
 

New developments in maintenance

Citation for published version (APA):
Martin, H. H. (Ed.) (1995). New developments in maintenance. (IFRIM : annual conference; Vol. 1994). Young
Management Consultants.

Document status and date:
Published: 01/01/1995

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/bba8327e-4ac6-4a1a-b319-68ca0349d1df


NEW . 
DEVELOPMENTS 

IN 
MAINTENANCE 



New Developments in 
Maintenance 

Editor: 

H.H. Martin 

Authors: 

A.T. de Almeida W.G.A. Collaris P. Janssen 

R.H.P.M. Arts R. Dekker A.K.S. Jardine 

R. Baker G.H.V.M. Delahay J. Kubein 

F.P.D. van Bel R. Dwight L. MannJr. 

M. Ben-Daya L.Fortuin H.H. Martin 

A.J .L. Bergmans W.M.J. Geraerds B.F. Nuboer 

A. van Berkel C.W. Gits D.F. Percy 

G.A. Boboris R. Grimshaw A. Raouf 

K.L.J. de Bruyn P. de Groote E.J .K. Rensen 

A.H. Christer H.F.M. de Haas T. van de Schaaf 

Publisher: 

Moret Ernst & Y oung Management Consultants 

J. Sharp 

D.J. Sherwin 

B. Sirnon 

J.M.D. Timmerman 

H. Vroman 

w:.wang 

C. van Winden 

T. Wyànt 



CIP-DAT A KONINKLIJKE BffiLIOTHEEK, DEN HAAG 

New developments in maintenance I ed.: Harry Martin. -

Utrecht : Mor et Ernst & Young Management Consultants. - I 11. 

Papers presented at the IFRIM'94 worskshop which was held 

at the Eindhoven University ofTechno1ogy in Eindhoven 

during 11 - 12- 13 July 1994.- With ref 

ISBN 90-386-0125-5 (TUE) 

NUGI 6891687 

Subject headings: maintenance management I maintenance 

fundamentals I IFRIM. 

Ordering information: 

Moret Ernst & Young Management Consultants 

Varrolaan 100, 3584 BW Utrecht, Netherlands 

Tel: +31-(0)30-2588502 

Printer: FEBO druk BV, Enschede, Utrecht 

© 1995 TUE, Eindhoven. Martin. CS (Eds). 

All rights reserved. No part ofthls publication may be reproduced, stored in a retrieval system, or transmiUed 

in any form by any means. mecbanical, photocopying, reeording or otherwise, without the wriUen permission 

of the authors. 



Preface 

During July 15 - 18, 1994 the annual IFRIM workshop was held at the Eindhoven University 

ofTechnology. In this workshop 32 IFRIM memhers and invited guests presented their view 

on the state-of-the-art in maintenance fundamentals and maintenance management. All of the 

participants ofthis workshop have been actively involved in maintenance for many years in 

research and implementation of new approaches in maintenance, both, on an academie and on 

an industrial professionalist level. 

This hook does not focus solely on one particular topic, but rather aims at providing 

references to recent developments in the entire field of maintenance and to closely related 

areas. As a consequence, some papers build on the foundation of previous research by 

providing new applications of approaches which have already been used successfully in other 

areas. In addition, novel approaches in research in maintenance have been presented, which 

originate from reallife maintenance problems. 

The overall objective ofthis workshop wastobring together individuals with different 

backgrounds, butwhohave a common interest to actively support research in maintenance. In 

view ofthe results presentedinthese proceedings one may conclude that there is a promising 

future for maintenance as a scientific research area as well as a most stimulating environment 

for professionals to work in. Future IFRIM workshops may underline these statements. 

The IFRIM organisation is greatly indebted to all persons and organisations who contributed 

to the IFRIM'94 workshop. The Faculty ofTechnology Management ofthe Eindhoven 

University ofTechnology hosted the workshop and created the optimal conditions to achieve 

productive discussionsin a pleasant atmosphere. Maynard International B.V. and Moret Ernst 

& Young Consultants sponsored the printing and distri bution of this hook. Three persons 

deserve special honourable mention with respect to the creation of this hook. 
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Mr. E. Thielemans, Mr J. Hesselink and Mrs. M. Kuiper sacrificed much aftheir valuable 

time in writing the summary of discussions during the workshop and in helping with 

scanning, typing and all sorts of other time-consuming editing tasks. Mr R. Geraerds devoted 

bis talents as an graphical artist to design the cover of this hook. 

I sincerely hope that with all the effort which bas been spent by all persons involved in the 

process, this book will be both informative and stimulating to research and implementation of 

new maintenance approaches. 

Harry H. Martin, 

December, 1995 



Introduetion 

ONIFRIM 

IFRIM, the International Foundation for Research in Maintenance, was founded by an 

initiative at EUT (Eindhoven University ofTechnology) in 1986 with the purpose to provide 

an organised way in which academies, world-wide, who pay attention to maintenance 

principles and maintenance management on a continuos - not incidental - basis, would 

regularly meet each other. In yearly workshops they report on results of research carried out 

and on the research plans for the near future in view of possible cooperation. In the beginning 

adrninistrative issues dominated. After some time it was feit that the set-up of a seminar, with 

the inclusion of presentations by maintenance experts in the host's country would improve the 

effectiveness of the workshops. The generosity of the sponsors of the IFRIM workshop 1995 

made it possible to make the proceedings available, in a representative format, to others than 

the IFRIM memhers only. 

Over the past years workshops were held at Eindhoven, Toronto, Athens, Edinburgh, Lisbon 

and San Francisco. In 1996 the venue will be Melboume, in conneetion with a three day 

conference ofthe Australian maintenance organisation. 

In addition to the contribution in the workshops the IFRIM memhers assist each other in 

bilateral contacts by hosting IFRIM memhers - or staff or students of their institutions -

when they visit a colleague to discuss research topics which both are engaged in, or matters 

about which they would like to consult their IFRIM colleague. 

IFRIM memhers also assist in finding possibilities for interested students of their colleagues 
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to participate in research in maintenance at their institution or in practice in another country 

than the student's, thus widening their international scope. 

A vailable to IFRIM memhers and their staff and students is the IFRIM Documentation 

Centre. lt contains hundreds ofbooks on maintenance and maintenance related aspects, 

conference proceedings, MSc and PhD theses, joumals, reports of consultants, books on 

maintenance technology and a collection of brochures on CBM (Condition based 

maintenance) instruments. 

To-day's IFRIM memhers come from: 

-Eindhoven University of Eindhoven 

- University of Amsterdam 

- University ofSalford 

- Newcastle Business School 

- University ofExeter 

- University of Central England in Birmingham 

- University ofBirmingham 

- University ofToronto 

- Louisiana State University 

- Virginia Polytechnic and State University 

- University of Woliongong 

- Catholic University of Leuven 

- Lund University 

-Dresden University ofTechnology 

Netherlands 

Netherlands 

UK 

UK 

UK 

UK 

UK 

Canada 

USA 

USA 

Australia 

Belgium 

Sweden 

Germany 

IFRIM is a non-commercial institution. Therefore it did, since its start, notrequest any funds 

from EUT. IFRIM is depending on donations, or sponsors. Any reader of these proceedings, 

who fee is that the IFRIM initialive should not only go but increase, is kindly invited to get in 

touch with IFRIM. 

Prof ir. W.M.J. Geraerds 

President 
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The EUT Maintenance model 
W.M.J. Geraerds 

1 

ll Introduetion 

In the late sixties maintenance was introduced as an elective in the MSc curriculum in 

Industrial Engineering at the Faculty oflndustrial Engineering and Management Science at 

EUT (Eindhoven University ofTechnology). Studentscan choose an elective course with the 

specific intention to concentrate their final MSc research project on that area. Over a hundred 

by now made use ofthat option, carried out through research in practice, notbebind the desk. 

Research started at the beginning was explorative by nature. lt appeared impossible to 

evaluate the abundance of publications as for the relevanee oftheir specific contributions to 

maintenance science. The advocating of the - hardly turning up in practice - bathtub curve 

was not foliowed by the consequential conclusions how to act differently. The endless stream 

of statements that preventive maintenance "is good for you" did not specifY how to determine 

what preventive maintenance was to be carried out. The majority of publications on the 

economie aspect suggested that maintenance costs were too high anyway, and that all that was 

needed was to realize maintenance at optimal costs, again not specif)'ing the way in which 

that would be achieved. lt soon became evident that for a systematic approach a functional 

framework descrihing maintenance was needed. Therefore attention was paid to develop, 

gradually, a model. The eventual result is presented in this paper. 

U Model oecessity and limitations 

A model is a- partial- representation ofreality. A complete, and true representation ofreality 

would be possible only by a completely identical copy of it. That, as a matter of fact, is not a 

feasible idea really. Some problems can be solved by research and experimentation in actual 
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situations, but not all, because the actual situation often does not permit to carry out the 

experiments required. 

First of all the time required to carry out an experiment can he prohibitive. lt takes time 

hefore a foregoing policy has disappeared from turning up results and hefore the new 

policy has phased in completely. lt is not until that time that the period of evaluation of 

the difference in result scan start. Evaluation of an alternative policy may, 

consequently, very well require one to two years. If more than one alternative policy has 

to he compared each alternative requires successively its own period of application and 

evaluation, as simultaneous investigation is impossible. Therefore experiments of this 

type in real situations are essentially impossible. 

Secondly, setting the limit ofthe value of essential parameters sometimes requires 

assessing the fatallimit by experiment. In real situations that would require passing the 

fata! limit, which in some cases would result in economically unacceptable, if not 

calamitous, consequen~'"'>. 

Thirdly, real situations are complex. If scientists (or consultants, or managers) use the 

term complex they actually often hide that they do not really understand the issue 

concerned sufficiently. However, specific problems turning up and requiring an answer 

in practice usually have a limited scope. There can he no doubt about it, then, that if we 

still do want to make progress by analysing alternatives, even if the problem is 

"complex", we have to release the unattainable intention to cover all possible questions, 

which could turn up in respect to a specific function, maintenance in this case. 

Another reason to design the model was the need to he able to descrihe maintenance in 

genera!, independent ofbut covering the diversity ofindividual situations. The way in 

which general models are designed is predominantly determined by the specific 

intention ofthe model designer with respect to the problem he wants to attack. In the 

present case the objective, to illustrate maintenance as an interrelated set of processes to 

he managed prevailed, corresponding with the industrial engineering approach of 

organizations. 
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Taking this into account, a model withits limitations is a suitable tooi to look into real 

situations for the possible aspects which are taken up in the model in view of the objective. 

U Model usefulness 

The intended use ofthe model is plural: 

- On the academie level it serves as an instrument to inventory in a systematic manner: 

3 

- available scientific knowied ge against lacunae in that knowledge, thus indicating to 

which problems further research should be directed; 

- the knowledge available in each of the interrelated subfunctions, assisting students 

in understanding the relationships in the diversity of isolated pieces of knowledge 

they have collected, in particular where the applicability to the maintenance 

situation is not explicitly apparent to them, because it was presented under a 

non-maintenance heading. 

- In practice it serves as an instrument for maintenance management in the systematic 

identification of: 

- subfunctions in which knowledge, available but not applied yet, provide 

possibilities for improvement 

- the subfunctions which are corresponding with "cost centres", in order to provide a 

basisfortheir evaluation in respect to effectiveness and efficiency. 

lA $tarting-points for the eut-maintenance model 

The following starting-points underlie the model: 

( 1) lndustrial Engineering 

First of all the model is based on the principle of the view of industrial engineering on an 

organization. This essentially comes downtoregard an organization as an interrelated set of 

processes, the output of which can, and must be, influenced by planning and controL This 

requires the contri bution of several scientific disciplines, an approach known as 
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"multidisciplinary", in which e.g. systems theory and operations research play an 

important role, but concern two ofthe disciplines involved only. 

(2) Universa! 

The model should be universa! in view ofthe technological diversity in practice of 

objects to be maintained. lt should cover not only production equipment, but also 

buildings, roads, ships, etc. 

(3) Organizational V ariations 

The model primarily conceming maintenance as a function within an organization 

should not exclude contract maintenance provided by general contractors, or as product 

support by the original equipment manufacturer (OEM). 

( 4) Feedback to Desiin 

Not going into the process of designing technica! systems as such, the model should 

include the feedback ofinfonnation to the design methodologies ofthe various technical 

design disciplines. 

(5) Di&posal 

lt was not considered to be required to take up the disposal phase. It is taken up in the 

UK. terotechnology model and in the US life cycle approach, however they concentrate 

on the life cycle phases of one technical system only, not on maintenance as a function 

in an organization. 

The individual decisions about the disposal of a technica! system, as well as decisions 

about the introduetion of new technical systems and about their reptacement do not 

belong to the core of maintenance theory. It actually concerns investrnents 

considerations which can be handled by well established methods for reptacement 

decisions. 



General Readings on Maintenanee 5 

U The structure oftbe model 

The model specifies the subfunctions, or subprocesses, connected by their interrelations. The 

model primarily shows maintenance as it appears in an organization, seen from the point of 

view of maintenance management. The organization is supposed to have its own maintenance 

department, making use of contractors and of product support by the OEM (Original 

Equipment Manufacturer). 

The model, depicted in fig. 1.1, contains the following subfunctions: 

(I) the objects (TS's) to be maintained (TS = Technical System); 

(2) the intemal capacity; 

(3) the extemal capacity offered in the market by a diversity of contractors; 

( 4) the extemal capacity offered specifically by the OEM's (Original Equipment 

Manufacturer) ; 

(5) maintenance planning and control; 

( 6) the inventory control of non-repairable maintenance parts ( consumables ); 

(7) the maintenance planning and control of rotables; 

(8) the evaluation of results; 

(9) the terotechnical feedback; 

(I 0) the methodology of design of a TS; 

(11) the specification ofrequirements fora TS; 

( 12) the design of a TS; 

(13) the manufacture of a TS; 

(14) the design ofthe maintenance conceptfora TS. 

lt should be mentioned that the model does not include maintenance technology. Maintenance 

technology is- analogous to chemical technology, mechanical engineering technology, and 

such like- a collective noun for the very diverse collection oftechnical maintenance 

operations. Up to a high degree they are directly derived from manufacturing technology, 

partly they are specific for maintenance, such as corrosion control and repair welding. 

Maintenance technology is outside the scope of industrial engineering which belongs to the 
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field ofresponsibility ofthe technica} disciplines, and consequently is outside the scope 

ofthis paper. 

U The sub.processes distinfWÎshed 

In the two bands at the bottorn ofthe tigure the upper band indicates the subfunctions 

which are taken up in the tigure over the band. The lower band indicates which ofthe 

subfunctions concern the contributions to be obtained from the technica! disciplines, and 

which subfunctions concern the field of interest of industrial engineering. 

In the following paragraphs the subprocesses will bedescribed briefly. 

1.6.1 The Technica! Systems (TS's) 

The diversity of objects to be maintained in an organization using them shows enormous 

diversity, e.g. lathes, elevators, compressors, the illumination, the copiers, the 

washrooms, the office of the executive rnanaging director and the wordprocessor used 

by his secretary, means of transport (such as: cars, trucks, busses, aeroplanes, railway 

carriages, locomotives, forklifts, bicycles, cranes, ships, conveyors, etc.), telex, fax, 

telephone, the telephone exchange, roofs, the central heating system, the buildings, the 

parking-place, roads, robots, the flowerbed in front ofthe head-office (and in front of 

the maintenance manager's office, if applicable), computers, the NC-controlled 

machines, the canteen, etc., etc., etc. 

Ibis diversity is allowed for in the model by indexing the TS's from 1 to n. lt indicates 

that we have quite a number ofTS's, but also and in particular that collection ofTS's is 

known (or, ifnot, should be) exactly in an organization. The eventual coneetion was 

determined as aresult ofthe decisions that were made about the introduetion and the 

disposal of the TS's. While planning and control of maintenance of singular TS's can, 

essentially, be derived from production planning and control theory, identical groups 
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open up possibilities which are typical intheir own right for maintenance. We confine 

ourselves in this artiele to the reference tosome relevant literature [1 ], [2] and [3]. 

1.6.2 The Internal Capacity 

7 

The internal capacity is the capacity which is a part ofthe own organization, i.e. ofthe 

pay-roll. It bas to cope with the total maintenance load minus the maintenance contracted out. 

Given the total maintenance load the primary strategie decision to he made is what 

maintenance will he contracted out. That issue will he treated in paragraphs 1.6.3 and 1.6.4. 

The following decisions about the internal rnaintenance capacity primarily concern how to 

structure the total capacity in organizational capacity groups. Typical aspects to he taken into 

consideration are e.g. centralization versus decentralization, technological trade groups versus 

groups familiar with specitic plant units or TS's, monoskilied versus multiskilled mechanics. 

Once the structure bas been established the workforce for each organizational unit bas to he 

established. Conventional work study methods provide the tools for the assessment required. 

The capacity groups distinguished are denoted by the index l, 2, ... j ... , m, again indicating 

that the total capacity is known. It includes the maintenance contribution which is supplied by 

operators, or "production". 

1.6.3 External Capacity, ofTered in the Market 

External maintenance capacity can, up to quite some extent, he obtained from enterprises 

offering their services, because they dispose ofthe technological capability, the experience 

and the tools required. In some cases this may concern a technology which they primarily 

offer, and consequently keep up to the mark, in the production of new systems, but which is at 

the same time the appropriate technology for rnaintenance, e.g. painting, or roof rnaintenance. 

In other cases it can concern a specilized and advanced technology, such as oil analysis. 

Making use ofthose external services is interesting for organizations for two reasons. 

First of all it may not he economically feasible to maintain the technological capability in 

house, because the demand for it is too low for a regular workload. (Specialistic contracting 
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out). Secondly, maintenance, which the organization is capable to carry out itself 

technicatly, may show peaks in the demand which occasionally exceed the internat 

capacity available. It is attractive then to contract out the incidental peaks in 

maintenance demand. (Capacity contracting out). 

In addition other considerations may play a role, e.g.: 

- transfer of the responsibility for correct and timely execution to somebody else; 

- transfer of liability in respect of safety and the consequences of accidents; 

- focussing the available internat intelligence on the primary process of the 

organization; 

- the possibility of, temporarily, taking back work contracted out in case of a recession, 

thus releasing the problem of overcapacity. 

There is an increase in the number of enterprises which offer maintenance services. 

Often it is difficult to specify clearly, and verifiably, what exactly should be carried out. 

Therefore maintenance is increasingly ofTered together with standardized contracts. 

1.6.4 Externat Capacity, offered by the OEM's 

As was remarked in section 5 maintenance operations, in the end technological in 

nature, are consequently up toa high extent derived from manufacturing technology. 

Enterprises which manufacture and sell a product do possess the design engineering 

knowledge and the technicat skill, know-how and tools required to manufacture that 

product. Ifthat capability can also be applied in the maintenance ofthe product, offering 

maintenance as a service becomes feasible. The advantage ofthe OEM (Originat 

Equipment Manufacturer) over possible competitors is evident. Insome cases the user 

can choose if, and up to what ex tent, he will make use of the services offered. In other 

cases, however, he has no choice. This is due to the fact that the OEM does notprovide 

essential information, such as technicat manuals, spare parts lists and engineering 

support, and does not supply spare parts if ordered. It is evident that the user, who 

selected that supplier, is completely dependent on him. As competition is out, it is 
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obvious that the OEM considers bis service department as a profit centre. This will result in a 

price which will include an additional profit charge of, say, 20 to 30%% over the actual 

service costs. It is evident that the purchaser of a product bas to consider this at the time that 

he makes bis purebase decision. That requires that decision is not based on performance and 

acquisition price only, but on life cycle cost considerations. lt should not be forgotten that the 

euphemistic term "service" is a product which is sold with the eventual objective to make a 

pro fit. 

1.6.5 Maintenance Planning and Control 

Maintenance planning and control concerns the intervention through which the eventual result 

of maintenance operations corresponds with the established objectives. In correspondence 

with the analogy with production planning and control [I] we distinguish: 

- planning 

- work preparation 

- control (ofmaintenance execution). 

Planning bas to set the standards required in the control ofthe actual execution of 

maintenance. Production planning theory provides solutions applicable in maintenance, in 

particular models which appeared suitable in what is known as the "job shop". Network 

planning is applicable in major maintenance jobs, such as a maintenance shutdown in process 

industry or an overhaul. Still, network planning, as far as developed, requires further study for 

application in maintenance in view ofthe uncertainty which is typical in maintenance. Batch 

production models are applicable in maintenance, ho wever, that is limited to the central 

specialized workshop in which the maintenance to be carried out concerns a technologically 

limited assortrnent ofproducts, e.g. electrical or hydraulic components tuming up with a 

relatively high demand. 

Work preparadon in maintenance is much more complicated than in production because of 

uncertainty, as well as for the actual maintenance operations to be carried out, as for the 

estimation of the operation time, as for the assessment of the parts required for each job. 

Operation time estimation also requires a different approach [l], coming downtoa simplified 
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method, such as U.M.S. (Universa} Maintenance Standards), derived from the micro 

systems developed for operation time estimating in production controL 

Control of maintenance execution is directly connected to the planning system, which 

sets the standards which control bas to meet in the actual realization. Doderstanding that 

relationship, therefore, is an essential prerequisite for application in maintenance. 

1.6.6 Spare Parts inventory Control 

Waiting for partsis a well known nuisance in maintenance. This concerns first of all 

smalland cheap parts ("outs and bolts") ofwhich the demand is relatively high. They 

are known as "consumables", i.e. non repa!rable parts, which requires that their 

consumption must he foliowed by acquisition through procurement by means of the 

inventory control system. In inventory control theory ample SIC models for inventory 

control have been established. They are based on statistics (SIC = Statistic Ioventory 

Control), which requires that the demand is high to relatively high. However, in 

maintenance, far the majority of items show a low to very low demand indeed [1], and 

their price is usually high, teading to high investrnents. Though the high demand items 

can he controlled by the conventional SIC methods, the dominant issue lies with the 

items, i.e. the majority in the assortrnent, ofwhich the demand is low [4]. 

1.6. 7 Ioventory Control of Rotables 

Rotables are components, usually assemblies, which can he taken out of a teehoical 

system, and can he built in again after restoring them to the operabie state. Holding 

spare components in stock makes it possible to reptace the inoperable component by one 

out of the stock, thus eliminating the time that the teehoical system would have to wait 

till the component which was built out bas been maintained. The inventory of spare 

rotables will have to he controlled. However, this concerns primarily registration ofthe 

issues, and secondly the re-ordering of additional components in case components are 

damaged beyond repair (for teehoical or economie reasons). Normal replenishment 
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requires maintenance. That maintenance requires planning and control, which is part of the 

maintenance function, and which is outside the scope of inventory controL 

1.6.8 The Evaluation of Results 

11 

Planning and control systems require continuous performance evaluation in order to assess 

when adaptation or impravement is required. The evaluation concerns a diversity of possible 

aspects e.g. costs, failure rates, down times, etc. and different measuring intervals may be 

used. The evaluation can lead to corrective measures, such as modification of the technica! 

system concemed, adaptation of the maintenance organization, adaptation of the maintenance 

concept of a technica! system or adaptation of the way or the situation in which a technica! 

system is used. 

1.6.9 The Terotechnological Feedback 

Some of the modifications which appear attractive may be too expensive for technica! 

systems which have been manufactured already. However, the findingscan be fed back to the 

methodology of design, in order to make use of them when new technica! systems are 

designed. The purchaser of new equipment can make use of them in the specification for 

design or for selection of new equipment. 

1.6.1 0 The Methodology of Design of a TS 

Observing how technica! systems are designed one can notice different approaches in the 

various technica! disciplines. Methods differ from a simple checklist, typical in mechanica! 

engineering, to advanced process and functional analysis, typical in aeronautical engineering. 

This is out of the scope of industrial engineering. 
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1.6.11 The Specification ofRequirements of a TS 

The specification of requirements of a TS which has to be designed and manufactured 

can be determined by the purchaser. In addition to the usually performance oriented 

requirements specific maintenance requirements can be taken up. They should also 

include technical manuals and the product support expected. lf it concerns technical 

systems to be selected from the assortment offered in the market the specification of 

requirements for design and manufacturing was determined by the manufacturer. In 

practice we see substantial ditierences in the attention that was paid to the maintenance 

aspect. Therefore the purchaser has to determine hls own specification of requirements, 

to serve as criteria in his eventual selection from the assortment offered by the market. lt 

is evident that the maintenance manager should be involved in the specification of 

requirements from the point of view of maintenance. 

1.6.12 TheDesignofa TS 

The actual design of a technica! system concerns the technica! disciplines involved. 

Consequently it is outside the scope of industrial engineering. 

1.6.13 The Manufacture of a TS 

This also is outside the scope of industrial engineering. However, some failures may be 

due to shortcomings in quality control ofthe manufacturing process. Maintenance 

evaluation may lead to specific requirements regarding the manufacture of a technica! 

system. 

1.6.14 The Design of the Maintenance Concept for a TS 

A key question in maintenance is: "how much maintenance is enough". That question 

can be answered only by a systematic approach, based on the failure behaviour of the 

technical system concerned. This was a research topic at the Eindhoven University of 
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Technology for many years, in which the term "maintenance concept" was introducedas the 

ordered set of rules, which prescribes what maintenance activities should be carried out when 

with relation to a technical system. The eventual result was a framework for the design of the 

maintenance concept of a technical system, presented in a Ph.D. thesis [5], foliowed by a 

series oftutorial publications [6, 7, 8, 9] and a pubHeation on one ofthe applications [10]. 

The maintenance concept of the technical systems in use, together with their operation 

intensity, determine maintenance demand for the set oftechnical systems in use of an 

organization, bringing us back to the technical systems introduced in section 1.6.1. 
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Design of the Internal Maintenance Function 
through Functional Analysis 

H.H.Martin 

2 

2..l Introduetion 

In recent years software market boomed with relatively low cost application software fora 

large variety of organisational functions. This observation also holds with respect to so-called 

standard software aimed at the internat maintenance function in organisations. Figure 2.1 

shows the results of an extensive survey carried out in Dutch industry with regard to the 

expenditures related to the purchasing of standard software packages in 1991. 

PRODUCT. & MAINTENANCE 
29.0% 

# COMPANIES = 5942, TOT AL EXPENDITURES = 1150 MILLION DFL 

Figure 2.1. Sales in standard software packages in 1991 {1]. 
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The sheer size of the market for production and maintenance standard software may explain 

why software vendors' marketing is aggressive in promoting, each, their productsas being the 

"perfect business solution". 

In contrast with some global surveys on expenditures of software buyers, very little is known 

about the experience users have with this so-called standard software packages for the 

internat maintenance function. However, numerous observations and discussions with 

maintenance managers in industry indicate that the actual experience with standard software 

packages for maintenance is quite often disappointing. The majority of complaints on the 

performance of these packagescan he labelled as functional shortcoming, i.e. the users 

preferred or even required a different approach to carry out a certain procedure as compared 

with the method which was prescribed in the software package. In many situations user 

frustration culminates in abandoning the package involved, once it has become clear that the 

promised functionality is not provided and no practical alternative measures are available. 

Clearly, stopping a standard software packageafterit has been implemented is very costly, 

both moneywise and effortwise. The question arises whether it would he possible to avoid 

such negative experiences by improving the way in which standard software packages are 

evaluated with respecttotheir suitability, i.e. for the individual maintenance situation at 

issue. 

In this paper, the problem of the evaluation of standard software packages for the internat 

maintenance function in an organisation will he discussed1
• Special emphasis will he put on 

the differences between standard software and tailor made software, the evaluation and 

selection process itself, and finally, the role of a functional analysis as the cornerstone to 

successful maintenance information system application. 

For an elaborate analysis ofthis problem area see Martin [2]). 
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U Standard software versus tailor made software 

2.2.1 Are all user requirements identical? 

Before going into the details of evaluation techniques, we must ftrst onderstand the basic 

differences between standard software packages and tailor made software ,and how these 

differences effect the decision making conceming information system development. 

19 

In the early days of computing most applications were severely constrained by capabilities of 

computers. Highly specialised computer specialists had toprogram a computer tediously, 

resulting in high costs, whilst only relatively algorithmically simpte user requirements could 

be satisfted. Nowadays, the situation has improved dramatically. The potential of a computer 

is virtually limitless and ftnancially justiftable for a wide variety of applications. In contrast 

with the largely expanded potential ofthe hardware, developing applications remained 

tedious despite some still promising developments in information analysis tools. 

This situation created a market for so-called standard software packages. Developers and 

vendors of these packages assume that a minimum number of potential users will exist whose 

requirements will closely match the functional capabilities ofthe package they offer. They 

also assume that the proportion ofusers that actually buy their standard package not only will 

justify their development efforts, but will also contribute to a healthy proftt. Many standard 

packages are aimed at well deftned general application areas, such as word-processing and 

spreadsheets, application areas where most users have a common perception of what 

functionality they need. However, for applications in organisational functions, such as the 

production function and the maintenance function, the situation is quite different. In partienlar 

the maintenance functions do differ substantially from one organisation to another, and even 

within a single organisation multiple distinct maintenance functions may exist. These 

differences can he primarily attributed to differences in: 

- the types of technica! systems in use (the number of identical technical systems which are 

needed simultaneously, the mobility of a technical system, etc.); 

- the organisational setting (the number of self-contained maintenance task groups and the 

way in which they interact, the number ofavailable and contracted skills, etc.), 



20 General readings on maintenance 

- the characteristics of the maintenance concept (the number of identical elementary 

maintenance rules per cluster, the interdependency between maintenance rules within a 

cluster of maintenance operations, etc.). 

It is evident that given the sheer endless number of possible combinations of settings of the, 

still not exhaustive, factors listed above one software package cannot satisfy all user 

requirements in all possible settings equally welt. Consequently, we must evaluate a software 

package with respect to its functional suitability by distinguishing each individual 

maintenance situation. Consequently, general statements about the functional qualities of a 

software package without a specification of the maintenance situation at hand are pointless. 

2.2.2 The consequences for the user of standard software packages 

As we have seen in the preceding section an evaluation of packages is needed to assess their 

suitability for the maintenance situation at hand. A key issue in an evaluation is the precision 

or level of detail in which functional user requirements have been determined and as a basis 

for the comparison with the capabilities of a package. A global approach will notprovide 

some insight required in order to spot potential differences between user requirements and 

package capabilities. A superficial approach not only invalidates the investment in the 

package and the user training, in addition it results in user frustration which will add to a 

disappointing result. Although, no thorough research has been carried out with respect to the 

costs that have to be written of caused by an erratic evaluation. Users confronted with such a 

situation report that in the end the costs involved were in the same order of magnitude as the 

costs of tailor made development. As we shall demonstrate later, the key issue in an 

evaluation is to identify every essential functional mismatch between user requirement and 

package capability and to assess each mismatch closely to find out whether such a ditTerenee 

can be regardedas just another altemative, or if it is truly unacceptable. Each ditTerenee may 

prove to be unacceptable in case no pre-programmed alternative options are available or in 

case adaptations to the package must be made, which cause costs which exceed the budgetary 

constraints. 

From a practical point of view, the situation is even more complicated since notall software 

package vendors can provide or have information readily available at the level of detail which 
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is required for evaluation purposes. In addition, even if in the end a list of mismatches has 

been detennined these may require additional programming, whilst the vendor contract may 

prohibit 'any alteration of their standard package. Even if (limited) reprogramming is a valid 

option, then the costs of doing so may be high. Many vendors tend to use their unique 

knowledge oftheir packagetotheir advantage. 

The most dramatic disadvantage of standard software packages is the way in which changes 

in functionality are translated into the vendors "upgrading" policy. The development of both 

the user requirements and the package capabilities as the basis for an evaluation may evolve 

in time. This means that a suitable initial software package may not perform satisfactorily 

forever, because e.g. the user learned to improve his methods, and requires a package that fit 

hls more recent requirements. On the other hand, a software developer may change the 

functionality of a package because e.g. some important clients are demanding these 

alterations. In this scenario, other users are confronted with an upgrade which may not 

improve their maintenance situation. 

2.2.3 Tailor made software: an altemative? 

Conventionally tailor made software has the reputation of being expensive in terms of cost 

and in time to develop and test. However, before a decision is made in favour ofthe standard 

software option in information system development, management should be aware that 

nevertheless a detailed analysis of user requirements is still an absolute prerequisite for an 

evaluation. Still, a thorough evaluation provides no guarantee to actually find suitable 

packages for the maintenance situation at hand. Tailor made software development has the 

advantage of creating perfect suitability totheuser requirements, without the risk ofbeing 

forced to accept potentially unsuitable upgrades, and to be free to determine how new wishes 

should be incorporated into the propriety software. Tailor made information systems can be 

considered a valid option in the following situations: 

- A simple (smal/ scale) application is required 

The task of the information system is basic and doesn't require complex database 

structures nor algorithmic finesse. An end user may "program" his requirements in e.g. a 

spreadsheet (end user computing) 
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- The user requirements are highly specijic. 

This situation confonns to an evaluation which results in no suitable packages found. 

Tailor made software is the only option. 

- The application is critica/ for the success of the organisation 

The methods used in maintenance can be regarded as a trade secret by companies who may 

have invested heavily in the improvement oftheir processes. Consequently, these 

investments must be protected to prevent competitors from accessing this knowledge base. 

E.g. contractors may gain a business opportunity if they have better methods for 

controlling maintenance capacity, which in turn depends on an company specific in-house 

developed automated infonnation system. Confonning to an open standard would give no 

advantage compared to a competitor who can have access to the sarne package. 

2.2.4 Ftesume 

In view of the discussion presented in the previous sections, we may conetude that the 

decision to choose between tailor made software for maintenance and a standard package is 

not trivial. A thorough analysis of the functional requirements is a necessity regardless which 

eventual option is favoured. Despite the wonderfut suggestions software vendors make, the 

only real advantage of standard software is that the burden of programming and debugging 

can be omitted if a package can be found which satisfactorily meets all (functional) 

requirements, and if the dependency on the software vendor is considered to be acceptable. 

Today, many software developers recognise the necessity of adaptable packages. The degree 

to which a package is adaptable depends not only on techno logica! constraints, but in 

particular on legal ownership ofthe package and its intelligence. In the future the differences 

between tailor made and standard packages will become less distinct, as modularisation of 

packages and open programming and communication standards evolve. 
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U The evaluation process 

2.3 .1 The organisation function design process as the basis of an evaluation 

The key factor of success, and unfortunately also the key difficulty, of any evaluation is the 

determination of functional requirements, i.e. what an information system for the 

maintenance function should do. Observations in practice show that the traditional computer 

scientist oriented approach ofinterviewing (future) users about their information needs, 

eventually resulting in lists of requirements, which are usually checked for inconsistencies, 

but, in general, lack validation. This approach is referred to as information analysis. In 

addition, users, ifthey are known beforehand, "suffer" from a limited scope, even though they 

are experts intheir jobs, most ofthe organisational context in which they operate is shielded 

from their perspective. Still, in computer science literature ( [3],[4], .... ) interviewing users is 

considered to be the way to get the correct input for information system development. 

Negative consequences are usually explained as the result of imperfect communication 

between users and developers. 

In this paper we advocate a different approach, named "functional analysis and design". 

Functional analysis is a processin which the entire maintenance situation ("" an operational 

maintenance function) is analysed and (re)designed. The specifications ofthe (re)design can 

be used as functional requirements, which in turn, can be used as criteria for an evaluation of 

packages. 

Basically, an operational maintenance function, like any other organisational function, is a 

composition of 

- work methods; 

- the individuals operating in a certain sociological environment, and 

- available means, such as computers and tools 

with the objective to minimise the failure consequences in a certain organisational setting. 

Unlike the more traditional academie monodisciplinary design approach which may cover 

certain suboptimal design aspects within a component, an overall multidisciplinary design 
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Figure 2.2. The determination offunctiona/ requirements as a resu/t ofsevera/ subsequent 

organisationa/ function design stages. 

approach is required. The basic stages of such a multi-disciplinary design approach, i.e. the 

functional analysis and design process are visualised in tigure 2.2. 

Basically, four design processes are distinguished which should produce valid and complete 

functional requirements to be used for evaluation purposes or to develop in-house 

information systems. 

In order to achieve this overall design objective it is important to sequence the 

monodisciplinary design stages properly. Each subsequent design stage produces more 

detailed design speciflcations which impose constraints on the next design stage. 

- The structural functional analysis and design stage (=SF AD), 

- the personal system analysis and design stage (=PSAD), 

- the detailed functional analysis and design stage (=DFAD), 

- and flnally the information system realisation (=ISR) stage 
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all rely on different scientific disciplines which relate to some aspects of organisational 

design. The SF AD and DF AD stages rely on general expertise on maintenance and extensive 

situational knowledge, the PSAD stage depends on sociotechnical organisation design 

techniques and the ISR stage on computer science oriented software development methods. 

2.3.2 The structural functional analysis and design stage (SF AD) 

The objective ofthe SFAD processis to define the main functions that are needed in an 

internat maintenance function for the organisation at hand. In case an organisation uses 

technical systems and ifthe resulting maintenance demand is considered to be solved within 

the organisation, an internat maintenance function should be designed. Basically, an internat 

maintenance function consistsof 4 major subfunctions( see also Geraerds [5]): 

- Design and adaptation of maintenance concepts; 

- planning and control of maintenance activities; 

- Planning and control of spare parts; 

- Evaluation of results. 

In this design stage it is determined which technical systems are to be maintained internally 

and consequently, which maintenance concepts are needed. Based on the maintenance 

concepts and operation intensity of each individual technical system a first assessment can be 

made on the type and quantity of skilis required and the spare parts demand that can be 

expected. Further structuring ofthe maintenance function may be considered. E.g. the 

planning and control function of maintenance activities can be separated based on: 

- geographical criteria; 

- technical system type criteria; 

- skill type criteria; 

- type of planning and controL 

Sometimes technica! systems are geographically dispersed. To manage maintenance activities 

efficiently it may be desirabie to group maintenance activities into distin ct areas in order to 

save work preparation and setup cost. Each area will have its own planning and control 

function. The mobility and redundancy oftechnical systems are technical system type criteria 

that also have a major impact on what planning and control subfunctions have to be 

distinguished. E.g. highly mobile TS's can be transported to centralised maintenance facilities 
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easily. A central maintenance workshop planning and control system i;; needed in this 

situation. Fixed TS's on the other hand could require a more routing oriented planning and 

control system. 

The division ofthe planning and control function according toskilland teehoical system type 

criteria is basedon the premises that the technica! complexity of maintenance activities is that 

high that some specialisation of the maintenance staffis needed. 

In analogy to production planning and control theory (see Bertrand [6]) different types of 

planning and control can he distinguished. Depending on the repetitiveness of demand and 

the numher of orders that are in process simultaneously, different approaches in planning and 

control are needed. In rnaintenance this means that three elementary maintenance situations 

dominate: 

1) the job shop (low rate of repetition, high number of orders in process simultaneously); 

2) project management (low rate of repetition, low numher of orders in process 

simultaneously ); 

3) "Series production'' (medium rate of repetition, medium number of orders in process 

simultaneously). 

Other analogies like mass and continues production are not relevant with respect to analogy 

in maintenance. 

If all maintenance subfunctions are determined and divided, the contents of each subfunction 

must he specified. To do so, gradually more detailed knowledge ofvalid maintenance work 

methods is required. In addition, personnet preferences may come into play. For this reason 

the organisational structure must he determined first, before finther detailing of the functions. 

2.3.3 The personnet system analysis and design (PSAD) 

In order to continue the process of detailing functions into subfunctions and so forth, a point 

will he reached when personnet characteristics have to he taken into account. The 

organisational structure determines how more or less abstract functions are connected to 

individuals and the way in which individuals interact with each other. Sometimes personal 

attitudes or preferences need to he taken into account if the functional requirements are to he 

known on the most detailed level. 
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To design a personnel system based on a set of structural functions which have been 

determined in the previous analysis and design stage, a sociotechnical approach can be 

followed. A discussion ofhow sociotechnology designs task- and operational groups is 

beyond the scope ofthis paper (see [7], [8]). We shall assume that a sociotechnical design 

will result in an allocation of structural functions to task groups, operational groups and 

specialised staff groups. 

2.3.4 The detailed functional analysis and design (DFAD) 
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At this stage the process of determining functional requirements becomes less abstract. The 

organisational structure is known and will be used as a basis for forther analysis. Each group 

continoes with detailing the functions they have been assigned to. For example, a task group 

can be responsible for the planning and control of a eertaio area of a chemica! plant and for 

the spare parts control of the parts that are specific-to-type for the technica! systems in this 

area. This means that, given the cbaracteristics of the planning and control situation and the 

personal skilis and experience, they themselves determine how they will perform these 

functions. Finally, the end result is a detailed list offunctions in terms of: 

- the identification ofthe function; 

- the required input and output; 

- its initiation (whenever input is affered or output is asked, by other functions that require 

synchronised initiation); 

- a specification of the transformation function. 

2.3.5 The information systems realisation (ISR) 

In the case that management has decided to favour standard software packages, an evaluation 

of packages has to be carried out first. The list of functions that resulted from the SF AD stage 

can be used perform a quick scan of the available packages, in order to establish a short list of 

packages that wbich are considered to be worthwhile for forther analysis. For that evaluation 

the list of detailed functions can be used to identify which functions can be realised with the 

packages at hand. Each mismatch must beregistered and investigated with respect to 
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alternative options and the associated costs. E.g. a mismatch may be solved by customisation 

ofthe package. lt that case, additional costs will have to be made. Eventually, once all 

packages are evaluated, it will be clear which packages 

- are suitable as they are (the chances that this will be the case can be regarded very small), 

- require adaptations of some kind of the software 

- are downright incompatible with the functional requirements. 

The least cost criterion and other efficiency related criteria bring the final selection decision. 

2A Condusion 

In this paper some of the most important problem areas conceming the evaluation of 

information systems and standard software packages in particular, have been discussed. The 

fundamental approach presented bere is valid from a pure logica! point of view. From a 

practical perspective however, still many questions exist that can only be answered when the 

approach is put into practice. In particular, three questions will need major attention in the 

future, i.e. the effort and discipline involved to carry out a functional analysis and design 

process, the level of abstraction involved and the influence of the dynamics an operational 

maintenance function is faced with. 

The entire process of functional analysis and design not only requires significant input from 

several different disciplines, but also a good deal of discipline and time, especially in the 

detailed levels of analysis to analyse the potentially large number of functions. The way in 

which functional requirements have to be assessed requires some skill and talent in abstract 

thinking. Possibly, potential users might need some supportintheir analysis efforts. The most 

difficult aspect of the approach is the unpredictability of possible evolutions of the functional 

requirements over time. Some evaluation procedures to be built in, to act as a trigger for the 

redesign of the functional requirements. 
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Summary 

The research programme described in this paper focus es on the human component of system 

failure in genera/, and more specifically on the design and implementation of information 

systems for registration and analysis of so-called near misses in the chemica/ and steel 

industry. lts goal is to enhance industrial safety and reliability by applying cognitive 

psychological models of human behaviour as the basis of incident management. Conclusions 

concerning success factors wil/ involve both design aspects, and organisational issues related 

to the introduetion and maintenance of such incident management programmes. 

ll Introduetion 

The theme of this paper is controlling the human factor during maintenance tasks, and its 

effects on safety. First the focus is on the maintenance personnet itselfwhen we deal with 

safety problems during execution of maintenance tasks. Also safety risks due to (lack of) 

maintenance are discussed: which latent errors may be introduced into the system by 

maintenance? 

Secondly the possibilities and limitations of applying risk analysis and procedures as 

"solutions" for dealing with the human factor are surnmarised. An additional management 

tooi for controlling the weak and the strong points of human operators is introduced: 

registration and analysis of incidents, especially of "near misses". 

Finally the key issues in designing and imptementing such a Near Miss Management System 

are listed, and an example of a recent application in the Dutch chemical industry is given. 
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U Safety durin~: maintenaoce 

Recent Scandinavian research into the relationship between equipment design, working 

posture, and accidents during maintenance tasks had the following results: as usual, 

maintenance proved to be more "dangerous" than operations, when 40% of all company 

accidents involved maintenance personnet whose working hours accounted for only 30% of 

all company hours. This means that during maintenance the risk of ha ving an accident is 1.5 

times higher than during operations. More important however was that a clear conneetion was 

established between the (un)acceptability ofworking postures ofmaintenance personnet (due 

to inadequate accessibility of equipment) and the probability of having an accident on the job. 

In other words, the "safety performance" during future maintenance is already determined to a 

large extent during the design and construction phases ofthe technica} installation. An 

ergonomically sound (see EPRI, 1985) accessibility of maintenance locations therefore pays 

itselfback not only on the long term (e.g. reduced lower back~ and neck complaints; less 

errors on the job) but also on the short run by preventing accidents on the job. 

Unsafety due to maintenaoce 

In most industrial sectors it is extremely difficult to quantify the negative effects of poor 

maintenance on safety. Nuclear plants in the United States, with their well~documented and 

partly accessible history ofmaintenance incidents, have been the subject oftwo important 

studies focusing on the human factor in maintenance. Their results show that the most 

important safety problem was forgetting a single step in a (usually long) procedure, and that 

such "errors of omission" were mainly made during maintenance-, testing-, and calibration 

tasks. Detailed analysis of these omission errors showed them to be more likely: 

- as the number of separate steps in the procedure increased, 

- as the information density of each step increased, 

- as a certain step was less clearly "provoked" by the preceding one, 

- as the step (in verbal instructions) was more towards the middle ofthe procedure, 

- as the step (in written instructions) was more towards the end, 

- as the step was part of reassembling a piece of equipment as opposed to disassembly. 
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Especially the routine-based nature of many maintenance tasks made them sensitive to errors 

of omission due to distraction, mainly at the end of a procedure which was executed under 

time pressure. Solutions suggested for this problem are not in the field of training, but in 

more extemal memory support, as given by interactive checklist on laptop PC's. 

JA Risk. analysis 

"Automation of control tasks progresses in many situations. At first this development may 

seem to increase process reliability and efficiency, but on the long run it might he very 

detrimental to the process knowledge and control skilis of operators to foresee and solve 

disturbances. lf the automation software should fail, or if it should he inadequate to handle an 

unexpected combination of disturbances, the operator usually cannot react as effectively 

anymore as he used to. Taking away essential manual control experience by means of 

automating the process might thus lead to an "all-or-nothing" situation: either the automatic 

control loops, during normal conditions, by far outperform the former human operator, or an 

unforeseen, complex disturbance develops which the "supervisory" operator cannot cope with 

anymore, thus making a production stop inevitable. Process simulation facilities offer only a 

partly solution to this problem, because one can only simulate that which is considered 

feasible. Many actual accident scenarios however contain behavioural elements which were 

not thought to he possible beforehand. This inherent limitation of process simulation may, 

when unknown or denied, even create a false sense of safety and controllability. As a 

consequence operators might then overestimate their capabilities to solve actual disturbance 

situations which are vaguely simHar to some of their simulator training exercises." (Van der 

Schaaf, 1989) 

This quotation may he translated directly to the use of risk-analysis techniques for prediction 

of likely maintenance risks: again, only a subset of alllater actual failure scenarios will he 

generated by the imagination of risk analysis specialists. Research in the US nuclear power 

plant sector resulted in a maximum percentage of predictabie risks of not more than about 

60%. A large degree ofmodesty and suspicion ofthe qualitative and quantitative prediction 

results should also he held towards maintenance applications: part ofthe latent problems due 
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to poor maintenance may be foreseen, but an important part will remain unpredictable to us, 

and we wilt have to live with that fact. 
l 

3.5 Procedures 

As in the above paragraph, also procedures will only solve those possible problems which 

were already identified beforehand. In fact, the reality ofthe use of procedures to control the 

human factor is even more pessimistic: 

- in many organisations the status of designing correct and understandable new procedures, 

and of updating existing ones, leaves much to be desired. The result is often that new 

employees cannot use them as training material, and experienced workers not as a 

reference book. 

- even more serious is the frequent misuse of procedures for shop floor workers to 

compensate for errors in the design of equipment and in the organisation of the work. 

Engineering- and management failures are thus cheaply "solved" by transferringthem to 

the work floor. 

In short, the correct use of credible procedures (see DGA, 1989) might be an important way 

for many companies to increase their risk management performance. At the same time 

however this applies only to the domain of imaginable risks. For the important category of 

remaining maintenance related risks which are unexpected one should rely on the human 

operator's flexibility and creativity, making him the "strongest link in the chain". 

U Human recovery 

When operator behaviour deviated from what was expected, only the negative side (human 

error) has received attention from industry so far. However, analysis of(near-) accidents 

clearly shows that operators frequently prove to be the strongest link in the chain. This 

positive side of deviating behaviour consists oftheir potential for "human recovery": the 

capability to find (intuitively) original solutions to unexpected problems. It consists of: 

1) timely detection of abnormal symptoms, 

2) correct diagnosis oftheir cause(s), and 
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3) the timely and correct execution of corrective action. (Van der Schaaf, 1990) 

In the future, as operators develop with increasing automation from controllers to supervisors 

to trouble-shooters, this positive, unique, (self-) repairing characteristic ofhumans is expected 

to increase in importance. 

The main reason then to keep human operators as an essential part of highly automated 

production systems will consist of their very creativity and flexibility to recognise new 

problems and solvethem before automaticshut-down mechanisms become operative, or other 

types of damages follow. 

Especially when preventing human error is difficult, human recovery may have a large 

influence on the total system failure rate and therefore deserves full attention. It might be 

more efficient in terms of resource allocation to "allow" certain errors, which cannot easily be 

prevented, to exist, provided that operators are capable and equipped to detect, diagnose and 

correct such errors in time. 

3..:1. Near miss reportin~~: 

During the last decades industrial safety management has shown substantial impravement as 

accounted for by the number of accidentsper unit of time per employee. In the chemical 

process industry in particular, the remaining number of serious injuries or damages in some 

cases have decreased toa level where they, statistically speaking, are no longer suitable to 

give informative feedback. In other words, there are too few accidents left to use them as a 

database for actions leading to further safety improvements. 

Besides this quantitative problem (which may seem a luxury problem to many other 

industries) the very idea offocusing onjust the negative outcomes ofprocess control 

deviations neglects the valuable lessons to be learned on the basis of positive outcomes. As 

we have seen in the previous section, every time an operator, manager, procedure, or piece of 

equipment "behaves" in an unexpected way and thereby prevents a likely breakdown of the 

production system (e.g. as in reduced product quality, environmental releases, etc.) or restores 
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the required levels of safety and reliability, these positive deviations could he detected, 

reported and analysedinorder to improve the qualitative insight into system functioning on 

the whole. 

A third reason for also paying attention to other events besides actual, hut rare, accidents is a 

more psychological one. After several years (or: millions ofworking hours) ofnot being 

confronted with the grim consequences (e.g. an injured colleague) ofresidual safety risks in 

their own work environment, people at all levels of the organisation may he expected to take 

safety for granted and slowly but surely start to loosentheir safety-related work habits and 

attitudes. 

lt is the main goal of this paper to show that near miss reporting and analysis is a substantial 

step forward in solving the three problems mentioned above (Van der Schaaf, Lucas and 

Hale, 1991). Near misses are: 

1) much more numerous than actual accidents, thus (partly) solving the quantitative 

problem; 

2) contain valuable information on system functioning by showing why things in the end 

did not go wrong, and thus improve the qualitative insight into the actual practice of 

process control, and 

3) near miss reports frequently contain the very reason for having extensive safety rules, 

training programmes, and redundant safety equipment by showing these defences "in 

action" in stopping a possible accident sequence and turning it into a near miss situation. 

In this way they provide a psychologically convincing reminder ofthe need to keep 

safety awareness for oneself and one's colleagues a top priority. 

lf an organisation for one or more ofthe above reasons decides to introduce or improve a near 

miss reporting system it will face two types ofproblems. Firstly, how to (re)design such a 

reporting system to become an effective and efficient safety management tooi, and secondly, 

how to introduce and maintain it, with an emphasis on user acceptsnee and system support. 
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Figure 3.1: A simple model of incident causa/ion (Van der Schaaf, 1992). 
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Figure 3.1 showshow "human error" was modelled in relation to technica! and organisational 

failure. 

A detailed classification model of operator behaviour has been developed, based on 

Rasmussen's SRK model (Rasmussen, 1976). By adding to this some global types of technica! 

and organisational errors it has been extended to a classification scheme of system faiture (but 

with an emphasis on operator behaviour) (see tigure 3.2). 

How to use such a classification model then as the basis for a complete "near miss 

management system" is shown in the following seven-step framework: 

- Detection: usually on the basis of voluntary reporting by employees; 

- Selection: ofthose reports with the highest informative value; 

- Description: of the selected event, by means of qualitative fault tree techniques; 
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Figure 3.2: The Eindhoven Classification model ofsystemfailure (van der Schaaj 1992) 

- Classification: of each of the many basic causes, according to the aforementioned system 

failure model; 

- Computation: statistica! analysis oflarge database ofincidents; 

- Interpretation of the statistical results, to come to theoretically supported suggestions for 

management actions; and finally, 

- Evaluation: by means of an explicit feedback loop, to analyse the effectiveness of such 

implemented actions. 
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3.9 Implementation aspects 

The implementation aspects of a near miss management system are not to be underestimated: 

they are probably comparable to imptementing a successful Total Quality Programme. Three 

essential aspects are (Van der Schaaf, Lucas and Hale, 1991): top-level management 

commitment; unbiased reporting by employees; and support for middle-management (e.g. 

safety officers) whoare responsible for descrihing and analysing the reported events: 

- management commitment is vital to ensure that organisationallearning from near misses 

should be its only function. At the least a voluntary reported near miss should never have 

any negative repercussions for those reporting it; 

- unbiased reporting may be motivated by training all employees in recognising near miss 

situations; by showing them exactly what is being done with the reports they handed in; 

and by giving them fast and frequent feedback ofthe results; 

- supporting the safetystaffis necessary to fully appreciate the cognitive backgrounds of the 

human error model, and to ensure an objective and uniform approach in describing, 

classifying and interpretins the reported events. 

3.10 An example of maintenance failure factors 

In a small energy producing unit of a large chemical plant a recent pilot study shows the 

applicability of near miss reporting and analysis for maintenance management. Fifteen recent 

maintenance related near misses were analysed, resulting in a total of 54 "root cause" failure 

factors. Their distribution into Technical, Organisational and Human causes (see figure 3.2) is 

shown in figure 3.3. 

More detailed analysis also showed that indeed human operators contributed mostly (66%) to 

the recovery-factors, preventing an actual trip or material damage. In-company data-bases like 

shown in figure 3.3 may form an appropriate management tooi to gain and keep an updated 

insight into their maintenance- and other risks, and thus optimally allocate their resources to 

prevent failure factors and promote recovery factors. 
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Figure 3.3: Distribut/on of 54 failure jactors inl5 maintenance "near misses" incidentsin 

an energy production plant. 
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in a corporate environment ? 
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ti Introduction: 

Maintenance is not the central theme in this presentation. lt is merely one- be it an important 

one- ofthe cost-categories to be considered when looking at the life cycle costs oftechnical 

production systems. 

Let us first define what we consider to be a technical production system (TPS). With respect 

to LCC we want to talkabout any physical object emerged from technical design and 

production, repeatingly performing the functions desired by the user during its life span. The 

repetitive use of the TPS implies that the occurrence of a system-breakdown doesn't 

automatically imply the disposal of the system: a TPS is basically repairable. Examples of 

TPS'es are: 

- machines 

- means of transport 

- buildings 

- computers. 

In practice the concept is greatly covered by the item "material fixed assets" on the balance 

sheet of a corporation. 

A second item to define is the life cycle concept. lt will be regarded from the point of view of 

the TPS. In that respect the life cycle camprises the time span between the decision to 

develop a TPS up to and including its final disposal. lt is similar (though not equal) to the 

concept of "technicallife span". lt should be noted that this definition differs from the 
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concept usually practised in decision calculations, where only the economie usefullife of a 

TPS is relevant (see tigure 4.1 ). In addition, the ownership of a TPS may change over the 

years. Each subsequent owner may have hls own perception ofthe life-cycle costs ofthe TPS 

concemed. 

Finally it should be noted that the term "life cycle" is a little bit misleading. It suggests a sort 

of mysterious, Phoenix-like ability of a TPS to be rebom from its own ashes after its final 

disposal. The finite character ofthe TPS'es we are usually dealing with would be better 

described by the term " life span ". 

4.2 Back!Uound ofthe theme 

The Life cycle costing (=LCC) concept is unbreakably connected with the name of Benjamin 

S. Blanchard. Thanks to his initiative in the early '60-ties an awareness grew of the trade-off 

between initial investment expenditure on one hand and exploitation, maintenance and 

disposal expenditure of a TPS on the other hand. His concern was how to get a clear view on 

the budgetary consequences of the decision to develop and use complex teehoical defence 

systems for the US ministry of defence. He noticed a systematic under-estimation of the 

exploitation, maintenance and disposal expenditure ofTPS'es because ofthe urge tosave 

System Costs (Dollars) 

------- System Cost Profile 

Figure 4.1 The system life cycle 
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funds in the developing stages of the systems concern ed. The concept found its way to the 

non-governmental world, and became a topic in the discussions about capital budgeting for 

corporate use. 

The principal question of this short paper is: 

Cao LCC serve as a tooi for capital budgeting in a corporate environment? 

To answer this question we first have to find out under what circumstances LCC emerged 

(see figure 4.2). 

~ The limitations of the Life Cycle Costin" awroach 

Big governmental defence projects tend to be managed strictly by budget constraints. Often 

new technologies were used, therefore a limited knowledge of exploitation characteristics and 

so little or no knowledge about possible trade-offs between initial investrnent expenditure and 

future exploitation expenditure. 

In addition, usually a tendency exists amongst decision makers to over-emphasise the 

functional performance whilst neglecting the economie performance of a TPS. 

Other factors, which may limit the usefulness ofLCC are other non-quantifiable factors such 

as political needs and short term goals in governmental institutions. 

The decisions made under these circumstances could be best characterised by the wish tot get 

the best functional performance for the smallest possible amount of "short term" money, i.e. 

the initial investrnent outlay. 

Once in operation the systems showed very often an insatiable and growing demand for 

exploitation funds, and so laid heavy claims on the then available budgets. The possibilities 

for new projects were severely diminished by the unexpected and apparently under-estimated 

needs for funds from existing projects. Stretching the life time of in fact worn out systems 

because ofinsufficient funds for reptacement was another consequence ofthe way the 

decisions were made. 

Blanchard ({1 ], {2]), who was among those who signalied this undesirable situation, 

suggested the idea that decisions about design and purebase oftechnical systems shouldn't be 
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Figure 4.2 The life cycle environment (Blanchard [1)) 

primarily based on the funds required for the initial investment, but also on the expected 

exploitation and disposal expenditure. In other words: all cash outflows during the expected 

lifetime ofthe system. 

Blanchard defines the framework of the way in which a LCC analysis bas to be carried out in 

a number of steps, which have to be carried out sequentially: 
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1) determination of operational system requirements, maximum development period, life 

span activity program, expected technicallife span. determination of life cycle evaluation 

criteria. 

2) cost break down structure ( allocation of expenditure (cost) over categoria and over life 

span, possible means for cost control) 

3) estimation of life cycle expenditure: parametrie and analogous cost estimations 

4) Discounted expenditure profile per altemative, 

Brown & Yanuck [3] experimented with the LCC approach and discovered a number 

conditions which have to be met to make LCC successful. These conditions can be 

summarised as follows: 

l) Energy-intensity: LCC is considered to be more useful when energy expenditures 

connected with the use of a TPS are relatively important. 

2) Llfe span expectation: Brown and Y anuck ex peet that the relative importance of 

exploitation expenditure as compared to initial investment expenditure increases with the 

increase of the estimated life span of a TPS. However, in economie decision making the 

importance of cash flows that occur in a far away future is greatly reduced because of the 

influence of the used discount rates. 

3) Efficiency (insight in possible savings): Awareness ofthe importance of exploitation 

expenditure could have a positive impact on the willingness to search for the possibilities 

to rednee costs. 

4) Magnitude ofinvestment expenditure: the bigger the amount involved, the bigger the risk 

perceived by the investor. 

In general, literature isn't very specific about any Iimitations of the use of LCC. One might get 

the impression that LCC is a nonnative and universal tooi for capital budgeting decisions. 

However, as the criticism at the beginning ofthis section suggests, there are a few 

considerations though that may raise any doubt about the truth of this impression. 

Firstly, there is the problem ofthe distinction to bemadebetween producerand user ofthe 

system, because of differing interests. Normally, producerand consumer represent different 
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economie entities and therefore they will have different interests. Users may not be willing to 

provide complete costlrevenue information to the designers and vice versa, because of 

existing trade secrets. 

Secondly, it seems to make sense to distinguish between standard products orengineer to 

order products. Users of standard products are normally not known individually beforehand. 

Designers have to base their design a product for a virtual user defined by marketing 

considerations. Engineer to order products don't have this problem, but sametimes the costs 

and efforts involved to make a complete LCC analysis may not be always justifiable. 

To find out if and how LCC is used today in industry a survey was carried out amongst 7 

producers and 11 users of "complex" technical systems, each representing companies 

spending over hfll 00000 on new TPS's per year ( Jorissen [ 4], van Bel & Martin [5]), 

Relatively large corporations are aware of the LCC concept and show interest in the use of it, 

although none of them showed any sign of trading in their currently used methods of capital 

budgeting for the LCC~instrument. 

It then it becomes relevant to praeeed to the following questions: 

- Is LCC consistent with the principlesof economie decision-making? 

The type of decision concemed is the development and/or use of complex technical 

systems. The impHeation of such a decision is the allocation of substantial amounts of 

money for relatively long periods, better known as capital budgeting. The basic corporate 

economie principle is to maximise the increase of shareholder value; the value concept 

used to measure this increase in the theory of corporate finance is the present value of net 

future cash flows. The information that is required for the calculation of capital budgeting 

decisions consists of all the cash flows that originate from the decision to buy and use a 

TPS. 

The effects ofusing discounted cashflows in LCC may distort decision making for TPS's 

with a long life cycle. High costs at the end of the life cycle are systematically 

underestimated. Figure 4.3 shows the strong devaluation of a cash flow with different 

interest rates. Especially, in high risk projects large interest rates are very common. 
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- What other options are available? 

A situation of interest are reptacement problems. The user need for continuation of a 

teehoical function may not always result in a clear cut economically sound LCC 

calculation, since nuances in modes of operation create and the situation dependent 

depreciation policy effectively create more options that must be taken into consideration as 

well. E.g. The life cycle of a truck is difficult to define. At some point in time a truck may 

have a significant value to local distributors, whilst the same truck is of no value for long 

intercontinental transports. Thus, the decision on when to sell a truck (i.e. determining the 

length of a life cycle) depends on the needs of the second hand truck market 

- What are the differences with we IJ known principles of capita/ budgeting, which are much 

more frequently used in industry? 

1) LCC only focuses on the outgoing cashflows. Only when the TPS's under consideration 

do not differ in cash receipts, LCC might be useful for making a choice among 

alternative TPS's. 

2) LCC is limited to those outgoing cash flows that are direcdy related to the object. 

Indirect cash flow effects are neglected. A typical example of these effects can be found 

in the go veromental system of taxation. 

Net Present Value 
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Figure 4.3. The discounted cashflow for several interest rates 
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3) LCC does take into account the expenditure caused by the disposal, but neglects 

apparently any salvage value, because of its orientation to the technicallife span of the 

TPS. Many users though will dispose of a TPS before the end of its technicallife span of 

the TPS. One ofthe motives to do so can be found in the development in time ofthe 

salvage value of the TPS. In that respect we better use the term liquidatien value. 

Changes in the liquidatien value of a TPS are an important motive to decide whether to 

continue the use of a TPS or to dispose of it. 

4) LCC gives more information on outgoing cash flows than necessary for most of the 

capital budgeting decisions because of its orientation to the predicted technicallife time. 

Fora producer c.q. seller of a TPS the relevant cashflows ends (roughly stated) with the 

sales proceeds of the system. Any system expenditure due to exploitation by the user is 

only relevant as a commercial argwnent for supporting the sales force. But it has no 

relevanee for the decision whether or not to develop and/or produce the TPS. A similar 

argwnentation is valid for the user. Development and production expenditure are 

basically irrelevant for the cash outlay to be made because ofthe decision to buy the 

TPS. The same goes for any expenditure to be expenditure to be expected after the useful 

life time ofthe TPS (for this partienlar user). The economics usefullifetime ofthe TPS 

might well be a lot shorter than its estimated technicallifetime. 

Also expected expenditure after the economie lifetime is irrelevant. Because ofthe need 

to discount future cash flows, the relevanee of far away future expenditures becomes 

very doubtful. Here do we touch a weak spot in the current practice of the discounted 

cash flow methods: all cashflows are treated as ifthey were equal in risk. 

One ofthe strong points ofLCC is that it providesus with evidence that this is by no 

means always the case. Market risks are to be considered as bigger than the mere time 

depending risks. Cash receipts and outlays depending on market circwnstances are less 

eertaio than cash outlays originating from e.g. maintenance schemes. Myers [6] and 

Traas [7] suggested- for different reasoos- the use of more than one discount rate. 

4.4 Coneinsion 

lt is clear that the basic ideas ofLCC do make sense. However, the practical application is 

hampered, mainly because of the lack of LCC to cope with uncertainty and the omission of 
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tak.ing revenues into account. Furthennore, the limited use of LCC in industry suggests that 

LCC is not well k.nown and if its known capital budgeting methods are preferred. 

Future research in this field will be aimed at merging the LCC approach with capital 

budgeting techniques. Reallife limitations listed in the previous paragraph need special 

attention in this research. 
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Abstract 

W. G.A Collaris 

Traditionally product information is presenred on paper like drawings. With the introduetion 

of CAD and new media assembly instructions etc. can bestared and presenled in different 

ways. 

With the state ofthe art ofto day's technology all this information can be supported with new 

technologyin different forms and on different media; CAD, computer files, CD-ROM. CD-i, 

video, Internet etc. These so called multimedia environments take advanced use of 

audiolvisual techniques, search and retrieval systems and intelligent interactive media. 

On the other hand one is faced with the fact that the status of the in formation and who is 

responsible for it is often not very clear. An other problem is that product information is not 

organised from a viewpoint of the users. 

In other words the information is not suitable for communication. 

The effectiveness of production, maintenance and service processes can be reinforeed by a 

good structuring and organisation ofthe product information. Multimediaaspectscan 

support the deelsion making process in production, maintenance and service. By considering 

this, the way product information is structured is should be judged in terms of value-added; 

this is in termsof better Communication, Version Control, and Risk Reduction. 

The artiele wil/ deal with the following aspects: 

- the purpose of product documentation 

- the structure of product information (product concept) 

- procedures around the organisation of product information 
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ll The purpose of product documentation 

When dealing with complex products like machines, production lines and facilities there is a 

need for teehoical product documentation. Normally this information is used for a better 

understanding ofthe behaviour ofthe system, for fault diagnoses and exchange ofknowledge 

with other persons. 

Product information is documented for the following purposes 

- format description for all kinds oftegal aspects; 

- presentations for exchange of information about products or processes. 

In practice product information is often produced by specialists for their own sake and for 

legal aspects. The main purpose of product documentation however is for communication and 

exchange of information about the behaviour of the system. This artiele wilt focus on the 

aspect of communication. 

When dealing with communication and the exchange of product information one can 

distinguish three different levels: the tooi, the information and the organization. 

Organisation 

lnformation 

Tooi 

.,, 
Communication 

Figure 5. 1: The three levels of information exchange. 

On the tooilevel the focus is on technical solutions around the presentation on a medium. 

Product information is presentedon a medium like paper, CAD systems, Internetor Multi 

Media and all effort is focused on teehoical utilities to exchange the presentation from one 

medium to an other. 
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On the information level the focus is shifted from the representation to the contents, the 

meaning ofthe information. Product data only has a meaning in a certain environment, in 

other words the meaning is user dependant. 

The organization level deals with the status ofthe information. Aspectsof change 

management and consistency of information are dealt with in this level. 

.2..2. The toollevel: exchange of product information 

In general Engineering Data Management (EDM) and Product Data Management (PDM) 

provide technical solution to store, translate and to transport product information. These 

typical technical functions are often called utility functions. 

On the other hand EDMIPDM systems provide also some procedures for workflow 

management. These so called user functions deal e.g. with electronic sign-off for change 

management. Ho wever they do not deal with the contents of the information. 

A typical EDMIPDM systems will provide the following functionality: 

<D Utility Functions: (support functions) 

- Communication & Notification 

- Data Transport 

- Data Translation 

- Image Services 

- Administration 

@ User Functions: 

- Design Release Management 

- Product Structure Management 

- Classification 

- Program management 

- Change Management 
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Design Release Management 

I 
I I I I 

Product Classification Program Change 
Structure Management Management 

Management 

Figure 5.2: User junelions 

U The information level: the meaning of information 

On the information level the focus is shifted from the representation to the contents, the 

meaning of the information. 

Drawingare presentations of product information. The medium like paper or a CAD-file is 

just a carrier ofthe information, the focus lays on the contents, the meaning ofthe 

information. The engineer is not making a drawing for his own sake but for the production 

engineer. So the meaning of a drawing is to define a tangible product. 

The primary reasoos to make drawings, CAD-models and the like is not to exchange data but 

to exchange information about products or processes between persons. 

Communication is between two sides a transmitter and a receiver, both can have a different 

meaning of the contents of the information. 

data 
Automation 

information 
Decision 

kno wied ge 

process process 

Figure 5.3: Data, lnformation, Knowledge and Decisions. 
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Product information only bas a certain meaning in a certain environment, in otber words tbe 

meaning is user dependant. 

Tbe transmitter must be aware of the fact that tbe receiver can give a different meaning to bis 

information. An effective transmitter will not transmit "use-less" data, it bas to know wbo 

will use this information for wbat purpose. 

So there is one main question: whatfunction(s) should a drawingfulfil? 

In other words bow can we ereale a drawing that meets all the information needs of all users. 

With a "Model driven approach" we start with product model. This model contains all the 

(master-)information. This information is build up in a systematic way e.g. with the use of 

layers. All users subtract their information from tbis model. Tbeir information is a view of 

this model ("information sbaring"}. 

In this way a (20} drawing is just one view on this model. 

Production 
view 

Figure 5.4: "Model driven approach"; views 

Assembly 
view 

The structure of the master model must be carefully cbosen. By selecting a view, eacb user 

bas to be able to subtract bis own information. 
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One handsome metbod is to split the product information in basis parts, options (per 

discipline) and specials or ad hoc information. 

A way of product structuring is shown in tigure 5.5 below. 

Machine concept 

I 
I I I I 

Standard Standard Customer Customer 
Building Option Specific Specific 

Block Option Building 
Block 

Figure 5.5: A (modular) product concept. 

M Tbe organization leyel: The status of infoonation 

The organization level deals with the status ofthe information. Aspectsof change 

managementand consistency of information are dealt with in this level. 

To keep product information up to date it is important to set up procedures for the processes 

of creation and change management. I o do this a distinction between the user( s) and the 

Engineering Production In stallation Modification 

. 

"as designed" "as built" "as installed" "as serviced" 

Figure 5.6: Product Documenta/ion "as is" 
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owner of the information should be made. The owner is responsible for the correctness of the 

information. The ownership of the information shifts during the project phases. 

Procedures in the design phase (documentation "as designed") deal with Project management, 

Engineering guidelines, Baselines and Design freezes. 

Procedures in the production phase (documentation "as build") have an emphasis on through 

put ofinformation and the consistency ofthe information. This is done with "production 

change orders". 

Procedures in the in-use phase (documentation "as installed") are dealt with by "field change 

orders", and user manuals and service documentation. 

The control of product information becomes easier when we use a responsibility matrix. 

In this matrix one responsible person is linked to each project phase. Persons responsible for 

other phases play an important supporting role in the decisions. 

This matrix (Figure 5.7) is set up before the project starts. In this way no or less discussions 

are necessary during the project. 

actlviilee 
1 initialive 
2 user requirements specification 
3 constraints specification 
4 lunetion relation diagram 

5 kwantification of functions 
6 

R = responsible 
S =support 

Figure 5. 7: Responsibility matrix 

5.5 Condusion 

functlons 
design production assembly service 

R s 
s s R 

s s R 
s s 

Product information is storedon drawings, CAD-files, CD-ROM, CD-i and the like. A lot of 

attention is focused on the presentation on these media. 



60 General readings on maintenance 

The main problem however is on the structuring of the information. Less or no attention is 

focused on the usability of information for the real users of this information. Engineers see 

their drawings as their property and are not enough aware of the fact that these drawings are 

primary made to support the production, assembly and the service organization. 

New media ask fora distinction between information and the carrier like CD-ROM, CD-i and 

Internet. The technica! means are available, the introduetion of structuring the product 

information from a users viewpoint is difficult because of our traditional way of thinking. 

Just coping our traditional way of thinking will not give us all the benefits these new media 

can give. Putting product information on a medium is only done for reasons of 

communication. This means that the product information has to be structured on a way the 

user(s) think, not on the way the medium dictates. 

The main benefits will come from shorter lead times and less mistakes. 
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C. W. Gits 
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Maintenance control deals with the co-ordination of maintenance demand and resources in 

such a way that staled objectives are satisfied. This allocation problem is characterized by 

complexity, uncertainty and jlexibility. These conditions warrant a hierarchical dec is ion 

structure primarily aimed at a stepwise rejinement of control on the basis of increasingly 

detailed information. A rejerence frameworkof decision junelions is developed to facilitate 

the design of maintenance control systems in what essentially are unique situations. 

hl Introduetion 

Maintenance in an industrial organization is primarily concerned with the availability of 

equipment for production purposes. In many organizations the production process has 

changed drastically in recent years. Attention shifted from increasing efficiency by means of 

economies of scale and internat specialization to meeting the market conditions in terms of 

flexibility, delivery performance and quality. This trend has not fully engulfed maintenance 

yet. Most maintenance control systems are still geared to efficiency. As much workas 

possible is planned in an attempt to realize a high utilization rate of the maintenance 

capacities. A high utilization rate, however, either results in unplanned work having long and 

urneliabie lead times or planned activities being rescheduled time and time again. In any case, 

the controllability ofthe total amount ofwork is insufficient tomeet the requirements of 

"just-in time" production. Often it is attempted to solve this problem by means of improving 

the information processing capabilities. The results of this approach are rather disappointing. 

A critica! review of the structure of maintenance control is called for. This paper aims at 

establishing a reference framework of decision functions to guide the design of maintenance 

control systems suited to meet the altered requirements of production. In section 2 the 
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maintenance process is characterized and the basic terms are deflned. The main elements of 

control i.e. demand, resources and objectives are discussed insection 3. The reference control 

structure is presented in section 4. Finally, in section 5, conclusions are drawn and proposals 

for further study formulated. 

6.2 Maintenance 

Maintenance (flgure 6.1) supports the production process in which the primary production 

input (material, energy, manpower) is transformed into the primary production output (the 

desired product). This transformation process makes use of a diversity oftechnical systems. A 

teehoical system (TS) is a collection of physical elements with a specîflc function, considered 

to be an entity from the point of view of maintenance. The condition of a system is the ability 

considered relevant for fuiflilment of its function. Extemal causes, ageing and use impair the 

condition of the TSs, inevitably resulting in a secondary output: demand for maintenance. On 

being carried out this leads to a secondary production input; that is potential production 

capacity. In this view, maintenance is the total ofactivities aiming to retain the TSs in or 

restore them to the condition necessary for fuiflilment of the production function. In this 

PRI~~ 
INPUT 

POTENTlAL 
PROOUCTI 
CAPACITY 

Ot 

PRODUCTlON 

MAINTENANCE 

Figure 6.1 Production and maintenance 

r----+- PRI MARY 
OUTPUT 

MAINTENANCE 
DEMAND 

deflnition, "retaining in" corresponds to preventive maintenance, "restoring to" with 
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corrective maintenance. Failure denotes the transition ofthe system from the adequate into 

the inadequate condition. 

6.3 Maintenance control 
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Maintenance control (figure 6.2) essentially deals with the operational co-ordination of 

demand and resources to achieve stated ohjectives. Of course higher levels of decision 

making can he found in an organization such as strategie planning and management control 

(Anthony [1]). Strategie planning is primarily concemed with the general direction in which 

the organization as a whole is heading. Management control deals with the inlegration of the 

various processes within the organization. However, these decisions do not directly influence 

Figure 6.2 Maintenance execution and control 

maintenance controL Their impact is in the way they shape its environment i.e. demand, 

resources and ohjectives. 

6.4 Demand 

Maintenance demand specifies what operations should he carried out and when. It is hased on 

the maintenance concepts of the TS's and their operation intensity specified hy production. A 

maintenance concept is the set of rules on what operations are to he carried out and how 

demand for these operations is activated. Design of concepts meeting requirements derived 

from the target with respect to the availahility of the TS's to he realized, is an autonomous 

function (Gits [2]). 
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In a maintenance concept, essentially three types of maintenance rules can be distinguished 

viz. failure-based, use-based and condition-based maintenance. Failure-based maintenance 

prescribes activation of an operation in theevent of failure. Use-based maintenance specifies 

activation of a well defined recondition on expiration of a fixed period of use. 

Condition-based maintenance dictates activation of a well defined inspeetion of a 

characteristic property on expiration of a stated period of use. lf a warning level has been 

passed, recondition is to be instigated else nothing has to be done. Failure-based maintenance 

results in corrective maintenance demand only, use-based and condition-based maintenance 

in preventive maintenance demand and in corrective maintenance demand to remedy the 

failures which still occur. Corrective maintenance demand occurs unexpectedly, its contents 

is virtually unknown. This information beoomes available after execution of diagnosis; The 

remaining activities are then known and the resources needed can be determined with some 

accuracy. In principle, the moment ofpreventive maintenance demand is predictable. This 

also holds for its contents. However, it should be noted that in the case of condition-based 

maintenance this information is not complete until after execution of inspection. Only then it 

is known whether or not recondition has to be carried out. 

6.5 Resources 

Maintenance resources consist of materials and capacities. Material resources are items which 

are consumed in the execution of maintenance operadons and have to be replenished. 

Capacity resources are the personal abilities, instruments and facilities which can be used 

time and time again during execution of maintenance. 

Two types of material have to be distinguished: expendable and recoverable. Expendable 

materials (figure 6.3) are discarded after being used and new materials have to be ordered. 

Ordering can be basedon actual demand if a part is subjecttoa minor failure but can be 

economically patched up for a period longer than the ordering lead-time, or its being needed 

is known sufficiently in advance e.g. because reptacement is planned or wear indicates 

impending failure. The ordering lead-times of expendable materials without adequate warning 

is too long to allow for dynamic co-ordination of replenishment with actual or planned 

demand. Instead, structural co-ordination focusses on setting a norm service level. This level 

has to be realized by an autonomous function: maintenance inventory controL This function 
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-PRODUCTION 

DISCARD 
MAINTENANCE 

-\} REPLENISHMENT 

Figure 6.3 Expendable materials and maintenance 

deals with the questions: which items to stock, how many to stock and when to order. Due to 

the (very) low demand for the bulk of the expendables, conventional inventory control does 

not apply. An independent theoretica! approach is called for (Fortuin [3]). Recoverable 

matenals ( tigure 6.4) are taken out ofthe TS at the maintenance facility and replaced by 

another one. After reptacement the system is available for production purposes again. The 

built-out part will be reconditioned at the RM-repair shop. After completion, it will be 

stocked and is ready for installation in the TS when called upon. Structural co-ordination of 

PRODUCTION 

MAINTENANCE ,_.\1· 

RM-REPAIR 

Figure 6. 4 Recoverable materials and maintenance 

maintenance and RM-repair formulates a service level for recoverables. The repair/inventory 

control function has to realize this target at minimal costs. Initia! decisions center on jointly 
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optimizing the number ofrecoverables and the amount ofRM-repair capacity (De Haas [4]). 

The operational control ofthe shop shows far reaching analogies with production controL 

Structurally, the amount of capacities to be employed in meeting demand is dependent on 

factors such as illness, training, holidays. Given the characteristics of demand, the inflow of 

work will fluctuate considerably and the actual capacity needs become known at a very late 

stage. Adjustment of capacities making use of their flexibility is a necessity. 

Volume-flexibility implies that during periods the amount of a capacity can be increased e.g. 

by hiring personnel, by working overtime. Each realization may be possible to a limited 

extend, at specific costand with a specific preparation time. Mix-flexibility is available if 

maintenance personnel is multi-crafted. The amount of capacity of a specific type can be 

increased simultaneously decreasing the amount of another one. Mix-flexibility can be used 

in the very short term but may imply efficiency losses. The amount of flexibility up to a high 

degree determines the complexity ofthe control problem at hand. 

Q.Q Objectives 

The objectives ofmaintenance control have to be derived from production, the primary 

process in the organization. The objectives of production are twofold. On the one hand, the 

production-system should show high flexibility with respect to aspects such as changing 

market conditions, fluctuating production demand forecasts and actual demand variations. On 

the other hand, realizing acceptable production costs is a sine qua non for the survival of the 

organization in the long run. The contribution ofmaintenance control tothese objectives 

focusses on jointly realizing short and reliable lead-times of maintenance demand and an 

acceptable utilization rate of the maintenance capacities. 

The weigh attributed by production to the availability of a TS depends on its essentiality for 

the production process. Corrective maintenance of a TS considered to be of the utmost 

importance bas to be carried out as soon as possible. Preventive maintenance bas to be 

executed during to planned non-productive periods determined at higher levels of controL 

The start of corrective maintenance of less essendal TS's can be delayed forsome time 

without problems, preventive maintenance has to be started before the date laid down in the 

demand. The eventual timing of execution depends not only the wishes of production but also 
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on the possibilities of maintenance. How these wishes and possibilities are to be reconciled 

has been decided upon at higher levels of controL 
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A high utilization rate of the maintenance capacities will reflect favorably on the economics 

element ofthe objective. However, it also results in long and urneliabie throughput-times 

frustrating production. The conflict between effective and efficient use of the capacities is 

solved at higher levels of control by specifYing operational constraints. Operational 

constraints are the structural conditions under which maintenance should perform 

satisfactorily. It concerns aspects such as utilization level, work-in-progress, capacity 

adjustment. Additional constraints can be formulated depending on the situational 

characteristics. 

U Maintenançe control system 

A maintenance control system encompasses all decisions with respect to the timely 

co-ordination of demand and capacities taking into account the requirements of production, 

the operational constraints and the availability of materials. The system should be able to 

cope with the intricacies ofthe allocation problem at hand: uncertainty, flexibility and 

complexity. Uncertainty about the timing and contents of demand lingers until its execution is 

completed. Flexibility of capacities in various forms is available to counter the inevitable 

variations in demand. Complexity results from the effects of decisions on the objectives being 

unambiguous. In view of these characteristics, the overall control problem will be 

decomposed into a number ofhierarchically ordered decision functions together with the 

creation of the right amount of slack necessary to make these functions sufficiently 

self-contained. This approach Jeaves room for responses directly dealing with all kind of 

"disturbances". As new information arises continuously, even during execution of 

maintenance, feedback and progress monitoring play an important role requiring the creation 

ofvertical information systems and lateral relations. These aspects, however, are not treated 

explicitly. The reference control structure ( tigure 6.5) consistsof six decision functions. 

Aggregate maintenance planning primarily aims at avoiding potendal problems with respect 

to the availability of bottleneck maintenance capacities at the lower level decisions. The 

availability of capacity is safeguarded by generating norms goveming its allocation to 

maintenance flows and the adjustment of its volume. 
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Figure 6.5 The structure ofmaintenance control 

Preventive maintenance planning deals with specifying prevenlive maintenance work orders 

on the basis of maintenance demand, efficiently taking into account maintenance windows, 

capacity allocation norms and material availability. It results in firm work orders which have 

to be carried as planned and in advancable work orders which have to be started before a 

specified date. The precise timing of these orders still has to be decided upon. 

Corrective maintenance classification is concemed with generating corrective maintenance 

work orders on the basis of the requirements of production, the capacity allocation norms and 

the actual state of maintenance capacities. It results in rush work orders which have to be 

carried out straightaway and postponable work orders which have to be started sometime 

before the specified date. 

The work order release function periodically sets free work orders from the buffer of 

advancable and postponable orders taking into account due-dates and the availability of 

capacity and materiaL 1t aims at keeping the amount of work competing for the scarce 

resources under control and consequently its timing. 

Work order scheduling deals with the detailed timing of each work order. The input of work 

order scheduling consists of the fixed work orders generated in prevenlive maintenance 

planning and the released work orders. The eventual schedule specifies start and due-dates or 

the periods in which (parts of) work orders have to be carried out. The aim of work order 
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scheduling is to set forth a basis for workorder dispatching. Generally it will not be possible 

to adhere to the schedule due to fluctuations in rush orders and problems in work progress. 

Work dispatching is the control function concemed with the sequencing ofthe work orders 

and allocating each order to a specific capacity type. Scheduled work orders are stacked 

according to their tightness, rush orders go directly to the top of the stack. Allocation of rush 

and fixed work may require interrupting work being carried out. 

6.8 Conclusion 

Keywords in maintenance control are complexity, uncertainty and flexibility. The complexity 

results from the effects of decisions on the objectives being ambiguous and the 

interdependence of these decisions. Uncertainty about the timing and contentsof demand is 

inherent in maintenance; it lingers until its execution is finished. Flexibility of the capacities 

in various forms may be available to counter the inevitable variations in demand. The 

above-mentioned characteristics favor a hierarchical structure ofthe maintenance control 

system. Such a system allows a stepwise refinement of control; Global decisions based on 

aggregate information restriet detailed decisions at lower levels of controL Such an approach 

leaves room for flexible responses to deal directly withall kinds of "disturbances". As new 

information arises continuously, even during execution of maintenance, feedback and 

progress monitoring are essential ingredients. 

In order to avoid making the discussion even more complicated than it already is, quite a 

number of impHeit assumptions were made. The most far reaching being the impossibility to 

subcontract work. If subcontracting of advancable and postponable work is feasible, then an 

additional function deciding about intemal/extemal execution bas to preeede the release 

function. Further assumptions concern aspects such as the essentiality of the TSs being given, 

failure resulting in breakdown, maintenance execution requiring shutdown, secondary 

darnage being absent et cetera. Relieving the assumptions does not seriously effect the 

framework, it does complicate the decisions. 

Practical research is being directed at the applicability of (parts of) the framework in 

designing maintenance control systems. This requires the design of organisable and 

implementable decision functions taking into account the characteristics of the situation to be 

controlled (Visser [5], Dekkers [6], Stuursma [7]). Further theoretica) research is needed into 
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the higher levels of control shaping the environment in which maintenance control bas to 

function and into aggregate maintenance planning balancing the capacity demands of the 

distinguished flows of maintenance. 
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In repair inventory systems, failed units are exchanged for serviceable units upon failure. The 

probability that serviceable units are available to support the exchange process can be used 

as a measure for the performance of the system. This measure is commonly called the 

expected fill rate. The expected fill rate is affected, among others, by the inventory of failed 

and serviceable units and the jlexibility of the manpower to adjust their repair rate. lt is 

assumed that, as a result of the manpower flexibility, the repair rate increases with the 

number of failed units. To obtain a target fill rate at minimum cast, bath the inventory and 

the manpower flexibility should be jointly considered. This joint consideration of inventory 

and jlexibility on cast with respect to a target fill rate is the subject of this paper. The 

consequences of such joint consideration for the process of designing control systems is 

discussed in conclusion. 

1J. Introduetion 

In practice we frequently come across repair inventory systems e.g. the stocking and repair of 

jet engines for commercial aircraft. Such system is composed of a fleet of aircraft, attached to 

the aircraft a number of spare jet engines, further a number of failed engines waiting for or 

under repair. The sum of all engines waiting for repair, under repair and serviceable in stock 

is more or less fixed. This number is referred to the "inventory". Characteristically the 

inventory is purchased ahead. Upon failure, a failed engine is exchanged for a serviceable 

engine from stock if available. If not in stock, an airplane is grounded and the fleet is 

temporarily incomplete. Such situation is extremely costly and stock outs therefore must be 

avoided. The stock out probability, of rather the stock probability, is measured in termsof an 

"expected fill rate". The expected fill rate serves as a performance measure fortherepair 
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inventory system. The expected fill rate is affected by the inventory. The greater the 

inventory, the better the expected fill rate. Naturally also counts, the greater the number of 

spare units in inventory the higher the inventory investment. In order to limit the investment 

in inventory, a small number of stock outs is in general accepted by the management. In a 

practical situation however we observed that every stock out is regarded as a symptom of a 

poor performance by the repair men. They use every means to avoid any stock out 

occurrence. Such behavior we call "manpower flexibility". Though some rnaniCestations of 

manpower flexibility are difficult to grasp and to measure, others can be imposed and 

controlled. One such measure, becoming more and more popular in the Netherlands, is the 

introduetion of a variabie working day. Manpower is required not to work eight hours every 

day but on average eight hours, varying for instanee between six and ten hours on a 

particular day. In that case the manpower is required to work six hours when the number of 

failed units is quite moderate and ten hours when the number of failed units is large. Such 

procedure we call "flexible manpower planning (FMP)". Imposing FMP is not free of charge 

because manpower must be given better hourly wages. It should therefore be applied only 

when it results in a better fill rate and when it is more economical than an investment in 

inventory to obtain such. 

Repair inventory systems have been studied comprehensively [I] [2]. Many papers address 

the expected fill rate in relation to the inventory. In the early studies the repair capacity is 

assumed unlimited. In later studies it is recognized that manpower places a limited capacity 

at its disposal, the presence of manpower however results in fixed repair rates in the vast 

body of the literature. Variabie repair rates, which are the result of manpower flexibility, are 

addressed in very few studies [3] [4] [5] [6]. In none of these papers however, the balancing 

issue regarding the investment in inventory and in FMP is addressed. This balancing issue is 

the subject of this paper. 

Addressing the balancing issue we make use of a classica! queuing model which is taken 

from the operations research. The repair rate in this model is attached to the queue with 

failed units. If the number of failed units surpasses a certain trigger, the repair rate switches 

to a higher rate than average. The further the trigger is surpassed the higher is the repair rate 

until a maximum repair rate is obtained. The repair rate switches to a lower rate than average 
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when the number of failed units bas dropped below the same trigger. The further the trigger 

is dropped below, the smaller is the repair rate until some minimum repair rate is obtained. 

The queuing model is introduced insection 2. The balancing issue is addressed insection 3. 

Finally, the consequence of the balancing issue for the design of control in repair inventory 

systems is discussed in section 4. 

The behavior of a repair inventory system under FMP is imitated with a variant on the 

classicallimited souree queuing model. Previous to formulating the model we introduce the 

following parameters. Constants are represented in upper case, variables are represented in 

lower case and rates are represented by greek lower case characters. 

- The number of aircraft required in use M, M>O, 

- The inventory Y, Y>O, 

- The total number of units K, K=M+Y, 

- The number offailed units s, 0 :s; s :s; K, 

- The probability ons failed units P(s), :EP(s) = I, 
s 

- The unit mean time between failures 1/Ä, À> 0, 

- The fleet mean time between failures 1/Ä(s), À(s) :2:0, 

- The standard repair rate J.lo, 

- The minimum resp. maximum repair rate !lmi• resp.J.lmax. 0 :s; J.lmin :s; J.lo :s; J.l, 

- The repair rate when s units are failed J.l(s),J.lmin :s; J.l(s) :s; J.lmax, 

- The trigger in the FMP rule (x), O<x:S;K, 

- The accelerator in the FMP rule (a), a>O. 

The repair inventory system, described in our model, is rather simple in comparison to the 

systems encountered in practice. It contains a fleet of machines which is required in use. In 

each machine there is only one unit prone to fail. The machine is best repaired by 

reptacement of the unit. The serviceable units which are used in the reptacement process are 
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stocked next to the fleet. The rate of unit failures is measured in terms of a mean time 

between failures (MTBF). The MTBF of unit failures is assumed exponentially distributed. 

U pon a failure, the failed unit is replaced with a serviceable unit from stock, if available. The 

replacement time is neglected. The failed unit is sent to a repair facility where it queues up in 

front of a repair channel. When the repair channel is idle, the unit with the highest priority is 

selected for repair. The highest priority is determined with the help of a classical "first come 

first served" rule. No units are disposed off in the repair process. All repair times are 

exponentially distributed with an equal expected repair time. After repair the unit is sent on 

to the stock location to support a future replacement. The transportation times are assumed 

negligeable. The repair inventory system in our example is depicted in figure 7.1. 

I 1111 0 -+----

• 

s 

Figure 7.1 Repair inventory system 

The state of the repair inventory system is uniquely described by the number of failed units 

(awaiting or under repair). A transition from one state to another can result from two 

occurrences: the occurrence of a faiture and the completion of a repair. The failure rate 

depends on the number of machines currently in use. 

À. { MA OSsSY 
(K-s)À. YSsSK 

(1) 

The repair rate depends on the state of the repair inventory system and the FMP rule. The 

rule is taken from ideas of Beetrand and Stoop. It prescribes that the length of a particular 

working day depends on the current number of failed units and two FMP parameters. The 

first parameter is a trigger which at the beginning of every working day is compared with the 
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number of failed units in the RIS. If the number of failed units is greater than the trigger, the 

length of the working day will be Jonger than standard. The further the trigger is surpassed, 

the Jonger the working day until some maximum day length is obtained. On the other hand, a 

number of failed units smaller than the trigger results in a working day which is shorter than 

average. The further the number of failed units drops below the trigger, the shorter the 

working day, until some minimum day length is obtained. The second parameter, which we 

call the accelerator, is a multiplier. It multiplies the deviation from the number of failed units 

to the trigger. If the accelerator bas a great value than it will react on a deviation withstrong 

variations in the length of the working days. A small value for the accelerator on the other 

hand will result in much more moderate adjustments in the length of the working days. 

The behavior of the ruleis demonstrated in figure 7.2. The minimum working day in this 

figure is six hours, the standard working day eight hours and the maximum working day ten 

hours. The trigger corresponds with seven failed units. The dasbed line in the figure 

corresponds with an accelerator 0.125. This corresponds with "one hour extra" for every 

additional deviation of the number of failed units from the trigger. The fullline corresponds 

with an accelerator 0.0625. 

lt is easy to see that the day length is related to the repair rate. Assume a standard working 

day of eight hours and a standard repair rate of one repair per hour. In that case the daily 

repair rate arnounts to eight. Assume one day with nine working hours in combination with 

T(s) 
10 

9 

8 

7 

6 

5 

To 

x 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 

s 

Figure 7.2 The day length under the FMP rule 



76 Maintenance Management 

the same hourly rate. Than the day length that day will be 9/8 times the standard day length, 

the repair rate will be 9/8 times the standard daily repair rate. Thus differences in the 

working day length can be sirnilarly expressed in differences in the repair rate. The 

differences in the repair rate are enclosed in our model. 

{ 
max(J.lrnin, J.Lo + a(s-x)J.Lo) 

J.L(s) = 
rnin(J.Lo +a(s-x)J.Lo,J.Lmax) 

(2) 

The state probabilities are found after solving the balance equations in (3) and applying 

normalization such that the sum of the state probabilities equals one. 

P(s) = À(s-l) P(s-I) 
J.L(s) 

(3) 

With the help of the state probabilities we define measures for the extra capacity and the 

expected fill rate. Wedefine the "extra capacity" the difference between the current and the 

standard repair rate. Note that the extra capacity can be negative. On average the extra 

capacity can be expressed as a fraction of the standard repair rate (or the standard day 

length). An average extra capacity of 0.125 for instanee in combination with a standard day 

length of eight hours means that the repair channel works in overtime on average one hour 

per day. 

!J.C = f J.L(s}-J.lo P(s) 
s=l J.lo 

(4) 

In line with the ideas that lately receive much attention in the Netherlands, FMP should on 

average not result in the use of extra capacity. Thus the level of average extra capacity 

should be zero. Formula (2) shows that the level of expected average extra capacity is 

affected by the choice of the trigger. If we fit the trigger with a low value, the manpower will 

be asked frequently to work a longer working day than average. On the other hand, if we fit 

the trigger with a high value, the manpower will frequently work a shorter day than average. 

With an adequate value for the trigger, the longerand shorter working days (repair rates) are 

balanced and on average FMP does not result in a longer working than the "standard" 



Flexible Repair Capacity in Repair Ioventory Systems 77 

working day. This adequate value for the trigger is found in an iterative procedure. In the 

procedure we set the trigger initially on zero failed units. Thereafter we increase the value 

for the trigger by one, calculate the state probabilities and the extra capacity until the latter is 

ciosest to zero. The corresponding value for the trigger is optima!. In a series of calculations 

we found that the average extra capacity was always in the range of the target extra capacity 

±3%. 

The performance of a repair inventory system is commonly measured in terms of a service 

level. A measure for the service level, which is widely excepted in practice, is the "expected 

fill rate (EFR)" [7]. EFR measures the probability that a demand fora serviceable unit can be 

met from stock. Such is the case when at least one serviceable unit is available in stock. 

Y-1 
EFR= 1: P(s) 

s=O 
(5) 

To distil the influence of flexibility we compare the FMP rule to a non FMP rule with 

respect to the expected fill rate in a RIS with the same parameter settings. 

U Balancina Flexibility and Inventm:y 

In line with the principles of production and operations management, managers strive for a 

target at minimum expenses. In a repair inventory system they commonly strive for a target 

fill rate. The main expenses to achieve this fill rate are the investment in initial stock, the 

employment of the manpower and their flexibility. We study whether an investment in 

manpower flexibility is a more economical substitute for the investment in inventory. 

The flexibility is due to the use of the FMP-rule, defined in equation (2). On the basis of this 

rule we compare two policies. The first policy (pol.l) is used as a bench mark. It prescribes 

that the length of all working days is precisely eight hours. In the second policy (pol.2) the 

length of a working day is allowed to vary between six and ten hours. The average working 

day however is eight hours in both policies. These polides are tested in a repair inventory 

system under the following conditions 

- a fleet of ten machines, each machine with one unit which is prone to failure, 
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- a unit MTBF equal to once every ten days, 

- one repair man with an utilization rate close to 0.80 (MÀIJ.Lo = 0.8). 

The FMP polides are compared on a number of inventory levels with respect to their 

expected fill rates, see figure 7.3. 

EFR 

0.4 

2 3 4 5 6 7 8 9 10 11 12 

inventory 

Figure 7.3 Working day polides 

pol.2 
pol.1 

Figure 7.1 shows that the variabie working day policy (pol.2) yield better expected fill rates 

than the fixed working day policy (poLl). The figure further shows that, if FMP is 

appropriate as a substitute for inventory, it is more appropriate when a high fill rate is the 

aim. For instanee an aimed fill rate of 0.95 can be realized at an inventory investment of 11 

units under the fixed working day policy or at an investment of 8 units under the variabie 

working day policy, thus a reduction of 3 units. Aowever when a fill rate of 0.60 is the aim, 

3 units must be available in either case. 

To determine which policy is more economical, a joint consideration on cost of bath 

inventory and flexibility is necessary. To support such joint consideration we introduce the 

following variables:the material cost of one unit cm, 

- the remaining value of one unit c,, 

- the annual salary under flexibility cFMP, 

- the annual salary under "constant" working days, c0, 
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~ the economie life time (in years) of a unit, T, 

~ the interest rate i, 

~ the difference in inventory between both polides .1Y, 

- the inventory investment under the FMP policy IFMP, 

- the inventory investment under the constant working day policy 10, 

~ the salary of the manpower on under FMP SFMP, 

- the salary of the manpower under constant working days 80• 
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The valuation of the inventory savings is not trivial. We take the view that only the relevant 

savings should be taken into account not some integral cost factor. Integral cost factors 

assume savings that are not realized by production and operations management decisions 

such as for instanee the depreciation of a warehouse. For a profound discussion with respect 

to the inventory savings we refer to Corbey [8]. Corbey states that in fact only the savings for 

materialand perhaps energy should betaken înto account. We take only the costof material 

înto account and assume that, in order to obtain înventory, a loan must be contracted at the 

bank. By applyîng FMP, a part of the inventory (Y) does not have to be purchased. Thus a 

repayment of this share of the loan, together with the payment of interest (i) during the lîfe 

time of a unit (T) can be avoided. 

(6) 

With respect to the valuatîon of the manpower flexîbility we assume that only the wages of 

the repair men are affected. We assume that repair men working a variabie working day 

receive better wages than repair man working a fixed working day. Thus a change from a 

fixed working day to a variabie working day leads to additional costs for the payment of the 

wages for the manpower. We again consider these costsover the life time of a unit. 

(7) 
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Figure 7.4 Hierarchical decision structure 

In this elementary example the variabie working day policy is preferred above the fixed 

working day policy when the sum of (lo·IFMP) is greater than (SFMP·So). 

7.4 Discussion 

The comprehension gained in the former section can be applied in structuring the systems for 

the control of repair inventory systems. In order to fit the structure of an organization, 

control systems are hierarchical in nature [9]. In organizations, different organizational 

levels decide on structural and operational issues [10]. On a structurallevel in the decision 

hierarchy, the economie considerations are made in order to set the control parameters. The 

important cost factors in respect of a repair inventory system are the investrnent in initial 

stock, the investment in manpower and the investment in their flexibility. The joint 

consideration of these investment factors can be supported with matbematkal models. Such 

model is presented in this paper for a simpte control situation. 

The joint consideration on costs yield the control parameters. In this paper we focussed on 

the control parameters that determine the length of a working day, i.e. the trigger and the 

accelerator parameter. These parameters are passed on to the operational level. In a daily 
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comparison of the number of failed units with the trigger, the managers on the operational 

level are able todetermine the length ofthe working day that day, see tigure 7.4. 

In this paper we introduced a simple repair inventory system in order to gain understanding 

in the behavior of the more complex repair inventory systems in practice. The systems in 

practice are more complex with respect to: 

- the number of repair activities, 

- the number of repairable items, 

- the characteristics of the de mand process, 

- the restrictions in respect ofthe FMP- policies. 

All these complications deserve further research. 
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Maintenance Audits, a conceptual Framework 

E.J.K. Rensen 

8 

.8.J. Introduetion 

An audit of a maintenance organisation is usually carried out by management consultants. 

Their methods seem to vary enormously. One extreme is the expert-type consultant who 

walks around in the organisation for a couple of days and interviews key-people. On this basis 

he gives hls opinion about the situation, and provides the organisation with recommendations 

for improvement. His methods are primarily in his brains and he trusts on hls authority. 

The other extreme is the methods man. He carries with him a sort of questionnaire with 

numerous questions. The questionnaire is highly structured, possibilities to answer the 

questions are limited to yes/no, or in a more sophisticated version to scales that vary between 

1 and 5. Aftersevere calculations a profile is made, and recommendations emanate from the 

low scores. Although the last extreme looks more explicit, it usually is not. We see the 

questions, but not the underlying basic assumptions. The model or reference is not made 

explicit. In our experience it usually does not exist. Usually the second extreme does not 

differ very much from the first extreme we mentioned. The expert-type consultant just wrote 

down all the questions he could imagine for all subjects he could imagine. Usually these 

questionnaires have a tendency to grow. 

Maynard International Management Consultants works with questionnaires too. But there is 

an underlying concept or model. This model is not normative: soit doesnotteil us or the 

elient that this is the only way of organising and controlling maintenance. No, the model 

helps to structure questionnaires, interviews, analysis, recommendations, etc. And it 

facilitates the interpretation of the results, taking into account the specific circumstances of 

the organisation and the company. A few years ago we became aware of a serious Jack in our 

approach. Foraspects of company culture and sub-cultures we worked stilllike expert-type 

consultants. We had to use all our authority to convince clients about our judgement oftheir 
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culture. And although our consultants were very sensitive for 'softer' aspects of the 

organisation, we had difficulties with incorporating cultural aspects in change-programs that 

emanate from our recom.mendations. One of the problems was that culture is not changed 

within a short period of time. On the other hand the management wants to imprave rapidly on 

weak points and wants to see quick results. Some of the aspects of company culture however 

prohibit rapid improvement. To overcome this severe problem, that became usually manifest 

during the already demanding process of improvement, we added to our audit methods a 

so-called culture audit. 

This paper describes the most important basic concepts that are bebind our audit methods. It 

describes in short also the way we 'measure' culture and we discuss in short a practical 

outcome and what can be done with it. Unfortunately the basic models underlying the culture 

audit are not yet ready for publication. We are still testing the models, but up to now we have 

no reason to change them radically. In all cases the culture audit proved to be a very reliable 

instrument to use in the guidance of processes of change. 

U Objective of an audit 

An audit is not carried out for fun. Basically an audit serves three purposes. First of all it 

should give the management and employees a clear view of the present situation. In addition 

it must be explained why and how the organisation came in it's present situation (drawing 

lines from the past to the present). 

Of course the audit must provide a judgement of the present performance in blunt facts and 

figures. This is the absolute performance. In many cases a relative performance is given also: 

how good are we, compared with other companies or industry standards. This first purpose is 

realised in the analysis phase of the audit. 

The second purpose of an audit is to give a global though clear description of the future. This 

part of the audit is usually a bit frustrating for the elient as it concentrates primarily on issues 

that need severe improvement. Far less attention is paid to the things that already are in good 

shape. Com.mon issues that need impravement in maintenance organisations are: strategy 

(usually there is no strategy), systematics and procedures, organisational structure, 

com.munication with internat clients, balance between preventive and corrective maintenance, 

planning, and last butnotleast costs in relation with benefits for the internat clients (e.g. 
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Production). The issues that need impravement partly emanate from the outcomes ofthe 

analysis phase and partly from experience and environmental knowledge ofthe consultants. 

The third purpose of an audit is the identification ofhow to overcome the gap between 

present and future situation. In this third phase much attention is paid to the change 

conditions. Important issues are organisational culture and sub-cultures, management style, 

and quality of work. These issues have great impact on the chance of success and on the way 

how to realise success. The culture audit provides our consultants with the necessary 

information on these subjects. 

The big challenge with respect to an audit is: the organisation must recognise itself and it's 

situation and performance, it must become aware ofit's environment and it must support it's 

proposed future and the way to get there. 

U Some basic conce.pts underlyina the audit 

8.3.1 The four function paradigm 

In the centre ofthis concept are four functions, to beseen as functions or roles that have to be 

fulfilled in an organised group of people. This group has two main objectives: 

- realisation of the goal for which the group was established; 

- continuity ofthe group (even after the moment the goal is materialised, the group searches 

for new goals). 

The four functions or roles in the group are: 

- adaptation to extemal circumstances; 

- goal attainment, realisation ofthe goals that legitimate existence; 

- latency and pattem-maintainment, rnaintaio possibilities to function in the longer term; 

- integration, integrate activities in order to survive. 

Basic assumption is that the social structure and culture of groups can be seen as a system of 

institutionalised and formalised solutions for the functional problems that arise during their 

actions. Structure and culture ofthe group change as areaction on change in contentand 
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condition of the solution for the four functional problems. Another important point is the 

functional, mutual dependency.lt is of extreme importance to recognise that actions ofthe 

four rol es in order to achieve continuity of the group ( or organisation) are mutually dependent 

and tied together. So in fulfilling ones role, one must not only look at oneself, but also to the 

con tribution to and co-operation with the other roles. 

After this theoretica! explanation, let's see the implications on maintenance. For this purpose 

we focus on production equipment. 

The adaptation role is translated into the role of the designer. The designer adapts the 

production equipment to changing conditions and environment. The designer introduces new 

technologies etc. The user ofthe equipment realises the operational objectives, according to 

planning and (quality) requirements. The maintainer maintains the possibilities for 

operational use of the production equipment, now, tomorrow, and in the long term. Last but 

not least the owner faces the problem of realising an optimal return on in vestment He is 

responsible for integrating the interests of the three other roles. It must be clear that we talk 

about roles or functions, and not about departments! Consequently, a maintenance audit can 

focus on the role ofthe maintainer (which is not identical to the maintenance department, for 

example because the production department plays part of the maintainers role) or on the 

maintenance department (which can lead to the condusion that this department also plays a 

part offor example the designers role). What must be subject ofthe audit must be clear for 

everyone involved, otherwise results will perhapsnot agree with expectations. 
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8.3.2 Three macro processes 

As the four function paradigrn puts in the centre of our attention the strategie acting of and 

relations between the four different interests, the macro processes concentrale on the goals of 

the organisation as a whole. In a technical environment where production equipment is of 

extreme importance we see usually three essential processes: 

The first processis 'Producing' by means ofthe production equipment. It is inclusive the 

maintenance jobs that are so tied to the production process that it cannot be considered 
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Modifying and 
new building 

Product 
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Equipment 
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new 
equipment 
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separately. We talkabout so-called first line maintenance or autonomous maintenance. The 

second processis 'Professional Maintenance', that includes main overhauls, and other 

activities that cannot be incorporated in the macro process 'Producing'. The third macro 

process is 'Modifying and new building'. In this process we find impravement of existing 

equipment, de-bottle-necking activities, and adaptation of capabilities of the equipment. 

It will be clear that each of the four roles play a part in each of the macro processes. The 

well-known principle of Design Out Maintenance can now easily be explained by our model 

(it is the influence ofthe role ofthe maintainer in the macro process 'Modifying and new 

building'). But also the concept ofEarly Equipment Management. But we can see more: each 

ofthe macro processes combines the four roles in its own specific way, and co-operation 

between the four rol es is required. lt is also specific and depending on the macro process. 

During an audit we must be aware ofthe requirements for the ways that the interfaces 

between roles and processes are managed and controlled.ln this view the position ofthe 

Maintenance department is one in a complex game of communication, co-operation, and 

adaptation. 

8.3.3 Stability of equipment performance 

We explained roles and processes. lt will be clearthat the contents ofthe interfacing problem 

that has to be solved depends on the phase in which the equipment is in. In the phase that a 

new plant is build en starts up, the relations between the four roles differ from a phase where 

stability is already realised. So we have to make our judgement in relation to the phase the 

production equipment is in. Generally we see that the accent on macro processes shift from 

'New building' to 'Producing' to 'Maintaining'. Each phase asks usually for different 

interfacing, not seldomly resulting in different organisational structures and responsibilities of 

departrnents. 

We experienced that in many cases the interfacing between roles and processes was organised 

as if the equipment still was in the start up phase. Maintenance for example acts like a 

fire-fighting brigade, which is good during start-up, but which prohibits to get into the stabie 

phase, where production and maintenance standards are worked out to a great extend and are 

foliowed with high discipline. In these situations Engineering and Production still were the 

driving forces, prohibiting realisation ofthe stabie phase. Designer and User are the dynamic 
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roles, whereas Maintainer and Owner are the stabilising roles. In striving for stability the 

dynamic roles must slowly but sure disappear in the background (where they still have 

important responsibilities), otherwise unnecessary turbulence will remain. In audits we very 

often come to the condusion that this turbulence is considered by the clients as a highly 

praised asset: 'we are flexible and dynamic'. Overall Equipment Effectiveness of 40% or 

lower is usually the result. The message of this paragraph is: during the audit it is important to 

know in what phase the equipment is, and whether that is necessary or not. Again, you cannot 

expect from a Maintenance Department that they develop maintenance standards and carry 

out preventive maintenance programs in a turbulent environment that is ruled by Engineering 

and Production and on equipment that is kept unnecessary unstable by numerous initiatives 

by these dynamic colleagues. Under these circumstances we must not blame the Maintainer, 

but the Owner who failed to integrate all interests in favour of the overall company goal. 

Realising this mechanism can result in better audits and recommendations that cure causes 

instead of symptoms. 
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8.4 Culture 

8.4.1 What is culture? 

There are as many definitions of culture asthereare cultures. A well-known definition [I] is 

"a pattem of basic assurnptions- invented, discovered, or developed by a given group as it 

leams to cope with its problems of extemal adaptation and intemal integration - that bas 

worked well enough to be considered valid and, therefore, to be taught to new memhers as the 

correct way to perceive, think, and fee! in relation to those problems". 

Culture bas to do with people, how they think, how they see their environment, how they give 

a meaning to things around them, and how they act. Culture becomes visible in standard 

behaviour. On the other hand, in case a group shows standard behaviour, we can talk about a 

culture. 

8.4.2 Culture dimensions 

In order to make culture more explicit we measure on twenty dimensions. By means of a 

questionnaire all employees give their opinion about these subjects. The scope ofthis artiele 

is limited, so we give bere just a few examples of the dimensions: 

- confrontations, do people confront each other regularly, and how do they handle 

differences of opinion; 

- equality, do people strive for equality, is managementor other groups of employees treated 

differently from other groups; 

- innovation, to what extent do people experience stimulation from the management to 

strive for innovation and do they consider this as a challenge; 

- rul es, the restrictions imposed by means of rules, and whether sanctions follow deviating 

actions; 
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- distance, psychological di stance between management and other employees; to what extent 

is communication between those groups diflicult because they consider themselves as 

different; 

- service, to what extent is service in the focus of actions. 

Results are present in a graph. The twenty dimensions are reduced to four orientations: 

- supportive orientation; key elements are participation, humane, social, mutual trust, group 

cohesion and personaf growth. In this orientation communication is primarily verbal and 

informal. Employees are encouraged to give their ideas about their work; 

- innovative orientation; key elements are creativity, competition, taking risks, sensible for 

change and experiments. Employees prefer to exploit new areas instead of walking the 

beaten tracks. Authority and power is based on individual knowledge and problem-solving 

capacities; 

- rules orientation; key elements are analysis and codification ofthe Iabour processes. 

Rationality of procedures prevails. Structure is hierarchical. Authority is basedon power 

that is described in format procedures. 

- goal orientation; key elements are management by objectives, rationat planning, selected 

information, functionality, objectives, efficiency and product. 

In the graph the scores on the four orientations are projected along two axes. The horizontal 

axis shows the perspective ofthe organisation. Internat perspeelive means that the 

organisation (procedures and people) are in the centre. Extemal perspeelive means that the 

organisation places itself in the relation with its environment. The vertical axis has flexibility 

and control as the two extremes. Flexibility means a tendency to decentralisation and 

differentiation. Control means centralisation and integration. 

8.4.3 An example ofthe overall-result 

In one of our cases we had a production plant that worked in shifts. The over-all picture is 

shown below. 

What can be seen is that the culture of this plant is strongly directed towards rul es and 

controL People are far less orientated towards setting and realising objectives. Style of 
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management is directed towards steering and controlling Iabour attitude (strong internat 

focus). As a consequence the overall company objectives were totally out ofthe picture in 

daily life. People hear what they should do, but not to what results it should lead nor how to 

performthese actionsin the best way. In this specific case the company had to deal with new 

competitors in its market and increasingly critical consumers. Apparently the culture ofthe 

company prohibited to respond tothese change in an adequate way. You cannotjust yell: 'we 

must be more customer-orientated' and expect that this major change will be realised in a 

short period of time. 

8.4.4 The value of a culture audit 

As this paper is about maintenance, it is good to explain why a culture audit is a valuable 

extension ofthe more 'classical' maintenance audit. The instrument we use eau show 

ditierences between management and erafismen in the maintenance department Also 

ditierences between stafffunctions (e.g. maintenance engineers and planners) and other 

groups in the organisation. Used in this way one ofthe most valuable outcomes ofthe audit is 

that people start communication about their ditierences. It makes things that have not been 

discussed for years more explicit. Improvements follow in a more natural way, than via an 

imposed technocratie program. 
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Broadening the scope of the audit we can show ditTerences between Engineering, Production, 

and Maintenance. DitTerences that lead to a discussion about co-operation and mutuality, and 

how to improve that. 

In another case we showed a company that the introduetion of self-directing teams would lead 

to a disaster, due to culture elements (very low innovative orientation and goal orientation in 

Production). On the other hand an approach like Total Productive Maintenance with its focus 

on standardisation and continuous (small) improvements seemed to fit much better with the 

existing culture (high rules orientation and high supportive orientation in Production). This 

case was particularly interesting because culture of Production and culture ofMaintenance 

differed enormously (see picture below). 
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This meant that the TPM-approach was very suitable for Production, but less desirabie for the 

Maintenance department where it possible would kill their innovative power and result 

orientation. As aresult we drew up a balanced program of change, taking into account the 

specific situation ofboth departments. 

Of course an audit can lead to the conclusion that the culture must be changed. The results of 

the audit show this change explicitly. It helps to explain what the new culture should be like. 

It helps also in explaining the management that they are facing a demanding and 
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time-consuming process of change, where results will not be seen in a short period of time. 

This awareness is one of the most basic conditions on the road-map to future success. 

8.5 Literature 

[1] Schein, E.H. "Organizational Culture and Leadership", 1991. Jossey-Bass, San 

Francisco. 
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.2.J. Introduetion 

G.H. V.M. Delahay 
B.F. Nuboer 

In July 1993 the state of affairs within the Maintenance Function within the State Oil 

Compaoy of Surinam was evaluated by conducting a maintenance audit. Several 

improvement possibilities were suggested. A Maintenaoce Improvement Project has been 

defined, including topics such as spare parts levels, training programmes, work order 

procedures, maintenaoce facilities, cost control and information requirements. 

This paper deals with the audit approach, the translation of the audit into focused 

improverneut actions and the results that have been realised so far. Although the paper is 

basedon a specific casestudy, we consider that the approach adopted and the solutions 

presented may be of interest to maoy other compaoies . 

.2...2. State Oil Company of Surinarn: some background in formation 

The State Oil Compaoy of Surinam was founded in 1980 by Mr S.E. Jharap, who is still 

the Maoaging Director. During its short history the compaoy has grown rapidly from 5 to 

500 employees. The compaoy is owned by the Surinam Government aod is led by mainly 

local management. Because of export iocome in foreign currency, State Oil is a relatively 

stabie factor in the insecure economie environment of Surinam. 

Today the production rate is 6,500 barrels of crude oil a day, of which approximately 

50% is exported and 50% is used in the local bauxite industry. The following phases may 

be distinguished in the production process: 
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- Exploration: the possibility of new oil welllocations is systematically investigated 

bymeans of soil surveys and other research; 

- Production Development: if a new area looks promising, the company develops the 

infrastructure necessary for production activities (roads, electricity and water 

distribution, oil pipelines). lt should be noted that the environmental conditions are 

severe (swamp); 

- Drilling: a hole about 300 metres deep is drilled at the desired spot and the new well is 

completed by cernenting a production pipe in the hole. The drilling process takes 

approximately eight days for each new well. Then the complete mobile drilling system 

is moved to the next location; 

- Production: an oil pump is installed and several tests are conducted. The output of the 

new well is increased to a fairly stabie maximum level (low pressure oil extraction 

process). Physical transformation takes place by separating the oiVwater emulsion 

through heating, setting and chemicals. Once in production, a new well may be in 

operation for more than 20 years; 

- Transport & Distribution: the unrefined oil is transporled through the company's own 

pipeline system from the production fields to Tout Lui Faut, where the oil is 

temporarily stored in tanks. From bere the oil is distributed to the company's ships to 

national customers and to large oil tankers, which are loaded near the coast of Surinam 

(for export); 

- Utilities: to be able to explore the wells, the company generates its own electricity, is 

itself responsible for the water distribution and bas its own telecommunications 

network. 

Toa very large extent, State Oil is a self-supporting company, which covers many 

technical disciplines. The company bas serious plans to build its own refinery plant, 

which could upgrade the value of the products sold. 

The rapid development of the company bas been dominated by technological innovation. 

Less attention bas been paid to the internal organisation, the administrative procedures 

and the communications and responsibility structures. The management decided to 

institute an Organisational Restructuring Project and asked Moret Ernst & Y oung 
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Management Consultants (the Dutch consultancy firm of Ernst & Young International) to 

provide the necessary support in cooperation with Ernst & Young Surinam. This project 

took place in 1992 and led to a modified organisation. At that point it was clear that 

improvements could be realised within several functional areas. Moret Ernst & Young 

provided support in the fields of Materials, Financial, Human Resources, Information and 

Maintenance Management. This paper deals only with the last area. 

As a result of the Organisational Restructuring Project, a centralised Maintenance 

Department was created. In the old situation the maintenance of teehoical equipment was 

the responsibility of operaring departments and was sometimes neglected. The main 

reasons for a more centralised approach were: 

~ concentrating scarce knowledge, capacity and facilities; 

~ structuring the maintenance process, with regard to: 

- a Preventive Maintenance Programme, 

- the analysis of failures and specific problems, 

- the control of the costs of Maintenance; 

- better management of the total maintenance process. 

The present organisation of the Maintenance Department is shown in Figure l. In this 

mustration the operating departments (as mentioned above) are treated as the major 

"Customers" of maintenance. 

At some points the new Maintenance Department had to begin from scratch and many 

changes had to be made. To ascertain that this process of change was still on the right 

track, a (quick) Maintenance Audit was carried out in July 1993. 

The audit approach that was adopted will be explained in the following sections of this 

paper and some of the results will be demonstrated. The audit was foliowed up by a 

Maintenance Improvement Project, which will be discussed in the last section of this 

paper. 

2J. Maintenance Audit: Awroach 

The main purpose of a Maintenance Audit in general is to identify in a very short period 

of time: 
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Figure 9.1: Organisation ofthe Maintenance Department 

- the major bottlenecks in the actual situation; 

- the desired situation as confirmed; 

- the route that leads to the desired situation. 

- Although it seems rather trivia! that these logica! steps should be followed, it is by no 

means trivia! that the maintenance organisation should fully accept the results of the 

audit in a very short time. 

Four important actions were taken to achieve this acceptance: 

- relatively simple model of maintenance management was introduced, enabling the 

discussions to focus on the main areas; 

a) instead of the expert approach, the audit was performed using a group-oriented 

approach. Several group sessions were held during the three weeks of the audit, 

mostly in the presence of Operations personnel; 

b) the people concemed decided on the priority of the suggested improvement actions; 

c) in formation on the audit was communicated broadly through the organisation. 

The model of maintenance management mentioned before is shown in figure 9.2. 
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The model indicates that Maintenance Management boils down to the basic questions of 

what Maintenance needs to achleve (what are the goals in terms of equipment 

performance, on the one hand and acceptable maintenance costs on the other hand) and 

how Maintenance tries to achieve these goals (which tools are used). 

Every maintenance strategy should result in a realistic balance between the equipment 

performance as desired in reason by the users of the equipment, and the corresponding 

agreed maintenance budget. The desired equipment performance and the corresponding 

maintenance costs should be made explicit, so that the realisation of the goals can be 

measured. 

Physical 
aspects 

. faeillties 
: . toole 

. uoage condltione 
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Management 

Structurering 
malntenance 
needs 
. !aiM'e analyals 
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Control 
• actlll!ty planning 
. BllutdOwnslprc~ 
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Figure 9 .. 2: Maintenance Management Model (Moret Ernst & Young) 

The 'tools' which Maintenance may use to improve its performance in order to achleve 

the goals are divided into the following areas: 

- Physical aspects (facilities, specific maintenance tools, service cars); 

- Structuring the needfor Maintenance (by designing maintenance concepts, conducting 

failure analysis, controlling modifications and training the operating personnel); 

- Operational Control (planning & scheduling activities, rnanaging shut-downs and 

spare parts control); 

- Organisation (tuning the work force, training, task allocation, responsibility structure); 



100 Maintenance Auditing and Performance Measurement 

- lnformation Systems (technical documents, computerised maintenance management 

systems). 

The essence of the audit is descrihing the actual situation for each element separately and 

then relating the elements to each other so as to explain why maintenance is not yet at the 

level we want it to attain. Then it is possible to suggest which elements should be 

redesigned and how. 

M Maintenance Audit: Some results 

Some of the audit results are presented below: 

Goals: Equipment Performance 

In the present situation the performance of all equipment critical to the company's output 

is measured in termsof Technica! Availability (TA). This was a very important first step. 

Further improvernent could be found in: 

- evaluating the TA targets, which are mostly high (95% or more); this does not always 

correspond with the criticality of the equipment seen from the company's point of 

view; 

- structuring the analysis in those cases where the actual availability is significantly 

lower than the target availability; 

- introducing reliability and maintainability measures for certain equipment, if 

availability is not the most interesting measure; 

- modifying the targets in case of systerns availability (when several items of equipment 

constitute up a system) and back-up equipment (at least one but not necessarily all 

items have to operate). 

Goals: Maintenance Costs 

State Oil bas a budgeting structure in which each operational department bas its own 

main or sub-budget for the maintenance services to be provided by the Maintenance 

Department This means that the main users of the equipment are confronted with the 

actual maintenance costs. Defining the sub-budget for maintenance is a joint effort by 

Operations and Maintenance. 
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However, a situation of adequate cost control has not yet been attained. The reasons for 

this are as follows: 

- in the last three years the economy of Surinam has suffered severely under the 

fluctuation of the local currency. Because stability has not yet been achieved, the 

company is forced to convert the budgets into US dollars on a unit basis. Because of 

the currency inflation, the costs of imported materials dominate the maintenance 

budget (up to 80% ); 

- there is not yet adequate control of the costs of maintenance carried out by contractors. 

The procedures for purchasing services are less developed than those for materials; 

- the costs of down-time, caused by the lack of maintenance, have not yet been 

quantified. However, this is possible because all the operational departments have 

production targets which are related to the company output in barrels/day. These costs 

of down-time can be severe. When the pumping system of a particular oil well suffers 

a breakdown which cannot be repaired within twenty four hours, the most severe 

repercussion might be that the well becomes completely useless (the sudden lack of 

production can cause a change in the reservoir structure). This means that several 

years of production output from this well are lost. 

As staled earlier, a maintenance strategy should focus on the balance between equipment 

performance and the corresponding maintenance costs. To make this more explicit, the 

following two suggestions were made: 

- to address the Maintenance attention to the most important objects; all the equipment 

has been divided into six Equipment Performance Clusters, as they are termed. The 

criterion used was the criticality of the equipment for the total output of the company; 

- the Customer concept, in which the operating departments are treated as the customers 

requiring and paying for the services of Maintenance, could be further enhanced. 

Understanding the operational circumstances can be of assistance in formulating a 

better definition of the requirements in respect of the maintenance execution. 

Tools: Physical aspects 

The shortage of hand tools for maintenance is one the practical harriers which obstruct 

better maintenance execution. Other harriers are the lack of mobile facilities (service 
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trucks), which are important because of the di stance from the Maintenance Department to 

the various production field locations. Expansion of the maintenance repair shops is also 

necessary and bas been planned. 

Tools: Structuring maintenance needs 

One of the major improvements bas been the introduetion of a Preventive Maintenance 

(PM) pro gramme. Preventive maintenance schedules are in operation for most of the 

equipment. However, further attention is neededinorder to attain and rnaintaio the 

necessary PM discipline (execution in compliance with the desired quality, instructions 

and frequency). Once PM culture bas been established •. further improvements can be 

found in: 

- evaluating the PM schedules for the specific State Oil operational environment (the 

current schedules are mainly basedon the manufacturers' general prescriptions); 

- the introduetion of visual and functional inspections as a foundation for more 

condition based maintenance (CBM); 

- structuring the failure analysis. 

Tools: Operational control 

A manual work order system is not yet in use. Because of this there is not enough insight 

into the actual workload, backlog and scheduled activities for the next week or weeks. It 

was also clear that the procedure for breakdowns (priority levels, communication, 

performance testing) could be improved. 

Over the years, the stock of spareparts had grown rather unsystematically. State Oil can 

only partially depend on local suppliers for the replenishment of items in stock: most of 

the items have to be imported from the United States or the Netherlands. The Customs 

procedurescan cause severe delays. On the other handtherewas 'dead stock', items that 

had become useless because of changes of the equipment in use. It was obvious that the 

spare parts stock levels and their replenishment procedures should be re-evaluated, not 

only for Maintenance purposes, but also as a basic requirement for the Materials 

Management Project. 
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Tools: Organisation 

Obtaining sufficient maintenance manpower in quantitative and qualitative terms is no 

simple matter in a country like Surinam. Some positions still have to be filled. 

Maintenance skilis could be improved, but the local options for technical education are 

limited. There was a clear need for the company to have its own maintenance training 

programme. 

As figure 9.1 bas already illustrated, electrical maintenance was carried out by personnel 

of the Utility Department. Because these people were also engaged on several operational 

activities, the performance of electrical maintenance was not satisfactory. The separation 

of Mechanical and Electrical Maintenance caused some practical problems for equipment 

which needs both types of maintenance. 

Tools: lnformation systems 

Several stand-alone PC applications were in use. For example, there is one application 

for equipment master data, another for the registration of technica} availability and 

another for the bi story of jobs done. There was no integration with the information 

systems of Materials Management (spare parts, directly purchased or issued from MM 

stock) and the Finance Department (cost transactions, budgeted versus actual 

expenditure). This caused inefficient data handling. It was decided that the efforts of 

these three departrnents to improve their information systems should be combined. 

2á Definin~ tbe improvement prQject 

As a result of the maintenance audit, some 25 improvement actions were suggested. 

Priorities were set and the actions were divided into short-term (less then 3 months), 

medium-term (up to 6 months) and long-term opportunities (12 months or more). In 

general it can be stated that there wasastrong focus on "basic" improvements (e.g., 

spares, facilities, work orders) in order to provide the solid foundation for more 

sophisticated improvements (e.g., condition-based maintenance) in the future. For that 

reason the project plan (for Phase 2) only covered the short and medium-term 

improvement actions; see figure 9.3. These improvement actions were dealt with as 

sub-projects, each with its own small task group, coordinated by the Maintenance Task 
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Force. This Task Force reported to the Steering Cornmittee and maintained the necessary 

communications with the other projects within State Oil. 

M Results so far 

Long term 

Middleterm 

_1_ -- phase 3---

Figure 9.3 Maintenance lmprovement Project 

9.6.1 Short-Term Actions 

A procedure for acceptance testing has been implemented. This means that after almost 

every maintenance activity on a particular item of equipment, a performance test is 

carried out in the presence of the Operadons personnel. It is preferabie for the test to be 

performed under normal operating conditions (which can differ from the more stabie 

conditions in a maintenance repair shop), unless it is not possible for this to be done. Soa 

maintenance job is not finished until the 'customer' is completely satisfied. Performance 

Testing proved to have a positive impact on the quality of the maintenance work done. 
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The monthly reports on Technica! Availability (TA) were combined with a quarterly 

report, which shows trends in TA and provides information about and analysis of the 

causes. 

Each mechanic was issued with his own personal tooibox and arrangements were made 

for a special tooi room. 

9.6.2 Medium-Term Projects 

RMT I: Spare Parts Stock Levels 

Within State Oil, spare parts are defined by equipment group. The following procedure 

was used for adjusting the stock levels: 

- the different equipment groups were arranged in order, based on the Equipment 

Performance Clusters; 

- for each equipment group, all items actually in stock were listed and then allocated to 

one of the following categories: Supplies, Fast-Moving Routine Parts, Slow-Moving 

locidental Parts, Repairable Components (used in rotation), Dead Stock (useless items, 

to be deleted); 

- using the information available about the yearly stock usage (1992, 1993) and the 

experience of both the Maintenance and Operations Supervisors, new stock levels 

were defined and passed through to Materials Management. 

New items were added where necessary. Approximately 20 per cent of the old items 

could be deleted (redundancy, modified equipment). The replenishrnent procedures were 

redefined; only the first two categories are automatically reordered. 

RMT 2: Training Programme 

A list of 40 skiU-training courses was defined and related to the various maintenance 

disciplines (even divided into third, second and first grade mechanics). A description of 

all the training courses was drawn up (goals, contents, examination test) and possible 

instructors, local or foreign, were selected. The training courses were scheduled in a 
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two-year programme (approximately one course per month). The training needs of each 

individual mechanic have been identified. 

Meanwhile, the training programme bas been extended to the maintenance staff and to 

some extent also to the production operators, enabling basic operator maintenance tasks 

to be undertaken. 

RMT 3: Workorder system 

The activities carried out by Maintenance were divided into work types: Scheduled 

Maintenance (at regular intervals), Repairs (executed at a planned moment), Overhauls 

(major overhauls to increase the lifetime of the equipment), Modifications (partial 

re-design of the equipment), Breakdowns and Miscellaneous. The differences within the 

workorder flow (initiation, preparation, planning, release, execution, teehoical 

completion, administrative completion) have been defined for each work type. 

A start bas been made on a manual work order control system. Using a reprinted work 

order farm, data are added by Operations or Maintenance personnel. All jobs are entered 

in one ofthe boxes "still to be released", "released (in execution)" or "completed (to be 

filed in history)". The use aftbis manual workorder system will facilitate the 

introduetion of a computerised maintenance management system (CMMS) in the future. 

RMT 4: Upgrading Electrical Maintenance 

Within the Utility Department, a clear distinction was made by separating the electrical 

maintenance tasks from the operational tasks. Working procedures for the Electrical 

Maintenance Group were synchronised with the other maintenance disciplines. A start 

bas been made with the implementation of PM sheets for electrical equipment. In 

addition, the stock levels of electrical/electronic spare parts are being defined. 

RMT 5: Planning New Facilities 

Plans were made for a new repair shop, with facilities for the maintenance of drilling 

equipment and earth-moving equipment. The new repair shop is situated near the most 

recent production development locations, which significantly shortens the mechanics' 

response time. 
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RMT 6: Budget System for Maintenance 

A new budget system for keeping track of the costs of maintenance was introduced. The 

company already used a budgeting structure in which each operational department bas its 

own sub-budget for maintenance. 

Target budgets were defined for each work type, based on the estimated costs of the 

expected activities; see tigure 9.4. These activities are clustered into the different work 

types, as mentioned above. Since these work types are the same as those used on the 

manual work order forms, the estimated costs can be effectively compared with the real 

costs. The target budgets go down to the level of individual material items (in US 

dollars), because these costs comprise up to 80% ofthe total budget. 

RMT 7: PM Scheduling forDrilling Equipment 

Klanten van Maintenance 
,------, 

Budget Prod.Dev. 
group: 2 

Figure 9.4 Budget System Maintenance 

For drilling equipment, the rigid scheduling of PM jobs based on operating hours was 

relaxed. Because this equipment is used in production cycles of 8 days (the approximate 

time needed for drilling a new well), prevenlive maintenance was re-defined in terms of 

cycles. The most practical solution proved to be performing one PM job every two well 
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cycles, increasing the average interval from 250 to 300 operating hours. Some technical 

adjustments were made (e.g.,lubrication oil conditioning filters) to make this possîble. 

This is clear example of how Maintenance can align the working procedures on specific 

operational conditions. 

RMT 8: lnformation Requirements by Maintenance 

As mentioned earlier, the search for new and better inforrnation systems is a joint action 

by the Maintenance Department, Matenals Management and the Financial 

Administration. To make the integration of these future inforrnation systems possible, it 

was decided that thematenals management functions (e.g., storage, stock control, 

purchasing) should be contained within a standard computerised maintenance 

management system (CMMS). One interface is to cover the data interchange between the 

CMMS and a standard flnancial software package. After the definition of the most 

critical inforrnation requirements, Moret Ernst & Y oung supported the preliminary 

selection of possible candidates, using a database with the features of CMMS packages. 

A separate demonsteation case was weitten for each of the three departments, which 

focused on the specific situation of State Oil. It proved to be possible to obtain a clear 

and detailed insight into the suitability of the software packages for the State OU 

environment in sessions lasting two days each. 

The selections made were the Oracle products RAPIER from the supplier SQL 'Systems 

(for Matenals and Maintenance Management) and Oracle Financials from the supplier 

Oracle Netherlands. 

2:1. Ihe future 

Many improvement actions will have been realised in Phase 2 of the Maintenance 

Improvement Project, others still need full attention. At this point of time, preparations 

are being made to complete Phase 2 and tostart up Phase 3. This last phase will focus on 

the proper implementation of RAPIER within the Maintenance Department of the State 

Oil Company. 
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Summary 

Measurement is a critica! aspect of scientific endeavour. The investigation of laws and 

relationships in the discipline ofMaintenance Management requires the analysis of 

organisations. This creates difficulties in the conduct of controlled experiments. Similarly, 

the measurement of performance by organisations could be considered to be the 

measurement of the results of somewhat uncontrolled experiments. Both situations share the 

need to understanding the relationship between inputs and outputs. Analysis of these 

relationships for the "Maintenance Management" function within an organisation reveals 

the required attributes of performance measures. To achieve this, methods for connecting 

desired business outcomes, equipment performance and the Maintenance Management 

Process have been developed 

I 0.1 Introduetion 

lt is apparent that there exists many technological, decision, and management theories that 

appear to provide substantial benefit for industry, specifically in the area ofMaintenance 

Management. Experience indicates a slow rate of acceptance, and practical development, of 

these theories. This suggests that either their worth, or the impact of maintenance decisions 

on organisational performance, is oot sufficiently established. Unless the results of activities 

related to what might he termed the maintenance process can he demonstrated, there is no 

guarantee that this situation will improve. 

A scientifically credible link between the inputs to the maintenance process and outcomes for 

the organisation has oot been established. This is oot particularly unique to maintenance 

management. Debates within Accounting Theory (Demski, 1967) and Organisational Theory 
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(Anthony, et al,1989, Hannan and Freeman, 1978, Pfeffer, 1978) address similar difficulties. 

These difficulties include the establishment of a causallink between actions and outcomes 

and the determination of organisation goals. 

When evaluating performance, data collection and the determination of standards rely on the 

acquisition of qualitative information including the feelings of people involved with the 

organisation (the constituencies). These include employees and managers, technical system 

owners and those who interact with those systems. This is particularly necessary in 

determining the definition of the standard for performance and by impHeation the appropriate 

treatment of risk and reward. Consideration of these issues implies that a practical objective 

of a performance measurement is not to precisely measure a restricted view of performance. lt 

may be more appropriate to search for an imprecise measure ofthe best available concept of 

what constitutes the entire system. This necessarily requires consideration ofthe preparedness 

ofthe firm in case of a future incident with a known probability of occurrence. It necessitates 

a study of the organisation and potentially the analysis of possible future incidents, given 

possible extemal events. 

The use of 'traditional' mathematical models, applied to maintenance decisions, which allow 

only 1 or 2 decision variables, do not appear to be suitable for this task of measuring overall 

performance. This implies the use of techniques including simulation. Such approaches 

potentially permit the critical review and input of all constituencies and contributors to 

information about performance and its causes. Interactions and interdependencies that 

determine overall performance can be represented. This allows the illustration of attributes of 

the system that can be improved, consistent with improving overall performance. 

The analysis of the impact of actions on future outcomes for the organisation carries 

particular significanee for the maintenance process. lt could be argued that much ofthe 

activity related to maintenance, unlike the traditional view of production performance, is 

directed towards future performance of the organisation to the detriment of current 

performance. It is suggested that this fact is not currently recognised by performance 

measures proposed or in use. The treatment of acts of omission or commission of 

maintenance activity as an investment leads to the concept ofvalue as a critical factor in the 

measurement of performance. 

Maintenance could be defined as the study of that part of the operations activity that 

determines the appropriate allocation ofthe cost ofupkeep ofthe means of operation. 
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Maintenance costs could therefore be considered as discretionary spending implying that the 

effect on business performance is not clear. 

The problem is to determine the real impact of activities on the goals of the organisation and 

on the appropriate use of its resources. Often, what is termed performance measurement 

accepts a lessor challenge. The measurement of cost contribution, the measurement of process 

stability, or the establishment of performance against a budget are not so problematic. These 

approaches are to a large extent a reaction to the difficulties of measuring actual 

performance(Anthony, 1989, 575). The search hereis for an indication that the budget and 

subsequent activities are in fact appropriate from the perspective of the organisation. The 

question posed is: what is the real performance ofthe sub-set ofthe organisation's activities 

referred to as the maintenance process? This paper draws tagether a number of issues from 

recently presented papers. 

W Definition of Maintenance Manaiement 

Defining maintenance is the first step in determining how its performance should be 

measured. lts potential sphere of influence must be agreed. A well accepted definition of 

maintenance is: 

"all activities intentled to keep technica/ systems in or restore them to the condition 

considered necessary to fulfil their intendedfimction " (Geraerds,J972), 

and its scope has been depicted by various descriptive mode Is, in particular the EUT Model 

(Geraerds, 1991 ). A definition of the total process of 'managing' maintenance, focusing on the 

links between an effort to rnaintaio and the business goals, is suggested as: 

"The efficient app/ication of resources to control and reconcile actual system behaviour to 

the effective attainment of business requirements". (Dwight, 1 994a) 

The system for rnanaging maintenance in an organisation may be represented by a collection 

of interconnecting functions or job steps that include: interpretation ofthe business plan and 

previous results, analysis and planning of maintenance actions and resource requirements 
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including the development of a Maintenance Concept (Gits, 1984), the decision to and 

execution of maintenance, evaluation of results and can extend to activities the organisation 

undertakes to consider maintenance requirements in the acquisition phase of a system's life. 

Given this definition, measures of the performance of this function must account for the 

potential for contribution, both positive and adverse, on the value of the organisation. 

10.3 Desirabie Attributes of Performance Measures 

Performance evaluation aims to delermine the varianee between what is expected (the 

Standard) and what is achieved over an arbitrary period of time. Achlevement is by either the 

selection of or/and the proper execution of actions among which there is an available choice 

affecting the element being measured. 

Defining a suitable standard is elusive but, for systems within the organisation, must be 

related to the organisation's goals. 

"e.ffectiveness (in which they inc/ude efficiency) is the congruence between organisational 

goals and observab/e outcomes" (Hannan and Freeman,J978, 11 0) 

Expectation is set by either previous achievement or by analysis of ideal achievement. i.e. it is 

an interval (at best) rather than a ratio scale. The concept ofthe standard being the 'optimal' 

performance given the situation is supported by a number of researchers in the area of 

accounting (e.g. Demski, 1967, 704) 

It is worth listing properties of a 'good' performance measure. These properties could be 

stated as: 

1) an agreed standani exists for which there is generally commitment from those required to 

control to it, or improve by it, 

2) there is a known cause and effect relationship between the measure and a retained or 

improved business performance, and 

3) there is an understanding ofthe various influences on the measure proposed 

The potential sourees for performance standards can be categorised into 2 fundamental areas: 

l) from others (What rnight call bench-marking), or 
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2) from an analysis of what you need for 'success' however success is defined. 

(Dwight, 1994b,3) 
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The selection of particular measures largely determines the type of standard that is assumed. 

For the purposes ofmeasuring performance as it is defined previously, it is not logica! to use 

standards chosen by others. Accepting this, the remaining discussion concentrates on 

developing standards that are relevant to what is required for 'success' of the organisation 

concemed. 

10.3.1 Assumption Levels in Performance Measures 

Performance measures can be placed in a hierarchy according to the assumptions implied in 

their use. (Dwight,l994b,3) One such categorisation is presented in table 10.1. lt describes 

the criteria, and typical measures, for each level . 

Levels are decided according to what account is taken ofthe potential impact ofthe 

rnaintensnee system on the total organisation. They indicate a progression in awareness of the 

business success factors that are controllable or influenced by maintenance. One level is not 

naturally better than another. The test is whether the assumptions hold in the situation being 

considered. Where level 5 is appropriate, levels I to 4 signify an increasing ability to satisfy 

the requirements imposed. 

None ofthe levels described provide unequivocal measurement of a maintenance department 

as opposed toother (particularly operations) influences on the aspects indicated. The methods 

ofimproving the performance indicated by any of these measures is not clearly within the 

scope of a particular section of the overall organisation. 

The fifth level attempts to measure the overall utilisation ofthe fixed assets and recognises 

that expenses include depletion of this fixed asset resource. lts value depends on future 

demand, technological changes, and the appropriateness of the various rnaintensnee actions 

consiclering the probabilities of such factors impacting on these fixed assets. Further, it allows 

maintenance actions to be judged against factors like the remaining life of the equipment, 

process, or product. This view of performance is the subject of work related to that reported 

here. 
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Level Deseription Typieal Measures Assumes That: 
I. Overt (visible) Instantanous directly - Direct maintenance - Impact of maintenance 

Bottom-Line attributable financial impact co st actions on down-time, 
Impact (maintenance as a pure quality, yield and future 

expense in the period in maintenance costs are 
which the cash-flow occurs). negible 
Overt cost of maintenance - Causes of maintenance 
actions (i.e. costof costs arise and are 
maintenance support) is the controllable within the 
only concern. accounting period 

2. Profit-toss and Over impact of maintenance - Direct Maintenance - Impact of maintenance 
on production (i.e. time lost Co st actions on quality, yield 

Overt for maintenance) as well as - (Delay Time x and future maintenance 
CostImpact direct maintenance action $/hour) costs and down-time are 
Performance costs is relevant and negligible. 

recognised. - Causes of maintenance 
costs and down-time arise 
and are controllab te 
within the accounting 
period 

3. Instananeous Covert ( consequential) and - Overt Maintenance - Causes of maintenance 
Effectiveness overt impacts are recognised Action Cost impacts on the business 
Measures in the period in which they - Utilisation arise and are controllable 

occur - A vailability within the accounting 
- Reliability period 
- Overal Equipment - Only the events occuring 

Effectiveness now will occur in the 
- Weighted impacts future 

ofthe various 
measures 

4. Systems Audit Impact of the systems - Plannedlunplanned - System excellence 
Approach understood broadly providing work ratio implies the best possible 

a measure ofthe ability ofthe - Actions carried out performance 
maintenance system to compared with the - Strategies and current 
sustain support and predict strategy techniques are effective 
problems - Backlog trends 

- % Maintenance 
induced failures 

- Systems Audit 
Approach (sect.6) 

5. Time-Related Evaluation of performance - Value-based - Projections for future 
Performance based on overall effect on the performance demand and obsolescence 
Measurement company's ability to create measurement and accurate 

wealth. Sensitivity to the (under 
relationships and time delays development) 
between cause and effect. 
(The process seemingly 
requires prescience and so 
presopposes that tangible and 
intangible value can be 
estimated) 

Tab/e 10.1 Levels of Performance Measurement 



Concepts for Measuring Maintenance Performance 115 

I 0.4 Etaboration of influences of the maintenance system on an organisation's performance 

A number of characteristics of the maintenance process add complexity to the measurement 

of its performance. It is relevant to discuss these in order to gain further insight into the task. 

Maintenance activities determine the future options available to meet demand. Most decisions 

have an impact on future earnings by restricting the available options. Such impacts of 

decisions and actions need to be determined in order to measure current performance. 

A major overhaul delayed by 1 period potentially limits available capacity in the following 

period. This limits available options in producing products for the market place. Whether this 

is an issue depends on the likely requirement in that period and the risk ( expected loss) of oot 

being in a position to meet that requirement. As time when a repair must be done becomes 

more immediate, the flexibility to deal with it is reduced. This must be reflected in changes 

in value. 

On a similar note, systems can be thought of as a store of value: a store of future productive 

capacity or cash flows. The use and abuse of this 'store' should ideally be recognised by the 

performance measurement system. Where the nature of the value stored remains essentially 

constant there can be confidence in the use of existing measures. Unfortunately this is oot 

automatic and is at the diseredon ofthe business manager. lt could amount toa faiture to 

account for the depreciation of assets. 

Another important task ofthe maintenance processis to be in a position to deal with 

uncertain events. Considering the level of preparedness for possible events is oot normally a 

feature of existing performance measurement although it is a major activity for maintenance. 

A specific example ofthis is described in a paper on CN Rail's approach to maintenance 

(Trask and Fraticelli, 1991, 18-19[7]) which describes the activities undertaken to determine 

levels of risk and to develop maintenance concepts (plans or strategies) to account for them. 

Such analysis must impact on future performance. 

1 0.4.1 Discount Factors and Uncertainty 

Discussions ofwhat and who defines performance and over what time frame can be found in 

the literature on organisational theory. In particular these views are expressed by some 

researchers with statements such as: 
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"quick favourable outcomes may be coupled with longer term de cline" (Hannan and 

Freeman,l978, 113[4]) and 

" ... effectiveness is inevitably defined only through a process of social comparison" (Pfeffer, 

1978, 134[9]) 

Expectation and achievement must ideally include the affect of 'actions taken' on the possible 

future achievement of the organisation's mission. Probability and risk must play a role. The 

effect of management expectations and attitude to risk will affect more than anything else the 

'real' maintenance performance achieved (i.e. from some objective view in hindsight ofthe 

effects of the decisions taken, as opposed to the real risks and expected returns based on 

information that was available ). Linard ( 1989, 53 [I 0]) points out clearly the influence of the 

discount rate selected on 'plant and equipment' decisions. In other words, performance is 

dependent on the standard used and in particular on the metbod of combination of 

constituencies selected. e.g. balancing cost of repair against the delaying of an order or the 

risk of a safety incident. 

In general the shortcomings in industry's treatment of performance measurement are: 

1) accumulation of risk is not the current viewpoint 

2) focus is on the immediate and not on the overall requirement 

3) isolation of maintenance indicators from business requirements making them an end in 

themselves 

Measures proposed in the literature do nothave the appearance ofhaving been thought 

through. As Pintelon(1990, [54]) observes, there have been few if any serious attempts at 

research into appropriate measures. Those proposed often contain many bidden assumptions 

with little or no guide to where such assumptions may be acceptable. There is no rationale or 

defence of the indices, which are normally ratios. Of particular concern is the susceptibility of 

the measures to changes that cannot be considered to be within the realms of 'maintenance' 

management controL 
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l0.5The Definition of Performance in Tenns ofValue 

The challenge is to capture the above concepts and in particular the impacts of maintenance 

actions on future periods. The definition of performance for the period (t-1 ,t), accounting for 

system value changes (or flows), can be stated in terms ofthe change in value ofthe system. 

Value is bere defined as the probable future earnings ofthe system. Formally, 

V-V 
Performance ( S 1 ) = V,. 1 

, (l) 

where Vr is the value realised during the period. This is equivalent to the cash-flow CF 

during the period (t-1,t). V1, the future value lost, represents the lossof future cash flow in 

real terms compared with the known best future value, v;, the estimated 'best known' change 

in value. v; is given by: 

v; = v·(t-1)- v·(t), (2) 

where v•(t) is the estimated best attainable sum ofthe future real cashflows. v•(t) and V1 

must be calculated ex pos te in that they acknowledge the actual circumstances that prevailed 

during the period. 

Rather than dealing with flows in value, which need not be conserved, performance can also 

be defined in terms ofthe remaining 'absolute value' in the system, i.e.: 

Performance 
CF(t-1)+V'(t) 

V'(t-1) 
(3) 

This would often present results close to 1 for Jonger term projects. The measure potentially 

includes the total organisation as opposed to an isolated section called 'maintenance' or 

'repair'. It is necessarily linked to the objectives (and or goals) ofthe constituencies ofthe 

business. This encompasses the complexity of the notion of performance measurement in any 

situation. It is of particular interest to maintenance due to its conneetion with long time 

frames. 

Potentially, this approach could be criticised as being an 'introverted' view in that it seeks to 

understand the business position with respect to its own objectives. 'Extroversion' comes in 
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the search for altemate methods of attaining the business goals prompted by a search for 

possibilities, often within other businesses. 

It could be argued that the ability of a company to identify alternatives ('best practice') is an 

important part of performance. The calculation ofv· requires such knowledge. This leadstoa 

tendency to utilise qualitative rather than quantitative data and to techniques such as an 

'auditing' approach to the determination of value. 

The question of performance evaluation examines how well the functions, related to the 

ongoing provision of equipment, support the business goals ofthe organisation in the light of 

the nature ofthe production process and the equipment employed. Such a definition 

potentially allows comparisons across industries and is directly connected to the means of 

improving performance. lmportantly, the calculation ofvalue must assume that the best 

available options will be taken up in the next period. This is in contrast to value calculated 

based on an implied continuation of the current policies. lt also allows for a sensible 

campromise on current actions in the knowledge that, if required, remedial actions may be 

pursued in later periods. Allowance must be made for transition cost and irretrievable 

positions. 

Finally, the value of inputs and outputs depend on each other. As an example, the risk of a 

Nuclear Reactor melt-down brings the need for actions that are not required if the risk does 

not exist or is not recognised. Activities designed to remove machining debris from the slides 

of a cutting machine only add value if the debris is actually generated and if it is detrimental 

to the machine, and that the machine's life is in the end significant. 

10.6Ap_proaches to Performance Measurement 

1 0.6.1 The System Audit Approach 

This approach examines the actual system alone (not its results per se) against the business 

goals and what are known to be the ideal system elements. The basic concept is that system 

elements gain their importance to the business through their ability to control the attributes of 

potential failures. Auditing schemes have been developed in this and other areas but not with 

this philosophy. 
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By obtaining qualitative estimates of the various parameters a measure of the system 

suitability for meeting these business goals, against a standard determined by an i deal system 

configuration, can be obtained. This can be achieved by rating the relative importance of each 

faiture attribute FA; (e.g. co st of repairs, frequency of stops, length of stops) to each business 

goal, allowing the relative contribution of each faiture attribute to performance C,iF A;) to be 

determined. 

where C(F A;) is the un-scaled contribution of FA; to business goal BGi and C,.1(BG) is the 

relative contribution ofBGi to the business. 

(4) 

The influence Cce~FA;(SE;.) of each potential system element SE;. on each faiture attribute FA;, 

in comparison to all system elements, can be independently determined. The contribution to 

the business Cre1(F A;) of each potential system element can now be related to the business 

goals such that: 

(5) 

As an example, the contribution C,iFeedback from Operations) may be 0.05. Such a number 

cannot stand alone and must be supported by consistent analysis of the total system, 

conserving relativities and assuming eertaio properties exist in other elements of the system. 

Examination of alternative configurations of each system element leads to a ranking of 

alternatives for each element. Through this approach a rating ( or performance) PSEk of actual 

system elements against the ideal can be determined. 

Again this approach is conceptual one but provides a framework for the analysis of an 

organisation's maintenance system. It prescribes the directions for improvement. 

The potential impact of maintenance on business success can be described by 4 basic 

variables or factors. These Business Success Factors are: 

(6) 
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a) the Cost ofthe action 

b) the effect of Disroption caused by the required maintenance actions ( can be a cost-driver 

or a part ofthe value chain) 

c) the effect ofthe Performance ofequipment between actions (Note that the effect of 

actions can be either seen in the type of action selected or in the manoer the action is 

carried out. Both are measures of performance.), 

d) the ability of any action to affect the Life ofthe component, 

The attributes of these variables define the potential deliverables from the maintenance 

process. They validate maintenance actions. They determine the potential of'maintenance' to 

affect the bottorn Iine. Consequently, they also determine the requirements fora performance 

measurement system. For example, in the case of a company with a limited market and ample 

productive capacity, disroption (Business Success Factor) may have a low correlation with 

success. This would imply that any measure that accounted for the other Business Success 

Factors would be acceptable. 

It is important to establish the ability of 'maintenance' to control the relevant Business 

Success Factors ifmaintenance performance is to be measured. This concept of 

controllability is another determinant of suitable performance measures. The comparison 

must be made between what is possible, or, what can be influenced, and what is being 

achieved. The life of equipment may be an important determinant of profitability but be 

unaffected by the maintenance effort. This applies where it is determined by other Business 

Success Factors, or where it is set by a component that is not maintainable. The decisions 

made in the acquisition phase of the equipment life-cycle would normally determine which of 

these variables are important, particularly where redundancy is built in. 

The concept of controllability as a consideration recognises an arbitrary aspect to setting 

standards in measuring performance. The objectives ofthe organisation and the 

understanding of what is possible are not absolute. The level of analysis ( organisation versus 

maintenance department), and the agreed sphere of influence of the functions being measured, 

will have significant infiuence on the measures used. This also leads to the view that 

measures are necessarily organisation specific. 
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A series of simple combinations of attributes of the identified Business Success Factors are 

included in table l 0.2. Potential performance measures are discussed. Possible attributes for 

each variabie are listed below: 

a) No cost incurred (unlikely) 

Cost varying with job length 

Cost varying with the activity chosen 

b) Nil or negligible 

Same for each action 

V arying in length 

V arying in frequency 

c) Nil or negligible 

Same for each action 

Dependent on prevenlive actions 

Dependent on corrective actions 

Dependent on action intervals 

d) Nil or negligible, i.e. longer than the expected life-time ofthe process. 

Same for each action 

r--_....__......,implie,_s;;__ ___ ..., 
Betongs to 

prime 
incident x 

Alterna te 
actions and 

incidents 

Optimal actions/ 
r-------~STANDAR~D ____________________ _......, 

Test 
alternatives 1--_., 
uslng model 

Test against 
actuat actions 

and their 
consequences 

Figure 10.1 Logic for ColZeetion of Data for U se in the Incident Evaluation Approach 
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1 0.6.2 Incident Evaluation Approach 

This is a conceptual metbod ·of capturing information from an existing system, developing a 

model of the system through the compilation of a library of possible primal 'incidents' and 

'associated actions', leading to alternate 'possible incidents', as indicated in tigure 10.1. An 

incident is the occurrence of circurnstances which cause a reduction in system potential 

output. In its philosophy of data collection it is similar to 'Delay Analysis' (Christer, 1991 ). 

Actual incidents are tested against 'optimal' associated actions and alternate incidents in order 

to judge performance. The basis ofthe methodology is to calculate, ex poste', the optimal 

values v•(t-1) and v•(t) at the beginning and at the end of a period. For each primal incident 

(failure mode) an optimal action policy A • must be determined from a library of possible 

action policies (i.e. utilising a philosophy ofbounded rationality). These actions specify the 

value attributable to the incident including the cost of actions to be foliowed and the impact 

ofthe incident itself. The value ofthe action policy A undertaken throughout the period must 

be compared with A• again determined ex poste. 

Calculation ofV.(t) and v•(t-1) require that actual incidents occurring in the period are 

reconciled with the probabilistic nature ofv·. To allow this, v•(t-1) must be adjusted for each 

involuntary incident that actually did occur. This is achieved by setting p(C;) the probability 

of incident C; to 1.0 for the period (t-1 ,t). It allows the standard for involuntary incidents to 
' 

reflect the current ability ofthe company to deal with it. The fact that they may not be well 

prepared will have been recognised in the performance of previous periods as a less than 

optimal future value. 

The difficulty of deciding on a time horizon may he reduced in importance if it is recognised 

that it is the transition from one action policy to an optimal one which is of interest in this 

analysis. Primal incidents are associated with a set of possible incidents whose individua1 

probability of occurrence is determined by the particular action policy selected. Their basic 

attributes· are: probability of occurrence as a function of time; and, optimal impact as a 

function of business conditions at the time of occurrence (variation in cash flow). The overall 

action policy attribute is future value which is sensibly divided into those cash flows 

associated with the preliminary actions and those associated with the expected collective 

impact ofthe N possible incidents given by the expression: 
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N 
L [p(C;) CF;]IA ' 
i=l 

where CF; is the expected cash flow as a result of C; occurring at its expected time, again 

given the available resources implied by action set A. 
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(7) 

The optimised amalgamation or grouping of actions may betaken up in a number ofways. 

One suggestion is to collect together common resource requirements and from that determine 

the cost of the resource. This would be the basis of a new iteration of the selection of optima! 

action policies. lt is proposed that the library of primal incidents and associated sets of 

possible incidents and action policies and their attributes can be compiled through the 

Maintenance Concept analysis or directly through observation of the system itself. 

The proposed approach is obviously laborious but may be feasible if a sampling approach is 

taken . 

.UU.Conc!usion 

An absolute measure of performance is difficu!t to conceive. The concept of value as a 

measure provides a fundamental framework for the analysis of more practical measures. 

Without such a concept of the meaning of performance, the establishment of credible 

measures is probably not possible. 

This work is of a fundamental nature. The real scope reaches to the core on management of 

organisations. The challenge is to develop this thinking into useful tools for organisations to 

use in guiding their decision making 
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Maintenance Performance Analysis: 
A Practical Approach 

P. de Groote 

11 

l!J.Priociples on How to perform. a Quality audit 

11.1.1 Introduetion 

The aim of a maintenance quality audit is to get an idea about the perfonnance of 

maintenance through the assessment ofthe existing problems, both from the organizational 

and operational point of view, so as to be able to suggest measures of improvement, 

detennine the priorities for the recommended measures and set up a plan of action. 

A quality audit of a maintenance department contains foÎlowing parts: 

- the survey 

- the analysis of the assessed data and the fonnulation of conclusions and recommendations 

- the definition of priorities and plan of action 

- cost-benefit analysis 

11.1.2 The survey 

The assessment of the infonnation concerning the prevailing situation is a decisi ve step in the 

survey-phase. This can be done in various ways. The metbod which is proposed hereafter is 

basedon an analysis ofthe maintenance function starting from the production equipment in 

the framework of an overall management master plan. This is illustrated in appendix 11.1. 
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Through this assessment one should be able to obtain an objective picture ofthe prevailing 

situation in a minimum period of time. To this extend an on as large as possible number of 

influencing parameters should be studied in the various departments which are in one way or 

another dealing with the maintenance function. Questions are asked not only to the service 

heads but also to the foremen and workers on the shop floor. 

In order to carry out the audit, the steps to be foliowed are listed below. 

1) General information conceming strategie options, intemal relations etc., is obtained 

through meetings with the management. 

2) The survey is then started up in the production departments, together with production 

staff. The installations are visited according to a routing which follows the process-flow. 

The objective is to get a basic knowledge of the items to be maintained and their 

"maintenance attitude". 

3) After gaining an idea about the condition and operation ofthe production equipment, 

only then should the various maintenance services be visited. 

Though not imperative it is better to always proceed in the same order, for example: 

Maintenance organization chart; 

- Central maintenance planning office; 

- Mechanical workshop and mechanical interventions; 

- Electrical workshop and electrical interventions; 

- lnstrumentation service; 

- Management of spare parts and stores; 

- General maintenance; 

- Maintenance personnel; 

- Expenses and maintenance budgets. 

4) The functions which are subject ofthe survey in the above fields are those which result 

from the maintenance organization structure. Moreover the components "human 
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resources" and "cost management" for each of these fields are studied in detail. During 

the survey it is important to obtain an overall view over and above specific questions. 

In fact, the interdependencies that exist in a factory can often influence considerably the 

various topics that are the subjects ofthe survey. lt is only by having an overall view, as 

complete as possible, that certain questions can be clarified. To obtain this, the best 

approach is to question various actors at various hierarchicallevels. 

Once the visits are over, a list of conclusions are drawn up on the basis ofthe answers 

received and one's individual impressions. This can be introduced in a tabular summary 

of which an extract is shown in appendix 11.2 .. 

11.1.3 Analysis of the assessed data 

The analysis of the collected data aims at reeommending improvements for increasing 

maintenance performance. 

Basedon the results ofthe survey (see appendix 11.2), a.o. the following topics will then be 

subject to an in-depth analysis and a description of their impact on production, quality, safety 

and the environment. When possible, figures or quantifiable outputs should be given : 

- Average distance from the plant to the industrial centre of the region. Analysis of the 

possibilities for subcontracting; 

- Type of construction contract (in case of a plant) ; 

- Process profile; 

- Complexity of machinery and equipment; 

- Variety ofmanufacturers and suppliers; 

- Standardization of mechanical and electrical equipment; 

- Accessibility to the equipment for maintenance work; 

- State of machinery and equipment (figures should be given conceming availability and 

reliability ); 

- Corporate maintenance management master plan ; 

- Position of maintenance within the plant's organization chart; 
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- Existence and efficiency of maintenance divisions or sections; 

- Amount and quality of technical documentation and the access to it; 

- Maintenance concept ; 

- Forms and data processing; 

- Workshop: organization and equipment; 

- The study of spare-parts needs; 

- The uniform codification of parts; 

- Efficiency of spare parts management and reordering; 

- Level of stocks of spare parts; 

- Efficiency of storage facilities; 

- Degree of satisfaction of requests for parts; 

- The qualifications ofthe maintenance Iabour force; 

- The training carried out; 

- Collection of data on maintenance costs; 

- Data-processing of maintenance costs; 

- Maintenance management systems; 

- Figures conceming performance ratios (technica! and economical). 

11.1.4 Conclusions and recommendations 

The above survey and analysis will result into conclusions and recommendations which are 

subdivided into the following head-lines: 

I) Production equipment : standardisation, maintainability and safety, cleaning, operation, 

follow-up oftechnical parameters (i.e. O.E.E.) measures tobetaken when imptementing 

new investments. 

2) Organisation and management of maintenance : maintenance management master plan 

and implementation strategy a.o. subcontracting policy, computerization strategy, type of 

organizational structure, organization chart, function- and job description, organization 

ofthe intervention teams, data collection and processing, methods, planned maintenance, 

processing of work requests, job preparation and -planning, follow-up of performance 
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indicators and monitoring chart. 

3) Material resources : teehoical documentation (a.o. practical recommendations for the 

set-up of machine files), inventory control, tools and measuring instruments, 

machine-tools and workshops, computer soft- and hardware, follow-up of costs and 

budgets. 

4) Human resources: manning tables, qualification, training policy, recruitment, 

promotionlmotivation methods. 

5) Work-environment: social infrastructure, transport, relation with the unions ... 

In appendix 11.3 a framework is given for the formulation of recommendations. 

11.1.5 Oefluition of priorities and plan of action 

Recommendations must than be hierarchized depending on pre-set priorities such as 

production, safety, quality, proteetion ofthe environment. This should result into a plan of 

action in the short, mid and long run. In order to highlight the interdependency of the 

proposed actions, the action plan can be presented by means of aPERT-PLANNING (see 

appendix 11.4 and details in appendix 11.5). 

11.1.6 Costlbenefit analysis 

131 

Finally a costlbenefit analysis should be made which will increase the acceptability of a 

possible improverneut project. Such an analyses will approximately have following structure 
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COSTS BENEFITS 

FIELD Non-recurrent Recurrent Non-recurrent Recurrent 

Personnet 

Spareparts 

Subcontractins 

Computerized maintenance 

management 

Tools 

Measuring instruments 

Equipment 

Training 

Other 

TOT AL 

Costlbenefit analysis table 

.lUConsjderations concemin~& performance indicators and their evaluation 

11.2.1 Introduetion 

As maintenance is a logistic function integrated into a production process, its efficiency is 

hard to appreciate in absolute value. Consequently, performance parameters cannot be chosen 

amongst operational figures. They must be defined in relative values, i.e. through ratios. 

There are two categones of ratios under which the performance indicators can be presented : 

- Economie ratios which allow the follow up of the evolution of internat results and certain 

comparisons between maintenance services of similar plants; 
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- Technica! ratios which give the maintenance manager the means of following the technica! 

performance of the installations. 

11.2.2 Economie ratios 

a) Ratios linTeed to maintenance costs. 

Amongst the economie ratios that exist, those which seem to be the most representative 

have been chosen hereafter. Understandably this list must be completed by "customizing" 

for each company. 

Direct cost of maintenance 

Added value of products 

The direct cost ofmaintenance comprises: cost ofmanpower, cost ofmaterials (spares, 

parts subject to wear, miscellaneous), costof subcontracting work and overheads. 

The added value ofthe products constitutes the total costof production less the costof 

raw materials. This ratio situates the importance of maintenance in a plant. The fact of 

using the added value and not the total cost of production eliminates the important 

fluctuations in the plant itself as well as between enterprises due to the fluctuation in the 

price of raw materials. 

Cumulative costs of maintenance of a unit since start-up 

Numher of running hours since start-up 

This ratio links the total direct costs of maintenance to a time unit. 

Another interesting ratio is : 

Total maintenance manpower cost 

Total direct maintenance cost 
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b) Ratios in re lation to spareparts 

Average stock value 

Repfacement value of production equipment 

This ratio takes into account the components of maintenance costs in relation to exterior 

ones. Likewise it bas a comparative value for similar plants or for a developing 

enterprise. 

Cumulated value of issued spares over 12 montbs 

Average stock value over 12 montbs 

This ratio measures the stock level of spares or stock rotation. This means the nurnber of 

times the value ofthe stock is issued per year. 

Cumulated value of issues over 12 months • cumulated value of issues of 
safety parts over 12 months 

Average stock value without safety parts 

This ratio eliminales the safety-parts issues on the ratio of stock rotation. These parts are 

generally supplied logether with the production equipment. From the accountancy point 

of view, they are considered logether with the fixed assets. A substantial reduction in the 

stock value then arises without decreasing the value of the issues. Here too the stock 

rotation would not reflect the real situation. 

Even if it is somelimes difficult to define and classify with precision the safety parts, the 

last ratio will be more precise than the previous one. When considering 2 types of 

classifications, it can beseen that the last ratio is hardly influenced by variations, 

whereas the previous ratio is very sensitive. In other words any error in classification of 

safetyparts will have a limited impact on the last ratio and astrong impact on the 

previous one. 

Two other ratios in relation to spare parts are interesting : 
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Consumables and spare parts = 

Total store issues and purebase 

Total direct maintenance cost 

Utilization of stock= 

Total yearly store issues 

Average stock value 

c) Ratios in re lation to manpower 

Cost of subcontracting 

Direct cost of maintenance 

This ratio follows the evolution ofthe policy adopted for subcontracting. 
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Subcontracting is defined as the total amount of maintenance operadons which are given 

to outside companies. 

Cost of maintenance persounel 

Direct costof maintenance 

This ratio gives an idea of the impact of fixed or temporary personnet 

11.2.3 Technical ratios 

The technical ratios, far more numerous than the economie ratios, are also much more varied. 

This is why only those considered to be fundamental and applicable to all companies are 

described on the condition that the principles of preventive and organized maintenance can be 

applied. 

Contrary to the economie ratios which are often in relation to the whole plant maintenance, 

the technica! ratios concern mainly apparatus, measures or installations. They can be placed 

under two categones : 
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- Those which interest the users ofthe equipment and are a measure ofthe efficiency of 

maintenance; 

- Those which interest more directly the maintenance manager in measuring the efficiency 

of maintenance policy. 

Hours theoretically available - Hours of maintenance 

Hours theoretically available 

By hours theoretically available in a period is meant the hours during which, ifthe machine is 

technically in working condition, it can really be used. For a 30-day month in a factory 

running at full capacity, this corresponds to 720 hours. 

The hours of maintenance are considered as hours of breakdown, of preventive maintenance, 

of repairs, inspection, lead time awaiting spares and waiting around for maintenance 

personnet during micro-stops. In certain companies the hours of down time for accidents are 

considered as hours of breakdown or repairs. This depends on the agreement between 

maintenance departments and production. In any case, the details of causes of down time will 

highlight certain stoppages that necessitate particular analysis. 

This ratio indicates the time during which the equipment would have been in production. lt is 

one of the principal performance ratios of maintenance. It also allows calculation of the 

degree of utilization of equipment. 

Number of running hours 

Number of running hours + down time for maintenance 

lt is the ratio of operational availability. 

The number of running hours is clearly defined. 

Down time for maintenance includes: repairs, preventive and corrective maintenance, 

overhauls and microfailures. 
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Number of bours of down time for unscheduled maintenance 

Number of running hours 

The nurnerator is calculated based on total down time for maintenance reasons, less the hours 

for scheduled inspeetion and maintenance. 

This ratio represents the lost production hours due to breakdown for maintenance reasons, 

during which the production manager could not use the personnet for other jobs. 

Number of stoppages 

Number of running or usage hours 

This ratio characterizes the number of failures in the system per unit of time and is a measure 

of the faiture or breakdown rate. It is generally preferred to the previous one wherever 

production of wastes at the time of shut-down or start-up is important and expensive. This is 

the case for paper-mills, spinning units, rolling mills and also when restart takes a long time. 

The unit of use chosen should be large enough so that it is representative, for example 1 ,000 

hours, 10,000 kilometres, 10,000 cubic metres etc. 

The ratio makes it possible to judge the development ofthe reliability ofthe equipment, 

during its life cycle. 

Number of maintenance hours 

Number of running hours 

This ratio measures the evolution of the state of materiaL lt can provide a forecast, by 

material group, of the maintenance workload for the personnel. 



138 Maintenanee Auditing and performanee Measurement 

This ratio is applied to heavy rolling stock (bulls, cranes, graders) as wellas to industrial 

production machines. 

Number of man hours for troublesbooting 

Number of man hours for scheduled maintenanee 

This ratio measures the efficiency ofthe applied maintenance policy. 

By troublesbooting is meant the urgent interventions carried out because of the danger of 

serious accident or stoppage of production as well as those necessary to restart an apparatus 

onder satisfactory conditions. Troublesbooting always causes an immediate disroption in the 

production programme and maintenance personnel. 

Scheduled maintenance includes all maintenance work except that which involves major 

overhauling work which can immobilize the material during a long time. 

Man-hours spent on prepared work 

Total man-hours spent by maintenance personnet 

This ratio measures the level of work preparation. It is a sign of an efficient maintenance 

organization. 

Sum total of time allocated 

Sum total time actually worked for these jobs 

This ratio gives an indication conceming the performance of interventions. 

From the foregoing discussion two aspects are apparent and must be considered: 

- One is the interdependence of the ratios in generaL A ratio on its own rarely signifies 

anything specific. lt must always be backed up or confirmed by examining others in 

relation to the same topic; 

- Another is the need for a precise terminology which is part of the numerators and 

denominators. 
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Great care must obviously be taken when examining publisbed ratios in international 

literature without further explanation. Care should also be taken when comparing ratios of 

maintenance departments from different enterprises. 

11.2.4 Evaluation of data through a management monitoring chart 

a) Setting up the monitoring chart 

The ratios, both economie and technica!, permit the maintenance manager to follow the 

evolution of maintenance performance. The results allow the manager to knowingly 

make any decision necessary for improved management. All the ratios are gathered on a 

"monitoring chart", also called "steering chart". 

The principal objectives ofthis monitoring chart are: 

- T o serve as an alarm bell or flashing light if something goes wrong in 

maintenance practice; 

- To allow systematic comparisons with preceding results and so establish the 

evolution of parameters and deduce the trends; 

- To judge the performance of different maintenance services, as far as it is possible 

within the limits ofthe ratios. 

The frequency of data outputs that influences the calculation of these ratios must 

correspond to the fixed objectives. It serves no purpose to produce them too often, but 

they must be sufficiently close together so that action can be taken in time. 

The indicators allow : 

- The taking of any immediate necessary action to face emergencies; 

- The request for analysis reports and detailed studies on certain topics; 
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- The correction of deviations, by specific actions, or verifying the effects of any previous 

corrections; 

- The preparation, in detail and withjustification, of budgets for operation and 

investment; 

- The informing of management and other services of the technica! and economie 

progress ofmaintenance in the plant; 

- The justification of reorganization or restructuring and follow-up of the results of these 

modifications by using existing ratios or by new ratios created for this purpose. 
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An efficient and well-designed monitoring chart with satisfactory follow-up not only 

gives a precise idea ofthe performance ofmaintenance, but also allows for the making of 

strategie decisions which directly influence profitability. 

b) Users of the monitoring chart 

In general there are two types of users : 

- The staffin charge in the production areas (operators and maintenance people ); 

- The maintenance manager. 

Both will compile monitoring charts but the degree of detail will be different. In the 

production areas, the following points will be of most interest : 

- Number of breakdowns per installation, machine or apparatus; 

- Analysis ofbreakdowns (origin, repetitivity, corrective measures, bottlenecks); 

- Manning tables by qualification and sector; 

- Analysis ofwork (time spent per machine or per kind ofwork, parts used); 

- Maintenance costs per instanation or machine. 

For the collection of data, job order, daily job reports from the shifts, the analysis of 

work carried out, production reports etc. will be available. If necessary, specific reports 

will be made, either to analyse in detail certain situations or to establish budgets for the 

sector, in order to make forecasts for materialor personnel. 

Of most interest to the maintenance manager will be the overall view supplied by the 

data collected from the various sectors. The ratios that interest the manager concern the 

whole ofhis or her service. They could be those presented in the previous sections. 

A centralized system for data collection allowing rapid access must be installed. A 

manual processing of these data is possible for small enterprises, but for large ones 

computerization is necessary. In any case, with the progress of micro-computers, it 
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would be advisable that a computerized system be introduced either partially or gradually 

for certain databases, even for small enterprises. 

c) The monitoring chart as a tooi for maintenance management 

This monitoring chart will allow the maintenance manager to establish company 

standards for each ratio aftera certain time of implementation. Moreover, he will be able 

to set objectives for each ratio. By following up the evolution, on a weekly basis for 

instance, per manager will be able to take the necessary measures. These objectives can 

then be split up for each production sector or even installation. Each section head or 

maintenance foreman will have specific objectives, and the obtained results can then 

easily be controlled and the measures discussed. A principal topic in this management 

system is the reporting procedures between the different sections and the maintenance 

management. Experience proves that a good maintenance management is only possible if 

the maintenance manager is correctly informed. A reporting system should consequently 

be installed to assure the transmission of the necessary information based on an efficient 

distribution for each level of responsibility. 

To illustrate the foregoing, reference is madetosome surveys DOS INTERNATIONAL 

carried out in Europe in 1987. In this study an analysis was made of 10 ratiosin three 

European industries and has been completed with intemationalliterature; the industries 

concemed were mechanica! construction, cement and petrochemicals. The results are given in 

appendix 11.6. 
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APPENDIX 11.1 
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APPENDIX 11.3 

FRAMEWORK FOR THE FORMULA TION OF RECOMMENDATIONS 

FIELD ACTIONS wn.I.. DEAL wrm FOU.OWING TOPICS 

1 PRODUCTION EQffiPMENT - state (cleanliness, order, bousekeeping, ... ) 
- operation 
- standardization 
- design and technology 
- acquisition of new equipment 

2 ORGANIZATION AND - Corporale Maintenance Management Master Plan 
MANAGEMENT - Maintenance concept 

- bierarcbical position of maintenance 
- maintenance organization cbart 
- organization cbart of all services 
- functioo and job desaiptions 
- maintenance management information system (MMIS) 
- maintenance planning 
- management tools 
- computerizaûoo 

3 MAlERIAL RESOURCES - teehilical documentation 
- spare paltS 

- maintenance workshop 
- tools, measuring instruments 
- maintenance cost and budget (incl. accountancy system) 

4 HUMAN RESOURCES - manning table 
- qualifications 
- recruibnent 
- career development policy 
- motivationfmcentive policy 
- training 
- subcontracting 
- tecbnical assistance 
- safety 

5 ENVIRONMENf - lodging 
- transport 
- medical care 
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APPENDIX 11.5 A 

DETAILS IMPLEMENTA TION OF PLAN OF ACTION 

ITEM ACTIONS 

1 GENERAL MAINTENANCE POliCY AND ORGANIZA TlCIII 

1.1 delint a plan of action te imprave maintenanca 

1.2 obtain full commilment of General Management 

1.3 deline and imptement Corporale Maintenance 
Management Master Plan 

1.4 inelude meintenance manageNI on lhe eeeutive 
board of direclors 

1.5 eatablish a maintenance commiltee within the 
cornpany, wlth !he job of obaerving !he 
~mplementalion of aclions tor ma1nlenance 
lmprovemenl and evatualing !heir resulls 

prepare e diagnootic report on maintenance 
idenlily !he actlens to be taken, eapecially in !he 
lollowing fieldt : 

eensitiz:ationlintormation 
mainlenance/produclion relalionahip 
mainlenance concept end policy 
pooition ol malntenance in the organizatienel 
atruclure 

• maintenance orgenization chart and job 
descriptiona 
uiting up of data colteelion procedures 
(Maintenance Managemant lnlormalion Syslem) 
apare part& management 
lmprovlng eleclromechanical intervention works 
Introduetion of planned maintenanee aystem 

• workshopslapare paria manulecturing 
• cosl conlrol!malntenance management 

Introduelion of CMMS 

• cenlralize all malntenance activitiea 
giva meintenance lhe aame rank u produelion 
tigh!en !he links beiWHn malnlanance and production 
lnlorm persennel about the malntenance policy and 
show the benelila reauiting trom lt 

• launeh a campeign cl awareneH creation al all levels 
lo develop malntenanee-mlndedne.. • develop 
corporale malntenance culiure 
deviu a simpte maintenance ehart and clear job 
deacription 1 
daline mainlenance concept • Introduce planned 
maintenance gradually. and strike a proper balance 
among condition-baaed maintanance, ayalemalic 
mainlanance and eerreelive maintenanca 

• introduelion ol CMMS 
• imprave mainlenance ataH motivalion by deviaing 

a policy en productivity incentive• and on 
imptementing guldance meaaurea 

• budget aeparateiy lor maintenance end lor inveatmenl 
in ayaleml, lkilla and training 

• implament reguier evaluaûon aystem 
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APPENDIX 11.5 B 

ITEM ACTIONS 

2 TRAINING 

2. 1 devioe a policy of hu man "'"""'c'" development 
for malntenance 

2.2 reeruit highly qualilled steil lor maintenance • 
provide lor eddi!iona! training i! nead be 

2.3 eatablish training courus in maintenance, 
cQOfdinaled wi!h produetion neads 

3 TliCI-INICAI. DOCUMENT A TION 

3.1 draw up apecific term• of relerenee on 
technica! documentation 

3.2 eet up a team ot apeci.Uiata (me1hoda o1f•cerl) 
to do !he acceplance of/lnapee t the teehnical 
documenlaüon al lhe üma of !he equipmen! 
acquiaition 

3. 3 a tart training programmee on technicat 
documentation 

3.4 make an assenment of exio!ing lechnical 
documenlation at the !actory • gather all 
documentation in ene cantral place • make 
copieo lor !he usero 

3.5 complet& technica! documentation 

l\!E1}i()()()l(/0BSERVA TICINS 

• ol practical type 
of opecltic type 

by apprenticeship 
vocational training 

• at polytechnica ar unlvertitlee 
on-the-job 

lhe !oflowing points mul! be lncorporated In 11 : 
itemized content• 
language ol u-
pretentalion (illuatra1ed with aamplea, perhapt even 
o!andard tormo) 
dallvary conditions (time schedule, amoun~ packing, 
place etc.) 
condltiono of aceapianee 
penaftiel 

aubjact maller : 
drawing up terma of relerenee 
checking dlxumentation sent in conneetion wlth 
equlprnenl aupply 
1etting up machine-files 
updating documenlalion 
filing documenlation 
providing user service 

make ABC anatysîs ol most important wotks in 
relation to safety, production, qualily and environmenl 

.. taurw;:h reque 111 to machine manufacluren or colleaguea 
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APPENDIX 11.5 C 

ITEM ACTIONS ME1HOOOI.OGY/OBSERVA~ 

4 SPAREPARTS 

4. 1 make analyoit ol atocko currently held in the plant 

4.2 maka a lludy of opare parto needslmake oure that 
dasignalions are accurale 

4.3 set up a stock manegement department 

claooity and valuale on opare parls in lhree 
calegorieo 

con1umable• 
otanderd parlo 
opecilic parlo 
idenlily daad IIOCk 

atudy of technical documentation and inveltigation 
among uaers according lo priority machines 

• bring stock up lo required levels 

coda all opare parll 
deline stock managemant parameters 

• sal up a dala collecllon tyalem 
instilule a computensed slock management ayslem 
baoed on a preceding leaoibility tludy 

4.4 ttudy !he paria wlth a view to local manulacturing clauily parlo at 
or repair to ba lmporled 

4.5 design warehouset of ample siza, wlth adequate 
lacililies lor lhe tlorage, handling and proteelion 
ol lhe spare paria 

4.6 opeed up !he enlerprioe'o in-house prooaduras 
lor partt reordering 

4. 7 develop paria reclamalion/repair lechniquea 

available on !he market 
can ba manulactured 
can be repaired 



RESULTS OF SURVEYS IN EUROPE AND 
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RATlOS MEC CEM PETROeHEM 
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Downtime due 1o breakdown 
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Number ol stock items satisfied on IS 
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Some Aspects of Measuring Maintenance 
Performance in the Process lndustry 

12 
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L. Mann Jr. 

Performance indicators of operational maintenance can help maintenance staf! improve its 

operations, so that the direct and indirect costs offailure processes can be reduced. Many 

papers have been written on performance indicators for operational maintenance. However, 

no consensus on which indicators to use in particu/ar industry has been reached so far. The 

authors take an industrial engineering approach to this problem by descrihing the 

information system needed to be able to make any inforences on operational maintenance 

performance in the process industry. The indicators suggestedfocus on finding the most 

costly equipment from maintenance perspective, the costof the current maintenance concept 

and the major components of maintenance costs. lt is emphasized that standards and 

procedures need to be developed and that adherence to them has to be ensured 

12.1 who needs to monitor maintenance perfonnance? 

Management requirements performance information to be able to control the maintenance 

process. Information should bear on the state of the maintenance process and developments in 

it and the environment the maintenance function operates in. lt focusses on the effectiveness 

and efficiency of the maintenance process, meaning its activities, organization and 

cooperation with other organizational units. In this paper, the authors discuss performance 

indicators for evaluation ofthe maintenance activities only. Performance measurement is 

needed on all of the three levels of controL In a practical situation this means that 

performance indicators are needed by the maintenance manager, supervisors, foremen, and 

engineers as wellas planners. 

Performance indicators are [1] "a numeric value for an aspect of a (sub)process that isn't 

in:fluenced by related processes and is representative as a measure for the effectiveness andlor 

efficiency of that aspect of the (sub )processes." 
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The absolute value of such indicators compared toa norm (to be chosen beforehand) or a 

trend in this value can be used to glean performance levels. 

12.2why measure maintenance performance? 

Geraerds [2] defines maintenances as: "The total of activities serving the purpose of retaining 

the production units in or restoring them to the state considered necessary for fuifiBment of 

their production function." 

Maintenance is a supporting function in any organization, specially an industrial one. lt is part 

ofthe production process that transforms raw materials into final products. Traditionally, 

maintenance was mainly an action-oriented function, the firefighters that solve production 

problems. lts objective was to keep the process running, i.e., availability maximization. Little 

time was spent on planning maintenance activities. We call this breakdown maintenance or 

failure-based maintenance: maintenance which will not be carried out until theevent of 

failure [2]. In a situation where customer demand exceeds supply and profit margins are large, 

this was a feasible approach. However, today we face global competition, small profit 

margins, high safety awareness and strict environmental regulations. Maintenance 

management tries to adapt to these changes by putting more emphasis on developing 

maintenance concepts, i.e., the collection of rul es that prescribe which maintenance activities 

have to be performed and by what event these operadons are initialized. Possible events are: 

1) The occurrence of a failure (Failure Based Maintenance=FBM). A failure is defined as 

the transition of a unit into the physical state in which it can no Jonger fuiflil its intended 

function [2]. 

2) The elapse of a certain amount of time or usage (U se Based Maintenance=UBM). 

3) The tested condition of a unit ( Condition Based Maintenance=CBM). 

Clearly, maintenance management needs to analyze what maintenance operations need to be 

performed on each item of equipment and how this maintenance needs to be initialized. 

The changes in the organizational environment causes a need for maintenance managers to 

concentrate on efficiency, safety and environmental concerns. Performance indicators are 

needed to give maintenance management quantitative information on the extent to which 

these goals are reached and what actions to take to improve its operations. They are a means 
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to achieve maintenance control, so that maintenance costs can be reduced, productivity can 

increase, safety of the process can be achieved and environmental reguiadons can be fulfilled. 

These objectives ofmaintenance are omitted in the definition ofmaintenance from a 

functional viewpoint, given by Geraerds. The definition used by an organization in the 

process industry includes most of these objectives explicitly [1]: "All servicing activities 

needed to ensure the availability of capita! equipment in an economical optimal way for the 

fulfillment of its designated function." 

Maintenance in the discrete units manufacturing industry is quite different from that in the 

process industry. These ditierences cause a need for other performance indicators. In this 

paper, performance indicators (PI) for the process industry are treated. In this industry, which 

is capital-intensive, production is generally on a continuons basis. Therefore, availability of 

production units is very important. This makes the maintenance function an important part of 

such an organization . 

..IUDescription ofthe maintenance management information system required to measure 

perfonnance 

Three levels of control can be distinguished, depending on the time horizon. At each level 

certain decisions need to be made, for which PI's can be used. The levels are: 

1. Strategie Planning. 

Strategie planning is the decision making process leading to the formulation ofthe strategy of 

an organizational unitor the organization as such [6]. In the strategy, the objectives to be 

reached and the means with which to reach those objectives, are developed. For the 

maintenance function, the strategy is deduced from the company strategy and the preferences 

of the production function. The selection or statement from a maintenance point of view of 

the design requirements of production units to be developed or purchased, is considered to be 

made on this level. The Life-Cycle Costing theory, estirnating all cost factors including 

maintenance during the life of the production unit, can be used to support the selection or 

design decision. 
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2. Tactical ControL 

Tactical control consists of all decisions contributing to the policy mak.ing concerning 

effective and efficient use of resources [6]. This leads to categorization of maintenance based 

on its urgency (time within which maintenance has to be performed) and the influence that 

the production function has on scheduling ofthe maintenance actions. On this level the 

capacity load per category is restricted, the volume flexibility ofthe different capacities is 

limited as well as the work load of the maintenance function. The decisions made in 

developing maintenance concepts for production units are also considered on this level of 

controL These decisions include the efficiency of different potentially effective maintenance 

rul es or the selection of inspeetion frequencies. 

3. Operational ControL 

Operational control is the decision making process aimed at the effective and efficient 

execution of specific activities. It concerns the short term allocations of maintenance capacity 

to maintenance demand andresultsin work orders [6]. Decisions concern rnaintaio now or 

later, rnaintaio or replace, use contractors or work overtime. This paper concentrales on 

performance indicators that support decisions at this level of control in the maintenance 

control system. 

Since data for performance indicators originate from the Maintenance Management 

lnformation System (MMIS) used by the maintenance organization, we need to describe what 

we want the MMIS to look like, if we want to glean useful performance information from it. 

Figure 12.1 describes the operational maintenance system. Using that system, the all 

encompassing maintenance database was constructed. This is shown as tigure 12.2. 

A word here about cost centers. Necessary to the creation of any group of performance 

measures is a hierarchy of data bases called cost centers. An example in the process industry 

might be a pump on a crude distillation unit where, usually for accounting purposes, the crude 

distillation unit might be a cost center. Therefore, any assets (men, materialand tools) used to 

rnaintaio the pump would be buried in the maintenance cost of the unit. This kind of system is 

not satisfactory for maintenance. In most modern systems, each identifiable item of 

equipment (pump, compressor, instrument, pipeline, etc.) has its unique number and that 

number forms a cost center around which maintenance records are accumulated. 
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Figure 12.1 An operationa/ maintenance system 

Another cost center is the work order, as seen in tigure 12.1. The workorder is the primary 

"document" in the maintenance system, and, as such, forms another data base from which 

information is drawn for performance indicators, at this point it cao now be appreciated that 

what we are doing is to consider the total assets devoted to maintenance and dividing those 

assets so as to provide maintenance management with information for various 

decision-making activities (budgeting, performance indicators, etc.). 

As noted on tigure 12.3, various performance indicators are used for the different data bases 

that make up the MMIS. 
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Craft Hours Planned by Planner 

Hours Worked 

will delermine whether the field supervision is using the erafismen on those work orders that 

were planned. 

Standard Labor Hours 

Actual Labor Hours 

will determine whether the planners are capable and whether the productivity of the erafismen 

bas changed. 

Work Orders Executed as Scheduled 

Total Work Orders Scheduled 

will determine whether the field supervision are following the approved scbedule. 

Preventive Maintenance Hours 

Total Maintenance Hours 

monitors the relative amount of preventive maintenance (PM) done by the unit. The profile of 

the plant will dielate what is an appropriate amount of PM. For Louisiana industries, Table 

12.1 shows the benchmark data for appropriate PM. 

Spare Parts - Dollar lnvento.ry 

Plant Reptacement lnvestment 

will delermine whether more funds, relatively, are being devoted to stores. The benchmarks 

for this index is determined by a number ofvariables, not the least ofwhich is the location of 

the plant. 

Stock outs show how well the stores operation is serving maintenance. 
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TYPE OF PLANT 

Utilities 

Traditional oil refinery 

Kellogg Unit Fertilizer Plant 

Chemica! Plant, high temperature, high pressure, corrosive 

atmosphere 

Mining operations, salt or sulphur 

Table 12.1 P M benchmarks 

Budgeted Money Spent 

Total Budgeted Funds 

APPROPRIA TE PM. % 

97 

94 

92 

85 

75 

will monitor expenditures and will determine the degree of compliance with budgeted funds. 

Eguipment Running Time 

Equipment Running Time + Downtime 

measures the ratio of run time to total time. In the usual chemica! plant or refinery, equipment 

run time plus downtime is 168 hours/week (7 days x 24 hours/day). 

Overtime Hours 

Straight Time Hours 

is a common performance indicator and indicates to management how much overtime is 

being worked. 

Maintenance Cost 

Units of Production 
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is a widely used indicator with the particular advantage that it can be applied to an entire plant 

or to departments or sectors of a plant. The utilities area can be measured, the doek can be 

measured, etc. 

Other popular indexes include: 

Fraction ofWorking Time Prepared = Total Actual Hours performed on Planned Work 

Ordersffotal Actual Hours Performed on Work Orders 

The indicator gauges the effectiveness of maintenance management. An inadequate low score 

indicates a possible need for increasing productivity of Plannersortheir nurnber. Another 

explanation is that the fraction of corrective maintenance is too high, which would lead to 

revision of the maintenance concepts. The measurement of this fraction using the actual time 

worked is considered superior to calculating the fraction of the total nurnber of work orders 

prepared, since, generally, there is a great variability in the duration ofthe work orders. 

Ineffectiveness Preventive Maintenance= Nurnber of Corrective Maintenance Work Orders 

due to failure of Equipment for which a Preventive Maintenance Concept is in placeff otal 

Nurnber ofWork Orders on Equipment for which Preventive Maintenance Concept is in 

place. 

WorkOrder Backlog = Nurnber ofHours Planned on 8 weeks basisffotal Available Hours on 

8 weeks basis 

A possible need for additionallabor (contractors) can be identified using the WorkOrder 

Backlog. A value between 50 and 70 percent is thought to lead a good performance, since 

corrective maintenance can likely be executed withoutendangering preventive maintenance 

tasks. 

Number ofUnscheduled Work Orders. 

This number gives additional information on the need for extra labor. lt is needed because not 

all maintenance activities can be planned, due to labor restrictions. 

Of course, this does notcover all the indexes that can be used with an MMIS. The above 

listed and many more can be tracked by the MMIS. The "management by exception" principle 
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can apply here so that "out of control" indexes can he highlighted. For instance, if actual man 

hours relative to estimated man hours is a desired indicator, the program can compare these 

data and print a report of all those which exceed some preset limits. 

Mann [3] reports a suggested composite index using multi-factor graphs that was developed 

for the Dupont Chemical Company. Newbrough [4] describes the ranking index for 

maintenance expenditures (RIME). Because of the complexity of these plans, neither has been 

widely accepted. 

Although not directly compatible with the MMIS, other indexes are popular with the process 

industries. They include: 

- Maintenance Cost to a % of Plant Reptacement Cost; 

- Maintenance Cost to a % of Sales; 

- Maintenance Cost to a % of Profits; and 

- Maintenance Cost per craftsman. 

The National Petroleum Refiners Association [5] has publisbed an extensive list of indexes 

for the maintenance manager logether with benchmarks for the individual indexes. 

Our experience with programs such as we have described here is that many plants develop a 

valuable system only to let it Iapse aftera time. Forthese indexes to he of use, the system 

must have the active support of management. Continuity is the most important aspect of the 

program. We find that differences in any index over time are more important than the value of 

the index at any one time. To aid in consistency, we like to see plant maintenance prepare an 

annual report. That tracts a number of index es and explains the differences from year to year. 

What will the future bring? A rather recent development, at least on the American si de of the 

Atlantic, is the idea of a single computer program for the plant. That program would have a 

group of subroutines (production, sales, accounting, etc.) of which maintenance would he 

one. This is in contrast to the past 15 years or so when the maintenance program has been 

housed in a mini or PC. The single program will offer some advantages. Maintenance indexes 

can then he based on data not usually found in a maintenance program, such as plant 

reptacement costs, sales, profits, etc. 
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In many organisations with own maintenance facilities, maintenance people are looked at as 

specialists going their own way. This perception or attitude may leadtoa mental separation of 

the maintenance department from the rest ofthe organisation, resulting in low effectiveness 

of maintenance operadons and low efficiency in capacity and material utilisation. Not 

surprisingly, management will be inclined to consider contracting out the entire maintenance 

function as a final solution to the problem. 

In this paper, we will descri he the application of a recently developed performance 

management technique (Pritchard, 1990 [ l]) to enhance the performance of maintenance 

personnel, which also proved to be very beneficia! to improve the co-operation between the 

maintenance department and production departments. Human motivation is the point of 

departure ofthe technique mentioned. So, the emphasis will be on those elements oftotal 

maintenance performance that can be controlled by maintenance personnel. By total 

maintenance performance we mean the performance of the combined human-technological 

maintenance system. This performance can bedefinedas "The efficient application of 

resources to control and reconcile actual system behaviour to the effective attainment of 

business requirements" (Geraerds, 1991 [2]). Maintenance performance is defined as a 

contribution tototal system performance. In a similar way, the performance ofthe humanpart 

ofthe maintenance system is seen as contributing to the performance ofthe maintenance 

system as a whole and can be defined as "The efficient and effective use by the human 

subsystem of its resources to achieve maintenance goals" (by analogy to Pritchard, 1992 [3]). 

So, performance can be defined from different perspectives. This paper will deal with two of 

those perspectives, viz. the perspective of maintenance personnel performance, aiming at the 



164 Maintenance Auditing and Performance Measurement 

conditions under which people will be prepared and motivated to perform, and the procedural 

perspective of maintenance performance, aimed at evaluating and improving total system 

performance. More in particular, the relationship between these two perspectives will be 

elaborated. 

We will start with the level of maintenance personnel performance. A short introduetion into 

this performance management technique and the underlying principles will he presented. 

Next, the technique will be illustrated with a case study of an actual group of maintenance 

personnet The performance management system developed by this group will be described in 

detail. Then, we continue with a critica! review ofthis system from the performance 

perspective ofthe total maintenance function. Finally, some issues will be discussed, viz. the 

relationship between the two perspectives mentioned, their contri bution to a better integration 

of the maintenance department and some suggestions for future research. 

l..l2.Performauce manaaement 

The literature on motivation (Locke and Latham, 1984 [ 4 ], 1990 [ 5]) provides a number of 

clear answers to the question of how employees can he stimulated to strive for the 

achievement of organisational goals. The most important condition for this, trivia! as it may 

look at first sight, is that employees set goals themselves. Naturally, these goals will have to 

relate to the organisation's goals. Once goals have been realised, a second mechanism comes 

into play: employees become interested in the degree to which they are able to achleve the 

goals they have set for themselves. In other words, they starttolook for feedback. To be 

effective, goals and feedback must meet a number of requirements. The most important ones 

are: 

- both goals and feedback must be accepted by the employees concerned; 

- goals must be specific, difficult but practicable; 

- feedback must be specific, re late to controllable factors and to all important areas of 

responsibility. 

Actually, accepted goals and feedback are the main componentsof self-controlloops. In order 

to contribute to organisational goals, employees have to define which aspects or dimensions 

of total system performance can be influenced by them, and they have to set goals for 

themselves on each one ofthose dimensions. Discrepancies between accepted goals and 
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accepted feedback, indicating that actual performance stays bebind the targets which have 

been set in an earlier stage, will result in two possible consequences. On the one hand, group 

memhers will increase efforts directed towards goal accomplishment. On the other hand, 

group memhers will search for more adequate strategies that, in contrast with those applied 

until then, are expected to result in goal accomplishment. A practical application of the 

principles described above is ProMES. 

ll..lProMES: a system for the development of self-controlloops 

ProMES stands for 'Productivity Measurement and Enhancement System'. The system 

developed by Pritchard and bisco-workers (1988 [6], 1989 [7]) is actually a procedure for 

designing performance management systems, or self-controlloops. A basic premise is that for 

each individual situation a performance management system bas to be developed from 

scratch. In other words, systems developed by means of ProMES are tailor made systems. In 

addition, it is essential that both the organisational unit that will use the system and the 

management which is responsible for that particular unit are involved in developing the 

system. In essence, the system is developed in four stages, co vering successively areas of 

responsibility ('products'), performance indicators, effectiveness curves ('contingencies') and a 

feedback report. The system is developed by a design team, consisting of (representatives of) 

the memhers ofthe unit for which it is developed, the unit's supervisor, and a facilitator. The 

design team develops the system following a 'discussion until consensus' procedure. At the 

end of stages two and three, the system is reviewed by the design team and the management 

in a joint meeting. When approved, the system is implemented and the unit will receive 

regular feedback reports, which are used as the basis for thorough discussions directed 

towards continuous improvement. 

ProMES is characterised by two essential elements: participation and consensus. 

Participation by those for whom the system is intended is necessary for several reasons. First 

of all, these are the people who are most familiar with their work and therefore may be 

expected to have in depth knowledge ofit, which is required in various stages ofthe 

development process. Secondly, ifthe system is to function properly, the co-operation ofthe 

unit memhers whose performances are to be measured is a prerequisite. This co-operation can 



166 Maintenance Auditing and Performance Measurement 

only he achieved ifthose whoare involved fee! that they have produced their own system. 

Sarnething which requires the participation of a "critica! mass" of individuals from the 

group(s) for whom the system is being created. 

The second essential factor for success is to achieve consensus along the hierarchicalline. 

This consensus is required not only because offormal considerations. Most importantly, it 

will result in an increased commitment, both by the group and management, to discuss 

matters in terms of a common frameworkof concepts and measures developed together. In 

addition, management becomes involved in the actual problems a group may encounter in 

their daily work routine. Some problems have been solved already during the course of 

system development, i.e. during negotiations on 'responsibility-controllability' issues: the 

group will accept responsibility for certain areas if it is provided with the necessary 

"instruments". 

11..4 The casestudy: experiences in an actual situation 

Before going into the details ofthe four development stages in this casestudy, some context 

information will he provided about the company and the maintenance group that used the 

ProMES procedure to develop its own self-controlloop. 

O.fofPIOCU:!IOn(h) 

Figure 13.1. The Vandra organisation chart of the production department 
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Vandra, the company used in this casestudy, produces corrugated fibreboard. The company 

employs about 200 people and is very profitable, achieving a steady increase in annual sales 

and in Retum-On-Investment. The organisational structure ofVandra is basically built on 

four main departments : Sales, Production, Administration, and Personnet & Organisation 

(see tigure 16.1 ). The corrugated fibreboard produced by the factory is used to manufacture 

boxes and other pacldng materials. About 120 people work in the Production Department in 

two shifts. Production comprises of the sub-departments named Corrugated Board Machine, 

Manufacturing, Special Packing, Logistics & Shipping, and Maintenance & Repair (M&R). 

The technica! systems (i.e. the production equipment) used in the production process are 

relatively new and commonly used in this type of industry. 

Despite its highly successful performance Vandra changed its strategie business orientation in 

the late eighties. Until then Vandra operated in a way that is typical for this type of business. 

The company focused primarily on selling large numbers of packings. Due to tieree 

competition between different manufacturers profit margins on single packings were fairly 

small. However, by tuming out large volumes the company had been able to maintain good 

pro fits. A couple of years ago its view on the business changed. Vandra decided that it would 

be much more profitable to focus on small orders, very short delivery times and a flexible 

way of meeting customer demands, getting better prices in return. For the company it was 

obvious that a complete tumaround of the organisation was necessary in order to realise the 

intended changes. Until then Vandra was rather traditionally organised with large numbers of 

hierarchicallayers, strong forma! boundaries between different departments. Both factors 

resulted into a complex communication structure. In order to make the transition, it was 

considered necessary to changetoa fairly flat organisation, where responsibilities are 

delegated downwards as far as possible to people on the shop floor, and with a more direct 

and straightforward communication between managementand the shop floor. 

The introduetion of ProMES played an important part in the process of change. In an early 

stage of the project, production groups developed their own ProMES performance 

management systems and leamed how to use these systems to manage and improve their own 

performance. They became much more self motivated, knowledgeable and self-reliant. As a 

result, they also became much more demanding with regard to the way in which other 

departments, the maintenance department included, affected their performance as a 
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production group. At some point in time it became evident that the maintenance department 

would also have to change in order to keep the momenturn of the Iarger project going. 

13.4.1 The maintenance andrepair department (M&R) 

The M&R department, which employs twelve technicians is responsible for the monthly 

preventive maintenance and all other maintenance operations with the exception of small and 

some daily routine maintenance which is carried out by machine operators. A substantial part 

of the workload can be attributed to repair activities caused by provisional repairs. All 

maintenance activities can be carried out by two types of skills. The M&R department utilises 

mechanical and electrica1 specialists for maintenance jobs. 

In each production shift, one technician is available to resolve failures which lead to machine 

downtime, loss of product quality or a significant decrease in production speed. His task is to 

minimise machine downtime. Currently, maintenance practices have resulted in a situation 

where about thirty percent of all repairs are carried out only provisionally, because the 

production department is urging maintenance people to achieve high utilisation rates of the 

available equipment or simply because essential spare parts are not available when needed. 

Both the time spent on repairs and the machine downtime are recorded by the "breakdown" 

technician. 

The rest of the technicians carry out planned maintenance with respect to the production 

equipment and the buildings, single handed or in small teams. They also develop, prepare, 

plan and carry out modifications to machinery, mostly on request of machine operators. A 

separate administrative information system is used for job allocation, to determine priorities 

and to check on progress. Finally, the M&R department is responsible for installing new 

machinery, mostly in co-operation with technicians sent by the suppliers. Often, a substantial 

number of technicians is involved in these projects, which take place during holidays or 

weekends. 

With regard to the performance and the way in which the M&R department operated 

scepticism was prevalent, both within the M&R department as well as in the production 

department Merobers of the M&R department complained that they were not involved at an 

early stage in plans to buy and instaU new machinery, that workers in production used 

machinery incorrectly, that they were pressed much too often to immediately comply with 



Managing the Performance of Maintenance Personnel 169 

demands from production, etc .. People in production stated that technicians from the M&R 

department reacted slowly to their needs and demands, took too much time to repair failures, 

often did poor jobs etc. As far as maintenance management is concemed there were no 

elaborated systems to monitor the technical performance ofthe machinery. Some data were 

registered but this was not used for systematic analysis. There was only a limited insight in 

the amount ofwork to be done by the M&R department Work was not planned on a routine 

basis. Finally, the M&R department was intemally divided. Each person did bis own job 

according to bis own standards without botbering too much on its potential influence on the 

performance of the M&R department as a whole. 

All this factors contributed to the decision made by the production manager to initiate 

development of ProMES in the M&R department 

13.4.2 Developing ProMES in the M&R department 

In March 1992 the development of ProMES was started in the M&R department At that 

time, the production department was already quite familiar with Pro MES, because the 

ProMES system had been introduced in the Manufacturing and the Shipping Department in 

an earlier stage. At first, effort was spent to get rid of the old stereotypkal grievances and 

prejudices between the production and maintenance people. The measurement system was 

developed and implemented, following the "standard" framework of the ProMES metbod 

(Pritchard, 1990 [I]). In two introduetion meetings, the facilitator and the production manager 

explained the system to the technicians. Though the group was aware of severe criticism with 

respect to their performance they were reluctant or had mixed feelings at least to engage 

ProMES. lt took quite some pressure from the production manager to convince them to give it 

at least a try. He made clear that the performance ofthe M&R department at that time was 

indeed insuftkient and that sarnething had to be done. Furthermore, the production manager 

had to assure them that the system would not be used to evaluate individual performance of 

memhers ofthe M&R department On these conditions the technicians agreed to give it a try. 

lnterestingly, once this decision was made all technicians expressed their wish to participate 

in the process; nobody wanted to be leftout obviously. They agreed in a weekly meeting of 

one hour. The facilitators accepted this commitment as a starting point of the process, 

knowing that apart from developing ProMES there was a lot more to be done with regard to 
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the intemal organisation of the department and the way in which the department co-operated 

withother departments within the company. The design team consistedof all technicians, 

their supervisor and the facilitator. Development was done in weekly meetings of one hour. 

Stage 1: Determining areas ofresponsibility ('products') 

Determining areas of responsibility means that the organisational unit or group seeks 

clarification on the contents and purpose of their work: what are the essential contributions 

the group is expected to make for the organisation. In this case study, these questions had to 

be answered from the perspective of being a part of the organisation's maintenance function. 

Using brainstorming as a technique, the design team generated about twenty ideas which later 

on were clustered into four products: 

Product I: Solving Machine Breakdown 

Product 2: Carrying Out Planned Repairs 

Product 3: Carrying Out Maintenance 

Product 4: Coping with Safety Demands 

Two other potential products were suggested, viz. spare parts management and installing new 

equipment. Although both types of activities were considered important and should be 

monitored, they were not taken up in the list of products. 

Although the detailed description of the products was a first, good step in simplifying the 

discussion on identifying the indicators, the design team chose to make agreements with other 

departments on the organisation of the activities of the M&R department as a next step in the 

development. This was necessary to clarify the means the technicians have to improve their 

products. One of the most frequent criticisms that were put forward during group sessions 

was: "We cannot do anything about that, but others, viz .... , and ... can!". E.g., in order to get 

clarity about what a technician is supposed to do when a breakdown should be resolved 

urgently, an extensive discussion with shift supervisors was required. It became clear that 

technicians and machine operators actually shared the responsibility to minimise machine 

downtime. Solving a failure should be a joint activity. So detailed agreements were made on 

the availability of a technician, the way a technician is alerted in case a failure occurs, 

activities machine operators have to carry out during repair, and how priorities have to be 

determined in case multiple breakdowns occur simultaneously. Making these agreements not 
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only helped the technicians to develop and accept their measurement and feedback system, it 

also ciarifled what means are actually available and accepted by others to improve 

maintenance products. 

Stage 2: Determining performance indicators 

Performance indicators are milestones which accurately reflect the degree to which the group 

succeeds in fulfilling its responsibilities. In determining indicators the group follows the same 

procedure as in stage 1. At least one indicator is developed for each product, but more than 

one is allowed if the product consists of a number of clearly differentiated aspects. In order to 

trigger ideas on potentially useful indicators, the group was asked to teil how it would 

convince a sceptica! outsider that they performed well on each ofthe products. For most 

products the group came up with several ideas for indicators. 

These ideas were then discussed until consensus was achieved. In the end, seven indicators 

were accepted as adequately covering the main aspects ofthe four products. These indicators 

are listed below. 

Product I: Solvinf: Machine Breakdowns 

Indicator I. I: Percentage of breakdowns which leadtoa machine downtime short er than or 

equal to I 5 minutes. 

The technicians ofthe M&R department are expected to solve machine breakdowns within 15 

minutes. Being unsuccessful usually means that another machine will be set up to continue 

with the production run, provided a compatible machine is idle. A technician is expected to 

reduce downtime by applying proper technica! problem analysis and solving skills. 

Indicator I.2: Percentage ofrepeated breakdowns. A repeating breakdown is a breakdown 

that occurs again within jive days. 

Note that only breakdowns where a technician was calledfor assistance are recorded 

In case the technician does not solve the problem properly, it is possible that the same 

breakdown occurs again shortly after the repair. This indicator aims to measure the technica! 

quality of repairs. As mentioned before, in some cases the technician dec i des to solve a 

problem provisionally due to time pressure or a lack of spare parts. In case of time pressure 

the shift supervisor decides to stop the machine or asks for a provisional repair. Although the 
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technician only has a minor influence on a dissentient decision by the shift supervisor, it is his 

task to provide a provisional solution which willlast until next opportunity for maintenance 

(usually within five days). 

Product 2: Carrving Out Planned Repairs 

Indicator 2.1: Number of customer complaints on planned re pairs. 

All customers are situated within the company (so called internal clients). The service minded 

technician is responsible for technically correct repair and calibration of machinery. 

Indicator 2.2: Percentage oftardy planned repairs 

Each maintenance work order is given a priority rating from one to four (high to low). The 

M&R department tries to stay within timely limits set by priority rating, which range from 48 

hours to two weeks. In case of priority four (lowest priority) a latest date of completion is 

agreed upon with the internat client, depending on work load and available personnel. lt is the 

task of the technicians to meet the deadlines set by the priority system to the best of their 

ability. 

Product 3: Carrying Out Maintenance 

Indicator 3.1: Number ofpreventablefailures causing machine downtime. 

A preventabie failure is a failure that should (or could) have been prevented by carrying out 

preventive maintenance. Operator induced failures are excluded. This indicator is not 

monitored for those machines which have no prevenlive maintenance. 

Indicator 3.2: The number ofman-hours spent on monthly maintenance 

Another task of the M&R department is to minimise costs of preven ti ve rnaintenance. 

Because of the priorities set by management, man-hours spent on prevenlive maintenance 

depend on the availability of technicians. Therefore, technicians themselves are not 

responsible for the number of hours spent on maintenance, but are compensated in the 

measurement system. If more than 250 hours are spent, there is a negative adjustment is 

made. If less than 250 hours are spent a positive adjustment is made. 
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Product 4: Sustaininr: Sq.fety Requirements 

Indicator 4.1: Number of accidents and near-accidents. Technicians are ob/iged to report 

accidents and near accidents. 
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Technicians are obliged to report accidents and near accidents. Both accidents during 

maintenance execution performed by technicians and accidents due to poor repair are taken 

into account. The purpose of the measurement is to oblige technicians to spend time on safety 

demands. 

After development of the indicators, the system was presented to the management for 

approval. With some minor corrections products and indicators were accepted. The design 

team and the production manager decided to test the measurement system first before 

developing the contingencies (stage 3). 

At this stage, hardly any bistorical performance data was available. Therefore, it would be 

very difficult to determine performance ranges, which are a prerequisite for developing 

contingencies. A second reason for testing the measurement system in such an early stage was 

that existing measurement procedures were not reliable. In addition, several new procedures 

had to be developed and implemented. By mak:ing a break in the development process, the 

design team could further develop, test and improve the measurement system itself. After six 

months of pilot testing, the group was satisfied with the new and improved procedures and 

the performance data which had been collected. In the meantime, a personal computer with a 

performance database system developed by the supervisor was installed at the shop floor. 

Stage 3: Determining efféctiveness curves ('contingencies? 

The essence of stage 3 in the development process comes down to develop a conversion tab ie, 

which can be used to transfarm the different measurement values into one universa! 

performance scale (effectiveness). This is done in such a way that the relative importance of 

performances for different indicators is taken into account and that some slack is added for 

aspects such as "diminishing returns" of very high performances compared with somewhat 

lower performances. A detailed description ofthe procedure for developing "contingencies" 

can be found in the original publications (Pritchard, 1990 [1]; Pritchard et al., 1988 [6], 1989 

[7]). In general terms, the procedure of developing "contingencies" entails the following 

steps. 
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First, each indicator's maximum and minimum performance level is determined. Next, the 

maximum values are ranked and the most important maximum gets a value of 100 on the 

dimension "effectiveness". The other maximum values are then expressedas percentages of 

this maximum of 100, corresponding to their relative importance. Subsequently, a similar 

procedure is foliowed for the minima. In addition to maximum and minimum values, so 

called "zero effectiveness performance levels" are determined for each indicator. "Zero 

effectiveness" represents the performance level characterised as "not good, not bad" (in a 

way, an expected, neutral level). Now, the overall shape ofthe contingency of each indicator 

can be drawn. Finally, the last step can be taken, i.e. the determination ofthe effectiveness of 

the performance levels between the minimum and zero, and between zero and the maximum. 

An example is shown in tigure 13.2. 

The design team ofthe M&R department did nothave a difficult time indeveloping its 

contingencies. By evaluating the collected data, the design team deterrnined levels of worst 

(minimum) and best (maximum) performances per indicator. Next, the expected (zero) 

performance level was determined for each indicator in a group discussion until consensus 

was achieved. Finally, the relative importance of maxima, minimaand intermediate points 

was determined, again by means of group discussion. In Table 13.1, the performance levels 

Solving Machine Breakdowns 
Percentage Repeat Calls 

100 r---~--~--~--~--~--~~--~--~--~--~ 
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·20 
-30 
-40 
-50 
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-70 
-80 
-90 -100 ~;__ _____________ ~--------~--__J 

12% 11% 10% 9% 8% 7% 6% 5% 4% 3% 2% 

Figure 13.2. An example the perceived e.ffectiveness versus the level of performance. 
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corresponding to the maximum, minimum and zero performance levels are shown for each 

indicator together with the respective effectiveness values. 

The contingencies were discussed with and approved by the management. 

Indicator Minimum Effectivenes Normal Maximum Effectivenes 
Performance s Scores Performance Performance s Scores 

% Breakdowns with 70% -60 80% 86% 60 
more than 15 min. 

downtime 

% Repeat calls 12% -100 5% 2% 100 

Number of customer 9 -100 4 0 100 
complaints 

% Delayed deliveries 10% -50 6% 2% 50 

1 
Number of technica! 85 -150 50 30 100 

breakdowns 

Number of working 500 -150 250 125 75 
hours 

I Number of accidents 1 -100 0 0 0 

Table 13.1 The contingencies used by the Vandra M&R department. 

Stage 4: Determining contents, layout, and usage of the feedback report: putting the system 

to work 

As soon as data becomes available on all the indicators, a first feedback report can be 

produced, containing the indicator data as well as the corresponding effectiveness scores 

(these can be easily looked up from the contingencies). When all indicator scores are 

converted into universa! effectiveness scores, they can be totalled to derive an overall 

effectiveness score (see Table 13.2 for an example of a feedback report). 

Yet, another important question concerns the issue ofthe length ofthe feedback period (e.g. 

one week, two weeks, a month; the length of this period depends largely on the nature of the 

work (cycle time)), what persons will have access to the feedback information, and the way in 

which the feedback report will be used ( constructive problem solving instead of looking for 

someone to blame ). 

In the M&R department, data gatbering and feedback started from February 1994. 

Technicians together with their supervisor discuss feedback reports monthly. Changes in 
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overall performance level and changes on individual indicators are discussed. Plausible 

causes of these changes are determined and strategies aiming at performance impravement 

are developed. Also, agreements on the implementation of new strategies made at earlier 

meetings are evaluated. 

Feedback renort for M&R Deoartment - Technicians 

Indicator Result Effectiveness-scores 

Solving Machine Breakdowns 

% Breakdowns with downtime < 15 min. 75.2% -21 

%Repeat Calls 8.5% -50 

Carrying Out Planned Repairs 

Number of Customer Complaints 6 -40 

% Delayed Deliveries 6.0% 0 

Carry Out Maintenance 

Number of Technica! Breakdowns 72 -94 

Number of Working-Hours 68 109 

1 Coping with Safety Demands 

INumbe< of Accidents 0 0 

Total: -96 

Table 16.2. An example of a feedback report used by Vandra 

illComments on the M&R-ProMES from a majntenance function control perspective 

From a maintenance function control perspective (in short, the control perspective) all 

activities concerning maintenance are regarded as processes, i.e. sets of activities carried out 

in some logica! way. The logic of maintenance activities is the co re subject in this 

perspective. Humans responsible for performing these activities are generally known to have 

a significant role in the success ofthe maintenance function. However, organisational 

structures, inter-human co-ordination and motivational aspects are typically neglected, or at 

best, regarded as given. 

The basis ofthe ProMES approach is measuring performance of (maintenance) personnet and 

to confront them with their own results in order to achieve a positive leverage in performance. 

Performance measurement is also a well known element in the control perspective, i.e. 

deflned as the maintenance evaluation function in the EUT maintenance model (Geraerds, 
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[2]). He defines maintenance as: All activities needed to keep or to bring back technica! 

systems in the condition which is considered necessary to fulfil its function. Hence, the 

objective of perfonnance measurement of maintenance is to improve maintenance practices 

and procedures. 

Clearly, assessing (current) maintenance activities requires a thorough knowledge in 

maintenance theory as well as the practical situational settings. The available knowledge and 

experience in this field will be used to comment the Vandra maintenance indicators. But, first 

it is necessary to clarify some important aspects which will berelevant to all Vandra 

maintenance perfonnance indices. 

13.5.1 The goal ofthe maintenance function 

The goal of a maintenance function is to reduce the consequences of failures that occur when 

technica! systems are used. Consequences of failures may have a negative impact on the 

organisation in several ways, including on the personnel that operates the technica! systems. 

Three major categones of failure consequences can be distinguished: 

1) maintenance effort 

2) loss of production 

3) secondary or environmental damage 

ad 1) In order to repair technica! systems after failures have occurred or to prevent failures 

maintenance resources are required. In genera!, different types of scarce maintenance 

capacities (intemal and extemal skills), spareparts (consumables and repairables) are 

used. 

ad 2) The occurrence of failures and/or the execution of maintenance activities triggered by 

the maintenance concept may limit the utilisation of technica! systems. In some cases, 

during failure and the execution of maintenance activities unrecoverable loss of 

production or reduced use is a potential consequence. 

ad 3) Sametimes failures may result in threatening the (living) environment, which can be 

npt only costly, but also unethical and therefore unacceptable in most cultures. 
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Maintenance effort must be effective in reducing downtime or loss of use and other secondary 

damage, and efficient in terms of the required maintenance effort. From a control perspective, 

performance measurement should be linked to these categones in one way or another. 

Ifwe compare the products the M&R department group specified, no direct relationship with 

the consequences of failures can be recognised. One would expect an analysis revealing all 

relevant failure consequences bound to the technica! systems in use at Vandra. The products 

of the maintenance function (the M&R department and the operators responsible forsome 

basic maintenance tasks) are the exact negation of each faiture consequence in the list. E.g. if 

downtime is considered to be an item on this list, then the uptime would be a maintenance 

"product". Clearly, ifmaintenance "products" are determined this way, the clients ofthe 

M&R department, i.e. the production departments, would understand the meaning of these 

products, which would help the M&R department in communicating its improvements in later 

stages to its clients. An additional benefit of determining products this way is that it is very 

clear in what direction improvements should be aimed (e.g. maximising uptime). 

Other products which don't relate directly to faiture consequences usually assume certain 

situational circumstances, which may change over time risking invalidation of such a product. 

The direction of improvement may also become ambiguous. 

Besides the effectiveness of maintenance, its efficiency will be also of major concern. Any 

effort or expense in maintenance must be balanced against its effectiveness. Special 

efficiency oriented performance indicators are needed to cover all types of maintenance 

efforts and expenses. 

13.5.2 Determining performance indicators 

Given the list of products, a more detailed analysis is needed to determine how each product 

can be measured and what restrictions are to be taken into account. E.g. it may be rather 

obvious to measure downtime in, Iets say, minutesper technica! system per month. But 

situational circumstances may complicate matters. E.g. if in case technica) systems are tightly 

coupled in a production flow line, downtime of each individual technica! system adds to the 

total downtime of the production flow line. In this situation, the downtime of the flowline is 

more important than the individual downtimes of each technica! system in the flowline. 
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Redundancy in available technica! systems may also restriet simple downtime measurement. 

In this situation downtime is only important if all redundant technica! systems are also down. 

These simple examples illustrate the analyticaleffort which is needed todetermine what and 

how parameters are measured. In reality, performance indicatorscan be quite complex and 

highly situation specific. 

In maintenance management literature, frequently suggestions are made with respect to 

performance indicators deemed to be important (e.g. see Hibi [8]). In most cases, implicitly, 

certain organisational settings are assumed. Not surprisingly, given the sheer unlimited 

number of organisational settings of a maintenance function, the number of possible 

performance indicators is expected to be virtually infinite as well. 

13.5.3 Using performance indicators 

From control perspective, norms are required to trigger an improvement analysis. The need to 

investigate the causes of unsatisfactory performance arises only in the event that performance 

doesn't conform to its pre-set norm. Improvement analysis are triggered by exception rather 

than on a continues reviewing basis advocated by ProMES (see also Mann Jr. [9], Dwight 

[1 0]). 

In genera!, an improverneut analysis can be complicated and time consuming, because of the 

huge diversity of aspects that may be related to a certain performance aspect. In addition, 

thorough knowledge ofthe eause-effect relationships and the current organisational and 

procedural settings is a prerequisite. In the area of maintenance, knowledge of the functional 

areas listed in the EUT maintenance model is important. In particular, the current 

maintenance concepts of the technica! systems are essential, since the decisions made 

conceming what maintenance packages are carried out and the way in which they are initiated 

is not only used as primary input for the operational planning and control of maintenance 

activities, but also as a basis for structuring planning and control procedures, spare parts and 

rotabie management, contracting policies etc. 
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13.5.4 Discussion ofthe Vandra maintenance "products" 

As far as the other specified products are concemed, apart from the 'Safety demands product', 

it is unclear whether carrying out more planned repairs or more maintenance in general or 

vice versa would be desirabie from the company perspective. 

In an ideal situation, all consequences of failures would be listed first. The products of a 

maintenance function would be measured in termsof these (negative) failure consequences. A 

maintenance concept ofthe technical systems (basically a formal representation ofwhat and 

when maintenance should be carried out) would provide the basis for the design of 

maintenance planning and control procedures fit for the situational context. Then, derived 

products can be specified, based on the current maintenance planning and control structure. 

13.5.5 Discussion ofthe Vandra performance indicators 

The products which have been determined in the Vandra case are prone to ambiguity. All 

listed products cover some lower level aspects of the maintenance function, but in general 

they are ambiguous with respect to in what direction impravement is aimed at and the 

completeness of all performance aspects has not been demonstrated. 

Perhaps, this situation can be explained by the approach the ProMES team has chosen in 

order to determine the products and indicators. Instead of starting with an analysis of possible 

failure consequences, the brainstorming technique has been used. Viewed from a control 

perspective, the list of performance indicators makes a more or less "coincidental" 

impression. All indicators undeniably have some relevanee to what can be perceived as the 

performance of the M&R department However, no precise and detailed information is 

available in order to assess the validity of the proposed set of indicators. The assessment of 

the completeness is limited, since only the proposed indicators can be commented. 

Product 1: Solvjn.g Machine Breakdowns 

The current maintenance concept determines the amount and type of maintenance activities 

that are carried out. 'Solving machine breakdowns' refers to the technica! effectiveness ofthe 

M&R technicians and should be 1 000/o for all of the technical systems they carry maintenance 

responsibility for, in case of breakdown. If a performance of 100% is not achievable 
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immediate action is necessary, either by reptacement offailed components, tak:ing technica! 

courses, contracting out, etc .. More importantly, the application of preventive maintenance 

may counteract the need for breakdown maintenance. A maintenance concept for the 

technica! systems at Vandra would clarify what maintenance activities are effective and 

efficient. Insome cases breakdown maintenance (= Faiture Based Maintenance) is the only 

effective, ifnot the most efficient option, as opposed to preventive maintenance (= Condition 

Based Maintenance and Used Based Maintenance). The (desired) technica! competence ofthe 

maintenance technicians is taken into account in the framework for designing maintenance 

concepts described by Gits [11]. 

Indicator 1.1: Percentage ofbreakdowns which leadtoa machine downtime shorter than or 

equa/ to 15 minutes. 

This indicator measures the effectiveness ofthe maintenance function. However, the total 

downtime is not measured, which is certainly desirabie to get a complete picture ofthe 

availability of technica! systems. For certain types of technica! systems the 15 minute 

downtime criterion is important because the production operator decides to switch a 

production run toanother (redundant) technica! system in case a breakdown is not resolved 

within 15 minutes. In that situation one would expect that the percentage of breakdowns per 

machine which took longer than 15 minutes to resolve is more meaningful. 

In addition, some differentiation in technica! system may be needed, since not all of the 

production process is laid out in an unbuffered flow line, or can make use of redundancy. In 

genera!, this type of indicator would be useful to spot potential "problem" systems causing 

more severe failure consequences than others. 

In order to surnmarise the negative effect of breakdown induced "production switches", it may 

be sufficient to just count the number of these switches per subset oftechnical systems 

besides the total availability of an individua1 technica! system (uptime/(uptime+downtime)) 

per measurement interval. 

Indicator 1.2: Percentage ofrepeated breakdowns. A repeating breakdown is a breakdown 

that repeats itselfwithinjive days. 

This indicator is a measure for the effectiveness in relation to efficiency of the maintenance 

function. The primary objection against this indicator is the confusion it may cause by the 
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terminology used in its definition. By definition failures may occur repeatedly after repair 

(e.g. as is the case if failure based maintenance rules are applied), which may be perfectly 

acceptable. Interviews revealed the true intentions ofthis indicator, which is measuring the 

effectiveness of provisional repairs. Provisional repairs are by definition less technica! 

effective than "nonna!" full repair and usually much less efficient from a maintenance 

function perspective. However, seen from a higher aggregate level in which production and 

maintenance function overall performance is valued, provisional repairs may be justified. E.g. 

in the Vandra situation a technica! system breakdown occurs on a technica! system which 

currently produces an important customer order may justify a provisional repair. Depending 

on the point of view, provisional repairscan beregardedas being negative or positive. 

Therefore, it seems advisable to use this indicator only on company level, or if the cause for 

provisional repair is justified because of limitations in maintenance function itself (e.g. 

missing spare parts) the number of provisional repairs per cause would be val id. 

Product 2: Carryins: Out Planned Repairs. 

Indicator 2.1: The number of elient comp/aints on p/anned maintenance. 

lt is unclear what phenomenon is measured here, since complaints are not categorised to type 

or cause. This indicator cannot be used as performance indicator from a maintenance function 

perspective because maintenance effectiveness and efficiency are not directly addressed or 

maybe not even addressed at all. lnterviewing showed that this indicator should be regarcled 

as a measure ofthe clients dissatisfaction with maintenance, which can be subjectively 

biased. In other words, the clients believe or suggested believe of maintenance performance is 

measured. 

Indicator 2.2: Percentage oftardy planned maintenance 

This indicator indirectly measures the effectiveness ofthe maintenance planning and control 

function. The planning and control function matches maintenance capacity and spare parts to 

the maintenance requirements specified in the maintenance concept and the requirements of 

the production departments. In case maintenance demand exceeds maintenance resources the 

priority system determines what maintenance activities will be delayed. In many maintenance 

situations the priority of a maintenance activity is determined by the urgency, i.e. the latest 

acceptable moment that a maintenance activity has to be carried out. This indicator will be 
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important in more complex planning and control situations and/or if available maintenance 

resources are very limited. In the Vandra case the planning and control function has to deal 

with regular planned and high urgency breakdown maintenance and the more complex 

provisional repair system. Certainly, in this situation simple optimisation is not possible, but 

instead careful monitoring the performance to gradually learn and improve maintenance 

planning and control procedures and practices via performance measurement is 

recommended. 

Product 3: Carrying out (preventive) maintenance 

Indicator 3.1: Number of technica/ failures causing with machine downtime. 

This indicator aims to measure for the effectiveness ofthe maintenance function. Again, the 

negative effect of (the number of) failures will have to be assessed in view of what 

maintenance rules have been prescribed in the maintenance concepts of the technica} systems 

in use. This indicator can be helpful to evaluate maintenance concepts and the performance of 

current planning and control procedures and practices. 

Indicator 3.2: The number ofworking hours spent on monthly maintenance. 

This indicator intends to measure maintenance effectiveness of a certain category of 

maintenance activities. Monthly maintenance refers to a category of maintenance packages 

that is carried out each month. Apparently, other maintenance packages with cyclic intervals 

of initiation are not important or do not exist. The reason for paying attention to this category 

ofwork is that usually planning schedules this workas low priority work (sometimes 

imposed by higher management levels on the short term). Potential tardiness in this category 

of work can occur easily. In fact, this category intends to measure tardiness, justas indicator 

2.2, for a specific category of work. 

It is unclear why working hours instead the job codes themselves are used, since actual 

working hours may fluctuate for several other reasons. 

Product 4: Co ping with safety demands 

This is the only product that directly relates to the list of negative consequences. 

Indicator 4.1: Number of accidents respectively the number of near-accidents. 
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Clearly, this indicator can be helpful if more information is available to the techniciaas to 

analyse the potential causes of(near-)accidents. The technica! competence and discipline of 

the maintenance activities carried out by the maintenance crew, the timeliness of certain 

safety critica! activities, etc. 

13.6 Preliminary results 

It took two years to develop ProMES in the Maintenance and Repair Department In about 

fifty hours of discussion a measurement system was developed, new agreements were made 

and measurement procedures installed. After that a period of monthly feedback meetings 

started. There are three kinds of effects of developing and imptementing ProMES. 

Firstly, group productivity improved both during development and during feedback. On one 

side the demand for maintenance increased due to increasing customer quality demands and 

an extending technica! system. On the other hand, M&R department decreased working hours 

in overtime and their total number of working hours. An other indication for improvement is 

found in tigure 13.3, where the total ProMES Effectiveness scores ofthe first four months are 

compared. 

50 

0 

-50 

-100L-------------~------------~----------~ 
February March April May 

Figure I 3. 3 Vandra ProMES effectiveness scores for the initia/ Jour months 
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Secondly, the behaviour ofthe technicians changed. Before development a technician was an 

individualist, who sometimes had to work in co-operation with colleagues or machine 

operators. Afterwards, most technicians realised that improving performance should be a joint 

effort, because working alone did not mean that there was no interdependence. E.g. by 

discussing work methods and by making agreements on how to handle problems with 

machine operators, the technicians formed a group where they could leam from each other. 

Last but not least, some procedures and practices within the maintenance function itself were 

revised. For example, checklists were made for machine operators carrying out daily 

maintenance. The storehouse was cleared of old spare parts, and the administration system for 

these spare parts was improved. 

ill Discussion 

Experience in Vandra and in other companies where the ProMES system has been introduced 

shows that not only the preparedness and self-reliance of maintenance groups improve, also 

their attitude towards their "clients" and vice versa improves as well. To make ProMES truly 

effective special attention must be paid to the way in which group products are determined 

and as a consequence what performance indicators can be considered valid. A valid product 

in maintenance is the availability oftechnical systems. Because failures and their 

consequences not only reduce availability, but may imply a wide spectrum of other negative 

effects, it is in general more appropriate to define the reduction in potential failure 

consequences as the primary product category of the maintenance function. 

Apart from these basic considerations, the processof determining a complete set ofvalid 

performance indicators, is theoretically unsolved. Yet, thorough knowledge of applicable 

maintenance procedures can be valuable in the process of determining valid performance 

indicators (see comments on Vandra indicators). Unfortunately, one cannot automatically 

assume that in practice maintenance technicians will possess the latest (theoretica!) 

knowledge in fundamentals of maintenance and maintenance management. An expert in this 

particular area could solve this matter. But, to maximise motivation with maintenance 

technicians, as the primary beneficiaries in our case, it is essential they perform the decision 

process themselves. 
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Perhaps, expert knowledge in maintenance could help to shorten lengthy ProMES indicator 

development times by providing crucial knowledge to the technicians on the right moment 

without maldng decisions for the technicians. This would mean that a maintenance expert is 

standby, monitoring ProMES group discussions. More field experiments are needed to 

explore this option. 

From a ProMES perspective the Vandra case was a success, because the attitude of 

maintenance technicians has changed positively and the M&R department became "accepted" 

in the Vandra company. Apparently, ProMES can achieve these "conditioning" objectives in a 

relative short period of time. 

The questions raised above are fundamental in their nature and require long term 

collaborative research in both fields: maintenance and ProMES. A framework specifically 

geared towards a systematic analysis of a maintenance situation to arrive at a complete set of 

valid maintenance products and performance indicators, whilst strengthening the workers 

motivation, represents the greatest challenge in this area of research. 
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Abstract 

A.K.S. Jardine 

The age - rep/acement approach in maintenance is wel/ known. Condition - monitoring is 

now being used extensively to extend the life of equipment. This paper outlining a new 

approach to enhance maintenance decision - making in a condition monitoring environment 

through estimating risk by using a proportionaf hazards modelandthen estah/ishing a 

cost-effective maintenance policy. 

H.l. Introduetion 

The classica! age reptacement approach for preventive reptacement is well known, whereby a 

working component is replaced once it has reached a specified age. There is now a 

developing interest in maintenance to extend the life of an item through condition - based 

maintenance such as inspecting an item using some form of equipment health monitoring 

such as oil analysis or vibration monitoring. 

The paper presents a new approach to cost- effective maintenance decision- making through 

blending together the concept of age - reptacement with a proportional hazards model that is 

used to estimate the risk of an item failing when that item is subject to health monitoring. 

1.4.2The Context of Condition - Based Maintenance 

Figure 14.1 identifies four key maintenance decision areas: Component Replacement, Capita! 

Equipment Replacement, Inspeetion Procedures and Resource Requirements, with a 

computerized maintenance management system providing the necessary data to support the 
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Optimizing Equipment Maintenance and Replacement Decisions 
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Figure 14.1 

thrust of optima! maintenance decision- making. lt will noticed from Figure 14.1 that CBM 

is identified within the third column: Inspeetion Procedures. 
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14.3 The Context ofProportional Hazards Modeling 

Proportional hazards modeling [1], [2] is a sophisticated multivariate regression analysis 

procedure that is potentially useful to reduce the guesswork ofhuman experts in predicting 

risks of equiprnent failure within the context of predictive maintenance. An early study 

reporting the use ofPHM to analyze aircraft engine failures is reported in reference [3]. 

14.4Blended Age- Replacement and PHM 

The paper "Optima! Replacement in the Proportional Hazards Model" [4] presents a control 

theory approach that blends together economie considerations such as the costs associated 

with preventive and failure replacement and income generated from operating equipment, and 

PHM risk estimation, to identify optima! replacement decisions including, as a special case, 

the classica! age - replacement policy. A numerical example illustrating the policy is provided 

in Jardine [5]. 

14.5 Future Research and Implementation 

To extend the ideas reported in [4] a Condition- Based Maintenance Consortium bas been 

formed within the University ofToronto's Department oflndustrial Engineering. Consortium 

memhers who provide funding for the research team are: 

- ALCOA 

- Arnerican Barriek 

- Dofasco Steel 

- Manufacturing Research 

- Corporation of Ontario 

- Molson Breweries 

- Oliver Interactive 

- Syncrude 

- Wear Check Canada 
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Some research issues that are expected to be addressed by the team are: 

1) Handling repairable systems 

~ Minimal and general repair 

- Opportunistic maintenance 

~ Maintenance strategies for multi-unit systems (including opporturistic 

maintenance) 

2) Exploring variabie inspeetion intervals (e.g. longer toshorter intervals) 

3) How to handle continuos inspeetion situations 

4) Development of statistical procedures for estimation in the non-stationary case (i.e. 

transition matrix changes over time) 

.l.!&Concluding Remarks 

The above mentioned project in funded for a period ofthree years: Jan. I, 1995 to December 

31,1997 at about $ 300,000 per year. The author would be pleased to provide to interested 

readers the status ofthe project, for the duration ofthe project, which has an ultimate 

objective the development of software that can be used by consortium memhers to enhance 

their CBM decision - making. 
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and the Top-down Improvement Processes 

15 
J.M.D. Timmerman 

Summary 

This paper outlines a general approachfor inlegrating innovative and creative thinkingfrom 

each person in the organisation in order to imprave the productivity ofthe manufacturing 

unit. 

The artiele is i//ustrated by concrete too/s and some rejlection on the general approach. The 

concrete too/s are used in the Bottorn-up Impravement Process within the 

RCM-machine-system and are implemenled in Dutch lndustry. 

illlntroduction 

One ofthe challenges most businesses nowadays are faced with, is to improve their 

competitive position and hence to eliminate "waste'' in: 

- the organisation; 

- the systems flows, the process flows and the information flows; 

- operations and engineering; 

oot only by adapting slowly but also by mak:ing a leap into the unknown. 

This in order to meet the demand of the customers in terms of: 

- quality in the most reproducable way possible; 

- speed and accuracy in service, communication and decision making; 

- price in the most fairway possible; 

- quantity in the most productive way possible; 

as well as for uncovering new opportunities, or a new set of needs. 
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And by taking into account: 

- the tougher and more comprehensive regulatory requirements; 

- the language harriers between upper-management, erafismen and other employees; 

- the social duty offirstly aiming at reducing irrationality, inconsistency and waste in the 

work-environment, ifmore cost-effective than resizing the crew on board ofthe ship. 

Many methodologies and techniques have been developed and it remains a challenge: 

- to know the basic tools available and their extensions and adaptations; 

- to adapt the tools and to develop them within the organisation so that they are usabie and 

responding to the specific company expectations; 

- to mould the "hard" tools and the "soft" tools into the organisation, system flows and 

process activities through an evolutionary process; 

- to integrate the various kinds of teams through a structured problem-solving and 

decision-making process, where people and management can realize their own specific 

goals; 

- to re-engineer the processes before re-engineering the organisation, in order to implement 

in a socially acceptable way, the competitive positioning program; 

Science Management Corporation International B.V., SMCI B.V., works in partnership with 

leading companies in the Netherlands to implement structural effectiveness and efficiency 

improvements within production units. 

RCM (Reliability Centered Maintenance) is only one ofthe many tools that SMCI B.V. has 

adapted for their clients' in order to respond to the company's demands both in terms of 

improving the productivity ofthe operations (RCM-process-system) as of optimizing the 

operational availability ofthe installation (RCM-machine-system, figure 15.1). 

Two basic methodological frameworks can be combined through the RCM-system for 

improving quality and quantity, both with their own special features. More specifically, it is 

the FMECA (Failure Modes, Effects and Criticality Analysis) and the Logic Tree that moulds 

both frameworks, and contributes towards multi-skilied and pluri-disciplinary communication 

throughout the company. However each framework uses as required, alsoother tools provided 
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by Systems Engineering. This new subject in engineering combines all skilis and techniques 

in order to do things conscientiously, to double-check, and to consider situations from many 

different perspectives.The first frameworkis called the "Top-down or lnnovative 

Improvement Process". 

The FMECA used is an inductlve and qualitative method which allows inspeetion of components of an 

insta/lation or a system by defining real failure modes, !heir real fai/ure causes, production consequences and 

means to be employed to avoid or l~mit these consequences; taking into account the frequency of failures, their 

seriousness. and the probability of not detectingfailiues. 

In this framework, tools are combined in order to achieve greater effectiveness and efficiency 

in the realisation of improved processing and production methods. In genera!, significant 

short-term results are produced by concentrating on specific work areas and structural 

problems through combining specialists in project teams. 

The second framework is called the "Bottom-up or Continuous Improvement Process". In this 

framework, simplified tools are combined progressively in order to achleve small 

improvements from each person in the organisation. Here, significant long-term results are 

produced through eliminating waste without much cost. Not innovative but original creative 

ideas of all employees are proposed continuously through multi-functional and 

pluri-disciplinary team-building which is particularly well-suited to Western business 

undertakings. 

This paper will further descri he some tools and an overview of the Bottorn-up Improvement 

Process within the RCM-machine-system. 

ll.2RCM used as atechnigue (figure 15.2) 

The RCM-technique is originally developed for specifying applicable and effective 

preventive maintenance tasks for the optimal control of faiture modes of important 

componentsof systems (e.g. aviation industry). It is a systematic analysis for determining the 

maintenance needs of only those components ofthe equipment that do take part in a function 

of the equipment and this: 
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Belllaboratories, Rand Corporation and MIT all contributed independently to the development ofSystem.s 

Engineering in the late 40's and early 50's. Subsequently, Lancaster University and the University of 

Penruylvania developed as leaders in the study and teaching of Systems Engineering. 

System.s engineering is a discipline consisting of a composite of methodologies, techniques, ski/Is, equipment 

andfacilitiesfor the ana/ysis, evaluation, implementation, operation and rep/acement of a selfsufficient unit 

within its intended operational and support environment, and this to meet customer requirements and 

constraints. and optimized in accordance with customer criteria. 

System.s engineering integrates p!fJ1chology, control engineering, all subjects of science and all 

"-ities-techniques"- among others the we/1-known Re/iabi/ity & Quality Engineering techniques- with 

logistics and production methods. Unfortunately, the development of theory and practice for behavioural 

science, psychology and socia/ sciences within the system.s engineering context are seen to be lagging, but 

more recently there is a considerable attempt to bring them in, in order to be able to realise the ultimate goal 

of overall efficiency in a more sophisticated way. 

A !f)1Stem.s approach is cyclical. A fier the formation of a framework, solutions are imposed through the rea/-/ife 

situation. The results generared are fed back into the framework and may result in an impravement in the 

framework which wil/ generate, newer, better so/utions. Th is leads to a contuous need for Systems engineering 

as the perfect !f)1Stem does not emerge overnight but is continously rejined a.v the environment and the 

framework become better understood. lmplementation of a solution often uncovers a new need, or a new set of 

ai ms. 

Many organisations have a sort ofSystem.s engineering operaring at a subconsious level. They have to have, 

or nothing would get done. But if the System.s engineering effort is formalised and proper/y people-managed 

then a better product (i.e. !f)1Stem) should resu/t 

- for the requested operational availability; 

- within their operating context; 

- for a guaranteed quality in operations; 

- and without jeopardizing the safety or environmental integrity. 

The RCM-technique consists ofthe following strategie steps: 

- classification of those items of the installation that require intensive study; 

- the analysis of equipment functions such that all functions can be clearly understood and 

such that the components involved are clearly defined. The functional analysis has to be 

adapted to the finally requested maintenance strategy. Hence, different functional analysis 

techniques have been combined in order to prepare preventive maintenance schemes, to 

realise effectively the break-down maintenance tasks, or to perform root cause analysises; 
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- for each function, identification of the modes and the causes of significant or realistic 

failures. This by means ofthe FMECA-technique. The FMECA used, is a formalised, 

technica! and interdisciplinary communication tooi for analysing systematically the 

dominant failure modes of the retained equipment, process and product properties; 

- the assessment of failure consequences, including formal risk analysis, stalistics and 

dynamic programming where appropriate. 

The appropriate tasks can then be allocated to the appropriate people and where applicable 

integrated into maintenance schedules by using the existing MMIS (Maintenance 

Management Information Systems). ROM (Reliability Optimised Maintenance) is an 

elaborated form ofRCM, which has been developed for further improving the balance of 

preventive, predictive and pro-active maintenance techno logies. In ROM, the required levels 

of reliability and availability for individual components are established, and where 

appropriate, predielive technologies are used to know the functional status of these 

components and hence allowing to provide a balanced inlegration at minimal costs of: 

- preventive maintenance practices, or activities performed todetermine whether material 

degradation is occurring, that leads towards impending or breakdown failure; 

- and proactive maintenance practices, or activities performed to correct a failure mode that 

is the cause of an unstable condition and where no material degradation has occurred. 

Summarised, we can say that RCM is nothing more than an approach to ensure that the 

equipment continues to fulfil its intended functions. Hence, ifyou do notknowits intended 

functions, you can not define your maintenance needs correctly. 

li.lRCM used as a framework (figure 15.3) 

Ifthe RCM-analysis is broadened to include the productivity and the quality ofthe processor 

manufacturing units, quantity will be further improved through a reduction in scrap and 

through an increase in quality production. In this case we are dealing with an Operations 

Centered Maintenance system. Here, the RCM-analysis determines the maintenance, the 

operational and the logistical needs ofthe required manufacturing operations and this mainly: 

- to obtain optimally the requested productivity of operations; 
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- within their operating, operational and budgettary context; 

- and without jeopardizing the safety or environmental integrity. 

The key elements ofthe approach are: 

- a ranking of critica! equipment on the basis of: 

- operational nuisance; 

- maintenance costs; 

- availability considerations; 

- total costs. 

- a functional analysis ofthe process, manufacturing operation or equipment through: 

- an analysis of the proces sequence, so as to structure all the stages and opera ti ons of 

the process; 

- an analysis of the product quality criteria, so as to define all aspects that contribute to 

the quality of the product identified; 

- an analysis of all functions and activities that man and equipment has to carry out. 

This analysis is more elaborate than the functional analysis carried out by the 

traditional RCM-method. 

- the identification of the modes and causes of significant or realistic failures; 

- the logic tree in order to identifY the appropriate actions for improving the rate of 

operations and the operational availability ofthe equipment analysed. Some typical actions 

are: 

- the qualitative or quantitative justified preventive and corrective maintenance tasks 

or the Baseload and repetitive Backlog activities; 

- the small improvement tasks on the floor to eliminate or reduce waste or the 

non-repetitive Backlog activities; 

- the institution ofthe requested alarm and operational guidelines and tools in order to 

anticipate maloperadon of the equipment; 

- the re-engineering of processes and the installation of a number of small teehoical 

improvements in order to increase the inherent reliability to an acceptable level; 

- tests aimed at a better knowledge of the process, the equipment and the product. 

- the evaluation by management of the proposed actions, and its integration with other 

planned Top-down actions required; 
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- the implementation of the approved actions through: 

- the acceptance of problem-ownership and responsibility by Maintenance, Logistics 

and Production; 

- different types of high performing Equipment engineers, specialists and 

RCM-teams. The coordation in each department and between Maintenance, 

Logistics and Production is in an RCM-system approach very demanding; 

- the introduetion of an in-house slang vocabularly, so: 

- to promote "problem consciousness" throughout the company, in a language that 

can be understood by everyone, from top management to hands-on personnel; 

- to integrale innovative thinking of specialists with the creative thinking of hands-on 

- the inlegration ofthe required tools and methodology, its inputs and outputs in the 

in-house Total Quality System; 

- adapting the existing organisation framewerk in order to realise: 

- the required coordination between the high performing RCM-teams. The 

coordination in and between the different high performance RCM-teams are far 

more demanding than for those performing the RCM-analysis. 

lt should be noted that the decisions to be made are Top-Down decisions, and hence that: 

- astrong and visible commitment ofthe management-team is required tomeet the 

objectives and to get the essential budgetary support; 

- the management-team delermines the frame-work, the organizational structure, and the 

personnet requirements including responsibilities. Persennel with key responsibilities 

should consider the impravement processes as a high-priority task. Also a facilitator 

should be considered, who assumes responsibility for carrying out the impravement 

processes. And also, if required, employees should have to perform temporarely lower 

level work until all personnel and RCM-problem solving teamscan workat the required 

standards. These standards are then later put on a higher platform and the education 

process is again repeated. This process of leaming by doing follows a certain model and 

the following training interventions are typically in practice: 



202 

- coaching, counselling and monitoring: 

- brainstorming, structured team problem solving: 

- "on the job" instruction: 

- development workshops: 

- forma! presentations/lectures: 

IMOveryiew RCM-system flow (analysis phase. figure 15.4) 

Reliability Related Topics 
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The flow as illustrated in figure 4 outlines the way the RCM-system was done in the analysis 

phase. In the cases treated, there were no documented maintenance plans available and the 

RCM-team memhers were trained for operating and maintaining the machine but were not 

taught to how the machine operates and what its operationallimits are. 

The first task fortheRCM-team consistsof a provisionary research into failures ofthe 

activities of man and machine. The technique applied is what we define as the 

RCM-machine-system FMECA, which aims at improving the productivity of the machine. 

During this research some structural problems and possible actions are identified. 

Next, for each realistic failure mode, one or more tasks are proposed by a befarehand 

determined logic tree and subdivided into the following different formats: 

- list of operating procedures that should be revised or and updated; 

- list of autonomous maintenance tasks carried out by production; 

- list of preventive maintenance tasks carried out by the maintenance department; 

- list of break-down tasks with priorities for repair; 

- list of curative maintenance tasks demanded by production so that man and machine can 

deliver the desired functional activities; 

- list of identified structural problems where forther analysis is neerled and wherefore 

already some possible actions have been identified; 

Both tasks consitute establishing: 

- what can be expected from the installation and operators can express to the technica! staff 

and toa lessextent vice-versa: 
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- their knowledge about the manufacturing operation; 

- their proposals ofhow toto improve and optimize the instaBation operational 

availability; 

- which expectations are realistic and wich one aren't , this is mainly done by the 

maintenance department; 

- what requirements are required to support meaningful failure analysis. 

Desirabie as they are, the RCM-facilitator has to re-evaluate the outcomes in the light of 

budget constraints and hence the activities are ranked according to their contribution to 

productivity or reduction in operating time. It should be noted that the ranking has not yet 

been optimised with respect to costs or uncertainties. Optimization steps that include these 

factors are necessary prior to taking specific actions. 

The critical item list proposed by the RCM-facilitator to the management-team consists ofthe 

following elements: 

- list of recommended changes to the test and maintenance requirements. These changes can 

be defined in terms offrequency, duration, responsibility, plan code, nature ofthe 

maintenance performed; 

- tilled in RCM-problem solving memo's that, if approved, can be started within a three 

month period (a project leader and a project-owoer is appointed for each approved memo); 

- list of cost-effective actions that can be started within a three month period (a project 

leader is appointed for each action approved); 

- list of success criteria for evaluating the cost-effectiveness of the actions taken and of the 

approved changes to test and maintenance requirements; 

- list of parameters to be foliowed up in order to: 

- improve the type or frequency of the preventive maintenance tasks; 

- analyse the identified structural problems where further analysis is required; 

- measure the success criteria both for general management control on the productivity 

ofthe machine as for specific management control during complex problem solving 

(RCM-problem solving memo). 

- list ofnot cost-effective actions, only recommended to reduce operational nuisance (a 

project leader is appointed for each approved action). 
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This list of activities, success criteria and parameters prepared will be used as a base for 

further evaluation together with the management-team. A\project leader is appointed for each 

activity approved. 

~RCM-problem solving memo (figure 15.5) 

All impravement activities have three basic phases: an analysis phase, an evaluation phase 

and an implementation phase. Most activities do not require a basic understanding of the 

problem and their causes, hence small efforts can be immediately defined and implemented, 

which make people feel good about their involvement in the impravement process. 

Other impravement proposals require a detailed analysis with colleagues and other 

departements. Hence adequate clarification, structure and visibility should be given so that: 

- the management-team can buy the ideas praposed by the RCM-facilitator. Acceptance by 

each memher of the management-team is vital for the implementation, as such no idea 

should be sold; 

- the management-team can handlethedetails offollow-up, measurement and assurance for 

avoiding unwelcome surprises during the implementation phase; 

- interested personnet can be informed concisely, what contributes to a smooth, coopemtive 

problem-solving team-effort of all personnel; 

The tool chosen for clarification, structure and visibility is a one A4-page living "Memo" 

format. Different memo-formats are required in order: 

- to help operators, teehoical staff and managers to follow a common strategy for their 

impravement activities from the situation analysis down to the feedback on the results of 

the recommended actions; 

- to expand the collected information and know-how vertically (downwards and upwards) 

and horizontally throughout the company. 

The RCM-memo illustmted in figure 15.5 has been prepared for the more complicated 

impravement proposal, in order: 
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- to help the management-team to think it through, before buying it. The memo is so 

constructed to allow managers to: 

- evaluate quickly the impravement proposal and its implementation process; 

- agree on project leaders, actors and clients; 

- handle the details of follow-up, measurement and assurance; 

- to help supervisors, technicall staff and managers to follow a common strategy fortheir 

impravement activities. The management-team is not really deciding, but is only following 

and evaluating a plan that bas been decided befarehand by the RCM-facilitator and the 

project leader; 

- to reduce the uncertainty about the actions proposed and to ensure that the actions 

proposed are willingly accepted within the organisation. 

The RCM-memo consists ofthe following parts: 

I) description ofthe present situation 

Big problems can rarely be solved easily or quickly, because they are multiple problems. 

So when partial answers are proposed, addressing one problem, they get easily rejected 

by the management-team because they do'nt solve the whole problem. 

Therefore, the description ofthe present situation is done for separating the problem into 

its elements. This to illustrate that there is more than one situation to deal with, that they 

are interrelated and hence that more than one action is required to solve the problem. 

2) description ofthe impravement proposed 

Here, the actions proposed to solve the problem are summarised as a base for discussing 

the positive and negative aspects as seen by the management-team. Here, the 

management-team can express what they especially like in the impravement proposal, 

and what would make it better, and which other ideas they like to be implemented. The 

point is, the RCM-facilitator helps the management-teamtothink it through and probes 

what the management-team really wants. 

3) description ofthe objectives 

Here, the purpose is to make the objectives visible and conscious. The objectives should 
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be so expressed that they can be used as a basis for measuring the effectiveness of the 

actions to be implemented. 

Additionally, it is recommended to describe, where possible, who will be affected by the 

actons and who will implement the actions and what they like about the impravement 

proposal. 

4) description ofthe limitations, 

Here are described: 

- what should be avoided; 

- what are the limits ofthe proposal; 

- what part of the problem isn't addressed; 

- what might go wrong; 

without regard to whose fault or controL 

5) the success criteria to be measured 

The recommended actions and decisions are based on predicted improvements and 

estimates of costs. The success criteria used are a mechanism for comparing the 

predicted and actual parameters and thereby to enable an evaluation ofthe effectiveness 

ofthe recommended and implemented improvement proposals. 

Maximum 5 success criteria are proposed to the management-team for evaluating 

different aspects like maintenance costs, operating hours, availability, quality, 

motivation, etc. These success criteria are used as a base for discussion by the 

management-team. The finally agreed success criteria and their norms should however 

fulfil the following requirements: 

- each (sub-)department that suffers from the problem should have at least one 

success criteria for evaluation; 

- the implementation of each tooi prepared should be evaluated by one success 

criteria. This to measure the motivation ofutilising the tools prepared; 

- the success-criteria must be easy obtainable and hence means and co-operation 

should be made available for getting the selected information needed 
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- the nonns should be set equal or lower than 75% ofthe maximal predicted 

improvement feasible. This to get the work done within an acceptable time period. 

The underlying reason is that 100% implementation should be carried out in (80% 

result /20% effort) steps. 

6) statement of the project plan 

Here, the main steps ofthe project activities are described with an indication of project 

leaders, actors, clients, time requirements and additional comments. 

7) notes 

Here are listed some reflections, actions, things to be verified and looked at which are 

notmade visible to the management-team as they wouldn't contribute to an effective 

evaluation and follow-up. 

15.6 Specific points and practical aspects (figures 15.6 and 15.7) 

RCM versus TP M (jigure 15. 6). 

Nowadays, most companies where equipment maintenance is the very foundation ofindustry, 

choose basically or the RCM-framework or the TPM-program (Total Productive 

Maintenance-program) as a basis oftheir world-class manufacturing strategy. Both 

approaches have the objective tomerge total employee involvement, quality improvement, 

and state-of-the-art maintenance technology to improve the equipment capacity utilization of 

a plant and the quality of the product. Both approaches consist of a set of initiatives that can 

be tailored to any manufacturing situation, promoting support for equipment availability 

companywide, not just in the maintenance department 

The RCM-technique, an American-based approach developed in 1968, is recently (since 1991 

in France, Scandinavia and USA) widened toa structure where not only the operational 

availability, but also the product design and the choice ofthe manufacturing process and the 

operational activities are incorporated. 
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The RCM-framework bas basically the following main characteristics: 

- the approach is project-orientated, structwised and starts inunediately with an analysis 

after teaching the RCM-teams the following 2 techniques: 

- the FMECA or Faiture Mode Effects and Criticality Analysis; 

- the logic tree. 

- the motivation and culture change occurs during the project; 

- the duration of one RCM-project is on average 3 months; 

- the faiture analysis approach is bottorn-up by means of the functional analysis as well as 

top-down like the fault tree; 

- the faiture analysis treats multiple failures; 

- the continuous improvement process starts with updating the operational feed-back and 

ends with pro-active maintenance practices; 

- the final aim is over-all efficiency with acceptation of break-down and is mainly realised 

through specialists. 

The TPM-program, a Japanese-based approach developed in 1971, is recently (since 1991) 

modified towards a more european version in order to bind the organisation better together 

and to improve the bottorn-up and top-down conununication. 

The TPM-program bas basically the following main characteristics: 

- the approach is process-orientated, paraphrased and starts inunediately with a motivation 

and culture change before the projects; 

- all production personnet is trained in many "hard" techniques and "soft" techniques for 

effective group-dynamics with the maintenance department and for performing 

autonomous maintenance activities; 

- the duration ofan TPM-progranune is on average 2 to 3 years. 

- the failure analysis approach is top-down and treats only single failures; 

- the continuous improvement process starts with embodying standard guidelines and ends 

with early equipment effectiveness practices; 

- the final aim is over-all efficiency inclining towards approaching zero-defect and is mainly 

realised through multi-skilied personnel. 
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The methodology proposed does not have a preconceived idea of which approach should be 

taken, it takes into account the internal atmosphere, the operating environment, business 

needs and company values. For this reason SMCI BV believes that decisions on RCM or 

TPM should be made by the management-team and hence to assist management in the 

decision-making process, SMCI BV has: 

- prepared an extensive presentation where RCM and TPM are explained and compared 

more elaborated, including their characteristics, their techniques and their results. 

- adopted a frameworkso that the RCM-technique can be incoorporated in a TPM-system 

and the TPM-techniques can be incoorporated in an RCM-structure. 

As already described, the case-study used an RCM-based framework, where TPM-related 

tools are added. The TPM-related visual management tools are very useful, because more 

than 80% of our information is obtained through our eyes. Slides, symbols, graphs and tables 

are used as much as possible to explain the manufacturing or machine malfunctions because 

they can be understood immediately with few words. Just like a weather map tells us most of 

the wheather forecast for tomorrow. 

Summarised, the general methodology presented do not put RCM or TPM as the bottorn line, 

but the practical realisation of Systems Engineering. 

15.71mplementing 99% result/100% effort approach through 80%/20% steps (figure 15.7). 

The use of a clear, structurised and visible approach that addresses quality, speed, price and 

quantity ensures a better guarantee ofthe optimal quality ofthe product/process and ofthe 

productivity ofthe manufacturing unit. Moreover, it is recommended toprepare a framework 

and tools for reaching 99% result with 1 00% effort, as frequently is proposed in reliability 

and quality engineering studies. This todetermine our long term vision for the 

implementation of the innovative and creative improvement processes. 

Nevertheles, the practical realisation should follow a "80% result/20% effort" approach. This 

not only due to time limitations, budget restraints and acceptance uncertainties but also due to 

new and more effective opportunities that emerge from the first efforts already carried out. 
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Indeed, as common sense tells us, it is more cost-effective for an organisation to continue 

with new opprotunities where you obtain 80 % result than to continue with the existing 

opportunities where you only obtain 16% result or 80% ofthe remaining 20%. 

This 80% result/20% effort approach is done consciously and hence has also been foliowed 

for the illustrated RCM-system flow, the RCM problem solving memo and the 

RCM-FMECA. 

The RCM-FMECA used is a living document which is updated in the light of changedor 

increased knowledge of quality requirements, process operations and teehoical functions. It is 

an extremely powerful document for hands-on personnel to make positive contributions to 

continuous improvement much earlier than they would do otherwise. Moreover the 

RCM-FMECA prepared (80% result/20% effort) can be linked into the different types of 

FMECA's, in order to enhance the innovative thinking within the company ( completion 

requires a 100% result/1 00% effort). 

Improving a product, process or machine requires an in depth knowledge about that product, 

processor machine. Hence the product-FMECA, the process-FMECA and the 

machine-FMECA are further compiled as a cross-functional team exercise where knowledge 

is transferred between and increased among the specialist functions (designers, process 

engineers, machinery engineers, maintenance and operation personnel). 

The use ofthe FMECA-techniques also assists in identifying and prioritising the innovative 

actions proposed that give better value for money. So where required deterministic and 

probabilistic decision analysis methods are useful to identify which "medium quoted" action, 

requiring low investrnents, should be chosen instead of a "high quoted" action, requiring high 

investrnents. 

l5.8Conclusion 

The approach presented has been succesfully tried out in a Dutch organisation, and it has 

formulated important improvement actions and cost-savings. Moreover, the approach has 

given a stimulus to the elient to analyse other prob1ems within his operating environment and 

to provide additional man-capacity for analysing the problems. The methodology proposed, 
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develops people from the stage of awareness up to the stage of excellence and the lessons 

learnt are as well as technical as pedagogical. 

In other words, 

reducing our troubles in the future 

is one of the best reasons to spend part of today 

in structurised problem-solving, decision making and leaping into the unknown, 

for solving the cause of yesterday's problems. 
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Summary 

A.H. Christer 
W. Wang 
R. Baker 
J. Sharp 
T. Wyant 

In this paper we describe a case study carried out at a local company which manufactures 

copper products. The study addresses the imptementing of Planned Prevenlive Maintenance 

(P M) of an Extrusion Press, a key capita/ machine in the company. Using the Delay Time 

Modelling Technique, the model parameter values are estimatedfrom subjective data 

obtained through a questionnaire survey, and a goodness of fit test is proposed to assess the 

model fit. As aresult of the model test, revised parameter values are obtained in termsof the 

"best" model fit. Based upon the results of data analysis and delay time modelling, improved 

P M policy and procedures have been proposed to increase the effectiveness and efficiency of 

PM These proposals have been generally accepted by the company. The results are 

highlighted 

IQJ.Introduction 

The potential for Planned Preventive Maintenance (PM) to reduce production downtime or 

cost of failures bas been recognised by many companies for years. The work of Gits [9] 

presents a methodology for formulating a maintenance concept, which will highlight the 

scope for PM in any particular case if it is appropriate. However, how to evaluate a PM 

scheme andrelate it quantitatively to the output ofthe system concemed still remains to be 

understood. This paper addresses the problem and presents the application of recent 

theoretica! developments in modelling PM effectiveness in the context of a practical problem. 

A case example is discussed outlining the utility of and procedure for PM modelling. 

Operating a PM system means that a set of inspections, preventive or corrective actions are 

performed on a regular time basis to offset an otherwise expected downtime or cost 

associated with failures. It might occasionally be possible to make a comparison between 
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what happened before and after imptementing PM based upon the failure or downtime 

analysis, so that the observed gains attributable to PM can be assessed. Such an experimental 

result consists essentially of two observations, and it is notoriously difficult to draw valid 

conclusions from such limited data, Christer [3]. There is usually scant indication as to what 

is optima!, or even an improvement. 

To establish the relationship between operating measures such as downtime and PM 

schedule, the delay time concept is used. For more details ofthe delay time concept and 

modelling, see Baker and Christer [1], Christer and Walier [5], [6]. 

This paper reports on a study to investigate the effectiveness and efficiency of a system of 

planned preventive maintenance for production plant using the delay time concept. The 

machine studied called the Loewy Press is an extrusion press, in a local company which 

manufactures copper and copper alloy products. This press is a key plant item within the 

company with over 70% of products being processed on it at sometime during their 

manufacture. At the time of the study the machine was operated 15-18 hours a day, for 5 days 

a week excluding holidays and maintenance or repair downtimes. The chief concern of 

management is the efficient operation of the press with little downtime. The press has been in 

service since 1961, and is still making a significant contri bution to the company's output. 

Ho wever, it is also a souree of problems within the factory because failures occur on the press 

almost every day. In order to reduce the downtime caused by failures the maintenance 

department in the company accepted a suggestion by maintenance researchers in a local 

University and decided to collaborate in a modelling study to investigate the merlts ofPM for 

the press. The study commenced early in 1993. 

1Q.2.PM practice and problems 

The idea of imptementing a PM scheme on the press was initially conceived by the 

maintenance management team, based upon their engineering experience. To effectively 

utilise resources it was decided that the PM was to be an inspeetion activity where pending 

faults could be identified. Minor corrections or any work that required immediate attention 

could be made at the time of inspection. All other work was to be reported so that it could be 

planned and carried out before failure occurred. lt was decided to involve the maintenance 

cell team and production operatives as much as possible indeveloping the PM activity. After 
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overviewing work content ofthe plant, it was realised that to carry out PM inspections on the 

whole press at the same time would be impractical. lt was proposed that the press be divided 

into 9 subsystems according to its structure and the PM was performed on a subset of the 

subsystems at any one time. The subsystems are marked Alto A4, Bl to B3 and Cl to C2, 

where Al-A4 are the heater and press and B & Care mainly conveyors and material handling 

devices. 1t was also recognised that some ofthe subsystems required the press beshut down 

for the PM activity to take place (A areas) whereas other areas could be maintained whilst 

production continued. lt was decided that the press should be inspected on a weekly basis 

initially. The PM frequency could be changed if required. It was agreed by the maintenance 

cell team (management and production) that the "A" areas could be inspected on a Monday 

moming before the start of production when the press was cold and therefore accessible. The 

PM lasted about 2 hours and all scheduled activities in the PM schedule were documented 

and referenced. The inspeetion activities were based upon management intuitive judgement as 

opposed to the ordered Gits' [9] methodology. 

There are three basic questions which have to be addressed when consiclering a PM's 

appropriation and effectiveness. These are 

1) Are PM activities effective for this machine? 

2) Are PM activities efficient for this machine? 

3) Is the frequency and duration of scheduled PM appropriate? 

The first question is concemed with whether PM is appropriate for the press. In other words, 

does PM eliminate potential failures and, therefore, potentially reduce downtime? Camparing 

the average downtime per press hour ofthe previous year with the average downtime per 

press hour of in the first half year of 1993 indicated that the average percentage downtime per 

press hour before and after implementing PM were 7.6 and 5.8 respectively. This indicates 

PM has been effective and reduced downtime. However, the reduction in downtimes was not 

as large as management had anticipated. 

Observing the system in operation it was evident that, as expected, maintenance engineers 

found faults at a PM, yet failures could occur immediately aftera PM activity. lt was also 

evident that the number offailures on Monday (the day on which PM is performed in the 

moming) is not significantly less than that on other working days. This suggests that PM is 

effective, since some faults which could lead to failures are identified and rectified, but was 
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perhaps lacking in efficiency since the number of failures on Monday are not significantly 

less than that the number on the other days. In other words, the inspeetion carried out at PM is 

notperfect sincesome faults are not identified andresult in subsequent failures. It is noted 

bere that PM performed on this machine is mainly an inspeetion activity. Therefore, the PM 

defined bere is, in a sense, equivalent to inspection. 

Questions 2 and 3 can not be fully answered without the aid of modelling. In this paper we 

use the delay time concept to model the PM strategy and hence to answer these questions. 

l.Q.J.The delay time concept 

Weneed to utilise the well known maintenance concept of delay time, Christer and Walier 

[5], [6]. The time from the first point at which a fault can be identified in an inspeetion to the 

time at which a repair is essential (failure) is called the delay time h. The delay time concept, 

in fact, defines a two stage stochastic process for a fautt, the first stage being the initiation of 

a fault and the second stage of the fault teading to a failure, see tigure 16.1. 

Fora complex machine such as the press we assume that the process offault initiation can be 

modelled by a homogeneous Poisson process, Christer et al [8]. Wedefine À. as the rate of 

occurrence of faults, and F(h) as the cumulative probability function of the delay time h. It is 

noted that the press is a complex machine in that at any one point in time there can be severat 

faults in the press. 

Suspeeling that the inspeetion at PM is not perfect, the next question is clearly whether the 

inspeetion can be improved. This depends upon the methods and procedures of inspection, 

and of course, the underlying delay time distribution. If some faults occurred and caused 

failures instantly, the opportunity to detect these faults at PM is zero since the·detay time is 

zero. Forthese faults, depending upon their nature, possible ways to remove them are 

re-designing a component unit or modicying operator practice. If some faults have not zero 

detay times but pass the inspeetion without being noticed, these are fautts which may be 

preventabie by improved inspections. In the next section, we consider the detailed data 

analysis and modeHing teading to further improved PM performance. 
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Data available from the maintenance data base in the company included the number of 

failures on each working day, the downtime associated with each failure, the number of faults 

identified at each PM and a briefdescription of each faiture and fault. Relatively few faults 

arose on areas B3, Cl and C2, so attention was focused upon areas A, BI and B2. It is also 

noted that B & C areas cao be checked without causing extra downtime since they altemate 

for different products. In fact, in this pilot study we only focus upon A areas because of their 

importance and because more than 70% oftotal failures occurred within A areas. At the time, 

the press had to beshut down to PM on A areas. We first discuss faiture data. 

16.4.1 Failure data analysis 

About 300 failures were observed over a 6 month period, and more than half were recurrent 

faults, see Figure 16.2. 

Those failures occurring mostoften are obvious targets for preventive maintenance. However 

the question arises as to whether or not they are preventable. To understand if a failure type is 

preventabie or not, a questionnaire was designed for completion by a senior engineer within 

the company addressing the most frequent failures. 

The analysis of completed questionnaires indicates: 
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Figure 16.2 Histogram offailures and downtimes. 

1) All recurrent failures listed can be prevented by either re-designing the component unit 

or proper inspeetion at PM. 

2) 72 percent of failures can be prevented by re-designing. 

3) Half ofthe failures listed can be prevented by proper inspeetion at PM. 

4) Only one failure can be prevented by modifying operator practice. 

lt is noted that some failures can be prevented either by re- designing or by inspection. From 

these replies, it is clear that re-designing the component unit needs to be considered as a way 

to prevent some failures from re-occurring. Due to the heavy demand on this machine and 

limited maintenance manpower, such a task was not going to be considered quickly, or easily 

achieved. However, having highlighted the possibility, it remains an option for the engineers. 

Here we focus upon the second option to prevent faiture from re-occurring, namely, proper 

inspections at PM. 
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16.4.2 PM data analysis 

Most faults identified at PM times are minor ones. Only a few faults found at PM belong to 

the category of most frequently recurrent failures. This appears to conflict with the 

conclusions drawn from the replies of questionnaires. If half of the recurrent failures can be 

prevented by PM, as thought, more faults which caused recurrent failures should be identified 

at PM inspections. The view of the maintenance engineers was that the delay times for some 

frequently recurring failures are small, and in consequence they are seldom identified at 

weekly PM inspections. Engineers estimated that the average delay time for such failures is 

about 7-8 hours. Also they confirmed that at some PM times, there was no inspeetion at all 

because the time was used to carry out repairs to previously identified faults. This confirms 

that the scheduled regular inspeetion element of the PM performed on the press is not perfect. 

The question which remains to be answered is whether the current weekly PM is the right 

choice and what is the correct PM procedures. This is discussed in the next section. 

16.5 Improved PM procedures 

Although it is known that design impravement is a potentially major factor in reducing total 

downtime, it is not an option for the short term. Therefore, a study of PM frequency and 

procedures was made a priority. To assess the validity ofthe current PM schedule, weneed to 

establish a relationship between the PM schedule and total downtime. Delay time analysis is 

used to model this relationship. 

As a first step, weneed todetermine the underlying delay time distribution, i.e. F(h). There 

are two methods available todetermine the delay time distribution, Christer and Walier [5], 

[6] and Baker and Wang [2]. The former used subjective data to estimate the delay time 

distribution while the latter used observed objective data offailures and faults found at PM. 

Fora review of objective data estimation ofthe delay time distribution in general, see Baker 

and Christer [1], and for an example ofits application to the current press, see the paper by 

Christer et al [8]. In this paper, the subjective method is used to estimate the delay time and 

its use in maintenance modelling. 
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16.5.1 Subjective data estimate ofthe delay time faults 

The data required for the delay time estimation was collected by means of questionnaires 

which were in a similar format to those in Christer and Walier [5]. The main questions asked 

in the questionnaire are: how long ago could a fault have first been identified (HLA); and how 

much longer could the repair be delayed if not undertaken at the same time (HML). This 

gives us h HLA + HML. At a failure, only HLA can be requested but for a fault identified at 

an inspection, both HLA and HML are asked for. Although, we are chiefly concerned with 

modeHing PM frequency, other related information is also collected in snap-shot 

questionnaires in order to give an overall impression of the machine, such as whether the fault 

is preventable, and ifyes, by what means. For details of questionnaires, see Christer and 

Walier [5]. Questionnaires were completed by the engineers who maintain the machine. This 

research exercise lasted for about six weeks and a total of 57 questionnaires were completed 

at breakdowns and at PM's. The resulting initial histogram ofthe delay time offaults is 

shown in Figure 16.3. 
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Figure 16.3 Histogram of the delay time of faults. 

From figtire 16.3 it can beseen that 35 faults have zero delay time. By studying the related 

snap-shot information ofthose faults with zero delay time, we found that some faults could 
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seemingly be prevented by an improved inspeetion at PM. We know that if a fault could be 

prevented by an improved inspeetion at PM, it must have a non-zero delay time. The obvious 

question is why this appeared not to be the case. Discussion with the engineers who 

completed the forms indicates a misonderstanding of the delay time concept. They feit that 

under the current PM scheme it was very hard to find some faolts because they had too short a 

delay time (7-9 hours) which was therefore estimated at near zero. Thus the zero delay time 

has been improperly estimated and influenced by expected outcome conditionat on the current 

PM schedule. After explaining again the delay time concept, engineers were invited to 

re-estimate the delay time of faolts given zero or even smal I estimates. As a result, 9 faolts 

moved out from the category ofthe zero delay time. The revised histogram is also shown in 

tigure 16.3 by shadowed bars. 

Based upon the revised estimation ofthe delay times. a mixed distribution has been selected 

to model the underlying delay time distribution, i.e. a probability mass function concentrated 

at time zero representing faolts with zero delay time and a continuons function of the delay 

time distribution for the rest of the faults. Again from tigure 16.3, an exponential distri bution 

would be a reasonable choice for the continuons delay time distribution function. Thus the 

complete distribution function for the delay time is as follows: 

F(h) = (1- P)(l- eet.h) + P, (1) 

where ex denotes the scale parameter of the exponential distribution and P is the proportion of 

faults with the zero delay time. From the data shown in tigure 16.3, we have ex= 0.0058 and 
p = 0.456. 

It is necessary to test whether the exponential distribution for the continuous delay time is a 

good fit to the data in tigure 16.3. The test result which is based upon the chi-squared 

goodness of fit test shows that with cx=0.0058, the fit has to be rejected at any reasonable 

significanee level. The reason for this is because the data in tigure 16.3 shows a peak in (0,2), 

but has a very long tail. With such a data set, one can not fmd any reasonable fit to it. 

Looking back at the data, we found that there are two faults which were identified at PM 

having very long delay times (3-4 years). Such long delay timesdistort the ex value. The 

engineer advised that these two faults (gearbox and pipe leaking) can be ignored without 

much influence on the performance of the press for at least one or two years. By removing 
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these two faults, the a. values becomes 0.0129 and the exponential fit is accepted by the 

chi-squared test. However, since the data is subjectively obtained, it might be biased. The 

final test should be how well the fitted model can represent the underlying process in which 

faults and failures arise, that is the status quo. We will discuss this in the next sub-section. 

To complete parameter estimations ofthe delay time model, weneed to delermine the rate of 

occurrence of faults (ROCOF) and the probability r of a perfect inspeetion at PM. If the 

process is in a steady state, the ROCOF can be estimated by À=Nit, where Nis the total 

number offaults collected by the survey (failures and faults found at PM) and t is the time 

length ofthe survey. In our case À= 57/44 1.3 per day. 

The probability of perfect inspeetion at PM can also be obtained by asking the maintenance 

engineers to estimate the mean figure. The tigure r = 0.75 was considered appropriate here. 

This completes the initia! determination of parameters of delay time modeHing from 

subjeelive data. It is noted that the parameter values obtained above are only initia! estimates, 

and a final assessment of the goodness of fit of the model to the data is required . 

.l.Q.JiAssessment of model fit 

Since we have obtained the data on the press over a 6 month period. It is possible to plot the 

number offailures over the time period measured from the last PM and the number offaults 

found during the PM period. Thus a comparison between the observed and the model 

predicted numbers of failures and faults can be used to make the assessment of model fit. 

The standard chi-squared test stalistic is 

N ( ")z x2- l: n;-n; 
- i=t n; · (2) 

where the range of data is divided into N suitable classes or bins, n; is the number ofthe 

events in the ith class and n i is expected number of events in the ith class calculated from the 

fitted model. 

Using the method presenled in Christer et al [8], tigure 16.4 shows the model predictions 

based upon the initia! model parameters and the observed number of failures, and the mean 

number of faults identified at PM. 
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From tigure 16.4 it can be clearly seen that the model produced by the subjective data method 

gives an underestimate of the mean number of failures observed and, therefore, an over 

estimate ofthe mean number offaults identifled at PM. There is evidently a bias in the 

subjectively estimated delay times. This tendency towards bias has been observed before, 

Christer and Walier (6]. To remove the sampling biases from the estimate, a model proposed 

by Christer and Redmond (4] can be used ifPM intervals are equal. Since in our case PM 

intervals are not equally spaeed we used an alternative method to remove the sampling bias. 

Here we select model parameters to give the best goodness of fit measure ·l equation 2, and 

then check ifthe fit is statistically acceptable. The form of F(h) as given in equation 1, and as 

before faults are assumed to arise as a homogeneous Poisson process. The optimisation is over 

parameters, a , P and r only since À can be proved to be unbiased if we assume the system 

studied is in a steady state. 

Setting the starting points fora , P and r to the estimates obtained from the subjective data, 

i.e. a 0.0058, P = 0.456 and r = 0.8, by minimising equation 2 in terms of a, Pand r when 

À is flxed at À = 1.3, we have the revised estimates fora , Pand r shown in table 16.1. For 

convenience the flrst estimates from the subjective data are included as well. 



228 Reliability Related Topics 

estimated model parameters 

À ex: p r 

first estimate 1.3 0.0058 0.456 0.75 

revised estimate 1.3 0.035 0.61 0.911 

Table 16.1 Estimated model parameters 

It can be seen from table 16.1 that there is an evident difference between the first and the 

revised estimates, which is expected since the first estimate is based substantially upon 

subjective opinions. 

The histogram of the number of failures and faults found at PM from the revised parameters 

is also shown in figure 16.6 in dotted bars. The fit ofthe revised model gives X2 [3] = 6.64, 

which is acceptable at the significanee level of0.05. 

12..1The delay time model ofthe qptimal PM schedule 

With the delay time distri bution and parameters as determined, we now establish the 

relationship between the PM frequency and the total downtime. Assume that faults arise 

follows a homogeneaus Poisson process, with an imperfect inspeetion at PM, we have, 

Christer et al [8], that 

where 

(3) 

- ED(I) denotes the total expected downtime per unit time over an infinite horizon with the 

PM interval T. 

- dflJ denotes the average downtime per faiture with the PM interval T. 

- EN fl) denotes the expected number of failures over the PM interval T. 

- d1 denotes the average downtime per PM 

The key element in equation 3 is the calculation of EN JIJ which can be outlined as follows; It 

is known that if the initial faults arising process is a Poisson process, the faiture process 

caused by these faults also follows a Poisson process, Ross [10], Christer et al [8]. 
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Let t1 denote the time ofthe ith PM from new, we have T = t,- t1_1 for i= 1,2, ... n Consiclering 

the system is in a steady state, namely, it bas gone through n PM's where n >>1, it is assumed 

in subsequent matbematics that n ~ oo. Supposing a fault arises in (t1_1,t11 ) and causes a failure 

in (t"_1,t11
) where n >i, it must have a delay time 1

11
•1·11 < h < l 11-t1

_1 and not be identified at the 

jth PM wherej =i, i+ I, ... n-1. The contribution to the expected number offailures in (t
11

_1,t11
) 

due toa fault in (t1•1,t1) is 
f; 

(1-r)n-i J À(F(tn-u)-F(tn-1-u))du. 

It is noted that if i = n, equation 4 becomes 
t. 
J ÀF(tn- u)du. 

t.-l 

(4) 

(5) 

· Surnming over i= 1,2, ... n-1 and noting that F(h) is given by equation 1, and finally letting 

n ~ oo , we have, after some manipulation, that the expected number of failures over 

t"-t11_1=Tis given by, 

EN LfT) = ÀT + Àr( 1-e"r)( 1-P). 
I' a(e"'r-1+r) 

Fora detailed denvation of equation 6 see Christer et al [8]. 

(6) 

From the maintenance data record, we obtained the mean faiture repair time (minutes) is as 

{ 

20 ifTS1 days 
dj-T) 17.67+0.333T if1<TS49 

34 ifT>49 

At this point ofthe study, it was announced that the downtime allowed for PM was to change 

from 2 hours to 30 minutes, and subsequently to reduce further to zero downtime. Evidently 

PM was now scheduled before the production start in the later morning so that less 

production downtime was incurred. Therefore, dP is set to be 120, 30 and 0 minutes 

respectively. 

Accepting these values of d1and the revised model parameters oftable 16.1, the consequence 

of model 3 using equation 6 is shown in figure 16.5. 

It is seen from figure 16.5 that the optimal PM interval is around 2- 3 weeks if dP = 120. It is 

also clear that if dP = 30 min ut es, a weekly PM cycle is the best. In the first half year of 1993 

the company performed the weekly PM schedule on the machine. However our research 

shows that if no extra downtime is required by the PM, the best policy to reduce the expected 
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Figure 16.5 Expected downtime per unit time against P M interval. 

downtime is to perform PM every day. This is self evident. It is also noted that PM should be 

performed on a constant basis if the fault initiation process is homogeneous. 

Next we consider the question of what to check at a PM. A detailed PM procedure exists, 

which itemises aspects ofthe press to be checked in addition to routine preventive 

maintenance such as topping up oil and tightening nuts. From figure 16.2 it is seen that most 

failures are caused by recurrent faults. Therefore it is recommended that with the increasing 

pressure on time at the daily PM, only component units with more frequent faults should be 

checked as a priority. However, as stated before, other information is available in the 

questionnaire to help the estimation of the delay time, such as whether or not a fault is 

preventabie by PM. lt is clear that the recurrent faults which are preventabie by PM should be 

on any priority checking list. This wil! reduce the work load of PM to about only halfan hour 

and only 1-9 chief component units would be checked. Routine preventive maintenance on 

the less important areas can be done on a weekly basis. 

The company accepted the above suggestions and adopted a daily PM schedule for key 

component units but with an additional PM check on less important components on Monday 

moming. 
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The recent history is that the company bas adopted at various times three maintenance 

concepts conceming its PM schedule on the press, i.e. no PM, weekly PM, and daily PM. 

Downtime data over these three stages are available for a further assessment of the model fit. 

A comparison of the downtimes between the observed and model prediction are shown in 

table 16.2, which shows that the model output is reasonably acceptable. 

PM policy downtime per press hour in percentage 

observation model prediction 

noPM 5.47 5.41 

1 week PM cycle 4.06 4.23 

11 day PM cycle 2.45 1.98 

Table 16.2 Downtime per press hourinpercentage 

The poorest comparison between theory and practice is seen to he in the daily PM case, where 

only a small sample of operating data (6 weeks) was available . 

.1.2..8. Conclusions 

This study demonstrales how by working in close partnership with engineers operational 

research modelling of maintenance intervention on complex plant can he undertaken and 

validated. In this study we focus upon modelling PM practice of a machine in order to reduce 

the total downtime caused by failures and PM activities. The delay time concept and 

modelling technique were used to test the PM efficiency and to model the optima! PM 

frequency. Recommended PM policy and procedures have been proposed based upon the 

model results. 

In this paper, modelling is based upon a homogeneous Poisson process offault initiation and 

the subjeelive analysis of the estimates of the delay time made by the engineers who maintain 

the machine. The model adopted is established under the assumptions that the process for 

faults arising follows a homogeneous Poisson process and the inspeetion performed at PM is 

not perfect. The latter is partly due to the fact that at some PM interventions inspections were 

not completed due to repairs to faults found early on in a PM. More general modelling 
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involving a nonhomogeneous Poisson process for fault initiation can be found in Christer and 

Wang [7]. 

Since there is no production time loss due to PM when it is scheduled out with production 

time, the model shows that a daily inspeetion at PM is the best policy in terms ofminimising 

total downtime. Ifthe objective was minimising operating costs, the optimal PM period may 

not be daily. 

Scanning the current PM checking list, it is found that not many listed items related to the 

most frequent faults. For those routine prevenlive type jobs, although they are important, it is 

not necessary to checkthem every day. They can be inspected at a weekly basis. Therefore in 

the daily inspection, targets should be those faults which occur most frequently and can be 

prevented, see appendix. This revised PM policy and procedures have been accepted by the 

company concemed, and the downtime is further reduced, see table 16.2. 

At the time ofthis study, a parallel study was also being performed utilising the objective 

metbod in estimation ofthe delay time. This has been reported in Christer et al [8]. A 

comparison of these two delay time estimation techniques applied to identical problems, 

narnely subjective and objective will be addressed in a later paper. 
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Abstract 

Optimisation of scheduled renewals using Age or BlockmodeIs is often hampered by Jack of 

data. Yet the optimised cost rate is usual/y relatively insensitive to errors in the distribution. 

The paper suggests using the same method as critica/ path scheduling software to estimate 

the distri bution of times from poor data. This is very simpte to apply, requiring only estimates 

of /ongest, shortest and either mean or modal times. ft is based mathematical/y on the Bet a 

distri bution and requires a computer program, available from the author, to avoid tedious 

calculations. 

!LlOptimum Maintenance Interval Determination 

The two most recent maintenance fads, TPM and RCM both evade the question of whether 

schedules should be based upon rough assessments and maker's recommendations or upon 

data collection analysis and optimization. Whilst it is true that full optimization requires 

perfect knowledge which can never be obtained, it is argued from experience that schedules 

based on sensibly-modified sub-optimizations are sufficiently better than rough methods to 

justify the expense of data collection. The objective is to minimize life-cycle costs (LCC), or 

maximize life-cycle profit (LCP). 

Maintenance is, as Tony Kelly has observed, the control ofreliability. There can be no 

effective control in engineering without feedback, and in this case the working fluid ofthe 

control system is data. The question is what data and how it should be used. 
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There are effectively many possible loops in the maintenance of a complex system of 

complex machines. We can accept the maker's schedules ( despite his lack of operating 

experience), and rely on him to modify them appropriately for the next model on the basis of 

the incomplete feedbackhegets from operators. We can create loops inside this big one, with 

or without data collection and analysis (DCA) or we can improve the time constant and the 

effectiveness ofthe outer loop by making our data available to manufacturers (OEM's). 

The author advocates a systematic procedure for improving both the design of equipment and 

the PM schedules for it. 

Outline of Procedure 

The steps advocated are as follows : 

1) Modify maker's schedules on the basis of FMECA and experience using approximate 

optimization models. 

2) Collect and analyse data from actual service to modify schedules and suggest 

modifications. 

3) Combine Block and Inspeet schedules to give the best results at convenient intervals 

based on infinite time horizon. 

4) Examine sensitivity to finite time horizon ofthe longer intervals and modify accordingly. 

The presentation will concentrate on the approximate optimization procedures for Step 1., but 

it is vital to be clear about why we are doing these things. 

Age Block and Bad-as-Old 

The computer program CBLOCK was- written by the author's student Jane Wong and is 

explained in the attached paper. Using CBLOCK, it is necessary only to guess at the limitsof 

the failure time distribution and the (ratio of) the failure and PM costs. The mean or mode is 
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used if available in a model which assumes a 4-parameter Beta distribution, but if not, the 

program uses a uniform distribution assumption. 
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CBLOCK is designed to be almost foolproof, where the fools in question are those who do 

not understand reliability as it relates to maintained systems. lt asks a lot of questions to 

ensure that it is not misused. 

Inspeetion and Continuous Monitoring 

Computer program MONSPEC, also by Jane Wong, is explained in the paper "Inspeel or 

Monitor" by the author. lt is very easy to optimize inspeetion intervals if the usual assumption 

that they occur strictly periodically is abandoned in favour of exponentially distributed 

intervals. On the same Markovian process assumption it is possible to estimate the costs of 

continuous monitoring for comparison with interval inspection. The program contains several 

variations of both models to cover delays in starting PM when a faiture is known to be 

imminent, and fixed and downtime related costs. 

Advantages of Simplicity 

The author believes that there are many advantages to keeping the modeHing simp ie. Chief 

among these are 

1) Initia! schedules can be found quickly, to be refined later. 

2) Maintenance managers will only use what they understand. 

3) It does not matter so much because most optimization curves are rather flat close to the 

optimum value. 

However, there arealso big savings to be made by collecting and analysing data. 10% ofthe 

maintenance bill which is about what can be saved by refining schedules, can run to millions. 
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.l.Uintroduction 

Age, Block and Minimal Repair renewal policies are used in maintenance to pre-empt an 

optimised proportion of failures to wearing components in order to save money. In an Age 

policy, the item's time to next renewal is measured from the previous renewal, be it caused by 

a failure or as scheduled. In a Block policy, scheduled renewals occur at fixed intervals; 

failures are renewed as they occur without alteration to the schedule. 

In Minimal Repair renewals are at fixed intervals and any intermediale failures are "patched 

up". The average renewal rate and therefore the overall cost rate under a Block policy is 

greater than for an Age policy ,other things being equal. A Block policy may be preferred 

though, because convenience factors reduce the costof scheduled renewals. Por example 

there is a setup cost for renewing lamps in a high ceiling, so that renewing them all at fixed 

intervals is cheaper than renewing them as their individual, and therefore staggered optimal 

Age renewal times arise. Or it might be that production losses would occur if the work was 

done other than at fixed times. 

When a system first enters service, it may be expected that some components will need 

periodic renewal, but it is notoriously difficult to assess the distribution offailure times 

without collecting and analysing data. The costs CF, CM of an average failure and of 

prevenlive renewal are usually estimated quite easily, remembering to include any lost 

production costs. Also, the ratio Cf"CM is actually all that is needed to find the optimum in 

either model. This ratio tends to remain constant over time as CF, CM intlate at the same rate. 

Jardine [1] gives general models basedon the pdfoffailure times, f(t), CF> and CM. Glasser 

[2] provided carpet curves to aid calculations for the Weibull distribution. The comprehensive 

review paper of Pierskalla and Voelker [3] does not refer to any previous work using the Beta 

distribution. 
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17.3 Review of Basic Theory 

Conditions. Fora failure time distribution f(t), and costs CF> CM the necessary and sufficient 

conditions for an optimum to exist under Age renewal are CF > CM and hazard rate increasing 

on average, i.e. 

t + J z(u)du must increase rnonotonically with t 
0 

00 

where R(t) = J j{u)du is the Reliability function 
t 

and z(t) = f{t)IR(t) is the hazard rate function 

lt is often stated that z(t) must be rising, but Barlow et al [4] have shown that the more 

relaxed condition above is sufficient. For Block renewal these conditions are necessary but 

rnay not be sufficient. As the cost ratio falls towards unity or the hazard rate tends to 

constancy, there is a region in which the conditions are met but there is no optimum, see the 

charts given in [2]. In a Minimal Repair model, the conditions are more cornplicated, but the 

rnean costof ternporary repair C, must be less than the full faiture renewal cost Cr for an Age 

policy or such will be preferable. The existence of an optimum under one model does not 

preclude the possibility of a better one under a different policy. lt is assumed in what follows 

that the time horizon for the required service is long relative to the rnean of f(t), and that 

renewals have the sarne f(t) as original parts. 

Age Renewal Model The optimum interval t• is found by rninirnising the quotient of average 

cost and average duration of cycles. A cycle runs frorn one renewal to the next regardless of 

the cause of renewal. In an Age model the expected cycle cost is given by rnaintenance cost 

tirnes probability of a rnaintenance cycle plus failure cost tirnes probability of a failure cycle. 

C(t) = C M·R(t) +CF·( 1-R(t)) (1) 
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The expected cycle duration is t for a maintenance cycle and the conditionat 

mean-given-failure-before-t fora failure cycle. This yields 
t 

T(t) = t.R(t) + J u.f(u)du (2) 
0 

c(t) = C(t)IT(t) {3) 

The objective is to find t", the value oft which minimises _(t). This alllooks quite simple but 

in practice the integral in (2) can only be found for specific values by numerical integration 

which preetudes minimising (3) by differentiation. This accounts for Glasser's charts which 

predate cheap computing. The Age Renewal Model is used to calculate the optimum inervals 

for renewing items of relatively high cost. This is because its application requires records to 

be kept of previous renewals and special stoppages te be made for the work. 

Block Renewal Model In this case, the cycle time is always t but there is a variabie number of 

renewals in each interval. The mean of this number af renewals is called the Renewal 

Function, N(t), see Cox [5]. N(t) is the sum to infinity ofterms like:-

i-times-probability-of-exactly-i-failures-in-t. 

A recurrence relation for N(t) can be formed as follows. Let Pi(t) be the probability of exactly 

i (failures and) renewals in t, and u>O be the variabie representing time to first failure, noting 

that u is not necessarily less than t. Then 

t 
Pi(t)= J Pi_1(t-u).f(u)du 

0 

00 

N(t)= L(l+i)Pi(t-u}f(u)du 
i=O 

The mean cycle cost for a Block policy is 

C(t) =Cm +N(t)CF 

(4) 

(5) 
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and the cost rate is c(t) = [CM+ N(t)C F ]lt (6) 

Again, this looks quite simpte, but finding N(t) also involves definite integrals, the simplest 

procedure being that given by Jardine, [l p84]. The BlockModel is commonly used when 

several similar PM routines can he performed at the same stoppage, so that the reduced 

"set-up" cost compensates for the loss of optimality. An Age model with the same costs is 

always cheaper, so any advantage in Block over Age must lie in reducing CM. 

Minimal Repair Model Age and Block models assume that repairs are renewals, or that 

restoration is at least to the same condition each time so that f(t) does not vary from one 'life' 

to another. An alternative assumption is that repairs on average restore the item to the average 

condition for an item of that age which has not failed previously. Under this assumption the 

hazard rate, z(t), is the same just before and justafter the failure; it is as ifthe faiture had not 

occurred, apart from the average cost C,, 

t 
Let H(t) = J z(u)du 

0 
(7) 

he the cumulative hazard function and C,<CF i.e. patching it up is cheaper than unscheduled 

renewal on average. (C, need not he less than Cw) On average there will he H(t) failures int 

giving as the long- term average cost rate 

c(t) =[CM+ Cr.H(t)]lt (8) 

Unlike N(t) and the conditionat mean integral, H(t) can usually he found in closed form, 

making this a very easy model to apply in the case of common failure time distri bution forms. 

The Minimal Repair model is useful for components which can be repaired temporarily at 

low cost but which eventually need full renewal, such as motor vehicle exhaust pipes, gland 

packing in fluid valves etc. 
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Approximate Block Solution For increasing z(t), the Renewal Function lies between the 

cumulative distribution (probability of exactly one failure) and the cumulative hazard 

function (in which z(t) is not re- zeroed at each failure) i.e. 

l- R(t) = F(t) < N(t) < H(t) 

This leads to an approximation fora Block model in the form 

c(t) =[CM+ CF{F(t)+H(t)}/2]/t (9) 

Equation (9) is reasonably accurate in practical cases, particularly if z(t) is increasing rapidly 

and CF>> CM. In such casest will be small relative to the distribution mean. 

Overhaul of Complex Equipments The model above for the minimal repair of components 

should not be confused with the overhaul of complex items to restore them to a standard 

condition. Complex items or systems generate component failures which can be partially 

suppressed by pre-emptive renewals, (see above ). The totality of such PM policies fora 

system may be such as to render the combined rate of occurrence of failures (ROCOF) 

constant, see Aseher & Feingold [6]. This overhaul theory is mentioned only to remove 

persistent industrial confusion which has led to the misuse of component renewal models for 

overhaul calculations. lt is very important to use the correct type of model for the situation. 

Readers are advised to analyse each case carefully before choosing a model. The authors have 

written another paper, [ 131 which covers this point in more detail and presents models for the 

optimisation of overhaul intervals for complex plant. 

17.4 Distri bution Estimates 

The commonly-used distributions forFaiture times of components are the Weibull, Normal, 

Lognormal and Gamma. The Exponential is a special case ofboth the Weibulland Gamma 

distributions but is notrelevant to Age and Block models because its hazard rate is constant 

and so no optimisation is possible. Optimisations are somelimes made for delayed 

Exponential distributions and even delayed Hyper-exponential distributions where no failures 

occur before some fixed minimum time. The authors regard such distributions as unrealistic 
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on the basis of practical experience, because even where there is empirical evidence for them, 

it can usually be shown that the distribution is actually bimodal or multi modal and that this is 

caused by inept maintenance, [11 ]. To estimate the distribution parameters it is necessary first 

to collect data in the form of failure times and censorings see O'Connor [7] and Sherwin 

[8,11]. Data takes time to collect and even when collectedis often in a form which permits 

only calculation of the MTBF, or faits to distinguish modes of failure or failure of one 

component from another. The result is that many Age and Block PM schedules are seriously 

sub- optimal, and many more opportunities for PM are ignored by managers who see a 

constant ROCOF fora complex system and mistake it fora constant z(t) fora single 

component or mode of failure. 

Jardine [1] has pointed out that most optimisation curves (of c(t) versus f) are rather flat 

around the minimum, which implies that small percentage errors in the model parameters will 

not seriously affect c(t} What is important is to get quickly to approximately the correct ( to 

save as much money as possible over the /ife of an equipment. 

Having established a preliminary schedule of PM, data should be collected in order to refine 

it by the existing models reviewed in the previous section. Data collection should then be 

continued so that drift in the parameters and the effects of modifications to components can 

be monitored and component schedules adjusted to suit, see Sherwin [9]. 

There is therefore evidence of a need for a "quick and dîrty" procedure for distri bution 

estimation, teading to a preliminary Age or Block or Minimal Repair component renewal 

schedule, for situations where the equipment is new or data are not collected. 

Beta Djstributiop 

Method. An established method, used in project planning, is available for estimating the 

mean time and variability for an activity, as follows 

M= (L+G+4Q)/6 

(10) 

S=G-L 
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where M is the mean, S the total spread, L the least time possible, G the greatest time possible 

and Q the modal or most likely time. This method of estimation is actually based upon the 

4-parameter Beta Distribution. The more common 2-parameter Beta distribution has the 

following p.d.f. 

ftx)=xv- 1.(1-x)w-1/B(v,w), O<x< 1 (11) 

ftx) = 0, elsewhere 

The denominator is a constant known as the Beta function, B(v,w). 

B(v, w) = fv.fwtr(v+ w -1) 
= (v- 1)!(w- 1)!/(v+ w- 2)! ifv,w are integers (12) 

where f<*) is the complete Gamma function and may be used ifv, ware not integers. 

The 2-parameter Beta distri bution has the following properties 

Mean M=vl(v+w) 

s.d. s = [vwl(v+ w+ 1)] 112(v+ w) (13) 

Mode Q=(v-1)/(v+w-2) 

The 2-parameter Beta distri bution has fractile (x) range of 0 to 1. 

The more general 4-parameter version has range L to L+S where S = G-L i.e. L is alocation 

parameter and S a scale parameter. The p.d.fis 

ftt) = [(t-L)IS]v-1.[(S+L-t)IS]w-11S.B(v, w) L <x< S+L (14) 
ftt) = 0 e1sewhere 

The 4-parameter Beta distri bution has the following properties. 

Mean M=L+Svl(v+w) 
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s.d. s=S[vwl(v+w+ 1)] 112t(v+w) (15) 

Mode Q=L+S(v-1)/(v+w-2) 

Given estimates ofL, G, Q the parameters S, v, w can be estimated as follows. The fourth 

parameter is of course L. 

S=G-L 

v = a(Q -I+ 1)/S approx (16) 

w =a(G-Q+ 1)/S approx 
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where a is a convenient factor to keep v, w reasonably smalland integer. Altematively, if M 

is known from data and guesses can be made for L and G the parameters may be estimated as 

follows. 

S=G-L 

v = a(M- L)IS approx (17) 

w = a(G-M)IS approx 

Equation (17) is appropriate if the number of failures in a known period is available and there 

have been no pre-emptive renewals. lf all these conditions are met then the p.d.f of the failure 

times that would occur in the absence of pre-emptive renewals may be modelled as:-

f(t) = [(v+ w- 1)!(t-L) v-1.(G- t)w-1 ]/[(v-10!(w -1)!Sv+w-1] 

for L<t<G, and 

f(t) = 0, elsewhere (18) 

The integral off(t) does not exist in closed form so it is necessary to calculate definite 

integrals for R(t) as wellas the conditional mean (Age) or Renewal Function, N(t), (Block). 
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Statistical Justification. We do notpretend that the use ofthe Beta distribution can be 

justified in strict mathematical terms. However, the following observations may help to 

reconcile purists to the convenience and usefulness of this method. There is physical 

justification for distributions of failure times to have finite limits, particularly a lower limit of 

zero. The convenient alternatives for the problem posed are the Uniform (rectangular) 

Distri bution and the NormaL The Uniform is often employed as a model for total uncertainty 

between fixed limits and is a special case of the Beta with v=w=l. lt is used as a 

non-informalive prior in many a Bayesian problem formulation. The disadvantage ofthe 

Normal is that it cannot show skew. Until better data give greater confidence, it is important 

to be able to skew the distri bution estimate either way until any suspected bi-modality can be 

confirmed. The Beta form can model the likelibood function of a single fixed unknown 

quantity, the mean, rather well. The s.d. of such an estimate is inversely related to the number 

of data, n. The s.d. of a distri bution and the standard error of the mean are related by a factor 

n112
• In a rough way this justifies the following first estimates ofv,w. 

v=Int.[n 112.(M -L)IS] + 1, w = lnt.[n l/2.(G-M)/S] +I (19) 

17.5 Computer Program 

The first part of the program is a question and answer section which seeks to establish what 

kind of problem it is and whether the program can handle it. Unless the problem is one of 

overhaul, the next stage is to model the Beta parameters. Values ofthe p.d.f. are calculated 

for graphing and the operator is given the chance to change the shape parameters as often as 

required. 

In nominating values for L and G, users are asked to give the highestand lowest conceivable 

times, which in statistical terms, could be interpreled as 99% limits. As this is essentially a 

rough procedure, there seemed little point in introducing non-integer shape parameters, which 

would have required a sub-routine for the Gamma function in the program. 

Numerical integration is also kept simpte. The time scale from L to G is divided into l 00 

equal sections whose areas are estimated first as trapezia and then normalized to add to unity. 
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Moments are found also from these elemental areas, using the mid-points for the moment 

arms. 

This comrnon section is foliowed by subroutines for Age, Block, Bad-as- old, and also an 

overhaul model whose theory is explained in [13]. There are appropriate opportunities to 

switch models and to adjust the cost parameters. 

Example 

247 

Mechanical seals in pumps passing benign petrochemieals have been known to fail as early as 

6 months [12]. Some last as long as 5 years but most fail between 3 and 4 years. lt costs $50 

to renew a seal following a faiture but only $10 for Age renewal or $7.50 for Block renewal. 

There have been 16 failures. On this data we take times in months: 

L = 6, G = 60, Q = 42 giving S = 54, M = 39 

andv = 3, w = 2 by Equation (19) 

The automatically chosen shape parameters give fairly good fit in this case and have not 

beenaltered. The distribution value ofthe mean is 38. 4 versus the "true" value of 39 and the 

modes correspond exactly. This is not always the case, which is why the program allows 

adjustrnent of the shape parameters. Also, engineering and other factors may make it prudent 

to reduce the program values ofv,w to reflect the manager's opinion ofthe trustwor-iness and 

continued relevanee of the data. 

No te that for v, w > 1 low shape parameter val u es in the Beta model give a fuller shape to the 

pdf and high values a peaky result. A peaky assumption will give a more sharply defined 

minimum and indicate greater expected proportionate savings. Unless there is other evidence 

that values are almost all clustered closely about the mode Q, the temptalion to "improve the 

fit" by using higher values for both v and w should be resisted. See illustrations in [9]. 

The coefficient of varlation s.d.IM for the model distribution is 0.32 c.f0.22 for the 

corresponding Normal distribution, N(41, 81) taking S = 54 as 6 S.d.'S and 0.47 for the 

corresponding Uniform distribution with limits 6 and 60 months. The model is therefore 
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exhibiting more uncertainty than the Normal and less than the non-informative Uniform 

distribution, which was the design intention. 

Having established an assumed distribution, the program estimates t• and the corresponding 

average cost rate c(t•) for Age and Block models. The results were as follows: 

Age Renewal Results 

Optimum interval 

Cost in $ per month 

Costrate of Failure-only Maintenance 

Saving $/month over F.O.M. 

Percentage saving over F.O.M. 

Proportion of Failure cycles 

Mean cycle time (=I/spares rate) 

22.2 months 

0.611 

1.282 

0.671 

52.32 

0.0837 

21.84 months 

A more convenient interval would be 24 months, which gave these results 

Percentage loss over optimum 

Cost in $/month 

Saving over F.O.M. 

Percentage saving over F.O.M. 

0.582 

0.615 

0.667 

52.045 

Clearly, there is little to be savedas between 22.2 and 24 months. The program offered a 

Block calculation. As the saving on CM was considerable at 25% this was allowed to proceed 

with the following results: 

Block Renewal Results 

Optimum interval 

Costrate in $/month 

Costrate for F.O.M. 

Saving $/month over F.O.M. 

16.8 months 

0.577 

1.282 

0.705 
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Percentage saving over F.O.M. 

Residual faiture rate 

Mean cycle time 

55.0 

0.00261 

16.1 months 
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The greater frequency ofPM compared with Age renewal is more than compensated by 

thelower CM so Blockis the cheaper policy. A more convenient interval was 18 months so the 

program was asked to calculate this with the following results which were accepted. 

Cost rate in $/month 0.585 

Costrate saving over F.O.M. 0.697 

Percentage saving over F.O.M. 54.4 

Percentage toss over optimum 1.3 
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18 

Statistica/ models are o.ften used in determining maintenance strategies. The classica/ 

approach to analysing these models is incomplete and somelimes gives misleading results. 

The Bayesian approach avoids these problems but has largely been ignored because of its 

apparent complexity. This paper provides a practical introduetion to this approach and uses 

examp/es basedon simple models to demonstrate that Bayesian methods of statistica! 

inference are actually quite easy to understand and apply. Comparisons are made with the 

classica/ approach to reveal the benefits affered These benefits include the poten/ia/ for 

precise probability statements, optimality calculations and inference with smal/ data sets. 

18.1 Introduetion to Bayesian Inference 

Consider the following condition monitoring situation. An inspeetion is performed to 

determine if a particular item of equipment is faulty or not. From experience, it is known that 

about 5% of such items are faulty. Assume also that the inspeetion fails to identify a faulty 

item on 10% of occasions and that it correctly passes an item which is not faulty on 99% of 

occasions. We want to know what the probability isofan item's being faulty ifit passes the 

inspection. Defining the events 

A: equipment is faulty 

N: equipment is not faulty 

we have 

P(A)=0.05 P(BIA) =0.10 

B: equipment passes inspeetion 

B•: equipment doesnotpass inspeetion 

P(BIA c) = 0.99 

From Bayes theorem, the required solution is given by 
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P(AIB) 
_ P(BIA)P(A) = 0.10x0.05 _ 

0 0053 
- P(BIA)P(A)+P(BIA<)P(A<) 0.10x0.05+0.99x0.95 = . 

so of all items which pass the inspection, only about 0.5% are faulty. 

Bayesian inference uses Bayes theorem in a more general context. Suppose a random variabie 

Y has probability density function f(yl9) for an unknown parameter 9. Classica! (frequentist) 

inference involves determining a point estimate ê for 9 based on some data, finding a 

confidence interval (9 v 9 u) and testing a hypothesis H 0 : 9 = 9o. The results do notprovide 

probability statements about 9 and so are oflittle use in making subsequent decisions. By 

contrast, the Bayesian approach requires us to specify our existing knowledge about 9 in a 

prior distribution ((9). Bayes theorem then gives a posterlor distri bution for 9 based on the 

observed data 

f(91y) =fiy'Z-9
) => posterlor a likelibood x prior 

This posterlor provides complete knowledge about 9 and leads to optima! decisions. 

To compare these approaches, consider this application. Baked bean tins are filled 

automatically and the weights are normally distributed with mean 420g and standard 

deviation 5g. However, the filling machine is suspected ofbeing offtarget. Defining Y as the 

weight in grams, we have 

Y -N(9,25) 

and want to know about the mean weight 9. Suppose a random sample of ten cans gives y = 

415g. The classical approach gives 

ê=y=415 

with 95% confidence interval 

y ± 1.960 x (J/ Jii = (411.9,418.1) 

and rejects H 0 : 9 = 420 at the 5% significanee level. Further information, such as how likely 

it is that the mean is less than 417 g, is not available. By contrast, the Bayesian approach does 

provide this information. For this application, a suitable prior for 9 is 
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a- N(420, too) 

in which case the posterlor becomes 

aly-N(415.1,2.4) 

so we simply refer to tables of the standani normal distribution to obtain 

P(a < 4t7ly) = o.89 

and 

0.95 = P{a E (412.1,418.1)} 

for example. Such probability statements are far more useful for making decisions 

than tests and confidence intervals. 

18.2 Choice of Prior Distribution 
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There are two main types of prior, objective and subjective. The former consists of an exact 

distribution which contains no subjective element based on personal judgement or experience, 

whereas the latter does. Common objective priors are: 

1) explicit prior, where the exact distribution is known, 

2) vague prior, where knowledge about the parameter is vague (includes uniform, invariant 

and reference priors), 

3) hierarchical prior, where the prior is a known distribution with unknown parameters 

(includes vague hyperpriors and empirica! Bayes methods). 

Common subjective priors are: 

l) personal assessment, where the prior is estimated from a histogram, 

2) group assessment, where several personal assessments are combined, 

3) natural conjugate prior, where the prior is posterior to other data, 

4) conjugate prior, where the posterior bas the same functional form as the prior. 

The invariant prior is recommended when information about a is vague. This is proportional 

to the square root of the Fisher information. The conjugate prior is recommended when 

information is present. For illustration, consider the exponential distribution 
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I 1 y 
f(y J.L)- -exp(--) - J.L J.L y>O 

The invariant prior for this model is 

f(J.L)Ct.k J.L>Ü 
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which is improper, but this problem disappears when data are observed. The conjugate prior 

is inverse gamma 
1 h 1\J.L) et. W exp(-ji) g, h > 0 

and the values of g and h are set according to prior knowledge about the mean and varianee of 

ll· The actual choice of prior becomes less important as more data are observed. 

To demonstrate how this particular exponent!al distri bution might be useful in practice, 

suppose that we are comparing the lifetimes of lightbulbs produced by two manufacturers, 1 

and 2. We assume 

ind ( ) y indE ( ) y li - Ex J.L 1 2i - x J.l2 

and observe 

Yll·····Y1n 1 Y2l·····Y2n 2 

What can we say about J.L 11J.L2? A classical analysis gives a point estimate for J.L 11J.L2 of 

y 1 Ty 2 and the approximate 95% confidence interval 

~~ ± 1.960x~~ j 1 + 1 
Y2 Yl nl nl 

or an exact confidence interval based on critica! values from the F distribution. For a 

Bayesian approach, with no prior information on J.L 1 and J.L2 , we take 

1 1 
1\J.Lt)Ct.~ /(J.l2)Ct.J.l2 J.l1,J.l2>0 

in which case the posterior distributions are both inverse gamma. These are combined to give 

the posterior ofthe ratio ofmeans given the observed data y astheinverse beta distribution 

/\~~ly)=Be-l(n2,n1, n~~~) 
,-2 n2Y2 
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For example, if the observed data are 

n 1 = 50, y 1 = 100 n2 = 50, Y2 = 150 

the classica! approach gives an estimated ratio of lifetimes of2/3 with approximate 95% 

confidence interval (0.08, 1.26) or exact interval (0.44, 1.00), whereas the Bayesian analysis 

gives an entire 

probability density function for this ratio. This posterior distri bution tells us that 

PijJ.2 > J.L 11y) = 0.97 which is fairly conclusive evidence that the mean lifetime ofbulbs is 

greater for manufacturer 2 . 

.l..8.J. Optima! Prevenlive Maintenance 

The author is currently engaged in collaborative research with Dr Kobbacy and Dr Fawzi at 

the University of Sa! ford concemed with developing strategies for prevenlive maintenance. A 

Bayesian approach is to be adopted so that these strategies are optima! in the sense of making 

correct decisions based upon all available information. Define U to be the time to failure after 

prevenlive maintenance (PM), V to be the time to failure after corrective work (CO) and W to 

be the number of corrective operations in a PM interval oflength t. Now assume 

ftuiÀ) = Àexp(-Àu), u> 0 f(viJ.L) = J.Lexp(-J.Lv), v > 0 J.L >À 

lt can be shown that, for the delayed renewal process, the probability function for the number 

offailures in a PM interval oflength t is given by 

p(w!À J.L) = { exp(-À.t) 
• ÀJ.L w-lexp{-À.t)y{w, (J.L- À)t}/{(J.L- À) wr(w)} 

w=O 
w= 1,2, ... 

where 'Y(.) and r(.) are the incomplete gamma and gamma functions respectively. 

Now assume an invariant prior for À and J.L 

1 
f(À,J.L)C:XÀJ.L O<À<J.L 

and suppose we observe the data 

D={(u;.v;);i= l, ... ,n} 
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Then posterior a likelibood x prior as before and the predictive distribution of W given the 

data is 

p(wiD) = J J p(wlt., Jl)f{À., Jl)f(À., 11ID)d~ 
À.ll 

Finally, the expected cost per PM interval is given by 
00 

E(c) = L c(w)p(wiD) 
w=O 

which is a function of t forsome appropriate cost function c{w). Minimizing E{c)lt with 

respect to t then generales the optimal PM period as required. Extensions currently being 

considered include 

1) incorporating downtime, 

2) using informative priors, 

3) adopting other lifetime distributions, 

4) developing selection and assessment criteria. 

1B...4 Conclusions 

In this article, we have introduced Bayesian methods of statistica! inference and demonstrated 

the extra information which they provide when compared with classica! (frequentist) 

methods. Their application to problems in maintenance modelling has been described and one 

particular problem related to developing optima! strategies for prevenlive maintenance has 

been discussed, clearly illustrating the need fora Bayesian analysis. 

As a general overview, maintenance decisions can be based upon expert judgements or 

statistica! models using classica! or Bayesian methods of analysis. The implementation 

process becomes increasingly more difficult in moving from expertjudgements to classica! 

methods to Bayesian methods but the decisions become increasingly more accurate as this 

transition is made. 
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19 
M. Ben-Daya 

A. Raouf 

Criticality assessment forms the basis of continuous impravement of maintenance activities. 

By focusing maintenance efforts into more critica/ machines more cost benefits wil/ be 

achieved 

In the first part of this paper, we discuss traditional criticality assessment techniques and 

describe a typica/ procedure basedon a scoring scheme. Then, we propose a procedure for 

ranking a group of machines on the basis of the impact of their failure on plant avai/ability 

and safety, and their probability of fa i/ure. A fuzzy clustering problem is solved to rank the 

machine according totheir value of association with a cluster centeredat a benchmark 

machine . 

.1.2J.Introduction 

Maintenance can be considered as a set of activities carried out in parallel with production 

systems. Production systems are usually concemed with converting raw materials into 

products that satisfy customer needs. The overall primary goal of a production system is 

related to the market opportunities and its secondary goal is concemed with economical and 

technical aspects of the conversion process. Maintenance systems assists in achieving these 

goals as well by increased profits and customer satisfaction. These are achieved by 

minimizing the plant downtime, maximizing the quality and quantity of products and by 

reliable, timely delivery of orders to customers. 

The maintenance philosophy of a plant is usually to optimize maintenance activities through 

sound management of man power, spareparts and tools in order to maximize production and 

plant availability without compromising safety. To achleve good utilization of resources and 
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maximum benefit from maintenance activities, machines must be ranked according to their 

criticality. Criticality assessment (CA) benefits include the following: 

I) CA helps define priorities so that rational decisions can be made regarding the allocation 

of maintenance resources 

2) CA provides guidelines for the appropriate maintenance policy to used for various 

machines in a plant 

3) CA is the initial step in an effective condition based maintenance program. By focusing 

the condition based maintenance efforts into more critical machines more cost benefits 

will be achieved. 

4) CA forms the basis of a continuous improvement of maintenance activities. 

In this paper, we discuss classical CA methodologies and propose a new metbod based on a 

fuzzy clustering approach. Using this procedures, machines are ranked according totheir 

degree of association with a benchmark machine. The degree of association of each machine 

is determined by solving a fuzzy clustering problem. 

This paper is organized as follows. In the next section, we classical CA methodologies which 

are based on scoring schemes. A new metbod based on a fuzzy clustering approach is 

proposed inSection 3. An example is presented inSection 4. Finally, Section 5 contains 

concluding remarks and suggests further investigation areas. 

19.2Classical Methodology 

Equipment criticality is determined by its importance in the plant. This can be evaluated by 

measuring the impact ofthe equipment failure to safety and plant operations. An equipment 

whose failure may have catastrophic consequences in terms of possible deaths or injuries and 

interruption of production is clearly criticaland must be watched very closely. However, 

equipment which is redundant and its failure doesnotaffect the operation ofthe plant must 

be treated in a different category. Criticality assessment is vitalto the optimization of 

maintenance activities and resources. 

Classical methods rank equipment based on their criticality using a scoring scheme. 

The score calculated is based on two key factors: 
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1) Consequence of equipment failure which is based on 

(a) The effect of equipment faiture on plant availability. 

(b) The safety implications of equipment failure. 
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2) The likelibood offailure ofthe equipment basedon factors such as age ofthe equipment, 

load, type of operation, environmental conditions, etc. 

Effect on availability Score 

Shut down the plant 24 

Shut down the department 23 

Reduced output z2 

Minor effect zi 

!No effect zO 

tab/e 19.1 Effect on availability 

Effect on safety Score 

Serious; loss of life z3 

Moderate; serious injury zZ 

!Minor effect zl 

INo effect zO 

table 19.1 Effect on safety 

Likelibood of failure Score 

High z3 

Medium zZ 

Low zl 

Very low zO 

tab/e 19.1 Likelihood of failure 
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The criticality score is obtained by multiplying the above three scores: 

CS=SaxSaxS! 

The criticality score is evaluated for all machines and the appropriate maintenance strategy is 

determined. Based on experience some thresholds' can be defined and the machines grouped 

accordingl y. 

An example of machine grouping and the appropriate maintenance strategy based on the 

criticality score are shown in Figure 19.1. 

Criticality Score Classification Maintenance Policy 

(CS) 

CS~a Cri ti cal Condition monitoring 

PM,PDM 

b~ CS<a Important PM 

CS<b Normal Basic service maintenance 

Repair on breakdown 

a and b are tresholds determined from experience 

Figure 19.1 Criticality score and maintenance strategy 

19.3 Fuzzy Clustering AI?proach 

19.3.1 Fuzzy Clustering Defined 

Cluster Analysis deals with grouping a set of pattems in a number of clusters (groups ). 

Clustering probieros are oftwo types: 

1) Hard clustering problem: each pattem is allocated to exactly one cluster 

2) Fuzzy clustering problem: the pattem is associated with each cluster with varying 

degrees of memhership 
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19.3.2 Formulation ofthe fuzzy clustering problem 

Given N pattemsin Ea to be classified into C clusters in such a way that a pattem may have 

association (membership) withall clusters, find the optima! centers ofthe C clusters and the 

associated weights (measuring degree ofmembership) such that the weighted sum of 

Euclidean squared distances between pattems and clusters is minimized. 

Mathematica! Programming Model 

Notations: 

Let N 

c 
P-e Ea 

I 

X·e Ea 
J 

wij 

m 

be the number ofpattems 

the number of clusters 

th ·th . . - 1 2 N e 1 g1ven pattem, 1- , , .. , 

the center of cluster j to be found, j = 1 ,2, ... ,C 

association weight of pattem Pi with center Xj 

arbitrary real number 

Then the model is as follows. 

Minimize 

subject to: 

~ t w~IIP;-xJ·II2 . 1 . 1 IJ 
I= J= 
c 
Lw~= 1 i= 1, 2, ... , N 

j=1 IJ 

W .. >o IJ- i= 1, 2, ... , N;j = 1, 2, ... , C. 

19.3.3 Fuzzy Clustering and Criticality Assessment 

In this section, we show how fuzzy clustering can be used for the purpose of criticality 

assessment. 

We formulate a fuzzy clustering problem and use its result torank the machines in a manner 

similar to that using the criticality score. 

Each machine i is represented by a vector X i having 3 components which are: 
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1) A nonnalized score (between 0 and 1) representing the effect of equipment faiture on 

plant availability (Table 19.4) 

2) A nonnalized score representing the safety implication of equipment faiture (Tabte 19.4) 

3) Probability offaiture ofthe equipment. 

Effect on availability Nonnalized score Efect on safety Nonnalized score 

Shut down the plant 1 Serious, loss of life 1 

Shut down the 0.5 Moderate, serious 0.5 

Department injury 

Reduced output 0.25 Minor effect 0.25 

Minor effect 0.125 Neglegible effect 0.125 

Neglegible effect 0.0125 

Table 19.4 Normalized score 

Then we consider a benchrnark machine whose vector has components (1,1,1). This is clearly 

a hypothetical most critical machine. 

The following fuzzy clustering problem is fonnulated: 

Given N machines represented by veetors X; , i = I, 2, .. , N to be classified into 2 clusters in 

such a way that a machine may have association (membership) with bath clusters, find the 

optimal centers of the 2 clusters and the associated weights (measuring degree of 

memhership) such that the weighted surn of Euclidean squared distauces between pattems 

and clusters is minimized. The mathematica! model for this problem was described in 

Section. 

Once the fuzzy clustering problem is solved, choose the cluster to which the memhership of 

the benchrnark machine is greater (higher wij) the ranking of the machine is obtained by 

arranging the memhership values (weights) ofthe machines to this cluster in deseending 

order. The machine having the highest degree of memhership to this cluster shows the 

greatest association with the benchrnark machine and will be ranked first, and so on. Some 

break points can be detennined using actual data to classify machines into different categories 

according to their criticality. 
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There are many methods for solving the fuzzy clustering problem. Recently, simulated 

annealing and tabu search techniques [1,3] proved successful in producing good solutions for 

the problem. 

WExample 

In this section we consider the following 10 machine example to illustrate the proposed 

method. 

Machine Availability Safety Probability 

number score score offailure 

1 1 0.4 0.1 

2 0.25 0.5 0.2 

3 0.5 0.125 0.2 

4 I 0.5 0.1 

5 0.125 0.125 0.4 

6 0.5 1 0.05 

7 0.0625 0.25 0.2 

8 1 0.25 0.2 

9 0.25 0.5 0.5 

10 0.5 1 0.3 

Table 19.5 Example data 

Using a computer program based on a c-means algorithm for solving the fuzzy clustering 

problem [2], the following results were obtained. 
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Machine 4 8 6 10 3 5 7 9 2 

Order 2 3 4 5 6 7 8 9 JO 

W·· 
i lj 0.945 0.92 0.85 0.537 0.516 0.301 0.122 0.097 0.079 0.048 

wiJ association weights with benchmark machine 

Table 19.6 Example results 

In table 19.6, the machines are ordered according totheir criticality using the association 

weight wit Consequently machine 4 is the most critical machine and should receive the most 

attention, and so on. 

Acknowledgment 

The authors are grateful for Maaroof Khan for providing a computer program for the 

clustering problem. The support ofKing Fahd University of Petroleum and Minerats is also 

acknowledged . 

.l.2á References 

[1] Al-Sultan K.S., and Selim S.Z., "A Global Algorithm for the Fuzzy Clustering 

Problem", Pattem Recognition, 26 (9), 1357-1361, 91993). 

[2] Bezdek, J.C., "Fuzzy Matbematics in Pattem Classification", Ph.D. Dissertation, 

Applied Mathematics, Comell University, Ithaca, New York (1973). 

[3] Maroof, M.K., "New Algorithms for Cluster Analysis", M.S. Thesis, King Fahd 

University of Petroleum and Minerals, Dhahran, Saudi Arabia, (1994). 



Decision Theory in Maintenance Decision Making 

20 

Abstract 

G. Bohoris 
A. T. de Almeida 

Advances in Decision Theory have allowed it to make an effective contribution to the 

mode//ing of the decision making process. Researchworkon maintenance decision making 

using decision theory however has received little emphasis to date. For this reason, very liltie 

has been done in utilising two very important decision theory topics, namely Utility Theory 

and Multi-attribute Utility Theory in maintenance decision making. 

This paper investigates possible contributions.from decisîon theory to the maintenance area 

and develops a .framework to solve maintenance decision problems. Th is .framework includes 

elicitation of both utility junelions and prior probability distributions, optimisation and 

sensitivity analysis modules. The paper details this .framework and applies it to a reallife 

maintenance problem. 

2.QJ.Introduction 

The basis ofDecision Theory was developed from the theory of games. The relation between 

decision theory and games theory can be better perceived through the similarity of the basic 

ingredients of each. More specifically, the decision theory is a particular case of games 

theory, which, in its simplest form, is a two-person game. Indecision theory the nature takes 

the role of one ofthe two players. Besides the similarities however, there is number of 

ditTerences between games theory and decision theory. More noticeably, in the former players 

are trying to maximise their winnings simultaneously, whilst in the latter, the nature cbooses a 

state without any particular objective. Furthermore, in the former players are assumed to be 

intelligent adversaries, whilst in the latter nature is assumed to make a choice once and for all. 

In this case information about the nature's cboice can be easier obtained. 
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Since the 1950s decision theory bas been a very active area of research in several fields such 

as economics, statistics, psychology, engineering, etc .. As a result, decision theory has 

become a useful tooi to many professionals including engineers (Smith, 1988). lt is the main 

purpose ofthis paper to demonstratea further use of decision theory in maintenance 

engineering and management. 

In simpte terms, decision theory provides a logical framework for solving reallife problems. 

It is concemed with the identification of an action which is expected to provide maximum 

benefits to the decision maker. Smith (1988) summarised the benefits of decision theory into 

the following: 

1) The decision maker's best course of action is derived based on hls/her objectives and 

knowledge of the problem. 

2) The decision maker communicates to the other specialists the best course of action and 

justifies why the chosen action is optimal. 

3) A frameworkis provided within which the decision maker's ideas can be critically 

evaluated and modified, especially if new information is to be incorporated or other than 

common decisions have to be made. 

1.Ql.Decision Theory - Basic Inaredients 

The process of decision making involves in the main the following: 

1) The circumstances and basic laws goveming the environment for a particular problem 

analysed. In decision theory terms these circumstances and laws are referred to as the 

state of nature and is denoted by e. The state of nature is not under the decision maker's 

controL The set of all possible states of nature is denoted by E>, indicating the set of all 

possible conditions in which a system can be found by a probabilistic behaviour. 

Depending on the particular problem studied, E> can be either discrete or continuous. 

This distinction results in a completely different treatment of the problem. Sometimes in 

the formulation stage of a problem, e is assumed to be discrete as a simplification 
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procedure. This is made possible by dividing the continuous e into ranges represented 

by a discrete set e 1, e2, .... , e k. For example, in maintenance if a continuous e is 

associated with the failure rate Î.. of a repairable system, the decision maker is concerned 

with the values of Î.. which would signify either unreliable hardware (e 1 : Î.. 2:: Ào) or a 

reliable one (e2: À< Ào)· 

2) The set of possible actions from which the decision maker may select a particular 

course of faction. Effectively this is the set of all the alternatives A available to the 

decision maker and a specific action from this set is denoted by <X. Whilst A can be either 

discrete or continuous, it is, very much like e, very often simplified to a discrete action 

space A= (al ,<X2, .... ,<Xm). 

3) The Consequente p i.J• also called the outcome or the pay-off, is the result from the 

decision maker taking a given action <X j in the face of a given set of circumstances ei. 
The set of possible consequences is denoted by R. Table 20.1 illustrates a very simple 

deterministic case where A, e and Rare all discrete. 

<Xt {X2 

el P11 P12 

e2 P21 P22 

Table 20.1: Consequences for a simple decision problem 

The consequence p, is normally expressed in terms of the conditional probability 

P(ple,cx). It is determined by seeking the relation betweenpand e given a. This is 

normally done by derivations based on assumptions about the probabilistic behaviour of 

the variables p and e. These assumptions are established based on typical characteristics 

of the system, previous knowledge, or the results of experiments. 

4) Tbe Loss and Utility Fundions L(p) = L(e,cx) and U(p) = U(e,cx) respectively quantify 

the loss or the gain incurred from each consequence. There is no real difference between 

these two functions since L(p) = -U(p). Normally statisticians prefer to use loss 

functions whilst decision theorists and engineers usually express the quantification of p 

in terms of gains or utility. Table 20.1 can be also presented as follows: 
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cx.1 

U(O 1 'cx.1) 

U(92, cx.1) 

cx.2 

U(O 1 ,cx.2) 

U(92,cx.2) 
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Table 20.2: Expected gains fora simpte decision problem 

The final expression for the utility function U(O, ex.) is obtained from U(p) through the 

conditionat probability P(ple, ex.) as follows: 

U(O, ex.)=: U[P(ple, ex.)] = E[ U(p )] 

In other words, U(O, ex.) is the expected value of U(p) and can be calculated as follows if 

p is continuous: 

+co 
U(O,cx.) = J U(p)P(piO,cx.)dp 

0 

Otherwise, if p is discrete: 

U(O,cx.) =!: U(p)P(ple,cx.) 
p 

(1) 

(2) 

5) The Multi-Attribute Utility Theory (MAUT) is closely related to multi-criteria 

decision mak.ing and allows quantification and aggregation of multiple objectives even 

when these objectives are composed of conflicting attributes, or when they are 

subjective. More specifically, the multi attribute utility theory is related to the case where 

the consequence p is a vectorlal variable, i.e. there is more than one attributes for 

p = (p1,p11, ... ). Forexarnple, in the case of a power generating company p might be 

associated with two conflicting attributes, the interruption time (TI) of power supply (p1 

=TI), and the cost (C) to maintain this power supply (p11 = C). In that case if U(p1) and 

U(p11) are single-attribute utility functions then if p1 and p11 are additive independent, 

then the multi-attribute (additive) utility function is: 
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where k1 and k1 are sealing constants and k1+k1=l. lfhowever p1 and p11 are not 

mutually independent, then: 

U(p1, p11) = k 1 U(p1) + kz U(p11) + k3 U(p1 )U(p11) 

where kJ is another sealing constant and k1+k1+kJ =I. 
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In general, the multi-attribute utility theory strikes a trade-off so that the optimisation 

procedure obtains the best combination ofthe consequences (Tl and C) by the choice of 

an appropriate action. 

6) Elicitation and Consistency Checking The elicitation of the utility function involves 

the understanding and modelling ofthe preferenee structure ofthe decision maker 

regarding the consequence p. Cultural ditierences and varying company policies are very 

influential here. Normally, the utility function U(p) is obtained from a procedure which 

frequently involves the following two steps: 

1) Modelling the multi-attribute utility function 

2) Modelling the conditional utility function for each attribute, which 

effectively is a measure ofthe preferenee for each value of p. 

To ensure that no errors have been committed in the elicitation procedure a number of 

consistency checks are available indecision theory. One ofthe most popular checks 

consists ofpaired comparisons ofthe various consequences. That is the value ofthe 

utility function U(p1, p11) is compared with the decision maker's preferences when all 

the possible consequences are considered. 

7) Optimisation The purpose of decision theory is to obtain an optimum solution to a given 

problem. Once the basic ingredients have been established, the fundamental question 

"how to choose the action a. so that the consequence p will provide maximum benefits to 

the decision maker?" arises. The optima! solution indecision theory can be obtained by 

applying a number of procedures according to the characteristics of the ingredients of the 

problem. The two main ones are the following. 
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7.1) 

Reliability Related Topics 

The Minimax Principle This is applied when no data or inforrnation is 

available.The optimisation consistsof choosing the action a.j which minimises 

the maximum loss L(Oi,a.j) for any 9; that the nature might choose. Then, the 

salution is found from: 

min [max L(O, a.)] 
a. e (3) 

7.2) The Bayesian approach applied when some prior (experts') knowledge 1t(9) 

on e is available. The optimisation consistsof choosing the action a. i whose 

expected utility is maximum, i.e.: 

max {E[U(O,a.)]} where E[U(O,a.)] = J 1t(9)U(9,a.)de (4) 
a. e 

Since in maintenance there is frequently some experience which can be 

'translated' into a forrn of prior knowledge, this work focuses on cases where 

the Bayesian approach is likely to be more applicable. 

8) Sensitivity analysis to investigate the robustness of the solution, or altematively the 

sensitivity ofthe obtained salution to the assumptions made. Norrnally, these 

assumptions are related to prior probabilities and utility functions (Berger, 1985; Smith, 

1988; Kadane, 1984; Keeney and Raiffa, 1976) The sensitivity analysis results in one of 

the following: 

1) A significant variation in the utility function or prior probabilities does not affect the 

optimum salution obtained. In this case the salution is seen as a robust result, giving 

more confidence tö the decision maker. 

2) Small variations in the utility function or prior probabilities significantly alter the 

obtained solution. This would suggest the need to carry out a further study on the 

assumptions made for the utility and/or prior functions. 

With the aid of sensitivity analysis, the analyst is able to verify which function needs to 

be elicited more precisely. This could show how much more effort should be diverted 

towards the preferenee and probabilistic modelling. lt has been observed however that 

for many problems the Bayes salution is robust against large variations in the prior 

probabilities 1t(9) (Smith, 1988). This means that very often the optima! salution does 

notdepend very strongly on the accuracy ofthe elicited 1t(0). 
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20.3 A Maintenance Decision Model 

20.3.1 The Maintenance Decision Problem Considered 

Maintenance decision making may take place in several contexts with different types of 

systems in terms oftechnology, reparability, reliability and availability requirements, etc .. 

The Decision Model described in this paper deals with a very general maintenance problem, 

encompassing all those possible alternatives, and is characterised by the following: 

- The decision maker has at least two courses of action to choose. 

- There is frequently some uncertainty about the values of the variables descrihing the 

behaviour of the system and the environment, with regards to reliability and maintenance. 

Therefore, due to the lack of accurate data, subjective, experts' knowledge is used instead. 

- The decision maker has a structure of preferences to be modelled regarding the 

consequences ofhis/her choice. 

- The aim is to obtain the optimum maintenance action based on the maximisation of a 

utility function which combines reliability/availability and costs for each possible action. 

20.3.2 The Maintenance Decision Model 

In order to deal with this kind of problem a Maintenance Decision Model (MOM) has been 

built. It includes: 

- The specification ofthe necessary variables and their interrelationship; 

- The specification of the criteria needed to obtain the optimal solution; 

- Preferenee modelling, which is divided into two parts: 

I. The elicitation ofthe unidimensional utility functions. 

2. The elicitation ofthe Multiattribute utility function. 
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- The elicitation ofthe prior probability distributions 

- Optimisation and presentation of results 

- Sensitivity analysis. 

More specifically the model includes the following steps: 

Step 1 Problem Definition The basic structure of the problem is established. Objectives, 

alternatives and the associated uncertainties are detailed here. Typical problems are the 

denvation of the optimum maintenance action, the detailed description of a 

maintenance contract, etc .. 

Step 2 Necessary Infonnation Here the basic ingredients, i.e. the action space A, the state of 

nature e, and the consequences X are defined. In the case of the optimum rnaintenance 

action in the problem introduced in item 5 (Multi-attribute Utility Theory) of section 2, 

A could be the set of possible maintenance actions, e1 and e11 could repcesent the 

maintainability of the system and the reliability of its constituent components 

respectively, andX' andX" could be the unavailability of power supply TI and the 

maintenance cost C. 

Step 3 Preferenee Elicitation Given the set of consequences the preferences are modelled 

and the corresponding utility functions are obtained. For the simpte example the 

unidimensional utility functions U(TI) and U(C) are obtained first and then the 

multidimensional utility function U(TI, C) is derived. 

Step 4 Probabilistic modelling of the State of Nature With the state of nature known, 

efforts are then concentrated on obtaining all possible information (data, experts' 

estimates, and other prior knowledge) about e in order to reduce uncertainties. 

Step 5 Optimisation to derive the action ex whose expected utility is maximum (Eq. 4). 

Step 6 Sensitivity Analysis to investigate the robustness ofthe solution by varying the utility 

functions and the prior distributions used. 
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The maintenance decision model, at its current stage of development, allows for: 

1) Uni-Dimensional utility functions which can be ofLinear, Exponential and Logistic 

form. 

2) Either additive or multi-linear multi-attribute utility functions. 

3) Description ofthe basics A, e and X as follows: 

- Reliability functions which can be either Exponentlal or Weibull. 

- Repair time distributions which can be Exponential, Weibull, and Gamma. 

4) Variabie attitudes towards risk. 

20.4A Practical t\pJ?lication 

20.4.1 CHESF - Companhia Hidro Electrica do Sao Francisco 
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CHESF is in the business of power generation and bulk electricity transmission in the 

North-east region ofBrazil. This region includes nine federation states and covers an area of 

about 1,200,000 km2
• To secure power supply for this rather large market CHESF bas several 

power generating plants, a transmission system of approximately 15,000 km transmission 

lines, and more than 70 integrated stations distributed throughout the whole region. 

The communications needs ofthe company, including the operation, maintenance, and 

management ofthe electric power supply, are supported by a private Telecommunication 

System owed by CHESF. This system is composed ofapproximately 2,000 pieces of 

equipment also distributed throughout the whole region. The practical application discussed 

in this paper (see item 5 on multi-attribute utility theory of section 20.2) bas been carried out 

in CHESF's telecommunication system. 
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20.4.2 Results 

The implementation ofthe maintenance decision model presented in this paper in CHESF 

provided a well defmed, easy to use framework for the selection of the optimum action for the 

maintenance problem considered. Further to that, the following have been realised in CHESF: 

- Preferences conceming typical maintenance decision variables have been better modelled. 

- Prior knowied ge about reliability and maintainability bas been more accurately derived 

and more consistently utilised. 

- The confirmation of the results obtained in the optimisation procedure has been made 

possible through the sensitivity analysis which evaluated the robustness ofthe model. 

20.5 Conclusions 

The paper has presented a review of some basic decision theory concepts and discussed their 

applicability in maintenance. As a result, a maintenance decision model has been built and the 

steps for its application in practice have been detail ed. Finally, the reallife use of the model 

bas been demonstrated by applying it to a maintenance strategy problem in a power 

generation company. The numerous benefits realised by CHESF suggest that such a model 

bas a viabie future in maintenance as a reliable framework for maintenance decision making. 
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Participation in the decision-making during the 
life-span of a building 

21 
H. Vroman 

21 . 1 Introduetion 

As an introduetion to my speech, I would like to draw your attention to the interaction 

between the design, usage and maintenance of real estate. In particular the problems arising 

from the usage, management and maintenance of buildings. 

These problems were often caused by shortcomings in the process or establishing the 

requirements, i.e. during the preparation of program of requirements, the design and in the 

execution phases. also one often observes that building authorities/builders and architects 

neglect the gained experience of users, building-managers and maintenance experts, and as 

such the adverse effect of this neglect, which manifests itse1f in defects that could have been 

avoided in the first place, will be bome by the user and is often charged to maintenance. 

The passive attitude and lack of skill of the building authority/builder are alsQ considered a 

major problem; the internat and extemal factors, such as environmental pollution, which could 

have a decisive effect on the decision-making, were either ignored or barely recognised. The 

decision-making by the building authorities is usually not based on the indissoluble 

relationships between cost, time and quality. lt is rather disappointing to find that costs 

frequently appear to be much higher than have been anticipated or estimated. The preparation 

and execution of a project often took much longer than had been planned, resulting in the 

building not being ready in time for occupation, which subsequently resulted in trading losses 

and/or personal inconveniences. Furthermore, the period in which the building could 

effectively be used, often appeared to be much shorter than had been originally planned. 
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To stay within the budget -in many cases too low- the building authority was forced to reduce 

the quality ofthe building. As aresult ofthe low investments in the building, the operating 

costs tumed out to he higher than had been anticipated. 

The problems ofthe building authorities, which have just been outlined, are by no means a 

thing ofthe past. Toentrust the building authorities with the building, managementand 

maintenance of a building is still a complicated matter. 

However, there is a growing perception that the problems could he solved, ifthe building 

authority would involve all parties concerned with the life of a building, to participate in the 

decision-making just at the precise moment. 

The sooner the know-howand expertise of all parties concemed with the life of a building are 

involved in the decision-making by the building authority, the better the life-span can he 

anticipated and where necessary readjusted.This is shown in the graph ofinfluencing factors 

given in figure 21.1. 
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To this day, a systematic approach to the life of a building is required. First of all, controllable 

agreements should he made between those responsible for the various activities carried out 

during the life ofthe building. 
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R • Responsible 
M • Mual con11ibU1é 
c - Can contrilluie 
I = Is lnlormed 

Figure 21.2 Decision table for a building 

My advise is to use a so-called decision table. When using this table, all parties directly 

participating in the life of a building should collaborate closely with project management. 
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Throughout the several stages in the life of n building, such as preparing a requirement 

analysis, a program me of requirements, the design process, the execution of the building and 

the planning and programrning of maintenance, all those directly involved should, first and 

foremost, establish the following important items: 

- who participates; 

- at what stage ofthe building' a life-cycle or at what stage ofthe process. 

For each stage ofthe process it should be determined: 

- who takes part in the decision-making and who carries the responsibility; 

- who is responsible for progress; 

- who does what. 
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Before answering the above mentioned questions, the management team should be in total 

agreement with each stage ofthe process. The questions should not be left unsolved until such 

a time when a conflict may arise. 

The expertise ofthe designer, contractor, and maintenance expert in all the activities ofthe 

life-cycle process should only be accepted by the building-authority if their know-how and 

experiences will be a valuable addition to the life-span quality of a building. The authorities 

require more and more eertaio guaranties during the use-/exploitation phase in the life-span of 

a building. Certificates which conform to the ISO-standards will not be sufficient enough for 

the business. The best guarantee for an authority is a "cast-iron" contractbasedon the usage 

and maintenance of a building. 

lliExpected function and use of a building 

What is the exact role of the building authority during the ti fe-span of a building; what means 

his responsibilities and contributions during the activities in this life-cycle process? 

The answer is he must be clear. 

DECISION MAKING OF BUILDING AUTHOR1TY TO BE BASED ON FOLLOWING 

EXPECT A TI ONS : 

1 LIFE AIMED AT: 

• 
• 
• 

Short term functions 0- 5 years 

Medium term functions 5 - 10 years 

Long term planning >I 0 years 

2 NATURE OF USE, SUCH AS: 

• 
• 

Specific, mono functional 

General, multi functional 

3 OBJECTIVE 

• 
• 

Speculation 

In vestment 
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* Functional 

5 EXPECTED MAINTENANCE, SUCH AS: 

* Required reliability of system or its elements 

* Necessity forshort maintenance or maintenance not interfering with the function 

of the building 

• Costs 

6 SECURITY 

To ensure that all those involved in the life ofthe building collaborale to the extent that the 

building bas and continues to have the best usage for its proposed objective, the building 

authority should, first of all, give a clear indication ofwhy, for what purpose and for how long 

the relevant building is required. Clear-cut policy indications must be given about the 

objectives and the short- and long-term expected functions ofthe building geared tothese 

objectives. The management must indicate whether any changes are expected in the 

objectives, the functional and production processes, the requirement for personnel, etc. In this 

connection, uncertainties and obscurities must also be identified, for they may have a major 

effect on the choice-and longevity of the materials required for the execution and completion 

ofthe project. Such expectations can also be formulated ifthe building is to be used for 

habitation or recreation. For example, what are the short- and long-term expectations of a 

municipal council with respect to the increase in population, the need for houses ofvarious 

categories of the population such as old people, one-person or two-person households, etc.? 

On the basis ofthe expected functions a short- and long-term prognosis is required ofthe 

means needed for pursuing the objectives or carrying out the tasks. The building is also 

included in this approach. If, for instance, it is decided to station a new type of aircraft at a 

given air base, it will be necessary, apart from personnel requirements, to establish what kind 

ofbuildings are required to assist in the operations ofthe aircraft. In other words, what 

buildings are needed to enable the aircraft to carry out its tasks properly. 

Obscurities and uncertainties about the anticipated functions of the building will, of course, 

affect the expected use ofthe building. As an example, if it is not possible to estimate whether 
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or not the functional need for a building will still exist after five or ten years, one should not 

simply procure and maintain a building that may last for over a century. In its decision·making 

the management will at least have to consider the following possibilities: 

- tailoring the selection of materials to the functionallife of the building (in this instance, 

five toten years); 

- tailoring the selection of materials, nevertheless, to a longer technicallife (so, more than 

five toten years), while allowing the possibility ofmoving the relevant buildingor 

adapting it to other functions. 

The latter can be achieved, inter alia, by mobile prefabrication andlor a multifunctional use 

and arrangement ofthe building. 

illlnformation about the existina buildinas I real estates 

In the event of having to make use of an existing building, it is important to establish the 

purpose and usage of a building. The building authority must make an inventory of the 

buildings available, in order to make the sensible choice to meet the requested requirements. 

To be able to achieve this goal, a proper assessment must made ofthe technicallife-span of a 

building by engaging a maintenance expert. This assessment should be made accurately and 

therefore one should adhere to three important elements. For example, a building, a bridge or 

road-works are subject to three different elements, namely: 

- primary elements; 

- secondary elements; 

- tettiary elements. 

Primary Elements: must meet a long-term requirement, including, among other things, the 

supporting structure and the facing of a building. 

Secondary Elements: must adhere toa medium-term requirement (a functionallife between 

five toten years). This category of elements include, inter alia, partition wails, sanitary 

facilities, floor- and wall finish. 
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Tertiary Elements: must be tailor-madeforshort-term requirements. They are ofvital 

importance for the working conditions and social climate. Por instance, wallpaper, plastering, 

floor-covering, workroom with appropriate lighting, flower boxes, decorations, etc. 

An assessment on the technica! conditions or a prognosis of the technicallife-span of the 

available buildings should be based on a thorough inspeetion of the above mentioned 

elements. Por a first hand impression, when evaluating what buildings are available, the 

technical conditions willoften suffice (see fig. 21.2) 
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Figure 21.2 An example of an inspeetion report 
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To acquire adequate information of existing buildings, it seems logical to obtain the required 

details from gained experience during the managementand maintenance ofthe buildings. It is 

therefore imperative that the maintenance expert is in a position to provide the technical 

possibilities and limitations ofthe buildingsnot only on the basis ofthe overall system, but 

also by taking into account the various elements as mentioned above. He must be in the 

position to advise on the remaining usage ofthe buildings. 
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To Assess the technical possibilities and limitsin the three different categones ofthe 

building-elements, the know-how and expertise of the coating-/painting experts could be a 

great asset. 

- renevatien 
- damelitien 

Figure 21.3 The weighing process 

21.4 W eighing Process 

The function of a building, which must also cater for short- and long term requirements for 

living, working rind recreation should be used as a guideline when assessing the available 

buildings, taking into account the possibilities and limitations. 

This weighing process should produce some maintenance plans, which can be used if so 

required, even when an available building meets the expected requirements, it could be used 

to keep a building in service. 



Participation in the decision-making during the life-span of a building 285 

Once a new type of aircraft bas been introduced to an airbase or wben a production line in a 

factocy bas been expanded, the existing facilities no longer meet the requirements. therefore in 

addition to the maintenance plans, a plan for i.e. renovation, alteration and new construction 

must be drawn up. It is imperative that all relevant disciplines are brought into action and that 

tbe plans are in line with the overall organization. 

A systematic approach ensures that at an early stage, i.e. in the design stage, the cboice of 

matenals and the manner of construction could contribute to future maintenance plans, for 

example, cost-saving investrnents in relation to maintenance. Furthermore, as early as the 

design stage, attention should be paid to sucb influencing factors as intercbangeability, 

excbangeability and attainability. This may lead to a considerable reduction, in the future 

maintenance costs of these elements. 

The interaction between design and maintenance manifests itself not only in the primacy 

elements but also in the secondacy and tertiacy elements. Decision-making over important 

matters, whicb mainly concern the budget, should take place at a level at whicb insight in 

long-term planning can best be gained, for example, at management level or at the level of tbe 

municipal council or the housing association. Tbis concerns decision making over the primacy 

elements and, in part, the secondacy elements. Some 80 percent of the problems with 

buildings relate to elements constituting only 20 to 25 per cent ofthe total budget, i.e. the 

secondacy but, more particularly, the tertiacy elements. The aim sbould be advised to solve 

these problems as mucb as possible at the level ofthe user. 

The weigbing process in combination with the decision table bas been applied to upgrading 

the real estate on NATO-airfields in the Netherlands for FI6-aircraft operations and logistic 

support. 

By using the same systematic approach the camp of the marines in Rotterdam bas been 

rebabilitated/upgraded. The Navy-Staffin the Hague- in bis function ofbuilding autbority did 

not listen enougb to the signals, given by tbe users and the local maintenance expert, about the 

bad pbysical- and functional situation oftbe real estate in this camp. 
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Caused by a reorganisation in Defense-objects this camp came in 1987 in the influence-sphere 

of my building and construction agency. I asked the Marine-Commander to establish the 

expected functions and usage of the buildings and an inventory of the buildings available for a 

proper execution ofthe tasks. 

The maintenance experts ofmy agency and the users ofthe camp worked close together and 

indicated not only the physical but also. the functional possibilities and limitations of the 

buildings. 

The condusion was that some buildings must be pulled down and replaced and other 

buildings must be maintained or renovated. This information of the existing real estate opened 

the eyes of the Navy Staff. Based on this information and the expected use of the mentioned 

Marine-camp the Navy Staff ordered to develop plans for demolition, new buildings, 

renovation and maintenance, total combined in a structure-/siteplan. The decision table 

ensured that all participants during the process collaborated close together. 

Furthermore I introduced the weighing process and the decision table during the first 

Chemica! Weapon Inspeetion ofthe United Nations at the Muthana State Establishment in 

lraq which was carried out in June 1991. 

The main site of the Muthana State Establishment is located 80 km NW of Bagdad, east of 

and adjacent to the main road between Samarra and Fallujah. This is an area of about 1 Sx 10 

km surrounded by a fence. Within this is a central zone of about SxS km which contains the 

administration of the Establishment, the production area, bulk CW agent storage, the 

laboratorles and maintenance area. Immediately adjacent to the north is a lx1 km area used 

for bunkered storage of completed munitions ready for use. Approximately 3 km east of the 

central zone is the ammunition filling station. On the SW edge ofthe main site is a transfer 

station, used for storing materials delivered by contractors. 

The professional component ofthe inspeetion team consisted of20 experts (chemists, 

microbiologists, chemica! detection experts, explosive ordnance disposal experts, 

decontamination experts, two medica! experts and a buildinglstructural engineer) from 8 

countries. 
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Before entcy into any structure was permitted, the structural integrity of the building was 

evaluated by the infrastructure expert. Entcy into structures was only permitted if his 

assessment indicated that there was minimal hazards. Where damage was to great to permit 

entcy, Photographs from the outside or from doorways were taken. 

In order to establish a metbod of operation for the whole inspeetion the decision table and the 

weighing process were essential resources. 

21.5 Manaiement of the life cycle of a building 

The expected use of buildings not only underlines the weighing process, but also guides and 

directs the life-cycle ofbuildings. The expected use should heregardedas the expectations 

underlying the use, management and maintenance of the building. The relationship between 

these expectations and the life-cycle of a building is given, with as much detail as possible in 

Ufe of a building 

EXPECTATIONS 
1. lile 
2. objeclive 
3. priority of value& 
4. type of use 
5. 
6. 

Figure 21.4 The life cycle of a building 
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Figure 21.5 Survey of the lift cycle of a building 
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figures 21.4 and 21.5 showing the life cycle of a building. 

lliEffect ofuse. managementand maintenance of a buildinion inyestment and qpemtina 

decisioos 

Officials who are in charge of the building policy must be given the tools to enable them to 

make decisions over balancing the investment and opemting consequences against each other. 

By a feedback ofthe experiences gained by the manager, the user and the maintenance expert, 

concrete decisions can be made in the design process. Th ere is a feedback if the use, 

management and maintenance of the available buildings are evaluated and the information 

obtained is used for the preparation of a requirement program and for he design and 

construction of similar buildings. The details of this evaluation will often be used for a linking 

with the other phases of the life of a building In particular, the maintenance expert is able to 

furnish the necessary advice and forecasts which are of major significanee to policy at all 

levels, both to the decision·making over the termination of the functionallife of a building 

and to ajustified extension ofthe life of a building. 



Determining a Maintenance Budget for 
Buildings 

22 

Abstract 

K.LJ. de Bruyn 
H.H. Martin 

In this paper the general theory of designing maintenance concepts is enhanced to develop a 

practical method to delermine maintenance concepts for buildings. These maintenance 

concepts are used to delermine long term maintenance budgets. As a test this approach has 

been applied to an office building. The experiences gathered in this first test demonstrate that 

a realistic maintenance budget can he determined in a practicaland uncomplicated manner. 

22.1 Introduetion 

Many large companies and institutions utilise buildings for their own use because "production 

facilities" must be protected and conditioned, or simply because offering buildings for rent is 

their primary souree of income. 

The use ofbuildings creates a need for maintenance of these buildings. Especially, larger 

institutional owners of AS's seem to pay little attention to the estimation of future 

expenditures for maintenance. Too often, required maintenance jobs are postponed too long 

with the result that additional expensive maintenance is required due to secondary damage. 

An AS maintenance budget based on estimated maintenance actlvities is needed to anticipate 

when maintenance activities are due. Estimating future maintenance activities and therefore 

what maintenance expenditures are to be expected requires a systematic analysis of what 

maintenance operations are needed and when they should be carried out; i.e. a maintenance 

concept must be determined in the first place. 

At the Eindhoven University ofTechnology (EUT) a framework bas been developed by Gits 

[1], in which the maintenance operations required are determined systematically. Basedon 

the properties of elementary failure processes, elementary maintenance rules are determined. 

Depending on organisational and governmental regulations theses rules can be clustered and 
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evaluated in order to get a complete maintenance concept for a teehoical system. The 

framework bas been applied in several situations in industry successfully. Although the 

general theory of designing maintenance concepts is applicable for any type of teehoical 

system, one may expect that buildings deserve special attention in view ofthe characteristics 

buildings have in comparison with industrial types of technical systems, in partienlar due to 

the domination of condition based maintenance. 

In this paper the general theory of designing maintenance concepts will be adapted and 

extended, with respect to the budgeting needs ofbuildings. 

First of all, some major characteristics ofbuildings will be discussed. lt will be demonstrated 

how these characteristics ofbuildings allow a very flexible approach in designing 

maintenance concepts and consequently the way in which flexible maintenance budgets can 

be determined. 

Finally, an example will be presented to illustrate how maintenance concepts can help in 

achieving flexible maintenance budgets for buildings. 

22..2Characteristics of architeçtural systems 

From a technological point of view buildings differ quite a bit from pure 

mechanical/electrical systems (=MES's). lt goeswithout saying that their design and 

maintenance requires very different technological and aesthetical knowledge areas. But most 

important, the areasof application for buildings and MES's differ greatly. Most MES's are 

closely related to the primary function of an organisation, whereas buildings have more or 

less supportive functions. These supportive functions largely determine the way in which we 

look at buildings from an industrial engineering point of view. 

1) Buildings may have multiple different supportive functions. 

MES's can have many different failures with different properties, but the majority of 

those failures have a direct impact on the primary function the MES bas been designed 

for. The greater part of maintenance is directed towards their primary function. In 

contrast with MES's, buildings can have many different primary functions. E.g., a family 

house not only facilitates proteetion from the physical environment, but also provides 
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living, sleeping, working and aesthetical functions. These functions may be on a par with 

respect to the importsnee in the perception of the habitants. Very often these functions 

are closely related to each other. Modification or rnaintensnee with respect to one 

function may influence other functions. Concentrating on singular failure processes in 

OBJECT ~SIRE) 

DESlGNING -....,---BUILDING--"----- HOUSING 
MAINTAlNING 

deUvery 

Figure 22.1 AS life-cycle aspects 

isolation may result in undesirable results.Up toa high extent failures are due toaging 

and weather insteadof operation intensity. 

2) Buildings have a long life-span. 

Generally, buildings are designed and constructed regardless of some predetermined 

life-span. Practically, this means that the intended period ofuse is indefinite. On the 

other hand, manufacturers of MES's do have a partienlar limited life-span in mind, which 

is normally based on the estimated period of sound economical exploitation. In addition, 

although a building may not be modified during its life-span, the functions may change 

quite radically over time. E.g., a building where workers assembie cars, may be used as a 
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warehouse for automobile parts in later years. Some functions become less important and 

others become more important. Redesign of a maintenance concept should be carried out 

whenever functions change in order to addapt it to the changed requirements. 

3) Buildings have sometimes very long MTTF's. 

Many MTTF's (=mean time to failure) are expressed in terros of decades rather than 

hours or weeksand the varianee is very large. It is very likely that before some long term 

failures can occur, functions will change, which in turn will result in different faiture 

types. Only basic structural elementsof a building, such as concrete pillars in multi-tloor 

buildings, may have an unchanged maintenance concept for their life-span. 

In addition, it is a common practice to modifY buildings when actually maintenance is 

initiated; i.e. new functions become effective at a time when older obsolete functions 

have failed. 

4) It is sometimes dimcult to determine when a CaiJure occurs. 

Of course, evident failures appear in buildings just as they appear in MES's. E.g. broken 

windows, leaking roofs, etc. are examples of evident failures. For evident failures it is 

usually quite clear when maintenance is needed. But in many situations, failures are 

related to functions due to detoriation which can be estimated, but objective norros 

prescrihing the exact moment of failure do not exist. Sometimes it is even impossible to 

quantifY the detoriation process itself. Hurnan experience and knowledge of personal 

preferences of the users is needed to assess and to predict those types of failures. 

Consequently, it is very likely that different persons (with different interests) willend up 

with differentjudgements. E.g. a family who rents a house from a landlord usually will 

differ in opinion with the landlord on the question when this house should be repainted. 

The family is interested to minimise the difference between their perception of a perfect 

living environment and their current housing conditions, whereas the landlord is inclined 

to minimise costs. 

Quantif)ring the detoriation of aesthetical functions is of no use and thus there is no 

objective norm for an aesthetical "failure" like dirty wallpaper. On the other hand, the 

nurnber of light bulbs which have failed in a room is an excellent quantitative parameter 
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for descrihing the detoriation ofthe "illumination function", but then again, one has only 

a rough indication how many bulbs are needed to enable people to read a newspaper 

without eye-fatigue. 

In condusion to these observations, it is clear that there is a limited potential for applying 

strict mathematical optimisation techniques such as statistica! analysis in order to estimate 

time to failure and the failure rate todetermine the optima! maintenance policy. In many 

situations, data will be biased even if any data is available. 

Fortunately, it is not always necessary to have precise data. In many situations failures do not 

have very serious consequences, at least not in terms of environmental or personal hazards, 

and they occur very gradually. Determining what failures are tobedealt withand when they 

occur is more a matter of balancing the required functions of a building with the available 

means rather than strict optimisation. 

22..3. Using the theocy of designing maintenance copçepts 

The observations discussed in the previous section do not invalidate the basic structure of the 

frameworkof designing maintenance concepts, butsome refinements ofthe framework are 

required in view of our objective to determine maintenance budgets. The refinements should 

address the following issues: 

- Since buildings have long life-spans a mechanism is required to deal with a change of 

functions in time. Each distinct period of use can be regarded as a separate life-cycle 

requiring its own maintenance concept. 

- The ambiguity of some failures could be used to redefine faiture modes, intervals and 

maintenance rules within acceptable limits according to personal preferences or budgetary 

constraints. 

- lt is necessary to evaluate maintenance concepts not only after a certain period of use, but 

also when a modification has been carried out. 

- All quantifiable failures should follow the regular theory of designing maintenance 

concepts. 
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figure 22.2 Strategie, tactical and operationallevel decisions. 

Building Maintenance 

To eope with these issues an adapted procedure has been developed. Essentially, the basic 

steps of designing maintenance concepts have been embedded in a prototype procedure. This 

prototype procedure will he diseussed and demonstrated in the remainder of this chapter. 

22.3.1 The strategie maintenance plan 

During the life-span ofbuildings primary functions do notchange gradually in time. 

Normally, in situations of changing ownersbip or a reorganisation of company activities or 

similar fundamental changes in activities may cause a change of primary functions of a 

building. Decisions concerning the long term use of buildings are taken on a strategie 

management level. 

The purpose of strategie maintenance plan is to make explicit decisions on the funetions an 

AS should perform at all stages of the planned life cycle. In addition, preferences conceming 

maintenance can he taken up. E.g. for which failures maintenance (i.e. maintaining or 

restoring into the condition which is considered neeessary to fulfil its function) is preferred 

instead of modification. The strategie maintenance plan serves as a base line document, in 
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which clear statements are made on the long term restrictions and requirements maintenance 

has to fulfil. 

Lamberti [2] advocates to determine these preferences systematically by using a simpte 

questionnaire, which has to be filled in by the owners of the buildings concerned. 

The following questions are suggested in this questionnaire: 

- what will be the time-span for use? 

- what will be the primary functions during this period? 

- what is the operation intensity with respect to each perceived function? 

- what is the desired performance level? 

- what failures may have a strong impact on safety and security? 

- what will be the available budget for maintenance? 

- what maintenance rules are preferred, if more than one option is effective? 

- what standards (norms) are considered appropriate in determining nonnative failures and 

warning levels in initiating maintenance operations? 

22.3.2 The tactical maintenance plan 

On a tacticallevel, the design and evaluation of maintenance concepts for the buildings at 

hand is carried out. Guidelines and restrictions set on the strategie level are used to evaluate 

possible options during the maintenance concept design process and what modifications can 

be expected. We are in partienlar interested in the tactical maintenance plan since the 

characteristics of buildings take their strongest effect in decision-making on a tacticallevel. 

One crucial issue in the decision-making process is the decision of what individuals are 

authorised to make the decisions concerning a maintenance plan, since in many situations 

personal preferences will dominate. Although we cannot solve this issue in this study, we 

shall assume that in most situations some sort of team structure, in which potentially different 

parties of stakeholders are represented, will be the most likely organisational form in which 

balanced decisions are made. We can provide a framework in which the consequences of 

options suggested by such a decision team can be translated into financial terms in order to 

provide immediate feedback to the decision team. To do so, we'll have to refine Gits's 

framework of designing maintenance concepts, in partienlar with respect to modifications 
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triggered by maintenance. The basic sequence of decision steps remain valid. We shall follow 

these steps for our refined procedure and comment on each step. 

We distinguish the following decision steps in the design of maintenance concepts: 

1) Functional decomposition ofthe building; 

2) Determination of potential failures; 

3) Determination offailure consequences; 

4) Determination of maintenance operations and their intervals for initiation; 

5) Development of alternative maintenance plans. 

Step 1: Functional decomposition of the building 

In order to analyse failures properly, the maintenance concept theory prescribes to identify 

singular failure processes, to rule out any superposition of failures which may lead to wrong 

conclusions. 

To be able to recognise singular failure processes it is usually insufficient to study buildings 

as a single entity, s'ince a multitude offunctions are only meaningful ifthey are related to the 

componentsof an AS. A functional decomposition ofbuildings into low level components 

narrows the view to singular functions and their possible failure processes. In genera!, the 

decomposition of buildings requires specialist building engineering knowledge. Normally, a 

building plan in which component lists have been taken up can be used. In case, a building 

plan doesn't provide a component list, building components must be identified and coded 

(e.g. by using STABU, SROW, STAGG, MC/GB coding systems) 

Step 2: Determination ofpotential failures 

After decomposing the building into low level building components, these components have 

to be scanned systematically for potential failures. The result of this systematic survey will be 

a complete list of (potential) failures for each perceived period of use outlined in the strategie 

plan. Building engineering knowledge aided by actual building user experience or, if 

available, valid bistorical faiture data is essential at this stage. 

Step 3: Determination offailure consequences 

Essentially, the determination of failure consequences serves three purposes, namely: 
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- to decide what failures are considered insignificant, resulting in faiture based maintenance 

(FBM); 

- to decide upon the length of the maintenance interval in case used based maintenance is an 

effective option. One can argue that more important failures, i.e. those with severe faiture 

consequences should favour smaller maintenance intervals in view of the varianee in the 

intervals. 

- to determine the priority of maintenance operations based on the maintenance concepts on 

the operational planning level. 

Table 22.1 shows an example of decision table in which each failure is categorised according 

to each type of consequence and its relative weight. 

I Type of consequence Relative weight factor 

I 
0 I 2 3 4 5 

Interruption of use NO Yes 

Decreasein well-being NO 10% 30% 50% 70% 100% 

reduced safety 0% 10% 30% 50% 70% 100% 

hazardeaus to peoples health 0% 10% 30% 50% 70% 100% 

reduced aesthetics Good acceptable Bad 

Table 22.1 determiningfai/ure consequencesfor the office buildingcasestudy 

E.g. a failure can be defined conceming the accumulation of dust particles on an office wall. 

This failure may cause no interruption of use, but may decrease its level of performance 

(reduction in general well-being of office workers, which may result in lower productivity). 

The health of office workers (increased rate of sick-leave) may be a long term consequence 

besides the rednetion of aesthetical performance. This failure may score 0, 2, 0, 1 and 5 

respectively for each category resulting in a total score of0+2+0+ 1 +5= 8. 

In genera!, the higher the total score of a failure, the higher the demands on maintenance 

operations will be. 
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Step 4: Determination of maintenance operations and their intervals for initianon 

The detennination oftechnically effective maintenance operations depends on the available 

building engineering expertiSe. We will not discuss technica! maintenance aspectsin this 

paper. We simply assume that it is possible to detennine technically effective maintenance 

operations for each potential failure in an actual situation. 

Before maintenance operations can be used for planning purposes, suitable intervals for 

initiation of maintenance operation must be detennined. In this paper we will concentrale on 

UBM (=used based maintenance) and CBM (=condition based maintenance) intervals. FBM 

{=failure based rnaintenance) rules have, due totheir random nature, no predetennined 

interval of initiation. In view of our objective, it is sufficient to have an indication of the order 

of magnitude ofthe total FBM to make a maintenance budget more realistic. However, since 

there is no way to predict the moment when FBM is required, there are also no means 

available to influence FBM initiation. Therefore, we shall concentrate on the UBM and CBM 

type ofmaintenance initiation. 

Specifically, UBM rul es prescribe the initiation of certain maintenance operations aftera 

predetennined period ofuse. Naturally, the MTTF (=mean time to failure) will be used as a 

startingpoint in setting an acceptable UBM-interval. 

Unfortunately, observations show that it can be very difficult in some situations to use 

statistica! techniques to detennine the MTTF's. Lack of data due to long failure intervals or 

subjective failure measurements render hazard plotting techniques useless. We shall assume 

that building experts (i.e. surveyors) are able to assess failure processes effectively and that 

they can estirnate MTTF's. 

Specifically for planning purposes estimatingjust a MTTF is not enough. To providesome 

flexibility in planning both a latest moment for initiation of a maintenance operation (=T max) 

and an earl i est moment for initiation { =T min) are needed. The actual execution of a 

maintenance operation (Texec) will depend on the relative importance and the estimated 

available resources at time Texec, with the restrietion ofT min <rexec < T max. 

Step 5: Development of alternative maintenance plans 

All that is needed now, for completion of designing a maintenance concept is to identify the 

potentials of clustering maintenance operations. Typically, in the building environment most 
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rnaintensnee operations are contracted out. Therefore, the decision process of clustering is 

strongly influenced by the possibilities building contractors have to offer. Up to some extent 

clustering comes down to being successful in bargaining with these commercially operating 

contractors. We shall not discuss this matter in this paper. 

Ho wever, the information that results from the bargaining process with contractors in 

addition to generally available indexed price lists it is possible to extrapolate maintenance 

operations in time to estimate the costs involved over time as ifthe current rnaintensnee 

concept were putto practice. Because ofthe exclusion ofFBM rules in our approach a global 

estimate on the order of magnitude bas to be made if one is interested in the total rnaintensnee 

costs. However, since it is hardly possible to influence these FBM induced maintenance costs 

they are of no particular significanee in the assessment of the UBM and CBM options that 

can be influenced. In case, the extrapolated expenditures are considered too high in some 

periods, the cause can be analysed and possibly corrected by adjusting the rnaintensnee 

concept. E.g. one could decide to alter the expected or calculated intervals for rnaintensnee 

initiation and see how the expenditures changeaftera recalculation bas been performed. In 

order to perform these scenario calculations quickly, the use of the spreadsheets or a 

dedicated program would be practical, since the number of rnaintensnee operations that need 

to be extrapolated can be quite large. 

22.4 The case study 

The approach presented in the previous sections bas been applied for an office building, 

which was still in its construction stage at the time ofthe study. In this situation no bistorical 

data or actual user experience was available. Therefore, the decision making is mostly based 

on available building engineering experience in similar environments. 

Since there is a large number of components and possible failures and our purpose is just to 

illustrate the methodology of our refined concept, only small sets oftypical data will be 

shown. The final plot of the expected rnaintensnee expenditures, however is based on the full 

set of data, but no actual values are printed in order to proteet sensitive information. 

This case study was carried out by only one researcher and not by a team as suggested before. 

However, where appropriate, possible potential users, maintenance staff, contractors, the 

management and financial specialists have been consulted to determine the more subjective 
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judgements conceming failure behaviour. At the time ofthis study the limitations induced by 

mak:ing the researcher the sole decision maker and designer of rnaintenance concepts instead 

of following the team-approach suggested earlier, were considered acceptable by the owner of 

the office building. 

22.4.1 The management policy (the strategie maintenance planning stage) 

When the research project started the first interviews with the owners ofthe office building 

(the "strategie management team") revealed some important long term requirements, which 

can be surnmarised as follows: 

Estimated time of use: 

- Casco has an unlimited life-time, no modifications are expected in the future. 

- Partition-walls will stay in place for the next 10 years; no modifications have been 

planned. 

Characteristics of the AS in use: 

- The building serves multiple purposes ( creating and protecting a working environment); 

Level of performance: 

- For the next 10 years X persons at minimum must be housed in a hygienic and properly 

conditioned environment; cleaning is most important; 

- Decline of the aesthetics is expected, but has to be prevented whenever possible; 

Preferred maintenance rules: 

- There is a preferenee for CBM rules; 

- UBM rules are acceptable for failures which concern cleaning jobs as a maintenance 

operation. 

- FBM (=failure based maintenance) rules are to be applied ifUBM and CBM are 

ineffective. 
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22.4.2 The tactkallevel 

In order to analyse failures properly and to relate them to building components the AS was 

decomposed functionally and the resulting items were coded by using the Dutch 

STABU/SROWD coding standard. (Table 22.2 shows an example ofthis coding scheme). 

Next, the consequences ofthe identified failures were evaluated. Essentially, the severity of 

failure consequences delermines whether to assess the effectiveness ofUBM and CBM 

maintenance rules. Expressing the consequences offailures in quantitative terms like money 

is not possible, because qualitative factors like safety and environmental side effects also 

contribute to negative consequences of failures. 

Code: 25 extemal walls 

100 situation code, complete AS 

51 windows 

042 cleaning 

table 22.2 An example of the decomposition 

The relative importance of failures has been estimated by determining the levels of 

importance qualitatively. These levels ofimportance were approved by the owner ofthe 

building concemed. (see table 22.1). 

The researcher (a building engineer) established a list ofpotential failures for each "lowest 

decomposition level" component and estimated the MTTF's. For most failures this approach 

provided relative consistent data, given the fact that precise estimates are irrelevant due to the 

subjeelive nature of most ofthe identified failures. Some failures were identified solely 

because of certain statements listed in the strategie maintenance plan. After the identification 

of failures has been completed, suitable elementary maintenance rul es have been determined. 

Fortunately, for most failures all three maintenance rules are effective options. Selectinga 

maintenance rule then was merely a matter of following preferences listed in the strategie 

maintenance plan, i.e.: 

- UBM for all failures which require cleaning operations; 
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- FBM for all failures which have a constant faiture rate (no failures with a decreasing 

failure rate were identified); 

- CBM for all other failures. 

Some maintenance operations require a special set-up facility such as rolling-scaffolding or 

ladders. In this case, these set-up activities are rather insignificant in termsof resource 

requirements, additional planning and financial demand. Clustering and grouping of 

maintenance operations can be performed opportunistically in cases when rnaintenance 

operations are grouped and contracted out to a contractor. lt is expected that contracting out 

larger volumes of maintenance operations will enable the owner of the office building to get 

cheaper contracts. But in this case situation, the researcher was not in the position to negotiate 

with contractors in this matter, and therefore these positive cost effects could not be 

determined. All that is needed now in order to make a first budget extrapolation, is to 

determine costs for each type of maintenance operation. 

Table 22.3 shows the result of a part ofthe information gathered during the process ofthe 

tacticallevel. In order to perform an extrapolation of the maintenance operations specified in 

a maintenance concept preferred intervals for initiation have to be determined. In this case 

study, it was assumed that the preferred interval can be related to the level of importance by 

the following simple formula: 

Furthermore, it was assumed that the preferred interval reflects also the actual moment of 

initiation T •• ..., for maintenance rule i. The formula is used recursively, i.e. given a start 

moment subsequent initiation are derived. For the sake of simplicity, the probability of 

failures before UBM was initiated and the probability that an inspeetion that was carried out 

too late are assumed zero (perfect UBM intervals and perfect inspections). In addition, in this 

case CBM inspections were not particularly used to determine when a repair would be 

required, but to determine when modifications are to be initiated. In a sense, this eradicated 

all CBM from the maintenance budget to the investment budget. Therefore, CBM was also 

excluded from the extrapolation runs. 
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N.. ~ Am. ~ I. I_ ~ ~ 

25 280 15 171 190 21 8 15 6 12 

2 25 100 15 171 386 26 8 15 6 12 

3 25 100 31 328 25 78 8 16 9 11 

4 25 100 51 42 1 9,510 2 2 

5 25 100 52 40 1 2,000 1 

6 27 100 14 156 1 332 99 10 20 7 15 

7 27 100 31 211 215 131 15 30 5 25 

8 27 100 81 80 144 18 8 15 2 14 

9 27 100 81 90 144 30 24 30 30 

10 40 1 1 10,000 8 12 6 10 

11 

N.: id. number 

Code: a combination of the component code and the maintenance operation id. 

Am.: size or volume of object 

Tmin: lower limit for the interval of initiation 

TlllliX: upper limit for the interval of initiation 

LIMP: level of importance, the result of the sum of scores shown in table 22.1 

Texec; preferred maintenance interval 

MIMP: maximum level ofimportance (sum of maximum scores in table 22.1) 

Table 22.3 Excerpt of component failures list and the preferred intervals of initiation 

22.4.3 Detennining a maintenance budget 

The extrapolation of the maintenance rul es was perfonned straightforward, since all 

initiations were expressed directly in time units. The cost of each extrapolated maintenance 
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rule, including the estimated secondary damage, was estimated by using standardised prices 

tables of Misset [3]. 

In tigure 22.3 the results ofthe extrapolation basedon the estimations and assurnptions made 

in the initial maintenance concept have been visualised in a bar chart. Figure 25.3 shows that 

if the current maintenance concept is to be applied it is expected that in 1999 and in 2002 

expenditures are well above the average expenditures. In order to smooth the expected 

expenditures the causes of the oversboot must be analysed or the budgetting system must 

allow to build up the required resources. 

To change the estimated cost pattem the initial maintenance concept had to be revised. There 

are a few possibilities to review this maintenance concept. 

1) Remove maintenance operations 

Some failures caused a decrease in aesthetics only, and were considered of lesser 

magnitude. The failure consequences were regarcled negligible and therefore it was 

decided that no maintenance operations are needed. 
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Figure 22.3. The expected maintenance expenditures ifthe initia/ maintenance concept 

would be app/ied 
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2) Invest in improvements 

Insome cases it makes sense to modify parts ofthe building as soon as a need for 

maintenance arises. An in vestment in better materials is justitiabie if it reduces the need 

for maintenance in the long run. The extrapolation technique allows to estimate 

maintenance expenditures to make a trade-off between maintenance and moditication. 

3) Review the maintenance concept parameters 

Some maintenance intervals could be extended (sometimes up to 50% longer). Due to 

the subjeelive nature of many failures, extending maintenance intervals is more or less a 

matter of increased inconvenience. This resulted in a change the weighting of failure 

consequences (see also table 22.3). The results ofthis total review is shown in tigure 

22.4. 

4) Negotiate with contractors 

The strategie maintenance plan states that all maintenance activities should be carried out 

by contractors. A maintenance budget based on the extrapolation of maintenance 

activities can also be used to make long term contracts with contractors. Insteadof 

calling in contractors on a day by day basis only, now larger volumes ofwork in 

manageable proportions reduces planning overhead and risks for both parties, making 

long term contracts potentially cheaper. 

22.5 Conclusion 

In this paper an approach has been presented which is aimed at achieving realistic and 

acceptable maintenance budgets for buildings. The maintenance concept plays a vital role in 

determining a maintenance budget because it enables the management not only to identify 

potential future cost overruns, but also to assess alternative countermeasures well ahead of 

eventual faiture occurrences. 

The traditional metbod of extrapolation of past expenditures to delermine a budget cannot be 

applied for new buildings where no financial history, possibly of simHar buildings, exists. A 

systematic assessment ofthe reasons why expenditures are needed can be performed neither. 
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Figure 22.4 The expected maintenance cost levels, if the reviewed plan would be applied 

Further long term testing of the new approach is recommended to evaluate the performance of 

the proposed extrapolation techniques in terms of robustness, estimation errors and 

practicality. 
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Abstract 

This paper is basedon the results of a research project fimded by the Science and 

Engineering Research Council examining manpower modelling in building maintenance. The 

work was carried out between 1991 and 1993 by a multi-disciplinary team from the 

University of Sa/ford led by the author. The aim of the research was to test the feasibility of 

applying simu/ation modelling techniques to the management problem of deploying 

manpower within a complex building maintenance context: this was ejjècted using a single 

case study here good quality data was available. The results of the research showed that, 

although only a pilot scheme, a model using a simu/ation computer /anguage could he 

constructed which gave predictions about the ejjèct of changes in the building stock on the 

workload of speci.fic trades. 

ill Introduetion 

The Maintenance Research Group was forrned in 1989 at Salford University by Professor 

Christer: it is a multi-disciplinary group that is committed to exploring the potential for 

applying operational research techniques in wider areas. One ofthe first funded research 

projects to come out of this Group was devised by a team interested in building maintenance 

problems. The study was based on a single case study and attempted to apply simulation 

modelling techniques to a partienlar problem in building maintenance - the deptoyment of 

manpower in response to the maintenance demand generated by a range of building types. 

This two year project was a pilot study which sought to test the feasibility of applying this 

technique. In the course of the research, much was learnt about the process of rnanaging a 

complex building stock in relation to the manpower resources available to meet maintenance 

demand and a pilot simulation model as shown to work. 
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This paper looks at the background of the work, examines the methodology followed and 

reviews the results obtained: it examines both the usefulness and limitations of the results and 

suggest what further work should be carried out in this area. 

2.l1Definins Building Maintenance 

One of the objectives of the research was to develop an understanding of the nature of the 

process of manpower deptoyment in building maintenance and how useful operational 

research techniques can be in modelling these processes. The building maintenance process is 

nota discrete problem like a machine process and it is worth reviewing hat the differences are 

(Grimshaw 1987): 

- buildings are adaptable and their use changes over time 

- buildings can support many different uses at the same time 

- there is usually a delay between a fault happening and the consequential impact of that 

fault on the fabric or the use of the building. 

- buildings are usually designed to last at least sixty years, although the systems that go to 

make up the building fabric and services may have different life spans. 

The primary focus of building maintenance is the integrity ofthe technica! systems, whether 

they are passive like the building shell or active like a mechanica! systems. These systems are 

designed to meet eertaio performance criteria and the maintenance system should ensure that 

those performance criteria are met over time. In this respect the function of maintenance is 

clear and is like machine maintenance. However, the building and the technica! systems that 

make it up do not have any intrinsic value : their value is in the use they facilitate for people: 

individuals, groups and organisations. Each building has a value related to usage and as long 

as that use is maintained then the utility ofthe building is maintained. The real purpose of a 

building maintenance system is to make sure the passive and active technica! systems are 

functional and facilitate the use ofthe building. The problem is that buildings may have more 

than one use and that usage changes over time (de Bruyn and Martin). 
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In addition, the standards we expect of the utility buildings provide is constantly rising with 

each generation demanding and expecting higher environmental standards. The spur for this 

increase in demand is both technica! and social. Our expectations of the built environment 

rise as wealth rises over time - for example, central heating is regarded as an essendal today 

whereas twenty years ago it as a luxury. Therefore, in the short term demand for maintenance 

comes from the fabric of the buildings and its associated technica! systems: in the long run, it 

comes from the way the buildings are used - this may demand not only maintenance of 

technica! systems but changes and improvements (Grimshaw 1987). 

A cuerent example ofthis phenomena is the IT revolution in commercial organisations. As 

Becker shows, the demand for IT installations and the speed with which IT systems become 

obsolete has had a major impact on the way that office environments are maintained and has 

forced changes in maintenance policies which are nothing to do with the original fabric and 

technica! systems. The main lesson ofthis is not only that impravement is a legitimate part of 

the building maintenance function but also that the main souree of maintenance demand is 

primarily the way that buildings are used and not the way they are built. 

lt was therefore important in using a detailed case study that the souree of the demand for 

maintenance was examined and the relationship between utility and maintenance policy. 

Maintenance is a complex process with a large number of variables - this does not invalidate 

the use of quantitative methods but it does highlight the importance of using markers related 

to the quality of use in the way we assess the efficacy of operational research techniques 

applied to building maintenance. 

2lJ.MethodoloaY 

The methodology developed for this project was based on a study of previous work in this 

field including work by Christer, Mann and Bostock, and Geraerds. The aim of developing a 

simulation model as to understand the nature of the complex problem, to discover if it could 

be modelled, and to demonstrate that results predieled by the model could be used to enhance 

management decision making. This paper has already discussed the definition of the problem 

facing managers (and the results from the database section below will amplify this 
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understanding) but in modelling the process decision points and key variables had to be 

isolated. A preliminacy study had shown that whilst there as uncertainty about cause and 

effect within the building maintenance system there were clear organisational objectives. For 

this reason, a model oriented system was used with simulation techniques based on a 

non-optimising decision and representational model for exploring altematives. Simulation in 

this project was used in the sense of an experimental tooi with a model which "represents the 

intemal workings of a system where the operation of each individual part of a system is 

understood with the difficulty coming in working out how these individual parts will interact 

with each other" (Finlay). In the casestudy, the interaction is between the individual 

buildings, each generating a different demand for maintenance services, and the operatives 

with the skill each has to meet maintenance demand. This is a complex relationship requiring 

analysis and identification ofkey variables that highlight the interactions. Simulation 

approaches this problem by regarding each maintenance eventas a discrete entity with the 

active ingredients, the operatives, completing one activity and then proceeding to the next. 

The system examines the queues that form either in terms of backlogs or idle manpower 

waiting fora job (Aiavi and Henderson). 

The optima! strategy for a manager to follow would be to minimise workers downtime and 

minimise backlogs of work: the system prediets these. From these it can predict the effect of 

variations in conditions: either an increase/decrease in the building stock or increase/decrease 

in the workforce. 

The study was carried out using a single case study: this was because the main aim of the 

study as to test the applicability of simulation models to manpower planning. lt dependedon 

a large amount of high quality data being available which would give an acc~ate picture of 

how the case study operaled in terms of manpower deployment. The single case study chosen 

was ari educational complex in Oxford, UK, which was known to have the characteristics 

which wete favourable to the application. lt had a long established system of recording 

maintenarice work, a management with a long track record, a direct Iabour organisation of 27 

operatives, which was big enough to demonstrate the application of a number of trades yet 

small enough for a computer model to handle the data. lt also had a variety of buildings, 20 in 

all, with different profiles in terms of structure, age and usage (Grimshaw, Poole and Quinn). 
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It did not suffer from budgetary constraints and did not therefore suffer from the problems of 

poor information, backlogs and poor productivity that affect many direct Iabour organisations 

(Audit Commission). This allowed the team to study a case with the best conditions fora 

pilot study: a case study without these characteristics might have been skewed by the 

constraints and its results would have been questionable. 

The simulation model tracks the 27 operatives through a one year cycle. It identifies what the 

operatives were doing, where they were doing it and the nature ofthe work. This information 

was gathered initially from weekly abstract sheets recording the hours Iabour spent under 

each costing code. However, when it was shown that a large percentage of Iabour was 

recorded under sink codes for general repairs, an analysis was made of the actual time sheets 

and most ofthe bidden information has revealed. This information was entered into a 

relational database, using Paradox IV, where the information as recorded under the following 

fields: 

- the trade ofthe operative involved 

- the start time and date of the job 

- the jo b's duration in hours 

- the job's location 

- any overtime hours allowed 

- whether the operative was using his specific skill or multi-skill 

- whether the job as repair, impravementor a mixture ofboth 

- whether it was crisis work or planned. 

The database was used to feed the simulation model using the simulation language ECSL+. 

This was regarded at the time as the most effective software: it featured an interactive front 

end CAPS and an ability to operate on a stand alone PC which was considered a vital 

attribute if it the system was to be used as decision support tooi in the field. ft allows entities 

within the activity cycles to be given attributes which define the way they behave. The 

conventions observed are that a queue lies between each activity and each entity follows an 

activity cycle of activity-queue-activity etc. ECSL+ was developed to simulate machine 

operation and one ofthe key issues was whether or oot it could be applied to more complex 

building maintenance problems. Two assumptions were made: 
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I) owing to the compactness of the site travelling time between locations was zero 

2) the current situation with no backlogs and no idle time represents an i deal situation 

whereby the workings ofthe system can be viewed as being without bias. (lt might then 

be used as a benchmark for future studies). 

The site was split into 20 locations with each location having 11 work generators, one for 

each trade type. The tradesmen are classified by their skill and any worker with the 

appropriate skill can be activated to meet demand. The jobs were prioritised and the model 

deals with them in the following order: crisis jobs, specifically budgeted individual jobs, day 

to day repairs and planned preventative maintenance (PPM) - these jobs are generated in a 

variety of ways. 

Using the operation of the case study organisation, the model was constructed as follows : 

jobs are generated and arrive into a backlog queue in three ways; PPM and specific jobs with 

their own code are determined at the start of the year and arrive en masse; small day to day 

jobs are picked up on a day to day basis; crisis jobs, which arrive at a negative exponential 

rate, can occur at any time and require immediate attention. On arrival each job is assigned a 

number of attributes: the trade required to carry it out; its priority viz. a vie other jobs: its 

duration; and its location. Jobs are taken from the backlog queue in order of priority and are 

matebed to the correct operative if one is available. The job activity is then carried out with 

the entities of the operative and the location being present. On completion the worker is 

retumed to the idle state to await a further job. The structure of the database reflects the needs 

of this system. 

The model simulates 27 workers in 11 trades performing 4 types of job on 20 ·sites. The data 

required to produce the histograms from which jobs are generated would have required the 

software to deal with in excess of 3000 entities: in reality the software could only deal with a 

maximum of 1000 per class and therefore the only way to run the simwation as one trade at a 

time. Weibull distributions were used to produce the duration of the job depending on its 

specified type, site and trade requirement. Further data input was required : the negative 

exponential value used to generate the time between crisis job arrivals; the expected number 

of planned maintenance jobs per year and the expected number of specific jobs per year. Each 
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of the last three bas a corresponding standard deviation data en try to allow a nonnal curve to 

be produced enabling fluctuation in these nurobers to occur. Until the database can be 

expanded to cover a longer period and the most appropriate distribution emerges, the nonna) 

curve was deemed to be the best to use. 

The model was tested by simulating the effect of the addition to the building stock of a new 

building. Fortest purposes only, it was given the attributes ofthe last building to be 

constructed on the site - a 154 bed building for students with social facilities on the ground 

floor which was completed in 1975. 

The general applicability of the results must be treated with some caution because they are 

from a single case study and the data only covers one year of operation: it must be 

emphasised that the primary aim of the study was to detennine whether a simulation approach 

would workat all. However, even ifthe results are indicative only, some useful insights have 

come from the outcome of the simulation runs and from the output from the database. 

23.4.1 Database 

Whilst the main purpose of the database was to feed the simulation model, its structure and 

its output provided infonnation about the nature ofthe maintenance problem. In particular it 

gave a useful insight into the nature of the work of individual trades, about the distri bution of 

the types of work being undertaken and about the maintenance demand generated by each 

buildings. 

Four areasof output from the database are worthy of mention : 

- Average job length by trade 

Figure 23.1 shows the average lengthof job by trade and there is a wide variation. 

Electricians and plurobers require a new job every 3 and 5 hours respectively whilst 

bricklayers, painters and rnasans average around one job per week. There are clear 

implications for the deptoyment strategy with electricians and plurobers requiring a higher 
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degree of management input whilst the other trades require less and could more easily be 

replaced with contract Iabour. 

- distri bution of trades between building of different age 

Figure 23.2 shows the distribution of trades between building types, with the buildings 

classified into three bands by age. These are effectively maintenance demand profiles and 

show interesting differences and similarities. For example, the work for carpenters is high 

in all three types but plasterers have little work to do in the modem buildings but a great 

deal in Victorian buildings. Plumbing work features in all three but is highest in the 

modem buildings with their more extensive and sophisticated plumbing and heating 

systems. lfthese pattems holdover time they provide invaluable information on the effect 

on maintenance demand if there are changes in thebuilding stock. 

- overtime pattems between trades 

Figure 23.3 shows the average amount of overtime per trade operative. This shows the five 

painters with over 300 hours of overtime each in the year whilst the roofer has hardly any. 

As overtime gives the manager flexibility in how he deploys Iabour, this provides a useful 

indicator ofthe trades under pressure and the ones where either contract Iabour might be 

brought in or an extra operative hired. 
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- average duration of job by category ofwork 

Figure 23.4 shows the average job length by category of work with three marked variations 

- improvement work has an average length of 16 hours per job, repairs have 10 hours and 

planned maintenance 5 hours. If this relationship holds true over time it has implications for 

deployment strategy with improvement work being easier to let out to contract Iabour than 

the other to categories. 

Figure 23.4 also gives the overall proportion ofwork by type, with repairs being 60% of all 

work. What this tells us that demand is driven predominantly by the building fabric and that 

usage drives about 30% of the maintenance work. On the face of it this contradiets earlier 

statements about usage driving maintenance. However, the result is not surprising hen it is 

considered that all the buildings are Grade One listed and form an important part of the 

nations architectural heritage. In this respect they are unusual and the conservation of the 

fabric is a major element ofthe building maintenance strategy. 
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WorkType Average Duration of Jobs Proportion of T~ 

Planned 4.58 hrs 10.16% 

Repair 10.27 hrs 60.62% 

Mixed 14.86 hrs 11.77% 

Impravement 15.90 hrs 11.42% 

Other 6.62% 

Figure 23.4: Extent ofWork and Average Duration of Jobs by Work Category 

23.4.2 Model 

The simulation model has been used totest the effect on five trades ofthe extension ofthe 

portfolio ofbuildings by a new building. Fortest purposes the new building has been given 

the same characteristics in terms of size, use and construction as the last addition to the 

building stock. This was a realistic scenario as the organisation had just commissioned a 

similar building. The trades selected were electrician, plasterer, joiner, carpenter and plumber. 
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The results presented represent I 2 simulation runs carried out for each trade The model 

prediets the following : 

321 

- Figure 23.5 shows the effect ofthe new building on delay time for each trade (defined as 

the time between the initiation of a job and its completion). It shows an increase in delay 

time for all the trades except the joiners. 
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- Figure 23.6 shows the effect on downtime by trade, or the amount of time the workers in 

each trade are idle. It shows that all the downtime for the plasterers, electrician and 

plumbers disappears and that for the carpenters is much reduced indicating a rise in their 

workload. The joiners downtime is hardly affected. 

- Figure 23.7 shows the number of jobs delayed into the next time period (that is jobs which 

are initiated in one time period. in this case a year, but delayed into the next). The effect of 

the new building is to increase the number of jobs delayed for all trades exceptjoinery, 

with plastering and electrical work increasing the most. 

The overall impact ofthe new building, summarised in figure 23.8, shows different patterns 

for different trades. In terms of the delay time, the percentage change in the total delay time is 

shown as being unchanged for the joiners, with modest increases of around 10% for plumbers 

and carpenters work but with large increases of 43% and 57% for electricians and plasterers. 

Similarly, the number of jobs delayed into the next time period shows no rise for the joiners, 

small rises of 15% and 23% for the plumbers and carpenters respectively but a large increase 

of 81% in the plasterers jobs being delayed and 96% for the electricians. As figure 23.6 

showed, the downtime or the lengthof time workers are standing idle is reduced to zero for 

all trades as the work generated by the new building absorbs their time, except the joiners 

whose downtime marginally increases. 
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Are these results useful? They clearly indicate that the new building does not generate any 

new work for the joîners but does generate maîntenance work for the plumbers, carpenters, 

plasterers, and electricians. This may be obvious to an experîenced maintenance manager but 

what the model does indicate is the scale of the problem for each trade. This is important 

when one considers the options open to the manager. In response to the increased 

maintenance demand he has three options : 

- increase overtime 

- employ new workers 

- employ a contractor 

By comparing the increase in the number of jobs delayed with information contained in the 

database on the number of jobs each trade carries out and the average length of job, a rough 

guide to the number of extra hours generated by the new building can be calculated. For 

example, the increase in the number of jobs delayed for the electrician into the next time 

period is 80 which, with an average job length of 2.94 hours, means around 230 hours of 

backlog being built up. This could be dealt with by giving 5 hours of overtime per week. On 

the other hand, the increase in the plasterers work would lead to a backlog of over 1000 

hours: this represents almost half a man year and cannot be covered by overtime with only to 
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plasterers available. lt can only be dealt with by hiring a contractor to cover the extra work or 

perhaps employing a multi skilied tradesman who could do plastering. Any higher total 

backlog would have justified the employment of another plasterer. So, even in this embryonic 

form, the information can be seen to be an aid to management decision making. 

2l_iÇonclusions and Forther Research 

The results suggest that simulation modelling can successfully be applied to building 

maintenance problems and produce an output which is useful in the decision making process. 

However, the study had severe limitations in two respects : first, the single case study was an 

unusual situations free of some of the distortions recognised to affect building maintenance in 

the UK; secondly, the limits of the software meant that the whole scenario could not be 

addressed in one go could and testing of the model as severely limited. The results are 

indicative and mainly demonstrate that the model works: however, potentially they do give 

maintenance managers information about the impact of different scenarios and, importantly, 

some idea ofthe scale ofthe work generated. This information would be hard to glean in any 

otherway. 

The methodology developed does point the way to further work which could be carried out. 

In the short term, the existing database needs developing to accept at least three years worth 

of data both to increase the validity of the database information and improve the output of the 

simulation model. The software needs to be improved to handle larger amounts of data. Once 

this is done the following scenarios can be tested : 

In respect of the trades 

- the effect of buying or commissioning new buildings 

- the effect of selling buildings 

- the changing characteristics ofbuildings 

In respect of the buildings 

- the effect of increasing maintenance staff 
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- effect of reducing maintenance staff 

• the effect of employing zmore/less contract labour 

In the longer term, the model needs to be tested in a wide variety of settings to establish its 

validity as a legitimate tooi in the decision making process of building maintenance 

managers. 
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Abstract 

R. Dekker 
C. van Winden 

In this paper we develop Markov decision mode Is for building maintenance at a strategie 

level. Through a g/obal modelling of deleriora/ion we are able to determine the maintenance 

po/icy that ensures a specified average quality level at minimal costs. The method is 

demonstraled in a case study for jour main building e/ements, viz. masonry, pointing, window 

frames and painting of buildings owned by a building society. Finally, the methad is ab/e to 

produce a trade-off curve between overall quality level versus the minimum required level of 

maintenance costs. 

IDintrodyçtion 

The Dutch Govemment Buildings Agency (RGD, Rijksgebouwendienst in Dutch) is 

responsible for the maintenance of some 3000 state-owned buildings with a reptacement 

value of about 20 hiliion guilders and an annual maintenance budget of some 125 million 

guilders. Every two or three years the condition of each building part is determined by 

inspeetion and classified on a six point scale, where "1" represents an excellent condition and 

"6" a very bad one. This classification has been introduced mainly for the purpose of 

uniformity and objectivity, so that inspections made by different inspeetors create a clear 

picture ofthe quality of all RGDbuildingsin the country. Present day information systems 

can use these data to indicate future maintenance costs fora given policy. They lack however, 

the capability of comparing various policies on resulting maintenance costs and building 

quality. 

Th is paper represents the authors private apinion only and does notclaim to retlect a RGD policy. 



328 Building Maintenance 

In this paper we present a feasibility study of the use of operations research models for 

rationalising building maintenance. We develop Markov decision models with which for each 

building component a discounted-cost optimal maintenance policy can be determined. By 

taking a weighted average over all components, insight can be given into the maintenance 

budget needed to maintain an overall quality measure. The modeHing and the case study was 

stimulated by the paper by Golabi et al. [1982] on road maintenance. The difference with that 

paper lies in another modelling of deterioration, the use of quality indices and the strategie 

scope of the model. No other papers on building maintenance use such an approach. Christer 

[1982] for example, focuses on inspections for building maintenance, which is more 

appropriate for the operationallevel. 

The structure of this paper is as follows. In section 2 we discuss the problem in more detail 

and present two Markov decision models. Numerical results are given in section 3 and a 

discussion of the approach is given in section 4. 

24.2 Model formulation 

Any building consists of many parts. As our aims are strategie in nature and not building 

specific, we will group parts into generic components having similar functional and 

deterioration characteristics. Examples are masonry, pointing, wooden window frames, 

painting, etc. One may apply a further subdivision, but that will not be done here. The 

subdivision corresponds to the one used in the inspeetion system applied by the RGD. 

In principle the process of deterioration and performing maintenance can be modelled by a 

semi-Markov decision process, which we will present below. This way of modelling has 

some shortcomings, yet it is quite instructive. To overcome these we also model the problem 

as a discrete-time Markov decision process. For notation and a description of Markov and 

semi-Markov decision processes the reader is referred to Ross [1970]. 

The objective ofthe modelsis to give insight into the relation between yearly maintenance 

costs and the quality of the buildings, both on a short as well as a long term for the present 

building inventory. The long term is needed because ofthe long lifetime ofbuildings and a 

short term one because ofthe budget constraints imposed on the RGD by higher government. 

Major decisions like acquisition and selling ofbuildings is not included in the models. 
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24.2.1 Formulation ofthe building maintenance problem as a semi-Markov decision process 

As mentioned before the state of a building component at inspeetion is classified on a six 

point scale. This scale is ordinal. So the state space E of each component can be 

denoted as 

E = {1, 2, ... , 6} (l) 

The effect of maintenance is also expressed in this scale. We assumed that in any state there 

exists a maintenance action which takes the component to any better or equal state. Next to 

that there is the no-maintenance action by which the state deteriorates eventually by one 

point. Hence for each component the set of possible actions A(i) in state i is given by 

A(i) = {1, 2, ... ,i+ 1 }, i =1, ... ,5, (2) 

= {1, 2, ... , 6} ' i= 6. 0 

The corresponding transition probabilities py(a) are 

p··=I,j=a) 11 • i,j e E,a e A(i) 
P ··=O J=l!a l) • 

(3) 

The residence time for building component c in state i ifthe next state isj, was modelled by a 

deterministic value Tij The motive was to keep the model simple and no data was available 

on a residence time distribution. Besides, for the average cost criterion in a semi-Markov 

chain only the expected residence time is of importance. Since the average case can be seen 

as a limit of the discounted case with interest rates going to zero, we expect only a small 

influence ofthe residence time distribution in the discounted case for smal! interest rates. 

Even in the case of a maintenance action there is a nonzero residence time, representing the 

time needed to be sure about the state and the preparation and planning of the work. The 

residence time depends on the component, its state and the type of action (none, preservation 

or improvement) taken. In formula, 
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where TBC"(i), TZCC(i), TGO"(i), are given values for state i and component c. The 

(discounted) immediate costin state i for building component c if action a is taken equals 

cc (i, a)= a Tij-I Kc(i,j)Q(c),a ~i } . . E A(') 
l,] E ,a E l 

=0 ,a=i+I 
(4) 

where Kc(i,j), i= I, ... , 6,j ~i are the costs per unit (e.g. square metres) of building 

component c to bring the component from state i to j and Q(c) is the total quantity of 

component c. The costs Kc (i,j) are discounted with a factoraTij-l because the maintenance 

costs are incurred when state i is Ieft by component c, instead of immediately after entering 

state i as is generally assumed in a (semi-) Markov decision process. 

Let M denote the set ofpossible transitionsin the semi-Markov decision process, i.e. 

M = { (i,j) E ExEI3a E A(i): Pij(a) =I}= {(i,j) E ExEij E A(i)} (5) 

In this paper we assume independenee of deterioration between the building components 

(which is not appropriate for painting and the wooden window frames, but modelling that is 

difficult and left fora follow-up study). An optimal policy for the discounted cost 

semi-Markov decision process with restrictions on the discounted state frequencies, can be 

found by solving the following LP-problem (Kallenberg [1983] and Van Winden [1993]) 

min L L aTij-IKc(i,j)Q(c)x~. 
CE C (ij)E M l] 

s.t 

j~i 

l: 
iEE: 

(j,i)EM 

x~.
Jl 

~ c r,. Re C. E .L. X .. a •J = p . , C E ,J E 

ieE: 11 1 

(ij)EM 

L L q\x~.~bk,k=I,2, ... ,k0 
CE C (ij)E M l] l] 

x ij 2: 0, c e C, (i,j) E M 

(6) 
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where Cis the set of components, qijk' (i,j) e M and bk are any coefficients in constraint k, k 

= l, ... , k0 and Pj. je Eis taken as the initial distribution for component c. Pf and xij can 

be interpreted as the fraction of components c that start in state i and where actionj is taken 

respectively. 

24.2.2 Evaluation ofthe semi-Markov decision modelling 

In reality, building components are likely to reside already some time in the state in which 

they are at present and hence they will transit earlier than building elements which just 

entered a state as is assumed in the model (6). Another problem is that the semi-Markov 

decision process formulation does not allow to incorporate yearly budget or quality 

constraints. To overcome these problems we present an equimvalent Markov decision model 

in the next section. 

Golabi et al. [1982] use an average cost Markov decison process (MDP) todetermine a long 

term average optimal policy and a time-dependent discounted MDP to model the convergence 

towards the long run policy. In the latter MDP the year is incorporated as part ofthe state 

variable. They require that at the end ofthe time horizon in this MDP the state frequencies 

correspond to the ones derived in the average cost MDP, with some rather arbitrary set 

margin. Although Golabi claims that this works well, we did not follow it in our case, since 

the costs over the time-dependent part strongly depend on the length of the time horizon and 

the margin. In case ofbuildings it may take a much longer time to reach a preferred state 

distribution than the 10 years used by Golabi et al. Hence we decided to use one model with 

the discounted cost criterion. 

24.2.3 An equivalent formulation ofthe problem as a Markov decision process 

The semi-Markov decision process was transformed into a Markov decision process by 

extending the state space with the residence time. As time step we take one year. 
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Let T! = max {r:.} then statespace for component c in the Markov decision processis 
1 jeA(i) lJ 

defined as 

Ec = {(i, s)II :s; i :s; 6, I :s; s :s; Tf} 

The action set in state (i,s) is extended with a dummy action ad tobring a component from 

year s in condition i to year s +I in condition i: 

where 

Bc(i,s)= {l, ... ,i-1}, ijs= TBCf, 

={i}, ijs= ncf. 

={i+l}, ijs=TGO~ 
l 

indicates the set of actions for year s in condition i for component c. The transition 

probabilities for component c in the Markov decision process are 

pfsJt(a)=pij(a) ijt= l,ae Bc(i,s)} 

= l ijj=i,t=s+I,a=ad (i,s),(j,t)e Ec,ae Ac(i,s) 

= 0 elsewhere 

The immediate costs are 

=cc (i, a) ij a E Bf(s),(i,s) E Ec,a E Ac(i,s) 

= 0 else 

An optima! policy for the discounted cost Markov decision process with restrictions on the 

discounted state frequencies can be found by solving the following LP-problem 

min L L Kc(i,j)Q(c)x~ .
1 

CE C (i,sJ,t)E Me: lS) 

j$i,t=I 
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s.t. L x~. -a L x~.=~~. cE C,jE E,t=1, ... ,T?
1
. 

( . ) Ex,.,. jllS (, ) Ex,.,.. lSjt ]I 
l,S E t.'l : l,S E ~>'~. 

(j,t,i,s)EM< (i,sJ,t)EM< 

:L :L q~ ·re~ .1 sbk,k= L .. ,k0 
CE C (i,sJ,t)EM< lS] lS] 

xfsjt ;;:: 0, c E C, (i, s,j, t) E Me 

with 

Me= { (i,s,j, t) E Ex N x Ex NI ( (i,j) E MA s =Tij At= 1) v ~=i As= t- 1 A 1 < t '5: Tf)} 

the set of possible transitions in the Markov decision process for component c. The decision 

variabie xfsjt indicates the percentage of time building partcis in state (i,s) and actionj is 

chosen, yielding as new residence age t. Now by the initial distri bution ~ft' jE E, t = 1, ... , 1'j 
various initial residence times per state can be implemenled for component c. Notice that this 

model can be extended by incorporating the year in the state description, thus allowing the 

formulation of yearly budget constraints. This was left for further research as it increased the 

statespace considerably. Notice that besides the minimisation ofthe costs to guarantee 

certain average condition levels it is also possible to determine the best condition level for a 

given budget. 

24.3 Results 

In this section we give results of a pilot study in which the Markov decision model was 

applied to four building components. The idea was to show the results the models could offer. 

Few data on costs and residence times were available, as the information system with the 

state conditions was set-up only recently. Hence most parameters arebasedon expert 

judgement. As discount factor we use a= 111.05. The following tables show the input. 

Table 24.1. Reptacement value r(c) in Dfl per m2 of a building component 

componentc r(c) 

MASONRY 400 

POINTING 60 
WIND _FRAMES 600 

PAINTING 45 
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Tab ie 24.2. Building quantities Q(c) per component in m2
: 

componentc Q(c) 

MASONRY 3S3102 

POINTING 382471 

WIND FRAMES 118S04 

PAINTING 176280 

The costs associated to the various maintenance actions are expressed as a percentage of the 

replacement value ofthe building components maintained, i.e. Kc(i,j) = dc(i,j)r(c). 

They are shown in table 24.3. 

Tab1e 24.3. Maintenance costs, expressedas percentages dc(i,J) ofthe reptacement value for 

various actions: 

component c t 1 2 3 4 s 6 

1 2 

2 4 2 

MASONRY 3 1s• 4 2 

4 20 1s• to• to• 

s so• 40• 2S• ts• to• 

6 so• 70• so• 30• 20• to• 

1 6 

2 12 9 

POINTING 3 36• 21 20• 

4 70• 66 so• 30• 

s ss• 78• 6S· 40• 20• 

6 too• 90• so• ss• 2S· to• 

1 6 

2 10• 4 

WIND _FRAMES 3 20• 12 to• 

4 40• 33 20• ts• 

s 70• 4S• 30• 20• ts• 

6 1oo• so• so• 30• 20• 10• 

1 40• 

2 60 4S• 

PAINTING 3 89 ss 42• 

4 uo• 94 46 30• 

s 121 uo• 70• 40• 2S· 

6 134 120• ss• so• 30• 10• 
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Table 24.4. Residence times for the building components 

component c Residence Condition i 
time1 

1 2 3 4 5 6 

TBC(l) 5 8 11 15 18 
MASONRY TZC(l) 9 19 32 45 58 71 

TGlY(i) 11 24 40 56 73 

TBC(l) 2 4 6 7 9 
POINTING 1ZC(l) 5 10 16 23 29 35 

TGlY(i) 6 12 20 28 36 

TBC (i) 2 4 6 7 9 
WIND _FRAMES 1ZC(1) 5 10 16 23 29 35 

TGlY(1) 6 12 20 28 36 

TBC( i) 1 1 1 1 2 
PAINTING TZC(1) 1 2 3 4 5 6 

TGlY(i) 1 2 4 5 6 

inyears 

Only for some actions cost data were available; the other data were estimated (indicated by an 

asterisk). Notice that there are some inconsistencies in Table 24.3 (taking action 5 in state 6 

for window frames and next action 1 in state 5 is cheaper than taking directly action 1 in state 

6), but that did nothave an influence on the optimal strategy. Tab1e 24.4 gives an overview of 

the residence times for each condition ofthe building components, where TRV denotes the 

total reptacement value. Although the condition directly indicates the quality, it cannot be 

used to express an average quality (it uses an ordinal rather than a cardinal scale). Por that 

purpose the RGD uses an overall quality index OQI which is a transformation ofthe 

conditions in the following way. 
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Table 24.5. Inspeetion data at the end of 1992. 

component quantity Cond1 Cond2 Cond3 Cond4 Cond5 Cond6 TRV2 

I 

MASONRY 353102 31.2% 46.1% 17.3% 5.4% 0.0% 0.0% 141241 

POINTING 382471 29.7% 49.8% 17.8% 2.8% 0.0% 0.00/o 22948 

WIND _FRAMES 118504 26.9% 44.5% 25.8% 2.8% 0.0% 0.0% 71102 

PAINTING 176280 10.4% 32.4% 22.5% 25.8% 8.9% 0.0% 7933 

Total 243224 

in 1000 Dfl 

Table 24.6. Conversion table, 

Condition Quality index Example: 

1 0 OQI MASONRY at end 1992 (see table 24.5): 

2 

3 

4 

5 

6 

0.02 

0.1 

0.3 

0.6 i 

1 I 

contribution cond. 1: 0.312 • 0.00 = 0.000 

contribution cond. 2: 0.461 • 0.02 = 0.009 

contribution cond. 3:0.173 • 0.10 = 0.017 

contribution cond. 4: 0.054 • 0.30 = 0.016 

Overall quality index OQI: 0.043 0.043 

OQI 

0.043 

0.036 

0.043 

0.16 

0.046 

Assuming a uniform distribution ofthe building elements over the residence times in a 

eertaio condition (assuming the residence times under the no maintenance action) yields the 

following initial distribution for the Markov decision chain. 

Table 24.7.Starting distribution ofthe building components (s = l, ... ,rf ): 
componentc ~Is ~2s ~Js ~4s ~Ss ~Ós 
MASONRY 0 0.019211 0.004331 0.000956 0 0 

POINTING 0.049422 0.041486 0.0089 0.000987 0 0 

iWIND_FRAMES 0.04487 0.037082 0.012885 0.001003 Oi 0 

IPAINTING 0.104107 0.162049 0.056178 0.0516 0.014848 0 

Using the GAMS package it is easy to solve the Markov decision model. Results for painting 

are given in table 8, which also shows the expected state frequencies for the coming twenty 

years • a time period of interest to policy makers. The computation times were in the order of 
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60 sec. on a 386sx PC (when a separate program was used to simulate the first twenty years). 

The optimal policy is randomised in order to satisfy a constraint on OQI of at least 0.16: 

91.3% ofthe buildings components follow the cycle 3-?4-?3 whereas in the remaining 8.7% 

the cycle is extended to 3-?4-?5-?3. The action 5' -?5 is taken only for those components 

initially startingin conditions 5 with a too high residence time to take the action 5-?3 (this is 

a consequence ofthe modelling). Once brought back to state 5 they follow the sameroute as 

the optimal policy and are brought back to state 3. The action 6'-?3 pertains only to 

components initially in state 6. 

Table 8. Forecasted state frequencies for painting. 

year 1 2 3 4 5 6 OQI costs1 optimal policy 

1993 10.4 32.4 22.5 25.8 8.9 0.16 284 4-?3 91.3% 

1994 26.6 39.3 21.5 11.1 1.5 0.191 586 5-?3 100% 

1995 10.4 61.6 16.9 9.6 1.5 0.187 686 5'-?5 100% 

1996 79.7 12.2 8.1 0.165 586 6'-?3 100% 

1997 85.8 7.5 6.6 0.148 556 

1998 75.2 24.4 0.4 0.151 771 

1999 68.1 31.4 0.5 0.165 959 

2000 70.5 29 0.5 0.161 816 

2001 80.8 18.7 0.5 0.14 419 

2002 80.3 19.3 0.5 0.141 419 

2003 70.6 27.4 2 0.165 804 

2004 65.6 32 2.4 0.176 1002 

2005 69.7 28.2 2.1 0.167 851 

2006 80.7 18.3 1 0.142 431 

2007 80.7 18.2 1 0.142 431 

2008 71 27.2 1.8 0.163 802 

2009 65.8 31.9 2.3 0.175 999 

2010 69.8 28.3 1.9 0.166 847 

2011 80.7 18.3 1 0.142 430 

2012 80.7 18.3 1 0.142 430 

i 2013 71 27.2 1.8 0.164 
I in 1000 Dfl. 
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The average cost and quality over the first 20 years amom1ts to 655,000 Dfl and 0.160 

respectively. Notice that the results indicate some periodic behaviour: the action 4~3 implies 

that painting is done every five years and the action 5~3 implies painting every lO years! 

Such a periodicity is the consequence of assuming constant residence times in the conditions 

Wlder each action. Theoretically it can be removed, but this was left for further research. The 

procedure can be repeated for each value of the overall quality index OQI. Figure 24.1 shows 

the relation between the average maintenance costs and the resulting overall average quality 

index for the first 20 years. 

Table 24.9 presents results on a run ofthe modelwithall four building elements, with a 

constraint on the discom1ted OQI of all components separately. 

3500 

3000 

2500 

2000 

1500 

1000 

500 

Trade-off between costs and quality 
painting 500 buildings 

average rnaintensnee costs On 1000 011} 

0 ~--~--~--~~--~--~--~----~--~ 
0 0.02 0.05 0.1 0.15 0.2 0.25 0.3 0.35 

average overall quality index 

Figure 24.1 

Table 24.9.0verall results with individual quality constraints 

component constraint average OQI for 20 average costs1 for 20 
years years 

MASONRY 0.043 0.051 175 

POINTING 0.036 0.04 235 

WIND _FRAMES 0.043 0.048 371 

PAINTING 0.16 0.16 655 

Total 0.053 1437 

in 1000 Dfl 
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When we impose an extra constraint on the total average long term discounted OQI of0.043, 

the results change, see Table 24.1 0. Notice that the achieved OQI over the first 20 years is 

higher, because it takes more time before the limiting distribution is reached. Notice that the 

associated costs are higher than those in table 24.9. 

Table 24.10. Overall results with an overall quality constraint. 

component constraint average OQI for 20 average costs 1 for 20 
years years 

MASONRY 0.043 0.05 187 

POINTING 0.036 0.04 235 

WIND _FRAMES 0.043 0.04 427 

PAINTING 0.16 0.16 655 

Total 0.043 0.05 1505 
in 1000 Df1 

24.4 Discussion 

The following remarks can be made on the results of the model. 

- The indicative results show that it is possible to give estimates of the future maintenance 

costs required to maintain certain quality levels. 

- The optima! policies are driven by the quality constraints as no costs of operating at low 

quality levels are incorporated in the model. If the quality constraints are absent it is 

optima! to follow the 6~6 policy. 

- As a discounted cost formulation is used only restrictions on discounted and not on 

average quality levels can be imposed. The limiting state frequencies therefore depend on 

the initia! qualities. This is a drawback of a discounted cost formulation and it is an open 

question how this can be resolved using an LP formulation. 

- The obtained policies should not be seen as the ones which should be implemented. It may 

not always be possible to achieve a partial renewal, nor is combination of maintenance 

taken into account. 

- The yearly state frequencies vary substantially. This is caused by the deterministic 

residence times in the conditions and can hopefully betaken care ofby making them 

slightly stochastic. 
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On the rnadelling side some problems come forward when the model is extended to 

incorporate more realistic aspects. Modelling deterioration dependendes between protective 

components (e.g. painting) and protected components (e.g. window-frarnes) leads to very 

large state spaces for which the Markov decision models are difficult to solve. Moreover, it is 

difficult to estimate the parameters of the interaction between the condition deterioration of 

various components. Incorporation of yearly budget constraints is straightforward, but creates 

larger state spaces as well. 

2.4,2 Conclusions 

The model presented in this paper gives insight into the relation between average 

maintenance costs and the achieved level of quality. Illdicative results are given for four main 

building elements. Both an optimal policy and aprediction of the yearly costs are outputs of 

the model. As present results depend on expert judgement, statistica! analyses are needed to 

produce more reliable data. Given such information, the model could be used to allocate 

budgets over various regions and to support in claims for the budget required to obtain a 

desired level of quality. More research is needed to model dependent building components, 

such as painting and to incorporate short-term budget constraints. 
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Dermition, Scope and lmportance of 
Product Support 

25 

illintroduction. 

A.J.L. Bergmans 

Product support is about services which accompany a physical product, for example 

maintenance and repair services. This paper will outline the scope of product support. Of 

course the exact content ofthe product support function in a given practical situation will be 

different depending on the specific product itself, the market situation and the strategy of the 

company involved. After outlining the field of interest, I will give a short overview of the 

kind of research I would like to continue. 

2.i1Defmition and scQpe. 

This section will show that a close study of the scientific and managerialliterature on product 

support reveals a Babel-like confusion in terms and definitions. The term "customer service" 

is especially confusing and should preferably not be used. Any definition of product support 

can only be completed with a descriptive overview of services directly and indirectly rendered 

to the customer. The importance of each ofthe activities mentioned above will be different 

depending on the kind of product, the market and the competitive environment. 

The direct goal of product support is helping the customer to realize the maximum utility 

from the product during its life-cycle. 

However as a demarcation of what product support is and what it is not, the general intention 

of the activity is a better criteria as some services could be both rendered pre-sale and 

post-sale. The condusion is that whether a service activity is considered product support 

depends more on the general intention of the activity than on the moment that the service is 

rendered. Product support activities can be categorized further based on their basic function. 
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25.2.1 A Babel-like confusion. 

There appear to be many synonyms for and definitions of "product support". The following 

terms are currently used: post-purebase support, product-service, after-sales-service, after-sale 

support, post-sale support, after-delivery service, field service (support), product service, 

technical service, customer (maintenance) service, product support, technical support, 

customer support, customer service and support, post-sale maintenance or just service. 

The use of undefined terms may cause confusion in practice and research. The widely used 

term "customer service" is sometimes used to indicate product support services but may also 

he used to indicate almost any service rendered by a supplier to its customers. Some examples 

will illustrate this (Armistead et al., 1992, p. 7). 

- "Customer service" often refers to the general area oflogistics or physical distribution. The 

focus is upon the order processing and physical distribution function in cases where the 

product is the primary output (e.g. Christopher, 1972, p. 4). 

- Furthermore "customer service" refers to the process of direct person-to-person interaction 

between the service supplier and the customer during the processof service delivery. Here 

personal service is described. 

- Other authors describe the term "customer service" very broadly. For example: "Customer 

service is the set of activities performed in a company that interact with its customers, to 

ensure their satisfaction with the company's products or services. Managing the activities 

necessary to support the sales efforts before an order is taken, to control the proper 

processing of the order throughout the company until the goods are delivered, and to 

provide the support needed to make certain that the product renders the promised service 

throughout its usefullife constitutes the total spectrum of customer service activities in a 

company." (Bender, 1976, p. 1) 

The first two definitions mentioned above are not very precise but do at least indicate what is 

meant. The first meaning is (high quality) distribution logistics. The second meaning is (high 

quality) customer handling skilis and is mainly used in articles on banking, travel agencies, 
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hospitals and the like. The third definition is very broad. The many terms create a Babel-like 

confusion ifnot clearly explained. We will use the tenn product support from now on and 

define the tenn as precisely as possible. 

25.2.2 Pre-sale and post-sale. 

Suppliers of products render a wide spectrum of services during the whole transaction with 

the customer. A categorisation of services can be made along different criteria like: 

chronogical sequence (time), what is the general intention ofthe service (intention) and what 

is the basic function ofthe service (basic function). 

A simpte di vision in time is: pre-sale services and after-sale services (Samli, 1992, pp. 

37-38). Others, for example Bender (1976, p. 6), define three stages: pre-sale, during order 

processing and after-sale. Order processing is referred to as the "order service cycle"; the total 

cycle is called: "customer service cycle". This division in stages is equivalent with the 

following: pre-transaction elements, transaction elements and post-transaction elements 

(Peelen & van Goor, 1991, p. 26). 

Product support often is described as an after-sale activity also suggested by the tenns such 

as: postpurebase support, after-sales-service, after-sale support, post-sale support, 

after-delivery service, post-sale maintenance. Most ofthe product support activities will take 

place after the sale because of their nature. 

However as a demarcation ofwhat product support is and what it is not, the general intention 

of the activity is a better criteria as some services could both be rendered pre-sale and 

post-sale. Samli defines as follows: "Presale services are those which will aid the buyer in the 

purebase decision. These services are aimed at the successful close ofthe sale. Postsale 

services are designed to keep the customers satisfied with the purehase.". 

The condusion is that which service activities are product support is depends more on the 

general intention of the activity than on the moment that the service is rendered. Product 

support activities can be categorized further basedon their basic function. 
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25.2.3 Definition and scope of product support. 

Product support is a bundie of services added to the product. Gronroos ( 1983, p. 7) conetudes 

that many attempts have been made to give a definition of "service" in generaL The list type 

of definition gets outdated as society changes and the dictionary type of definition can always 

he opposed. As is the case with the definition of service in general, the literature supplies 

several definitions of product support. A good working definition of the dictionary type, 

which we will use from now on, is given by Simon: 

"Techoical product services are those activities which the manufacturer engages in, besides 

the sale of the product, to produce for the purchaser of bis product the expected utility or end 

values in termsof product performance for which the product is obtained." (Simon, 1965, p. 

32) 

Sirnon does not make an explicite distinction between service before the sale or after the sale, 

although most service mentioned can only he delivered after the sale because of their nature. 

Furthermore, Sirnon does not mean teehoical services but services tied to a teehoical product. 

Conceming the exact activities within the product support function Porter gives examples 

like: installation, repair, training, parts supply and product adjustment (Porter, 1985, p. 40). 

Armistead mentiones: field service, maintenance contracts, warranties, customer help and 

advise, education and training, product repair, dealer management, availability of spares. 

(Armistead, 1992, p. 7-8). 

Samli gives an overview of the key presale and postsale services in international marketing: 

train users in operation and maintenance, installation, set-up teehoical assitance, warranty, 

easy access to maintenance, parts, repairs, rnaintaio a just-in-time system. (Samli, 1992, p. 

33). 

Leleet al. describe the expanding after-salessupport activities to include toll-free hotlines, 

information and advisory services, reeall notices, and consumer alerts, along with such 

necessities as after-sales repair and maintenance services, repair parts depots, regular and 

extended warranties, operator training assistance, extended training for customer personnel, 

systems to handle modifications and changes, and so forth (Lele et al., 1988, p. 90-91). The 

elements are categorized into those relating to specific support services (warranties, parts and 
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service) and those related to feedback and restitution ( complaint handling, dispute resolution, 

refunds andrefund policies). 

Hili gives an overview of the elements of service: service prior to the purebase and service 

after the sale are described as technical and product service and applications engineering. 

(Hili, 1973, p. 116). 

Blumberg gives an overview while recognizing two kinds of service: customer services and 

field or after sales service. Customer service is usually provided before the sale, while field or 

after sales service is provided at the time of sale and continuing support after the sale. 

An explanation of all these different lists of activities could be that the kind of product 

support will be different depending on the circumstances. This makes defining and even 

descrihing the phenomenon very difficult. As Lele puts it: "Product support can be as simpte 

as a set of instructions and a throwaway wrench that comes with an assemble-it-yourself 

child's bicycle or as complicated as warranty programs, service contracts, parts depots and 

equipment on loan to replace a defective machine while it is being repaired. All of these 

constitute product support, they are designed to ensure that customers obtain the most value 

from use of the product after the sale." (Lele, 1983, p. 124). This mayalso explain why many 

authors do not give a definition or description at all but rely upon prescience or intuitive 

understanding. To complete the working definition and to make it more generaly applicable 

an overview of activities will be presented. 

25.2.4 Product support services rendered to customers. 

The activities within the product support function can be categorized according to basic 

function or nature (See exhibit 1.). 

Technica! activities. 

Maintenance and repair can be considered as the core technica! activities of product support. 

But there are more technical activities with growing importance. 

- InstaBation ofthe product at the premises ofthe customer. This may include the technical 

inlegration of the product with other products which are already in operation. 
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- Testing the proper working ofthe product against company standards or specified 

standards ofthe customer. Testing may be very simple, like trying all basic functions, or it 

may be very extensive like monitoring the proper working of all functions during a longer 

period. 

- Modifying a product already installed to meet new customer requirements, environmental 

requirements or safety regulations or just the latest state ofthe art from a technica! point of 

view. 

- Executing maintenance according to the maintenance concept as developed by the 

manufacturer. A maintenance concept is a set of elementary maintenance rules applying to 

a technica! system. 

- Moving the product to another site. Moving the product cannot always be done by the 

customer especially in the case ofbigger installations which must be disassembied special 

expertise is necessary. 

- Dismantling and removing the product. Dismantling and removal of the product often 

needs special know-how. As the number of environmental regulations increase, the 

original supplier of the product and others offer their expertise as a special service. 

Logistics. 

Distribution logistics of the primary product, delivering the right product, at the right time, at 

the right place, is not a responsibility of the product support function. The product support 

function interfaces with the distribution function at the moment of instaBation ofthe product. 

But product support has logistics functions of its own: spare parts logistics, manpower 

logistics in the field and production logistics in the workshop or to and from third party repair 

shops. Reverse logistics of products and spare parts becomes more important.· The main areas 

of logistics within product support are the following: 

- Spare parts logistics is very important to carry out maintenance and repair as planned. This 

activity includes spareparts stock control in various echelons, cantrolling the logistics of 

repairable parts (turn around parts) andreverse logistics of spare parts. Carstock control is 

a unique special issue for product support organisations. 
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- Distribution logistics of spare parts directly to service dealers and customers. In this case 

the spare parts will he sold and invoiced. 

- Planning, scheduling and executing service jobs by routing technicians in the field, 

including cantrolling repair orders and refurbishingjobs in a central workshop. 

- Reverse logistics of complete, but used, products for destruction, recycling, repair or 

refurhishing, stripping or cannibalizing. In worst case situations a product reeall plan will 

he executed. 

Jriformation exchange. 

lnformation exchange includes all information rendered to the customer to realize the benefits 

ofthe product. It may he simpte, like a help-desk to solve problems by telephone or it may he 

complex, like consulting the customer in new applications ofthe product. Some examples 

are: 

- Supplying the customer with (standard) product information like technica! documentation 

(user manuals) and customer instructions. 

- Supplying clear maintenance/service agreements including warranty conditions. 

- Supplying training fortheusers ofthe product. This includes class training and on-hand 

training. 

- Customer support by telephone to solve problems with the hardware. This function bas 

two objectives: avoiding sending out field technicians for minor problems and assisting the 

customer in the proper use of the produce. 

- Complaint handling and serving as an interface between the customer and production and 

sales departments. 

- Settling warranty problems and claims. This may result in changing the whole product for 

technica! reasons. 

- Supplying information regarding new developments in design and applications of the 

product. 

Help-deskscan be categorized in software help-desks, as they are available in the software industty, 
and hardware oriented help-desks. Most help-desk functions are a mixture ofthe two. We will mainly refer to 
hardware support help-desks as they are more product oriented. 
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- Supplying management infonnation to the customer about the technical behaviour of the 

product, the overall perfonnance and the life cycle costs. 

- Giving advise on the use ofthe product, the consumables to be applied, organisational 

consequences and desirabie changes in the organisation. This consulting area may develop 

into a separate business including support in project management when imptementing the 

product. 

The activities mentioned above are the primary product support activities for many suppliers. 

These are theservices as they are offered to the customer. 

25.2.5 Other activities within the product support function. 

Besides the activities mentioned before the product support function as such ( or product 

support department) is responsible for secondary activities. Secondary activities can be found 

to support the primary activities of the service support department itself or to support the 

activities of other departments. 

Secondary activities within the product support function are the following: 

- Realisation oftechnical manuals (trouble shooting manuals, service manuals) forservice 

technicians. Basic data are retrieved and processed during the research and development 

process ofthe product. In many cases the product support function is involved in writing 

user manuals, especially when some maintenance should be carried out by the user of the 

product. 

- Educating and training their own service technicians very often is the responsibility of the 

product support department The same holds for training the technical staff of service 

dealers. Besides technicial training (product and process), training in failure analysis is 

very important as this affects field and workshop productivity. Training customer handling 

skilis is getting more important as customers expect a customer oriented approach. 

- Doing market research, especially concentraled on customer satisfaction with the present 

service offerings and developing new serviceofferingsis part ofthe (service) marketing 
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function. The total package of product support for a given product and the way it will be 

supplied we will call the service concept4
• 

- Developing tools to imprave quality and productivity is an ongoing activity as the 

technological development in this field makes it possible to explore more possibilities. 

Examples in this field are: developing carstock models to optimize the service level of the 

carstock, developing models for field service territory planning, the application of remote 

diagnostics and remote problem sol ving, the use of databases and expert systems in trouble 

shooting, implementing automatic call distri bution systems for automated inbound call 

handling and intelligent dispatch systems and using telecommunication devices for field 

service technicians to imprave field reporting and spare parts con trol. 

Supporting activities for research and development, production, marketing and sales. 

- Assisting in designing and testing new products. Areas of interest are: the desired level of 

reliability and maintainability (serviceability) ofthe product, designing an optimal 

maintenance concept from an economical and technica! point of view, defining the 

requirements regarding the optimal physical environment for the product, setting and 

meeting safety standards and environmental standards. 

- The terotechnological feedback to the research and development function can only be 

realized through the service field force. Gatbering data concerning product performance 

and technica! problems, intetpretation of these data and translating the results into 

proposals for technica! modifications, improved training programmes and modified 

maintenance concepts is a major concern of the product support function. 

- Supporting the sales and marketing function with one or more of the following activities: 

market research into the offerings and performance of competitors, giving support at 

seminars, fairs and other events, demonstrations for groups of prospects or individual 

customers. 

- Supporting the sales function by giving technica! advice during the total sales cycle. 

Especially for complex products or systems or systems that have to be customized and in 

At this stage we will not go into detail about the question whether this function is the responsibility of 
the marketing function or the product support function. 
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negotiations with bigger customers (more tailored service agreements) the product support 

function is involved in an early stage. 

The importance of each of the activities mentioned above will be different depending on the 

kind of product, the market and the competitive environment. 

25.2.6 The rising importance of product support. 

Interest in the functional area of product support is fairly new. In the past, many authors 

concluded that publications on the topic were scarce. According to Ives the subject is both 

neglected in business education and by management and has received "scant attention from 

the academie community." (Ives, 1988, p. 7)5
• The same is put forward by van der Hart who 

states that in marketing literature, product service did receive very little attention. The focus 

of attention in service marketing has been on services which are independent from a physical 

product (Hart van der, 1991, p. 76). Slumberg stresses that: "Historically, after-salesservice 

was viewed in most manufacturing firms as a necessary supporting, but relatively minor 

function in the overall role of the marketing and sales organization. While it was recognized 

that it was important to provide a "reasonable" level of after-sales service, the role and 

function of service was generally viewed as a costlbudget line item. Service was often 

positioned organizationally, as reporting to localsales andlor marketing executives." 

(Blumberg, 1986, p. 7). 

Publications on product support in the Dutch language are very scarce. A management 

handhook on the subject is completely absent. In English some interesting handhooks have 

been publisbed for example by: Tavemier (1971) Gannon (1972), Bender (1976), Bleuelet al. 

( 1978), Joseph ( 1983), Evans ( 1988) and Armistead et al. ( 1992). In French a classic has 

been written by Jabot (1973). Specialized publications are available on spareparts control; for 

example Goodell Brown ( 1982). These handhooks do not always aim for the scientific 

oriented reader. In-depth case studies of field service firms are difficult to find. The growing 

amount of students who write their thesis on the subject could become a souree of data, but so 

far total overview is lacking. 

Since 1991, product support, was introducedas a seminar-type ofelective, at the Faculty ofEconomics 
at the Free University in Amsterdam. 
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The topic has been getting more attention nowadays. This may be caused by the growing 

importance of product service in supporting the marketing and sales functions. On the other 

hand the growing costs of product support attracts the interest ofthe (financial) management. 

Periodicals in various fields, both on manageriallevel and the more academie level, 

frequently contain articles directly or indirectly related to product support. Many authors 

mention the growing importance of product support and the related growing attention from 

managers and academies (Smith, 1991; Jansen, 1992; Lele, 1986; Ives, 1988; Kirkbride, 

1992; Cohen et al., 1990; Hili, 1973; Blumberg, 1986; Bleuelet al, 1978). According to 

these authors the key words and phrases are: gaining competitive advantage by using product 

support as a factor in competitive strategy for example as a souree of differentiation, 

supporting sales as a marketing tooi for first time and repeat sales, improving market position 

and increasing market share. Last but not least product support is regarcled as an 

(independent) business increasing overall profitability. 

The origins of the growing importance are also indicated by several authors (Lele et al., 1983; 

Singh, 1990; Bender, 1976; Armistaed, 1992). These authors mentione factors like rising 

customer awareness and expectations, reduced possibilities to differentiate through product 

and technology, improvement in support methodology, evolution of markets and increased 

shift from product orientation to market orientation, evidenced by the emergence of 

consumerism and the increasing sophistication of industrial buyers, and opportunities to 

increase profit as driving factors behind the growing importance of product support. 

lli Djrecting future research. 

Since 1991, product support, was introducedas a seminar-type ofelective, at the Faculty of 

Economics at the Free University in Amsterdam. As was already proved in the try-out phase 

that specific literature on the subject was scarce and dispersed. Students had to go through 

many artiel es in periodicals of different nature to find useful pieces of information. Only a 

few periodicals were found to be dedicated to product support itself. A total overview ofthe 

interrelationships between different subjects was lacking. As aresult the research carried out 

by the next generations of students did not get more profound than that of their predecessors. 
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lt was decided that: 

... a small group of students had to consolidate the results of previous research to arrive at a 

basic textbook in Dutch . 

... a first attempt will be made to model the functional area of product support. The 

EUT ~Maintenance model is considered as a good example (Geraerds, 1990) . 

... further studies will be directed towards completing the textbook and the model so that no 

grey areas will exist. 

The following requirements have been made regarding the applicability ofthe model to be 

developed: 

- The organisation should be a OEM (Original Equipment Manufacturer), which carries out 

the product support by its own field service organisation andlor workshop organisation. 

The possibility to contract out certain activities is indicated. 

- The model should be applicable in business to business markets and in consumer markets. 

- The model should be applicable in situations where product support is considered as a cost 

item, a marketing instrument of a profitable business. 

The model to be presented has subfunctions which will be summarized further. These 

subfunctions are topics for research as well. 

The perishability of service makes it impossible to have services in stock. This results in what 

I consider as the main problem in product support; rnanaging supply and demand. Three main 

areas will be investigated: rnanaging demand, rnanaging supply and service management and 

evaluation. 

25.3.1 Subfunctions to be researched. 

So far the following topics have been selected for research: 



Definition, Scope and Importance of Product Support 355 

- Service strategy related to general strategy and marketing strategy. 

- Service life cycle related to the product life cycle. 

- Product support and characteristics of services. 

- Managing the installed base. 

- Designing service concepts, including maintenance concepts. 

- Service pricing, including spareparts pricing. 

- User training and operator maintenance, supported by user manuals and technica! 

documentation. 

- The help-desk function, including the applicability of: expert systems, remote diagnostics 

and remote problem solving. 

- Automatic eaU distribution systems to optimize the attainability of the help-desk and the 

call dispatch function. 

- Quality management and measurement and rnanaging the service encounter. 

- IS0-9000 in product support. 

- Complaint handling and service recovery. 

- Workshop controL 

- Dispatching and field service control, including capacity planning and field service 

territory planning. 

- Trouble shooting and technician training. 

- Contracting out product support. 

- Dealer management and dealer support. 

- Spare parts inventory and logistics, including inventory echelons and van kit controL 

- Managing interchangeable parts. 

- Managing rotables, reverse Iogistics, re-use and recycling. 

- Evaluation and feedback of results; performance measurement and management, financial 

feedback (accounting), technical feedback (terotechnology) and measuring customer 

satisfaction. 

- Benchmarking in product support. 

- Legal aspect of service agreements. 

- Product liability and the role of the product support function in product recalls. 
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lt is estimated that more subjects will be discovered as interesting fields ofstudy. As we 

would not like to reinvent the wheel the existing theories from other areas in industrial 

engineering and management science will be a starting point. 

Furthermore, as science has to be applied in the end, we will carry out a survey among service 

managers. This to get an idea ofthe priorities set in practice. 
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TECHNICAL LOGISTICS INFORMA TION INDIRECT 

EXCHANGE ACTlVITIES 
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maintenance workshop control warranty sales support 

modification help-desk logistics operator training design for service 

dismanding and reverse logistics complaint handling quality management 

removal 

refurbishing product reeall management 

information 

recycling/re-use consulting 

Exhibit 1. Functional areasof product support 
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Service parts are needed for repair and maintenance of industrial systems, but also for 

consumer products. The logistics of service parts is a special subject. Common models for 

inventory management mostly loose here their va/idity, as the demand process is diffèrent 

and de mand data is scarce. The actual inventory control of spareparts strongly depends on 

local circumstances, as wel/ as on knowledge and experience of managers. Often, their 

knowledge and experience are employed in a very unsystematic way. Objectivity of the 

control ru/es then is hard to guarantee and results may be far from optima/. A systematic 

approach to this prob/em area can improve this undesired situation considerably. In this 

paper the basic elements of service logistics are reviewed and practical examples are given. 

~Introduction 

Technical installations may fail so that repair is needed. They also are subject to planned 

maintenance. In most cases maintenance andrepair require pieces of equipment to replace 

defective parts. Common narnes for these parts are: spare parts and service parts. They may 

be subdivided into repairables and disposables, or expandables. We will use the term service 

parts. 

The logistics of spare parts is difficult. The usual models for inventory controlloose their 

applicability, because the demand processis different from those assumed, and useful 

demand figures are missing. Much depends on local circumstances, and from management's 

knowledge and experience. Often these are applied in a very unsystematic way. Then 

controllability and objectivity are hard to guarantee. A systematic approach may improve 

this undesired situation. 



360 Product Service 

In the following sections we first present the most important concepts from service logistics. 

Key questions common to any logistic situation play an important part: Which items do I put 

on stock? How many pieces at least? How many pieces at most? Examples from practice 

show that also bere life is often stronger than any rule. 

2.Q..2Basic elementsof service logistics 

Logistics is "the art and science of the acquisition and distribution of materials and 

products" (APICS Dictionary 1987). Point of departure for this definition is the flow of 

goods moving through a factory and being processed at various work stations, whereby the 

processing also may be "transport" and "storage". Forservice parts the definition is valid 

without restriction: also these products have to be acquired, stored and distributed. 

Service logistics in ils context (Figure 26.1 ): The department for Manufacturing is 

processing material, components and subassemblies that were obtained from suppliers. The 

products are going to the customer, for consumption or for a next step in a production chain. 

1 
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~ ftiTTtT -g.Jj, ' 
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I & 
I I 

' Service !+----! 

L__ I l t 
I Repair J 

l 
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Figure 26.1 Service logistics in its context 
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Whenever a production facility breaks down, technicians carry out repair for which they 

need spare parts. As many repairs have an urgent character, spare parts are needed 

immediately. Hence, they have to be retrieved from stock. 
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Purpose ofinventory contra/: The right parts, in the right quantities, ofthe right quality, at 

the right moment, on the right spot. This truly is a cliché, but its realisation causes great 

difficulties to many a material manager. 

Key questions are: 

I) How often do we have to inspeet the spare parts inventory to see whether 

replenishment is needed? 

2) When do we have to issue such a replenishment order? 

3) Then how much parts do we order? 

In case control ofthe inventory is in the hands of a Technical Department, there is one 

more key question: 

4) Which parts have to be kept in stock? 

Basic infonnation to answer these questions is contained in two processes: the de mand 

process and the delivery process. 

Spareparts are required for maintenance & repair of systems. We make a distinction 

between: 

1) Technical systems under own controL These are for instanee machines in production 

departments and transport vehicles in a warehouse. Mostly there is a Technical 

Department perfonning repairs and cantrolling an inventory of service parts. Out 

sourcing of these activities is feasible. 

2) Technical systems sold to and installed at customer's site for the purpose ofproviding 

products or services. Examples are: computers, telephone exchange systems, and 

medical systems in hospitals. Repairs are carried out by a technical department ofthe 

finn that sold the system. 

3) End produels being used by customers, like TV sets, motor cars and vacuum cleaners. 

The customer does notmake repairs bimself but takes a defective product to a repair 
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shop. This may belong to the vendor company, but it can also be a private firm (garage, 

local repair shop). 

Por (near) optima! control of service parts, it is useful to distinguish three decision 

situations, each withits own approach: 

I) Planned maintenance, leading to either reptacement on the basis of inspeetion or on the 

number of operating hours. 

2) SIC (Statistical Inventory Control) whenever application of an inventory model is 

possible. 

3) Incidental decision, ifnone ofthe foregoing situations applies. 

Whenever inventories have to be controlled, the demand process is an important souree of 

information for answering the key questions. This process is determined by the maintenance 

concept being employed: 

l) concept l: F ailure dependent replaçement. 

Maintenance is not planned, as we are dealing with an emergency, i.e. "corrective 

maintenance". Often, repair is performed under high time pressure, because the failure 

may cause machine standstill and hence loss of production. In its turn this may lead to 

customer dissatisfaction. The demand process here is stochastic (S). 

2) concept 2: State dependent r~lacement. 

Certain parts are inspected regularly, e.g. to check wear. Now we are faced with 

planned maintenance. The moment of reptacement can be predicted rather accurate. 

Example: motorcar tires that are replaced ifthe profile is less than 1 millimeter deep. 

This type of maintenance is called "preventive" and the resulting demand process is 

deterministic (D). 

3) concept 3: R~laçement dependin!l on operatina time. 

In this case maintenance can be planned and hence part ofthe demand forservice parts. 

Automobiles used to get a big "check up" every 10.000 kilometers; certain service parts 

then are always needed. This kind ofmaintenance is also called "preventive", so the 

resulting demand process is deterministic (D). 
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However, corrective maintenance never can be entirely excluded. Hence also for the 

concepts 2 and 3 the demand process has a stochastic component (D+S). 
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The delivery processis often stochastic because suppliers are very unreliable. Often, they are 

selling large volumes ofthe partsintheir assortment to production companies. Then the 

demand for service parts is relatively very small, so that the supply for the production parts 

is getting priority whenever their is a shortage. 

26.3 Back to the key guestions 

The key questions ofparagraph 26.2 can be rephrased as follows: 

1) How often has the inventory to be inspected? 

2) What is the minimum stock level? 

3) What is the maximum stock level? 

4) Which service parts have to be stocked? 

We emphasize that bere we are talking about non-repairab/e service parts for maintenance 

and repair of profossiona/ systems, such as production machines, transport vehicles, 

telephone exchanges, computers and medica! systems in hospitals. Inventory is a task to be 

performed within the own organisation or by the Technica! Services Department ofthe 

vendor of the system to be maintained. 

-.- ® 10 
emand 

5 

Figure 26.2 Examp/es ofthe demandfor service parts 

(A= "regular"; B=sporadic de mand) 
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An inherent problem is that most service parts are only needed sporadically, so that demand 

data is not available and forecasting becomes problematic, ifnot impossible. Figure 26.2 

shows two types of demand processes; demand for service parts is more often of type B than 

oftype A. 

26.3.1 How often has the inventory to be inspected? 

Purpose ofthe inspeetion is to see whether replenishment is needed. Basically, there are two 

possibilities: 

Periodic inspection, e.g. weekly or monthly. This only makes sense in case of regular usage. 

Continuous inspection, i.e. at every change in the inventory position, so at each transaction. 

Forservice parts controlled by SIC periodic inspeetion is a relevant possibility. The 

underlying demand process is here decisive. For the other service parts, the majority, it will 

be sufficient to answer the key questions 2 and 3 only ifthe part was needed fora repair. 

26.3.2 What is the minimum stock level? 

Forservice parts controlled by SIC, reorder level and reorder quantity follow from the 

model used, and so does the answer to the second key question. For the other service parts 

characteristics such as relevance, delivery time and price are determinant. Often only one 

piece is kept in stock if it has been decided that the part should belong to the assortment. 

Then the desired minimum stock is one; as soon as this part is needed fora repair, a new one 

is ordered. However, fora part being used in more machines that are all fully loaded, the 

minimum may lie higher than one. General statements are hard to make here, but attempts 

have been reported in the literature [1 ]. 

26.3.3 What is the maximum stock level? 

For service parts controlled by SIC, reorder level and reorder quantity follow from the 

model used, and consequently also the answer to the third key question. For a service part 

for which one has decided to keep always one piece on stock, not only the minimum stock is 
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Figure 26.3 From maintenance plan to an orderforservice parts 
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equal to one but also the desired maximum stock. Depending on criteria such as those 

already mentioned, it may be sensible to put the maximum at a value larger than one. In that 

case an order is placed as soon as the level is lower than the desired minimum level and the 

reorder quantity is such that after receipt the level is equal to the desired maximum. 

26.3.4 Which service parts have to be stocked? 

The answer strongly depends on the current decision situation: 

Planned maintenance. Machine capacity often is limited, so that availability bas to be near 

100 %. This automatically leads to preventive maintenance at suitable instants of time. The 

need forservice parts follows from the maintenance plan (see Figure 18.3). An approach 

based on the JIT concept is possible. So for planned maintenance no items have to be 

stocked. 

Unexpectedfailures. If a service part is so often needed by swprise. that there is a demand 

process, then it makes sense to keep such a service part on stock, and SIC is a proper way 

for its inventory controL 
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Incident al decisions. Parts for which demand does not follow from a maintenance plan and 

which also cannot be controlled by SIC, are a difficult class. Given their low consumption, 

the decision whether or not to add them to the assortrnent has to be taken for each item 

separately. Experience and expertise of the maintenance technicians in charge play an 

important part. Decision criteria mainly depend on local circumstances. Generally accepted 

criteria are: 

- relevance: How seriously is the production process or the service disrupted if the part 

breaks down? In case of a complete machine breakdown, one is likely to keep it on stock. 

But ifthere is an equivalent system available with a low toading degree, than it is less 

urgent to keep the item in stock. 

- delivery time: How fast can we get the artiele from the supplier? lfhe livers around the 

corner and has the part on the shelf, the maintenance department will not put it on stock. 

But if the part has to come from Japan, delivery time is likely to be long and emergency 

supply is likely to be expensive. Then the part will be put on stock. 

- price: For expensive parts it is worthwhile to study carefully whether stocking is needed 

or not. But in case of cheap service parts, "safety first" may be the goveming adagium 

and so these parts will be stocked. 

The final decision depends on the interaction between these criteria. In this overview it is 

impossible to make sensible statements. 

26.4 Examples from reallife sjtuations 

26.4.1 A useful scheme 

Figure 26.4 shows four possibilities to control service parts for professional electrooie 

equipment. Artiel es with high consumption and low stock value (Class l) are stocked in the 

cars with which technicians are visiting customers; costs have to be optimized. Expensive 

items with high consumption (Class ll) are stored decentrally, i.e. in depots clos·e to the 

customers. Parts with low value and low consumption (Class lil) are a nuisance; they should 

be eliminated. Finally, costly parts with low consumption (Class IV) are only storedat a 

central point. 
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Figure 26.4 A useful scheme (Courtesy: Siemens Nederland NV) 
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Figure 26.5 Service parts at the Royal Dutch Air Force (Source: {4]) 
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26.4.2 Service parts for the Royal Dutch Air Force 

In Figure 26.5 we see that most of the service parts for jet fighters of the Royal Dutch Air 

Force are demanded only 10 times per year. Soit is hard to forecast demand. But the subject 

is important, as the availability of the fighters may be a matter of life and death. 

Consequently, the number of items in stock is high: 150,000 and their value amounts to f2 

billion. The acquisition process is difficult, as sometirnes several years of delivery time have 

to be accepted. 

26.4.3 Service parts fora chemical concern 

Maintenance and repair of the production facilities is carried out by a special department, the 

Maintenance Group. This group distinguishes three areas of activities: (1 ) mechanica! 

engineering, (2) instruments, (3) electrotechnical engineering. For all three areas a 

well-known ruleis valid: 20% ofthe service parts represent 80% ofthe stock value. 

Many articles, after being put in stock, are not used for many years or not used at all (see 

Figure 26.6). For selection of the service parts assortment, the following criteria are used: 

- relevance, expressing how crucial the part is for the production process, safety and 

environment; 

- life cycle ofthe machine; 
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Figure 26.6 Mulation of service parts at a chemica/ concern (Source: [2]) 
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- # of machines in which the part is used; 

- price; 

- reparability; 

- replaceability. 

26.4.4 Service Darts for a pharmaceutical industry 

The classical ABC-analysis enables us to divide service articles into (A) Very important, (B) 

Reasonable important, and (C) Least important. However, important criteria such as 

"strategie importance" arenottaken into account. A modified ABC-classification is 

proposed and tested in Ref.[3]. Management decided to choose four criteria: 

- price of the service part; 

- delivery time; 

- importance ("criticality") ofthe part; 

- demand. 

Criticality is the most important criterion, which is not surprising at all as the continuity of 

production depends on it. On the basis of a multi-criteria analysis Figure 26.7 was 

Best ABC classification 
of service parts 

Figure 26.7 Multi-criteria analysis (Source: [3]) 
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Downtime (day) Ordering cost ($) Average inventory 
investment 

Safety AHP Dollar AHP Dollar AHP Dollar 
stock usage u sage usage 

0 Maan 12.65 273.10 39,870.- 31,968.- 31,288.- 38,329.-
St. dev. 5.77 43.17 420.- 962.- 563.- 506.-

1 Maan 0.00 265.99 39,843.- 31,909.- 51,421.- 59,358.-
St.dev. 0.00 39.66 362.- 993.- 520.- 490.-

2 Maan 0.00 265.99 39,843.- 31,909.- 71,887.- 80,2n.-
St.dev. 0.00 39.66 362.- 993.- 519.- 491.-

Figure 26.8 Comparison oftwo ABC classifications (Source: [3]) 

constructed. Next, a simulation study with the modified ABC-classification was done. Some 

results are collected in Figure 26.8. Among others they indicate that: 

1) Order costs increase from $ 32,000 to $ 40,000. 

2) Machine stand-still caused by "out of stock" decreases from an average of55 days to 

2.5 days per year. 

3) Average investments in service parts goes down from $ 38,300 to $ 31,000. 

These values hold for a zero safety stock of service parts in Class A and an interest rate of 

20 %. Clearly, the availability of machines has improved drarnatically, whereas extra order 

costs are compensated by lower stock holding costs. 

26.4.5 Service logistics for medical systems 

Medical systems in hospitals may fait; then quick repair is needed. The company making 

and selling the systems, operates internationally and has a service logistics network (Figure 

26.9) to provide the service parts needed. There are some 100.000 items known; half of 

these items are stored at the central points (SSC). At lower levels, only the most required 

items are in stock. Parts are used for planned maintenance and for emergency repairs. 

Whenever a technician visits a hospital after a eaU, he takes a service kit with service parts 

with him. The contents of the kit is such that in most cases the items required are present. 
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However, it also happens that a part is not in the kit. Then the part bas to be ordered at the 

branch, and if necessary, at an higher leveL Figure 26.10 sketches the worst case situation to 

go from service call to repair completed. As a matter of fact, the organisation tries to fix a 

system during the first visit. This aspect of customer service is expressed by a performance 

indicator calledfirst-time:fix percentage. 

A second performance measure is used whenever repair during the first visit is not possible. 

Then one looks at the percentage of the cases in which the missing part is available within 

24 hours. 

26.5 Conclusions 

1) Inventory control of service parts is difficult. General rul es are hard to give as much 

depends on local circumstances. 

2) Stock inspeetion can best be done "continuously", i.e. whenever an item of a service 

part is needed for repair and taken out ofthe inventory. 

3) In practice minimum and maximum stock levels are determined by the users of the 

service parts, i.e. the maintenance technicians. In case this is done ad hoc, we 

recommend to set up a system to the benefit of objectivity and controllability. 

4) A lso the decision to keep an item in stock or not, can only be taken on the basis of 

experience and expertise of the maintenance technicians. Important criteria re: 

relevanee ofthe service part for safety, environment and continuity ofproduction; 

delivery time; replaceability; and price. 

5) The standard ABC-classification is not useful for service parts, because other criteria 

than yearly turnover are important. An improved version based on multi-criteria 

analysis yields better results, such as less machine standstill and lower costs. 
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27 

Summarising the fundamentals of a technica/ or even a scientific discipline requires a 

thorough explanation of the starring points and the essentials which had an impact during the 

years of development. Natural/y, this is a/so true for maintenance management, being an 

organisational function, a research area as wel/ as an educationa/ topic. In this presen/ation 

we sha/1 concentrale on some typical aspects with respect to maintenance in the period 

startingat the end ofthe secondworldwar until the reunification ofGermany. 

27.1 Maintenance management as an element ofpeoples republic's economy 

By the end ofthe second world war the industry located in GDR territory had been destroyed 

on a large scale. The remaining industrial installations and equipment which were still 

operabie had been confiscated by the Russian occupation forces as "war compensation 

payment" and transported to the Soviet Union. 

This marks the beginning of a cumhersome but also optimistic process of the "rise from the 

ashes". In fact, at that time the process of re building could be characterised as a gigantic 

rnaintenance effort in which the majority of the work force, labourers, technicians and 

engineers jointly participated as maintenance men. 

Here we can identify the first essential explanation for the collective appreciation and 

importance ofmaintenance in the -yet to be founded- GDR (In the other so called Bastem 

European "Socialistic" Countries basically similar effects could be identified). 

Forced by the politica! directives, the "Eastem zone", i.e. the later GDR, had to pursue the 

industrial development practically on its own without any economical assistance. As the 

production volume increased the maintenance process developed more and more into its more 

natura! secondary assisting function. From this point on maintenance people faced again the 

traditional issues of maintenance versus reptacement 
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However, under the circumstances set by the technicalleve1 of expertise, the social structure 

and the principle of state ownership (so called "peoples property"), the importance of 

maintenance was consolidated. 

STATE PRODUCTION EXPORT IMPORT HOME APPLICATION 

*106DM % *106DM % *106DM % *106DM % 

Japan 15,373 24.2 6,357 21.4 536 2.2 9,552 16.3 

GFR 11,310 17.8 6,806 22.9 2,402 9.7 6,906 11.8 

USSR 7,939 12.5 548 1.9 3,619 14.6 11 ,OI 0 18.8 

USA 6,143 9.7 1,216 4.1 4,776 19.2 9,703 16.5 

ltaly 3,572 5.6 2,056 6.9 714 2.8 2,230 3.8 

CH1 3,124 4.9 2,779 9.4 725 2.9 1,070 1.8 

GDR 2,811 4.4 2,920 9.8 400 1.6 291 0.5 

UK 1,581 2.5 809 2.7 1,955 7.9 2,727 4.6 

France 1,506 2.4 690 2.3 1,255 5.1 2,071 3.5 

CSSR 831 1.3 674 2.3 175 0.7 332 0.5 

All percentages are related to the total world production 
i 

Home Application = Production + Import - Export 

I CH = Switzerland 

Table 27.JA. Stalistics of technica/ equipment worldwide. 

The way in which maintenance planning and control was carried out reflected the typical 

requirements of a centralised economy. The governmental departments (such as Machine 

construction, Heavy machinery and Instal1ation Construction, Metallurgy, Coat and Energy, 

etc.) were structured very clearly. Maintenance departments in companies were founded and 

staffed up to a large extent by decree and under direct supervision of these governmental 

departments. 

As early as 1950 the minister of Machine Construction issued "Guidelines for organising 

machine and instal1ation maintenance and performing repairs in companies". 
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In order to discuss this approach in more detail we shall concentrate on machine construction 

and metallurgy as an example. More general characteristics will be discussed briefly. 

Two issues are ofparticular interest in this context: 

1) Geographic concentration and specialisation's within industrial sectors teading to 

maintenance shops operating as separate firms. 

2) A trend towards self-sufficiency with regard to maintenance in large industrial 

conglomerates (e.g. in peoples owned "Kombinaten") 

A few examples will illustrate these statements 

ExampleA. 

The centralised workshops of large companies and conglomerates had their own construction 

capacity. Up to some extent, technological innovation was carried out in these workshops. 

The production of spare parts and occasionally carrying out modifications of existing parts 

was their primary objective. 

ExampleB. 

In the sixties the so called Type carrier system ("Typenträgersystem") was introduced for 

major overhauls of removable equipment and it was perfected in over 15 years. This 

approach of overhauling subsections of production systems was copied by other former 

socialist countries (in Tsechoslowakia this system was used until1990.). 

The type carrier system consisted of centralised workshops which were specialised for eertaio 

types of equipment. Equipment such as tooling equipment, diesel engines and pumps were 

overhauled in this way. In fact, these workshops were actually specialised companies with the 

sole purpose ofmanaging and carrying out these overhauls. Usually, these companies were 

technologically very advanced and very often they carried out modifications during regular 

overhauls. The advantages of this system can be summarised as follows: 

- large numbers of equipment; 

- high organisational efficiency and productivity; 

- the use ofhighly specialised workforce, due toa maximum oftask division; 
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- technology from the main supplier was used effectively in the overhaul process ( repair of 

components, inspeetion techniques, etc.) 

In the beginning, these major overhauls were planned centrally for the entire peoples 

economy through indexes. The disadvantages of such rigid planning systems are well known. 

From 1975 on the type carrier system was largely abandoned in favour of the production of 

new equipment. The export of equipment had top priority at that time and so the type carrier 

system had to be sacrificed 

ExampleC. 

A very similar system was introduced for agricultural systems. Due to a large scale 

involvement of scientific research even better results had been achieved (see Eichler [?], .... ). 

Example D. 

In this paper we will not discuss the highly evolved standards and procedures for military 

equipment ofthe former GDR. 

Basically, for The GDR the same characteristics were true as for other highly developed 

industrialised countries: 

- the main objective was to reduce downtime as much as possible. 

- Since individual machinery was interconnected more and more into flow production 

systems, availability became directly proportional to productivity. The naming convention 

of"the supporting process ofmaintenance" was gradually replaced by "specific production 

warranty process". Now, maintenance became more integrated with production. 

The general approach towards maintenance needed some basic reconsideration. Some figures 

illustrate the maintenance situation in the former GDR. 

- in 1982 The national costs of maintenance culminated to over 22 hiliion marksper year. 

- the costs ofmaintenance fluctuated between 6 and 12% of all company costs. 

- in 1982 more than 900,000 people were involv~d in maintenance, 300,000 of which were 

employed in the metal industry sector. On average, every 6th person was a maintenance 

man. 
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- in 1988 350,000 people were active in maintenance in the metal industry sector. On 

average, every 5th person was a maintenance man. 

ru ruwlied maintenance methods and strategies 

379 

At the beginning ofthe development ofmaintenance strategies, predominantly, failure based 

maintenance was used. 

27.2.1 The "Quick repair" 

A major characteristic of maintenance practices in the former GDR were the so called "quick 

repairs". This approach was developed already in 1949 by progressive maintenance people 

and it has been successful in power plants, the metal and chemica! industry. These 

progressive maintenance people were highly decorated for their achievements. The quick 

repair approach aimed at achieving the shortest possible downtime during planned preventive 

major overhauls of especially large pieces of equipment. Already in the early stages modem 

project management techniques were applied, such as PERT and CPM planning (without the 

aid of computerised software in the beginning!). 

27.2.2 The planned preventive maintenance system 

The "quick repair" approach was transformed to a "planned preventive maintenance" system 

at the beginning of the fifties. This system was developed of maintenance engineers 

(organised in the "Arbeitsgemeinschaft Werkrüstungspflege und Betrieb" ofthe Engineers 

association "Karnmer der Technik") in co-operation with Prof. Herhert Lange of the 

Technical University of Dresden. 

lt is noteworthy to highlight the fact that from that time on over 4 decades a close 

co-operation existed between industry and scientists ofTechnical Universities in the former 

GDR. The first scientific publication on maintenance was Prof. Lange's hook "Die planmä.Big 

vorbeugende Reparaturen in lndustriebetrieben" publisbed by Verlag der Technik in 1956 . 
• "!"~ 

The original idea of preventive maintenilee date back to as early as 1936 in the Sowjet 

Union, but Lange developed the original ideas further and adapted them to the GDR situation. 
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Figure 27.1 An example of a Blast furnace (large assemblies) 

In 1956 tbe "Basic directives towards maintenance" was outlined by a committee oftbe 

Kamrner der Technik. For tbe first time a document was created in wbich tbe tasks, tbe 

structure and importance of maintenance were summarised. This document was used as a 

recommendation for application to all otber government departments. In 1958 tbis document 

became even part oftbe legislation! In this way tbe standard structure of maintenance in all 

areas ofthe peoples economy was defined. 

In the system of planned preventive maintenance all maintenance operations for all types of 

equipment were prescribed in terms oftechnical content, type ofinitiation and required 

resources. Basically, the initiation ofmaintenance wasbasedon hard time maintenance, such 

as: 

- metbod of cyclic inspections 

- metbod of cyclic repairs 

- metbod of cyclic partial repairs. 

These metbods are in fact planning metbods. The maintenance engineer had tbe possibility to 

alter tbe standard plans up tosome extent tomeet local conditions to gain some flexibility. 
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Figure 27.2 An example of a typical maintenance schedule of an overhaul 

27.2.3 The metbod of cyclic partial repairs 

A third characteristic feature of GOR maintenance practices is tbe metbod of cyclic partial 

repair·of automatic production flowlines. 

In tbe fifties and sixties, automatic flow production lines were introduced world wide. This 

happened also in tbe former GOR. Their output and utilisation rate however, were inverse 

proportional witb tbe downtime. It was considered absolutely necessary to minimise 

downtime to justify these production flow lines. At Technical University ofOresden a 

specific metbod was developed, which was based on several principles. The most important 

principles were: 

- A grouping of flow line equipment in repairable groups. 

- downtime due to maintenance was only allowed for one repairable group in tbe flow line 

at tbe same time, whilst production continues. 

- Partial repairs are carried out in tbe opposite direction oftbe production material flow. 

- The maximum maintenance package volume depends on tbe maximum downtime allowed 

for a flow line. 

- Several single partial repairs are planned and carried out sequentially, one at a time, 

effectively replacing single large overhauls oftbe entire production flow line. 

- Large overhauls are split up into smaller partial repair packages. 
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Figure 27.3 A schematic sketch of shutting down repairable groups in right to left order. 

The principle of partial repairable groups was extended to other complex types of equipment 

in later years. Components having technological dependendes simHar to the analogy ofthe 

production flow line could use the same partial repair principle. The basic principle 

developed by Lange was used in all situations. The type and size of operations was 

determined for all types equipment that used this partial repair principle. 

Until 1965 several brochures were publisbed by the Central Institute of Production 

Technology ofthe former GDR to promote partial repair and the work standards that were 

developed at the same time. Most of the work standards were not based on measurements but 

purely on estimates of experts. The partial repair principles remained in use until 1990. 

Although, in the early seventies reliability theory made its mark, the "old-fashioned" partial 

repair principle remained popular mainly because of its simplicity. It also contributed 

significantly to stabilise the increasingly outdated production facilities. 
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Figure 2 7. 4. A comparison of lijelimes of production facilities between the GDR and the 

GFR 

These norms and index es facilitated a simp Ie way of planning and control in these structural 

units in the GDR. In genera!, the application ofthis system ofpreventive maintenance was 

beneficiary to machine utilisation. In addition, the discipline of the workforce improved. 

On the other hand, a significant disadvantage ofthe system was that no economie 

considerations were taken into account. E.g. performing maintenance on strict hard time 

schedules, i.e. the so called periodic repairs, caused a high demand of spare parts, which was 

often unjustified from a teehoical viewpoint Today, it is inconceivable from a scientific point 

of view to make decisions on spareparts demand, the required maintenance operations and 

their timing without knowied ge of the failure processes. About from 1975 onwards 

maintenance practices and methods were basedon reliability and renewal theory, which were 

first developed in research environments. These practices and methods are still in use today. In 

this approach no GDR specific adaptations to the general theory are recognisable. 

Similar statements can be made on the application of condition based maintenance. This 

approaches manifested itselfduring the last 10 years. A widespread application ofthis type of 

maintenance depended heavily on the developments made the scientific discipline called 
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"Technica} diagnostics". Prototype applications were run in scientific controlled environments 

to prepare for regular application on almost any technica} university and other academia. 

Unfortunately, again a GDR peculiarity hampered the progress. The generallack of sufficient 

user friendly diagnostic equipment limited severely a widespread application ofthe newly 

gained scientific insights. 

2.U.Mainteoance as scieotific discipline 

Hypothesis: "A scientific discipline isn't bom on one single day. Knowledge is developed 

more or less continuously, departing from the current state-of-the-art. Especially at moments 

when certain problem areas receive much attention whilst scientific methods and practices are 

available which potentially contribute to solving these problem areas, the state-of-the-art may 

jump toa higher level." 

The special role of maintenance in GDR economy has been explained thoroughly in the first 

section. Scientific methods and practices originating from adjacent primarily technological 

oriented scientific disciplines could be used (after modification) in maintenance. 

E.g.: 

- Theories in tribology (lubrication theory) 

- mathematical theories of statistics and probability. 

- reliability theory 

- specific areas of renewal theory 

- simulation techniques 

- general theories and approaches in technology oriented sciences. 

According to the theory of knowledge acquisition, every addition to current knowledge is 

based on practical experience serving as a starting point. 

Figure 27.5 proves unambiguously, that from the very beginning maintenance has been a part 

of construction and production. Consequently, just like these basic scientific disciplines, 

maintenance had to become scientific discipline as well! 
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Figure 27.5 "Maintenance in the stone-age" 

Essentially, the creation of a uniform terminology can be regarded as completed. 

The assessment ofthe scientific correctnessof theoretica! modelsin maintenance ("optimised 

maintenance") cannot be carried out in a laboratory, but only in actual albeit experimental 

situation with actual machines and installations. 

Typically, research in maintenance leads to the translation of "ad hoc" theories originating 

from basic sciences into more specialised application oriented knowledge and approaches. 

In this way, a more or less self sustained theory of maintenance will result. In practice, new 

insights are gained with respect to: 

- improved machine faiture behaviour 

- optimal maintenance strategies 

- higher production rates 

- higher machine effectiveness and 

- improved quality at the same time. 



386 Review on Bistorical Developments in Maintenance 

The extremely tightly fonnulated and incomplete hypothesis with regard to maintenance as a 

scientific discipline were necessary in order to explain the large share of scientific effort spent 

in this particular area of research in the fonner GDR. 

In this small country research in maintenance was carried out at 12 academie institutions ( 2 

universities, 3 technica! universities, 7 polytechnic universities). 

In 1988, 7 chairs (full professors) and 12 associate professorsbips were available specifically 

for maintenance. 

The educational and research programs in the area of maintenance are rooted in the late 

fifties: 

- 1955 maintenance course "Production and Maintenance" at the Technica! University of 

Dresden. 

- 1963 chair for maintenance at the Technica! University Dresden (39 dissertations, 336 

MSc projects until 1988) 

1t is impossib1e to present a complete list all individual educational and research institutions 

within the scope ofthis paper.lt would even require some research to find out the actual 

number of institutions that were involved. 

The chairs in maintenance were created by decree from several govemmental institutions, 

such as: 

- the Peoples Economy Council of the GDR 

- the Ministry of Industry 

- the State Secretary ofUniversity and Polytechnic lnstitutions 

Besides the universities in the fonner GDR, numerous institutions were active carrying out 

specific research projects in maintenance more or less on an ad-hoc basis: 

- at economy oriented institutions 

- at several engineering oriented disciplines 

- in several operations research oriented problem areas 

- in research topics in which Iabour and time studies were essential 

just to name a few. 
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Malntenance research was primarily focused on methods in planning and control of 

maintenance activities. From a scientific point of view, it soon became apparent that thorough 

knowledge of failure processes of individual machine components and entire technica! system 

structures was absolutely essential to solve planning and control problems. 

The issue of reliability of a machine or instanation is a major factor in the decision process on 

the amount of maintenance effort that can be j ustified. From 1965 on, statistica! methods 

were introduced to enhance reliability and renewal theory. 

The primary interest was concentraled on the development of (planned) preventive 

maintenance approaches based on statistical principles. As inspeetion techniques got more 

advanced, several preventive strategies were introduced in combination with the approaches 

based on statistics. 

lliEducation prosrams in maintenance in the former GDR 

In parallel to the research work listed in the previous chapter, course material was developed 

specifically for the maintenance profession. The maintenance profession was taught in I2 

technica! universities in addition to I 0 higher vocational schools. Again, typical for the GDR 

a unified educational program was conceived on alllevels of education. For this reason a 

working committee was established at the Teehoical University of Dresden which was named 

"seminar on maintenance technology ofthe Technica! University of Dresden" to achieve 

consensus in opinion and to disseminate state-of-the-art knowledge in maintenance. From 

I976 on, every year a one week seminar was held to discuss new approachts 'in course 

programs, new insights in reliability theory and maintenance. The results of these seminars 

were thoroughly documented. Eventually, a common concept in maintenance education 

throughout the former GDR had been achieved. 

The following clusters of themes were covered in each maintenance education program: 

I) Meaning, objectives, objects 

Overview of maintenance and reliability 

Terminology 

2) Detoriation of machine parts and machines 

- Failure processes (causes, sequence of events) 

- Stochastic models of detoriation and failure processes 
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- Categorisation of failures 

- Parameters and functions of reliability 

3) Approaches in maintenance 

- Theory of renewal processes 

- Maintenance methods (application areas) 

- Maintenance optimisation 

4) Condition based maintenance (technica! diagnostics) 

- Content and potential areas of application 

- Condition monitoring techniques and equipment 

- Estimating fatal and warning levels, i.e. residuallive of a system 

- expert systems 

5) The maintenance organisation 

-Types ofmaintenance organisations and structures (branch specific) 

- Specialisation and centralisation in maintenance 

- Spare parts management 

- Computerised maintenance management 

6) Technologyin maintenance 

- Maintenance operations 

-Types of (dis)assembly in maintenance 

- Peculiarities in maintenance technology 

- Maintenance of one-of-a-kind parts, assemblies, systems 

7) Tools in maintenance 

- (Dis)Assembly and mechanisation tools in maintenance 

- Layout design of in-house maintenance workshops 

8) Safety precautions in maintenance 

9) Reliability oriented maintenance 

- Reliability structures 

- Maintainability in design 

- Design of production facilities and equipment with high maintainability 

- Rating of maintainability and reliability 
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These seminars were also used to inform the participants on recent developments in 

maintenance research and to co--ordinate research projects. Besides the full-time maintenance 

course programs, self-study programs were offered as well. Special educational requirements, 

course matenals and course descriptions were issued by the ministry of higher vocational 

schools and technical universities. 

Eventually, it was decided not to set up a specialised programfora maintenance engineer, but 

to offer the maintenance course program as an option for specialisation within the existing 

engineering programs. Currently, after the reunification with West-Germany all chairs in 

maintenance at the technical universities of Dresden, Chemnitz and Magdeburg were 

discontinued. The self-study and the postgraduate program were also cancelled. 

27.5 Activities of the Society of Engineers "Kammer der Technik" (KOT) 

27.5.1 On a national scale 

Since 1953 A wide range ofsuccesses have been achieved within the KOT society. For years 

new insights and rational solutions for maintenance management and maintenance technology 

have been investigated in a so called voluntary socialist co-operation. In particular, the 

so-called professional maintenance steering committees ("Fachausschüsse Instandhaltung") 

within the professional groups ("Fachverbände (=FV)") ofindustry (e.g. FV machine 

construction, FV metallurgy, FV coal and energy, etc.). Essentially, the activities ofthe KOT 

society was organised in close harmony with the structure ofthe peoples economy. The 

activities ofthis society can be summarised as follows: 

1) Investigation of rational maintenance solutions in specialist interest groups, resulting in 

publications on recommendations to the problems the group was aiming at. 

2) Continuous education of maintenance professionals 

3) Organisation ofmaintenance conferences and seminars. 

4) Co-operation in the preparation of government regulations 

5) Co-ordination of the active steering committees and special interest groups 

6) Co-operation in defining the state policy concerning the high priority equipment in the 

formerGDR 



390 Review on Ristorical Developments in Maintenance 

• 7) Co-operation with similar organisations in other socialist countries. 

Two issues may be of special interest for this IFRIM workshop, i.e. professional conferences 

and measures for qualification. In particular, the professional rnaintenance conferences 

contributed significantly to the high esteem of the maintenance steering committee. These 

conferences were organised on different scales, on a central national scale and regionally. 

The first big conference was held in 1953 and was attended by 300 participants. The number 

of pardeipants had risen significantly in later years (up to 1100 in 1967). Access was not 

specifically restricted to participants from socialist countries. Western participants were 

welcome, but restricted because of state policy. 

Of particular interest is the work that has been carried out by the special interest group 

"Qualification". The standards set by this group for professional maintenance people were 

used to educate 20000 maintenance professionals. A close co-operation between practitioners 

and university professors existed in this group, which was very stimulating for research in 

maintenance. The central special interest group rnaintenance ("zentrale Arbeitskreis 

Instandhaltung") ofthe KDT eamed a good reputation by publishing series of brochures on 

the maintenance topics maintenance, availability and reliability. These brochures gradually 

became a well known and profleient medium for publication. 

27.5.2 On an international scale (limited to the former socialist "brother" nations) 

It was a common practice for the KDT to have a close co-operation with other similar 

organisations in the other socialist countries. This was also true in the area of maintenance. 

The basic philosophy behind this co-operation was simple: "Same conditions, the same 

problems". The majority of problems in rnaintenance were similar across the socialist 

countries. Finding general solutions seemed to be valid basis for co-operation. As early as 

1964 a mutual agreement was signed between the society of engineers of Po land and the 

GDR. In 1967 a new agreement for co-operation was signed between the societies of 

Hungary, Poland, Tsechoslowakia and the GDR. lt was agreed that: 

- Papers concerning educational programs and for "rationalising" maintenance should be 

exchanged 

- Active participation of international conference should be encouraged 
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- Study tours to the memher nations to exchange expert knowledge should be organised 

regularly 

- a common terminology in maintenance has to be established 

- Professionalliterature has to be exchanged. 

Every year a major conference on maintenance was held in one of six memher nations 

Bulgaria, Poland, USSR, Tsechoslowakia, Hungary and the GDR. In 1987 a special work.ing 

committee called Interremont with memhers from all six countries was founded. This 

organisation aimed for a similar role as the EFNMS in which the western countries 

dominated. The activities oflnterremont were concentraled on the following topics: 

- terminology in maintenance 

- maintenance of flexible automated manufacturing systems 

- organisation of maintenance conferences and seminars 

- pubHeation of course material in maintenance 

During the international Interremont conference in Prague in 1991 the activities of 

Interremont were officially ended. The fundamental changes in the politica! system ofthe 

former sodalistic countries created new, more open and less artificial conditions in which 

there was no longer a justification for the existence of an organisation such as Interremont. 

Today, only occasional bilateral cantacts remain. The main interest ofmaintenance 

professionals and researchers from the former socialist countries is to establish co-operation 

with western countries. Research in maintenance and the application ofthe results will surely 

benefit from this new openess and increase in scale. 

• 
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28.1 Introduetion 

B. Sirnon 
G. A. Bohoris 

The Hungarian Higher Educational system consists of a large number of colleges and 

universities spread throughout the country. Higher Education Institutions with Maintenance 

Departments are shown in Figure 28.1. A profile of colleges and universities is shown in 

Figure 28.2. Ofthe seven maintenance diploma courses offered at the Higher Education level 

only two courses are available at more than one institution; for example it is possible to study 

Agricultural Machines at Gödöllö, Nyiregyháza and Mezötur, but it is only possible to study 

Integrated Technology at MISKOLCI EGYETEM DUNAÛN ÁROSI FÖISKOLAI KAR 

(MEDFK). 

ME DFK is one of the Higher Education institutions containing a Maintenance Department It 

is based in Dunaûjváros, a provincial town, 65 kilometres south ofBudapest, geographically 

Colleges and universlties wlth 
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Hungary 
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located in the middle ofHungary (Figure 28.1). It was founded in 1962 with the name 

Dunaujváros Polytechnic. In 1969 it became a branch ofthe Miskolc University. 

Enrolment into tertiary institutions in Hungary is restricted only by the capacity ofthe 

individual institution, i.e. currently no market forces apply and with regards specifically to 

maintenance education no targets are set to meet future demand. The number of students in 

the different colleges and universities in the period 1989-1993 is shown in Figure 28.3. 

Dunaujváros Polytechnic ofthe Miskolc University (ME DFK) 

Number of students in 
different profile of colleges 

and universities 
between 1989 - 1993 

10112 
1006 

DSum 1989·1993 

•Average/ places/ yeat 

2112 

1 2 3 4 5 6 7 

Figure 28.3 

Across most Higher Education Institutions diploma courses are similar in structure in the first 

two years (four semesters) and they only vary by specialisation in the final semesters. A 

detailed description of the course structure at Dunaujváros Polytechnic is shown in Figure 

28.4. There are currently 750 fulltime students studying and 110 staffworking at Dunaujváros 

Polytechnic. These numbers classify it as a medium size institution in Hungary. 
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• Mechanica! Engineering 

- Material Science Engineering 

- Metallurgical Engineering 

• Engineering and Teacher Training 

- Information Technology 

- Business Management 

- Economics 

Review on Historh:al Developments in Maintenance 

The Institute of Mechanica! Engineering offers possibilities for specialisation in: 

- Maintenance 

• Metal Structures 

Both programmes have an identical curriculum for the first three semesters. The main study 

area of Mechanica! Engineering is shown in Figure 28.5. The total study is 3.5 years 

including industrial practice. The curriculum consists ofthe: 

• Basic professional subjects 

- Different professional subjects 

• Module of specialisation 

- Basic subjects of Social Science and foreign language 

- Consultation of thesis (Dissertation/Final year project) 

- Industrial practice 

The course in Mechanica! Engineering Maintenance has a total of2,700 contact hours. The 

programme offers possibilities for specialisation in: 

• General Maintenance 

- Maintenance of material handling machines 

- Maintenance ofhydraulic and pneurnatic systems 

• Material Technology 
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The aim of these specialisations is to train students either to plan, manage and develop the 

maintenance procedures for mechanical equipment, or to plan and manage the manufacturing 

and maintenance ofwelded metal structures. 

Irrespective oftheir specialisation, students, at the end oftheir studies, have to pass "state 

Figure 28.5 

Machanical Engineering 
- the main study area-

semester 

examinations" (mainly basedon their thesis) in order to become chartered engineers . 

.ZUHuniarian Maintenance Practice 

Post communist Hungarian industry bas changed rapidly. Prior to 1989 the government 

controlled a large number of companies. The change since that time bas been drastic. The 
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large state controlled companies have been divided into smaller, more manageable enterprises 

and the private sector has started to grow. 

A lot of these new enterprises have not only introduced internat maintenance practices such 

as hearing checking, vibration analysis, alignment, balance work. etc., but they also tend to 

contract out a lot ofmaintenance work to the private sector. 

DUNAFERR DUNAI VASMU 

The Dunaujváros based steel mill is a good example of the changes in maintenance practices 

in Hungary. DUNAFERR Dunai Vasmu is the largest heavy industry in Hungary employing 

about 11,000 staff. The whole company was recently divided into 8 parts. One of them is 

DUNAFERR Maintenance Ltd. which was effectively formed out ofthe old Maintenance 

Department ofDUNAFERR Dunai Vasmu. 

DUNAFERR Maintenance Ltd. currently employs 1,000 people. It is responsible (long term 

contract) for the repair and maintenance of approximately 70% of all machines at 

DUNAFERR. For the remaining 30%, DUNAFERR Maintenance Ltd. are in competition 

with private companies and must tender for all new work. All maintenance work is 

undertaken only after the completion ofthe relevant negotiations which was not always the 

case prior to 1989. 

Despite these changes, a major problem in this transitional period is still the Jack of a well 

structured maintenance plan to co-ordinate the already employed maintenance procedures 

based on: 

- Reaction maintenance 

- Time based maintenance (Figure 28.1 0) 

- Condition based maintenance (Figure 28.1 0) 

Approximately 90% of companies in Hungary maintain their hardware according to a 

combination ofthe above. A breakdown oftheir use is shown in Figure 28.9. 
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28.3 Conclusions 

Many Higher Education institutions in Hungary work towards tailoring their programmes to 

meet the new market/industrial demands. The Machine Condition Monitoring and Analysis in 

ME DFK for example is one ofthe new courses aimed at meetingsome of these needs. ME 

Hungarian maintenance 
practice 
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15% 

45% 

10% 

• -ether 10% 
• - reaction rnaintensnee systern 30% 
a -tirne-based rnaintensnee systern 45% 
D - eondition-based rnaintensnee system 15% 

Figure 28.9 

DFK is fortunate to be able to work closely with DUNAFERR Dunai Vasmu and this 

partnership enables it to plan courses and programmes more effectively and offers the 

opportunity to teaching staff to be actively involved in industrial training and research. 

Hungarian Education as a whole however is not sufficiently linked to market developments in 

the field of maintenance. Many tertiary institutions are changing to meet the new demands 

placed upon Hungary by a new democratic/free market society. lt is clear that Colleges and 
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Universities in Hungary must look towards the future and plantheir courses to meet the new 

needs of industry. A closer liaison between education and industry is a must fora competitive 

future. 
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Moret Ernst & Y oung 

About Ernst & Y oun~ 

Ernst & Y oung International (EYI) is a leading provider of professional services in the areas 

ofauditing (accountancy), tax advices and management consultancy. With offices in more 

than 100 countries and 66.000 professionals we offer a distinguishing network for our clients. 

In the Netherlands, EYI is represented by Moret Ernst & Young, employing 4.500 people in 

43 offices. The management consultancy division is located in Utrecht and is with 400 

consultants the largest consultancy firm in the Netherlands. This size enables us to effectively 

realize a full service strategy regarding: 

- the industries that we service (manufacturing and process industry, trade, govemrnent, 

health care, services, et cetera) through specialized business teams; 

- the range of management topics in which we can deliver state of the art expertise 

(Strategie Issues, Information Technology, Financial Control, Material Management & 

Physical Distribution, Total Quality Management, Maintenance Management, Human 

Resources, Marketing, Environmental Care, Recruitrnent); 

- the way in which wedeliver value to our customers: not only analysing the problems but 

also developing and implementing solutions. 

The last five years we have experienced a growing interest in the area ofMaintenance 

Management among our clients. Today our service lines and specific expertise includes: 

- selection and implementation of standard Computer Aided Maintenance Management 

Systems (using for instanee our PC-based selection tooi); 

- innovative approaches on maintenance cost control (Equipment Related Budgeting); 
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- integration of Maintenance and Manufacturing I TPM; 

- outsourcing analysis; 

- structuring the maintenance demand ( faiture analysis, maintenance concept design); 

- spare parts stock control; 

- maintenance audits and benchmarking. 

For further information please contact: Guy Delahay, Mark Haarman or Wim Dekker. 

Moret Ernst & Y oung Management Consultants, P .0. Box 3101, 3502 GC UTRECHT, The 

Netherlands, tel.: 31130-2588502, fax.: 31/30-2588100 
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Maynard International Management Consultants 

Our roots 

Maynard was founded in 1934 by Harold B. Maynard in the Unites States. In the sixties the 

Company was asked by Volvo to come to Europe. Maynard has developed there from an 

expert in industrial engineering and business administration towards consulting to 

management. The Benelux subsidiary ofMaynard International is based in the Netherlands at 

Breda since 1968. 

Our clients 

Maynard Benelux finds its clients in companies that have invested heavily in production 

equipment. For reasons of continuity and profit these companies depend on the productivity 

of this equipment. Consequently Maynard works in chemica} industry (process and batch, 

basic chemieals and specialties), (nuclear and classical) power plants, automotive industry, 

food and consumer industry, public transportation, etc. Withinthese companies we deal 

primarily with departments like Human Resources, Accounting, Engineering, Production, and 

Maintenance. We workat alllevels ofthe organization from shop floor up to the board of 

directors. 

Our services 

Our services and products encompass everything that is necessary to help our clients to 

increase productivity. Audits, systematics, procedures, courses, coaching, training on the job 

are some of these services and products. In more than 90% of the cases we are asked to help 

during implementation of change. Due to our roots we are still very quantitative oriented, but 

we know that everything we do has to do with people on alllevels of the organization. In our 

philosophy successful re-engineering a company is not just an engineering job: culture, 

people.tEs attitude, style of management, communication, mutuality, cooperation, and job 

satisfaction are the intangible parts ofthe challenge that need most of our and our clients 

attention. All our products, methods and tools emanate from this philosophy. 
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Our consultants 

We strive fora mix in disciplines to offer to our clients. Many of our consultants have an 

industrial engineering or management sciences background. But we have also a consultant 

with a PhD in biochernicals, a psychologist, a consultant with an MSc in shipbuilding, and a 

consultant with a PhD in Arts History. 

All our senior consultants had management functions in industry before they joined Maynard. 

Our attitude 

We don't like to develop concepts during our assignments at the costs of our elient We like to 

discuss them, to improve and adapt them during our assignments. This feedback is essential 

to meet the specific requirements of our clients. But development of ideas and concepts, or 

more basic things like courses, is too time-consuming to do it during a process of change that 

is of strategie interest for our elient Consequently we spend about 20% of our time intemally 

for development. This results in intemal techniques, products and services, but also in articles 

and books. Recently we wrote books about 'Total Productive Maintenance' and about 

'Informatization of Maintenance' 

More information? 

In case you want more information, you can call Eric Rensen, he will be pleased to answer 

your questions. Our phone number is 00.31.76.522.01.70 and our fax number 

00.31.76.520.97.70. Perhaps you wanttosend us information? Our address is: 

Maynard BV, Delpratsingel29, 4811 AP Breda, Netherlands 
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Faculty ofTechnology Management 

The Faculty oflndustrial Engineering and Management Science ofthe Eindhoven University 

ofTechnology is active in research and academie education programmes since 1966. 

Recently, this institute merged with the Faculty ofPhilosophy and Social Sciences, which 

focuses on the assessment ofthe application oftechnology in organisations, in research and in 

education programs. Now, in the new Faculty ofTechnology Management, about 300 staff 

memhers provide their expertise to educate and guide students to become graduate scientific 

Industrial Engineering or Technology & Society engineers and to carry out research in close 

co-operation with govemment and industry. 

Research 

Research ofthe two fields will be integrated in the course of time. The research activities 

within the field oflndustrial Engineering and Management Science are primarily aimed 

towards the innovation and design ofthe infrastructure, planning and control of 

organisational processes and technology assessment. Nearly all research is carried out in a 

wide variety of actual organisations, such astrade and transport, service industry, production 

companies, banking and insurance companies, hospitals, govemmental organisations. A key 

factor in the industrial engineering research at the faculty is the multi-disciplinary approach 

enabling a broad and therefore a realistic scope on the problems to be solved. In order to 

make research capacity more accessible to industry the Research lnstitute Business 

Engineering and Technology Application (BETA) bas been founded. Several other research 

institutions like IFRIM, IFRIP and the "Frits Philips Institute for Quality Management" are 

basedat the Faculty. 

The faculty bas a long tradition to spearhead in new developments, which is possible because 

ofthe dedicated staff and a culture of service mindedness to all faculty relations (ABET 

accreditation committee, EFMD). 

Education 

The Faculty ofTechnology Management offers a graduate programme in Industrial 

Engineering and Management Science and a graduate programme in Technology and Society. 
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In addition, several post-doctorate courses, such as the design of logistic control systerns and 

the Cornrnerciai-Technical Engineering course, are offered. The Faculty participates in the 

TSM Business School, which offers MBA courses for executives and senior executives. The 

TSM Business School is a collaboration between the faculties oflndustrial Engineering ofthe 

universities of Eindhoven, Groningen and Twente. In liaison with the VBI (the society of 

graduate industrial engineers frorn the EUT) an institute (IM&B) has been forrned which 

offers specialised courses for industrial engineering professionals. 
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Prof.dr.ir. T.M.A. Bernelrnans, dean 

Dr. R.A.M. van Brunschot, Curriculum 

Mrs. drs. E.J.M. Altenburg, Public Relations 

Ir. M.A.M. Leerrnakers, Research 

Address: 

Faculty ofTechnology Management, TUE, Eindhoven University ofTechnology, 

P.o. box 513,5600 MB Eindhoven, Netherlands 

JFaculty of Technology Management 
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