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Abstract

Studies have shown that in large physical systems, it is possible to eliminate or

reduce costly machine failures. equij d ime. lost production and d d

revenues by keeping abreast of the most ettective and current maintenance techniques

available.

The purpose of this thesis is to propose a multi-faceted approach to
which can address the short comings of i hes to

The proposed bines the reliabili red

technique (RCM). a fault tree analysis, a database system. and the Weibull analysis. The

of these i produces an i ive system which increases the
reliability and availability of the system. To the author’s knowledge, this integrated

approach has not been done before.

As an example. the heating, ventilating and air conditioning (HVAC) of large

buildings was used to illustrate this methodology. Failure data was collected from the

Biotechnology. Arts and Administrati ion and Earth R ildings of




Memorial University of Newfoundland (CERR) over a six year period. The data included
the time to failure and failure modes for each component within the central HVAC
system. The collected data was used to quantify the reliability of the system. A
probabilistic analysis based on the Weibull distribution was used to analyze the time to

failure data.

Using reliability-centered maintenance to identify the causes and impact of
failures. the information acquired was used to develop fault trees. Failure modes
identitied in the fault trees were coded as identifiers to be used in a knowledge-based

system for improving the reliability and availability of the system and its components.

[t was shown that system reliabi can be improved by increasing the reliability

of each component utilizing the proposed multi-faceted approach. Failure data analysis
enabled us to quantify the reliability for many sub-components within the major

components that constitute the HVAC system.

Itis that the developed k ledge-based system enables us to

troubleshoot causes of failure at a much faster rate and this will decrease the down time

and increase the availability of the system.
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Chapter 1 Introduction

1.1 Problem Identification
L.1.1 Need for an Integrated Approach to the Maintenance of
Large Systems

Large systems such as the heating, ventilating and air conditioning system

(HVAC) in a large building, such as a hospital or university, normally consist of

of that are i d. Failure of such systems can be

catastrophic especially in intensive care wards. operating rooms. or in sensitive
research laboratories. It is essential that such systems are properly maintained and
work reliably. By keeping abreast of the most eftective and current maintenance
techniques available. we can eliminate or reduce costly machine failures.

lost production and d d revenues. Statistics

blished by Mai Tech ional of Calgary (MTI) (n.d.) have

d large Y resulting from a lack of maintenance. In
Canada. five billion dollars are spent because of poor lubrication practices which
can be easily resolved, but which are ignored because maintenance personnel tend
to think these problems are normal. [n addition, two hundred billion dollars are
lost annually by North American companies due to wear caused by inadequate

maintenance.



Other factors that i 10 high maij costs are i

inspection schedules, incorrect servicing, poor cost accounting. improper use of
preventive maintenance techniques. poor lubricant selection and application. poor

contamination control methods and inadequate use of maintenance staft.

In recent years. industry exp ion of mai and
techniques has changed enormously. During the 1940's and the 1950's. the policy
was “fix it when it breaks”. During the 1960's and the 1970's. the techniques used
were scheduled overhauls (Moubray. 1991) with planning and control of work
being achieved using big and slow computers. In the meantime. industry

d ded higher plant availability. longer equij life. and lower costs.

During the 1980's and 1990's, the industry expectations shifted towards higher
plant availability and reliability. greater safety. better product quality. less damage
to the environment. longer equipment lite. and greater cost effectiveness. To meet

the new demands. new mai hni have been developed. includi

diti itoring, design for reliability and maintainability. hazard studies.
and failure modes and effects analyses. Other techniques such as expert systems.
multiskilling. and teamwork have not been used effectively because very often

they are used in isolation from each other. There have been many research papers

written on mai of indivi picces of equi using specific
techniques but detailed maintenance studies of large systems are limited and are

usually confined to specific projects for specific industries. There is a need to

&)



study the i ion of design. i it i and redesign
of large systems using a number of currently available techniques. This integrated
approach is supported by Moore and Rath (1999) and Tesdahl and Tamlingson

(1998).

In view of the urgent need for a rational approach to maintenance of large

stems. this thesis proposes a multi-faceted approach to mai which will

prove to be more reliable than current practices.

1.1.2 Current Problems with HVAC Systems
In Canada. every built environment has a Heating. Ventilating and Air-
Conditioning system in place. Hospital operating rooms. for example. require

special HVAC systems to maintain positive pressure and to stop bacteria from

the internal envi; . On the other hand. laboratory HVAC
systems maintain negative pressure in order to avoid bacteria propagation to other
areas. The HVAC systems for office towers became a major concern in recent
years because of the Indoor Air Quality issue as stated by Morey (1988) and Chow
(1987). The number of related complaints has increased with the construction of
tighter sealed buildings, the growing use of synthetic materials. and the application

ol energy conservation measures that reduce the amount of outside air being

circulated. Modern office equij ( iers. laser printers.



etc.), cleaning products, and the outdoor air pollution can also increase the levels
of indoor air contamination. The reactions to indoor contaminants have led to the
phenomenon of sick building syndrome. Therefore. there is a definite need to
ensure that HVAC systems are functioning properly at all times during the

occupancy period and that are

Maintenance experts who are capable of analyzing and solving HVAC
problems are in short supply. Most engineers learn through on-the-job training in
this area. The HVAC area requires solid fundamental knowledge of applied
thermodynamics. heat transfer, fluid mechanics, and fluid power. Further. at the
operator level. training is limited by the absence of solid fundamentals in the
training programs. As a result, most of the HVAC systems are poorly operated or
maintained. and many owners and end users do not believe they can work as

efficiently as promised.

1.1.3 Maintenance Aspects of HVAC Systems

Smith (1993) states that, in most locations. proactive maintenance is less
than sufticient in current practice. In order to ensure increased productivity and
efficiency. there must be a proper proactive maintenance program in place. The
need for repetitive correction is a concern as many companies do not have a
system in place to track down recurring problems. Rather than finding the source

of the problem, only the apparent symptom is corrected. Broussard (1994)



described the methodology used to preserve failure data and then used it in
conducting Root Cause Failure Analysis (RCFA). This is a very important step

used for i quality impi in the mai of systems. Often

times. maintenance is carried out in a haphazard fashion and areas that should be
of concern are overlooked in favour of obvious problems. In addition. within
companies. maintenance practices in one area will vary significantly from those in
another area (i.e.. separate buildings). Maintenance practices within an

organization should be consistent.

At times, maintenance is carried out by people who are not thoroughly
familiar with the intended function of each component. As a result. they do not
maintain equipment functions at their designed levels. Scheduled maintenance
can often be both unnecessary and conservative. Maintenance items lower on a
scale of importance may get much attention due to the ease of doing it. whereas
those areas requiring more attention and hence more work. are relegated to a less
consistent schedule. Likewise a company may avoid preventative maintenance as

it may be erroneously perceived as too great a cost.

If p i i isto be ful. it must be visible and
recorded on an operating time basis. Hence. it can be referenced for its
etfectiveness and altered to suit the actual maintenance that is required over time.

A company should set up its own maintenance program which exceeds or falls

w



short of 's i input based on actual
operating conditions. There is often a variance between maintenance of similar

units.

There should be standard procedures and checkpoints in place for
maintenance of identical units. Predictive maintenance methodology presently is

currently rarely used in HVAC systems.

Reliabili

-Centered Mai hodology that requires a

combination of engineering and technical skills, as well as management awareness

and ivation, offers the most sy ic and etficient process to address an

overall prog ic approach to optimization of HVAC systems. A solution to

many of the problems associated with the HVAC systems would reduce sickness.

create a better working envil reduce energy ion. and lower

maintenance cost. Therefore. there is an immediate need to develop an expert

system to help owners and users optimize the function of HVAC systems.

1.2 Aims and Objectives

To address the common maintenance problems stated in Section I.1. the aim of

this work is to integrate RCM (| Centered Mail ) techni with a

lge-based system i to provide d pport for optimizing HVAC

6



systems

thesis are:

v, and lowering mail costs. The detailed objectives of this

To apply the RCM maintenance program which simultaneously
reduces both the probability of critical failure in HVAC systems

and maintenance costs by reducing scheduled maintenance.

To develop a decision-support tool for optimized operational and

maintenance procedures.

To provide a tool to enable mai | to

the functions and performance standards of installed HVAC

systems.

To provide a tool to promote total integration of design.

set up peration and maif of

HVAC systems.

To promote predictive and pi i i tasks in lieu of

the conventional definite time span maintenance.



1.3 Outline of Thesis
The background of the thesis has been presented in the previous section along with
the objectives of the study. The following chapter reviews the relevant literature as it

relates to RCM. fault tree analysis, planned mai iti based

and redesign. the new digm for mai the root cause failure

analysis. and to knowledge-based systems.

Application of RCM to acquire the functions and performance standards of the
installed HVAC system will identify the intended function and the tunctional failure

mode. and at the same time observe the cause and eftect of the failure mode. The

acquired infc ion from RCM is fc d into graphical rep ion using a tault

tree. This graphical representation is easy to use by the operation and maintenance

personnel. Based on the fault tree. ical models are ped to de ine the
component failure caused by the various failure modes. The failure modes are coded and
stored in a data base system. The coded failure modes are combined with Weibull
analysis using collected failure data to predict the probability of failure. This method

quantifies the failure mode based on actual usage and therefore is more scientitic than the

scheduled maij method. The developed data base system can be used as a

decision tool for trouble shooting. To illustrate this methodology. failure data was

collected and analysed from HVAC systems located in three buildings at Memorial

University of Newfq This ished the for Weibull distril

and the failure modes for the knowledge-based system. The results of the analysis point



out the impact of design and construction on the reliability of the system, and how this
affects the maintenance and operation of the system. This analysis also points out the
misuse of conditional based techniques and how effective use of predictive and

conditional based techniques can be used to optimize the system reliability.



Chapter 2 Review of Literature

In order 1o tulfill the research objectives outlined in Section 1.2, a review of’
literature was necessary to gain the state of the art knowledge in this particular area. This
chapter summarizes the literature review in maintenance cost. RCM. Expert Systems. and

optimization techniques as related to the development of a RCM Expert System.

2.1 Maintenance Cost

g costs was di: d by Howell and Kluczny (1982) who

pointed out that two approaches may be used by HVAC maintenance decision makers to

derive the necessary mai cost information: the Engineering R

Method and the Historical Data Method. The Engineering Requirements Method
establishes the type and timing of the maintenance effort from an engineering analysis of’
the system components. Using this approach. the rate of component deterioration must be
calculable in order to arrive at reliable estimates of system failure costs. Unfortunately.
this method is very difficult to implement due to the high cost of performing engineering
analyses. and the lack of reliability specifications from vendors. The second approach is
to rely on historical data to project future costs. The data may be the experience ot a
single user analyzing his or her own data or it may be the accumulated experience of

many users sharing their data in a data base. This method offers a practical alternative to

10



the Engineering Requirements Method for most HVAC owner/operators. Unfortunately.

it is not without its own di: ges such as the availability, accuracy, and

of historical data.

Dohrmann and Alereza (1986) obtained maintenance costs and HVAC system
information from 342 buildings located in 33 states in the United States. In 1983 U.S.
dollars. data collected showed a mean HVAC system maintenance cost of $3.40/m® per

vear. with a median cost of $2.60/m" per year. The age of the building has a statistically

significant but minor effect on HVAC maintenance costs. When analyzed by geographic

location. the data revealed that location does not significantly affect maintenance costs.

Analysis also indicated that building size is not statistically significant in explaining cost

variation. The equation of Dohrman & Alereza is given by:
C = total annual building HVAC maintenance cost ($/m?)
= $3.59/m* +0.019n+h +c+d @

where,

= base system maintenance costs

0.019 = age adjustment factor

n = age in years

h - heating system adjustment factor h

c = cooling system adjustment factor ¢

d = distribution system adjustment factor d



Values for adjustment factors h, ¢, and d can be obtained from the 1999 ASHRAE

Handbook (SI) on page 35.4.

The estimate can be adjusted to current dollars by multiplying the maintenance
cost estimate by the current Consumer Price Index (CPI) divided by the CPI in July 1983.
[n July 1983, the CPI was 100.1. Monthly CPI statistics are recorded in Survey of Current

Business (U.S. D of C The estimating method is limited to one

equipment variable per situation. That is. the method can estimate maintenance costs for
a building having either a centrifugal chiller or a reciprocating chiller. but not both.
Assessing the effects of combining two or more types of equipment within a single

category requires a more complex statistical analysis.

Wolfson Maintenance (1998) states that decisions made at an early stage in the
concept and design of an item in a plant can have significant effects on the cost of running

that piece of equipment throughout its life (Figure 2.1).

In the preliminary design review stage. 15% to 35% of the life cycle costs have
been determined. [n the concept design review stage. 25% to 40% of the life cycle costs
have been determined [n the critical design review stage. 95% of the life cycle costs have

been determined.
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Figure 2.1 Life Cycle Costs

The designer must be aware of the consequences of his/her decisions. If for
instance. a bearing is installed in an inaccessible position. that bearing will certainly have
to be changed a number of times during the life time of the equipment. Due to the
difficulty of access. excessive replacement costs will be incurred. If this inaccessible
position is unavoidable, the installation of a top quality and/or an oversize bearing. will

increase the purchase costs but may reduce the overall life cycle cost. The same applies



during the operating life in the purchasing of spare parts, maintenance tools, and training

of operators and maintainers.

2.2 Reliability-Centered Maintenance (RCM)
2.2.1 Overview
Reliability is the probability that a plant or component will not fail to
pertorm according to certain specifications during a given time period working in
a stated environment. Reliability-Centered Maintenance (RCM) implies that the
maintenance function must be focused on assuring reliability in equipment and

systems. RCM calls for an analysis for determining maintenance needs.

RCM grew from studies carried out during the development of the Boeing
747. This work showed that the failure modes of aircraft components are

randomly dominated. At this time aircratt mai was based predominatel;

on flying hours. therefore. a new method of maintaining aircratt was considered

appropriate.

The RCM approach assumes no prior knowledge of the components. a
so-called zero-based or first principles approach. Each component in the aircratt

was systematically analyzed to identify their tailure modes (causes of failure) and



appropriate maintenance tasks were then assigned. Moubray (1991) states that this

analysis is carried out by asking the following seven questions about each asset:
(1) What are the functions and associated performance standards of the

asset in its present operating context?

(2)  Inwhat ways does it fail to fulfill its functions?

(3)  What causes each functional failure?

) What happens when each failure occurs?

3 In what way does each failure matter?

(6) What can be done to prevent each failure?

(7)  What if a suitable preventive task cannot be found?

These questions are required in order to fully capture the information

needed to design the appropriate maintenance regime.

2.2.2 Development of RCM

In the late 1950's. the FAA (Federal Aviation Agency).which was

ible for lating airline mai practices in the U.S.A.. was
frustrated by experiences showing that it was not possible to control the f{(t)
(failure density) of certain unreliable types of engines by any feasible changes in
cither the content or frequency of scheduled overhauls. In 1960 a task force was

formed consisting of representatives from both the FAA and airlines to investigate

the bilities of pi i i Asaresult. a FAA/Industry



Reliability Program was established, the mandate of which was to develop a
program towards the control of reliability through an analysis of the factors that
affect reliability. This approach was a direct challenge to the traditional concept
that the length of time between successive overhauls of an item was an important
factor in controlling its failure rate. The findings of this study were :
1, Scheduled overhaul has little etfect on the overall reliability of a
complex item unless the item has a dominant failure mode (cause

of failure).

o

There are many items for which there is no effective form of

scheduled maintenance.

A rudi v decision-diag hnique was devised in 1965 and in
June 1967 a paper on its use was presented at the ATA Commercial Aircraft
Design and Operation Meeting. The recommendations were included in ATA

(1969).

In 1974. the United States D of Defence issioned United

Airlines to prepare a report on the processes used by the civil aviation industry to
prepare maintenance programs for aircratts. [he resulting report. known as MSG-
1 (Maintenance Steering Group). was used by special teams of industry and FAA

personnel to develop the first scheduled-maintenance program based on the

16



principles of Reliability-Centered Mai Use of the decision-di;

2

technique led to further i

p! which were i two years later in
a second document, MSG-2. The objective of the techniques outlined in MSG-1
and MSG-2 was to develop a scheduled-maintenance program that assured the
maximum safety and reliability at the lowest cost. Commenting on the MSG-1

and MSG-2 documents. Nowlan and Heap's 1978 report stated that:

"Although the MSG-1 and MSG-2

d ionized the d

followed in developing maintenance
programs for transport aircraft. their

to other type of equi was

limited by their brevity and specialized
focus. In addition. the formulation of certain
concepts was incomplete. For example. the
decision logic began with an evaluation of
proposed tasks. rather than an evaluation of
the failure consequences that determine
whether they are needed. and if so. their
actual purpose. The problem of establishing
task intervals was not addressed. the role of

hidden-tunction failure was unclear. and the

17



treatment of structural maintenance was
inadequate. There was also no guidance on

the use of operating information to refine or

modity the initial program after the
equipment entered service or the information
systems needed for effective management of
the on-going program. All these
shortcomings. as well as the need to clarify
many of the underlying principles led to
analytic procedures of broader scope and
their crystallization into the logical
discipline now known as Reliability-

Centered Maintenance."

RCM is known as MSG-3 within the aviation industry. and to this date it
remains the process used to develop and refine maintenance programs for all

major types of aircrafts.

Currently three versions of the RCM decision diagram are in wide use.
The first is shown on pages 91 and 92 of the report by Nowlan and Heap (1978).
The second version of the decision diagram is the official MSG-3 version

currently used by the civil aviation industry. [t is shown as the

18



"System/Powerplant Logic Diagram" on pages 6 and 7 of the Maintenance
Program Development Document published by the ATAA (Air Transport
Association of America) (1988). In recent years. the environment became more
and more of an issue. In 1990, the addition of the question, “Does this failure
mode cause a loss of function or other damage which could breach any known

envi | standard or regulation?” to the RCM decision diagram warranted

changing its name 1o RCM 2.

2.2.3 What is Reliability-Centered Maintenance?
The Reliability Centered Maintenance process involves the application of a

number of investigative procedures to each of the selected systems.

Foremost among these is the determination of the functions and associated
performance standards of the system in its current operating context. This

includes the full range of functions (primary. secondary, protective devices. and

1

the inherent reliability or built-in ility of the system:
other standards including product quality. safety. energy etficiency and operating
environment: operating occupancy patterns: and vperating context (i.c.. stand-

alone versus stand-by duty).

Functional failure - or the manner in which. and the extent to which, a

system fails to meet a desired standard of pertormance. whether the failure be

19



partial or total - must likewise be investigated. Having ascertained the manner and
extent of failure, it then becomes critical to identify the probable root cause(s) of
the particular functional failure mode. Failure modes. and the operating context in

which they occur, should be indicated.

The process of analyzing the extent and the etfects of a failure must cover
the full spectrum from the evidence (if any) that a tailure has occurred through to
the procedures necessary to effect repair. Full consideration must be given to the
actual or the potential threat to safety or to the environment, the anticipated range
of potential effects on production and operational activity. and the actual or
potential physical damage resulting from the failure. The consequences of a
tunctional failure will depend, to some extent. on whether the failure is obvious or
hidden but. in either case. there will be potential effects relating to safety and the

ment. ional activities and ional activities.

Predictive and i i must be ied by etfective

pi including dition tasks.

tasks. and replacement tasks. An equally important component is the
establishment of a course of action to pursue in the event that no suitable
preventive maintenance activity can be identified. This may include default

actions such as reassessing the system design or even redesigning the system. in

part or in its entirety.



2.2.4 Difference Between RCM and Planned Maintenance

RCM is a process used to ine the mai i of any

physical asset in its operating context by identifying the functions of the asset. the
causes of failures. and the effects of the failures. RCM advocates Condition Base
Maintenance (CBM) and reassessing the system design (Redesign). Planned

maintenance involves identifying (1) what inspection and/or servicing tasks are to
be done and (2) when each task should be done to retain the functional capabilities
of operating equipment or systems. Planned maintenance usually does not include

on-c g or the of system design. Planned

maintenance is the most widely used form of maintenance. [t is based on the
concept that every item on a piece of complex equipment has a “right age™ at
which complete overhaul is necessary to ensure safety and operating reliability. It
is most effective if implemented as equipment begins to wear out and failure
probability increases. Planned maintenance tasks are often grouped together into
maintenance downtime or windows to minimize the total number of planned
maintenance stoppages per year. This strategy is seriously flawed because the
majority of industrial failure modes are random in nature and so maintenance tasks

based on time will have limited effect in improving equipment performance.



CBM relies on the fact that the majority of failures do not occur
instantaneously but develop over a period of time as shown in Figure 2.2 P-F

Curve.

The P-F curve shows how a failure starts. deteriorates to the point at which

it can be detected (the potential failure point “P"). i

is not detected and
corrected. continues to deteriorate - usually at an accelerated rate - until it reaches
the point of functional failure (“F7). The P-F interval can be known as the “Lead
Time To Failure™. CBM involves recording some measurement that gives an
indication of machine condition (e.g.. temperature increase on an insulation
surface. vibration increase on a bearing housing). An investigation can then be

carried out to identify the exact problem.

____ Condition Monitoring _ Point where the failure can be
Tasks detected (*Potential Failure”)
Point where failure starts

—— to occur (not necessarnly Functional Failure
related to age) — Point where failure

. has occurred

Operating condition 100% satisfactory.

Operating condition unsatisfactory
(spare has failed)

o» time

Figure 2.2 P-F Curve
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Redesign (or design out) can prove to be a very effective method of
solving a recurring problem. However it can easily be inappropriately utilized.
Putting in a more powerful motor due to frequent tripping may be an ill-thought
out reaction to malpractice by an operator, whilst simple instruction may solve the
same problem. Before considering designing out a problem. it is important to
identify exactly what the root cause of the problem is. Having identified the root
cause, is it possible to monitor the condition at this problem area? If so. it may be
cost effective to monitor the condition and take action as necessary. If this is not

the case. can the problem be redesigned? If it can. what will this involve and can

it have any adverse effects elsewhere? Once the procedure has been y

developed. the redesign procedure should be accepted. Finally. redesign implies

that mistakes or oversights were made during the original design of the equipment.

Wolfson Maintenance (1998) stated the advantages and disadvantages of’

planned maintenance. CBM. and redesign and are listed in Table 2.1.



Table 2.1

Comparison of Planned maintenance, CBM, and Redesign (After

Wolfson, 1998|
Planned &
Maintenance o Redesign
Advantages | - Failure reduced. - Maximizes equipment - Some minor
- Labor used cost- availability. design out projects
effectively. - Some forms of can be inexpensive
- Maintenance inspection utilizing human | and guaranteed to
planned well in senses can be inexpensive. | work.
advance (provision | - Allows shutdown before | - A recurring
for labour and severe damage occurs. problem can be
material). - Production can be completely
modified to extend unit resolved.
life.
- Cause of failure can be
analyzed.
- Maintenance can be
planned
- Labour can be organized.
- Spares can be assembled.
Dis- - Maintenance - Vibration monitoring, - The root cause of
advantages | activity and costs Thermograph and Oil the problem may get
increased. Debris Analysis require missed in the
-U y and ialized equil and | exercise.
invasive training. A company must | - Larger design out
maintenance is carefully choose the projects can prove
carried out. correct technique. A to be very
- Applicable only to | period of time will be expensive
age related required for trends to - Production can be
deterioration. develop and then machine | disrupted for a
- Maintenance condition can be assessed. | considerable period
sometimes induces of time with larger
failures (infant projects.
mortality). - The expected
result may not
materialize.

- Solving a problem
in one area may
overload and cause
problems in
another.




2.2.5 Extending the RCM Method to Other Complex and Critical
Systems
In response to the problem, airplane designers began to develop design
features that mitigated failure consequences - that is. how to design airplanes that

were "failure tolerant”. Further. RCM has been applied to both the aircraft and the

offshore platform inds resulting in cost red with no decrease in

reliability. However, a better understanding of the failure process in the complex
equipment has actually improved reliability by making it possible to direct
preventive tasks at specific evidence of potential failures. Based on the findings
of years of study by the aircraft industry. such as the MSG-1 program for the
Boeing 747. United Airline expended only 66.000 man hours on major structural
inspections before reaching a basic interval of 20.000 man hours for the first
heavy inspections of this airplane. Under traditional maintenance policies. it took
more than 4 million man hours to arrive at the same structural inspection interval
tor the smaller and less complex Douglas DC-8. Cost reductions of this

magnitude are of obvious i to any izati ible for

maintaining large fleets of complex equipment. Tesdahl and Tomlingson (1998)
stated that the 21¥ Century will usher in a broader need for equipment
management. a cradle to grave strategy to preserve equipment tunctions. avoid the

consequences of a failure and ensure the productive capacity of equipment. They

9
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also asserted that RCM should be applied to the mining industry. It is beneficial
to apply RCM to other industries such as the HVAC industry to minimize cost.

increase availability and improve environmental conditions.

2.2.6 Mathematical Aspects of Reliability-centered Maintenance
There are three main mathematical aspects of Reliability-Centered

Maintenance discussed by H.L. Resnikott (1978). The first corresponds to the
partitioning of the system into sets of items that are tunctionally related by means
of the consequences of their failure. The second is the formal expression of the
costs of maintenance and consequences of failure in common terms of direct and
imputed costs. The principal purpose of the maintenance policy designer is to
minimize the maintenance/failure cost function. The third mathematical aspect

models the iterative procedure used in the Reliability-Centered

program to minimize the total cost function.

2.2.7 Combining Total Productive Mai and RCM

Total Productive Maintenance (TPM) was developed in Japan and is a

strategy for improving productivity through imp i and related

practices. TPM calls for: restoring equipment to a like-new condition. operator

in proving mai i and
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