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Abstract. 
 
In this paper we advocate Asset Management as a business process with clearly de-
fined strategic, tactical and operational layers inline with the corporate business 
plan. Most crucial decisions are taken at the tactical level; during design and / or in 
the definition of the Maintenance Reference Plan. Here we observe that maintenance 
managers / engineers have, in general, limited insight in reliability engineering and 
system behaviour concepts, their mind being more technically oriented with a focus 
on equipment performance. We will present examples how system modelling, even 
with restricted data, led to new  insight that convinced these managers to successfully 
adopt new maintenance strategies. 
Planned maintenance strategies should critically be analysed. First of all, they focus 
on long-term goals whereas business requirements are related with interval avail-
ability. Secondly, they are often based on a large number of repetitions, whilst critical 
systems are designed to fail infrequently. Thirdly, we will show that a run-to-failure 
approach can be quite rewarding, in spite of current belief. 
Analysis of field data is an essential pre-requisite for a learning organisation but 
poses quite severe problems in practice. We shall discuss this matter using actual 
studies. 
 
Keywords: asset management, maintenance modelling, configuration studies, planned 
maintenance, analysis of field data. 

1. Introduction. 
 
My interest for this subject started in 1983 when, after a long period in process con-
trol research, I got the opportunity to start a group in stochastic OR at the Shell 
Laboratory in Amsterdam. With global direct maintenance costs running in the bil-
lions $, one of our goals was to provide maintenance managers with decision support 
tools that would bring them in a more comparable situation with their counterparts in 
Operations. Already at that time, process control engineering was fully accepted, 
even with large process models to optimise plants using abundant plant information, 
in many cases by chemical engineers who got this subject as a standard package in 
their education. In contrast, reliability engineering was  a subject hardly known of 
and this situation[1] still persists in many organisations. Later on my view was 
broadened by consulting work in various areas and by educating practical engineers 
for an MSc in Maintenance Management. 
 

                                                 
1 Keynote paper 32nd ESReDA Seminar, Alghero, May 8-9, 2007 
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Maintenance modelling on its own has limited value only. Whereas academics build 
their careers by  publishing research which is evaluated by their peers, they often 
have no access to real-world problems. At the same time publishing is not sufficiently 
rewarding for practitioners and appears to clash with the competitive nature of busi-
ness. Most of the scientific literature on maintenance optimisation models thus does 
not fit in an engineering mindset, being too specialist and lacking an overall, systems 
engineering viewpoint[2] . The real value of maintenance modelling lies with its use 
in decision support systems (DSS). Decision making is “the cognitive process to se-
lect a course of action from a number of alternatives”; “a purposeful selection from 
among a set of alternatives in light of a given objective”. Seven steps may be dis-
cerned: 

1. Identify a business problem or opportunity; cast it in a form suitable for deci-
sion making. 

2. Collect the required information; assess its accuracy and uncertainty. 
3. Develop as many realistic alternatives as possible. 
4. Evaluate these alternatives; which fits best with the corporate business plan? 
5. Reach agreement with responsible actors, decide on implementation. 
6. Formulate implementation plan; assess required steps and keystones. 
7. Follow-up on the decision, monitor results. 

Business problems are frequently stated in rather vague terms: “we need more, better 
production”, “maintenance costs should go down”. In our experience a proper identi-
fication and structuring step already provides part of the solution!  
Where mechanical engineers have built up significant experience in their sector to 
become decision makers, their vision may be limited: “we always use spare pumps 
here, Operations insist on having them”, “all vessels of this type have three diesel mo-
tors”, “pacesetters show a ratio planned versus corrective maintenance of 3 to 1”. 
Consultants have an important role in respect of bringing in experience from other 
sectors. They may show that alternatives that are almost counterintuitive in a specific 
business may turn out to be quite rewarding. 

Prater's principle of "optimal sloppiness"

level of detail --->

predictive 
power

Maintenance modelling fits mainly in step 4. First of all, the underlying models have 
to be tuned to the needs and information available for a specific case.  
 
"Prater's principle of optimum sloppiness"[3] applies here; there is always an opti-
mum degree of modelling detail (Fig.1) in terms of producing the maximum engi-
neering value. Simple models with few (adjustable, identifiable) parameters have lim-
ited predictive power; extending the granularity of the model makes it more depend-
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ent on uncertainty of the required additional model parameters, thereby affecting its 
predictive power. For example the “theoretical tray” concept (McCabe-Thiele) is used 
in design calculations of distillation columns; it does not describe hydrodynamic or 
physicochemical effects for which FEM models have to be used. 
Secondly, modelling should convince business actors who have to take responsibility 
for new decisions. Here, one has to take into account that responsible engineers and 
managers in the RAMSHE2 area usually have limited insight in probabilistic con-
cepts. Most mechanical and civil engineering curricula have a rather deterministic 
background. The mathematics faculty frequently provides training in basic reliability 
engineering concepts, however without a proper integration with the engineering syl-
labus. Frequently we hear “that is a long time ago I heard about probability, I was 
happy to get a sufficient mark for statistics!”. Hence, an extensive focus on the 
mathematical background of the decision support model is counterproductive in con-
vincing the problem owners.  
One should realise that if and when an “optimal” alternative has been found and ac-
cepted at the level of the decision makers, an implementation plan has to be formu-
lated with the means, targets and milestones to assure an effective management proc-
ess. All actors (Operations, Purchase, SHE department, engineers, mechanics) must 
properly be informed and usually need additional training. The decision support 
model  should clearly indicate when and where sufficient information is available 
(milestones) to evaluate the decision. In asset management such a time period easily 
may go beyond  the average “time to replace” of maintenance managers! 

2. Decision making in Asset Management . 
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ig. 2 Management Layers in Asset Management
 use the term “Asset Management” (AM)3 rather than “main-
eflects its business goal. Management inherently shows three 

          
ilability, Maintenance, Safety, Health and Environment. 
grated strategy, process, and mindset for gaining the greatest effective-
return from production and manufacturing equipment assets.  Systematic 
ation of process, practice, and technical improvements to ensure full com-
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• At the top level, strategic decisions like new installations, extensions thereof 
are taken that can hardly be taken back. Typically, the information used to 
reach the decision is rather uncertain and scenario-based, strongly influenced 
by corporate ambition and involves significant risk given the high costs. 

• At the intermediate level, the timescale of the tactical decisions is chosen in 
line with the problem at hand; a maintenance reference plan (MRP) is required 
to steer the 100’s to 1000’s of work orders, that will be updated if and when 
sufficient information is fed back. Process capacities may be adjusted to a 
changing market, SHE requirements are updated if new rules are being ap-
plied. Hence, we will observe that decisions will be in place for 5 – 10 years 
covering activities with significant impact on the business; although an order 
smaller than those at the top layer. The engineering of new installations (al-
though of longer timescale) may also be visualized at this level. In both cases 
we deal with investment decisions where capital is tied up either immediately 
(design) or becomes part of the budget (MRP) in order to generate income 
over years to come. Decisions in the SHE area also fall in this class. Govern-
ments more and more step away from a prescriptive policy (“every four years 
vessels should be opened for inspection”). Instead facility owners are re-
quested to demonstrate the effectiveness of their SHE policy. 

• Day to day management takes place at the operational layer, in this case the 
execution of the MRP in terms of planning, scheduling, execution and analy-
sis / feedback. Key parameters are: the interaction with Operations (schedul-
ing) and quality / skill of execution. It is here where the money is spent and 
earned, the place where information becomes available. A close link with the 
strategic layer is indispensable. 

In large multinational companies like Oil and Gas and (nuclear) Power, this structure 
is rather well in place; decisions are taken at the right level and performance indica-
tors are defined and used to steer the overall process (the “dashboard”). Here we ob-
serve the use of comprehensive modelling studies of complete facilities relying on 
data like in Oreda or Eireda carried out by in-house reliability engineers in coopera-
tion with consultants.  
Smaller companies mostly lack this structure and engineers are quite unaware of reli-
ability engineering concepts. At best, RCM4 [4] is sometimes introduced; the applica-
tion of which, in spite of its effort and costs, easily wears out due to lack of proper 
anchoring in the organisation and its lack of quantitative (economic) substantiation. In 
the sequel of this paper we will mainly pay attention to this class of companies and 
show that with limited means significant economic gains can be reached.  
 
It is of paramount importance to take into account the inherent differences between 
tactical and operational decisions. A good, well-substantiated plan developed at the 
tactical level will bear no fruit if the quality of its execution leaves to be desired. On 
the other hand, mechanics may zealously work on components that at system level are 
not critical. It is not uncommon to observe that the reasoning behind a maintenance 

                                                                                                                                           
pliance with safety, availability, performance, and quality requirements at least sustainable cost for 
operating, market, and business conditions. 
4 Technically, reliability centred maintenance (RCM) is a good learning process for the maintenance 
engineers involved. Its lack of quantitative results (what is the cost – benefit?) however hinders accep-
tance by Operations and higher management. 
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strategy is missing at the operational level. Technicians then will start to use their 
own approach which, with the lack of feedback, may remain unnoticed for many 
years. The largest gains can be made at the tactical level, if and only if  its execution 
is well managed. 

3. Engineering decisions at the tactical (design) level . 
Effective AM starts in the (early) engineering phase. At that moment the company 
takes critical decisions on the process lay-out, equipment configuration, the selection 
of capacity, type and vendor that are practically irreversible. Tradition in the company 
(we always go for 2 out of 3, we always use vendor XYZ) often plays an overwhelm-
ing role. It is our experience that with simple calculations rewarding insight can be 
obtained to steer this decision process. 

3.1 Case 1, configuration of gas compressors. 
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ig. 3 Configuration study gas compressors
he first case is derived from a study on a gas production platform. Using Oreda data 
or critical system components and SPARC [5] we calculated the long-term average 
apacity profile5 of Fig. 3. With the proposed compressor configuration of 3 * 105% 
he probability of running at full capacity is some 75% only. The design engineers, 
fter being made aware of this characteristic, suggested to add another compressor 
rain, rather expensive in view of equipment cost and topside loading. With the 
PARC model now being available, it was easy to show that a 3*150% configuration 

                                                
 The diagram shows the probability of finding the system in one of its operating states. The capacity 
evels are dictated by equipment capacity, but also by degraded modes of operation. For that reasons 
he number of transitions is larger than suggested by the number of compressors only.   
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showed an almost identical production profile and, in lifecycle costing terms, was 
clearly to be preferred (less topside load, less maintenance). 
Most design engineers (even in large companies) lack good insight in system charac-
teristics, consider themselves to be experts in specific areas (civil, rotating, materials, 
..) and do not fully grasp the effect of failures of system elements (compressors, 
pumps, valves, ..) on the effective production capacity. It is therefore of great impor-
tance that they are assisted at an early stage by reliability engineers. 
 

3.2 RAM data for equipment selection and configuration. 
 
Outside the area of the pace setters above, SME’s have to rely on vendor information 
for the selection of equipment type and overall RAM characteristics. Although the 
latter boast to have “x years of experience worldwide, maintaining more than y ma-
chines”, where x and y usually are large numbers, available RAM data at the tender-
ing stage are quite limited, “the failure behaviour depends strongly on the way ma-
chines are used and maintained” . Thus, if given, they are mostly stated in an overall 
equipment MTTF and MTTR value valid in-between prescribed maintenance inter-
vals (e.g. multiples of 4000 operating hours). In many cases, this maintenance will be 
outsourced and thus is of economic interest to the equipment vendor! 

acquisition and maintenance costs over 25 years
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Fig. 4 Comparison of quoted maintenance costs for three comparable diesel engines
s derived from a recent tender for 5 MW diesel propulsion engines from lead-
nufacturers where RAM specification is rather new. For reasons of commercial 
, the data are made anonymous and expressed  in percentages of the acquisi-
sts of type B. Fuel and lube oil consumption is left out. Over the 25 years of 
ic use, the total costs of materials and labour of the three types varies from 

350% of the equipment B value The RAM data in-between service intervals 
uite comparable; diesels failing once or twice a year with a MTTR of a few 
Obviously, these differences need to be analysed further in the final selection. 
rning point here is that RAM information from vendors should be treated with 
hereas the Purchase Department will spend great effort to reduce the acquisi-

sts, the total lifecycle costs are a multiple of the latter. For specialised equip-
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ment, the vendor usually will get a maintenance contract of significant economic im-
portance. Observations like those above stress the need for the future owner to per-
form  a fundamental analysis of such a service contract; what activities are planned, 
what is the basis for planned replacement, what RAM goals will be met? 
 

3.3 Case 2, alternatives for a hopper propulsion system. 
 
For a Dutch Maritime Association we ran a pilot study in conjunction with a training 
programme for ship designers and ancillary suppliers. As a test case we studied two 
alternative propulsion systems for a trailing suction hopper dredger (short, hopper) 
(Fig. 5). 

 
Fig. 5 Two alternative propulsions systems for a hopper 

 
Alternative 1 uses a power plant with two 16 cylinder diesels, each of 1770 kW driv-
ing the dredging pump and the generators and one separate diesel of 1328kW for the 
jet pump. Total installed power capacity is thus 4868 kW. The second alternative uses 
higher redundancy; 4 twelve-cylinder diesel generator sets with a total capacity of 
6640 kW. 
In such an application we have to take into account the activity profile of the hopper. 
It sails from the dispatch point  to the place of the dredging process. After filling up 
its hold or hopper, it sails back to the dispatch point  where it may empty the hold ei-
ther by the jet and dredging pump or by a crane and conveyor belt. Hence, we distin-
guish four tasks, each of them requiring the availability of one or more subsystems as 
indicated in Table I: 
 

Table I System configuration 
 
Function Power Propulsion Dredging 
Sailing 1 1 0 
Dredging 1 1 1 
Dispatch by crane 1 0 0 
Dispatch by pumps 1 0 1 
 
With SPARC we calculated the average availability of these subsystems over the in-
tended economic period of 10 years (Table II): 
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Table II Subsystem availability 
 

10 year average availability 
subsystem alternative 1 alternative 2 alt2 / alt 1 
power 0.983 1.000 1.018 
dredging 0.978 0.978 1.000 
propulsion 0.980 0.980 1.000 
jetpump 0.984 0.985 1.001 
 
The advantage of the second configuration clearly lies with the availability of the 
power system, as was to be expected. To calculate the economic benefit we have to 
take into account the fraction of time of the various activities. The hopper is operating 
continuously, 24 h/d, 7 days per week with a cycle time of 6 hours:1 h sailing, 2 h 
dredging, 1 h sailing back and 2 h dispatching. 
 

Table III Task availability 
 

alternative 1 alternative 2 
ACTIVITY fraction time availability operational fraction time availability operational 
Sailing 16.67% 96.30% 16.05% 16.67% 98.00% 16.33% 
Dredging 33.33% 92.63% 30.88% 33.33% 94.34% 31.45% 
Dispatch by 
crane 16.67% 96.30% 16.05% 16.67% 100.00% 16.67% 

Dispatch by 
pumps 33.33% 96.07% 32.02% 33.33% 97.77% 32.59% 

    total 95.00%   total 97.04% 

 
 
Taking this use profile into account we arrive at the data in Table III showing that al-
ternative 2 leads to a gain in productive time of 2 %, equal to 7.5 days per year. With 
a net value of k€ 20 per day and a 5 year contract period the economic value is 0.0204 
* 5*365* € 20000 =  € 745000.. This value has to be balanced with the higher acqui-
sition costs. 
 
Using SPARC  we can easily provide information that hitherto was not available. For 
example, Fig. 6 shows the expected number of critical failures per month for the two 
alternatives. About 5 times a month the (modelled part of the) hopper needs mainte-
nance. This analysis may easily be extended to man hours, costs of materials and the 
effect of planned maintenance. 
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Fig. 6 Expected failure behaviour 

 
From Table III we learn that the largest gain is obtained in the dredging activity. 
Hence, we suggested another alternative (3) with the propulsion system of alternative 
1 but now with a redundant dredging pump (with a much lower cost than the alterna-
tive power system): 

Table IV Alternative 3 
 

alternative 1 alternative 3 
ACTIVITY fraction time availability operational fraction time availability operational 
Sailing 16.67% 96.30% 16.05% 16.67% 96.30% 16.05% 
Dredging 33.33% 92.63% 30.88% 33.33% 94.38% 31.46% 
Dispatch by 
crane 

16.67% 96.30% 16.05% 16.67% 96.30% 16.05% 
Dispatch by 
pumps 

33.33% 96.07% 32.02% 33.33% 97.89% 32.63% 

    total 95.00%   total 96.19% 
 
 
Table IV shows that this leads to an improvement of 1.19% ( 4.3 days per year) with 
an economic value of  € 435000 over the contract period. 
 
This example shows that in a traditional industry like shipbuilding where RAMS con-
cepts are virtually missing, costs are the driving factor and ship-owners, shipyards 
and equipment vendors are quite separate parties,  maintenance modelling, even 
without proper databases, forms an attractive decision support tool to analyse design 

 9



Proceedings of the 32nd ESReDA Seminar, Alghero, May 8-9, 2007 

alternatives. For the results to be accepted  in  the working group, we had to train the 
engineers involved in basic reliability concepts and systems  theory after which they 
were quite capable to come up with RAMS information on the equipment they are fa-
miliar with. Acceptance of such decision support in the sector, however, requires a 
change in culture and education that is hard to be expected in the near future. 

4. Engineering decisions at the tactical (existing process) level . 

Case 3, analysis of existing equipment. 
 
The company in question (let us call them Better Equipment Ltd (BEQ)) designs and 
manufactures specialised feed equipment for printing processes (about 100 installa-
tions). These clients operate one or more capital intensive production lines with strin-
gent requirements on availability and process quality. Downtime costs are in the order 
of € 2 – 3000 per hour, not taking into account the consequences of not being able to 
produce “just in time”. Clients select BEQ because of the state of the art concepts be-
ing used, resulting in minimal switch-over times and the track record of reliability. 
Most clients have their own servicing organisations, calling in BEQ only for special 
activities and technical support. BEQ head office receives information on equipment 
operational behaviour via installed modems and thus is capable to perform fault find-
ing and to provide advice. 
 
There exists a tendency in this market (like in many others) to combine new invest-
ments with out-contracted maintenance via service level agreements (SLA). For BEQ 
this poses new challenges but also provides a new marketing opportunity in selling 
maintenance reference plans and / or – contracts. The goal of the study therefore was 
to provide a maintenance reference plan and system analysis for three scenario’s: 

• Only corrective maintenance with a service engineer on spot 
• Ditto, with a service engineer available after 5 hours logistic delay 
• Both cases with an additional programme for, yet to define, planned mainte-

nance  
 

The approach. 
 
We started with two 5 hour seminars discussing modern maintenance management 
techniques like RCM and SPARC for a group of six staff from the research, design, 
manufacturing and servicing groups. Based on the materials pos list for a typical ma-
chine the group thereafter identified equipment to be included in the study, its reli-
ability and maintenance characteristics and assessments of downtime at failure mode 
level. For the latter, we assumed the mechanic always to be in a position to immedi-
ately start with repair, having all required spare parts and tools on location. Material 
costs were drawn from parts lists. About 350 failure modes thus were identified and 
characterised. For some of these, equipment parts were lumped in sets as the existing 
technical approach was to always replace a set rather than an individual part (for ex-
ample, a set of bearings). This resulted in a proto-type SPARC model that was dis-
cussed with the group as a check on the input data. After (minor) adjustment the final 
analysis could start. 
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System analysis. 
 
SPARC uses the concept of a bypass capacity (bpc) to model the consequences of 
failure; if failed, the capacity at failure mode level drops from 100% to the bpc. We 
used this bpc to model operational consequences: 

• a category of 100% was used to model those events that after failure did 
not jeopardise production requirements. 

• similarly, a category of 80% was introduced to keep track of situations 
where production after failure is possible only with increased attention of 
the operator. 

• A bypass capacity of zero was used in those cases where staff indicated 
that operation at local level would be impossible after failure. 

We calculated the following long-term probabilities (Table V) assuming that repair 
could start immediately after failure : 

Table V Capacity profile 
 

capacity probability 
0 1.95% 

80 0.04% 
100 98.01% 

 
Hence, the (maximum) long-term average availability is 98%. There is a chance of 
1.95% to observe the system in shutdown and a very small chance (0.04%) that pro-
duction is feasible only because of active operator involvement6.  
 
One of the first questions was how these availability figures would change if the me-
chanic was not in situ but would arrive with a logistic delay of 5 hours. To this end all 
repair times were increased with 5 h: 

Table VI Capacity profiles 
 

capacity Probability, no log. delay Probability, with 5h delay 
0 1.95% 5.44% 

80 0.04% 0.16% 
100 98.01% 94.4% 

 
Table VI shows the availability, an important figure in a Service Level Agreement 
(SLA) contract,  to drop almost by 4%. 
 
The calculated availability figures, man hours and material costs were in line with 
those reported at company level which convinced the engineers of the model quality. 
This belief changed drastically when we showed Pareto diagrams of the system at 
failure mode level: 
 

                                                 
6 The system showed no redundancy. 
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Table VII Maintenance economics. 

 
Manhours, y materials, y 

breakdown only planned breakdown only planned 
corr. 210 corr. 100 Corr., € 25184 Corr., € 16124
    planned 214     Planned € 21916
total 210 total 314Total, € 25184Total, € 38040
Costs, € 12600   18828Man hours, € 12600  Man hours, € 18828
        annual costs, € 12600  annual costs, € 18828
 
This maintenance scheme turned out to be more cost effective than that in place. 
 
This case demonstrates that it is quite feasible to analyse existing systems even in 
places where data collection leaves to be desired, leading to improved system insight 
and better strategies. Existing service organisations base their decisions mainly on 
“experience”, which, although valuable, is easily coloured by personal preferences 
and short memory. 
 
Case 4, analysis of existing maintenance strategy. 
 
Especially in SME’s, maintenance is frequently regarded as a cost factor and the 
manager has difficulty in defending his budget against that of the Operations man-
ager. Practice shows numerous examples of cost cutting exercises that eventually lead 
to serious loss of system capacity and thus of company income. 
Planned maintenance then frequently is a matter of dispute; how do you prove that 
such a strategy is cost-effective? Learning from practice is impossible, no company 
would accept a kind of field test lasting for several years. 
In this case the Operations manager questioned the PM effort on a gas injection com-
pressor at an SBMS7. One of my MSc students developed for his thesis work the 
availability block-diagram of this system containing the compressor, the lubrication 
oil and cooling water system, the associated vessels, piping and instrumentation. Re-
liability and maintenance data for the SPARC model were taken from generic 
sources, enhanced by expert opinion and the first four years of field data in the 
CMMS. Using the existing PM scheme we could show that the model faithfully pro-
duced the observed figures on availability, man hours and material costs, convincing 
the manager of the value of the model.  
 
Thereafter, we could demonstrate the effect of the PM programme by switching of all 
PM related activities in the model, thus relying on corrective maintenance only. Fig. 8 
shows how the resulting unavailability develops in time; clearly visible are the effects 
of PM actions in several months. Eventually, we reach a value of 4.6% for the correc-
tive versus 2.8% for the PM case. This difference amounts to some 7 days of produc-
tion per year. 

                                                 
7 Single Buoy Mooring System 
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ing is the school of thought on “flexibility / reliability indices” of Pistikopoulos [6] 
and Vassiliades [7]where reliability aspects are included the MINLP design optimi-
sation or the work of Goel[8].  
 

5. Planned maintenance. 
 
Consultants (“gurus”) stress the importance of preventive maintenance; the manage-
ment steps to be made prescribed from “reactive” to “preventive” and ultimately 
“pro-active”. A manager in favour of corrective maintenance is portrayed as lagging 
behind the evolution.  
However, such generic statements should be addressed cautiously. A “critical per-
formance indicator” as “thou shall at least carry out 60 -80 % of your maintenance in 
a preventive mode” together with a CPI on achieving these activities in time is too 
generic to be true in all cases. The reality is that in many situations the consequences 
of failure in industries with a high level of sparing is that low that profiles of 70/30 
run to failure (or at least imminent failure) versus preventive/condition/inspection can 
be quite cost-effective! 
Some points that are easily overlooked: 

• A significant part of observed failures is due to excursions from the equipment 
“window of operation” that the designer used in his selection of components. 
Wrong start-up of pumps, insufficient net positive suction head and operation 
off their Best Energy Point may  lead to excessive vibration and cavitation 
driving up the need for maintenance interventions. Neglect of fundamental 
“care” (cleaning, greasing, ..) is another source of problems. Most data collec-
tion systems are quite poor in tracing these pre-cursors of failure leading to 
fouled datasets. Obviously, PM will not solve this problem. 

• Even reliability engineers appear to forget that a 25% reduction in the time to 
repair has a much greater influence on availability than a 25 % change in the 
time to failure, whilst the former is far more easy to reach than the latter. 
Maintainability aspects such as easy access, proper information and tools, 
availability of spares thus have strong influence. 

• PM is usually executed on a number of components simultaneously to reduce 
the set-up costs. Even if each of these components possess a peaked failure 
distribution, the Weibull beta value of the ensemble will be low; the effect of 
PM thus being significantly less than that of the individual items. 

• If PM, after analysis at the tactical asset management level, is a viable oppor-
tunity great care should be taken that these interventions (in the operational 
level) are carried out with high quality. We frequently observe maintenance 
induced failures that jeopardise the effect of a carefully assembled PM pro-
gramme. Each of the management layers in the AM pyramid (Fig. 2) requires 
quality assurance such that the overall goals are reached. 

• In practice[9], most decision support models for optimising (run hour, time-
based) preventive maintenance are based on the pioneering work of Barlow 
and Proschan[10]. The optimal solution is found by considering large (mathe-
matically, infinite) ensembles of “up” and “down” periods (renewal theory). 
This is in conflict with real situations where critical components will fail only 
a limited number of times over the economic lifetime of the process. Thus, 
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even when an analysis shows that some form of PM is cost-effective, condi-
tion monitoring to arrive at a better estimate of the expected failure behaviour 
is advisable. Mixing preventive maintenance and condition-based mainte-
nance may [11] then yields good, cost-effective results. 

• The added value of standard condition monitoring techniques should properly 
be determined in terms of predictive power and failure mode identification. If 
effective, the technique should allow forecasting over such a time interval (1-2 
months minimally) that PM can properly be planned. Vibration monitoring 
has been observed to lack this predictive power; bearing failures do occur 
without timely warning. In such cases a vibration alarm would do the same! 
Other techniques like oil debris analysis show better trending and are far more 
specific in the physics of failure, assisting the maintenance engineer in taking 
proper measures. 

• Reliability engineers tend to extend their pattern of thinking in stochastic Boo-
lean representation in these add-on techniques. In contrast, process control en-
gineers are accustomed to take account of possible constraints in their plant 
optimisation algorithms by physical modelling and tracking of equipment be-
haviour. These models provide effective maintenance support. For instance, a 
heat balance across a heat exchanger provides important information on the 
overall fouling, the isentropic efficiency of a compressor can be estimated on-
line to steer cleaning, the actual pump curve can be compared with its nominal 
value providing information on impeller wear and increasing clearance. 

 
Hence, preventive maintenance in practice has more aspects than normally encoun-
tered in reliability engineering literature! Without proper analysis one does not arrive 
at results as in Figs. 8 and 9. It is no surprise that consultants[12] report significant 
savings (20- 60%) on the maintenance budget in combination with higher availability. 
 
Case 5, replacement of runway illumination. 
 
We assisted a large European airport to improve their maintenance strategy on run-
way illumination. Depending on length and use, the number of armatures per runway 
varies from some 400 to 1400, divided in various sectors. Management requires a 
careful balance between satisfying stringent safety rules on the minimum number of 
illumination bulbs in the various sectors versus the costs and operational disturbance 
caused by replacement.  
 
The illumination is used only during a few hours per day, depending on the season 
and the operational use. Switching on and off takes place such that no loss of lifetime 
can be expected. The actual number of hours of the illumination is monitored. The 
airport at that time used a replacement interval of 1300 run hours, a significant in-
crease from an original value of 1000. These 1300 hours usage compared well with a 
replacement once a year. Since each runway is inspected at least once a day we 
evaluated whether a radical change to break-down maintenance would be feasible in 
view of peak loads in materials and man hour use and would be profitable without 
violating the safety requirements. 
After (quite) some pressure the manufacturer of the halogen bulbs provided the air-
port maintenance manager with lifetime analysis data in the form of a Weibull distri-
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bution with a characteristic lifetime η of 2375 hours, a beta of 4.6 and a resulting 
MTTF of 2169 hours. This formed the basis for SPARC models of the runways. 
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Fig. 11 SPARC results on number of functioning bulbs in sector using a 5-day interval 

 
 
Fig. 11 shows one of the model results; if one can ensure that replacement after ob-
served failure takes place within five days, the average minimum number of function-
ing elements drops from the initial value of 478 to 472 with a +/- 1 σ value of 3; far 
within the requirements. 
 

Table VIII Maintenance economics. 
 
 Man hours / year Materials/ year, € Total per year, € 

Breakdown only 451 67691 84403 
Block replacement 342 118844 131507 
New strategy versus existing + 32 % - 43 % - 36 % 

 
Table VIII shows some representative results of this model study. Due to the fact that 
in this case the material costs outweigh that of the man hours we calculated a net sav-
ings of 36%. Two years after installation this figure appears to be conservative and, 
even with more stringent regulations, all requirements are easily met. 
 
We observed similar results with the planned maintenance scheme of pumps in a 
large petrochemical plant. Over several decades a large number of pumps was ex-
changed to be overhauled at regular moments in time in between stops. After study, a 
large part of this programme was skipped, using the experience that pumps invaria-
bly show some warning of imminent failure. With a proper organisation (replacement 
pumps always available, measures taken for fast replacement) it now turns out that 
the buffering in the system allows pumps to be replaced  with minor plant upsets. 
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6. The use of field data. 
 
Any learning organisation will look for information to improve its management. Us-
ing field data is an essential counterpart of maintenance modelling. The MRP’s at the 
tactical maintenance management layer will initially be based on OEM information, 
generic databases or expert opinion. After obtaining feedback from actual repair in-
terventions these plans may be updated.  
A first prerequisite then is a correct data model in the computerised maintenance 
management system (CMMS) in line with the reasoning that led to the choice of a 
maintenance strategy. The negative experiences[13] with CMMS’s in many cases are 
directly related with this granularity problem; tasks and effort frequently are booked 
on “costing posts” (administratively defined process sections) rather than equipment. 
Since the latter may be changed out during operational life, one does not only need 
the tag number but also a unique equipment code. The level of detail is a further ele-
ment for consideration; are individual maintainable components identifiable? 
Secondly, the amount and character of information that will be fed back has to be 
properly organised. The mechanic should have access to the mechanisms and norms 
posed “we expect x mils per year corrosion”, “clearance is expected to be less than y 
mm”. Rather than flagging “failed” or “met” he/she should have room to provide es-
sential information to update company know-how. This mechanism is in many cases 
absent and valuable information thus is lost. 
 
Obviously, where applicable, we use customary data analysis to arrive at Weibull pa-
rameters for maintenance modelling. All master students are required to establish 
these data before building and analysing a model in their course module report. In 
many occasions this provides valuable insight, even if the data set is small and the 
parameters thus should be treated with care. However, this problem has to be treated 
with insight, as the following will show. 
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Data collection and analysis is a slow process if we are interested in critical failures 
that, on purpose, were minimised in equipment design. Fig. 12 shows the result of a 
simulation study where we put 500 components “on test” at time t=0, using simulated 
data of a Weibull distribution with mean and beta equal to one8. The sampling mo-
ments Ti were modelled in two forms: 

1. By taking only values < Ti 
2. By considering all values above Ti as censored 

Even for this simple case we need sufficient samples covering the interval from 0 to 
2*MTTF to arrive at “correct” values. In practice, we have a much smaller number 
of, supposedly identical, equipment and the situation will be worse. 
 
Case 6.  Reliability of lasers. 
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Case 7.  Reliability of mechanic
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When confronted with these results, the first observation was the extremely low 
MTBF value; pump seals should operate without major problems for 4 – 6 years. Ap-
parently, the engineers in case had no effective benchmarking system in-house to dis-
trust their findings. These seals failed in too short a time to give indications of wear-
out. 

Weibull Probability Plot with 95% Confidence Limits
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We showed that early involvement of reliability / maintenance engineers in the design 
phase may have a profound influence on system configuration, equipment selection 
and thus on Operational Effectiveness[14] and Life Cycle Costs (LCC). Many deci-
sions are of an investment type for which simple measures like equipment  capacity, 
MTTF and MTTR are sufficient to discern between alternatives. Typical values may 
be found in databases like Oreda, EIReDA, from engineering judgement or obtained 
from equipment vendors in the tender specification. In the latter case, one should 
properly recognise the economic interest of the equipment vendor; in many cases ob-
taining also a specialist maintenance contract. 
 
Similar observations can be made with respect to the  analysis of existing processes or 
equipment. Modelling here forms the basis for a review of the maintenance process, 
enabling insight in system characteristics for engineers who traditionally are hardware 
oriented. It also provides information on “what if” questions, like configuration or 
maintenance strategy, that otherwise cannot be answered. Such information is essen-
tial in service level agreements.  
 
The selection of a maintenance strategy depends strongly on the type of failure be-
haviour at equipment (component) level and its consequences at system level. In con-
trast with the current drive towards some form of “pro-active” maintenance we also 
observe many cases where run to failure (or imminent failure) is favourable from a 
business perspective. Conventional planned maintenance (replacement), especially if 
it fits within an operational schedule and properly carried out, is cost-effective for 
(components of) critical equipment with clear wear / deterioration characteristics. 
Since such equipment is designed to fail infrequently and PM usually addresses 
(groups of) components, the data problem is aggravated. Hence, modelling may only 
indicate the appropriateness of the PM strategy; at the operational level a combination 
of run hour based planning, supported by condition measurement, being a good com-
bination.  
 
Analysis of field data is an essential counterpart of maintenance modelling. One 
should realise, that data collection requires proper organisation and continuous man-
agement attention that is hard to get accepted in SME’s. Secondly, the learning proc-
ess, especially for critical equipment, is inherently slow and thus will not prevent sig-
nificant costs due to failure / wrong strategy until analysis results are available. 
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