunnegårdh (2004) noted that major losses on the equipment 
effectiveness could be divided into three prime areas i.e. Availability (A), Performance 
efficiency (!), and quality rate (1-q); where q is the proportion of defective produced product, 
and ! could be defined as the theoretical time for producing one item [cycle time] to its actual 
time. The impact of small adjustments and production speed declining on the theoretical 
performance cycle time may be measured by !. Hence, based on the definition of OEE (refer 
to the 56&-7$89!0)), these losses could be represented in the OEE as follows (56&-7$89!02): 
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• Availability: As Al-Najjar, Hansson and Sunnegårdh (2004) continued, Availability (A) 
can be defined as 56&-7$89!03 
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• Quality rate: Also for considering the proportion of the accepted produced items (quality 
products), the quality rate may be defined as!56&-7$89!04!
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• Performance efficiency: It can be defined as 56&-7$89!0: 
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In general, economic losses are usually consequences of some technical reasons, so to reach 
profitability; first step is settling technical malfunctions. This section intends to clear some 
more technical perspective elements such as reliability, maintenance performance, VBM and 
some of its methods followed by life expectancy and introducing some solutions for 
calculating components residual life. The section ends with a software introduction. 
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Nowadays equipment’s Reliability is among the main indicator of performance and 
effectiveness of maintenance in production industries. According to Singpurwalla (2006) the 
term “unreliable” is used to pinpointing the behavior of an undependable item. Kumar et al. 
(2006) affirm that in addition to the performance of a system, the reliability would assist the 
system and its assemblies/subsystems to achieve anticipated and identified functions. They 
declared that reliability of a system is dependent on type, quantity, quality and manner of 
arrangement of their components. 

Crespo Marquez (2007) defined the operational reliability as the probability that an item 
would accomplish its particular mission and suffers no failure in fulfilling it. The reliability 
should be identified and assessed under a specific interval and defined condition of operating. 
Kumar et al. (2006) also defined the in-service reliability in similar words: probability that a 
system or its constituents would maintain their functioning state for a given period of time, 
which is determined from analysis of in-service statistical data. 

Principally, as Crespo Marquez (2007) claimed, reliability is a function of time. As Wang and 
Pham (2006) highlighted, improper maintenance could increase the failure rate. Heng et al. 
(2009) affirm that the higher possibility of predicting equipment failures, the higher 
possibility of reducing maintenance costs, operation downtime and safety hazards would be 
afforded. Against the failure rate, a suitable meter of evaluating reliability in the industry 
could be MTBF (Mean Time Between Failures), Crespo Marquez (2007). !
As Starr et al. (2010) addressed, there are occasions that less reliability- or in words less 
probability of failure- could be acceptable; for instance when repairing and restarting periods 
are short enough. In comparison, in such cases maintenance support or maintainability has 
greater significance. They added that higher industrial plants and machines reliability results 
in less environmental and personal risks, better control, less energy consumption and less 
costs during operating lifetime.  

Crespo Marquez (2007) quoted from Woodhouse (1993) about two major aspects that should 
be considered, qualified and assessed in order to outline a competitive, reliable and effective 
production system in the modern industrial circumstances. Reliability is one of these two 
factors followed by the Costs, which are associated with the production life cycle from design 
and procurement till withdrawal.. Reliability secures operational continuity and fulfills its 
function in a desirable and effective way alongside its lifecycle. Low reliability as Crespo 
Marquez (2007) confirmed causes high costs, which assigned to the direct costs (function 



  
!

!
!

))!

recovery costs) and also developing impact in the production process (penalization costs). He 
categorized the total costs of non-reliability as:  

• Cost associated with downtime: opportunity losses/deferred production, non-production 
(unavailability), and operational losses, impact on quality, security and environment. 

• Costs for corrective maintenance; including manpower assigned to unplanned action, 
material and replacement parts cost used in the unplanned actions. 

Al-Najjar (2000a) demonstrates that high availability, stable product quality and equipment 
performance may not be secured without an effective maintenance policy. Such a policy 
would be useful in decreasing unplanned stoppages and enhancing the performance efficiency 
which will bring up economic benefits. 
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Before introducing VBM, a definition of Condition based Maintenance (CBM) should be 
given. As stated by Tsang et al. (2006), a CBM task is carried out in order to detect incipient 
failures long before they occur. They continue CBM uses condition monitoring techniques to 
determine whether a problem exists or now, how serious this problem is and for how long 
equipment can run before failure. As Mobley (1990) defines, CBM duty is to detect and 
identify specific components in equipment that are degrading and further, to determine root 
causes of the problem. 
Tsang et al. (2006) introduce vibration monitoring as a technique to measure frequencies and 
amplitudes of vibration. It is known that readings change as machinery wears, so that such 
readings can be interpreted as indicators of equipment’s health condition. Tsang et al. (2006) 
continue, in order to capture useful condition monitoring data, vibration should be measured 
at certain points and directions. For this purpose, bearings are introduced as the best places for 
measuring machines vibration. Using CBM based on vibration analysis for rotating, 
reciprocating machines as well as electrical machines is called VBM. 

Al-Najjar (1997) considered VBM as an effective tool for reducing production losses due to 
appropriate and in-time responding to the high costly stoppages. VBM is considered as a 
mean for planning CBM replacement or services within the companies, which is confirmed by 
a vast number of world-wide implementations. VBM application as he continued always can 
be improved by better diagnosis and prognosis tools, accurate assessment of the time to 
replacement and measurement intervals optimization. Implementing VBM, as Al-Najjar 
(1997) emphasized, early indication of the changes in the machinery state would be possible. 
So, this indication would be also resulted to early detection of the product quality deviation, 
even before showing in the quality control charts. In brief, VBM is a policy, by which 
effective utilization would bring the companies the capability of running the machines even 
until just before failures  
As Al-Najjar (1991) cited, during the normal operating time of equipment -or before the 
initiation of potential failure- the parameter values e.g. vibration, are generally considered 
constant. However, when deterioration initiates, commonly they are assumed to develop 
exponentially in the machine operating time. In other words as Al-Najjar (2010b) stated, 
vibration parameters level in general are considered stationary within the interval prior the 
damage initiation and vary around its mean value (X0). Once the damage initiation interval 
starts, the vibration parameters can be assumed increasing exponentially with the operating 
time. It is known that an exponential function can generally be in the form of 56&-7$89!0" 
and 56&-7$89!0* (Rosser, 1993) where a, b and c are constant values: !
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Al-Najjar and Alsyouf (2000) cited that effective and reliable diagnosis/prognosis systems are 
required in order to deliver companies’ goals and objectives appropriately. This means 
metrics such as productivity, quality rate and availability would be maximized as it is possible 
and companies’ competitiveness would be enhanced. They underlined that all of these could 
be achieved by proper implementation of effective maintenance policy such as VBM 
associated with innovated expert systems.    

Heng et al. (2009) cited that a considerable number of prognosis models for equipment health 
prediction have been developed based on condition data in the latest progresses in condition 
monitoring concepts. Al-Najjar and Alsyouf (2000) declared that selecting the most cost-
effective production method and maintenance policy is possible by detect causes of deviation 
in product quality and machine condition. Also, finding deterioration development pro-
actively at early stages in order to increase equipment life cycle time and improve enterprise 
economic factors could be achieved by implementing an appropriate as integrated Vibration 
Based maintenance, (Al-Najjar, 2001a). By such an approach, improving maintenance policy 
after renewal and facing the maintenance history data would be attainable. As a significant 
part of these data, they offer vibration measurement and replaced component or in a different 
words, continuous cyclic improvement. Al-Najjar (1997) states by an effective usage of VBM 
integrated with company’s IT (Information Technology) system, it is possible to run 
equipment until just before failures as defined by monitored parameters when reach into 
predetermined levels.  

Wu et al. (2008) determine to control statistical processes, different tools such as Cumulative 
Sum Chart (CUSUM) and Shewhart have been used, and out of them the CUSUM chart could 
reveal even small changes in the process position. In most cases, random variations in 
parameter values happen within the normal conditions, but actions should only be taken only 
when a real or true change happens. To distinguish systematic changes from random 
fluctuations, CUSUM chart has been proposed, Al-Najjar (1991). Unfortunately, after several 
years of studies and researches in many different maintenance areas, CUSUM applications in 
VBM -and Condition Based Maintenance (CBM) as Fouladirad, Grall and Dieulle (2008) 
quoted- are somehow neglected and still there are few available references. It is notable that 
one of the very first studies in this area was done by Al-Najjar (1997), which is further 
discussed in Al-Najjar (2010b).  
Al-Najjar (2010b) described that a potential failure can be denoted as a physical condition 
indicating damage initiation (Xp) and development. If not a relevant maintenance action 
would not be performed; an actual failure would be occurred ultimately. Besides, until the 
vibration level is still under replacement level (Xth), actually component has very low chance 
to fail (near zero) and still can be utilized properly in the system. Al-Najjar and Ciganovic 
(2009) asserted that in using CUSUM chart of the condition measurements in many cases, 
gives a better assessment of potential failures and low risk of false alarms. Hence, random 
fluctuation of vibration levels would be extracted. These fluctuations happen according to the 
some uncontrolled disturbances and independent of the component condition. So utilizing 
CUSUM could assist having enhanced assessment of failure initiation, when vibration level 
exceeds the potential failure level.   

Nevertheless, limitations in data coverage, quality and accuracy in VBM followed by cost-
effective intentions should be considered and well responded. In order to responding and 
preventing the effect of false alarms for the replacement in VBM, Al-Najjar (1991, 1999, 
2001a and 2010b) have used and further developed the Time To Test (TTT) and Generalized 
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Total Test on Time (GTTT) plots, cumulative sum chart and integrated VBM concepts, which 
are explained more in following sections. 
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Due to different reasons such as production necessities, economic reasons or spare part 
availability, even when equipment/components conditions exceed predetermined levels, it 
may not be possible to immediately stop the machine and make replacement. In such 
uncertainty conditions, it is important to estimate with a reliable probability when 
component/equipment may fail. As Al-Najjar (2010b) explains, failure of a machine is an 
unsatisfactory condition, which can be associated with exceeding predetermined levels of CM 
parameters. Examples of these parameters are product quality, product costs, equipment 
functions and etc. To make a reliable assessment on predetermined levels, statistical analysis 
are usually needed which are not usually available simply since companies usually perform 
replacements before failure happens due to the high consequential costs of failure. To avoid 
conducting costly experiments to obtain real failure data, historical condition based 
replacement data can be considered to obtain TTT plots in order to assist failure-assessing 
process. TTT plots use condition based replacement data of the component, which is under 
study. These plots give a representing time to failure of studied components.  

It must be noted that TTT application is not limited into vibration based maintenance but 
spread over CBM. As Al-Najjar (2010b) explains, these plots are useful for identifying the life 
lengths and representing total time in operation since they use condition based replacement 
and failure data instead of just failure or test data. However, TTT plots are disabled in 
generating possibility to determine optimum replacement intervals. Moreover, in order to use 
them, laboratory tests on identical components at identical operating- environmental 
conditions are usually needed. The problem is that these tests cannot genuinely simulate real 
operating conditions, for instance external factors in replacement decisions. That’s why GTTT 
plots as modified methods are proposed to be used in practical conditions.  
By using GTTT plot, user can calculate possibility to determine the optimum replacement 
interval followed by distinguishing the most cost-effective maintenance strategy, Al-Najjar 
(1999, 2010b). GTTT is used to assess the probability of a component failure, when the 
component damage is confirmed, which can provide better data quality and coverage about 
components’ mean effective life, Al-Najjar (1999). Further, in GTTT plots using data belong 
to the identical components is possible, Al-Najjar (2010b).  
Referring to Al-Najjar (2010b), GTTT plots can be used in VBM as well. Depending on 
accuracy of predetermined vibration levels, it can be assumed that the probability of failure is 
almost zero once vibration level is below potential failure level. As he continues, this is not 
unrealistic assumption, since nowadays number of machines that does not face with failure 
during a long period is increasing, thanks to efficient Vibration Based Maintenance. GTTT 
plots are demonstrated by plotting Ui against ni/n by 56&-7$89!0+: 
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where Ui  indicates the proportion of the component average exhausted life length until the 
vibration levels approach or exceed x(i) divided by average time generated by n identical 
components until their levels be equal or exceed x(n) while x(i) < x(n) and i=1,2,…n.  

The plot of Ui versus ni/n shows the average exhausted life length versus probability of failure 
and can be used for monitoring the failure probability of these identical bearings. Further, it is 
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possible to use operating time of the component together with past data to recalculate and 
modify the above estimations. 
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Referering to Sikorska et al. (2011), to assess the life expectancy of machine components with 
respect to the expected risk of deterioration under known operation conditions, there are two 
main models as follows: 

• Stochastic models (including aggregate reliability functions and conditional probability 
methods) 

• Statistical models (including trend extrapolation, auto-regressive moving average and 
proportional hazard modeling).  

Among above methods, statistical trend extrapolation is known to be the simplest technique to 
apply and easy to set alarms for which advanced software tools are not required. This is the 
most widely implemented technique within the industry. By the way, the validity of this 
method is somehow limited since few failures have a well-defined monotonic trend.  
Sikorska et al. (2011) continue that in the trend evaluation, a single monotonic parameter is 
correlated with remaining life. An alarm is pre-defined and the end of life is set equivalent to 
that level being reached. Setting more than one alarm level is also possible. A trend is 
calculated based on collected data using standard regression method. In case data is not 
enough to cover all parameter levels up to and exceeding the alarm limits, extrapolation is 
possible. By the way, interpolation is preferred over extrapolation due to the fact that in 
engineering prognosis, failure mechanism often changes as failure progresses. Correct setting 
the alarm limits is also important at this method, because the more conservative alarms are 
set, the greater likelihood to remove equipment/component prematurely. Setting alarms in too 
high may also cause failures to occur before rectification treatments are in place. Damage 
condition becomes clearer as failure is approached which result in clearer trends.     

As Morel et al. (2009) stated, availability of the machines and equipment is among the most 
important cost factors responsible for performance of a plant. That is why maintenance plays 
an important role in the plant automation. This is achieved by elimination or at least 
minimizing the down times. E-maintenance – which is an emerging concept- is generally 
defined as “management strategy in which assets are monitored (condition- based monitoring) 
and action is synchronized with the business process through the use of web-enabled and 
wireless” technologies, Chen et al (2004). E-maintenance strategies, as Shimon (2009) 
expresses, were developed for the automotive industries. Nowadays, challenge is to make this 
strategy available for a wider range of industries, including those which rely on breakdown 
maintenance.  

. According to Bisci et al. (2002), condition based maintenance when integrated with e-
maintenance can be able to fulfill following aspects: 

• Selecting critical or high cost maintenance components which are the best candidates to 
start predictive maintenance with them 

• Identifying viable condition monitoring solutions that allow to evaluate the component 
degradation timely 

• Developing suitable condition monitoring system to collect, elaborate and remotely 
present component data. 

Holmberg et al. (2010) gives the Baldwin specific definition of e-maintenance as “the 
network that integrates and synchronizes various maintenance and reliability applications to 
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gather and deliver asset information where it is needed”. Hence, generally as they expressed, 
e-maintenance should answer to What, When, Who and How. Respectively, which machines 
or equipment required maintenance (What); when required action should be performed 
(When); which CMMS should be utilized (Who); and how the manuals, spare parts 
availability, etc. should be defined and provided (How). Further, E-maintenance unites 
modern e-collaboration with current telemetric maintenance principles and web services. 
Muller et al. (2008) approve the concept and note that the mentioned collaboration would 
assist exchanging and sharing information, knowledge and e-intelligence. !
Al-Najjar (2010b) remarks a software called eMDSS (e-Maintenance Decision Support 
System) which is capable to perform GTTT calculation to estimate probability of failure and 
rest of life in addition to other capabilities such as enabling the maintenance decisions to be 
more cost-effective. This software is introduced in this section and later will be the tool used 
in the analysis of the case study. Furthermore, as Al-Najjar (2010a) asserted, eMDSS assists 
companies directly to achieve their strategic goals, e.g. reduction in production cost, 
preserving and enhancing both production process and product quality, which all resulted into 
profit margin increment. Also, according to Al-Najjar (2009) eMDSS can also provide 
capability of evaluating companies’ profit (or loss) due to maintenance performance, by 
assessing Return On Investment In Maintenance (ROIIM). He continued that utilizing 
eMDSS could avoid inefficient maintenance in order to reduce economic losses before it is 
too late for the companies for the sake of their competitiveness.  
Al-Najjar (2010a) proposed and tested a tool/module in order to assist companies surviving in 
the competitive market, considering technical and economical concepts at the same time. This 
novel Maintenance DSS system (MDSS) assists maintenance (and production) investment and 
decision-making to be more reasonable and profitable, e.g. more profit margins through less 
production costs while keeping/enhancing product quality. Also Al-Najjar (2010b) stated that 
proper utilizing MDSS allows better and more frequently performance indicators pursuing. So 
it provides the possibility of quicker response to the disturbances and prevents unnecessary 
expenses. The most applicability of this tool is when there are a number of alternative 
solutions for the very same problem in the production and maintenance systems. Moreover 
the tool could be utilized benefiting of e-maintenance specifications. In order to make 
dynamic, pro-active and cost-effective decisions, data provided by an integrated system seems 
vital, Al-Najjar (2011a). Mapping, tracing and controlling production and maintenance 
processes, also selecting the most profitable maintenance solution to invest are the objectives 
of such a system. He proposed a tested maintenance decision support system (eMDSS) as a 
tool aiming to achieve these goals simultaneously. 
eMDSS functions include a number of tools to enhance accuracy in maintenance decisions, 
map and simulate adequate solutions for a specific maintenance problem and finding the most 
profitable solution, pinpoint and prioritize the problems in a production process and focus on 
maintenance performance and assess maintenance investments and payoffs. On overview of 
the functions (Toolsets), which eMDSS is or will be comprised of, are given in #$%&'(! 2. 
Each Toolset includes one or a number of tools (modules). eMDSS at the time being has three 
main Toolsets shown in Figure 3 along with their tools. Tools of Toolset 1 utilize a common 
database. The same goes for MainSave and AltSim.  

It is interesting to know that the same concept of developed formulas given in sections 3.5.3 
and 3.6; could be used in MainSave and AltSim modules of eMDSS (Al-Najjar, 2009 and 
2010a). Moreover, ProFail and ResLife tools are designed based on GTTT concept, given in 
section 3.6.3. 
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As Al-Najjar (2010b) explained about the Maintenance Decision Support System (MDSS), 
this novel software consists of three Toolsets, each of them includes one to three tools: 
Accurate Maintenance Decisions (Toolset 1), Analysis tools (Toolset 2) and Cost-
effectiveness (Toolset 3). Descriptively; 

• Toolset 1 includes three tools: Prediction of Vibration Level (PreVib), Assessment of 
Probability of Failure (ProFail) and Residual Lifetime (ResLife). Commercialized view of 
ProFail and ResLife is called ProLife). 

• Toolset 2 comprising Alternative Simulations tool (AltSim) 
• Toolset 3 has two tools: Man-Machine-Maintenance-Economy (MMME) and 

Maintenance Savings (MainSave) 

Refer to ,-./(!3 for details. It should be noted that eMDSS is the commercialized version of 
MDSS which is still under development. Moreover, the MMME tool is still unavailable in 
present version of the software. 
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In this chapter first a literature survey is conducted. Further a model is developed (in general 
and detail appearance) based on previous discussions in Theory. A framework consists of 
three main perspectives of decision making, technical and economic is designated in the 
model. eMDSS is used as an intelligent facilitator/tool in the model, though the model can be 
used independent of it,  ending by increasing the company profitability. 

9"2" C4,'-.:(,6-4*
While company profitability is ultimate goal of businesses, outputs of the less strategic targets 
should also fulfill such a high goal in one way or the other. Thus, it matters that companies 
make a balance between their defined goals for the rotating equipment with lower production 
costs and therefore higher profitability. The suggested model in this project makes relevant 
connection with significant indicators such as maintenance performance, maintenance cost-
effectiveness, Previous Experiences and Personnel Skills through more accurate maintenance 
decisions. The desire is to facilitate decision-making in the maintenance scope. Therefore, the 
model is designed in a way that can meet the raised expectations of the problem formulation. 
To achieve the target of the model, eMDSS Toolsets are used as the model tool to facilitate 
/accurate the approach. The motivation of using eMDSS as the model/project tool is 
elaborated within below literature survey. 

;#/6&1.(<.$=../($>.(-20.'(&/0($>.(,"2<'.-(72"-+'&$#2/(
Referring to the problem formulation, project idea is improving resource utilization to 
enhance rotating equipment performance while keeping the process cost-effective. 
Maintenance resources are illustrated personnel experience, knowledge, skills, procedures etc. 
(altogether called intellectual assets). The model breaks down the problem formulation into a 
framework of three perspectives of decision-making, technical and economic, and by 
connecting them illustrates a linkage the project idea and company profitability, which is a 
favorable target in business. Indicators used in the model are developed based on the theories 
given in Chapter 3.  

9"!" L6,$'&,:'$*K:';$1*
A comprehensive literature survey within a number of scholarly known databases based on 
applicable keywords for this project is conducted, which are summarized in the Appendix II. 
Referred databases have been comprised of Emerald, Science Direct, IEEE Xplore, Libhub 
and Academic Search Elite. 19 keywords have been used in different combinations in order to 
achieve an overview of the latest studies on applicable concepts within the project framework. 
These 19 keywords are "reliability"; "cost-effectiveness"; "profitability"; "maintenance data"; 
"maintenance experience"; "maintenance skills"; "analysis tool"; "vibration based 
maintenance"; "rotating equipment"; "trend extrapolation"; "software"; "vibration"; 
"generalized total test on time"; "maintenance performance"; "model"; "technical decision 
making"; "cost-effective decision making"; "maintenance" and "accurate decision making". 
Depending on keyword combinations, outcomes vary between zero into 8000 hits, as 
illustrated in APP-Table 5 till APP-Table 14. Here in below, an explanation of the approach 
and summarized outcomes are given. 

?.&"%>#/1(72"(%2//.%$#2/(<.$=../($>"..(,."3,.%$#8.3(27($>.(,"2@.%$(
To search for a connection between technical and economic perspectives with decision-
making in the field of maintenance, a survey was conducted on 12-May-2012 with “technical 
decision making” or “accurate decision making” and “cost-effective decision making” and 
“maintenance”. The survey was among Science Direct, Emerald and IEEE databases, which 
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resulted into zero literatures. This could be a proof of lack of enough studies to connect three 
main perspectives of the project, which is motivating. 

?.&"%>#/1(72"(%2//.%$#2/3(<.$=../(A.%>/#%&'(&/0()%2/2-#%(,."3,.%$#8.3(=#$>(".32+"%.3(
Trying to find out latest studies in connecting technical and economic perspectives relation 
with resources such as experience, skills and knowledge, another literature survey was held 
among Emerald, IEEE, Xplore, Academic Search Elite and Science Direct. For the first search 
within this approach, a wide range of keywords are selected with different combinations of 
“reliability”, “cost-effectiveness” and “profitability”. Outcomes of this search have been 
practically unlimited, exceeding than 8000 hits as illustrated in the APP-Table 6. Therefore, 
the search should be delimited. 
The new delimited search has held using the previously used keywords and 1 added keyword 
in the same scholarly databases, illustrated in APP-Table 6 till APP-Table 9. Newly added 
keywords are “Maintenance data”, “maintenance experience” and “maintenance skills” 
Relevant outcomes of this set of survey are summarized as follows. 
Jardine et al. (1996) published an article, which was one of the earlier attempts reflecting to 
cost-effectiveness and reliability enhancement in industries. They proposed a framework for 
more accurate maintenance decision-making in terms of component replacement, capital 
equipment replacement, inspection procedures and resource requirement. The framework is 
based on a Computerized Maintenance Management System (CMMS) database ensuring 
reliability and maintenance profitability. No practical analysis tool for more accurate 
maintenance decision-making is proposed on this paper while previous experience and skills 
are excluded. 
Furthermore, the survey outcomes showed that there are few literatures reflected on 
maintenance experience; however none of them has used maintenance experience to enhance 
the reliability and profitability. A number of articles discuss regarding reliability increasing in 
the maintenance processes which have considered maintenance personnel skills and previous 
experiences but limited for instance to optimize preventive maintenance task intervals 
(Whistlecroft and Mallaburn, 1998) or to personnel resource management (Flin et al., 2002), 
which do not represent maintenance decision-making. As another example, Chan et al. (2005) 
discussed about required elements for implementing Total Productive Maintenance (TPM) 
including qualified worker training for the assigned maintenance tasks. But again 
maintenance previous experience or maintenance data are not utilized for higher reliability 
and profitability. 

Further, a CMMS is introduced by Fernandez et al. (2003) and used a Maintenance-DSS. 
Moreover, an Expert System (ES) is developed by Harris (1994) to deal with lack of efficient 
training in order to accomplish appropriate maintenance skills, but it does not reflected on 
previous maintenance experience or maintenance decision-making. Both of suggested systems 
are rather old version and are not capable enough to consider increasing levels of customer 
expectations.  

Altogether, so far no framework or model is found to be able to estimate and analyze future 
conditions of machines from technical or economic perspectives.  

?.&"%>#/1(#/($>.(3%2,.(27(BC4(
To provide an overview on the VBM and the latest relevant studies with the project purpose, 
another survey held on 02-Feb-2012 using “Vibration Based Maintenance” and “Reliability” 
and “Rotating equipment” as keywords in Emerald, Libhub, Science Direct and IEEE Xplore 
search-engines. Interesting outcomes of this survey are summarized in the APP-Table 10. 
Among 156 received hits in Science Direct only 1 hit was relevant. Emerald gave 123 hits 
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without relevance. IEEE Xplore and Libhub each gave 1 hit with no relevance. This search 
itself shows a prominent gap when coming to use VBM as the dominant policy for rotating 
equipment in order to increase their reliability. 

Searching for latest studies in VBM failure prediction methods, another complementary 
literature reviewing is conducted in a number of scholarly databases (Emerald, Science Direct 
and IEEE Xplore) on 15-Apr-2012. Used keywords for this search were “trend extrapolation”, 
“software “and “vibration” as represented in APP-Table 11. The target of this survey was to 
find applicable software in predicting future vibration values. In result, IEEE Xplore gave no 
hits for the above keywords; Emerald gave only 1 irrelevant hit and Science Direct gave 3 hits 
out of them only one (Sikorska et al., 2011) was relevant where no special software is 
introduced.  

Finally, using the keyword “Generalized Total Test on Time” and “Software” as the second 
keyword, another literature survey was conducted maybe to find a software solution based on 
GTTT method. Outcome was no hit in Emerald, Science Direct and IEEE. Refer to APP-
Table 12.  

?.&"%>#/1(72"(&,,"2,"#&$.(420.'3(&/0(D/&'E3#3($22'3(
Searching for latest studies on models or analysis tools, which can relate maintenance 
performance into economy and cost-effectiveness, keywords of “maintenance performance”, 
“profitability”, “cost-effectiveness”, “model” and “analysis tool” are used in different 
combinations. Referred scholar databases are Emerald, Academic Search Elite, IEEE Xplor 
and Science Direct as summarized along with outcomes in APP-Table 13 and APP-Table 14. 
Relevant hits are explained in brief as follows.  
Based on APP-Table 14 and searching for an analysis tool, two hits were relevant; both 
belong to the same authors (Eti, Ogaji and Probert) but in 2004 and 2006. In Eti, Ogaji and 
Probert (2004) – which is less relevant to this project- they focused on maintenance 
management improvement to reduce wastages of energy and resources. They utilize just-in-
time (JIT), total quality management (TQM) techniques in Preventive Maintenance (PM) to 
enhance total productive maintenance (TPM) approach and implement it as a strategy and 
culture. Further, they proposed a strategic maintenance management process and presented 
contributory factors to system’s performance (capability and availability of the system). Later 
in 2006 they presented a methodology for enhancement of PM, using analysis tools such as 
Failure Mode and Effective Analysis (FMEA), Root-Cause Analysis (RCA), and Fault-Tree 
Analysis (FTA).  The input-output model that they proposed is focused on maintenance 
process as embedded in the enterprise system based on inputs such as labor, material, 
information, tools and external services to provide outputs such as safety, availability, 
maintainability and profit.  
Searching for relevant models, as represented in APP-Table 14, two more relevant scholar 
papers were found. In the first one, Al-Najjar and Kans (2006) developed a theoretical model 
in order to build up a database to trace production technical and economic effectiveness to 
make cost-effective maintenance decisions. Their proposed model was tested in a case study 
that includes databases of two maintenance-used software programs. It was concluded that IT 
integration is required in enterprises and a model is needed for identification relevant data in 
order to trace and localize maintenance and production processes problems accurately. In this 
paper a top-down analysis is used for identification of maintenance relevant measureable 
variables. High quality data and variables would be achieved by applying this model and later 
on could be used as reliable inputs for maintenance decision-makers.  
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In the second paper, Al-Najjar and Kans (2006) developed and tested a model based on a top 
down approach which identifies; traces and improves required data for accurate problem 
monitoring and localizing within production and maintenance processes. The model identifies 
maintenance problem areas and hence maintenance investment properties (e.g. where to 
invest, why investment should be conducted, and how much should the investment be). In 
other words, the proposed top down analysis model identifies relevant measurable variables, 
which are needed for observing and tracing improvement conditions of production process 
and also takes the strategic objectives into account. This Model is also utilized for identifying 
maintenance performance indicators and is sensitive to maintenance performance deviations 
in order to detect and eliminate their causes in early stages. Utilizing the model assists 
providing higher data coverage and quality, better maintenance cost, saving control and higher 
maintenance profit.   
As a summary for APP-Table 13 and APP-Table 14, a number of relevant models are found 
while still no analysis tool such as software facilitator is witnessed. Furthermore, the models 
do not make a clear relation between maintenance performance (technical perspective) and 
cost-effectiveness (economic perspective).  
Searching for an appropriate “analysis tool”, this keyword is added as supplementary of other 
keywords in APP-Table 6 till APP-Table 9. As explained on those tables, search results are 
ended up with inconsistent outputs disabled to incorporate all requirements. 

?+--&"E(27($>.('#$."&$+".(3+"8.E(
In summary, the literature review demonstrates lack of models to be used for analysis and 
estimating of future conditions of machines. Considering the above, no model or framework is 
found which makes a connection between technical and cost-effective decision-making, using 
intellectual assets and maintenance data. It also shows that no analysis tool including software 
application is accessible to be utilized as a facilitator in the analysis relevant with VBM 
applications (including GTTT method or trend extrapolation); maintenance performance or 
cost-effectiveness. However, Al-Najjar as one of the authors of a number of previously 
explained scholarly papers published relevant articles. Al-Najjar (2010b and 2010c) 
introduced, tested and developed a decision support system called eMDSS. This system is 
also discussed in Al-Najjar and Ciganovic (2009) and Al-Najjar (2009, 2010a, 2011a and 
2011b). These papers are collected in APP-Table 15. Based on these articles, the software has 
different capabilities to support DSS process in maintenance based on technical and economic 
perspectives, which looks fit with the project purpose. It is also capable to utilize vibration 
data to predict future vibration values based on GTTT method. Software features are briefly 
introduced in the theory chapter. The software is utilized as a facilitator/analysis tool in the 
model (explained in the next section) and in the Analysis chapter as well. 

9"7" +-.$/*.$%('65,6-4E*T$4$'&/*=6$U*
In general model intention is to map how higher performance for rotating equipment is 
achievable through improving utilization of maintenance data and intellectual assets in a 
cost-effective approach. This intention is consistent with the project purpose.  

9"7"2" 3-A5&41*#-,&,640*I@:65A$4,*G$'B-'A&4($*0-&/%*
Referring to the first chapter, the model is delimited into rotating equipment. Consistent with 
that and as witnessed in #$%&'(!3, the general model starts with explicit definition of relative 
company performance goals for the rotating equipment including technical and economic 
ones. Examples of technical goals are OEE and total number of stoppages per a defined 
period. Examples of economic goals are total expenses for elimination of an emergency 
failures or a specific cost- effectiveness target for a decided investment. From here onward, 
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user of the model faces with the model perspectives; started by decision-making followed by 
technical and economic perspectives within a framework.  

9"7"!" +&64,$4&4($*.&,&>&%$*
Maintenance data and data quality are explained in the theory chapter. To make effective 
utilization from maintenance data, it should be stored properly so that once needed; it is 
available timely and in designated quality. This database can be independent (such as VBM 
database in the case company) or already integrated with the enterprise database in ERP 
system. Maintenance database should be fed with on time qualified – reliable data so that in a 
continuously improving conditions sort of precious data would be stored in it. Maintenance 
data is at disposal of/needed for all perspectives in framework of the model. Better utilization 
of maintenance data is made feasible by making consolidated decisions followed by higher 
maintenance performance and cost-effectiveness. 

9"7"7" C4,$//$(,:&/*&%%$,%*
Referred to the theory chapter, intellectual assets are defined as information, knowledge, 
know-how, experience, skills, procedures, patents and programs. Intellectual assets should be 
utilized properly and become updated using latest experiences and progresses while better 
utilization of intellectual assets is necessary to make reasonable decisions, followed by higher 
maintenance performance and cost-effectiveness. Personnel experience as an intellectual asset 
can be improved using appropriate mutual communications between people and programs.  

9"7"9" 8$(6%6-4E+&F640*G$'%5$(,6;$*
Decision-making as illustrated in #$%&'(! 3 is the first perspective which user faces in the 
model First step in the first perspective is selecting candidate machines. Decisions made at 
this step might be a reflection of the company’s strategic goals or based on the tactical 
necessities. KPIs as stated in the theory would be one way to identify a problematic machine 
in functional levels. Moreover, as stated in the theory, selecting the significant candidate 
(machines) might be outcome of a risk-based analysis (such as RAM).  

Once the candidate machine is known, depending on the priorities, decision- maker may need 
to make more accurate technical decisions or more cost-effective decisions. For instance the 
decision maker needs to make better failure estimation (more accurate decision) or intends to 
evaluate, prioritize and select one of possible scenarios to troubleshooting a specific problem 
of a selected machine (more cost-effective decision). Another example of more cost-effective 
decision could be assessment of previous maintenance investments by the maintenance 
manager. The model divides decisions into two types to be recognized better from each other 
and illuminates side effects of any type which are technical and/or economic perspectives.  

9"7"H" ?$()46(&/*&4.*I(-4-A6(*5$'%5$(,6;$%*
The candidate rotating machine is diagnosed and selected in precious steps. At this step, the 
decision-maker either intends to make more accurate decisions or more cost-effective ones. 
Sometimes decisions should fulfill dual indicators i.e. accuracy and cost-effectiveness 
together. The model indicates that decisions made at the decision-making perspective have 
technical and economic side effects which are interdependent. In other words, technical 
decisions without considering cost-effectiveness are incomplete and vice versa. That is why 
the decision-making perspective has pictured with overlaps on both of technical and economic 
perspectives. As final target of business is more profitability, the cost-effectiveness 
perspective is ended by company profitability so that the whole process of the model ends 
with a valid target. Details of model steps are explained in the next section. Cost-effective and 
technical decisions are interconnected which is represented in the model by dash line. 
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As explained in the previous section, the model starts from company’s goals for rotating 
equipment, connects managerial decision-making with higher maintenance performance and 
higher maintenance cost-effectiveness. Through this process, higher performance for rotating 
equipment in a cost-effective approach is designated. Note that eMDSS is embedded in the 
model as a tool, which is in mutual communication with its users. Such a communication can 
be further used to improve experience as a kind of intellectual assets. The model finally ends 
with more company profitability. As three steps of the general and detail models are the 
identical (company rotating equipment goals; maintenance database and intellectual assets) 
at this section, frameworks of three perspectives are detailed. The detail model is given in 
"#$%&'!(. 
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Decision making perspective includes three main sub-steps i.e. diagnosis and selection of the 
critical equipment; more accurate decision-making and more cost-effective decision-making. 
These steps are detailed at this section.  

:#&1/23#3(&/0(3.'.%$#2/(27($>.(%"#$#%&'(.*+#,-./$(
According to the company general strategies, a number of rotating equipment receive higher 
priority. As stated in the theory chapter, this selection can be subject to defined KPIs; due to 
conducting risk based maintenance or a reflection of strategic, tactical or operational decisions 
made in different levels. These machines are usually those which play more important roles in 
the production loss or profit. They might also be critical because of safety and/or 
environmental issues. The model suggests starting with prioritized machines to provide more 
value adding to the company.   

Once the candidate machine is chosen, as witnessed in the details model (#$%&'(! 4), user 
requirements in decision making are taken into account. It is assumed that the user either 
intends to make more accurate decisions or desires to enrich/evaluate its decisions from cost- 
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effectiveness attitude. That is why; the decision-making perspective includes two sides of 
more accurate and more cost-effective decision making which are explained independently in 
below, though these wings are interconnected. 

42".(&%%+"&$.(-&#/$./&/%.(0.%#3#2/5-&6#/1(
As determined in the theory chapter, to make more accurate decisions for a rotating machine, 
the user needs to have a better assessment of potential failures and better prediction of failure 
probability followed by residual life of the machine/component. In this case the decision-
maker is capable to decide when would be the optimum period for conducting required 
maintenance activities, depending on other restrictions such as operation necessities, logistic 
requirements and production delays. Anyway, by this approach, the decision-maker is enabled 
to make more accurate decisions which will have some side effects on technical and economic 
perspectives, elaborated in next sections. 
To facilitate and organize improving the accuracy of maintenance decisions for the rotating 
equipment, the model suggests using eMDSS Toolset 1. Referred to the theory chapter, this 
Toolset includes three tools called PreVib, ProFail and ResLife to cover requirements for 
prediction of failures, failure probability and residual life respectively. Once the software is 
fed with required data in reliable quality, it is supposed to improves and organize decision- 
making accuracy approach, as demonstrated in the following chapters of this project.  

42".(!23$5.77.%$#8.(0.%#3#2/5-&6#/1(
After selecting the candidate critical machine, as represented in #$%&'(!4, the decision- maker 
can directly switch into the right side of the model if intends to improve cost-effectiveness 
attitude in decisions. This step suggests two approaches, one to consolidate future decisions 
and the second to map and assess previously made decisions. Thanks to these two approaches, 
the decision-maker can have a full view from past to future into the decisions made or going 
to make, from cost-effectiveness point of view. As stated in the theory chapter, cost-
effectiveness approach of maintenance is directly and indirectly related with the company 
profitability, so that such an approach empowers position of maintenance as a profit generator 
rather than a cost center.  

In case the decision-maker intends to make cost-effective decisions for future, the model 
advises to think of a number of applicable scenarios. These scenarios should be designed by 
intention of a malfunction elimination or reduction for instance number of failures and 
stoppages per a specific period of time. Once these applicable scenarios are proposed, they 
should be compared with each other based on technical and economic indicators evaluations 
such as OEE, number of future stoppages, expenses and predicted loss or profits. In the end, 
among these scenarios the one which is the most cost-effective should be pinpointed and 
selected to fulfill the model and project goals. Outputs of such an analysis can be stored in the 
database and enrich future decision makings and knowledge, experience and skills of 
personnel as well. 

The second possibility is that the decision-maker intends to evaluate an already made 
decision. The intention is to map, monitor and or analyze a specific investment made to 
improve asset health or eliminate a failure for instance. This would be a backward analysis 
compared with the previous scenarios which were forward looking. The model has recognized 
such a necessity and suggests comparing two equivalent periods before and after the 
investments. These two periods must be technically comparable to make sense if the cost-
effectiveness measurement of the decision is intended. Once the periods are selected, they are 
compared based on losses/benefits and technical indicators such as OEE to designate if the 
decision has been successful to fulfill the specified goals or not. Outputs of this analysis is 
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stored in the database and utilized to enrich future decision-makings and improve intellectual 
assets capabilities. 
Further, eMDSS can be utilized for organizing and facilitating the approach of cost-effective 
decision-making. The software suggests AltSim and MainSave for this purpose, where AltSim 
reflects on forward scenarios analysis and MainSave makes a backward analysis on 
previously made decisions. Effects of eMDSS Toolsets could be witnessed on the steps of the 
technical and economic perspectives as well. 

9"9"!" ?$()46(&/*G$'%5$(,6;$E*N60)$'*A&64,$4&4($*5$'B-'A&4($**
It was explained in the theory chapter that costs of maintenance can be due to reasons 
including poor maintenance quality, unplanned stoppages, performance inefficiency and 
unavailability. This is also an indication for the fact that economic and technical issues are 
interconnected.  
It was also explained in the theory chapter that one of the first outcomes of more accurate 
decision-making could be higher quality in maintenance, followed by longer components life 
cycle, fewer number of failures and fewer stoppages subsequently. These elements are 
embedded in the technical perspective as indicators. Indirect relation between economic 
indicators and technical indicators (such as poor maintenance quality, maintenance 
performance inefficiency and frequent failures) were also highlighted in the theory chapter, 
and demonstrated in this part of the model by making a connection between cost-effective 
scenario selection and high quality maintenance. Therefore, the model highlights that 
selecting the most cost-effective scenario is bounded with the maintenance quality. 

Higher equipment performance is measured by mentioned criteria such as fewer numbers of 
failures, accidents, stoppages and longer equipment life cycle. A part of these criteria 
influence OEE (e.g. fewer stoppages, fewer accidents and fewer failures), while some other 
affect reliability (e.g. longer equipment mean life cycle and fewer stoppages). Moreover, 
higher maintenance performance is a reflection of higher equipment performances once 
accumulated.  

9"9"7" I(-4-A6(*5$'%5$(,6;$E*N60)$'*+&64,$4&4($*(-%,E$BB$(,6;$4$%%**
This part of the model is in comply with the theory chapter where connection between less 
delivery delay, less maintenance costs, fewer spare parts consumption and finally lower 
production costs indicators were highlighted. Connection between lower production costs and 
higher company profitability indicator was also demonstrated in the theory chapter which is 
reflected in the model. As the profitability is a kind of upper level indicator, it has been put 
out of the economic perspective although they belong to same concept.  
In summary, company rotating equipment performance goals are shall fulfill company’s 
profitability through the framework of the model by better utilization of maintenance data and 
intellectual assets.  
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In this section, empirical findings collected from the case company are explained. First a 
short introduction from the company is given, narrowed down into the site and then into the 
rotating machine case study. Given data/information at this section is collected through 
different methods such as direct observation, interviewing with relevant people, reviewing the 
documentations, company internal portal etc. Reliability and usability of given data is cross-
checked with different databases and finally with the company representative. 

!"-" ./(0$)1'(2$/*,/)*3&/&0,%*./4$05,(2$/*
Referring to the company portal, Saudi Arabia Basic Industries Corporation (SABIC) 
establishment history returns back to 1975. Today, SABIC is the 88th largest company in the 
world and the 2nd largest global diversified chemical company with the total assets value of 
$88 billion and an annual revenue exceeding $50 billion. The company employs 33,000 
employees working in more than 40 countries and utilizes above 60 world-class 
manufacturing and compounding plants scattered in the Middle East, Europe, Asia and 
America. The average rate of the stock profit margin of the company has been 15.4% for 
2011. Moreover, inflation rate would not be considered in the calculations based on the 
suggestion of company accounting authorities, while the average interest rate is noted as 5%. 
The company calculates depreciation period of its assets usually based on 10 years and 
compensates the inflation rate by making it included other accounting elements.  
SABIC produces six strategic business units including chemicals (the largest unit), polymers, 
innovative plastics, performance chemicals, fertilizers and metals. Their manufacturing 
companies in Europe are located in the Netherlands, Belgium, Germany, UK, Austria, Italy 
and Spain. Products of the chemical cluster includes Olefins, industrial gases, aromatics, 
oxygenates, ethylene glycols and Chlor-alkali. Considering vast range of productions, 
customers of the company products are also various companies which receive SABIC 
products as a medium product and carry out further processes on them to produce final 
product. Examples of these final products are such as different types of polymers needed for 
automobiles dashboard, chairs and doors or used for food and water containers, various types 
of fertilizers needed for agriculture, benzene for cars and jets and many others. 
SABIC- Site Geleen is located in a town (called Geleen) in the Southern side of the 
Netherlands, 25 km North of Maastricht city. This rather old site (established in 1970s) 
produces different chemicals and polymers. Since the site is located very near to the residence 
area, highly restricted safety, environmental and technical standards are ruled out.  
Naphtha cracker Nr.4 (known as Olefins 4, shown as OLE4) is one of the two chemical plants 
of Site Geleen. The plant cracks Naphtha by heating it in furnaces up to 1150 ˚C and then 
condensing in columns. Output is producing various hydrocarbon products such as ethane, 
methane, propane, ethylene, acetylene, styrene, benzene, ethyl benzene, naphthalene, xylene, 
toluene etc. A top view of the plant is shown in the APP-Figure 1 and APP-Figure 2.  

!"#$%&'!()*'+*,**-'.-/')0*'1.(-)*-.-2*'!)3.)*45'
The Site Geleen utilizes two independent departments with shared responsibilities on rotating 
equipment health conditions: Maintenance and Site Improvement. The Site Improvement 
department is responsible for maintenance performance of the equipment using long and 
middle term projects and studies, designing appropriate maintenance strategies and defining 
maintenance PM (Preventive Maintenance) tasks. The maintenance department is mainly the 
executive arm of the site who is responsible to plan PM, emergency and corrective activities 
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based on urgencies and available resources, carry out the tasks and them feedback them in the 
SAP.  
The company utilizes SAP as its Enterprise Resource Planning (ERP) software since 2007 
onward. Required maintenance information concerning planned, emergency or corrective 
maintenance activities are mainly stored in this system with various data qualities Major 
maintenance strategy is set based on Reliability Centered Maintenance (RCM) but VBM is 
also in use since several years before.  

Vibration measurements and analysis is delegated into a contractor since 2006 hitherto who is 
responsible to measure all rotating equipment in seasonal periods and submit its analysis 
monthly to report the machines health conditions. In urgent cases, for instance when an 
abnormal noise or vibration is detected by the operators or maintenance technicians, the 
contractor is called to measure and analyze the conditions and report separately. The analysis 
reports are checked by SABIC once more and with respect to the case urgency and agreement 
on the health conditions, proper operation and maintenance plans are set. All vibration data 
from 2006 onward are saved in the contractor database that utilizes. Vibration data belong to 
years before 2006 are randomly available because of utilizing different software as well as 
hard copy documentation. So far, there is no correlation between vibration and SAP 
databases; while data mismatch happens that sometime their data is not compatible with each 
other. Both of the instrument and the accelerometer had valid calibration until 26-May-2012 
by a certified company.  

!"6" 7&8120&)*),(,*($*(&9(*(:&*5$)&%*
In order to test the suggested model in Chapter 4, required data are collected and categorized 
as follows. 

!"6"-" #$5;,/2&9<*0$(,(2/=*&812;5&/(*=$,%9*
The Maintenance management along with other responsible authorities has defined a number 
of KPIs for the rotating machines which are set in progressively restricted trend. KPIs for 
K842 along with their set targets for 2012 are as follows: 

• Unplanned shutdown: Target is 0  

• OEE: Target is 100% within the planned working periods (For K842, it must be noted this 
KPI is usually taken equal into Availability since quality rate and performance rate are 
usually 100% when this machine is in operation). 

Once these targets are set, significant machines which work below the set points receive 
higher criticality for the site. Reference time scope for the rotating machines plans is 10 years 
in the company. 

!"6"6" >,2/(&/,/'&*),(,*
Maintenance data is generated daily with reference to scheduled or non-scheduled activities 
on the rotating equipment. To generate and store maintenance data, SAP as the ERP system of 
the company is used. Vibration measurement plans are generated by the software, which is in 
control of the vibration contractor. Measured data collector is entered again to the same 
system and a report of the machines health conditions are generated regularly and if needed in 
ad hoc. This report is in soft copy and does not enter to the SAP. 

As explained before, there is no CMMS at site but the SAP-PM module is in use for regular 
PM plans, corrective and emergency activities. Data quality of data in SAP is various, 
sometimes with enough – accurate data and sometimes without exact time or taken action.'
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The case company maintenance and Site Improvement departments are benefited from 
different technicians and engineers in various disciplines including rotating equipment 
engineers and technicians. Majority of the staff are among qualified- certified people with 
competent skills and several years of relevant experiences. According to the site obligations, 
each newly employed staff should successfully pass certain technical and safety training 
courses needed to carry out his job. Regular/ refreshing training courses are regularly 
conducted for different personnel based on their level and disciplines while special training 
courses are decided by the managers and conducted based on each discipline requirements.  
Site improvement intellectual assets are available to assist maintenance department for 
instance, when Root Cause Analysis (RCA) or vibration based maintenance or RCM 
(Reliability Centered Maintenance) studies plans are needed. Further, the company utilizes 
from documented experience and knowledge called “best practices” and “SABIC standards” 
which are updated regularly. Professional groups (e.g. rotating engineers) are in mutual 
communication with each other to exchange their experiences in regular base and ascertain 
new best practices or refreshed standards. Furthermore, VBM experiences in data collection/ 
analysis and VBM program are belong to company intellectual assets. 

!"6"A" +&'292$/B5,C2/=*;&09;&'(2D&*
This perspective includes three main steps; diagnosis and selection of the significant (critical) 
equipment, more accurate decision-making and more cost-effective decision-making. These 
steps are explained in below. 

6(.4-78(8'.-/'8*,*2)(7-')0*'978)'8(4-(:(2.-)'9.20(-*'
The ways to diagnose significant (critical) equipment in the Site Geleen are not limited into 
defined KPIs. Another diagnosis method is through Risk Assessment Matrix (called RAM) 
shown in the APP-Table 2 to APP-Table 4. This is a risk-based matrix based on the severity 
and likelihood of risks. Using the RAM, those machines, which are located in red zones, are 
denoted as the most significant (critical) and therefore should be in top priority of 
maintenance activities. Less significant machines are in yellow zones, where treatments 
depend on resources and machines located in the green zones are denoted as none-significant. 
Because the RAM is in use since several years before at Site Geleen, many of significant 
machines are already treated by different projects to capture their failures and eliminate 
failure causes. Some of these studies have been conducted with contribution of the machines 
manufacturers and have been including re-designing of problematic components, already 
identified in Root Cause Analysis (RCA) studies. However, due to different reasons including 
resource restrictions, there are still some cases which are problematic and need closer 
attentions. Cooling tower K842 located in OLE4 is one of the most important ones. 

17)(;.)(7-'7:'8*,*2)(-4')0*'%77,(-4'<7=*3'.8')0*'2.8*'8)>/5'
The cooling tower coded as K842 was introduced by the site representatives as the case 
equipment of the project. The equipment is a significant (critical) one which suffers from 
unexpected failures. These failures make direct negative effect on the production volume. 
K842, belong to the OLE4 has no redundant and should be in service once the plant is in 
production. As production is a kind of continuous (24 hours-365 days), this equipment is 
theoretically allowed to be stopped only within overhauls. Major overhauls of the plant are 
once every 6 years. Therefore, least target is to plan K842 maintenance in major overhauls 
though ideal target is 10 years of non-stop running.   

K842 is a conventional wet type cooling tower. The asset is comprised of an electro motor, a 
gearbox and a fan. It does not have an independent cooling water pump and uses from other 
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cooling water pumps belong to other cooling towers in vicinity. The cooling circuit works 
with water shower and air circulation (provided by the fan rotation) in order to cool down the 
process water from 35 to 25 ˚C. This water is again used in cooling down the production 
process (e.g. heat exchangers and cooling oils of pumps and turbines). The equipment detail 
information is given in the ()*+,!-. 

Once K842 is out of service, there is no way than reducing the plant production rate which 
equals to 50 K! production loss per day. Usual failures are in gearbox which fails by average 
every 3 years and puts the production rate in trouble for 2 days until the failed gearbox is 
replaced by spare one. Usual failure is intermediate gear corrosion and bearings failure. 
Gearbox drawing and legend are given in APP-Table 1 and APP-Figure 3 . Due to importance 
of the asset with a problematic gearbox being inaccessible, an on-line monitoring instrument 
is installed to measure gearbox vibration. Vibration data is usually captured in velocity 
(mm/sec) Root Mean Squared (RMS) unit but depending on the case, bearing condition unit 
(mm/sec2) is also in use. Vibration spectrums are taken once vibration value has increased 
considerably or when vibration technician considers its necessity. 

It should be added that the performance rate of K842 and its quality rate of products (cooled 
water) are assumed equals to 100% by SABIC. This is due to the fact that the asset has no 
effect on these two indicators unless is unavailable.  
 

!"#$%&'&(&)*+,&-"."/0%%.&

Item Value 
Asset SABIC code and name K842- Cooling Tower  
Cooling water flow rate 50m3/hr. 
Inlet water temperature 35 ˚C 
Outlet water temperature 25 ˚C 
Cooling capacity 583 KWh 
Gearbox nominal ratio 1:12.7 (N1=1500 rpm, N2=118 rpm) 
Gearbox reduction Double reduction 
Fan diameter 32 ft. 
Number of blades 9 
Fan mounting orientation Horizontal 
Vibration limits (mm/s) Xp=2.4; Xth=5 
Fan shaft power 220.84 KW 
Impeller mass 2455 kg 

Electro Motor power 250 KW 

Electro motor rated speed 1486 rpm 

Gearbox Piezoelectric accelerometer  Installed on the gearbox shell- 3 axes measurement 

Type of installed vibration monitoring 
instrument for Gearbox 

VIBROCONTROL 920- SCHENCK 

'
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Considering that K842 is out of the service once every 3 years in average because of the 
gearbox failure, and due to the asset significance for the plant, target is to receive accurate 
information regarding gearbox health conditions and estimate failure event as accurate as 
possible in order to make accurate plans for stoppage periods. This is needed not only to 
provide required products buffer (needful for on-time product delivery) but also for providing 
required logistics and man-power to exchange the gearbox. 
Hitherto, vibration analysis has been used to assess the gearbox health conditions but usually 
the gearbox has been exchanged before near the end of its life cycle. Vibration measurement 
is analyzed on 3 points shown in the /0123,! 4, and specially focused on point 3 which 
represents vibrations of the problematic gearbox of this equipment. This is the point that on-
line vibration measurement is taken. Points 1 and 2 on electro motor are exposed for data 
collection but point 3 which is located on the gearbox shell is out of access when the asset is 
in operation. Data collection of this point is being done by an on-line monitoring instrument, 
introduced in ()*+,!-. 

!
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Since data of this year and before is stored in a separate database (which is not in use now) 
and because SAP has not been in use in 2005, there is no registered evidence data showing 
what had been reason of shortening data collection from every 3 months into every month at 
July 2005. 
According to the vibration contractor, vibration database does not include complementary 
data to show for instance when exactly the gearbox has been replaced, what has been the 
highest vibration value just before replacement, what has been the first vibration value 
immediately after gearbox startup or what probable reasons of vibration fluctuations were. In 
fact, the contractor mainly issues its reports and submit them to the site but does not receive 
complementary data to make a comprehensive judgment for further analysis. On the other 
hand, Site Geleen does not supervise VBM activities comprehensively to ensure effectiveness 
(including cost-effectiveness) of the process. This is partly because of present work processes.  
From the other side, with reference to SABIC comments present work process between the 
company and its contractor should provide stricter supervision on VBM effectiveness from 
managerial decision-making and technical perspectives. At present there is no unique 
responsible person for this purpose. Collected vibration data since December 2006 till March 
2012 from K842 gearbox are shown in the Table 6.&
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Date Vibration Value 
(mm/sec)-RMS SAP Notifications- Extracted data SAP- Remarks 

05-Jan-2002 - Gearbox removed at 05-Jan-2002 
New Gearbox installed at 07-Jan-2002 High vibration 

08-Aug-2002 0.8   
10-Oct-2002 0.8   
05-Nov-2002 0.86   
29-Apr-2005 1.0   
12-Jul-2005 1.1   
11-Aug-2005 2.7   

10-Sep-2005 5.42 Gearbox removed at 19-Sep-2005 
New Gearbox installed at 21-Sep-2005 High vibration 

21-Dec-2006 1.05   
23-Mar-2007 0.7   
11-Jul-2007 1.15   
24-Sep-2007 1.17   
13-Jan-2008 1.2   
06-Apr-2008 1.4   

28-Aug-2008 2.4 Gearbox removed at 31-Oct-2008 
New Gearbox installed at 02-Nov-2008 High vibration 

16-Mar-2009 1.45   
17-Jun-2009 1.53   
20-Jan-2010 1.75   
10-Apr-2010 1.71   
07-Jun-2010 1.55   
7-Sep-2010 1.74   
21-Sep-2010 1.74   
17-Jan-2011 1.1   

06-Apr-2011 1.9 Gearbox removed at 25-Apr-2011  
New Gearbox installed at 27-Apr-2011  Oil leakage 

28-Jun-2011 1.4   
16-Sep-2011 1.45   
08-Dec-2011 1.54   
21-Mar-2012 1.72   
13-Apr-2012 2.42   
 
Vibration data at Table 6 are received from the vibration contractor and then double checked 
with stored data in SAP to ensure of reliability. By the way, data quality matters as in some 
cases SAP data was missed or did not fully match with vibration data. &
The plant (OLE4) overhauls (from 2007 to 2019) are scheduled based on a plan prepared 
several months in advance according to various functions such as production necessities, 
promised production delivery dates, calendar days and holidays, agreements with labor 
parties, safety; health and environmental requirements, external standards, best practices and 
etc. In Table 7, previous and future overhauls periods of OLE4 are given.&
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Year Plant shutdown at Plant startup at 
2007 11-Mar-2007  14-Apr-2007  
2013 15-Sept-2013 20-Oct-2013 
2019 19-Mar-2019 (assumed) 23-Apri-2019 (assumed) 

173*'278)'*::*2)(;*'/*2(8(7-'9.?(-4@'!(9>,.)(-4'82*-.3(78'
The maintenance department intends to develop a number of maintenance scenarios in order 
to eliminate K842 gearbox failures. These scenarios should be aligned with their capabilities 
and based on available resources. Further, scenarios must be ranked based on their economic 
outcomes to represent their plus and negative points. Acquisition of eMDSS could be 
considered in scenarios provided cost-effective. This cost-effectiveness value should be 
denoted considering number of Site Geleen rotating equipment which eMDSS could be used 
for. As this is not decided yet, numbers of rotating machines (and therefore numbers of 
measurement points) are unknown yet. By the way, to make a valid assessment, an 
approximated acquisition cost of 4K!/K842 is quoted by the software provider. Expenses of 
one RCA engineer if needed in scenarios can be accounted as five (K!/month). 

173*'278)'*::*2)(;*'/*2(8(7-'9.?(-4@'ABCD'E3*;(7>8'(-;*8)9*-)8'*;.,>.)(7-'
As addressed previously, K842 gearbox uses an on-line vibration measurement instrument in 
order to make the gearbox vibrations measurable. This investment has been done in 2008-
Nov-02, with cost of 25K! and due to the fact that the troublesome gearbox of the cooling 
tower is usually out of access, unless in a stoppage period. Installation expenses are included. 
Gearbox type and specifications are given in ()*+,!-. Maintenance management intends to 
map and analyze if such an investment has been effective in elimination or reduction of the 
gearbox failures. This analysis is given in the next Chapter as well. 

!"6"!" E&':/2',%*F&09;&'(2D&B*G2=:&0*>,2/(&/,/'&*F&04$05,/'&*
Ideal target of the plant is to elongate gearbox mean life cycle into 10 years. This period is a 
standard period of mean life cycle denoted for the rotating equipment which is equal to the 
depreciation period as well. Therefore, high availability of K842 and fewer numbers of 
gearbox failures and stoppages are desired as the ideal target. The company seeks for an 
applicable solution for such high targets among them conducting Root Cause Analysis (RCA) 
is highlighted.  

!"6"H" I'$/$52'*F&09;&'(2D&B*G2=:&0*>,2/(&/,/'&*#$9(BI44&'(2D&/&99*
At present, each stoppage of K842 which usually takes for 2 days and is experienced 
approximately every 3 years results into production loss of 100 K! in average (approximately 
2,083 !/hour. Because of maintenance activities in gearbox repair, other expenses should be 
added to this value. For 2011, the gearbox repair costs 35 K! approximately. Moreover, 
required logistics and man-powers to replace the spare gearbox instead of the failed one costs 
15 K! approximately. Above expenses for 2008 have been 30K! for the gearbox repair and 
approximately 12K! for the man-powers and logistics. In 2005 these values have been 27K! 
and 11K! respectively. As a higher priority, controlling actual budget of maintenance is one 
of common responsibilities of maintenance and site improvement departments.  
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In this chapter important aspects of the study formulation are analyzed based on the research 
focus. For this purpose, the introduced case study equipment in the empirical finding is used 
to be analyzed in eMDSS (which is the project analysis tool). Already given information in the 
Theory and the model are used as the background of this section. 

H"-" #$5;,/J*0$(,(2/=*&812;5&/(*;&04$05,/'&*=$,%9*
The company’s goals for this specific case (K842) have been highlighted in section 5.2.1 
as follows: 

• Unplanned shutdown: Target is 0 

• OEE (availability): Target is 100% within the operating period!
Both of above targets are quite restricted and need special cares within the operating 
period which means between the overhaul events. Next steps can clear how far these 
targets are achieved. 

H"6" .)&/(242',(2$/*,/)*K&%&'(2$/*$4*(:&*92=/242',/(*&812;5&/(*
Identification of the significant (critical) equipment as explained in section 5.2.2 was 
based on the RAM where those equipment located in the red and yellow zones of the 
matrix were significant. For the cooling tower K842, loss per failure event is more than 
100K! while its likelihood is Medium (experienced in SABIC Europe). Therefore, the 
asset is located in the yellow zone and can be a significant machine. This identification is 
further verified by the company representative and K842 is noted as the significant 
machine for which an analysis on the failures and their roots causes are required. 

H"?" +&'292$/*5,C2/=*;&09;&'(2D&*
At this section, those circumference functions within the decision making perspective are 
one by one analyzed and demonstrated.  

H"?"-" >$0&*,''10,(&*)&'292$/*5,C2/=*
In order to use eMDSS to achieve higher accuracy in maintenance decisions, the project 
case study (K842- Cooling Tower) vibration data which was given in Table 6 are entered 
to eMDSS Toolset 1. Table 6 includes three failure periods started from installation date at 
2002 until failure at 2005; from next installation at 2005 until next failure in 2008 and 
finally from 2011 until present. PreVib outputs are shown in /0123,!5, followed by APP-
Figure 4 up to APP-Figure 6. Among these, there is one remained period (2008 till 2011) 
which is ended by gearbox replacement but with a reason else than high vibration (oil 
leakage). As damage initiation is not started yet, PreVib issues an error massage for this 
event which is illustrated in APP-Figure 5. &

Referring to /0123,!5, PreVib advises to carry out maintenance immediately. It has also 
predicted in case of continuing running the gearbox, it would be in vibration level of 
5.82mm/sec, 188 days after the last measurement date (10-Sep-2005). This prediction is 
also demonstrated as a yellow point in the right side of the graph of /0123,!5.  
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When using Toolset 1 for the period of 2006-Dec-21 until 2008-Aug-28 which is another 
period of gearbox replacement (as witnessed in Table 6), the software does not predict any 
potential failure. This is shown in APP-Figure 4 where is clear that software predicts 
vibration level of the gearbox reaches 2.8 mm/sec within 103 days.   
In next period of gearbox life cycle which starts from 2009 and ends at 2011 as indicated 
in Table 6, the gearbox is replaced at 06-Apr-2011 not because of high vibrations but due 
to oil leakage. As vibration value of this date was less than Xp but a replacement is 
occurred, the software issues an error massage shown in APP-Figure 5. 
Finally, APP-Figure 6 illustrates the gearbox conditions after the last installation in 2011 
until 13-Apr-2012 which has been the analysis date. It shows that the component is just 
reached to its Xp and after 72 days from the last date of measurement (13-Apr-2012) its 
vibration value is supposed to reach into 2.66 mm/sec. 
As stated in the Chapter 3, there are two more tools working in Toolset 1 and applicable 
for rest of life probability and failure probability of the component. /0123,!# represents 
applying these two tools with reference to the assessment time point (analysis date; 13-
Apr-2012) and according to previous failure observations.  Running the software gives 
probability of failure at the date of analysis (predicted 25%) and residual life of gearbox 
(calculated equal to 584.1 days from the reference date).  A curve is also plotted which is 
proportion of average exhausted lifetime versus probability of failure. The diagonal 
yellow line depicts the gearbox life distribution. 
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More economic decision making, as illustrated on the model- includes two functions of 
proposing technical simulating scenarios and mapping, monitoring and analyzing previous 
maintenance investments. These two functions are analyzed manually and using eMDSS at 
this section. 

E37F78(-4'8(9>,.)(-4'9.(-)*-.-2*'82*-.3(78':73':>)>3*'G",)!(9H'
To attack the gearbox failure problem of K842, three scenarios are manually developed with 
reference to available resources of maintenance department. Reference period of scenarios is 
7 years (from 2005 to 2012 for 2516 days). To be strict, scenarios are assumed to be applied 
for 10 years of period (3650 days) instead of 7 years, effective from 14-Apr-2012. Each 
defined scenario is assessed based on its capabilities to reduce failures with a degree of 
confidence. Assumptions are cross checked with company representative to ensure from their 
applicability. Summary of these scenarios are given in ()*+,!#. 

• Scenario-1: by this scenario a combination of two solutions are suggested. The first 
solution is investigating root causes of the gearbox failures and eliminating them until 
next overhaul, depending on their roots. As RCA studies might be time demanding, keep 
using the present spare gearbox to be replaced with the installed one if failure happens is 
unavoidable. Required resources for this scenario is one experienced RCA engineer for a 
period of three months which will cost 5K!/month. Confidence to this scenario is 60% 
which means by 60% chance this scenario results in 2 failures within next 10 years. This 
confidence percentage is based on the case company assumption due to the fact that RCA 
studies are usually time demanding and may not receive ideal response on first years of 
application. On the other hand, conducting RCA would be irresistible based on case 
company procedures. 
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• Scenario-2: this scenario is a combination of better utilization of VBM capabilities to 
accurate assessment of gearbox remained lifetime simultaneous with reducing the gearbox 
exchange time from 48 to 36 hours. The latter improvement is motivated because every 
hour of production loss is costly. Required resource for the first solution is 3.5% of time 
of one experienced engineer for next 10 years. The second solution necessitates 25% of 
time of 4 engineers for 3 months. Total cost of this scenario is approximated 37K!, with 
80% confidence that this scenario will face with 3 failures within next 10 years. This 
confidence level is justified based on present case company VBM resources and 
possibilities.  

!"#$%&*7&B4::"5N&=>&:"2?.%?"?9%&/9%?"52=/&>=5&.0%&)*+,&3%"5#=O&

 Package summary Required resources Maintenance 
investment (!) 

Predicted failure 
(2012-2022) 

Sc
en

ar
io

-1
 

To conduct Root Cause Analysis 
(RCA) studies on K842 gearbox. 
This RCA should be including 
material checking in troublesome 
components; design check of the 
gearbox; performance of the electro 
motor; vibration analysis; design 
and performance comparison 
between K842 gearbox and similar 
designed gearboxes etc. 

1 Mechanical 
Engineer for 3 
months 

15 K 

 

 

Two unexpected 
failures or 
stoppages are 
predicted 

With 60% 
confidence To continue utilizing a spare 

gearbox at least until RCA gives 
expected outputs 

- - 

Sc
en

ar
io

-2
 

Better utilization of the VBM in 
order to continue production until 
just before failure of the gearbox 
(life cycle extension) 

 

Close monitoring by 
1 vibration specialist 
(assumed: 3.5% of 
time of 1 specialist 
for the next 10 years) 

21K 

 

Three failures are 
expected within 
this period using 
this scenario but 
the trouble 
shooting might be 
shorter 

With 80% 
confidence 

Shortening the duration of gearbox 
replacement logistics, dismantling 
and installations from present 48 
hours into 36 hours by better 
planning and practicing 

25% of time of 4 
engineers for 3 
months 

15K 

Sc
en

ar
io

-3
 

Utilizing eMDSS to make better 
prediction of vibration and future 
failures (life cycle extension- 
extendible to other assets) 

4 engineers to be 
trained for 1 week 

4K (assumed 
share of K842 
out of 
procurement 
cost) 

One failure is 
expected using 
this scenario 

With 95% 
confidence Conducting RCA as explained in 

Scenario-1 

1 Mechanical 
Engineer for 3 
months 

15 K 

 
• Scenario-3: this scenario is a combination of acquisition and usage eMDSS along with 

running a RCA study on the gearbox. As mentioned already, acquisition cost of eMDSS 
per the case equipment is approximated equals to 4K!. Expected cost of RCA study was 
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already given equals to 15K!. Altogether, this scenario cost is approximated 19K! with 
the highest confidence level (95%) to face with only 1 failure within the next 10 years. 
This confidence level is justified because of combining RCA (with its longer term 
benefits) and utilizing eMDSS. 

It is interesting to note that future period of 10 years which is considered for scenario 
development (later for AltSim) is consistent with length of the company long term plans. On 
the other hand, reference period of 7 years is chosen based on available maintenance data. As 
stated already in Chapter 5, vibration database belong to before 2006 is incomplete and 
therefore unreliable. When past within 7 years 3 failures are experienced, using linear relation 
at least 4 failures should be expected for next 10 years. Nevertheless, to remain strict, this 
value is selected as 3 failures within 10 years and scenarios are evaluated based on their 
effectiveness in removing these 3 failures instead of 4. 
At this step, first reference data is defined for AltSim, as represented in APP-Figure 7. Later, 
given scenarios in ()*+,!# are entered into the software (AltSim module) and shown in APP-
Figure 8, APP-Figure 9 and APP-Figure 10. AltSim outputs are witnessed on the same figures 
and summarized in ()*+,!$.  

!"#$%&K7&B4::"5N&=>&8$.B2:&=4.@4./&

Scenario Total Saving (!) Profit (!) Potential Saving (!) 
Scenario-1 64,381 49,381 138,720 
Scenario-2 6,541 -29,459 196,560 
Scenario-3 133,741 114,741 69,360 

1.FF(-4I'97-()73(-4'.-/'.-.,58(8'7:'F3*;(7>8'9.(-)*-.-2*'(-;*8)9*-)'G1.(-!.;*H'
At section 5.2.8, a previously decided and invested maintenance decision was introduced 
which was regarding installation and utilization of an on-line vibration monitoring instrument 
for K842 gearbox. At this section, it is intended to analyze whether or not this investment has 
been effective. Referring to Chapter 5, as the investment is executed in 02-Nov-2008, and the 
date of assessment has been 13- Apr- 2012 which is 1258 days later, to be fair in comparisons 
1258 days before 02-Nov-2008 is selected to be compared (24-May-2005). 

To run MainSave, as its database is common with AltSim, introducing investment 
specifications is enough. To utilize MainSave tool, first reference data such as previous period 
(study period before investment), current period start (start date of instrument installation) and 
current period end (date of study termination) followed by total investment and profit margins 
should be defined for the software. From Chapter 5 it is known that 25K!investment has been 
occurred in 02-Nov-2008. So far previous period start, current period start and current period 
end dates are set. Further, NPV value of investment (30.388!), current profit margin of 
production (6,42!/m3) and depreciation period of the investment (10 years) are defined to the 
software. By running the software, it calculates return of investment, previous and new OEE 
and losses or profits due to this investment. This is illustrated in /0123,!$. MainSave received 
outputs are quantitative economic analysis as follows: 

• OEE difference (+0.17%); Pervious OEE:99.67%; Current OEE: 99.84% 

• Total Savings due to investment: 67.428,9!/1258 days 

• Profit: 56.955,5 !/1258 days 

• Potential Saving: 67.908 !/1258 days 

• Rate of investment to potential saving: 15.4% 
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Based on the model, targeted higher maintenance performance (and therefore higher 
equipment performance) is dependent on the technical and/or cost-effective decision-makings 
in the previous steps. From previous discussions, it is known that technically, more accurate 
maintenance decisions are targeted to make better assessment of time for the gearbox failure 
development. Moreover, based on the theory it is known that companies are interested in 
replacing the component/equipment once they pass predetermined levels. This is because they 
try to avoid excessive expenses due to sudden failures. Therefore, when better assessment of 
time is at disposal, more accurate/on-time decisions could be made which means they will 
experience fewer failures, accidents and stoppages followed by longer component mean life 
cycle. These technical achievements represent higher equipment performance and therefore 
higher maintenance performance.  

On the other hand, when among the possible maintenance scenarios, the most cost-effective 
one is selected, apart from its direct effect on improving cost-effectiveness perspective and 
assisting the company profitability, it would have positive technical effects by improving the 
maintenance performance simultaneously, compared with the conditions that a less effective 
scenario is selected. Moreover, based on the model, the most cost-effective scenario is also 
consistent with the company goals. Such a consistency provides more effectiveness and 
finally more profitability compared with tentative solutions suggested by maintenance 
organizations. 

Further, as a qualitative analysis based on each scenario Predicted Failure (2012-2022) of 
()*+,!#, their effects on the technical indicators are estimated and represented in ()*+,!'&. 
Technical indicators were already given in the Model (/0123,!-).  
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Attribute Scenario-1 Scenario-2 Scenario-3 

Fewer Failures 

Fewer Accidents 

Fewer Stoppages 

Rather high Medium High 

Longer Equipment 
Mean Life cycle Rather High Medium High 

 

Moreover, to make an economic qualitative assessment of the alternative scenarios based on 
given economic indicators in the model (/0123,!-), ()*+,!'' is formed. 
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Attribute Scenario-1 Scenario-2 Scenario-3 

Less delivery delay Rather high Medium High 

Less Maintenance costs Rather high Medium High 

Fewer spare parts 
consumptions Rather high Medium High 

!
The above qualitative comparisons should be verified from reliability view. This is fulfilled in 
the Chapter 8 by detail calculations.  
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So far K842 gearbox is pinpointed as significant rotating equipment with regard to the 
company performance goals. Further, maintenance decisions and solutions were analyzed 
from decision making, technical and economic perspectives. In this section, direct outcomes 
of the Analysis are explained. In the end of this chapter, results reliability is tested. 

L"-" ./(0$)1'(2$/*
Making previously discussed decisions based on quantitative analysis improves utilization of 
maintenance data/intellectual assets. This process can be facilitated by eMDSS using mutual 
communications between personnel and software and storing log files of documented 
analysis. 

Regarding company goals for rotating equipment, relying on scenario 3, by 95% confidence 
gearbox will face only one failure within next 10 years. Comparing this rate with present 
failure rate (one failure every three years or above 3 failures per 10 years) shows that the 
project has been successful in being close to target. Regarding OEE of K842, 0.17% further 
improvement has been achieved, increasing the OEE from 99.67% into 99.84% which has 
positive effect on increasing total OEE of rotating machines.!

L"6" +&'292$/B>,C2/=*F&09;&'(2D&**
Results of decision -making perspective including more accurate decision-making and more 
cost-effective decision-making are discussed at this section. 

L"6"-" >$0&*,''10,(&*)&'292$/B5,C2/=*
Referring to the Analysis, more accurate maintenance decisions can be made once Toolset 1 is 
used. This is due to the fact that using this Toolset the maintenance management can achieve 
more accurate assessment of failure progress time based average exhausted lifetime, and also 
probability of failure. In result, maintenance management is highly enabled to make more 
realistic decisions based on real facts and figures and update them progressively by adding 
updated vibration data. 

• Higher accuracy in prediction of potential failures-Results 
By the above achievement which is also illustrated in /0123,!5 followed by APP-Figure 4 and 
APP-Figure 6 maintenance managers can receive quantitative-realistic estimations of potential 
failures along with required recommendations (when the case is urgent) number of remained 
days of component lifecycle and failure probability as well. 

In order to make a primary assessment of the reliability of the given estimations of vibration 
measurements, /0123,! 5 can be utilized, which belongs to the period of 2002 till 2005. 
Referring to PreVib calculations, eMDSS advises to carry out maintenance urgently. As 
witnessed from Table 6 the gearbox was removed at 19-Sep-2005 due to high vibration. 
Therefore, the software assessment is matched with real maintenance conditions. More 
accurate reliability tests are given in Chapter 8.!
The second gearbox exchange had been executed in 2008 when the gearbox vibration reached 
into 2.4 mm/sec. This replacement is experienced while vibration values had just reached into 
Xp, which means still no potential failure was initiated. Therefore, exchange of gearbox is not 
technically justified. PreVib shows the same and represents it could have been remained in 
working at least for another 3 months with a vibration value as high as 2.8mm/sec, depicted in 
the 6778/0123,! %. Therefore, the experienced replacement is not matched with software 
outcomes as well, and relevant expenses could be potentially saved. Finally, there had been 
another experienced gearbox replacement in 25-Apr-2011 but due to oil leakage and not high 
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vibrations. Oil leakage is not supported by eMDSS, therefore no replacement is 
recommended. Refer to ()*+,!'. for a summarized view of applying Toolset 1 results. 

!"#$%&J,7&R%/4$./&=>&4/2?3&!==$/%.&J&

Experienced maintenance Toolset 1 Analysis Result 

Gearbox replacement in 19-Sep-2005 
(High Vibration) Replacement is recommended  Compatible 

Gearbox replacement in 31-Oct-2008 
(High Vibration) 

Highest vibration level is predicted 
to be 2.8mm/sec after 103 days 

Replacement was not 
needed! 

Gearbox replacement in 25-Apr-2005 
(Oil leakage) 

Highest vibration level is predicted 
to be 2.66mm/sec after 72 days 

Replacement is not 
supported by the 
software 

 

• Higher accuracy in failure probability and residual life time-Results 
The next opportunity to check proper function of Toolset 1 would be next gearbox failure. As 
shown in /0123,! #, the gearbox which has been installed in 2011 is estimated to work for 
another 584.1 days with 25% probability of failure. One way for Reliability test of this 
prediction would be entering next vibration measurements of the gearbox into the system and 
comparing real data with software estimations. Since this test is time demanding and may not 
be matched with this project limitations, software outputs are manually testified from the 
reliability view in Chapter 8. 

L"6"6" >$0&*'$9(B&44&'(2D&*)&'292$/B5,C2/=*
To check whether or not higher cost-effective decision-making has been made possible, user 
defined expenses are summarized in APP-Table 16. Moreover, total savings and potential 
savings of MainSave and AltSim are given in Tables 13 and 14. 

• Selection of the most cost-effective maintenance scenario-Results 
Referred to Tables 13, three discussed maintenance scenarios are compared with each other, 
based on total saving elements including “savings due to investment”, “saving due to 
failures”, “savings due to average failure time” and “savings due to short stoppages and 
quality productions”.  

• Mapping and monitoring previous maintenance investment-Result 
Same calculations are made for the investment in gearbox at 2008, which was subject to the 
analysis of MainSave. In Table 14, potential saving elements of scenarios and previous 
investment are calculated and compared with each other. Thanks to the given quantitative 
comparisons, cost-effective decision-making is made feasible. Same goes for previously made 
decisions which can be evaluated from cost-effective point of view.  
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By better estimation of time to failure; residual life and probability of failure, fewer stoppages 
and failures along with longer component mean life cycle are possible. These are indicators 
for equipment performance, which means enhancing them directly influences performance of 
equipment. Consequently, maintenance can represent higher levels of performance when 
machines’ performance is improved. This discussion can be exemplified for the case 
equipment. 
Thanks to the analysis, K842 can be utilized for the next 584.1 days by 75% confidence of no 
failure (reference date has been 16-Apr-2012). This estimation can be continuously updates, 
so that at each period of time decision-makers can receive reliable approximations of future 
failure conditions, which is required for more accurate decisions. This better estimation of 
conditions can be compared with the decision made at 280Aug-2008 where the gearbox has 
been replaced due to “high vibration” (refer to Table 6) which resembles lack of enough 
certainty in vibration analysis when compared with the defined levels of Xp and Xth. When 
maintenance department is equipped with such a tool to make accurate/update assessment of 
time to failure for the machines, maintenance effectiveness would be enhanced. 

!":" ;&8(89)&,-%./0%&1)2%3,4)5'%.,6*)(1%(*(&%,<8/13;77%&1)2%(%//,,
At this section company’s profitability shall be achieved through the following items. 

• Higher cost-effectiveness through higher accuracy in failure probability and residual life 
time-Results 

Higher maintenance cost-effectiveness is possible through utilizing Toolset 1 by extension of 
the gearbox mean life cycle, which can potentially extend the period of none-stop working of 
the gearbox and prevent unwanted production loss due to the stoppage periods. As an 
example, this elongated period has confidently been another 103 days from 28-Aug-2008 until 
the gearbox reaches into 2.8mm/sec (which is still far from Xth). Therefore, probably the 
gearbox could have been remained in the production for much longer period than this 
replacement date. In result, 48.62K! expenses of logistics; man-power and spares and 100K! 
expenses of production loss could have been postponed to later future. 

• Higher cost-effectiveness through selection of the most cost-effective maintenance 
scenario-Results 

Selecting Scenario 3 is associated with the most total saving, least potential saving and the 
highest profit compared with other 2 scenarios as given in the #$%&'! (. This means the 
company is advised to focus on the third scenario and forget specially the second scenario, 
which is associated with the highest losses. It is interesting to note that in contrary with 
common sense, the least investment is the worst one. AltSim results for this discussion are 
given in the )*+,-'!./.  

• Higher cost-effectiveness through mapping and monitoring previous maintenance 
investment-Result 

For the sake of previous investments, as witnessed in the )*+,-'!(, so far the investment has 
not been as effective as expected. Of course the investment generated profit but still more 
savings were possible. This is proved by value of potential saving (67.908 !). As witnessed in 
the Analysis chapter, higher maintenance cost-effectiveness should be attainable by selecting 
the third maintenance scenario for the gearbox.  
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At this section, external and internal validity of the model and results of the project are 
discussed. Further, reliability of the achieved results is checked based on comparison 
between software outcomes, theory and manual calculations.  

!"="D" >*+)?)1@,*(?,A%+)*B)+)1@3E%(%.*+,?)/&C//)8(,
Input data reliability is guaranteed by cross checking with different databases and finally 
approval of the company representative. As the model is extracted from given theories in 
Chapter 3; therefore, it is internally valid. This is including eMDSS, which is used as a tool in 
the model. The model by its all perspectives has been first tested on the case equipment, and 
then achieved results have been shared and discussed with the company representative being 
fully approved.  

External validity, applicability and usability of results depend on the model. As the model is 
not dedicatedly prepared for special types of the rotating equipment and does not make any 
condition to be limited into specific applications, it is usable and applicable for rotating 
equipment in general. Another reason for the model generality is ending in lower production 
cost and higher company profitability which both are common targets of business. Further, the 
model uses eMDSS facilitator, which has passed successful tests in different factories (see Al-
Najjar, 2009, 2010a, 2011). Therefore from this view also it is externally valid and applicable 
for rotating equipment. 

Obviously, reliability of results strongly depends on reliability of the inputs to the model. As 
input data is cross checked with SAP database, company representative and vibration 
contractor, and is used only after reliability ensured,  to ensure from reliability of results, 
outcomes of Toolset 1, 2 and 3 are tested as detailed in below. In summary, Toolset 1 
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outcomes have been tested by defining three assumed points and checking software 
predictions. Moreover their result has been tested and verified in Al-Najjar (2009) based on 
the valid theory, Al-Najjar (1999, 2001a and 2010b). Toolsets 2 and 3 are tested by 
comparison with manual calculations. Outcomes are summarized in Table 21, represents no 
deviation between results and test outputs. Therefore, results reliability is ensured. 

!"="F" A%+)*B)+)1@,1%/1,8(,G98.%,*&&C.*1%,9*)(1%(*(&%,?%&)/)8(/H,,
To testify reliability of achieved results from eMDSS Toolset 1, two tests are designed. The 
first test is designed to testify PreVib tool and the second is designated for ProFail and 
ResLife tools test. 

• Reliability test on PreVib results  
In order to analyze such an important target, Toolset 1 is here tested with a set of vibration 
data including real and assumed data. Real data are based on collected vibration data from the 
case equipment in #$%&'!.". 
 

<29,&'(=*'>&2,'0"9%2-"53':2-2'56'?@AB'"3'B))B'

Date Measured Values 
(RMS) 

12-Jul-2005 1.1 
11-Aug-2005 2.7 
10-Sep-2005 5.4 

 
#$%&'! ." shows between 12-Jul-2005 until 11-Aug-2005 and from then until 10-Sep-2005, 
vibration values are increased considerable (doubled or more). In case of more data was 
collected within these two periods, the trend of potential failure progress and appropriate 
decision for this period would have been clearer. In this section this is tried using a number of 
assumed data. 
Referring to the discussions given in theory, vibration data within the potential failure 
progress can be interpreted by 23,$4*56!.1 and 23,$4*56!.7. Using real vibration data of 
#$%&'!." and trial and error procedure, values of a, b and c constant values are calculated as 
witnessed in #$%&'!.0. 

!
<29,&'(C*'D2,8$,2-&:'8531-23-'02,$&1'56'-E&'0"9%2-"53'&FG53&3-"2,'8$%0&'

Constant Values 
a 2.03358 
b 1.01899 
c -0.97202 

!
Using the above constant values and 23,$4*56!.1 and 23,$4*56!.7, three vibration values are 
assumed and given in the Table 17 in italic-red font (given dates are just assumed).'
! '
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<29,&'(H*'<E%&&'211$/&:'0"9%2-"53'02,$&1'I"3'%&:J'

Date Measured and assumed 
Values (RMS) 

12-Jul-2005 1.1 
26-Jul-2005 1.7 
11-Aug-2005 2.7 
21-Aug-2005 3.4 
31- Aug-2005 4.3 
10-Sep-2005 5.4 

!
Accordingly, numbers of vibration data within the period of Jul-2005 until Sep-2005 are 
doubled (from 3 points into 6 points) which can provide more accurate and on-time data for 
the decision makers compensating the lack of experienced conditions. Calculated vibration 
values are reliable with reference to trial and error. 

In order to check the software reliability for this application, the above vibration data is 
entered into Toolset 1 and checked if the software predictions are consistent with the 
manually calculated vibration values. For this sake, data of the Table 17 are added into 
PreVib, which gave a trend as shown in!)*+,-'!... 

!
!"#$%&'((*'K"0&3'0"9%2-"53'-%&3:'9&-L&&3'M$,N'-5'.&G-&/9&%O'B))='
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Now, using the Predict function of PreVib, the trend of software predictions is given in 
yellow line, as shown in the Figure 12. 
.  

 
!"#$%&'(B*'P%&Q"9'G%&:"8-"53'56'6$-$%&'0"9%2-"531'9&-L&&3'M$,N'-5'.&G-&/9&%O'B))='

It is visible in the above figure that the vibrations measured data and the predicted trend are 
similar significantly, but there is a tiny time shift between these two trend lines. This is 
because in practice before time of new prediction is reached, another measurement is 
conducted, and this scenario repeated four times till the gearbox stoppage. In other words, in 
real conditions if we could enter given data of the Table 17 one-by-one, two offset trends 
would have been pretty consistent which is an approval for Toolset 1 reliability.'

As ProFail and ResLife tools work base GTTT method, using the given Equations in section 
3.6.5 and available data of Chapter 5, received results from these two software modules are 
tested to ensure from their reliability. Outputs of this test are summarized in Table 20. The 
difference between software result (584.1 days) and this value is because eMDSS takes hours 
and minutes also into account, which are not taken into account in the manual calculations.  
 

!
!
! !
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• Reliability test on AltSim and MainSave 
As explained in #$%&'!7, there are three different scenarios with different investment values to 
eliminate gearbox frequent failures of the case equipment. It is assumed that the scenarios 
interval is from 2012-04-14 to 2022-04-14 (10 years) to be consistent with the company 
depreciation period. The reference period here is from 2005-05-24 to 2012-04-13. As 
mentioned in Chapter 5, during the reference period there are three experienced failures each 
with mean time of 48 hours.  
As the first step, based on given data in Chapter 5 and consistent with the case company 
assumptions, the interest rate is set as 5% and inflation as zero. Using Equation 2, NPVs of 
gearbox repair costs would be as given in the #$%&'!.7.  

 
<29,&'(@*'RPQ'82,8$,2-"531'65%'-E&'&FG&%"&38&:'#&2%95F'&FG&31&1'

Year Gearbox Repair costs Logistics and Manpower costs 
Total NPVs 

Costs NPVs in 2012 Costs NPVs in 2012 
2005  27,000.0  !   37,991.7  !   11,000.0  !   15,478.1  !   53,469.8  !  
2008  30,000.0  !   36,465.2  !   12,000.0  !   14,586.1  !   51,051.3  !  
2011  35,000.0  !   36,750.0  !   15.000.0  !   15,750.0  !   52,500.0  !  

 
To be conservative, the expenses due to each failure of the assumed alternatives developed 
Scenarios in the #$%&'!7 are considered as the rounded up upper limits of the NPVs in the 
above table and shown in the #$%&'!.(. 

 
<29,&'(S*'K&2%95F'2GG%5F"/2-&:'%&G2"%'&FG&31&1'65%'-E&'G&%"5:'56'B)(B;B)BB'

Year Gearbox Repair Costs Logistics and Manpower 
costs Total NPVs 

NPV in 2012 NPV in 2012 
2012 

38,000 ! 16,000 ! 54,000 ! To 
2022 

 
! !
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At this section, received outputs from implementation of eMDSS Toolsets (given in Chapter 
6) on the gearbox of the case equipment are compared with the manual calculations (given in 
Chapter 8) for error evaluation. This comparison is given in #$%&'!8/. !

<29,&'B)*'T%%5%'82,8$,2-"531'9&-L&&3'&UV..'5$-G$-1'23:'/23$2,'82,8$,2-"531'

Item Toolset/Tool 
eMDSS 

Output 
Manual 
Calculations 

Error 
value 

Error 
(%) 

Total Savings 

(!" 

MainSave 67,428.9 67,429.1 -0.2 0.000 

AltSim (Scenario-1) 64,381.0 64,429.1 -48.1 0.000 

AltSim (Scenario-2) 6,541.0 6,577.1 36.1 0.000 

AltSim (Scenario-3) 133,741.0 133,837.1 -96.1 0.000 

Potential savings 

(!" 

MainSave 67,908.0 67,908 0.00 0.000 

AltSim (Scenario-1) 138,720.0 138,816.0 -96.0 0.000 

AltSim (Scenario-2) 196,560.0 196,668.0 -108.0 0.000 

AltSim (Scenario-3) 69,360.0 69,408.0 -48.0 0.000 

Investment to 
Potential Savings 

(%) 

MainSave 15,423 15,42 0.003 0.000 

AltSim (Scenario-1) 10.813 10.81 0.003 0.000 

AltSim (Scenario-2) 18.315 18.30 0.015 0.000 

AltSim (Scenario-3) 27.393 27.37 0.023 0.000 

Saving to Potential 
savings 

(%) 

MainSave 99,294 99,29 0 0.000 

AltSim (Scenario-1) 46.411 46.41 0.01 0.000 

AltSim (Scenario-2) 3.328 3.34 -0.012 0.000 

AltSim (Scenario-3) 192.822 192.83 -0.008 0.000 

Rate of Savings to 
Investment 

(times) 

MainSave 6.438 6.44 -0.002 0.000 

AltSim (Scenario-1) 4.29 4.30 -0.01 0.000 

AltSim (Scenario-2) 0.182 0.18 0.002 0.000 

AltSim (Scenario-3) 7.039 7.04 -0.001 0.000 

Profit 

(!" 

MainSave 56,955.5 56,956 -0.5 0.000 

AltSim (Scenario-1) 49,381.0 49,429 -0.048 0.000 

AltSim (Scenario-2) -29,459.0 -29,423 -0.036 0.000 

AltSim (Scenario-3) 114,741.9 114,837 -95.1 0.000 

A%/)?C*+,M)7%,
N?*@/O,

ResLife 584.1 582.75 1.35 0.000 

P*)+C.%,-.8B*B)+)1@,

NQO,
ProFail 25 25 0 0.000 

 
As witnessed in the Table 20, error percentage between eMDSS outputs and manual 
calculations are inconsiderable which means the outputs are reliable.!! ,
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In this chapter, Conclusions of the fulfilled tasks of the project on the gearbox of the case 
equipment are summarized. Then a number of recommendations are given to the case 
company and eMDSS improvement. Critical review on the performed job followed by 
generalization (applicability) of the project outputs and finally future extensions of the project 
are given afterwards. 

R"D" <8(&+C/)8(/,
Following items are summarized as the project Conclusions. 
The project suggested a valid and reliable approach for utilization of current and historical 
vibration and maintenance data, which is usually at disposal in companies. Maintenance 
resources are recognized as knowledge, personnel skills, and etc. Company goals for rotating 
equipment are more accessible compared with present conditions while distance with ideal 
targets of no failure in 10 years period and 100% OEE can still be shorter using the project 
approach. By better maintenance resource utilization (i.e., intellectual assets and data), better 
prediction of future failures, better assessment of component residual life and failure 
probability are made feasible. This will help decision-makers to make more accurate 
decisions. Further, analytical assessment of future maintenance scenarios and previous 
maintenance investments are made possible. Higher performance of rotating equipment 
referred to the given indicators (e.g. fewer failures, fewer accidents, longer equipment life 
cycle, and reliability) is illustrated through improving accuracy and cost-effectiveness of 
decisions. Furthermore, the proposed model illustrates an approach for evaluation of cost-
effectiveness of both future possible scenarios and previous maintenance investments. Finally, 
the model ends with more company profitability, which would be a general goal of business.  
In practice, using eMDSS as the analysis tool, the model was applied on a case study and 
proved as applicable to provide more accuracy in estimating future failure, failure probability 
and residual life of the case component. Further, benefitting from eMDSS capabilities, 
mapping and tracing of a previously made investment on the case equipment was studied and 
the investment effectiveness was analyzed. Later, to eliminate the case component gearbox 
failures, a number of possible maintenance scenarios were developed and based on the given 
indicators the most cost-effective one was selected which can provide above 133K! savings 
and 114K! profit for a single studied rotating machine. This is an indication of capability of 
the maintenance to be profit-generating for the company. 

Altogether, the project provides an applicable possibility to utilize maintenance resources and 
enhance the rotating equipment performance in a cost-effective approach, which in general 
can improve position of maintenance in the company from a cost-center to a profit-generating 
center equipped with analytical tools. On the other hand, the project can be used in partially 
filling the gap of such an approach, which was illustrated in the literature review. 

!"#$%&'$(')*+%)$,('$-./+*'.0'1$23$%&'$4("5'0%$,44(",0&6$
The project sections are designed for a generalized approach within the defined limitations 
and delimitations. This approach is represented in the project sections and exclusively in the 
model. Therefore, even if the approach is subject to change, the model directs into the same 
results in general. However, minor changes are possible, which might affect the results 
reliability and accuracy in one way or the other. For instance:  

• If the case company vibration database belongs to before 2006 was accessible, more 
failure data might have been accessible which could assist the model/tool to make more 
accurate judgments for instance in Toolset 1 (including the assessment of residual life 
cycle, failure probability, and vibration prediction).  
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• If more detailed information from maintenance department concerning previous 
investments on the case equipment were at hand, MainSave tool might have given more 
completed output than the present condition. 

• If a number of machines - instead of one - are studied, two alternative solutions might be 
feasible. In case of selected cases are technically identical or comparable, then more 
references for historical/current maintenance data are at disposal, which could provide 
more accuracy in outputs. Otherwise, if case studies are technically different, then each 
will have independent analysis and results. 

• The model has the capability to handle cases out of VBM boundaries. Therefore, if for 
instance data belong to other methods of CBM is available; the same approach can be 
used, though effectiveness and efficiency of the approach is a function of the CBM 
method characteristics.  

R"F" A%&899%(?*1)8(/,
Following items are summarized as the Project Recommendations in two categories. 

7'0"88'.1,%-".)$%"$%&'$0,)'$0"84,.3$
1. Referring to the analysis on the gearbox replacements experienced between 2005 and 

2011, there are evidences showing that level of vibration analysis within the company 
can be still improved.  

2. In order to enrich present VBM database, those vibration measurements belong to 
before 2006 which are now stored in a separated database should be retrieved and 
entered into the present database, this will have positive effects on Toolset 1 
estimations. 

3. Level of supervision and management of the VBM needs improvement at Site Geleen 
based on an updated work process, with clarified responsibilities and authorities of 
supervisor-contractor in routine and none-routine tasks. In order to increase the 
efficiency of the contractor reports, the contractor should receive factual feedbacks 
from its reports reliability. One suggestible method for these feedbacks is by 
connecting the VBM software with SAP through an interface in a way that once a 
SAP- emergency notification is issued, is traceable in the VBM software.   

4. Low data quality especially incomplete date and data mismatch between SAP and 
VBM databases is a threat for the VBM effectiveness and trustworthiness. Special care 
by the – suggested- site supervisor should be foreseen to battle this malfunction at 
earliest so that at least from now on, entered data into both databases could be 
according to designated quality levels. 

5. A dedicated-experienced VBM supervisor can supervise effectiveness of the whole 
VBM processes, including above tasks, and ensure that the whole processes are 
correctly integrated with other maintenance activities to fulfill planned targets for the 
rotating equipment. Designing a dedicated workflow for this purpose could be subject 
of an extension to this project. Working procedure between Site Geleen and the 
vibration contractor should be defined in a way that:  

• Enhances vibration collected data reliability  

• Provides possibilities for higher data quality by collecting complementary data e.g. 
feedback of maintenance activities or production variations which have influence 
in vibrations data 
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• Provides a closer correlation between Vibration and SAP databases 

The proposed model can be used as a technical workflow in order to develop the 
approach into other rotating machines of the site, depending on the criticality and 
urgency.  

6. Since vibration collected data is a kind of quantitative type, as explained in section 
2.3, it will be subject to advantages and disadvantages of this data type including 
human errors and accuracy – repeatability of the instrument. Accuracy and 
repeatability of the instrument (data collector and the sensor) are already ensured 
because of passing period calibrations. What can be investigated would be the human 
errors within the data collection process, which might be roots of a number of data 
fluctuations witnessed in the Table 6.  

7. The project provides the capacity of re-utilizing the previous maintenance experiences 
for identical or similar maintenance related problems, concerning technical and 
economic variables; therefore, it can be used for similar projects of the company. 
Moreover, eMDSS can be utilized to enrich technical and economic experiences in 
future decision-makings using mutual communications with professional groups. 

8. Referring to eMDSS capabilities in fulfilling model requirements, the case company is 
recommended to: 

• Utilize eMDSS-Toolset 1 in order to enhance VBM effectiveness and increase life 
cycle of rotating equipment throughout the site. Considering data analyzing and 
data visualization capabilities of this Toolset, it will be a great help not only to the 
vibration contractor but to the maintenance and production departments as well. 

• Utilize eMDSS Toolsets 2 and 3 at Site Geleen depending on the present analytical 
capabilities. To maximize the outcomes of MainSave and AltSim it is also 
suggested to constitute a special committee to map, study, follow up and evaluate 
different possibilities and scenarios within the maintenance scope. 

7'0"88'.1,%-".)$%"$-84("9'$':;<<$
1. eMDSS might be enabled to calculate NPV of previous and future investments, when 

needed.  

2. Different time base or production base methods for calculating investments 
depreciation may be optionally available to fit with the customer requirements. 

3. It would be functional and useful if the software is enabled to suggest new values for 
Xp and Xth proactively.  

4. Improving data visualization capabilities of the software to visualize technical and 
economic data using different charts and graphs, so that the software can be more 
applicable for managerial levels. For example, previous and current OEE values, total 
savings, potential savings and profit trends can be visualized graphically in follow up 
intervals. 

5. Comparing break-even points of the scenarios would be useful for decision- making 
process in AltSim. It will also enhance MainSave capabilities for economic 
evaluations of previous investments. 



  
!

!
!

0"!

R"#" %6KLL,081%(1)*+,C/*B)+)1@,*(?,*00+)&*B)+)1@,
As discussed earlier, maintenance is usually known as a necessary evil cost-center due 
to the immense budget consumption in many companies. Following Al-Najjar (2009, 
2010a, 2010b and 2011), this model deliberates maintenance as a profit-generating 
center similar to production. By reassessing maintenance effects on the production 
system, results would be interpreted to higher quality rates, higher production rates, 
higher reliability and availability; and finally in the economic language; more 
company’s profitability through lower production costs. 

eMDSS as a unique decision support system, specialized for maintenance accurate and 
cost-effective decision-making, could provide a wide range of capabilities. Better 
assessment of equipment life cycles and probability of failures, the ability to select the 
most cost-effective maintenance alternative solution and the capability of mapping, 
monitoring and evaluating maintenance investments are a number of them. These 
capabilities are not limited into rotating machines, but also could be extended to other 
equipment types or instrument and/or maintenance decision-making procedures. 
Therefore, responding to the literature survey, the gap of an analysis tool enabled for 
utilizing intellectual assets and bonding technical and economic perspectives of 
decision-making is filled, thanks to eMDSS.  

R":" LC55%/1)8(/,78.,7C.1'%.,/1C?)%/,
As the project incorporates different perspectives including the managerial decision-making, 
following recommendations can be given for the further researches: 

a) Introduction and utilization of more analytical tools needed for more accurate 
decision-making in Toolset 2 of the model. For instance, using Analytical Hierarchy 
Process (AHP) can respond to both qualitative and quantitative data properly. This 
may be considered as a recommendation for eMDSS next updates. 

b) Considering daily generation of data, proper data utilization gets higher priorities. 
Therefore, within the scope of maintenance management, investigating for other 
methods of data mining, data interpretation and data utilization would be interesting.  

c) Further studies on other methods of maintenance resource utilization such as tools, 
skilled personnel, experience and knowledge would be inspiring, if cost-effective. 
Moreover, the model of this project can be analytically improved in the measurement 
methods and utilization of intelligent resources.  
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Nr. Part name Nr. Part name Nr. Part name 
10 Gear case 500 Horizontal Shaft 604 Upper bearing 

(Intermediate shaft) 
11 Upper seal plate 600 Upper bearing 

(output shaft) 
605 Lower bearing 

(Intermediate shaft) 
19 Upper bearing cover 601 Lower bearing 

(output shaft) 
606 Lower thrust bearing 

(Output) 
100 Spiral bevel gear set 602 Outer bearing 

(Horizontal shaft) 
  

200 Helical gear set 603 Inner bearing 
(Horizontal shaft) 

  

400 Output shaft     
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APP-Table 2 shows the Risk Assessment Matrix (RAM) which is used in SABIC at present. 
To use this matrix APP-Table 3 and APP-Table 4 are also in use to locate the risk area 
location in the RAM. APP-Table 3 is used to draw the impact value APP-Table 4 is used to 
draw the likelihood value of the event. 
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Effect/Impact 

Very Small Small Medium High Catastrophe 

People 
Very small 
health 
effect/Injury 

Small health 
effect/Injury 

Large health 
effect/Injury 

Permanent 
handicapped 
or 1 to 3 
deaths 

>3 deaths 

Assets <10k! 10K!-100 K! 100 K!-1 M! 1 M!- 10 M! >10 M! 

Environment Very low 
consequences 

Small 
consequences 

Local 
consequences 

Large 
consequences 

Extreme 
consequences 

Reputation Very low 
impact 

Limited 
impact 

Significant 
impact 

National 
impact 

International 
impact 
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Likelihood 

Very low Low Medium High Very High 

Never heard in 
the 
Petrochemical 
industries 

Limited 
Experienced in 
Petrochemical 
industries 

Experienced in 
SABIC Europe 

Experienced in 
SABIC Europe 
once a year 

Experienced 
several times in 
a year in SABIC 
Europe plants 
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hits followed by reflections are given in the following tables. 
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