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1. Maintenance of an industrial enterprise

1.%. Definition of maintenance

The foliscwine deals‘with the guastion of maintaining an
industrial enterpriss from the noint of view of the oroduction
plant as an implementer of known productive aims. Therefore,
the maintenance activities of hospitals, government instifut-
igns and cther similar establishments lie bevond the scooe of

this examination.

"Maintenance is orsanised and ocurposeful activifv and activity-
readiness, which is direscted onto a production plant's
machinery, installations, fhuildinegs and preunds, and the maiﬁ
aim of which is to make the planned use of the latter as
reliable as possible, using as little outlay as possihble for
this activity" (Malaska /AB/, p. B?j.

The task of maintenance is, therefore, to lock after the
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investments_which have been made in accordance with the entar-
prise's objectives, to puarantee production activity, in such
a way that they are able, during their service life, to Fulfil
expectations and demands. The definitiogn of maintenance also
cantains the conflict which exists hetween particular ohject-
ives: on the one hand the aim is to make the production
plant's operations as reliable as possihle and, in addition,
to maintain such activity-readiness that, in spite of every-
thing, any disturbances whish arise are kept to a minimum; on
the other hand the aim is to minimizs the costs incurred

through activity,

Maintenance is,there?ore, a certain function of an enterprise
in which genuine decision situations canstantly arise. The
framewark of the decision-making is composed of the conflict-
ing aims mentioned above. The gignificance of this decision-
making as regards &an anterprise’s total activities has in
recent times grown considerahlv - and is still growing. In
particular, increased autagmation and production speed, and the
rise in guality reguirements, are making ever greater demands
on maintenance. This also means that the proportion of
maintananca costs out of total costs and the propartion of
maintenance perscnnzl cub of total producticn personnel, stec.,
is prowing. Thus it is important that those person who are
respensitble for an enterprise’s maintenance should have the
uss of methods by which the activity may be systematically

planned, directed and supervised.

1.2. Optimum maintenance policy

1.2.1. Maintenance work-tvpes

The organisation responsible for maintenance brings about the

activity and activity-readiness daseribed in the definition by:
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{(a} making available the necessary resources £.f. personhel,
tools and machinerv, working-areas, spare part stocks,
and

(5) orpanising the appropriste use of thess resources.

The use of resources raises the guestion of the different ways
in which maintenance activitiss can be carried out. One
possible division ©f maintenance organisatien tasks into

different work-types is shown in figure 1.
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Fipure 1: Tasks parformed by mainterance organisatien
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By actual maintenance work is mezant work which is directed
towards a production plant’s machinery, insgtallations, build-
ings and grounds, and the purpose of which is to keep the
latter at the level of aoperational reliahility laid down by
the manapement. These tasks can be further devided into the
foilowing sub-types.

- Preventative maintenance. This is regular activity carried
out according to a programme laid down in advance, the
object of which is to prevent disturbances arising.

- Corractive maintenance. This is repair work to correct a
fault in machinery, installatiens etc.; the fault must
bs such that it bas not caused operationsl disturbances.

- pDisturbance-correction work. This is work undertaken as
a result of an cperational disturbance inm the object of
maintenance; continuation of the plant’s normal esctivity

demands immediate correction of the fault.

Modification work is work directed at objects of maintenance
resulting a change in the object’s level of sctivity or
condition, and which, as far as its cost is concernsd, is such
that it does not require the manapement of the enterpriss to
make any investment decisiocns. NDdiFicationrtasks by their
nature esither: '

- shange factory conditions so that the activity of install-
ations after the change is substantially differsnt from
what 1t was before it, or

- they change the maintenance, so that installations are
not operationzlly altered; these modifications are

essential only from the point of view of maintenance.

investment work is work resulting in an increase in the anter-
prise's property which, as far as its cost ia concerned, is
such that it requires the manazement to make investment

decisions.

Tha maintenance orpanisation also hass to perform tasks which
cannot directly be labslled maintenance work. The most notable
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of these are illustrated in figure 1.

In the oreganisation of maintenance it is the actual maintenance
work and the modification work which are of the gresatest
interest. The appreonriate allecation of resources among the
forms of activitv contained in these two types of work has

great influence on the success of the enterorise’s activity.

1.2.2. Maintenance strategy and policy

The spposition between reliability or operational certainty
and costs, which was pocinted out in the definiiion of

maintenance, can be shown as in figurs 2.

costs A4
{(c)

C = f(OC)

, operaticnal
certainty {0C)

190%

Fipure 2. The dependence between onerational certainty and

costs

A maintenance stratesv can now he defined &s &.group of those
methods and activities bv which both aims can be achieved in
the relative proporticns given by the snterprise’s general
maintenance policv {Malaska /8/, p. 87). The methods aveilable
are the dimensioning of resources, and their zllocation among

the various forms of activitv as, for instance, the work-tvres.

However, in nractical maintenance activitv it is difficult to

measure directly the interpmendence of onerational reliability
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and maintenance casts using suitable criteria. On the other
hand the lack of operaticnal reliability shows itself in the
form of axpences caused by stoppages or by reduced production
efficiency. Indeed, when making a critical appraisal of
maintenance, cne must examine not merely the maintenance costs
themselves, but the total velume of maintenance casts together
with costs caused by daficient operational reliability,

Thus, an enterprise’s maintenance policy consists in defining
the relation of these costs and giving an asimed ratio of them

tg one ancther. The best maintenance policy is that by which

this ratio corresponds ta the optimum value hy the chosan

criterion, and by which the operational certainty which accords
with this valus can be realised through the sptimum strategy.

1.2.3. Criteria for ontima

The criteria according te which optimum maintenance nolicv
may be Fixed, are to a larse extent denendent on the enter-
prise in gussticn. Fnterorises can, howsver, for this ourpose
be devided into tws hasic tvpes.

{2) Enterprises in which the conseocusnces of deficient
anerational certaintv mav be fatal s.r. a nerson’s life
may ba jeonardised. Meximum cperational certaintv within
the framework of the budvet which it has heen able to use
for this puroose, is the onlv nossibls criterion. Fxamoles
of this kind of enterprise mavy be e.m., establishments
producing enereyv and air transpert comoanies.

{b) Enterorises in which the effects of disturbances can oe
measured in monev terms. Here the criterion is ths
‘minimisation of the total volume of aroductiecn losses
caused by deficient operational certaintv and maintenance

costs (Fiesure 33,
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total costs

“_"d‘pd_,,///’;aintenance costs
A N i

1 / .

1 “““““~m5hE£PdUCti°n losses

aptimum maintenance outlays

optimum

Fisure 3. Minimum total costs as criterien for optimum

2, Maintenance model for a pulo and pacer mill

2.1, Descrintion of the nroblem

Z2.1.7. An examnle enternrise

ing industrial

hl of nuln and oaner mill,- represen
orocessine, has been chosen as the ohisct o nationT. In
129

this kind of factorv, maintenance nrohlems are n

rticularly
rreat. Thare z2re saveral bundreds of machines and instsllations
ant! Lheir aonerations ars seo linked with one anothar that the
breakdewn of @ sinele piece af machisnery may, in the worst

cases, bDrine the whole nroduction nlant to a standstill. Also

the level of canacitv emnioved is so high that it is impossible

to comnensate for losit oroduction latsr on.

In this kind of factorv coerational certaintv must be relative-
lv hish since the effests of disturbances very soon extend to
the final praoduction, and the losses from stoonaves of only

few haurs sorresnond to several davs® maintenance costs. On

the other hand, as a result of the complicated linkine together

1. Nv M, Rosenlew Ab, Porin sulfaatti- j2 oaneritehdas.
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of comnonents, it is not werth-while to make the_whole svatem
complately reliable, and in rractice it is not even nossinlsa.
The gotimum nolicy must clearlv allow & riven dearee of
defieiencyv in gnarational certaintv., The nrablem is to defing
the dapree of this deficiency, the cerresrondine oneraticnal
certainty and the onptimum stratesv which hrings about that

onerational cartaintv.

2.1.2. “Yhy a simulation modsl?

It has heen characteristic of examinations into maintensnce
in nroduction nlants to concentrate on micro-examination
main task of which is to find thes best maintarance stratesy
for s particular nrenduction fool or for a ercun of the same
kind of nroduction toels. In additiuﬁ the creater nart of the
research in this fiszld examings only certain limitad nrohlemrs
g.r. the renlacemant nroblem {vide /37,747 ,/67,/7/./3%) or

£he prohlem of profitanilitv in rreventatlve maintenancs (vide

/84,780,

(6]

n 8 macro-examination, which sxamine maintenanc

0

entiraty, takine into account all nrocuction
a on alternatives, are, on the other hangd, Fow,
ne the studies carried nut from this racrp asnect we oan man-
tion the work of Bodnarchuk and leannint {vide /1/) and the
work of Murline (vide /2/). The Tormer deal with the
oreanisation of maintenance for the eneines nf a flzot of
aernnlanes and ths latter concerns maintenance af mazhinery

nroducine electrical camnanaents.

ation, only

fs resards the nuln and paper mill under exar
a macro-ekamination is annropriate. The ontirmum strateey for
a mparticular piece of anmaratus is onlv sienificant when the
niece of amnaratus is examined in the gnvironrant oFf which it

is a mart,
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In order tn be Su??icientlv exacf, tie model which describes

this kind of factory complex -and its maintenance must of

nesessity be rather complicated. Moreover, since the model has

to centain several stochastic components, the means offered

washing
washing
washing

by analytic models are not very significant. On the other hand

simulation turns teo be uéeFul as-a method which is descrip-

tive, experimental and flsexible. It.shauld be noticed that

both macro-study madels menticned earlier are simulation

B wedsher {
e
£

models.- b
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2.2. Formulation of the model : : [ s Z
N is
2.2.1. Reliahility diagram

}

plate
sieve
plate

sieve

The basis of the model is the reliability diagram of the plant

which is drawn up on the basis df a process-diagram illustrat-
ing the plant’'s activity {figures 4a and 4h). The essential
structural parts of the reliability diapram are the delayed

intermediate containers and ‘the machine-lines which connect

digesier E

them,
3] T2
. S 2= A
The Drimafy task of the containers is to work as quality- ' : ;

equalizers for the raw material. However, maintenancs can, in

chip
silo

its own activity, make use of these, and with the help of the
containers stoppages caused both hy repair work planned in

{¥

~advance and by some disturbsnce ean bs restricted tec a
particular nart of the brocess.

| chip
carriets

sieve
line

'Machine~line' here means the larpest nossible unit of

machines and instsllaticons which is to be found between tweo

containers, where the process in the meanwhile does not branch

out into other parts. Firure 5 shows the formation of machine-

lines. The preoduction process also contains certain

possihilitiss For_bv-nassing and re-connecting. These are . ;l
teken into account in the model, . '

materjal

. figure 4a. Reliability diapgram of the pulp and paper mill
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Figure 5. Formation princinle for machine-lines

2.2.2. Action-principle of the model

The model drawn up is, in accordance with the simulatian
method, a model which traces actual activity. The oath of tha
nrocess can be followed in accerdancs with the'reliahility
diagram, the date relating to its components and the rules
laid down by the maintenance policy. The body of the model is
formed by an internal ’‘clock® which links the different events
to one anather in the right chronoloeical erder. Examples of
such esvents to bhe reristered are '

- ghanging of shift.

- heeinnine and endine of week-and

- peginning and end of nreventative maintenance belonoing

to the nprogramme

- anpearance of disturbance and its alimination

- gmptvine and filling of intermediste container

- appearance of waiting situation at a time when 11

personnel are occunied etc.

Each gvent is analysed, the chanpes in the prevailine situation

3

caused by the event ars noted. Thus zt any siven moment it i
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possible to find out from the model e.g.

- whether the plant is in action or whether at a standstill -

becausz of & holidey or for technitcal reasons

- whether a given machine-line .is in action or whether it
is being serviced in accerdance with a preventative
maintenance programme, or whether it is at a standstill
because of some disturbance .

- whether a given machine is workineg normally or whather
for some reason at a standstill

= what the contents levels of containers are

- how the wark force is being deploved at that moment, and
whethsr there are envy repair jobs possibly waiting to be

done stc.

The tasks prepared in advance (preventative maintenance,
certain corrective maintenance tasks) are placed, with the
help of the clock, at points of time in accordance with their
programme. Unforessen, randomly apnearing faults and disturb-
ances and the time duratisons of repair tasRs are defined,
with the help of random number penesrators, as following
distributions characteristis of esach installation. In the
modal, these distributions are shown ags empirical tables.
This form of presentation was decided an since it was difficult
to find & sufficiently good cerresoondence hetwaen known
theoretical distributions and collected, empirical distribut-

igns.

At tha same time as ws move forward in the model ocne event at
the £ime, and the changes in the state of the svystem brought
about by the svents are recistersd, statistics are collected
for results. txamples of information to be collected are
- prepairs reouired by each installstion and their costs
- disturbances which have anpsared in each installaticn
end the producticn losses caused by them
- detailed accourit of the retent to which the work. force
has been used, anc of the total tims that there has been

a shertage of manoowsr
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- statistics presenting the averaee contents level of
containers and the periscds when containers have been

emptv.

2.2.3. Programming the model

When the maker of a simulation madel starts the programming

a+ his model for the computer, he has the chelce of 2

essentially different aiternatives. Az the prosramming

lanpuape he can choose

(2) an appronriate genersl languace e.p. FORTRAN, ALGOL,
PL/I etc., or '

(b) & soecial laneuame drawn up just for sirulation e.g.
GPSS, SIMSCRIPT, SIMULA etc,

Questinns concerning the choice of programming language should
at no stape bg dismissed lightly. Soms of the most imporfant
aspects in the choice of lanvuare are -

- the computer installatieon available

- the user's familiarity with diffsrant lansuvapes

- the scope and nature of the task.

Althourh fullv conscious of the advantages which special

simulation languapes like GPSS can offer the user, in the
farm of reduced programming and keyounching work and also in
the form of a versatile reporting svystem, nevertheless the
writer finally decided to uss FARTRAN. The deciding factor
was the writer's much greater familiarity with this language
a5 against other lanruages. The programs were written on the
module principle ang here FORTRAN is extremely flexible and

apuronriate as the programming languzge for a simulation model.
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2.3. Simulations with the modsl

2.3.1. Data and startinpg-situation

The collection of data forms an important but also problematic
stage in.the construction of the model. The most important,
necessary information for a maintenance model is ss follows:

- distributions of undisturbad ooeration times accarding
to individual installations )
regular preventative maintensnce proprammes
distributions of renair fimes according to individual
installations
division of renair tasks into different work-types
material and human resources required by renaif tasks

- nroduction Iosses from disturbances.

The information used in ths model was collected from card
indexes and sta%tistics, which had been comniled over the last
few vears concernine the enterorise's maintenance. Tha machine
card index showing the renairs mede to each installatiaon, the
times of the repairs and costs formad the most important body
of basic material. Since it was necessarv to use alrasady .
existing material which had heen comniled witheut takine into

' account the requirements of the model, it was not alwav;
possible to obtain the full inFormation reauired. This led to
a certain degreg of simplification and limitstiorn in the use
of the model, and this is dealt with in greater detail under
'Results’,

The influence of the conditions which are assumed to ke pre-
vailing at the verv heeinnine of simulation extends very far
in the model. For this reasan the selection of starting values
for the model's variahles and parameters must be undertzken
with care, so that no distorted results will come about in
this wav. The selection. of conditions nrevailine at the vEDrY

bepinning in the medel drawn up happens teo some extent in &

.
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rarndom way: each installation is, in accordance with the
characteristics and distributions tyomical of it, operating
normally, underpaing maintenance or veing subject to the
influence cof a disturbance; the deoloyment of the work farce,
ths state of the production process etc. are defined after-
wards in a deterministic manner. This kind of selection of
starting-conditions corresponds rather well with the mapning
out of the state aof the real system at a given mowent, and
Wwith starting to follow the plant's activity from this moment.

2.3.2. Results

Carrying out one simulation attemot followins eiven rules (it
is realised using certain values of the modrl’s vqpiables]

now corresponds to one action policy of the real s}stem. The
results achieved by the action nolicy can be seen fraom the
putput summarigs et the end af the simulation attemot. Search-
ing for the optimum thus consists in experimentation with
different rules and in zpplication of the chosen criterion to
the fesults achisved. Factors which may influence maintenance
planning and realization, and which havs been included in the
model, are the size of the maintenance wark force, the amount

0of preventative maintenances and the arransement for cvertime.

Splaries and related costs form a considerable part of
msintenance costs. Therefors, the effect of wrongly estimating
the size of the work force is clearly reflected in casts. AR
exgssive work force causes extra maintenance costs {wages)
whereas too small a work force leads te inordinate production
losses [cf. fipure 3). The optimum wark ferce size is one. -
whare the total volume of wape costs and nroducticn losses are
at a minimum (it is necessary to take into consideration only
wages and social security paymonts as maintesnance costs, since
materisl costs are in practical terms indapendent of the size

of the work forcel.
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An increase in the amount of preventative maintenance can be
seen as a decrease in other repairs and as an improvement in
operational ;ertaintv.'ﬂn the other hand this form of activity,
since it penerally utilizes verv much material, is relatively
costly, and since, despite all advance measures, disturbances
nevertheless arise, in any ootimum policy preventative
maintenance must be keot at a2 given level. Because of the lack
of available data, it was necessary to limit the studv of
preventative maintenance and its effssts to an examination of
the following type. Using the model, a study was made of what
the effects on other repeir tasks and their costs, and the
occurrence density of disturbances and production losses from
disturbances would be, if by the use of more effective '
preventative maintenance, the undisturbed aperation timas of
installations or of an individual installation could be
increased by e.p. an average of 10%. It was now possible to
chtain é detailed account of the profitebility of a programme
belonging to the oreventative maintenance field, by comparing

the programme’'s realization costs with savings made elsewhers.

Part of the canacity reouirsed in carrying out repair ftasks

can be brought about in the form of overtime. Hours worked as
overtime are naturally mcre coestly than others, but, on the
other hand, they reduce other costs by allowing normal capacity
to.remain at a lower level. Thus optimum boliey alsc contains

overtime as ane of its components,

2.4, Sensitivity analysis

2.4.1, Sensitivity apnalysis - general questions

When the model has heen made, and valuss which are in
accordance with the optimum solutien have been found for its
variables, there arises the question of examining this

optimum in mere detail. Interest is mainly directad towards
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the cotimum’'s
- reliabilify i.e. how sensitive the optimum solution
and the ootimum result are to the possible inaccurary
of the model's constants and parameters and towards
- sensitiveness to changing the constants-and parameters
i.e. whether it is oossible and worth-while, by changing
the model's constants and narameters, to try to achieve

a new and betier ontimum.

These aspects can be examined more exactly in the following
mannar:

{a) Inascurary of constants and parameters. We detsrtmine the
limits within which thé aptimum solutian and optimum result
can vary, if thes constants and parameters hsve had to be_
estimated, in which case they are known to only a given derree

of accurary.

(b)Y Sensitivity of the ootimum result as repards the solution.
We detarmine, whether the result will be erestly chanped i¥,
inetead of thes optimum solution, the realization of ancther
soluticn near to it is wanted. It is aiso oossible to search
for all those solutions which lead to a result which differs

by no more than a piven amount from the ontimum result.

(c) Changes in constants and parameters. The optimum result
was arrived at using known values of constants and paramgters.
However these can paenerally be changed, although one must pay-
a riven price for the chanpe. It is poseible to decide whather
changes are worth-while bv comparing the costs incurred
through chanees with the advantapes cbitainad through the new,

perhans essentially better ontimum.

The inclusicn of the post-optimum sensitivity analysis Lhus
increases the aooropriastes of the method hased on the model.

Instead of merely chtaining the optimum sclution, we now also
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obtain information about the reliahility of the result and
about the developmant posgibilities of the real svstem wnder
examination, It alsoc becomes possible to take into account

considerations based on subjective experience.

2.4.2. Examplas of sensitivity gxaminations carried cut on

the maintenance model

Below are oresented as examplas ceftain particular cases in
"‘which the general principles described above are apolied to
the maintenance model. Here, the greatest interest attaches

to the references to developmant of the real svstem offered

by the model. This is thus & question of factors which cannot |

be decided by the maintenance organisation and which 1t is

therefore impossible to position into the model as variables.

(a! Operation times and repair times of individual instalint-
~ions. In the model, each installstion has a distribution of
undisturbed operation time and a cdistribution of repair tims
formed on the hasis of zollscted data about thes plant's
activity., It is often nossible to make these distributions
more orofitable by improvements to the installation, by
replacing the installation with another or by scme other
corresponding measure. With the help of the model it is
possible to find out the price whigh it is worth-while paving
for these mgasurss as a counterhalance to reduced repair

costs and production loscses.

(b} Battle-necks. In the puln-anﬁ naper factory under examin-
ation one comman phenomenon, which is tynical of processing
industry., is the fact that cevttain installations are more
important than others as far es activity is concerned, and
any stoppage of these immediataly invclvgé production losses.
Such installations are often srovided with reserve installat-
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ions for disturbances. The simulation model can alsd be soplied
Hare, when the profitability of reserve installatics far a
particelar installation or part of the production line is.care-
fully weighted up. Hers there exists an opposition between the

capital lied up in the reserve installations and the improved

- aperational certainty.

{c) Dimensioning of intermediate rontainers. The significance
of containers from the point of view of maintenasnce has already
been mentioned above in cennection with the making of the
modal. Using the model, it is now possible ta examine guestions
relating to the size of containers. Containers which are too '
small are not capable of smcothing out disturbances to any
significant degree, while exessively large containers lie up
capital and cause intersst losses. Howsver, it is natural that
& model drawn up for maintenance purposes cannoct finally
determine question of ocptimum container size. This is

connected so closely with the nrdduction proprammg and
direction st?ategvz that it is neither passible nor gven
necessary to include it in the maintenance model. We do,
however, receive valuéble references to the actual size class

and necessity of the containear.
3. Conclusions

As the work proceeded, the aporopriateness and usefulness of
simulatian for the planning and develcoment of maintenance in
& processing production olant was very clearly seen. This kind
of mxamination, carriesd out using a model, and in particular
the post-optimum sensitivity analysis, cennects maintanancs
much more clesely than garlier with production activity propar.

It is impossible to develop maintenance in isolation fram

2. For mere information about dimensioning containers see e.g.
Golemanov et al. /5/.
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production. On the other hand sensible production planning
and control must also take maintenance aspects into agcount.
Thus the attempt to achieve optimum maintenance must bz seen
as part of the whole enterprise’s rational developmant and
as a creator of the naceséarv tenditions for the sucecesful

continuation of activity.
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