
http://www.diva-portal.org

This is the published version of a paper presented at 7th Swedish Production Symposium, Lund,
Sweden, October 25-27, 2016.

Citation for the original published paper:

Linnéusson, G., Ng, A., Aslam, T. (2016)
Investigating Maintenance Performance: A Simulation Study.
In:

N.B. When citing this work, cite the original published paper.

Permanent link to this version:
http://urn.kb.se/resolve?urn=urn:nbn:se:his:diva-13078



Investigating Maintenance Performance: A Simulation Study 
 

Gary Linnéusson1, Amos Ng1, Tehseen Aslam1 

1University of Skövde, Virtual Engineering, Skövde, Sweden 

 

gary.linneusson@his.se 
 

Abstract 

Maintenance can be performed in multiple procedures, and it is hard to justify investments in preventive 
work. It is a complex equation between the inherent complexity of maintenance and its tight dependencies 
with production, but also the aspect of direct cost and consequential costs from activities. A model is 
presented that quantify dynamics of maintenance performance in order to enable a systems analysis on the 
total of consequences from different strategies. Simulation offers experimenting and learning on how 
performance is generated. The model is based on parts of previous research on maintenance modelling, 
system dynamics, maintenance theory, and mapping of practical information flows in maintenance. Two 
experiments are presented that both take off from a reactive strategy of maintenance performance, and 
implement two different strategies for preventive maintenance. Using the model enriches the analysis on 
how the aspects of maintenance performance work together with different maintenance strategies. 

Keywords: maintenance strategy, maintenance performance management, system dynamics. 

 

1. Introduction 

Maintenance performance is complex to manage due to 
multiple inherent tradeoffs. Maintenance activities vary from 
administrative to practical. Activities may have instant effects 
and/ or effects unnoticed until months or years later. There 
may be activities that require high initial costs, and there may 
be activities that when omitted bring vast and repeated yearly 
costs later for a long time. Maintenance performance 
management (MPM) include all these dynamic complexity. 
Develop world class maintenance is challenging, and at the 
same time increased profit demands should be met. It requires 
strategic thinking that can withstand the pressure from short 
termism introduced by the profit demands.  

Strategic thinking has to be well founded in higher 
management including deeper understanding of maintenance 
interaction with production and thus its value and importance 
for delivery precision, quality, and profitability. Maintenance 
literature points out the significance of transforming MPM 
actions into money; the language of higher management [1-4]. 
Maintenance strategy research emphasizes the need of 
“develop tools to validate the causal relationships between 
strategic initiatives and performance results” [5], and also the 
need to confront the challenges of including the time delays 
between actions. In their review on cost modelling in 
maintenance [6] similar conclusions were presented; 
consequential cost [7] as a consequence of applied strategy 
must be included in the development of maintenance 
performance.  

This paper presents the continuation on previous work [6, 8] 
which presented some key aspects in order to facilitate 
sustainable strategies for action in maintenance, namely: need 
for increased visualization of consequential cost for higher 
management and investors, and the importance of replacing 
short term “my budget” thinking with long term development 
of maintenance as a joint system in collaboration with 
manufacturing. It was recognized that systems thinking [9-12] 
is required in order to trace the feedback consequences of 
different maintenance strategies [8]. Thus, this paper presents 

initial results from investigating maintenance performance 
using system dynamics methodology [11, 13, 14] in order to 
enable a simulation analysis.  

First, a systems thinking model of the underlying relations 
of cause and effects that together result in the availability 
performance in production was identified, based on practice 
and theory. Second, quantification through equations of these 
relations was formulated. In total it has resulted in a simulation 
model including key dynamics in proactive versus reactive 
maintenance enabling investigation of different strategies for 
the maintenance dependability work.  

Applicability of the presented model focus on learning of 
the dynamic complexity of maintenance performance. 
However, it is in the interaction with the model that the user 
may deepen her understanding of how underlying structure 
may cause behaviour. Thus at this stage, the model is 
considered a learning tool for testing ones beliefs about the 
modelled system. Consequently, the two scenarios 
exemplified in this paper only present two specific lines of 
behaviour out of several possible. Purpose at this point of 
research progress is to demonstrate what kind of information 
system dynamics experiments can bring when investigating 
maintenance performance, and its effect on formulating 
strategies for maintenance. Hence, the model is not limited to 
the presented scenarios but may serve as a vehicle for ample 
analysis of user interest in order to bring understanding on the 
interrelations and dynamics between the parts of the modelled 
system. 

1.1. Maintenance Performance 

Maintenance performance contributes directly to company 
profits, given that it is effective and result in improved 
dependability and availability performance. Definition of 
maintenance is “the combination of all technical, 
administrative and managerial actions during the life cycle of 
an item intended to retain it in, or restore it to, a state in which 
it can perform the required function” [15]. The performance of 
the maintenance organization comes down to its ability to 
structure its processes of action, prioritize when, where and 



what activities to perform, knowledge management in data and 
people, technical skills, spare part logistics, and many more 
parts. There is much to gain in having an improved systems 
view upon maintenance in order to orchestrate resources, their 
use and how they should invest their time in order to attain the 
goals of the organization. Systems thinking tools also facilitate 
bridging functional walls between maintenance and 
production by enabling managing the interconnections 
between its parts [16]. Further, the configuration of 
maintenance is a function of the equipment and the layout of 
value streams in production. Actually, all efforts, be it in 
production or maintenance, should be performed from the 
perspective of the production flow and how throughput could 
be improved, or lead time reduced. Utilizing a narrow analysis 
of “localized cost reductions” in these interconnected systems 
may intrude severe consequences into the entire system of 
production. It is suggested that before any cost reduction is put 
into effect a thorough analysis on consequences upon ability 
to generate throughput must be performed [17]. 

One vicious trap to end up in is to save money on short time. 
Through delayed impact effects from neglecting maintenance 
and equipment health status, suffering much more expense 
later [3]. Also called better-before-worse-behaviour [12, 18]. 
One aspect is the reductionist approach of the traditional 
financial control that has brought a too short sighted focus on 
cost reduction on the behalf of the organization’s long term 
survival [19, 20]. This is a challenge to act on with potential. 
Maintenance is a considerable spending for producing 
companies with an annual amount in Europe on about 1500 
billion € [21], and estimates on companies in the United States  
indicates that one third of expenditures are waste [22]. It is 
irrefutable that maintenance performance matter. However, on 
the individual activity level maintenance may be difficult to 
justify and thus often considered a cost function only [23]. The 
gap between theory and practice, for further elaboration see 
[8], is not considered limited by new technology and 
methodologies but to how a sustainable implementation is 
attained and how the conflicting priorities and messages 
should be integrated into its equation [24]. 

1.2. Development of Maintenance Performance 

A procedure for handling requirements between 
maintenance and production is the service level agreement 
(SLA) process [25], partly used in industry. SLA should 
include mutually agreed priorities in order to optimally control 
maintenance resources based on present budgets and need 
from production. SLA should also include counterclaims from 
maintenance on production, such as: timeframes for planned 
maintenance, level of maintenance carried out by operators, 
how deviations are reported, etc. in order to enable the desired 
results. A SLA specifies required availability performance in 
order to assure delivery precision; normally in measures of 
mean time to failure (MTTF) and mean down time (MDT). 
MTTF and MDT are inputs for production, but is output results 
from work performed within the maintenance organization. 
Maintenance deliver MTTF through reliability work, which 
includes the acquisition process, equipment modifications and 
level of preventive maintenance. MDT consists of mean 
waiting time (MWT) and mean time to repair (MTTR), where 
MWT is average result of the maintenance organization 
response time when failure has occurred, and MTTR is the 

average repair time to retain equipment in function, including 
troubleshooting, spare part logistics, repair, and test run.  

The effectiveness of these activities has its foundation on 
developed structures and capabilities within the maintenance 
organization and its level of cooperation with production. 
MPM in this respect is path dependent [3, 26] on quality of 
previously performed maintenance strategies. That is, strategy 
whether it is consciously formulated or not defines present and 
future possibilities for development of structures and 
capabilities. Thus strategy development is vital in order to 
improve conditions for MPM. However, the risk of allowing 
short term economic requirements to overrun strategy is 
prominent.  

Therefore, investigating maintenance performance by 
applying simulation, as in this paper, is motivated with the 
intention to enable testing and development of working 
maintenance strategies. Furthermore, modelling and 
simulation is used to facilitate learning through deeper 
understanding of consequences from actions and applied 
strategies. Purpose is to increase management’s trust and 
adherence to their strategy; even at times of temptation of 
balancing sustainable performance over harsh profit demands.  

1.3. Development using Modelling and Simulation 

The applied modelling technique in order to simulate 
maintenance performance in this paper is system dynamics. 
System dynamics methodology is described in next chapter 
and here is a brief overview of work that have analysed 
maintenance issues using it.  

In one study [27] they applied system dynamics modelling 
in order to facilitate understanding of business opportunities of 
providing maintenance services, as a service sales tool, and for 
determining price based on the value services provide 
customers with. Another study applied system dynamics on a 
corrective maintenance showcase, they concluded on that thee 
use of system dynamics may be more suitable for studies on 
more aggregated level the for such detailed study [28]. Other 
analysis performed are: effect from reliability centered 
maintenance [29], dynamic implications of implementing 
TPM [30], and the effect on production from different levels 
of implemented TQM (total quality management) and TPM 
work [31].  

There is also work that present insights based on system 
dynamics models, but in which underlying quantitative models 
are unavailable. Instead these insights are delivered using 
qualitative systems thinking causal loop diagramming (CLD) 
and describing text of insights. For instance, as in the dynamics 
of worse-before-better and better-before-worse behaviour in 
complex systems such as maintenance in which time on 
improvement of procedures is invested in order to increase 
capabilities of firms [12, 18]. There are also studies reported 
on successful change programs applying system dynamics to 
facilitate in the process from reactive into proactive 
maintenance performance [11, 32, 33].  

There are also studies that in their investigation of 
maintenance analyse and map the interrelations between parts 
on the qualitative level applying systems thinking CLD. Such 
a map provides a vehicle for reasoning about the dynamics 
between system variables, and conclude how things work 
together in a dynamic system in a condense procedure. Such 
rich dynamic studies are: mapping the dynamics of overall 
equipment effectiveness (OEE) in which a thorough analysis 



on short and long term dynamics that result in reactive and 
proactive behaviour, including both organizational and 
managerial perspectives [34]; and [16] presents a systems 
thinking analysis of the interrelations of maintenance, 
operations, and process quality. 

Thus, in total it can be considered that there is research that 
have studied maintenance performance using system dynamics 
and systems thinking, and that valuable insights have been 
developed. However, there is not very much published 
material on quantitative analysis for the broader public. It is an 
area worth exploring in order to facilitate the maturity level 
and make modelling and simulation results more available. 

2. System Dynamics Methodology 

System dynamics is a systems thinking approach that 
quantifies the dynamic behaviour of the system in study. In 
contrast to the reductionist approach which divide reality into 
parts in order to understand it, systems thinking approach 
strives to identify the interconnection between parts in relevant 
system boundaries for the phenomena at hand in order to 
understand reality. System dynamics was developed as a 
response to the inadequacy of conventional management 
science [35]. It has an engineering approach to analyse social 
systems and has its origin from servomechanisms where 
regulation of the system is continuously monitored by 
feedback [13]. Focus of study is on the structure of problem 
situations, built up by the information flows involved in the 
present system of investigation.  

Modelling is transforming the information flows, basically 
copying the practical decision making processes, into structure 
and equations enabling analysis of the information feedback. 
The body of theory of system dynamics, dealing with 
information feedback systems, is its very essence [36]. The 
building blocks in system dynamics modelling are stocks and 
flows where flows fill and drain the stock variable it is 
connected to. It is the level of the stock variables that contains 
the progress, or memory, of the system of study. Other 
variables in a model are auxiliaries and constants, which 
purpose is to calculate the rate equations that decides size of 
flow.  

Aim with applying system dynamics is to quantify the 
behaviour of the system of study in order to facilitate 
understanding of problem causes [11], and enable the 
possibility to experiment on different possible scenarios in 
order to explore how to perform change [14]. Systems thinking 
is a broad term that represents qualitative analysis in order to 
analyse problem structure and provide organizational learning 
[9], facilitate on choices for future organizational development 
[36], and facilitate in the starting phase of a system dynamics 
project and in the communication of model structure avoiding 
getting into unnecessary details [37]. The quantitative aspect 
of system dynamics separates it from systems thinking by 
offering experimentation, testing, and validation of the 
assumptions about the interacting element’s relations in a 
model through simulation. Thus, it enables multiple testing in 
order to challenge ones present mental models and may bring 
double loop learning through questioning the underlying 
values governing the system [10].  

2.1 Modelling Process 

The modelling process of a system dynamics project is 
highly intuitive and unique, and generally includes [11]:  

 Problem articulation, that defines the boundary, what the 
key variables to consider are, relevant time horizon, 
which dynamic reference modes that are experienced 
about or in the real problem.  

 Dynamic hypothesis, based on theories about the problem 
initial hypothesis is formulated of how the dynamics of 
the problem is generated from its feedback structure, it 
includes building maps of causal structures. 

 Formulation, develop the simulation model in order to 
test the dynamic hypothesis, specify structure and 
decision rules, estimate parameters, behavioral 
relationships, and initial conditions, as well as tests of 
model on its consistency with purpose and boundary. 

 Testing, the process of validation that tries out model 
capability to reproduce the problem behavior, bringing 
improvements in order to make model adequately for the 
purpose it is to serve. 

 Policy formulation and evaluation, analyze model, test 
different “what if” scenarios, sensitivity analysis on 
possible policy recommendations, examine possible 
synergies of interacting policies, etc. 

2.2. Model Validation 

Validation is building confidence into a model in order to on 
a satisfying level conclude on its use and value for the real 
problem situation. Confidence and validation has been 
considered a problem area in system dynamics [38]. Different 
tests are used in order to build confidence and validate a model, 
and may be structured accordingly [39]:  

 Direct structure tests, empirical information about the 
real system and theoretical generalized knowledge in 
literature about problem is applied in order to review 
model structure and separate relations of variables, it is 
pointed out as the most difficult tests to formalize and 
quantify due to its interpretive character and that it is 
based on qualitative data.  

 Structure-oriented behaviour tests, tests performed 
applying simulation which enables extreme-condition 
tests, behavior sensitivity, modified-behavior predictions, 
boundary adequacy tests, phase relationships between 
variables; all tests aim for validate model capabilities to 
copy real world phenomena and is part of a model 
building process in order to bring an analyzable model 
into being, these are strong tests that point out structural 
flaws in a model. 

 Behavior pattern tests, system dynamics models 
emphasis pattern behavior prediction when comparing to 
real world data, and not event prediction or point 
prediction in a certain time, which is a logical 
consequence of system dynamics long term strategical 
focus and due to that a system dynamics model focus on 
endogenously created behavior.   

 
In a system dynamics simulation there should always be a 

model purpose, and it defines level of validation procedures 
[11, 39], validation cannot be formally objective due to this 
kind of investigations’ interpretive character [39], and 
ultimately for a model to have any impact on improved 
behaviour it is the receivers’ confidence in the model that 
counts despite level of validation [11]. This bring about the 
aspects of understanding into importance, understanding a real 



system in order to formalizing it into a model [40], 
understanding a model of a system [41], and understanding 
model behaviour [38]. One way to increase understanding is to 
include stakeholders into the modelling process, i.e. group 
model building [36], and for unexperienced stakeholders to 
system dynamics models such kind of investigation is 
preferable enabling a live communication on the level of how 
things really work in a certain problem context [42]. Another 
procedure to involve stakeholders is through learning 
environments also termed management flight simulators [11]. 
It enables users to interact like in a game and adds the 
dimension of testing your beliefs of real world phenomena and 
may in that respect challenge present mental models [9, 11, 13, 
14] of the player facilitating understanding and learning. 

3. Model Description 

Model building has focused on trying to include as little 
structure as possible but yet grasp the feedback dynamics of 
planned and unplanned maintenance work and its result in 
production and company results. The overall structure has 
aimed to keep simple. It could be further extended with 
structure for creating production need, and taking into effect 
usage of buffers, in order to get a general analysis on if failure 
at machine level cause delivery problems depending on 
applied strategy. Regarding interaction between production 
and maintenance it could also include simpler maintenance 
work taken over by production as in the concept of TPM (total 
productive maintenance). But these aspects bring further 
complexity, and are excluded at this point. In similar procedure 
all parts of the model have focused on keeping it small yet 
grasping importance of inclusion in respect to model purpose. 

The MPM model include several parts that constantly are in 
feedback and interaction. The model is on an aggregated level 
including the resulting dependability dynamics of performed 
maintenance. It considers health status and degradation of 
equipment [11, 43], and its effect on breakdown rate and thus 
the performance in production. A brief description of each part 
is provided below. Several aspects are possible to examine 
using the model; consequence from planned and unplanned 
maintenance, delay effects such as consequences from backlog 
of work orders, understaffing, difficulties in motivating the 
holistic view when limited to level of maintenance budget that 
only treat direct costs, different strategies for implementing 
planned maintenance, the significance of knowing and 
analysing equipment health, etcetera. 

The model consider aggregated information, it means that it 
may not guide on the specific situation for a specific 
equipment. But, it guide in generating understanding for the 
interrelating aspects one need to consider when developing the 
maintenance strategy. Strategy per definition mean long time 
horizon. Human behaviour often assume and expect effect 
from changes on short time [11]. The practical implication is 
that management risk to lose endurance on their strategy, and 
abandon it; resulting in poor performance despite good 
intentions. 

All model parts are included in figure 1 on the next page, in 
which their interrelations on an aggregated level are included. 
All model parts are displayed as they are in the model 
generating the simulation results in the presented experiments. 

3.1 Preventive Maintenance Dynamics 

Include structure that keep track on the implemented level 
of preventive maintenance and ongoing work in respect to 
schedule. Three different strategies for preventive 
maintenance is included: 

 Maintenance on fixed interval based on time (PM) 
 Condition based maintenance (CBM) using inspections 
 CBM using sensors 

 
The work orders are generated at a certain rate based on set 

intervals, the amount of preparations, and the fractions of 
preparations of preventive work over these three procedures. 
Manual CBM inspections use resources for scheduled 
maintenance, with priority to takedowns, meaning that if there 
is too much work it is the inspections that suffer from not being 
done creating a backlog. In this part of model, input variables 
marked in orange may be changed in the presented 
experiments. Marked in green are output variables. 

3.2 Planning & Scheduling Preventive Maintenance 

Include planning and scheduling of activities in order to 
enable a planned takedown of production on behalf of 
unplanned breakdowns. Depending on the pressure to produce 
in production, there is time to plan takedowns or not resulting 
in longer delays. The larger the delay to plan takedowns the 
larger work order backlog, poor planning leads to increased 
risk of breakdowns. In this part of model, there are no input 
variables changed in the presented experiments.  

3.3 Machine Status in Production 

Status of machines and equipment is dependent on level of 
performed maintenance work, it is the result of reliability 
work, current maintainability, and the organizational 
supportability. Simultaneously the degradation of equipment 
depends on how much machines are used, and how they are 
repaired. This part control the dynamics of in which status 
equipment are in: 

 Running, as in Equipment in full functionality 
 Stop due to breakdown, as in Unscheduled maintenance 
 Stop due to takedown, as in Scheduled maintenance 

 
Variable OEE represents current status of equipment in full 

functionality over number of equipment, thus only considering 
availability in this model. Here, a stop in any equipment, be it 
a planned or unplanned stop, result in the same effect on 
OEE/availability. In a real production line there are aspects of 
at which place a stop occurs in a line, if it is at or close to its 
bottle neck, buffer levels, and cycle times. These aspects 
matter and are sensitive to if stops are due to random failures 
or planned maintenance activities. However, these additional 
aspects are not studied by using this model. The stock and flow 
structure is based on available information reported from the 
manufacturing game [33]. In this part of model, input variables 
marked in orange may be changed in the presented 
experiments. Marked in green are output variables. 



 

Fig. 1: Model overview. 
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3.4 Maintenance Development Process 

Every breakdown report result in information possible to 
identify root cause from. It is a learning process to make good 
breakdown reports, and the better report the more substance 
and available data to analyse on in order to eliminate why 
breakdown occurred. This learning process result in new 
preparations for suitable maintenance. There is a relation 
between work load and quality of reports, limiting input data. 
Amount of root cause analyses (RCA) are also dependent on 
number of maintenance engineers. The RCAs feed the 
Preventive Maintenance Dynamics part with a defined 
fraction. Usage of engineers depends on amount of RCA, and 
policies for goal fraction of CBM preparations over PM 
preparations defined in the Preventive Maintenance Dynamics 
part. PM preparations cover all preventive maintenance work, 
thus the effect of a gap to the goal fraction is converting PMs 
(PM work using fixed intervals) into CBM plans. In this part 
of model input variables marked in orange may be changed in 
the presented experiments. 

3.5 Machine Capabilities & Repair Dynamics 

The defect generation and elimination is the underlying 
basis for degradation and ultimately the breakdown rate, and 
is calculated in this part of the model. Applying preventive 
maintenance work increases knowledge about health status of 
the equipment, it leads to reduced risk for breakdowns. 
However, the consequence from backlog of preventive work 
orders is on the contrary, resulting in increased risk for 
breakdowns. Also, at inspections the hidden information of 
real status of Equipment health is used in order to calculate 
probability for identification of defective equipment. It means 
that when Equipment health is poor, on the general level, high 
rate of defects are identified. However, as performance of 
maintenance increases it leads to better health status of 
equipment and the fewer defects are identified. Defects are 
eliminated at the rate of repairs, scheduled and unscheduled. 
Defect generation is dependent on the production load on 
equipment, with increasing availability the load increases 
proportional. Defects are also generated through collateral 
damage from breakdowns. This part of the model is based on 
the partially described maintenance model in [11]. Excluded 
in this model are aspects of poor performed maintenance 
repairs as a function of skills, which also may generate defects. 
Another aspect excluded is quality of equipment which may 
multiply the effect from equipment load; it could be improved 
through modifications as a result of RCA work. In this part of 
model there are no input variables changed in the presented 
experiments. Marked in green are output variables. 

3.6 Economic Consequences from Strategy 

Maintenance activities result in direct costs, and lack of 
maintenance activities result in breakdowns and consequential 
costs. The economic consequences in the model include: 

 Spare part costs, direct costs depending on level between 
unplanned and planned maintenance it requires more or 
less stock of spares. The uncertainty brought by 
unplanned maintenance require slightly larger stocks. 
And, indirect costs such as interest rate in inventory 
value. 

 Cost per stop, equal direct costs per breakdown as per 
takedown. However, a planned stop bring less 
consequences to delivery precision, less extra need to 
work overtime, seldom bring collateral damage on other 
equipment, etcetera; which in the model is simplified to a 
factor between planned and unplanned stops to a ratio of 
1 to 4 in added consequential costs at unplanned stops.  

 Estimation of profit margin per week, calculated using an 
approximately equal value to maintenance consequential 
costs at 60% OEE/availability with a reactive 
maintenance strategy. If availability increases the value 
contribution increases, if it is achieved on a cost efficient 
procedure based on total costs. For instance, if increase of 
OEE/availability is achieved by using more reactive staff 
most likely both direct costs and consequential costs 
increase. 

 Estimation of maintenance budget is based on similar 
conditions as profit margin, and it uses a fixed budget 
every week based on the costs generated at 60% 
OEE/availability with a reactive maintenance strategy. 

 Calculation of weekly result, and accumulated result, 
based on the estimated profit margin and total costs. 

 Calculation of weekly deviation to maintenance budget, 
and accumulated budget result, based on direct 
maintenance costs and maintenance budget. 

 
In this part of model there are no input variables changed in 

the presented experiments. Marked in green are output 
variables. 

4. Simulation Experiments 

Simulation facilitates investigation of dynamic relations 
between variables in a model. By performing multiple tests 
through setting hypothesises about how a test will end and 
compare on its results facilitate deepened understanding about 
direct and indirect relations and the development effect 
through time. Thus, by interacting with the model several tests 
can be repeated and learning achieved on beneficial strategies 
for developing maintenance performance. Consequently, the 
presented experiments in this paper can only represent some 
points on a large behaviour space, available through 
interaction with the model. Hence, the experiments are chosen 
in order to represent two cases in which two different strategies 
for investing time and competence in better maintenance 
performance is studied. Both experiments use the same starting 
conditions of no preventive work implemented. The starting 
point is a production with a stable OEE/availability of near 
60%, financial results balancing near zero, and a number of 18 
resources working with unscheduled repairs.  

 
First experiment (E1) include following changes:  

 Resources scheduled repairs are set to 2, and  
 Number of maintenance engineers are set to 2.  
 Rest of model parameters are not changed. 

 
Second experiment (E2) include following changes:  

 Resources scheduled repairs are set to 4, and  
 Number of maintenance engineers are set to 3.  
 Goal fraction CBM over PM, from 0.5 to 0.7, and  
 Inspection interval, from 13 to 8 weeks. 



Each experiment is shown by four graphs, each including 
three to four variable behaviours. Figure 2-5 belong to first 
experiment and their names are tagged with E1. Figure 6-9 

belong to second experiment and their names are tagged with 
E2. Supporting text is provided after the graphs. 
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Fig. 2: Dependability performance E1. 
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Fig. 3: Progress preventive work E1. 
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Fig. 4: Hidden knowledge equipment health E1. 
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Fig. 5: Budget and results E1. 
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Fig. 6: Dependability performance E2. 
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Fig. 7: Progress preventive work E2. 
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Fig. 8: Hidden knowledge equipment health E2. 
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Fig. 9: Budget and results E2. 



Both experiments E1 and E2 apply PM with fixed intervals 
and CBM using inspections. However, as the lists of changes 
above show, E2 has a more aggressive agenda in order to 
implement CBM inspections. A strategy that requires more 
resources and more frequent inspections. Note also that the 
parameters set in the beginning of simulation are kept 
throughout the whole time period. It brings the consequence 
that when there is excess resources, they still cost. Thus the 
comparison between the two cases indicates that despite more 
resources throughout the simulation period E2 is beneficial on 
the long run, explained by lowered consequential costs from 
poor maintenance performance, as can be seen comparing 
variable profit or lost in figure 5 and 9 respectively.  

Studying graphs for E1 in figures 2-5 one sees that the first 
half of the graphs are to a large extent similar to graphs for E2 
in figures 6-9. Both E1 and E2 start from same point of origin 
and similarities are due to the delays of introducing CBM as a 
working method. The flow of introducing CBM work goes 
through several stages and is a development of PM using fixed 
intervals. At first little information from breakdown reports 
bring actual use for improvement, but with time knowledge 
and precision is built and the efficiency of engineering work 
increases, representing organisational learning delays in real 
world. It is in the second half of the graphs the apparent 
differences demonstrates, showing at some variables 
significant dissimilarities.  

Figure 2 and 6 show the dependability performance for E1 
and E2 respectively. The results in variable OEE is quite 
similar between E1 and E2. Where the result in variable MTTF 
in E1 peaks the result in E2 continue and gets almost twice 
E1’s result. Breakdown rate is near the inverse function of 
MTTF and follows similar pattern.  

Figure 3 and 7 show the progress of preventive work. Level 
of implemented PM work is slightly better in E2, peaking 
earlier due to more resources. The level implemented CBM is 
following similar patterns in both E1 and E2 and nearly reach 
their set goal fraction of 0.5 and 0.7 respectively within the 10 
year time span. The result on the takedown rate gets 
incrementally better early on and develop exponentially for 
both E1 and E2, peaks at about the same time but on higher 
level for E2 which also lower later on, which is a result of that 
equipment is well maintained and does not need to be taken 
down for maintenance. PM backlog is a symptom of set 
policies for maintenance and appointed resources, for both E1 
and E2 there is a noticeable backlog rising in the second half 
of the graphs. However E2, which includes both more 
preventive staffing and increased work load from changing 
inspection intervals to more often, stabilizes at the end 
indicating a balancing plateau. 

Figure 4 and 8 show information concerning equipment 
health, it represents the underlying effects to the differences 
seen in most comparing results. It is seen that the strategies 
applied in E1 and E2 differ in their success to improve 
Equipment health, which is a key effect in PM work [11]. E2 
seems to bring enough capacity in order to prevent the vicious 
reactive patterns forcing maintenance organisation to react on 
unplanned stops; somehow overcoming a threshold which 
enables control of level of latent defects. E1 and E2 show that 
CBM work, as it progress, bring knowledge of equipment 
health status into visual and enables preventive maintenance 
with increased precision, but also that there is a critical mass 
of applied work needed to be done. 

Figure 5 and 9 show the economic consequences from 
applied strategies. Both E 1 and E2 are close to budget, see 
variable cost over or under budget. However, looking at 
variable Acc Maint Budget Margin which is the accumulated 
performance towards the maintenance budget one sees that 
introducing the new strategies within the current maintenance 
budget is certain to fail. It is also noticed that regarding short 
term profits, see variable profit or lost, both E1 and E2 show 
instant negative behaviour which in due time in the current 
scale rapidly show positive development. It is not important to 
see which one pays off the most, but it is important to see that 
both follow similar behaviour and that E2 in this case is hurt 
the most initially however presents a more profitable result in 
the long term. Both E1 and E2 show the characteristic worse-
before-better behaviour of complex systems [12, 18, 26].  

5. Conclusions 

There is a need to be able to evaluate the dynamic effects on 
maintenance performance from applied strategies and policies. 
Maintenance is a complex dynamic feedback system and 
include many conflicting tradeoffs. A simulation model 
including interactions within a maintenance function and its 
interactions with production is presented. Hence, the 
simulation facilitate investigation on how preventive 
maintenance (PM) may be carried out; including evaluation of 
total costs from chosen strategy. Two experiments are 
provided that illustrates the long delays when a production 
using a reactive maintenance strategy introduce PM work. The 
paper illustrates how the model and simulation may provide 
with learning and understanding in this context. However, the 
usage and interaction with a model, through repeated testing 
of what-if scenarios, may be more beneficial in that respect. 

The model includes causal relationships between strategic 
initiatives and performance results, and enables analysis that 
take into consideration the time delays between different 
actions within the system of the maintenance function [5].  

From the experiments it is clear that a CBM strategy results 
in better performance then reactive unplanned maintenance. 
That is not new, however enabling simulation allows testing 
different strategies facilitating possible scenarios and 
important aspects for the maintenance organisation in order to 
support on its journey towards the desired future state. And 
simulation also make it clear that effects from a CBM strategy 
appear after a significant delay, indicating the need of patience 
when introducing such strategy. Further, it can be concluded 
that the aggressiveness needed implementing a CBM strategy 
is worth examining, as shown by experiment E2, in order to 
overcome thresholds inherent in the system. Thus it motivates 
a thorough dynamic feedback analysis of current maintenance 
function, with its preconditions, and expected effects from 
strategies through time.  

Future work may continue with improving the model and 
include: more feedback between financial results and the 
applied policies, aspects of equipment quality, and effect from 
skilled or unskilled resources. Another area to explore is to 
produce validated and general insights based on simulation 
experiments, which will be part of future research to explore. 
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