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CHAPTER ONE

INTRODUCTION

The growth in the costs of maintenance over the last 40 vyears

are directly related to the changes in production technology

over that period. The second world war stimulated a pheno-
menal! growth in the manufacturing industries. This was
accompanied by a proportional increase in investment in machi-
nery and equipment. The advent of the microchip and the
%omputer lifted the ceiling on investment in plant again.

All these developments have placed increasing demands on the
plant maintenance function. The physical quantity to be main-
tained has increased and the availability of this new genera-

tion plant is required to be much higher. In the United
Kingdom estimates put the 1970 expenditure on maintenance by
industry at £1100 million (Ref.l). Inflation alone would put
that figure at well over £5000 million today. This is just
raw expenditure on maintenance and does not take into account

the effect of maintenance on the production account.,

The political and economic developments 'in South Africa over

the last few vyears have further increased the importance of
the maintenance function. The difficulty of obtaining certain
plant both in terms of the availability of suppliers willing
to sell to South Africa, and the cost at prevailing exchange
rates has forced organizations to make their plant last. The
effect of these changes is still to be felt by maintenance

organizations.

These developments in hardware have not been the oniy develop-
ments. Management science has had to grow as well. Managers
now have more quantitative technigques available to them. How-

gver, a survey by Management Today (Ref.2) has shown that most

managers make little use of these techniques. There is a
mismatch between the academics’ proposals and the managers’
perceived needs. This reflects both the academics idealized

view of life and the managers ignorance of what is available.
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The probability of failurse
2. Once the components has begun to fail (i.e. the
component is worn) - how long it will take before

the component will fail completely.

The  first aspect is wvery important where components
give little warning of complete failure, The second

aspect is more useful where the components give a fair

warning of catastrophic failure. This second aspect is
more important in mechanical maintenance. General
mechanical components, such as bearings, give a good
warning of catastrophic failure. Thus it can be sesen

that the more frequent the inspections, the greater the
probability will be that faults will be detected before

they lead to catastrophic failure.

THE INSPECTION FREQUENCY

Cost and Reliability

We have established that there is a relationship bet~
ween the expected reliability of a piece of equipment
and the frequency of the inspections. Howsver, the

objective of any industrial maintenance is to maintain

equipment at that level which minimises total plant
cost. Maintenance is Jjust one of the costs of produc-
tion. There are many other costs that are affected by

the maintenance function such as the machine running
costs and capital costs. Whenever a machine is out of
action, there is the opportunity cost of the profit
that it could be producing (i.e. the downtime <costs).
Within a certain range, as the inspection frequency
increases. s¢o the overal]l production costs decrease.
This is mostly because of an increase in reliability
and thus a decrease in downtime costs. However, this
leads to an increase in the maintenance departments

expenditure . Fig. 4.2 shows that the sum of these costs






CHAPTER FIVE

MODELS IN THE INSPECTION AND REPAIR POLICY

INTRODUCTION

Having established the fact that there must be an opti-
mum inspection frequency,., it now remains to find a way
of calculating such a frequency. In this chapter, three
models are described that use different methods to cal-
culate the optimum inspection fregquency. The models
all rely on input data as to the reliability of the
equipment and maintenance and downtime <costs. The
models will be evaluated in Chapter Six. A standard-
ised notation has been wused for the formulas as given
in Appendix E. For this reason some of the formulas
given will look different from those in the source

referenced.

THE RELIABILITY FUNCTION MODEL

The Basic Model Concept

The reliability function model is the simplest of the
three models. This is both in terms of its concept and
its mathematics. The description of the model as given

here is based to a large extent on the work of Jardine
{Ref . 10).

The model relies on the assumption that there is a

direct relationship between the breakdown rate {i.a.

the number of breakdowns per time unit), and the
inspection frequency. This relationship is expressed
in terms of a continuous curve or reliability function

as shown in Fig. 5.1.
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Breakdown?t

rate
Inspection Fregquency~
Fig. 5.1 THE RELIABILITY FUNCTION
This curve is used together with maintenance and
production cost data to produce., in seffect, a set of
curves such as those given in Fig. 4.2. From this the
optimal inspection frequency is found.

Data Reguired

From the preceding section it can be seen that two

basic types of data are required:

1. Reliability data

2. Cost data (Maintenance and Production).

The reliability function provides the reliability data
input. In order for the model to produce accurate deci-

sions the curve must be based to some extent on histor-

ical data. This can onily really be done by varying the
inspection freguency and seeing its effect on the
breakdown rate. Quite a number of points are required

in order to plot a curve of any accuracy. However., if
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data is available from other similar machines approxi-
mation could help limit the number of points required.
Even wusing this method it could take many years to

establish such a curve.

The cost data must obviously include the costs of ins-

pection and repair per time unit, the costs of break-
down repair per time unit {(this is normally higher than
that for inspection and fepair) and the downtime costs
per time unit. As the costs are all in rands per time
unit, we obviously need the average length of time for
the inspection and repair and a breakdown repair. It is
important to note that an inspection and repair is con-
sidered one event as far as cost and time is concerned.
This is in keeping with the investment and return

analogy of section 4.1.

Assumptions and Formulation

Jardine {(Ref. 103} considers a simple case of the
inspection policy and thus makes the following assump-

tions.

1> That the mean time to perform a repair or inspec-—

tion does not vary with the number of inspections.

2) That the relationship between breakdown repairs and

the number of inspections is known.

3) That the profit per unit time is a continuous func~
tion of inspection frequency and can thus be diffe~-

rentiated.

Thus the following equation is derived {(see

Appendix A for derivation)
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where B

R* - is the derivative of the breakdowns per time unit

t, ~ is the mean time to complete breakdown repair

t, - is the mean time to inspect (and do inspection
repairs) )

G =~ is the value of the output per uninterrupted time
unit

C, - is the cost 65 inspection per uninterrupted time
unit

C, - is the cost of repair per uninterrupted time unit

Equation 5.1 is solved for R'. However, R' is a fung~

tion of N (the number of inspections per time unit).

The derivative of the reliability function ts thus
substituted into the formula and the optimal inspection
frequency is calculated. A complete numerical exampile

is given in Appendix B.

THE DELAY TIME MODEL

The Basic Model Concept

This model in its basic concept has been widely used by
many and as far back as 1965 by Barlow and Proschan
(Ref.3), although not called by the same name. Much of
the more recent work and practical application has besen
done by Christer (Ref.13). He has developed it both in
the field of building (Ref.12) and industrial mainten-
ance (Kef .13).

The basic concept is that of a delay time. h. which is

a measure of the time from when a fauilt could first

have been noticed, until such a fault would cause cata-
strophic failure. It can be shown that there is a
relationship between the probability density function

{(p.d.f.) of the delay time, f(h) and the inspection
interval (Ty. This relationship must include other

variables such as the downtime and maintenance costs.
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THE MARKOV MODEL

The Basic Model Concept

Markov was a Russian Mathematician who pioneered modsern
probability theory. His name has been given to this
general statistical method that has been used to solve
probiems in a number of fields. A number of research-
ers have applied this method to the field of mainte-
nance decision making including Barlow and Prochan
{(Ref .3}, Luss (Ref.14) and Lapin (Ref.15).

The basic concept (when applied to the field of inspec-
tion and repair maintenance) is that of a machine that
can be found in any one of 2 number of states. Where
the number of states is finite, this is known as a
Markov chain, as opposed to the more general case where
a Markov process may have continuous states. Say a
machine’'s operating condition is defined such that it
may be in any one of {four states. The Markov process
deals with the probability of the machine staying in
one of the states or transferring from one to another.
The Markov process is, however, memoryless and the
probability of moving from one state to another is

independent of past history.

An inspection and repair, has the effect of transfer-
ring the machine to a Thigher” state. Use of the
machine transfers the machine over a period of time to
a "lower” state. It is thus possible to consider the
total cost of running a machine for a number of differ-
ent inspection intervals, The minimum cost will

identify the optimal inspection policy.

Data Reguired

As with the delay time and reliability function models
both reliability and cost data inputs are required for

the Markov model .
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The definition of the states is the first step in form-
ing the reliability data input. The next Etep is the
allocation of transfer functions from one state to ano-
ther. These are expressed in terms of the probability

of a machine transferring from one state to another.

The costing data required is basically the same as that
for the other two models. Here, however, the cost of
cccupancy of each of the states is required as well.
This mode!l thus takes into account variatioens in plant

running costs.

Assumption and Formulation

Normally the model is in the form of a Markov chain
{(i.e. a finite number of states). This makes the
analysts task easier, in that specific wvalues can be
assigned to each of the states. This assumption ideal~-
izes the situation to an extent. This is not serious
and the other models (Delay Time and Reliability Func~
tion) in fact are more idealized in that they only

consider two states {(running or not running).

For the case of three states a matrix would be drawn up

as follows:

X1 X2 X3
X1 Pl P12 P13
X2 0 P22 P23
x3 ! 0 0

where X1, X2, X3 - are deteriorating states with XI
being as new and X3 being
inoperable.

P - is the probability of transferring
from one state to a lower one.
i.e. P13 is the probability of

moving from state | to state 3.
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From the matrix it can be seen that the following

assumptions are made.

1> The machine is returned to its 'as new' conditions
after a breakdown.

2y The machine <cannot otherwise move from a lower
state to a higher one. This is in accerdance with

the law of increasing entropy.

One way of finding the optimum inspection interval (T
is by simulating the response of the matrix. The
transformations are simufated for a number of periods,
t (where t << T). At the end of each period t the
cost of occupying the state simulated is calculated.
This is donevfor a number of periods n (where nt > T -
the more periods the better). A number of different
inspection intervals are tested. The total cost of
each option is calculated and the intervals that vields

the lowest cost is selected.

Klein (Ref.18) has used linear programming methods for
finding the optimal solution to the inspection problem.
The basic Markov chain setup is however, the same. Both
of these methods require the use of computer computa-

tional facilities in order to be viable.
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'CHAPTER 6

EVALUATION OF THE MODELS IN THE INSPECTION AND REPAIR POLICY

1 INTRODUCTION

Having looked at the factual details of the three
models it now remains to evaluate them. In this sec~
tion the models are evaluated in wvarious categories.
The categories explored are not all the ones important
to the field of inspection and repair maintenance. Only

those in which some models may have a relative advant-

age over others are considered. Other categories will
be considered in the next section. From this section
it is hoped that a useful model will emerge.

.2 BASIC MODEL CONCEPT

The three models are similar in concept in that they
all rely on the same basic assumptions. That is that
there is a relationship between the reliability of an
item of  equipment and the freguency of preventative

maintenance inspection.

In the reliability function model this relationship,.
expressed mathematically, is a direct input. Referring

to section 5.2.1 it can be seen that the relationship

between the breakdown rate {(a measure of reliability),
and the inspection frequency is one of the inputs. In
the Markov model., this is an indirect input. The deter-

ioration of the machine takes place in discrete states

{a measure of its reliability). and the inspection and
repair has an effect on these states. In the delay-
time model this relationship is an even more indirect

input. Here the relationship is seen as being related
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DATA COLLECTION AND AVAILABILITY

Cost Related Data

All the models require basic cost data, such as the

inspection and repair costs and the breakdown repair

costs and the downtime <costs. These costs are either
per event or per unit time. Where cost data is
required per unit time, the average duration of an
event is also required. Although the accuracy of such

data is wvery important for finding the optimal solu-
tion, it is not usually difficult to obtain from well

kept historical records.

All companies keep records of maintenance and produc-
tion costs. However, not all separate the costs of the
inspection and repair programme and those of break-
downs. In terms of the earlier discussions as regards
investment and returns {(section 3.3) the importance of
recording the cost of inspection and repair programme
(the investment) and the breakdown repair costs (a
reduction of which constitutes a return) separately can
be seen. Thus the inspection and repair costs and

times and breakdown repair costs and times must be kept

on historical records for each item of equipment.
This is essential for all the models.
As pointed out earlier, the Markov model is the only

one that considers the state occupancy costs (i.e.
running costs). These costs can be broken down into
the energy consumption costs and increase in production
costs due to squipment deterioration. Records of these
sort of costs would not normally be kept in most pro-
duction facilities. There would be little difficulty
in obtaining such data, but that would entail extra

cost.
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The downtime cost of a machine is rather more difficult
to estimate. The best person to estimate this is the
production manager himself as he knows best the factors
involved. The two main factors are the contribution to

profit of the machine and the «cost of operator idle

time. 1t may well be, if there are many similar mach-
ines with a low utilization, that the downtime cost is
zZero.

Reliability Related Data

All the models require some input as to the reliability

of the equipment. This input is normally based on
historical data for that machine. In some cases, how—

ever, it may be necessary to estimate such a function.

The reliability function model regqguires the relation-

ship between the breakdown rate and a particular inspe-

ction frequency (Fig. 5.1, It is clearly difficult to
obtain a relationship from  historical data. To do so
would require the varying of the inspection frequency
over time, whilst recording the incidence of break-
downs. Taking into account the response time involved
in such an experiment it wduld take many years for
useable data of any accuracy to emerge. Each one of

the intercepts shown in Fig. 6.1 could take a few vears

to obtain.
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The Markov mode! requires a very comprehensive set of
reliability data. To the extent that it is almost
impossible to find this data from the past performance
of the equipment. The probability of the equipment
moving from one state of performance to another is
required. This data could be gathered by continually
monitoring the equipment, but this would be very expen-
sive. It is thus necessary to estimate the variables

here, from experience with other squipment.

The delay time model does not require comprehensive
historical data on equipment reliability. This model
relies on the educated estimates of the P.M. inspector

himself. This estimate is made at the detection of a
fault - a more fregquent occurrence than a breakdown.
A spread of data can thus be fairily quickly establi-
shed, although an estimate may need to be made initial-~
ly. It must be borne in mind, however, that this data
is highly subjective. This would affect the optimality

of the solution.

ACCURACY OF THE DECISION

In the two preceding sections the basic model concepts
and data collection and availability were considered.
These factors are both very important when considering

the accuracy of any of the models for decision making.

In terms of its basic concept the delay time model must

rely on raw data that is a result of a subjective
assessment. Theoretically the reliability function
model and the Markov model rely on more objective
historical data for the decision. However, we  have
seen that for both the Markov and reliability function
models, in practice. the reliability data is estimated.

With the reliability function model the inputs can be



to some extent based on historical data. This is more

difficult to do with the Markov model.
Such estimates could easily induce more errors than
those inherent in the delay time model for the

following reasons:

1Y The delay time model relies on a number of esti-

mates for specific type of time period. These
estimates are made by the inspectors, who have a
good understanding of the factors invotved. One

cannot expect the same people to make estimates for

the Markov and Reliability function models - where
mathematical and statistical understanding is
required. '

2) There are a number of estimates made in the delay
time model and the p.d.f. of these estimates is the
input. The other models rely on single exact data
inputs. Spurious estimates would scon be noticed
in the delay time model. In the other models the

decision may well be based on a spurious estimate.

Conceptually the Markov mode!l seems to be the best re-
flection of reality. it is more correct to say that
deterioration occurs in stages, than to assume that
failure is the only symptom of detsrioration.

However, this advantage of the Markov model! is over-
shadowed by the difficulty of obtaining the accurate
data required by the model.

DATA PROCESSING

As with any kind of decision making process the cost of
optimizing the inspection interval must not be greater
than the benefits derived from such an improvement.
Thus it is important that the paperwork and data pro-

cessing costs are kept to a minimum.
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The data required for cost caloulations is not normally
a concern., as far as volumes of data processing is con-
cerned. This data is required for accounting purposes
as well and it is merely a question of ensuring that it
is processed in the right form. This is so that it can
be used by both accounting and maintenance. There may
be a high initial cost in <changing a system over to
allow for this. Further discussion on data collection

can be found in Section 7.2.

The reliability data., however, is only needed by the
maintenance department and it is thus their responsib-
ility to ensure that the correct volume of data is

kept.

For the reliability function model records of the
breakdowns as well as the inspection frequency need to
be kept for each machine. This is not a significant
amount of data to store and is probably the sort of

data that is kept for the purpose of auditing items of

equipment anvway.

The Markov model! regquires the storage of a large amount
of data. Records would need to bs kept of the time

spent in each of the states and the state transfers.

As mentioned in Section 6.3.2, however, it is unlikely
that such data would be collected. The transfer func-
tions would probably be estimated. In that event it

would probably be acceptable to process the same sort

of data as for the reliability function model,

The delay time model! would require the recording of an
extra item of data for each breakdown and some of the
inspections (where repairs are carried out). This is
over and above that data which would be collected for
the reliability function modei. This in itself would
not create an excessive burden. The processing of

such data would., however, need to be computerised. A
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CONCLUSION

It would appear that for most of the sections outline

above that the delay-time model is favoured. The
exception is in the field of record keeping and
processing. This, however, should not be a problem in
this day of the micro-computer. Micro's are used by
many maintenance organizations already in this aresa.

It should also be noted. however, that this evaluation
is from a practical and not a mathematical point of

view.

The mode! certainly has advantages in terms of the easy
availability of the input data. The involvement of the
inspector in giving an sestimate .is good_ in that it
draws on a source for decision making that is normally
difficult to tap. The mathematical assumptions are
sound and realistic. We would thus expect good

decisions to be made using this model.
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CHAPTER SEVEN

IMPLEMENTING THE SYSTEM

INTRODUCTION

In chapter 6 the delay-time model emerged as the most
practical and wuseful in a situation where inspection
and repair maintenance is practiced. There are many
aspects to maintenance, other than the inspection fre-
gquency, that need to be considered. In this chapter we
look at some of the aspects that need to be considered
before implementing a- maintenance system. some of
these aspects will be particular to the case of the

inspection and repair policy or the delay-time model

while others will be applicable to maintenance systems
in general. It will be appreciated that the discussion
on most of the subjects is, of necessity. brief.

References for further reading <can be found in the

reference and bibliography sections.

INFORMATION SYSTEM

In the past decade the computer has totally changsd the
rules as far as the flow of management information is
concerned. The micro computer has become relatively
cheap and able to process vast volumes of data. Sophi-
sticated software has made the computer accessible to
those with no formal computer training. These develop-
ments have potentially made the maintenance manager
more effective and his task easier. He can now use the
vast amount of machine reliability data available to
him te measure the effectiveness of the maintenance
programme. The keeping of maintenance histories for

each machine is now much easier.
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However, the computer will not cure all the ills of a
maintenance department and may, in fact, create a few
of its own. Some of the more important aspects of a

maintenance information system are discussed below.

The Paperwork

Many plant managers make the mistake of trving to comp~-
uterise the maintenance system without every having

managed to make the manual system work (Ref.19).

The staff and management problems of an manual “system
are not going to be solved simply by the introduction
of a computer system. In addition, unless the plant is
one of the few with online computer terminals at each
production section, much of the paperwork of the manual
system will have to be retained to drive the computer
system. Normally only the record keeping paperwork is

discarded.

The computer can produce a vast variety of reports very

simply and quickly. This has definite advantages in
that different levels of management can be presented
with the information most relevant to them. However,

the manager must be careful not to generate too much
paperwork. The system could end up creating more work

than it saves.

The Feedback Svystem

As mentioned eariier, the real! advantaze of the compu-

ter is its ability to process most amounts of data and
provide feedback on the effectiveness of the mainten-
ance programme. It is thus surprising that so few
maintenance information systems utilize this ability.
Many organizations use the computer’'s database merely
to store records, but never use the information in the

records for decision making.
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These are two basic types of feedback:

13 Cost Feedback - This involves calculating wvarious

cost figures or ratios and comparing these with
those found wunder similar c¢ircumstances. For
example the ratio of maintenance cost to produc-—
tion costs sbeuld be common for similar types of
pperations. Examples of some useful indices can
be found in Ref.20. It is not always necessary to
have a dedicated maintenance software package to
generate such information. A database or spread-

sheet package makes the task easily attainable.

2 Inspection Frequency Feedback - This should be

quite clear to the reader, as this has been the
subject of much of the discussion up to now. The
delay-time model has a particular advantage here,
in that is uses the information gathered from each
and every breakdown to generate feedback. The
report sheet submitted by the repairman, after each
job, is entered onto the computer and assists in
the decision making process. Thus Jittle extra
work is generated in making the system generate

very useful feedback for decision making.

The Data Used
It has been said that statistics lie. That is a good

reason to be particularly cautious when dealing with
any sort of data. It is thus important to look at the
source of the maintenance history data. The question
needs to be asked: Under what circumstances is this

data generated?

Very often the data for the cost of maintaining

machines is calculated from job cards filled out by the
maintenance technician. The technician is unlikely to
book fewer hours work than there are in a day. Thus if

the maintenance staff{ are underloaded, machine mainte-

nance costs could look inflated.
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enance {except the labourers) are decision makers. The
technician has to decide how thorough he must be and
which parts he should replace. The clerk needs to
decide how much detail of each job should be kept on
permanent records. The decisions of the p.m.inspectors
determine the costs of equipment maintenance. If the
level of responsibility is measured by the financial
effect of vyour decisions in rands {as is often the
case) then the maintenance manager often has the

greatest responsibility on the site.

Thus it is quite «c¢lear that more is required of an
employee in maintenance, than would normally be the
case in an equivalent . job in production. The techni-
cian must not only be good technically but must also be
able to think in terms of the cost consequences of  his
action. A perfectionist who produces very high quality
work could easily set costs on an upward trend if he is

not able to make the right decisions.

The p.m. inspector is normally promoted into that posi-
tion after many vears of experience as a technician.
This experience should give him the ability to disting-
uish between those faults that need immediate attention
and those that do not. For the delay-time analysis
system he would also be required to estimate the dura-

tion of a fault from inception to catastrophic failure.

The type of labour employed by maintenance is also very
important. The environment is very different to produ-
ction, with its repetitive tasks. The man must have a
relatively high intelligence and the ability to carry
gut instructions without too much explanation. for the
labourer the rewards are a more interesting and wvaried
Job and for that reason such a person should not be too
difficult to find.

More will be said about managerial and accounting staff

in section 7.5. Clerical staff will often need soms
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technical understanding,. particulariy if they are to
keep records of the machine faults. However, F{nding
people with an aptitude for this would be cheaper than

using technicians for these tasks.

Training of Staff

The training of staff deserves some mention. The
degree of specialisation of the technical staff is one
of the biggest gquestions. Many smaller companies do
not have the facilities to train specialist staff and
in any event require their maintenance staff to be
versatile. For larger companies., however, it may be
worthwhile to have staff with specialist skills. This
could disadvantage the company if it gets to the stage
where many specialists are regquired to repair one
machine. This inevitably wastes time and their money.

Thus specialisation is more effective if it is geared

towards a specific type of machine. Thus if a mechani-
cal technician did a specialist course in electronic
diagnostics, his training would gear him for C.N.C.
machines. Normally both a mechanical and an electronic

technician would be required for such a machine.

In the light of the discussion in section 7.3.1 it s
obvious that technical staff regquire a grasp of the
economic aspects of maintenance. Some training will

probably be necessary here.

Staff Control

Work measurement techniques are often used in assisting
in planning and controlling in a production. In this
section we look at the applicability of method study

and time study to the maintenance environment.
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Tradeforce Size

According to Kelly and Harris (Ref.17), the maintenance

workload falls into two categories:

1) The Deterministic Load - That maintenance that can

be planned in the long term (i.e. P.M. inspection

and repairs and modifications).

2y The Probabilistic LLoad - That maintenance that can

be planned only for the short term (i.e. breakdown
repairs). It is difficult to estimate even the

average of this load.

Nog matter how thorough a p.m. programme is there are
still going to be some breakdowns. The number of
breakdowns being dependent on the level of p.m. So

with any p.m. programme there is going to be a propor-

tion of the load that is probabilistic.

Determining the size of the tradeforce needed to
service the deterministic load is relatively straight
{forward. It is merely a function of the p.m.programme.
The probabiiistic load needs to be worksd ocut either by
simulation (using historical breakdown records) or
using gqueueing theory. Szendrovitz (Ref .23) has a
detailed section on the subject of determining the

maintenance load from gqueueing theory.

Work Scheduling

Not much needs to be said about work scheduling if most

of the work is of a preventative nature. Here the p.m.
work is done to a orogramme with some slack to allow
for breakdowns. When a breakdown occurs. it must take

precedence over any p.m. maintenance.

A problem occurs when much of the work is breakdown

repair work. Here a decision needs to be taken as to
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CHAPTER TEN

FUTURE STUDY

Future developments in the field of maintenance will, to a
large extent, be determined by developments in production
technology. The trend is still towards greater autecmation.

Generally the greater the automation the higher the downtime
cost of the equipment. In Chapter Three we saw that a higher
down-time normally leads to greater investment in preventative
maintenance. The trend would thus be organizations moving
from, for example, using an inspection and repair policy to

using a shut—-down policy.

The trend in the South African situation is more difficult to

predict. In most fields our production technology lags behind
that of the first world. The current political and economic
situation could increase the sxtent of that lag. Equipment

is probably required to last longer here and that would cause
the investment in maintenance to increase. [t can thus be
seen that maintenance in a South African context does have a
number of distinctives. To what extent we can validly trans-
fer the industrialised worlds maintenance technology to our

context could be the subject of further research.

Much work has been done in the field of maintenance decisions
of an economic nature. This thesis is a contribution to that
fietd. However, the growth in the field of information tech-
nology., makes it possible for computers to be used in helping
make technical decisions. The development of expert systems
is an exciting development in information technology. It  has
been applied to the field of medical diagnostics and there is
no reason to believe it cannot be applied to mechanical diag-
nostics. The costs of developing such a system will probably
be high, but it could still be worthwhile to develop such a
system for mass produced equipment. The motor industry, for
example, could benefit by applying such a system to motor

vehicle maintenance.
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This research has clearly shown that the delay-time model is a
practical and wusable method for decision making in mainte-
nance. Although it is hoped that this has bridged the gap
between engineering and management to an extent, this is
clearly not enough. More work needs to be done in developing
an actual usable system. The development of a software pack-
age for use by maintenaﬁoe departments, that links the deci-

sion making and control aspects, is clearly a priority.
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APPENDIX A

FORMULATION FOR THE RELIABILITY FUNCTION MODEL

The derivation given belpw is from Jardine (Ref.10) p.105 and
106.

Optimal
Inspection Frequency

Profit per unit time

Output value lost
due to inspections

Cost per
unit time
Cost of inspections

Output value lost
due to repairs

Cost of repairs

Inspection Frequency(NJ)~

Figure A-1 THE AFFECT OF INSPECTION FREQUENCY ON COSTS

Fig. A-1 shows the relationship between profit per unit time
and the inspection freguency. Profit per unit time (P} can

be calculated using the following formula.



P = Value of output per uninterrupted unit time

~ Qutput value lost due to repairs per unit time

|

Qutput value lost due to inspections per unit

time

Cost of repairs per unit time

i

Cost of inspections per unit time
where:

QOQutput value lost due to repairs per unit time
= Value of output per uninterrupted unit of time (G)
x No. of repairs per unit time (R)

x Mean time to repair (t,)

Output value lost due to inspections per unit time
= Value of output per uninterrupted unit time (G)
x No. of inspections per unit time (N)

x Mean time to inspect (t,)

= (G.N.t,

Cost of repairs per unit time

Cost of repairs per uninterrupted unit of time (C,)
x No. of repairs per unit time (R)

x Mean time to repair (t,)

= (C,R t,

Cost of inspections per unit time
= g¢ost of inspection per unit time (C,)
x No. of inspection per unit time (N)

x Mean time to inspsct (t,)



thus

P =G - GRt, -~ GNt, - C,Rt, - C,Nt,

R is a function of N and for the sake of this model P is
assumed to be a continuous function of N. We need to
maximise P to find optimum N

thus

"""" = G t; R’ - Gt‘ - Cg ts R‘ - Cp t|

ja ¥
-

therefore for maximum ~——= 0

ja B
pus |

0 = R"t,(G + C,) + ¢, (G + C,

thus max R' = - =" ——=—x % ———————— (eqn A-1D

When the derivative of the repair frequency function (R')} is
equal to the right hand side of the equation then optimal

inspection frequency has been found.



APPENDIX B

NUMERICAL EXAMPLE USING THE RELIABILITY FUNCTION MODEL.

We first nesd to find the repair frequency function. As
explained in Section 5.2.2, this is not easy. However, for
the sake of this example we will assume that the breakdoun

rate varies inversely with the number of inspections.

thus

R = = (egn B-1)

where K is a constant
R = -5 {egqn B-2)

thus substituting egqn B-1 into egqn A-] we get

te Cs
N = J/K b G%%%E'] (egn B-3)

From the asset record cards and expenditure statements the

following data is extracted for a particular machine.

Average no of breakdowns per month (K) = 1

Mean time to perform a repair (t,Y = 4 hours

Mean time to perform an inspection (t,) = 0,8 hours

Value of output per uninterrupted month (G) = RI0 000

Cost of repair per hour (C,) = R35

Cost of inspection per hour (C,) = R45

All the figures using hours must be reduced to a month bastis.

Assume a 220 hour month
t, = 0,0182 months

t, = 00,0036 months
C, = R7700
C, = R93800






APPENDIX C

FORMULATION FOR THE DELAY TIME MODEL

The derivation as given below is based on that by Christer and
Waller (Ref.13).

The following assumptions are made
(i} The inspection interval is T, the inspection costing
C, and taking t, where t,<<T.

(i1} Inspections are perfect and any defect in the plant
will be identified,.

(iii) Defects identified at inspection will be repaired
within the inspection period (t, ).

(iv) The initial instant at which the defect first arises
{the time of origin of the fault) is uniformly
distributed over time since last fault and independent
of h. Fault arrival rate is q.

(v) The probability density function {(p.d.{.) of the delay

time is known and is f{(h).

The probabitity of a fault arising between O and T with a
delay time in the internal h and h + dh is f(h) dh. From Fig.
C-1 it can be seen that the fault will be repaired as a break-
down repair if it arises in the period 0 to T-h. Otherwise

it will be repaired at inspection.



Inspection Inspection

0 T~h T
L |

T

Faults arising in this region will
need repair before the next inspection
(i.e. breakdown repair)

Figure C-1 THE INCIDENCE OF A BREAKDOWN

[f a fauit is to arise the probability that it will arise
before T-h is {(t-h)/T. Thus the probability that a fault with

delay time in the region h and h+dh will be repaired as a

breakdown is

(T - _h)
T

f{h) dh

Thus for all h the probability of a breakdown repair (b)

b = fTo (") th an (ean C-1)

The average downtime for a breakdown repair is t,. Thus the

downtime per unit time (d) is given by

d = = [g Tt, b + t,] (egn C-2)

The average breakdown repair costs (C, per unit time while an
inspection repair cost C, per unit time. Thus the cost of

maintaining the plant per unit time (C,).






APPENDIX D

NUMERICAL EXAMPLE USING THE DELAY-TIME MODEL

From Appendix C it <can be seen that there are four formula
required for the calculation of the optimal inspection

interval.

T -
b=/ (=" thoan (eqn C-1)
S -
d = T+ ¢, [g Tt, b + t,] (egn C-2)
Co = 77— [a T (Cotyb + Cot, (1=b)) + C,(t,~t,)]  (eqn C-3)
Co = Cu + dCy (eqn C-4)

The aim is to find that inspection interval (T) at which the

total plant cost {(¢,? is at a minimum.

First Calculate b
An estimate is made for the p.d.f. of the delay-time ((fthyy,

This would normally be calculated from raw data.

Thus let f(h) = 0,08e"°-°%"
T e
b - ‘/‘ [T___T__b] O‘OSG—Q.OSh

/Y [1‘D30056~0.05h
. t e

T

_ 0058~0.05h _Q_z_,Q_S e-o.pSh ~ I~
§ [—0.05 7 (U g o5 I —0,053}

o














