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An integrated and structured approach

to improve maintenance.

S.G. Vanneste'

Tilburg University

P.O. Box 90153, 5000 LE Tilburg, The Netherlands

L.N. Van Was senhove
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Bd. de Constance, 77305 Fontainebleau, France

Following a brief review of recent developments in maintenance theory and

practice, and in information technology and decision support models, we present

an integrated approach that combines elements from these domains into a

powerful tool for dealing with maintenance problems. We show how this frame-

work can be used to set up a continuous improvement program for maintenance

management and apply the concepts to an industrial case.

1 INTRODUCTION

In the past few years reliability and quality have become important topics in industry.

As a consequence, maintenance management has become a more prominent manage-

ment issue. Along with this process, theoretical developments in the field of mainte-

nance management took place and advances were made in the mathematical modelling

of maintenance and replacement problems. In addition, the progress in information tech-

nology has created new opportunities for data gathering and processing.

While each development on its own is of limited importance for solving real

maintenance problems, together they can contribute much to the development of a

powerful, integrated tool for maintenance management. It is therefore important to

analyze the integration and to stimulate discussion about the objects of integration and

the process itself. Furthermore, from this integration positive effects on the component

fields are to be expected as well.

' Present address: Shell Research B.V., Koninklijke/Shell-Laboratorium Amsterdam,
P.O. Box 3003, 1003 AA Amsterdam, The Netherlands
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This paper is an outgrowth of the project "Computer Aided Maintenance

Management", initiated at INSEAD in June 1991. The motivation for this project came

from the observation that current approaches to computer-aided maintenance manage-

ment were not able to properly satisfy the needs of practitioners. The existing mainte-

nance management information systems are limited to administrative and accounting

control, and are very static in nature. More advanced systems are desired and in our

view possible provided that recently developed tools stemming from different fields are

brought together. During the course of the project, which included field work at three

factories, it became clear that there was a need for an integrated methodology. This

methodology is the subject of the present paper. Companion papers discuss the

prototype Maintenance Management Tools and the specifics of the software design and

implementation (Angehrn et al., 1994, Angehrn, Jacxsens and Van Wassenhove, 1994).

The purpose of the suggested methodology is twofold. First, it offers the mainten-

ance manager a general, systematic framework which is transferable and comprehen-

sible to all the people involved. It is therefore useful as an alternative to the current

practice of unstructured and ad hoc problem solving. Second, the methodology embeds

scientific models into a broad decision support system, allowing the user to access

models in a very natural way. We thereby hope to break through the isolated position

of models and to contribute to a better integration of quantitative tools in maintenance

management practice.

Developments in maintenance management

Since the importance of adequate maintenance has grown, the impact of a good

preventive maintenance program on the reliability of production systems and the quality

of the products is better recognized. With this growing management awareness one of

the biggest obstacles in implementing maintenance programs and models has been

potentially removed.

The attention received by several concepts in production management such as MRP,

JIT, OPT, and the wide acceptance of these concepts in industry have contributed to a

better appreciation of maintenance as well. For example, a good understanding of the

role of a bottleneck machine helps in correctly assessing the cost of downtime resulting

from failures of this machine or related ones. These so-called hidden costs do not

appear in the financial reports but often largely outweigh directly visible, or tangible

maintenance costs. This phenomenon is known as the iceberg of maintenance costs.

A conceptual development particularly relevant to this paper is the Maintenance

Management Tool, suggested by Pintelon and Van Wassenhove (1990). This tool

consists of a control panel with key performance indicators and is functionally linked to

a structured network of detailed reports. In this paper we elaborate on this concept. For

a review of maintenance management decision making we refer to Pintelon and Gelders
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(1992). For a further discussion of maintenance concepts we refer to Blanchard (1992),

Kelly (1989) and Nowlan and Heap (1978).

Unfortunately, the increased awareness of the importance of maintenance has not

yet led to a more structured approach to the maintenance problem. The most widely

used concept in practice still seems to be the 'fire fighting' approach. While there is a

better understanding of the 'invisible' cost caused by poor maintenance, almost no

attempts are made to routinely estimate these costs. Even worse, in several industries

which gather numerous data on failure history, these data remain largely unused.

Trends in automation

Many rapid developments take place in the field of information technology. Advances

in hardware make it possible to gather and process huge quantities of data. For

example, in several modern production organizations machines have automatic record-

ing capabilities of the most important functions.

Advances on the side of the user-interface (e.g. hypermedia, graphics) provide

powerful technological possibilities for processing data into a tractable format for

interaction with the user.

Advances on the software part complete the picture. Rapid software development

and prototyping capabilities are important to keep systems up-to-date in the rapidly

changing environment which management is facing. The integration of standard

packages has become much easier, thus facilitating the use of packages in developing

tailor made systems rapidly.

Together these technological developments create big opportunities for systems that

support decision making and analysis (including so-called 'executive information

systems').

Recent developments in maintenance modelling

The Operations Research literature contains a large number of models that can be

helpful in obtaining insight in maintenance decision making. In the past few years an

increase in the number of maintenance articles can be observed. Recent attention has

been largely focused on maintenance and replacement theory, while other fields, such

as spare parts provisioning and maintenance scheduling, developed more slowly. In

comparison with the models introduced in the sixties and seventies, more attention is

paid to complex configurations of components (multi-component systems) and interac-

tion with production (e.g. Vanneste, 1992). Practical usefulness and computational

feasibility have become more important. An overview of applications of models is

given in Dekker (1992).

It is not always straightforward to apply the models presented in literature. The
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input parameters are often difficult to obtain and require a thorough analysis of the

department under study. Furthermore, these models do not always answer the right

questions. To get around these problems we embed the models in a larger framework.

Methods from Industrial Engineering

An important role in our framework is played by problem analysis methods from

industrial engineering and quality control. These methods can be very useful in a

broader setting of maintenance management. Recent advances in this field are sketched

in Watkins (1990). Below we explain how some of these techniques can help in the

analysis phase of the problems and in assessing the effectiveness of a given solution. A

systematic procedure seeking effectiveness is very valuable since it helps in structuring

and quantifying problems. In addition it provides a context for applying decision

support models (or efficiency models) and aids in determining some of their input

parameters.

An outline of our approach is given in the next section, followed by a more

elaborate discussion of the concepts of effectiveness and efficiency in a maintenance

context in Section 3. Section 4 deals with embedding the concepts of effectiveness and

efficiency in a maintenance management information system. Section 5 is entirely

devoted to a practical application of the approach. Finally, Section 6 presents some

conclusions.

2 AN INTEGRATED APPROACH

Our approach consists of two major parts. The first part is effectiveness analysis. The

aim of effectiveness analysis is to detect the most important problems and potential

solutions. Once the potential solutions to the most important problems are identified and

prioritized, it becomes clear which task or procedure has to be carried out more

efficiently. To reach maximal efficiency a further analysis of the given task or pro-

cedure is necessary. This is the second part, the efficiency analysis. While effectiveness

is concerned with 'doing the right thing', efficiency aims at 'doing the thing right'. The

effectiveness analysis ensures that the effort put in improving efficiency is indeed

dedicated to important tasks.

Our approach reads as follows:



5

Figure 1

Approach

Phase I. Obtain a clear picture of the current factory performance

Phase 2. Analyze quality and downtime problems

Phase 3. Analyze effectiveness of alternative solutions to (major) problems

Phase 4. Analyze efficiency of maintenance procedures

Phase 5. Plan actions

Phase 6. Implement actions and gather data

Phase 7. Monitor actions and process data

Phase 8. Adapt plans or information procedures in case of undesired deviations. Goto

Phase 1.

These steps constitute a closed loop which is repeated in a continuous improvement

program of maintenance and information procedures (see Figure 1). Our approach is

closely related to the Plan-Do-Check-Act concept developed by Deming (the Deming

wheel, see e.g. Pintelon and Van Wassenhove, 1990). This concept is summarized in

the following four steps: Plan: make plans to improve a given activity; Do: carry out

plans; Check: follow-up of actions; Act: make corrections if necessary. Our approach

puts more emphasis on the analysis phase and makes a distinction between effective-

ness and efficiency analysis. Furthermore, attention is paid to the role of information

procedures and systems and to the use of models. Our approach has also elements in

common with the Reliability Centered Maintenance methodology (Nowlan and Heap,

1978). Below we elaborate on the eight phases of our approach.

Phase 1. Obtain a clear picture of current factory performance.

In this step the following questions should be addressed: Which (part of the) depart-

ment are we going to analyze? What are the goals of this department? How are produc-

tion and maintenance organized (flow chart of production process, maintenance

procedures)? What is the current performance of production and maintenance? What is

the role of this department vis-a-vis the factory as a whole? The purpose of this step is
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to obtain a clear picture about what will be analyzed and how this department func-

tions. The list is not exhaustive.

Phase 2. Analyze quality and downtime problems.

This step entails the location of the major quality and downtime problems, their relative

importance, the frequency of occurrence, their causes as well as their consequences.

Several problem structuring and analysis tools can be helpful at this stage. Histograms

and Pareto-analysis (ABC-classification) can be used to analyze the relative importance

of failures. Quality control charts give insight into the magnitude of deviations. Cause-

and effect diagrams (fishbone charts), failure mode and effect analysis (FMEA) and

other variants are useful in structuring problems and their root causes (see e.g. Watkins,

1990). This phase requires a close collaboration with people from the shop-floor.

Phase 3. Analyze the effectiveness of alternative solutions to (major) problems.

Once the problems are identified and prioritized, the obvious next step is to generate

solutions and analyze their costs and benefits. A distinction has to be made between

directly visible or tangible costs and what we call hidden costs. Tangible costs are

known or easily measurable. For example, the tangible costs of a repair include direct

labour cost, subcontracting, spare parts, etc. Hidden costs are usually not directly visible

from the cost accounting system. They include production losses and costs ofdelayed
shipments.

The same distinction can be made in benefits, since the expected benefits of a

solution are identical to the costs saved compared to not implementing it. Both costs as

well as benefits of a solution, especially the hidden part, are often uncertain and

difficult to estimate. Even if it appears impossible to obtain an exact value it is very

important to secure an idea of the magnitude. It may be necessary to include scenario

analysis.

By comparing the results of the cost-benefit analyses, one obtains an idea of the

absolute and relative magnitude of the profitability of the solution in relation to the cost

and benefits of other solutions as well as of the uncertainty related to different alter-

natives. With this information it is easier for management to make a prioritized list

according to their preferences (risk-aversion etc.).

Phase 4. Analyze the efficiency of maintenance procedures

In some cases problems of downtime or quality will be avoided most effectively by

other solutions than better maintenance in the narrow sense, such as modification of the

design. In other cases the improvement of maintenance procedures may seem to be
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effective. The decision maker may then be confronted with questions such as how much

preventive maintenance (e.g. replacement of critical parts, overhaul) should be per-

formed to operate this machine in the most efficient way, or how many spares should

be kept in stock.

Several decision support models can contribute to the analysis of the efficiency of

performing a specific task. These models quantify trade-offs between costs and benefits

of certain actions and provide insight in what the optimal action is and how much it

improves the current policy (e.g. in terms of costs). Furthermore, models can be used

for prediction and target setting. The input for the models (e.g. costs, lifetime distributi-

on) can be obtained from the effectiveness analysis, from additional data analysis and

from expert opinion.

Phase 5. Nan actions.

Based on information of the previous phases it is now possible to select actions to be

taken. These actions have to be planned and organized. Together with the planning of

actions one has to plan the information process to keep track of the results. This

comprises defining the appropriate performance measures and organizing the data

gathering process. Finally, targets have to be set.

Phase 6. Implement actions and gather data.

Along with the implementation of the actions, the information structure has to be put in

place or adjusted and the data gathering can be started.

Phase 7. Monitor actions and process data.

A follow-up of the actions comprises the monitoring of the process resulting from the

iniplemented actions and processing of the data. The performance indicators (P.I.'s)

provide a tool to measure certain quantities and to check whether and to what extent

targets are met.

Phase 8. Adapt actions or information procedures in case of undesired deviations; Goto

Phase 1.

In case of deviations, minor adaptations to the process may be necessary. Alternatively,

one may start a new round of analysis and planning.
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3 A CLOSER LOOK AT EFFECTIVENESS AND EFFICIENCY

3.1 Effectiveness analysis

For each (major) problem the costs and benefits of the alternative solutions have to be

established. Based on this information a prioritized list can be made from which the

best solution is chosen. The effectiveness analysis phase thus consists of four steps:

1. Obtain a list of alternative solutions to each (major) problem.

2. Estimate the cost and benefits of each solution.

3. Make a prioritized list.

4. Select one or more solutions.

Prioritization is needed for several reasons. Firstly, because of the fact that there are

only limited resources (capital, manpower). Secondly, one can use the profits generated

by the first (most profitable) solution to implement the second, and so on. Thirdly, the

solutions may be interrelated, and implementing one may have consequences on the

cost-benefit relation of others. And finally, during the implementation of the first

solution, one can gain further information and update costs and benefits of alternatives

which allows the best alternative to be selected in the new situation. The latter aspect is

especially important in a rapidly changing environment.

In many cases, production losses are an important hidden cost factor. Consider a

plant whose demand exceeds capacity. One hour downtime at the bottleneck machine

translates into one hour lost production, which in its turn leads to lost sales. Hence, the

corresponding hidden cost equals the sales figure produced in one hour minus the

associated variable costs. An example of this situation is described in Section 5.

Failures of non-bottleneck machines can also have impact on the bottleneck, for

example because it becomes starved (no input from the preceding machine(s) or buffer).

For a good account of the role of bottlenecks we refer to Goldratt and Cox (1986).

It is important to put the relation between downtime costs and maintenance effecti-

veness in time perspective. In many production situations, the bottleneck is not always

the same machine. It keeps shifting from one machine to another in time as a result of

technical advances or changes in the production process. This affects downtime costs

associated with failures of the machines, and therefore maintenance procedures should

be adapted to the new situation in order to remain effective. Yet, in practice one often

regards the level of maintenance on a particular machine as being determined by

technical considerations only. Whilst the production situation changes, maintenance

plans are not adapted.

An example is presented in Figure 2. The horizontal axis represents the budget of

the preventive maintenance program on a particular machine, i.e. the tangible costs
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related to preventive actions. For simplicity it is assumed that the hidden costs due to

preventive maintenance are negligible. The vertical axis represents the costs due to

failures of the machine, which consist of tangible and hidden costs. The relation

between the maintenance budget and the failure costs is given by the curve. The 45°-

lines represent iso-total cost lines. It is assumed that, at time 0, say, the machine is not

a bottleneck and it faces an efficient maintenance program with minimal total costs

(point A). Suppose further that there is a significant amount of downtime as a result of

failures. Now suppose that after a year this machine has become a bottleneck machine.

As a consequence the downtime costs have increased dramatically (a factor 10 or 100 is

not uncommon). Now, when the maintenance budget is not properly adjusted, the

maintenance costs are out of balance and the total costs are much higher (point B) than

if the maintenance budget had been raised to the optimal level (point C).

Figure 2

Deterioration of the machines does not only affect uptimes but also quality. Quality

problems are typically more difficult to quantify than downtime problems, since product

quality relates to service to the client and customer satisfaction, which is difficult to

express in monetary terms. There are two exceptions, viz. when quality problems at one

stage relate to downtime at other stages and in the case of discounts for poor-quality

products.

Many of the arguments for doing effectiveness analysis are related to the dynamics

of real life situations, which make it necessary to prioritize actions and implement them

in a gradual way, whilst updating information and recalculating cost/benefits, so that

decisions are taken that fit best to changing situations.

3.2 Efficiency analysis

In Figure 2, the balance between the level of maintenance (maintenance budget) and the

downtime costs plays an important role. To quantify such a trade-off and strike the

optimal balance one has to use models. For many typical situations mathematical

models have been formulated, which can be useful in answering questions such as:

How much maintenance should be done on this machine? How frequently should this

part be replaced? How many spares should be kept in stock? How should the shutdown
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be scheduled? We emphasize that the vast majority of maintenance models is aimed at

answering efficiency questions, that is questions of the form 'how can this particular

machine be operated more efficiently?', and not at effectiveness questions, like 'which

machine should we improve and how?'. The latter question is often the one in which

practitioners are interested. From this perspective it is not surprising that practitioners

are often dissatisfied if a model is directly applied to an isolated problem. This is

precisely why in our integrated approach efficiency analysis (do the thing right) is

preceded by effectiveness analysis (do the right thing).

Models can be classified into three major categories: maintenance and replacement

(how often should a component be replaced), spare parts provisioning (how many

spares to keep in stock) and scheduling (e.g. shutdown scheduling). The latter two do

not exclusively belong to the maintenance field but respectively to the fields of

inventory management and production scheduling (see e.g. Nahmias, 1993). Models for

maintenance and replacement aim to answer questions such as how often should a

given component be replaced preventively or how often should an inspection be carried

out, given the cost savings associated with preventive replacement (compared to

replacement upon failure) and the probability of failure. Following Nahmias (1993) we

made the following basic selection of replacement models:

• deterministic age-replacement model

• probabilistic age-replacement model

• group-replacement model

In Section 5, we show how these models were applied to a specific application.

A common factor in these models is that the unit deteriorates as it gets older. If the

cost or probability of failure increases with age, timely replacement can save money. At

the machine level (aggregated) the deterioration is reflected in the maintenance cost per

year. The deterministic age-replacement model can be used to find the optimal age of

replacement. At the level of the component (disaggregated) the deterioration is

expressed by the risk of failure. The probabilistic age-replacement model and the group-

replacement model can be used to find the optimal preventive age-limit in this case,

where the former considers a single-unit system, and the latter a group of identical

components (this model is also known as block-replacement model).

These models are simple and lucid and at the same time fairly robust and general.

Although their simplicity is one of the reasons for their attractiveness, they may be too

restrictive for practical applications, and more advanced models may be required.

Recent advances in age-based replacement modelling are discussed in Vanneste (1992).

For a broad overview of models for replacement we refer to the review articles of

Sherif and Smith (1981), Valdez-Flores and Feldman (1989) and Cho and Parlar (1991),

or to the book by Jardine (1973). These publications also include models for inspection
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and condition monitoring. It is noted, however, that it is more difficult to select a

couple of generic models from the latter fields because these models usually have more

complicated assumptions and are more situation-specific. A general and flexible tool to

handle specific situations is simulation.

In combination with information systems, models can provide very useful decision

support. They provide tools to calculate the effects of changes in policies or in

parameters that affect the decision problem. As such they add value to the information

(Geoffrion, 1992). The data required for the model can be gathered and analyzed within

the system and the results can be used for target setting. The follow-up of the actions

provides a test for the validity of the model. If the model allows for gradual policy

changes, one can use the results of the model in a gradual improvement framework by

making a change in the direction which is proposed by the model and checking whether

the results are in accordance with the prediction. Note again the importance of key

performance indicators to track this. If the model predictions do not materialize, the

model and data have to be critically reviewed.

4 EMBEDDING THE INTEGRATED FRAMEWORK IN AN INFORMATION
SYSTEM

The improvement program has to be embedded in an information system to help the

maintenance manager with initiating, monitoring and measuring continual improvement

efforts. Such a Maintenance Management Information System (MMIS) should be very

userfriendly and flexible. The user should be able to access information in a focused

way: the right information at the right time at the right place. For this purpose,

hypermedia technology is very useful, since it allows the user to navigate through the

information system in a way that resembles the way of thinking in the mind: going

from one object to another, focusing, relating objects, etc. Flexibility is important since

the decision environment often changes quickly. Therefore, it should be possible to

modify the system or parts of it relatively easily. A modular approach and a program-

ming environment which allows fast prototyping is important in that respect. For

reasons of userfriendliness and flexibility, the system can best be implemented on a PC.

This PC can be linked with other systems, e.g. for data retrieval.

The major components of a MMIS are shown in Figure 3. P.I.'s should have a

central place in the software system, so that they can act as a control panel, from which

the performance of the maintenance department can be monitored and analyses can be

initiated. P.I.'s can be classified into budget ratio's, job ratio's, equipment ratio's (e.g.

availability) and personnel ratio's (e.g. absenteeism). We refer to Pintelon and Van

Wassenhove (1990) and Lyonnet (1991) for specific examples. A structured network of

detailed reports can be linked to the control panel to provide the user with more
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detailed information, including time aggregation or disaggregation and analytical tools

such as viewing trends. Thus the control panel acts as platform for interaction between

the user and the system. A spreadsheet application can provide a useful representation

for the control panel and the detailed reports.

A modelbase of practically useful decision support models should be linked to the

control panel. The manager should be able to perform in-depth analysis through formal

models without requiring advanced technical or mathematical skills. Simple models can

easily be built into a spreadsheet application, while more complex models require

structured languages such as Pascal or C.

Furthermore, the system requires a database. The system should give access to

consistent databases and it should be flexible enough to define new elements and delete

others (if a new P.I. is defined, it has to be decided which data to gather and in which

format). Time aggregation plays an important role since it will not be possible to keep

all data on a detailed level for several years. For some datatypes such as budget

information only aggregated information is needed, but for other data, for example

failure data of a critical component, very detailed and disaggregated information may be

necessary. In larger plants, the system database will have to be linked with a factory

database, presumably running on a mainframe. In that case, an interface between the

databases has to be developed and maintained. Due to the inflexibility of many factory

database systems this can cause for a bottleneck. The gathering of the basic data for the

factory database can be done by letting the workmen fill out forms (computerized .or

not) or by capturing useful data automatically on the machines.

Figure 3

Another useful source of information is external information, for example, about the

performance of installations in other companies. They can serve as benchmarks for

one's own performance. To obtain reliable data, the data gathering can be carried out by

an organization that has access to data of several companies or users.

The success of the eventual system depends heavily on how well the elements are

conceived and integrated and how flexible the resulting product is. We built and tested

a prototype software system in which the ideas mentioned above were implemented.

For a description of this prototype and a more elaborate discussion on the demands on
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computer software for maintenance we refer to Angehrn, Jacxsens and Van

Wassenhove (1993).

In our approach the analysis 'pulls' the information. Which information to gather

and how is decided concurrently with the analysis. Advantages of this approach are that

one knows better which information should be gathered and how important it is. In a

dynamically changing environment this argument can be very important. A second

advantage is that that the personnel is better involved and motivated to gather the

information because they realize its usefulness. The drawback of course is that during

the analysis phase one does not have all required information. In our experience

however this is not a serious problem. Usually there is some data available which

together with expert opinion and, if necessary, some additional measurements provide

enough information to get a rough impression.

Neither the information system design nor the analysis should be done extensively

in isolation but rather concurrently in an improvement cycle of both analysis and

information procedures. In practice, one often starts with putting a lot of money and

effort in setting up elaborate data gathering processes but then it appears to be so time-

and money consuming that one does not reach the analysis phase at all, or meanwhile

the situation has changed in such a way that the data gathered are no longer relevant.

5 AN APPLICATION

5.1 Plant description

Our plant, called Betodal, is a small plant producing concrete stones. It belongs to a

multinational group with several plants in Europe. At the time of our visit, demand

exceeded capacity and therefore the availability problems, where Betodal suffered from,

led directly to lost demand. As a consequence, management was interested in reducing

unavailability and improving maintenance.

Figure 4
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The production process is briefly sketched as follows (Figure 4 and 5). Raw materials,

such as sand, water etc., are put together and mixed. A mould is filled with this mix,

which is then condensed by a press and a vibration mechanism (block machine). The

resulting stones are transported to the drying rooms where they remain for one day.

From there they are transported to the packing machine and finally they are stored on

the grounds. As the buffers between the process phases are very small, there is a high

level of interdependency. Consequently, a major breakdown of a machine often leads to

a shutdown of the whole line.

The following list summarizes the main characteristics of this plant:

- size: 10 workmen; 5 machines; 5 stages of production process; 500.000

week; annual turnover of 8 million Dfl. (50% of which is raw materials)

maintenance budget Dfl. 360.000; book value of equipment Dfl. 600.000

production process relatively simple and old fashioned

flow shop production line; one class of products (clinker stones)

integrated production and maintenance

- 1 shift

- throughput time: ± 2 days

stones a

The maintenance administration is done by the head of production. From his own

experience as well as from comparisons with another concrete plant, owned by the

same company, the production head forms an idea of how to maintain a given piece of

equipment (which components to replace, on what basis and how often). It was clear

however that the number of failures and the associated downtime were far too high.

This could be observed from the irregular flow pattern of the production process (high

variability) and the poor job satisfaction of the personnel (if there are many failures

people tend to become frustrated).

For the general administrative business functions like bookkeeping and inventory

contrpl, a structured way of data gathering and information storage was started only

recently. For reliability, quality and maintenance only very little (written) information

was available. The goals of maintenance were not clearly stated and no targets were set.

We also visited other plants in the Group, which were bigger in size. Problems in

these factories were very similar to Betodal. In addition to that, the bigger plants had

problems due to the fact that production and maintenance were organised in separate

departments with different goals (cf. Nakaijma, 1986), and, although they had put much

more effort in setting up large information systems, the data gathered by these systems

were not effectively used for decision making.
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Figure 5

5.2 Application of concepts

We fully implemented our eight-phase approach in Betodal. To illustrate how the

concepts can be applied in practice, we discuss the application of three main steps, viz.

getting a picture of the quality and downtime problems, prioritize actions (effective-

ness), and improve the efficiency of maintenance procedures. Other matters, such as the

choice of performance indicators and the set up of information procedures are not

discussed here. This section is an abstract of a report which was carried out for, and in

collaboration with, Betodal's management.

5.2.1. Quality and downtime problems

The fishbone diagram in Figure 6 shows the possible causes of downtime in general

terms.

Figure 6

Each new production run is preceded by a set-up. Many problems occur during set-up

and it takes a while before production is running smoothly, partly due to failures. If the

product variety is large, as is more and more the case, the many set-ups associated with

this can cause much downtime. It is therefore important to streamline the set-up phase

and choose a smart variety of products. Errors in technical design can be solved by
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modification. Some errors directly come forward but others only become apparent after

some time, for example if the production rate is increased. Downtime problems can also

be caused by quality problems at previous stages, by service or adjustments, which

relate to the motivation and training of the personnel, and accelerated wear, which

relates to quality of equipment and effectiveness of maintenance procedures.

The general fishbone chart was further analyzed to detect more specific causes and

problem fields. Two machines were particularly vulnerable to downtime problems: the

block machine and the packing machine. Causes are located in all of the above-men-

tioned fields, with an emphasis on maintenance procedures and quality of the mix for

the block machine (previous stage), and on design problems and wear for the packing

machine.

The second step is to rank the occurrence of downtime and quality problems

according tq importance (e.g. frequency). Both expert opinion and data obtained from

failure lists and production reports were used to obtain estimates. It is important to have

more than one source of information because a single source is often unreliable. For

example, an expert may tend to exaggerate a problem which is currently of great

concern to him. On the other hand, if a machine is causing much trouble, people get

tired of filling in forms denoting every failure. Especially if many short interruptions

occur, one cannot expect employees to run to a desk each time to fill out forms.

From manually filled out failure lists, estimates from the workmen and some

additional measurements we got the following picture of the reliability and quality

problems. The amount of downtime is approximately 6 hours a week on average. In

percentage this stems from the problem fields listed below:

- set-up (25%)

- block machine (20%)

- packing machine (40%)

- transportation problems (10%)

- other (5%)

Since set-up problems occur mainly at the early stages of production, this is essentially

a classification according to production stage.

Besides downtime due to failures, production time is also lost because of cleaning

and greasing (including minor maintenance). This amounts to about 6 hours a week as

well.

It is interesting to note that these problems extend beyond the maintenance depart-

ment and cannot be solved solely by technical measures on the equipment. Some

problems, e.g. set-up problems, relate to marketing and others to the design of equip-

ment.
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5.2.2 Effectiveness of solutions

To illustrate the method of effectiveness analysis we consider the problems at the

bottleneck machine. The major bottleneck appeared to be the packing machine, in

contrast with the normal situation in this type of industry where the block machine is

the bottleneck. Based on production data, failure records and additional measurements

we concluded that both the speed during operation as well as the proportion of time the

machine was operating (availability) were less than normal (w.r.t the benchmark in this

type of industry).

Several problems contributed to the poor functioning of the machine. First, the

machine was rather old (7 years) and slower than new equipment. Also, it had been

quite some time since the last overhaul. An overhaul was carried out only during the

year-end production stop. From comparisons with another plant in the group and

analysing failure data (not only for the packing machine), which clearly exhibited an

increasing trend towards the end of the year, it was concluded that the frequency of

production stops (allowing major overhauls) should be increased. A third cause of

downtime was that just before the packing machine, the stones were inspected and bad

ones were replaced by good ones, thus causing for delays.

Another problem was that the binding machine, which forms the back-end of the

packing department (see Figure 5), functioned very badly. This machine puts a wire

along the stones. It failed very frequently and caused the packing machine to halt when

the downtime was too long (short interruptions could be recovered since the binding

machine operated relatively fast).

The total amount of downtime of the packing machine (excluding the binding part)

was approximately 1,5 hours a week. The binding machine was down approximately 5

hours a week, 2 hours of which led to production loss. If the packing machine was

operating well it was known to be about as fast as the block machine. The block

machine has a cycle time of approximately 17 sec., i.e. it produces a full board of

stones every 17 sec. on average.

To estimate the production loss per hour (PLH) we reason as follows. The annual

turnover is about Dfl. 7.500.000. The variable cost (mainly raw materials) accounts for

Dfl. 3.400.000. The cumulative number of effective production hours is about 1200

hours per year (excluding maintenance, cleaning, downtime etc.). If the production is

stopped one (effective) hour, then the total production as well as the variable cost are

affected. Hence, we obtain a PLH of (7.500.000 - 3.400.000)/1.200 = 3.400. We note

that this calculation depends on certain assumptions, for example, we assumed that

time saved is evenly spread among the product types.

Let us first analyze the binding machine. For this old machine (18 years) the only

option is to replace it by a new one. A new machine costs about Dfl. 75.000. It is

expected that a new machine will reduce the production loss from 80 hours a year to
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about 20 hours (75% reduction), thus saving Dfl. 204.000 per year. Hence, it is clearly

profitable to replace the machine and furthermore this decision is not sensitive to

changes in the cost parameters.

Next we turn to the packing machine. Based on the PLH the cumulative failures at

the packing department lead to an annual production loss of 1.5 x 40 x 3400 = 204.000.

There are three solution alternatives:

Option I. Renew the entire packing machine. This is the most drastic solution alterna-

tive. The total cost of replacement including installation, additive investments and

production losses (2 days) amount to Dfl. 800.000, or, when depreciated in 8 years,

about Dfl. 100.000 a year. The estimated savings amount to 50 - 80% of the downtime

or Dfl. 100.000 - 160.000 per year. The benefits can be larger than the costs, but given

the magnitude and uncertainty of the amounts, it is not clear that this option is a profit-

able one. It is noted that a new machine is also much faster (the cycletime is about 13

seconds) but this is only of interest if the block machine can be made faster. We do not

further consider this option.

Option 2. Perform a few technical modifications on the packing machine. It is expected

that part of the failures can be prevented by a few technical modifications. For example

it was experienced in other factories that the electrical engines work much better under

direct than under alternate current. The costs of these modifications amount to Dfl.

250.000 while the expected savings range from 60.000 to 140.000 a year. At a

depreciation of 8 years this is certainly a profitable investment.

Option 3. Increase the frequency of maintenance and overhauls. A number of critical

components such as layers, clamps etc. could be replaced more frequently. Currently,

the annual (direct) maintenance cost amounts to Dfl. 10.000. (Note that the hidden costs

relating to maintenance are a multitude of the tangible cost). Suppose the frequency

would be doubled, then the amount of savings is, roughly estimated, Dfl. 20.000 to

60.000. Additional production losses yield approximately Dfl. 10.000. Given the uncer-

tainty of this estimate and the low marginal profit in absolute terms this does not seem

to be very effective (at least not if this option is taken as a single alternative).

The estimates concerning the reduction of failures are based on an analysis of the type

of failures, information from the equipment manufacturer and experiences in other

concrete plants.

Summarizing, the most attractive option is Option 2, and this one was indeed

chosen by the management.

It is interesting to discuss some further aspects of Option 1. The reason that the

expected downtime after renewal is much lower is partly due to the fact that the
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machine has been technically improved, but also because a new machine in general

leads to fewer problems than an older one (except if the machine is based on very new

technology which is not yet fully tested). To quantify the trade-off between increasing

cost due to maintenance and production loss and replacement cost, we can use the

deterministic age replacement model. In Table 1 we give the maintenance costs

associated with the i-th year of operation, i = 1, , 10, divided into tangible costs

(material, new components), denoted by t, , and production loss, denoted by h, . The
latter factor is obtained from the equation h, = u, x PLH x 1500, where u, denotes the

unavailability. The estimates for t, and u, are based on expert judgement and supported

by data. For the average cost per period in the long run we have, if we replace every T

periods (see e.g. Nahmias, 1989),

T
1g(T) =	 [ A +E(t , + h ,) ]

where A is the replacement cost, in this case A = 800.000 (see Option 1). The resulting

average costs for varying T are shown in Table 1 and we see that the optimal replace-

ment age is 6 years with an average cost per year of Dfl. 216.000. For simplicity, we

ignore discounting.

Table 1 Results for the deterministic age-replacement model
i t, u, h, g(i)
1 1.000 0 % 0 801.000
2 3.000 1 % 51.000 427.500
3 3.000 1 % 51.000 303.000
4 10.000 2 % 102.000 255.250
5 10.000 2 % 102.000 226.600
6 10.000 3 % 153.000 216.000
7 20.000 4 % 204.000 217.143
8 20.000 5 % 255.000 224.375
9 15.000 5 % 255.000 229.444
10 15.000 6 % 306.000 238.600

5.2.3 Maintenance efficiency

Anticipating the modifications on the packing machine, we did some further analyses

on the block machine, which is the heart of the production process. A preliminary study

suggested that for this machine, improvement of the maintenance procedures could be

effective. In this section we present two models that were used to study the mainten-

ance efficiency concerning the block machine. We assume here that this machine is
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now the bottleneck machine.

Mould clamp holder

The first and most critical component that we consider is the so-called mould clamp

holder. For this component we analyze the optimal replacement frequency. The mould

clamp holder is replaced after it has been in use for 4 months (preventively) and upon

failure. Despite the frequent preventive replacements the unit still fails from time to

time. When it fails, some other parts are damaged and it takes 5 hours to replace them.

A preventive replacement takes 2 hours. We gathered estimates of costs and failure

characteristics together with the head of production. Under the present replacement

policy it was estimated that approximately 1 out of 5 holders fails. If the replacement

frequency would be doubled, that is replacement after 2 months, almost no failure

would occur (say 1 in 20, or approximately 1 in 3 years) and if it would be done after

6 months 1 out of the 2 would fail. Let co be the cost of a preventive replacement and

cf the cost of corrective replacement. Using the PLH of 3400 and the fact that a repair

upon failure takes 5 hours of downtime, we conclude that cf = 17.000 (the tangible

costs are negligible). Preventive maintenance takes 2 hours, and the costs of an hour

preventive maintenance are, as we will see below, Dfl. 1000. Hence cp = 2.000. It is

now easily verified that it costs approximately Dfl. 17.100 per year if replacement is

done after two months, 16.200 after 4 months and 21.000 after 6 months.

These calculations provide a check on the estimates of the production head, and at

the same time a check for the results of the model, which is very important for the

acceptance of the model.

The cost of preventive maintenance is not easy to establish. On one hand, preven-

tive maintenance has an impact on production because the time devoted to maintenance

could have been used for production. On the other hand, maintenance can be planned

(in moments that the equipment is not required for production, like during shutdowns or

at moments at which the machine is halted. For example, for some products, the drying

rooms are full at the end of the day, and so the block machine cannot continue to work.

Here we applied the following reasoning: There are certain time intervals used for

preventive maintenance, but since these time intervals could also have been used for

production, they mean production loss. However, a careful planning of these time

intervals makes it possible to maintain 3 to 4 installations simultaneously. Hence, we

can spread the cost among the machines and conclude that preventive maintenance on

the block machine costs about 1000 guilders per hour. Note that a failure occurs usually

unexpectedly and therefore in such a case no other preventive maintenance can be

carried out simultaneously.

We applied the probabilistic age-replacement model, which was briefly introduced

in Section 3.2, to find the optimal replacement age. This model balances the probability
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that the component fails against the cost of preventive replacement. The input parame-

ters are the cost of preventive and corrective maintenance and the probability distribu-

tion of the lifetime. In the appendix we show how we estimated the lifetime distribution

from the data. The formula for the average cost now yields (see e.g. Nahmias, 1993):

c + (c – c )F(T)
8(T) 	

E ( 1 -F(k))
k sO

where F(t) is the probability that the machine fails before time t. The optimal replace-

ment age is 3 months (see Figure 7) with an average cost per year of Dfl. 15.000. This

result supported the feeling of the head of production that the current frequency was

perhaps too low, although the expected savings are not high.

Figure 7

Series of bolts

The other object of maintenance is a series of 12 bolts which fixes a press beam. We

refer to this group of bolts as a component. This component is not very critical, but the

routine maintenance tasks on this unit are very time consuming. Here we investigate

whether the bolts have to be maintained individually or as a group in order to minimize

the amount of time spent on the unit.

If a bolt cracks, the machine continues operating, but if several bolts have failed

and some are loose, then the machine can break down, with severe damage as a result.

Therefore, the bolts are checked at the end of each workday and if a bolt turns out to

have failed, it is immediately replaced, while the loosened bolts are fixed again. At the

moment of our study, a bolt cracked practically each day. The present maintenance

policy was to replace a bolt if it turns out to have failed at the end of the day (hence no

preventive replacement). Fixing a single cracked bolt takes on average 1.5 hours time.

Preventive replacement of the whole group of bolts takes only 2 hours (the reason that

it takes so long to replace a failed bolt is that it often gets stuck and has to be drilled

out).

The fact that it takes relatively little time to replace the whole group makes it

interesting to investigate whether preventive group replacement is useful. The group-
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replacement model, mentioned in Section 3.2, is used to analyze this situation. The

following class of policies is analyzed: replace individual components upon failure and

the entire group of components at multiples of a time period T (this policy is also

known as a block-replacement policy). Thereby, we assume that the intensity of failures

increases with age. Under this assumption it is to be expected that after a certain period

of time with relatively few failures, a number of failures will occur relatively short after

one another, and time-savings are incurred by performing joint-replacements. We note

that the increasing failure rate assumption could not be tested because data on individ-

ual bolts were not available. However, in principle, the model could be validated after-

wands with the results.

From the fact that there are 12 bolts and practically each day one of them fails we

conclude that the mean lifetime is approximately 12 days. We made some further

assumptions on the distribution (see Appendix) and applied the group replacement

model. It appeared that a block replacement every five days is most efficient. Under

this policy the expected number of failures between two consecutive group replace-

ments equals one, so that the total time for maintenance is (1 . 2 + 1 . 1.5)= 3.5 hours a

week. Comparing this with the failure based policy where one loses 1.5 hours per day

or 7.5 hours a week, we conclude that the total amount of time needed for maintenance

can be reduced by 50%. Costs associated with the additional number of bolts are

negligible.

A drawback of the block replacement policy is that it does not use any information

regarding the state of the components. For example, it may happen that at time T many

components have already been replaced once (upon failure) and are almost new or that

one component fails just before T while the others are still functioning (and almost

reached age T). In the first case it seems more efficient to defer the group replacement

while in the latter case, the moment of failure provides a nice opportunity to replace the

entire system. A model that takes information about the components into account on an

aggregate level is the group replacement model developed by van der Duyn Schouten

and Vanneste (1993). The input parameters are again the lifetime distribution and the

cost of individual failure replacement as well as the costs of group replacement (we

note that all components can be replaced in two hours, regardless of the fact that one

failed or not). An efficient group maintenance policy is paraphrased as follows: replace

an individual component as soon as it fails or reaches the age of 7 days and take this

opportunity to replace the entire group if 9 components or more have reached the age

of 3 days. According to the group replacement model, this policy leads to 2.5 hours a

week for maintenance, that is, a further reduction of 15%, compared to no preventive

replacements at all.

Unfortunately for us, neither of the two group replacement models could be

validated because a new type of bolt was introduced and the problem did not occur as

frequently anymore. In other words, a more effective solution was found!
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6 CONCLUSIONS

In this paper, we have presented a systematic approach for improving preventive

maintenance. This approach aims at improving factory performance through reduced

downtimes and increased levels of quality by enhancing effectiveness and efficiency of

preventive maintenance. It is not a solution technique but rather an approach providing

guidelines for setting up a continual improvement program. It combines elements from

replacement theory and practice, methods from industrial engineering, replacement

models, and is based on the possibilities offered by modern information technology.

The analysis has to be performed by a task group with people from the factory and,

possibly, external people (e.g. consultants, trainees). Without a thorough analysis of the

production process and a deep knowledge of the factory it will not be successful.

However, when successfully applied, a major contribution to factory performance can

be obtained, yielding a competitive advantage for the factory.

An important advantage of our approach is that it is able to deal with dynamic

situations and keeps adapting the actions to the situation. Many decision approaches,

models and computer systems are very static in nature. By the time the optimal solution

is found, the situation has changed and the solution no longer applies.

With this study we hope to contribute to a new conceptual basis for the use of

computer-aided maintenance systems in organizations, and secondly, to give impulses to

a better integration of mathematical models and analytical techniques into management

practice.

APPENDIX Estimating the lifetime distribution

A widely known lifetime distribution in reliability is the Weibull distribution. Several

techniques, based on least squares or maximum likelihood, are available to estimate the

two parameters of a Weibull distribution on base of (censored) failure data, see e.g.

Gertsbakh (1989). In addition, expert judgment can be used.

Here, we use the following simple and straightforward approach. Recall from

Section 5.2 that the present policy of replacing after four months resulted in 20%

failures. Denoting the lifetime distribution by F(t), it follows that F(4) is estimated to

be 0.2. In the same way, we obtain from the other estimates reported in that section that

F(2) 0.05 and F(6) 0.5. Note that the estimates for F(4) and F(2) are based on

actual experience (they could be verified with data), but the estimate for F(6) is only a

subjective extrapolation. On the other hand, the estimate of F(2) is inaccurate (could be

0.08 or 0.02 as well). Therefore we used the estimates for F(4) and F(6) to obtain the

scale parameter X and the shape parameter 13. Note that two estimates of a Weibull
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distribution suffice to solve the parameters from the data (this results in two equations

in two unknowns, which can be easily solved). It is easily verified that X=0.15 and

13=2.8. The third data point appeared to be in accordance with these values, and the

general statistical methods, based on least squares, also led to approximately the same

results. For the group replacement model we took a Weibull distribution with parame-

ters X=0.075 and 13=2.5 (resulting in a mean of 12 days).
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