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Abstract. There are mechanical systems in which the most important failures
originate from excessive wear. Wear failures gradually develop and can be rather easily
monitored or inspected. Design of such svstems usually enables one or more
adjustments to be performed before a failure requiring replacement of friction elements
takes place. It means that such a unit has two kinds of failures: one requiring
adjustment and another requiring replacement. When preventive maintenance of a
friction mechanism comprising several elements deteriorating by wear, each
characterized by a specific wear intensity, i.e. by different failure rates, is considered it
is a problem how to determine periods of preventive maintenance so as to provide the
best satisfaction of a defined criterion, i.e. the best outputs. The paper presents an
approach to the problem solution when the availability or the operational readiness are
used as optimization criterion. The model is developed for braking systems of motor
vehicles used in large fleets and having different brakes in the front and the rear

wheels,
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1. INTRODUCTION

A procedure for optimization of preventive maintenance of units subject to two
kinds of wear failure is presented in the paper. Friction brakes used in motor vehicles
are observed. Wear in such mechanisms results directly from brake operation, i.e. from
brake application. Wear failures take place when the brake lining wear exceeds critical
value with respect to brake performance. Two different kinds of wear failure may
occur: (a) a brake is worn-out partly or (b) a brake is worn-out totally. A partly worn-
out brake may be renewed by wear compensation i.e. by brake adjustment while a tota-
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lly worn-out brake may be renewed only by component replacement.

When preventive maintenance of a friction mechanism comprising a number of
elements deteriorating by wear is considered, where each element is characterized by
specific wear rate, i.e. by a different reliability function, the problem is to determine the
periods of maintenance actions so as to provide the best satisfaction of a defined
criterion, i.e. to minimize total maintenance costs or to maximize availability. To
optimize the preventive maintenance of braking systems used in road vehicles, a
maintenance engineer in a motor vehicle fleet has to find the "best" solutions for the
following:

(i) the number of brake adjustments between two consecutive brake component
replacements which means the relationship between the periods of brake adjustments
and brake component replacements, and

(ii) the relationship between the periods of preventive maintenance for front and rear
brakes.

2. ENGINEERING BACKGROUND

Braking of road vehicles and other moving machinery is an action by which
driver may control vehicle speed and stop it if necessary.

Braking of vehicles is provided by a system called braking system, which is
required to fulfill road safety, dependability and other requirements. From the energy
point of view, braking is a process in which kinetic energy of a vehicle is transformed
into other kinds of energy. It is normally realized by friction forces developed between
moving and stationary parts of a brake. Wear develops during each brake application. It
results directly from continuous and repeated action of friction forces developed at
friction surfaces, i.e. the surfaces between moving and stationary brake parts.

A braking system consists of séveral subsystems and components, including a
number of brakes. The number of brakes in a vehicle is related to the number of
wheels. In a two-axle vehicle there are four brakes, two in the front and two in the rear
axle.

Road safety requirements impose that all brakes of a vehicle must act
simultaneously and into accordance with requirements. Otherwise the vehicle stability
while braking would be endangered. In the engineering sense it means that a good
"brake balance" between front and rear brakes has to be provided. The problem is that
front and rear brakes in a vehicle usually differ by type, kind and dimensions (in one
axle brakes have to be same). That is why "brake tuning" makes a rather difficult
engineering task, not only with regard to the braking system design but to its
maintenance as well.

A good "brake tuning” requires a good wear balance between all brakes in a
vehicle, particularly between front and rear. Since the clearance between moving and
stationary parts of a brake (when it is off the action) has a direct influence on vehicle
stability during braking, as it is explained above, a good "brake tuning” is dependent on
the wear properties of the friction pair elements, and in particular on the wear
properties of elements made of friction materials - brake linings or pads. Clearance
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must be maintained within determined tolerance limits - otherwise a brake would not
be able to fulfill its mission. Therefore, a large clearance resulting from a worn-out
brake, ie. worn-out friction element ("lining") and exceeding the predetermined
threshold represents an important and typical brake failure requiring maintenance.
After several adjustments, the brake lining become worn-out completely and further
adjustments are not possible. In this case a brake may be repaired by replacing the
worn-out lining by a new one. It is important to have in mind that from the
technological point of view brake lining replacement always comprises brake
adjustment, meaning that brake lining replacement is more complicated and more time
consuming maintenance activity.

3. THE APPROACH TO THE PROBLEM SOLUTION

Preventive maintenance has been deseribed in many papers and in a number
of cases it was related to wear failures (3, 7, 12, 21, 22]. It is sometimes considered as
the most difficult activity in the field of maintenance [6], particularly because of the
difficulties in establishing the relations between the components rehability and the
frequency of performing preventive maintenance. However, the benefits which
preventive maintenance is providing for practically all technical systems is widely and
generally accepted as an obvious fact [7, 12, 20]. That’s why preventive maintenance
attracts so much attention.

The traditional method for solving different preventive maintenance tasks is
by modelling the most important factors affecting preventive maintenance (2, 4, 13, 18].
These models usually are the relationship between periods of preventive maintenance
and the most important output characteristics: maintenance cost per unit time or
components availability. Some other optimization criteria are proposed as well [13, 18,

19].

Because of complexity of the problem, modelling is always based on some
assumptions or simplifications. The quality of a model depends very much on the
reality of the assumptions. The same applies to the worthiness of the estimates made by
a model.

To model preventive maintenance for the problem explained in the
introductory section, i.e. for a braking system having two kinds of failure: partly worn-
out and completely worn-our brake linings, the following questions have to be
discussed:

e the nature of failures in braking systems and the significance of wear-failures,
the relationship between two kinds of wear failure in a brake (are they dependent
or not?),

e the character of wear failure occurrence or probability density functions for both
kinds of wear failure, which means the character of the brake reliability function,

e the effectiveness of preventive maintenance with regard to two kinds of wear
failure, i.e. whether adjustments and lining replacement renew the braking system,

restoring it to the "as new" condition,
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o the maintenance policy for braking systems of motor vehicles used in large flects,
regarding road safety, operstionsl and other requirements, and

o the eriterion for preventive maintenance optimization (minimization of operating
costs of maximizing the fleet availability).

4.1, The Nature of Fallures in Braking Systems

It i obvious that a need for a new brake application does not depend on
previous brake applications. Fach next brake application depends solely on traffic
conditions, traflic or other operational requirements, driver willing ete. The need for
hraking will be the same lor a new and for an old vehicle, nevertheless on its mileage,
It means that braking is a stationary, homogenous Polsson process,

On the contrary, the brake system fallures depend on the previous history of
the system, primarily on its age. It relates particularly to wear failures in brake linings.
The failure occurrence in a brake is therefore a nonstationary, delayed process,
characterized by an increasing rate of failure oceurrence. It applies to both kinds of
wear lining fallure, requiring adjustment or replacement.

The wenr fallures make the most important type of all failures in a braking
system, requiring much mointensnee attention and effort, For friction brakes, which
are normully used in all braking systems, wear fallures are inevitable and they can not
he avolded. Deslgn and maintenance engineers ean only control and monitor the wear
fullure development trying o postpone their occurrence and their negative effects,

Wear I8 n very complex phenomenon, stiracting much attention from both
design and malntenance viewpoint [9, 11, 24 It is o typical monotonous random
process, influenced by a number of deterministic and stochastic factors and
charscterized by a progressive rate, 'The rate of occurrence of wear failures is therefore
also inereasing with time. It was shown that the wear faillure occurrence in vehicle
brakes has n charscter of a Weibull process [8, 10, 23]

Wear in o brake ig produced by each brake application, by separate "blows” 7).
Alter each “blow”, wear is sccumulated, which means that it has an additive character, a
chiarscter of o cumulative process. Wear fallures occur when wear exceeds a
predetermined limit which represents s eritical value with regard to  brake operation,
T'o reach the point ot which wear has exceeded this allowed value, a large number of
brake applications s usunlly performed., It depends, however, on many factors,

The wonr output, or lining life, is very different not only for different brakes
fitted with different materials but also for brakes that are considered to be "the game”
und which are apphied under "the same” usage conditions, There are several approaches
Lo this problem, some being proved elfective in engineering practice (16, 24, 26),

The mechanism of failures caused by wear is complex. For the purpose of these
analysen, however, it s not necessary to consider the manner in which the wear failure
propagate, Wear fallures in this approach are treated as random and ultimate events,
after which the ohserved hrake (g not able to fulfill its mission, i.e. to brake the vehicle
properly and efficiently. It applies to both kinds of wear fuilure; partly worn-out and
totally (or completely) wornout lining failures, requiring two kinds of maintenance
nctions, nomely sdjustment and replacement,
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3.2. The Relationship Between Two Kinds of Wear Failure

The preventive maintenance of systems having two or more types of failures
was discussed in several papers [3, 17, 22]. The failures are considered as independent
and not interrelated. However, the wear failures analyzed in this paper (partly worn-
out and completely worn-out linings failure) are dependent. This results from the
following:

e the mechanisms by which failures of both kinds are originated is the same, i.e. they
both originate from the same deterioration process,

e the completely worn-out lining failure occurs after a number of adjustments have
been done, i.e. after several occurrences of partly worn-out lining failures,

e the two kinds of wear failure are mutually exclusive: at a moment a brake can fail
only because it is either partly worn-out or because it is completely worn-out; a
completely worn-out brake cannot be partly worn out at the same time.

3.3. The Character of Wear Failures

The expected average number of failures N(T) in a cycle of length T is a very
important function for planning preventive maintenance. Function N(T) depends on
the effectiveness of maintenance activities. If both of preventive and corrective
maintenance activities restore the component to the "as new" condition N(T') represents
an ordinary renewal function. If only preventive maintenance restores the component
to the "as new" condition, N(T) is a delayed renewal process [1].

Function N(T) depends on the character of the failure rate, ie. on the
reliability function. This dependence is very complex and therefore there are various
approaches to its modelling. A very convenient estimate for function N(7T) is given in

the form [13]:
N(T) < F(t) / R(t) (1)
where F(¢) is unreliability function, R(¢) is reliability function, and t represents time.

Accepting that expression (1) provides a good estimate for the average number
of failures in a cycle of length T, it is necessary to assume that reliability functions with
regard to failures are analyzed in this paper. The comprehensive investigation of
braking system reliability realized in laboratory and under service conditions gave a
good basis for that. These investigations have shown that wear failures in vehicle
brakes represent a Weibull process [8, 10, 16, 23], which can be interpreted by the

Weibull distribution /14/, i.e.:

R, (t) = exp [-(tm)P),t > 0 (2)
where:

R, (1) - the reliability function related to brake wear failures,
n, B -the Weibull parameters.
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It is worthwhile to outline that almost in all tests the values for the Weibull
shape parameter [} lied in the interval from 2,5 to 4, conforming to the previously
explained increasing rate of wear failure occurrence and its nonstationary character.

On this basis, and having in mind that both kinds of wear failure discussed
here originate from the same random process, reliability functions for the two kinds of
wear failure can be expressed by means of the Weibull probability distribution having
the same value of the shape parameter. It has been proved in a number of experiments
and surveys. This can be expressed in the following form:

R, (1) = exp [-[rmp}lB] and R.(t) = exp [-(t/n.)P] (3)
where:

R, (1) - the reliability function related to partly worn-out lining failures,
(1) - the reliability function related to completely worn-out lining failures,
Npr Mg - the scale parameters for partly and completely worn-out lining failures,
respectively,
[} - common shape parameter ([} = []P = Be)-

3.4. The Effectiveness of the Preventive Maintenance of Brakes

A very important feature of maintenance is related to the degree of a
component renewal. The general attitude is that both preventive and corrective
maintenance restore a component to the "as new" condition, meaning that the renewal
process is an ordinary one [1]. From engineering practice, however, it is well known
that maintenance in many cases does not provide a real "renewal”. A component’s or
system’s performance are poorer after maintenance then before. The decrease in
reliability after maintenance is even more probable, particularly with regard to the
residual lives [17]. It means that in general it is not correct to consider maintenance as
action restoring a technical system to the "as new" condition.

However, it is not easy to check or test this statement in practical situations.
Most probably, it is reason that in spite of all shortage this assumption is usually
accepted for modelling the maintenance policy for solving practical maintenance tasks
[1]. Therefore, the assumption that both brake adjustment and lining replacements
restore brake to the "as new" condition is accepted for the analyses in this paper also.

The target of the analysis presented here, i.e. the development of a procedure
which will provide improved and more efficient maintenance planning for front and
rear brakes in motor vehicles, supports this assumption. Namely, for the problem
observed in this paper it is primarily important to achieve the "best" relationship
between necessary maintenance actions, so as to satisfy the relevant criterion. The
provisions for providing a "higher" reliability or longer component life are not in the
focus of our attention. The differences in residual life and reliability after subsequent
adjustments may be therefore ignored.
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3.5. The Maintenance Policy For Braking System

It is not a question whether the maintenance of motor vehicles and their
components has to be preventive. This policy is the only acceptable and obvious. The
question is, however, which type of preventive maintenance is the most convenient for
determined vehicle types and components and for specific usage conditions.

The "on-condition" preventive maintenance has proven very effective in many
cases, including maintenance of motor vehicles, particularly if used in large fleets [6].
It means that maintenance actions depend on the state of the unit, established by
continuous monitoring or periodical checking by means of appropriate instruments,
sensors or similar.

This type of preventive maintenance is probably the best one for maintenance
of vehicle braking systems and brakes also. However, since brakes have an exceptional
impact on road safety, the preventive maintenance according to the "hard-time limit"
concept has to be applied as well. It means that adjustments and replacements of
friction linings have to be done not only on the basis of the "condition" established by
periodical checking, but also after certain intervals of time. The "hard-time limit"
maintenance means that adjustments and replacements of nonfailed elements have to
be done before failure occurs, i.e. before a poor condition of an element is established.
This maintenance concept is very convenient from the technological viewpoint also,
offering possibilities for higher operational readiness and higher availability. It 1s
obvious that for an effective maintenance it would be convenient if time or mileage
period for "hard-time" replacement represents a multiple of the time or mileage period
for "hard-time" brake adjustment. This will be explained later,

3.6. The Criterion of Optimization

The time or mileage periods of preventive maintenance have to be determined
so as to satisfy the requirements coming out from the defined target or goal function.
Maintenance models are the best tool for solving this problem. Maintenance models

give "the best" solution for the accepted optimization criterion.

This typical optimization problem usually boils down to the minimization of
total maintenance costs or to the maximization of availability [1, 2, 13, 18, 20]. It may

be expressed by the following:
C(T) = [Cppp + N(T) CopVT (4)
and A(T) = [T -tppg - N topg VT (5)

where:;

C(T) - the total maintenance cost of component per unit time over time interval T,
Cppp - the average cost of preventive maintenance,
N(T) - the expected average number of component failures over time interval T'
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Ccopr - the average cost of corrective maintenance,

T - time interval,

A(T) - the component availability per unit time over time interval T,

tpyg - the average down time related to preventive maintenance over time interval 7,
tcM - the average down time related to corrective maintenance over time interval T,

The cost optimization criterion is used almost generally but the availability
optimization criterion is often more convenient for maintenance of various mechanical
components and systems. In particular, it is the case with utility and public transport
systems which have to provide the highest possible quality of service meaning a very
high availability. That’s why this criterion is accepted for the task which is elaborated
in this paper.

4. THE PREVENTIVE MAINTENANCE MODEL

Although the availability of a technical system over a period of time T can be
expressed in the following general form:

A(T) = t,[(t, + tg) (6)

where ¢,, is up time and t j is down time over a time period T in further analyses a more
convenient form as given by expression (5) will be applied.

Dealing with two kinds of failure, namely partly and completely worn-out
linings (using indexes p and ¢, respectively, as marked before) availability can be
expressed in two forms, each one related to one kind of failure. Hence:

A (T, =[T,-tpyg -Np(Tp) teyg VT (7°)
p'"p / pp p
and ATe) = [Te-tpy - Ne(Tp) tepg IT, (7")
where:

Ap[T ) and A.(T,) - availability related to partly (p) and completely (¢) worn-out linings
over the time intervals T, and Tr;, respectively,

tpyr and Eppg - the average down time related to two kinds of preventive maintenance
(PMY  actions,” namely: adjustment caused by partly (p) worn-out linings and
replacement caused by completely (¢) worn-out linings, respectively,

top. and oy - the average down time related to two kinds of corrective maintenance
(CMJ actions,” namely: adjustment caused by partly (p) worn-out linings and
replacement caused by completely (¢) worn-out linings, respectively.

Using expression (1), formulae (7’) and (7"') become:

ATy = (T, -tpy - | Fp(TH)IR,(TH) top VT (8°)
PP P PP =ps-p p
and AT,) = (T, IPMf- [FP{TCHRP(TP] ] !mﬁch (8")

It means that the optimal periods for preventive adjustment and replacement
are determined by the minimizing of the functions (8') and (8"), i.e.:
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6A (T,)/ 8T, =0 (9")
P P p
and 0A (T 8T, =0 (9"}

Hence, for a set of brake linings (in one brake) there are two optimums for
preventive maintenance, one for preventive adjustment and another for preventive
replacement. The same applies for each brake. It means that if four brakes in a vehicle
are considered separately, the expressions (9') and (9") will give eight optimums, i.e.
eight preventive maintenance periods providing maximum availability with regard to
both kinds of wear failure. Such a maintenance schedule would obviously be very
inefficient and expensive.

In reality, this situation is simplified by the fact that two brakes fitted at one
axle may be considered to be similar. It means that for a two-axle vehicle there are only
four optimums: two for preventive adjustment of both front and rear brakes and two for
preventive replacements of both front and rear brakes. These optimums giving the
highest availability with regard to preventive adjustment and replacement of brakes
ﬁttedito front (f) and rear (r) wheels in such a vehicle may be expressed hy the following
notations:

. A&,tTpr = the maximum availability of front brakes (f) with respect to their
preventive adjustment over the optimum period of preventive adjustment Tfp
associated with partly (p) worn-out brakes,

B Aﬁ.(Tﬁ.] = the maximum availability of front brakes (f) with respect to their
preventive replacement over the optimum period of preventive replacement ch
associated with completely (¢) worn-out brakes,

. A’}'?(T ) = the maximum availability of rear brakes (r) with respect to their
preventive adjustment over the optimum period of preventive adjustment T"P
associated with partly (p) worn-out brakes,

e A,.T,.) = the maximum availability of rear brakes (r) with respect to their
preventive replacement over the optimum period of preventive replacement T,..
associated with completely (¢) worn-out brakes.

Such a maintenance schedule will be still complicated, inefficient and
expensive. It is logical therefore to combine some of the maintenance activities so as to
perform them simultaneously in the course of the same down time. In general, it would
contribute to more effective maintenance control and management and will decrease
operational costs.

However, since the rates of failure occurrence for front and rear brakes are not
the same, simultaneous maintenance would mean that at brakes having more favorable
reliability the maintenance action would be performed earlier then needed. This may
increase the maintenance costs. However, in the case of brake adjustment actions, this
increase in costs will be negligible. Therefore, simultaneous adjustment of all brakes in
a vehicle is a general practice in all maintenance schedules.

If replacement of brakes is considered, the premature replacement may cause
important additional expenses. Simultaneous replacement of all brakes in a vehicle may
be rational only if reliability of the front brake is similar to that of the rear brake,
giving rather small difference between their mean lives. Since it usually is not the case,
maintenance schedules generally prescribe the replacement of brakes at each vehicle
axle to be realized separately. If such an approach is applied in the case of a two-axle
vehicle there will be three optimum maintenance periods, one for simultaneous adjust-
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ment of all brakes and two for separate replacement of front and rear brakes,
respectively.

This problem may be simplified if certain relations between three optimal
maintenance periods would be established. It may be achieved by putting the
relationship between time intervals for replacements and for adjustments to be
expressed by integer, as explained in Figure 1 and by means of the following expression:

T'ﬁ.pr =M and Tm!TP =N (10)
where:

T,, - the optimum period of simultaneous adjustment of all front and rear brakes,
and N - integers,

k 2k 3k nk
WEEK,: el e el e
ADJUSTMENT L 4 . seapeoar bge s Lo
<« KN
REPLECEMENT 4 ” 4
FRONT
k M
R e e T e e
REAR
Figure 1

An additional convenience may be achieved if the ratio between figures M and
N may also be made a whole number, 1e. if the wear balance between front and rear
brakes may be expressed as an integer @, or:

MIN = @ (11)

5. AN EXAMPLE

To illustrate the models an example of braking systems of two-axle public
transport vehicles used within a large fleet will be demonstrated. The vehicles have to
provide the highest possible quality of service or availability. It means that
maintenance policy explained above, representing a combination of "on-condition” and
"hard-time limit" concepts, has to be optimized with regard to fleet availability. From
the previous investigations under usage conditions, characterized by an average vehicle
usage intensity of about 15 km per hour or about 250 km per day [8,10, 23] it may be
assumed that reliability of the front (f) and rear (r) brakes can be expressed by the
following functions:
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e Front brake adjustment: Ry, (t) = exp [-(¢/300)3]
e Front brake replacement: fo &) =exp][- {Hlﬂ-ﬂﬂ} ]
e  Rear brake adjustment: Ryp(t) = exp [- (t/600)4]
e Rear brake replacement: R (t) = exp [-(t/2500)%)
Besides, it will be assumed that the average time for preventive adjustment is
tpm 5h (for all brakes in the vehicle) and the average time for preventive

repﬂcemﬂnt 18 tom, = 50h (for one brake), while corresponding average times for
corrective mmntenaﬂce of brakes are ¢,,,, = 15h and?.,, = 150h.

With these figures, expressions (8') and (8") w1ll give the availability functions
with regard to all four maintenance actions. These functions are plotted in Figure 2. It
can be seen that the maximums of all four curves are achieved for very different times
T , taking values from 156 to 1402 hours. It proves that it is difficult to design such
maintenance programme which would link all four maintenance actions so as to obtain

a common optimum.
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The picture is a little bit better if only adjustments of brakes on the front and
the rear wheels are considered: the optimums correspond to 156 and 337 hours. In this
case it seems reasonable to perform simultaneous adjustments of both front and rear
brakes, after a period of time which will be the maximum of the multiple of two
availability functions. The plot of this new function is presented in Figure 3., pointing
out that the common maximum for both adjustment functions is obtained for 186
hours, or about 30 hours above the optimum obtained for only the front brake
adjustment, but even 150 hours below the optimum for the rear brake adjustment. It is
important to notice, however, that the differences in availability by performing separate
adjustment of each brake are not very high: availability of the front brake adjustment
for T' = 186 hours decrease to 0.9537 or for only 0.2%, while corresponding decrease for

rear brake adjustment availability reaches about 10.5%.
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Figure 3

A good reason for accepting such a "joint optimization" of brake adjustment
comes out also from technological reasons. It is an usual practice in motor vehicle fleets
similar to the one under observation to organize preventive maintenance in segments
which correspond to certain time intervals, like one day, one week, a month or so.
Having in mind the usage intensity mentioned above (250 km per day in average) the
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optimum period for front brake adjustment corresponds to app. 2400 km and for the
rear to app. 5000 km. In other words, front brakes have to be adjusted every 10 days
and rear brakes every 20 days, or about every two and every three weeks. For a joint
optimum of 186 hours or 2800 km the adjustment has to be done every 11 days. Since in
a public transport a week means in average 6 working days or 1500 km, brake
adjustments have to be performed approximately every 2 weeks or after 3000 km or
every 200 hours of operation. It is evidently not too far from the optimums obtained for
the front and the rear brake separately.

The situation would be quite different if "joint optimization” of preventive
replacement of the front and rear brakes is considered. The optimums obtained for
these actions are rather far-off: 519 and 1402 hours, as given in Figure 2, [t means that
the replacement of the front brakes has to be performed roughly every 8.000 km or
after one month of service, while these figures for the rear brakes are 20.000 km or
three months. It results from significant wear unbalance between front and rear
brakes, which originates from design reasons and different brake loading. This can be
seen even more clearly if the joint maximum of two derived availability functions are
considered, as it is done above. The diagram plotted in Figure 4 shows that the joint
maximum is obtained for T = 629 hours, what is rather far away from both optimums
obtained for each function separately. If this joint optimum would be applied. it will
mean that both front and rear brakes have to be replaced after roughly 40 days. For the
front brakes the difference is not too large, but the rear brakes would be replaced more
then two times earlier then necessary. This is obviously quite uneconomical. Therefore
there are no real possibilities to combine these two preventive actions together, so as to

obtain a joint optimum.
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However, a very positive effect can be achieved if the time periods for
preventive replacements are put in the relation to corresponding intervals for brake
adjustments, as it is explained by expressions (10). Namely, the comparison of the
optimum obtained gives:

Ty, /T, = 519/200 = 2,60 = M
Tye /T = 1402/200 = 7,01 = N

The figures 2,60 and 7,01 have to be rounded up so as to become integers and
to give the ratio between them as the integer @ as well (expression 11).

It 1s easy to conclude that there are two solutions: M can be rounded up to 2 or
3 and N to 8 or 9, giving @ = 3 or 4. In such a way the periods of preventive
replacement are ch = 400 or 600 hours and T',,. = 1600 or 1800 hours.

Using the diagrams shown in Figures 2 and 3., these two cases are compared in
Table 1.

Table 1

Ar(Tg) AT Ar(Tp)xA (T,

400 1.600 0.86973 0.95386 0.912
600 1.800 0.87442 0.94924 0.912

It may be seen that the second combination with M = 3 and N = 9 is better,
giving higher availability. It means that the replacement of front brakes has to be done
every 6 weeks and for the rear brakes every 18 weeks. Such a maintenance schedule is
illustrated in Figure 5. Preliminary trial of this maintenance plan has proven this
programme.

2468 2 16 20 24 28 32 36 40 44 48 52 56
WEEK (0000 ettt e bttt bbb
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7. CONCLUSIONS

1. The n.lechanical systems in which the most important failures originate from
excessive wear are specific in several aspects. Firstly, failures originating from wear
may be of two kinds, one requiring adjustment and another requiring replacement.
Secondly, different kinds of wear failure have a direct impact on the maintenance
policy, creating specific problems with regard to preventive maintenance schedules.
Therefore, the optimization of maintenance of this type of engineering systems
requires a thorough understanding of all relevant factors.

2. Since two kinds of failure in friction mechanisms used in automotive brakes originate
from the same wear mechanism, it is possible to combine corresponding preventive
maintenance actions. One of the solutions 1s to design such a braking system so as to
obtain the wear balance between front and rear brakes providing that intervals for
preventive adjustment and preventive replacement of each brakes can be expressed
also as integers. Such a maintenance schedule has proved quite acceptable and

satisfactory.

3.If the optimization criterion of optimality is availability, as it is usually accepted for
public services and utility systems, the optimization has to be achieved by successive
approximation, comparing different possible combinations.
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