This book is targeted for maintenance professionals in manufacturing and
other sectors. It introduces the RCM methodology,
and associated tools, for achieving world class maintenance performance.
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Maintenance of physical assets is a key process in industries such as manufacturing,
transportation, utilities, and mining. It represents a significant component of
the operating cost in these industries. Typically, much of such expenses are
consumed by avoidable failures, premature replacements, sub-optimal operation
of equipment, non-value adding management control or logistics related
activities. Therefore, making the best use of physical assets to meet business
goals at the lowest possible cost is the business imperative of capital intensive
organizations if they are to succeed in the highly competitive environment of
the new millennium. MTR Corporation Ltd., as the operator of Hong Kong's
mass transit railway system, embraces this objective in formulating its maintenance
strategies. Our high level of performance, as revealed by findings of an
international benchmarking exercise covering the operations and practices of
mass transit railway systems worldwide, bears witness to the benefits that can

be derived from the pursuit of maintenance excellence.

We welcome the initiative of City University of Hong Kong to publish the
"Quality Transformation Series" under the sponsorship of the Hong Kong SAR
Government Industrial Support Fund. The publications and video CDs in the
series are designed to provide guidance for company executives in leading,
implementing and sustaining various types of quality transformation projects.
Improvement of production/operations activities has been the focus of attention
for several decades. Many organisations have inadvertently reached a stage in
which the support functions are constraining improvement in organisational
performance. The publication of this book is particularly timely as it presents
a roadmap for achieving excellence in maintenance, a major support function

that can be a key differentiator among competitors.

The Reliability Centred Maintenance (RCM) methodology featured in this book
is gaining acceptance as an effective approach to enhancing maintenance
performance. While there are other publications on the same topic, their
discussions are often limited to determining 'What' maintenance tactics should
be adopted. The uniqueness of this book is that it also addresses the important
issue of 'When' to perform the required maintenance actions. It introduces
the tools for optimising maintenance decisions. A discussion on measuring
maintenance performance is another distinct feature of the book. I am sure
that this publication is a valuable source of reference for managers and
practitioners committed to achieving world-class performance through excellence

in their maintenance operations. | recommend it to you.

Phil Gaffney
Operations Director, MTR Corporation Ltd.
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Quality Transformation Series

Global manufacturing competitiveness has been complicated with the
accelerating pressures of industrial transformation, dynamic trading
conditions, ever-changing market demands and uplifting quality
requirements. These pressures have sharpened the industry's focus on
developing viable strategies and tactics in gaining and retaining their
competitiveness. Hong Kong is now undergoing a critical transformation
from low-cost assembly to high-value-added manufacturing. For a
successful transformation, Hong Kong manufacturers must provide better
quality products faster and cheaper than those of their competitors.
Adoption of effective quality strategies and practices is one of the crucial

factors for success.

This "Quality Transformation Series" is supported by the HKSAR
Government Industrial Support Fund to develop promotional and
educational materials, such as booklets, video and other multi-media in
quality topics. It aims to make the company executives more aware of
their crucial role in leading successful quality transformation in their
companies; to introduce modern quality improvement tools and
methodologies to Hong Kong manufacturers, and to provide examples

of best quality management practices in the Hong Kong environment.

With the launch of this series, we hope to encourage and facilitate Hong

Kong manufacturers in making the quality transformation.

Dr. K S Chin

Series Editor

Reliability Centred Maintenance:
A Key to Maintenance Excellence

o
(8]



Quality Transformation Series

o
o

Maintenance as a
Strategic Issue
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The current business environment is characterised by intense competition
and heightened volatility in customer requirements. Confronted with
such reality, organisations are under great pressure to continuously
enhance their capability to create value to customers and improve the
cost effectiveness of their operations. Maintenance, as an important
support function in businesses with significant investments in plants and

machinery, plays an important role in meeting this tall order.

The performance demanded of maintenance has become more challenging

as a result of three developments:

(1) Emerging trends of operation strategies
The conventional wisdom embracing the concept of "economy of scale"
is losing followers. An increasing number of organisations have switched

to "lean manufacturing”, "just-in-time production" and "six-sigma
programmes". These trends highlight a shift of emphasis from volume
to quick response, elimination of waste, and defect prevention. With
the elimination of buffers in such demanding environments, breakdowns,
speed loss and erratic process yields will create immediate problem to
the timely supply of products and services to customers. Obviously,
installing the right equipment and facilities, optimising the maintenance
of these assets, and effective deployment of staff to perform the

maintenance activities are crucial factors to support these emerging

trends of operation strategies.

(2) Toughening societal expectations

There is widespread acceptance of the need to protect the environment
and safeguard people's safety and health, especially in the developed
countries. As a result, a wide range of regulations has been enacted
in these countries to control industrial pollution and prevent accidents
in the workplace. Scrap, defects, and inefficient use of materials and
energy are sources of pollution. They are often the result of operating
plant and facilities under less than optimal conditions. Machine
breakdowns interrupt production. In chemical production processes, a
common cause of pollution is the waste material produced during the
start-up period after production interruptions. Apart from producing
waste material, catastrophic failures of operating plant and machinery
are also a major cause of industrial accidents and health hazards. Keeping
facilities in optimal condition and preventing failures are an effective
means to meet the ever more demanding societal challenge of pollution
control and accident prevention. These are parts of the core functions

of maintenance.

(3) Technological changes

Technology has always been a major
driver of change in diverse fields. It has
been changing at a breathtaking rate in
recent decades, with no signs of slowing down
in the foreseeable future. Maintenance

is inevitably under the influence of ~

/

measurement, thermography, ferrography,

rapid technological changes. Non-

destructive testing, transducers, vibration

and spectroscopy make it possible to perform

non-intrusive inspection. By applying these technologies,

the condition of equipment can be monitored continuously or
intermittently while it is in operation. This gave birth to condition-based
maintenance (CBM), an alternative to the classical time driven approach

to preventive maintenance.

Power electronics, programmable logic controllers (PLCs), computer

controls, transponders, and telecommunications systems are being
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introduced to substitute electro-mechanical systems, producing the
benefits of improved reliability, flexibility, compactness, light weight,
and low cost. Fly-by-wire technology, utilising software controlled
electronic systems, has become a design standard for the current
generation of aircraft. Flexible manufacturing cells and computer
integrated manufacturing systems are gaining acceptance in the
manufacturing industry. In cities like Hong Kong, contactless smartcards
(CSC) are widely used in public transport services as a convenient means
of fare collection. In the electric utility industry, automation systems are
available to remotely identify and deal with faults in the transmission

and distribution network.

The deployment of these new technologies is instrumental to enhancing
system availability, improving cost effectiveness, and delivering better
or innovative services to customers. The move presents new challenges
to maintenance. New knowledge has to be acquired to specify and
design the new systems, taking advantage of these emerging technologies.
New capability has to be developed to commission, operate and maintain
such new systems. During the phase-in period, interfacing old and new

plant and equipment is another challenge to be handled by maintenance.

Steps towards maintenance excellence

Given the significance of maintenance in today's operating environment,
excellence in maintenance performance becomes a strategic issue for
capital intensive organisations. This book provides a road map for
achieving world-class maintenance performance. Four steps are involved

in the process:

e Formulating maintenance strategy — A health check is performed
on the existing maintenance system to determine the performance
gap between the current state and the world-class status. Approaches
to close the gap are formulated, while ensuring alignment with the

business strategy of the organisation.

¢ Applying Reliability Centred Maintenance (RCM) — A structured

methodology is used to determine the most appropriate maintenance

tasks to be performed on specific physical assets in their operating

context.

e Optimising RCM decisions — While RCM determines the type of
maintenance task to be applied to an asset, there is no formal
optimisation of when the task should be applied. Tools are available

to ensure that the RCM decisions will produce optimised results.

* Measuring performance of the maintenance function — A balanced
measurement of maintenance performance is needed to ensure that

what gets done has achieved what was planned to be accomplished.

These steps are explained in the subsequent chapters. The application
of concepts and tools are illustrated through practical examples taken

from various industrial settings.

ERHRENERRK - BBCAR—
TRUBRRCMARREEEIREMR -

o BEEEFREINENRE
RERFTETFIRERFERMR - BF
E-EHENEBE R EATEEEREDN
BIRAR -

REHZNER  SEFMIINULSE
WEBTRITERNEESE  LBEBER
BERITAWER -

Reliability Centred Maintenance:
A Key to Maintenance Excellence

o
0



Quality Transformation Series

—_
o

-

ate
ap

A Strategqic ApproacrLto Maintenance Management

qu
il[[3

ERSHEARBRBIRENEELER
HEREIERBREEN ] - RETAH
- ERBEEFEASBIRIE  HAX
HENAREEE - EFBEFHAENE
EFXMARBR  GEHEEASR
RBSETFHEREDN

BERE - PR
ENFENE
FREZE
ERREME
ENGEERE
KERBREH
ZHEE o E1T
HERBEEERR
MEHE(SAMM) » ATAG 4R

BT B R AL - fEmEBL
LEEZE

SAMMHI 5 3%

EERBUT LT EBEZEAEED
1. BRI BRSEEREABNERT
o

FHHHERREDTSE

Introduction

Maintenance is a vital component within many plant and mobile
operations. Equipment availability, unscheduled downtime and high
overtime can have a significant impact on costs and production capacity.
An effective maintenance programme, which aligns the current
procedures with the industry's best practices, would address
many of the key issues of concern to maintenance managers.
Recognising the need for change and the potential for
improvement are key components in developing a successful
maintenance strategy. These objectives can be achieved with a
Strategic Assessment of Maintenance Management (SAMM) that
includes a comparison of an organisation's current practices with

the industry's best.
The SAMM methodology

The Strategic Assessment methodology consists of three key components:
1. A self-assessment identifying the current practices of the maintenance
organisation
2. A comparison of the results of the self-assessment with the industry's
best practices
3. A series of recommendations to align the current maintenance

procedures with the best practices

2. BERFEEERAEEHLER
3. EH-RIIER  $RTEERERRF
R BRE AR A 5L

The self-assessment is performed to identify strengths and weaknesses

of the maintenance organisation. It is facilitated by an on-site champion
who is to:

¢ Provide insight into the maintenance function and processes at

ETRHMMEURBHEEREAGNEZR

‘ 5% BE—ZEHHEEEONsie
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the site
e Assist in administering the
questionnaire survey, gathering

data, and organising interviews

¢ Provide input for the MK
interpretation of results from s MBETRERE KEBEBRZH
the self assessment, and for S BhER

identifying best practices at s BMEARTMNER  LRLEWFER

the site >4 WEREESE
* Provide a sounding board for the ’ “  REMBETHNEEBNWRERMET
proposed changes regarding the Hpiohgs

o EEAMEZNRERNKE

likelihood of their success, and reaction of people at the site
¢ Enhance the overall buy-in to changes to be made

EEEENEAAR  BERERE

S HEERENGERBES -

B
Ideally this on-site champion will be the organisation’s maintenance ¥

manager or superintendent.
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Appendix | is a questionnaire that can be used for the self-
assessment. It asks respondents to rate various aspects of current
practices in the following areas:
e Current maintenance strategy and degree of its acceptance
within an operation
¢ Organisation of the maintenance function and human
resources management
e Employee empowerment practices
¢ Maintenance tactics used
o Use of reliability engineering and reliability based approaches
to equipment performance monitoring and improvement
o Use of performance monitoring, measures and benchmarking
o Use of information technology and management systems
o Use and effectiveness of planning and scheduling
* Materials management in support of maintenance operations
o Use of process analysis and re-design to optimise organisational

effectiveness

The personnel to be polled in the survey should be drawn from
a cross-section of the organisation, covering:

* Management

e Operations/production personnel

* Maintenance personnel

® Materials management

Apart from data collected from the questionnaire survey,
information gleaned from the following sources is also useful
to understand the current practices of the maintenance
organisation:
e The maintenance strategy, philosophy, goals, objectives,
and values.
¢ Organisation charts, job descriptions and staffing levels for
each maintenance area
* Maintenance budgets for the previous year (showing actual
costs compared with budgeted costs, noting any extraordinary

items) and those for the current year

The Performance Gap

REEE

Best Practice

HEIFR BT

Fig.1 Spider diagram showing performance gap

B— BRRREZENETE

e Current maintenance specific policies, practices, and procedures
e Sample maintenance reports that are currently in use

e Current processes, work flow diagrams, charts

Report and Recommendations

The results of the self-assessment can be summarised in a spider diagram
as shown in Fig.1. The total score of each area reviewed is plotted on
a radial arm of the chart using a scale of 0 to 100. The corresponding
scores of best practices obtained from a benchmarking exercise are also
superimposed on the same chart to clearly identify the Performance
Gaps. Areas with a large performance gap should be primary candidates

for immediate action.

Benchmarking involves the sharing of similar information among
benchmarking participants for comparison purposes. Benchmarking
conducted through a third party ensures confidentiality of the data.
With such an arrangement, an organisation can measure and compare
specific aspects of its maintenance operation with the results of "best

practices" revealed by the excerise.

Knowledge in the "best practices" acquired through the benchmarking
process will be studied in detail to explore the feasibility of embedding
them in the organisation's maintenance operation with a view to closing

the performance gaps. In making recommendations for performance
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improvement, the key issue is that of where to start. The Opportunity
Map shown in Fig.2 can be used to prioritise improvement efforts. The
various initiatives and actions are graded high to low according to the
benefit they will create, and the difficulty of their implementation. Those
in the top left quadrant, i.e., high pay-off, low implementation difficulty

are given top priority for implementation.
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Fig.2 Opportunity Map
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Difficulty to Implement

Formulating Maintenance Strategy

Maintenance priorities, strategies and tactics should align with corporate
priorities. Hence, if the corporate priority is to maximise product sales,
then this can legitimately be converted into maintenance priorities that
focus on maximising throughput and therefore equipment reliability.
In turn, the maintenance strategies will also reflect this, and could

include, for example, implementing a formal reliability enhancement

programme supported by condition monitoring. Out of these strategies,

the daily, weekly and monthly tactics flow — providing the lists of
individual tasks which then become the jobs that will appear on the
work orders from the enterprise asset management (EAM) or computerised

maintenance management system (CMMS).

Three basic business operational scenarios impact the focus and strategies
of maintenance. They are:

1. Cost-constrained operations

2. Capacity-constrained operations

3. Compliance-oriented operations

A business is said to be "cost-constrained" if it would be able to sell
more products or services if their prices were lowered. Under these
circumstances, the maximum payoff is likely to come from concentrating
on controlling inputs, i.e., labour, materials, contractor costs, and
overheads. A "capacity-constrained" business can profitably sell all it
produces. It is likely to achieve maximum payoff from focussing on
maximising outputs through reliability, availability and maintainability
of the assets. In such a scenario, RCM analysis (to be introduced in next
chapter) should cover all operations bottlenecks and mission critical
equipment in evaluating maintenance tactics. The success of "compliance-
oriented" businesses depends heavily on compliance with requirements
mandated by regulatory bodies or the customer base. Compliance may
apply to the operation, such as effluent monitoring equipment. Regulated
utilities, pharmaceutical and health care product manufacturers are
examples of businesses operating in this scenario. RCM analysis should,
therefore, focus on the critical aspects of the compliance as required

by the major stakeholders such as governmental bodies.
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BIATS M B LR BRI (ROV)—

ef that corrective maintenance is always less

KX T

% HAERECPMEA EXNEBE FaR economical than preventive maintenance (PM), and all failures should * Improves understanding of the equipment - how it fails and the o BRBRBEEERAERE — BIARK g%
é JFRI > B8R IEFTEHREE o it » DURF be prevented. As a result, time-based maintenance (TBM) becomes the consequences of failures RHEH#EZER §§
“§' B RERMNAEZERETBM)RAPMNZESR - norm of PM action, motivating the indiscriminate use of overhaul or * Clarifies the roles operators and maintainers play in making equipment  EREBETRIFEHEEABNEME £ §§
5 ST R R RS - BRSO FIETK preventive replacement procedures in PM programmes. Experience, more reliable at less cost EHEEATUEMEEED %é
:9; WIS FERL & BRAPM T2 o TBMEVIAE judgement, vendor recommendations, and "the more the better" syndrome e The equipment becomes safer, more environmentally friendly, more « SHRBERR  FRR -BEEEESN - ég
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TBM task. This approach to PM wastes a lot of resources in doing
unnecessary tasks that will not improve equipment or system availability.

Furthermore, PM tasks that involve intrusion into the equipment (overhaul

The following is a selection of results of RCM applications that have

been reported in various industry sectors:

LU B 7 ENRE T NREIE N ERARCMATEH
R -

E PMIFEHREERTE H BHER tasks) are potentially risky. According to a study on fossil power plants, e Manufacturing o BB
R o RIE—EH MR R ERNVARET 56% of the forced outages occurred within one week after an intrusive — Reduced routine PM requirements by 50 % at a confectionery plant - E—BRRISRRDHITPMIE
BAZATANENFEERZREETAE type of maintenance task has been performed. — Increased availability of beer packaging line by 10 % in one year AoZA+
BTEMEERET 2R —ENRRLE - * Utility - —FREEEERFNATASREA
Reliability Centred Maintenance (RCM) is a methodology that can eliminate — Reduced maintenance costs by 30 - 40 % BoZT
RCMZFEBE FIRFE R A IhEE © X BEHRR Lt those maintenance tasks that are not cost effective in preserving system — Increased Capacity Factor by 2 % s RSB
B RAENEETE - SEFEERA—EE function. RCM uses a logical process to determine the appropriate — Reduction of routine maintenance by 50 % on 11 kV transformers -EREEREERAZ=TEN T
BENSREHESRBEENEEER - F5E maintenance requirements of equipment in its operating environment * Mining -ERTARRESEI 2=
EEEFRBETEBER S BEREAR to achieve its desired reliability. It is built — Saved US$150k in annual oil filter replacement costs in haul - B —8—FRISEBEAMFENGIT
AISEMKT - EAELE Reliability Mségéir;?gsce on the basis of a full understanding of truck fleet HERBI(FERAIZET
B BEZEIBMESEMRE Y s\ 6 the functions of physical assets, and the — Reduced haul truck breakdowns by 50 % o EH
MIheE R HAMME - #m H . % ‘$ nature of failures related to these e Military - R ERERESF ARSI HRIE
ETERREEND & functions. The appropriate maintenance - Ship availability increased from 60 to 70 % BNERETREET
mENEZRERSREN tactics are then developed through a - Reduced ship maintenance requirements by 50 % - REERFENSEERERS Z
HERELE - thorough and rigorous decision process. A+
Fig.3 Balancing reliability and maintenance resources =
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RCM Process Overview

The RCM process has seven sequential steps as shown in Fig.4.

Select Define Define Identify Failure Determine Select Implement and
Equipment Functions and Functional Modes & Root Failure effects Maintenance Refine the
(Assess Performance Failures Causes and tactics using Maintenance
Criticality) Standards Consequences RCM Logic Plan
BB REHIIEE REDRER TR R MHE IR 25 B9 3R LARCMEEEE AT BGE S
(FMEEEEM) RERBEZEE BEARER ERAEZR A ERE ERETE

Oz

Fig.4 The RCM Process
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Step 1: Select and Prioritise Equipment

An RCM analysis requires much effort, time, discipline and coordination.
Therefore, it should be applied to equipment that is critical to safety
and the environment, production, or customer and shareholder value,

i.e. quality, cost, time, and risk.

In the first step, production and supporting processes are examined to
identify key physical assets. These key physical assets are then prioritised
according to their criticality to operations, cost of downtime, and cost

to repair.

Step 2: Define Functions and Performance Standards

The functions of each system selected for RCM analysis need to be
defined. The functions of equipment are what it does — in either an
active or passive mode. Active functions are usually obvious from the
name given to the equipment. For example, the active function of a
motor control centre is to control the operation of a number of motors.
Some systems also have less obvious secondary or even protective
functions. A chemical process loop and a furnace both have a secondary
function of containment and may also have protective functions provided

by thermal insulating or chemical corrosion resistance properties.

It is important to note that some systems do not perform their active
role until some other event occurs, as in safety systems. Each function
also has a set of operating limits. These parameters define "normal"

operation of the function under a specified operating environment.

Step 3: Define Functional Failures

When the system operates outside its "normal" parameters, it is considered
to have failed. Defining functional failures follows from these limits. We
can experience our systems failing high, low, on, off, open, closed,
breached, drifting, unsteady, stuck, etc. Fig. 5 shows various types of
failures: technical, safety, maintenance, and operating tolerances.

Furthermore, failures can be total, partial, or intermittent.

Step 4: Identify Failure Modes / Root-Causes

A failure mode is "how" the system fails to perform its function. A
cylinder may be stuck in one position because of a lack of lubrication
by the hydraulic fluid in use. The functional failure in this case is the
failure to provide linear motion but the failure mode is the loss of lubricant
properties of the hydraulic fluid. Of course, there are many possible root
causes for this sort of failure. These may include: use of the wrong fluid,
the absence of fluid due to leakage, dirt in the fluid, corrosion of the

surfaces due to moisture in the fluid, etc.

This step analyses patterns of failure and identifies the chain of events
that will happen when a failure occurs. These questions are relevant in
the analysis: What conditions needed to exist? What event was necessary

to trigger the failure?
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Fig.5 Different types of performance standards
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MIAEAIRCM I #£& RCM Worksheet for a Camera

THEH 478 Item Name:

N\

SRE  HEAMNBRERHLER

EXRAUAEER—Thee R EZRHE - #8
SERMTEER - BEUTHEEEDRE
BEREERERNEEN
o BRAAM — BERBARBRE RS
2mA?
 HZ2MFE — BBSIRABETHR
ERSIHBENRER?

s WRENFE — ERELERFREHA
=HERR?

cHWAENTE — B REERNKERE
TE?

c WiEEWTE —BERBTFER T2
B2

mE®EItem #: 1

ThEE Function(s)

1SR B SYHIKEERERFEM L Focus light from object onto film

ke LR Functional Failure(s)
1 #ETE Focus blurred
2 BT EEEBEETE No light gets through lens

3 KRZBKEFEBIETE Too much light gets through lens

KAWL BEYE Failure Modes and Effects
B 18 (B2 S 3R R RE)
Mode Number

1.1 HERSFE
Telescoping adjustment stuck
1.2 FERRAHESITME OPERER)
Lenses mis-aligned (housing broken)
2.1 REEE
Lens discoloured
2.2 FHHETEZR
Lens dirty

Mode (what goes wrong)

Step 5: Determine Failure Effects & Consequences

This step determines what will happen when a functional failure occurs.
A better understanding on the severity of the consequences can be
obtained by asking these questions:
¢ Hidden failures — what can happen if the failure remains undetected?
e Safety consequences — will someone get killed or be at risk of minor
injury?
¢ Environmental consequences — is the environment actually harmed
or merely put at risk?
e Production consequences — how much production capacity is
affected?

¢ Maintenance consequences — will the repair be costly or inexpensive?

The results of analyses made in steps 2 to 5 are documented in a Failure
Mode, Effects Analysis ( FMEA) worksheet. As an example, an FMEA

worksheet for a camera might look like Fig.6.

#8558 Lens Assembly

ME(RE - EERX - B8RE)

Effects (safety, production loss, damage, etc)

TREEMUMHE  SHEAETE - THEIUVEWNRR

Can't focus properly, inconvenient to user, can't get detailed picture.
TETEEE » TR ERFEIEM L

Can't focus at all. Light not directed at film.

REEFEM LNZGER - TeeRERE
Faded images on film. Can't use pictures.

D REIBAGWIEE » TEEIFR

Light partially or fully blocked. Can't get image.

Fig.6  An FMEA Worksheet for a camera

&7

— IR ERAEMEVFMEAT{E SR

Step 6: Select Maintenance Tactics

Maintenance actions are performed to mitigate functional failures. The
maintenance tactics to be considered include time-based maintenance
actions, time-based discard, and condition-based maintenance (CBM).
CBM tasks can be continuous or periodic monitoring using predictive

maintenance tools such as oil or vibration analysis, or using operator

senses. If technically and economically feasible tasks cannot be found,
default actions have to be applied. These defaults include: run to failure,
perform failure finding tests, or redesign the equipment by incorporating

redundancy, using different materials, changing the process, etc.

The Logic Tree shown in Fig.7 is used to select the appropriate maintenance
tactics for the various functional failures. Before finalising the tactic
decision, the other technically feasible alternatives need to be considered

to determine the one that is most economical.

If time-based maintenance intervention, or periodic inspection has been
selected, the frequency of such task needs to be determined to achieve

optimal results. This will be discussed in the next Chapter.

Step 7: Implement and Refine the Maintenance Plan

Implementation of RCM needs:
e Awareness of the common pitfalls
¢ Developing appropriate maintenance schedules
* Developing an effective implementation plan
e Understanding the need for, and implementing an on-going feedback,

review and fine-tuning process

The implementation process involves three phases, as shown in Fig.8.

The three-phase implementation plan entails:
* Selecting a willing practitioner team
e Training them in RCM
¢ Teaching other "stakeholders" in plant operation and maintenance

what RCM is and what it can achieve for them

SR FRNDNERIGOEE — D AMIE
REREDHFMEA)IER L - BN AE—
ZRERARHEAIFMEA TYER VB F ©

RN RBEERENS X

HERETERRREIERORE RS
i e IHERELARERBEERE

FHERTEIUREEEIFEHMN - A
HABNRAMEETELERONE
D NHEREERFHHE - 1o &
BRifi EHEBEAE ETER —aRIBKRE
AT 5% - RILARBBETE - B
ERAEZRM - ETSHRAMAANER
RaT - PIMSIAZERE « ERAEMYHIR
REREEENE -

SHEHERI N RER MM R EERRERE - 7
RB(D A RHBEITBRENSHERE
FEEHRKRER » SERM EAJTARE
ERWERE - LB — R RBEE o

EEETNAMEREERESFHRE
ELTFRNBERTTERMUARE LAEN&E
RUR LB AS IR T R

SR ETYRESERETE

HTRCMEE ¢

o R LR R Kb

« REEENEERBEEBR

o BY — @17 2B M E

s TEIREREIER - R RARHITH
8 WERREBENERY

ETBREIR/=MRER > RE(N) -

Reliability Centred Maintenance:
A Key to Maintenance Excellence

N



Quality Transformation Series

N
N

RME BE M
Failure Mode & Effects

BRBEART AR
EEEERIR ?
Is this failure mode detectable
through monitoring?

go

—vEs™ s Operator or On-Line Condition

RABCHIRFERERAYIREEE 2

Monitoring available?

«~Zn—

ERBREARENESRBUER
[B577d:0k .
Is there normally sufficient warning time
to take planned action?

RBHIAR R AR TRIE] 2

with confidence?

go

SR EH R R B ERERIREE 0

=]

Is the frequency of failure predictable —ygs™ —#?

Will repair or refurbishing actions restore
performance to "as good as new"?
|
E
NO

v
Bt R A ERE M REIRE R M
?

>3

g

ABEARBERTR?

Is the failure mode hidden?

g

Will item replacement restore the
function to "as good as new"?

RAB—EEREAMNGER
MR B R EE ?
[ Is there a failure finding task or ~ —
performance test thet will reveal the
problem?

TYES

IBEBBREE - FERE -
EEHEIHEMN?
Does the failure result in a safety
or environmental hazard, infraction
or accident?

a

NO

!

ERREARBLECEZRMELE ?
Is Redesign more economical than
Run To Failure?

B SRR EREE )
BERERFAEEETE

— & | Confirm Alarm & shutdown

YES : X
settings, ensure operating

procedures include
monitoring task )

o mmEmIe )
vEs WRFEIAE
Describe monitoring task
and assign frequency
NS J

( RS R/ T b

=, WERTESAR

VES Describe repair /
refurbishing action and
assign frequency
N J
(" mammien )
_E_, RESAE
YES Describe replacement
task and assign
\_ frequency )
o R TIE

Describe the test
and assign a testing
frequency

BRERE AR

G

HEBRAMEARAERR
Redesign to reveal or
eliminate the failure mode
or its consequences

&

ao

BEZRN
Run to failure T

BREREBEREF
Operating
Specifications and
procedural outputs

AALRIBRAEER
BETEEEEL
REZBIBEZERE
2 RIBEKLER
ERE)
Maintenance Plan
Candidate Tasks
(consider safety,
environmental &
economics before
making final
selection)

ITRE%
Engineering
Change Outputs

EEEMAITE
No Action Required
Outputs

F—MEE EEE E=EE
P& Y R BT
B PHASE | PHASE II PHASE Il
Phase Prepare Demonstrate Implement
FHERBERRER NRERRKF - WY  RHERCMARER - BURTRCMATRERRE  SROIVREHEREZEBEHMERES - T8
B HARBR BT T BB 5| B TBR M WERBIREENRESRME BREE T ER N5 8
Assess the current level of maintenance Conduct RCM pilot reviews to demonstrate Expand the RCM review to other critical plant
= capability and performance, and develop benefits of RCM and develop a cadre of trained  areas and implement the "living" programme
Objectives the organisation and plans to guide Facilitators
implementation
FMEREEERERFREEEEENFE BIHEREFREERM BE "FTREK WETE
R Train and develop Facilitators Implement "living" programme
Assess current maintenance programme and e N
nformation mvatlabilty T2 2 37 38878 B B 3| E S HORCM A 47 IR
Set up pilot project team(s) Train additional RCM analysis teams
EITRCMEEIE NN A T it s _
i Conduct RCM awareness training EARCMBET (AN EEARBANRE ST EMES
= Review pilot areas using RCM Criticality Analyse additional areas
EVIEAE Assessment _
Develop project plan DT RBAPMESF
£ HEREHETEZEIN Implement results in PM programme
EEESEREESRE Perfom pilot area analysis B ERCMEE B
i% Identify Pilot Area / Equipment Y N . ““%RCM = >
Ko RMASH L EEREESERS Monitor RCM project progress
Key RIS EMIERE Implement results in computerised o
S - EEERA
Tasks et Performance Measures maintenance management system ;
Monitor results — performance measures
FHEEM
Assess results — performance measures
&3] BB St B2 E T
Revise objectives and plan full-scale
implementation

Fig.7 RCM Decision Logic
Bt RCMRHERE

Fig.8 The three-phase implementation plan
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¢ Selecting a pilot project to improve upon the team's proficiency while

demonstrating success, and

¢ A roll-out of the process to other areas of the plant

One key to success in RCM is the demonstration of success. Before the
analysis begins, the RCM team should determine the plant baseline
measures for reliability and availability as well as proactive maintenance

programme coverage and compliance. These measures will be used later

E-RRMNETHERER

o PhE—-BEE 2 HENER

o BB MHRCMA ERIZ I

o EMEBEERHEERE "FBNEE"

in comparisons of what has been changed and the success it is achieving.

The team must be multi-disciplinary, and able to draw upon specialist
knowledge when it is needed. It requires knowledge of the day-to-day
operations of the plant and equipment, along with detailed knowledge
of the equipment itself. This dictates at least one operator and one
maintainer. Knowledge of planning and scheduling and overall

maintenance operations and capabilities is also needed to ensure that
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the tasks are truly doable in the plant environment, and senior level
operations and maintenance representation is also needed. Finally,
detailed equipment design knowledge is important to the team. This
knowledge requirement generates the need for an engineer or senior
technician / technologist from maintenance or production, usually with

a strong background in either the mechanical or electrical discipline.

The other factors that are key to success include:
e Computerised maintenance management system (CMMS) capability
and availability
¢ Discipline (schedule compliance in particular)
e Availability of condition monitoring equipment
e Training of the preventive / predictive maintenance staff
e Availability of good quality data

¢ Knowledge of plant and equipment

M
ptimising R

KERERCMARE

ill]3

Introduction =1

As explained in the previous chapter, a valuable methodology to
HERREBERCM)FEARNIKAS - BFEB
BREL-ZEENE - BOUBFIEERCM
Y o

establish maintenance plans within an organisation is Reliability Centred

Maintenance (RCM). Fig. 9 summarises the RCM logic.

RERE
Select Equipment

EEFHIEEE R AMNES - BEEIRETE
BT &R E 2B T ?
Is condition monitoring technically and economically feasible
to detect warning of a gradual loss of the FUNCTION?

RiRE SRR <

Condition-Based Maintenance 2 Yes & No

CBM
(cem EVREE MR MR » WA R MEBRE -
ETEBERNTREE LRBAT?
Is a repair technically and economically feasible to restore the
performance the item, and will this reduce the risk of FAILURE?

RS RRE <

Time-Based Maintenance R Yes & No *

HEHFTHEERE BN - WA SEERPON

(TBM)

ERRMEBBIE - ERBAERMREE ERB AT ?

Is it technically and economically feasible to replace the item,

and will this reduce the risk of FAILURE?

BIFESR < — l
Time-Based Discard (TBD) R Yes & No *

BRI ERELLIINMTE
Default Actions

Fig.9 RCM Methodology Logic
BNl RCMFEEREERE

Thus, it is seen that the outcome of an RCM analysis can be the decision BT RERCMA B HNER » ATgER

to subject some equipment within an enterprise to condition-based
maintenance (CBM). On the other hand, a decision may be made that

the appropriate maintenance tactic is to conduct time-based maintenance

T h R LR LURR R 4 R R B (CBM) Y
REHEE - Z—HH » RGHERE
(TBM) A= » H— LR EEFHES - It
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(TBM) and yet on other occasions the decision is to use the time-based
discard (TBD) tactic where the item is replaced with a new one at a
certain planned age. If none of these alternatives are appropriate then
a default action such as redesign of the equipment may be necessary

to alleviate the consequence of equipment failure.

The following sections address the optimisation of maintenance decisions
associated with each of the three common outcomes of an RCM analysis

of equipment, namely CBM, TBM and TBD.

Optimisation of Condition-Based Maintenance (CBM) Decisions

Interpretation of the signals emanating from condition monitoring (such
as using oil analysis or vibration monitoring) frequently is based on
manufacturer's recommendations, use of an expert system, or use of
threshold values established through the experience of inspectors.
Proportional hazards modelling (PHM), which is a sophisticated multivariate
regression analysis procedure, formally blends together data about the
age of equipment along with the signals arriving from condition
monitoring to estimate statistically the risk of the equipment failing —

i.e., its health — at the time of inspection.

Since the goal of maintenance is usually to make economically justifiable
decisions, PHM provides a basis to model the condition-based maintenance
decision whereby minimising total cost (or another appropriate

goal such as profit maximisation or availability maximisation) can be
systematically addressed. The optimisation of CBM decisions is
achieved through a control theory approach that blends together
economic considerations and PHM risk estimation to identify optimal

replacement decisions.

EXAKT: The CBM Optimiser™

Optimisation of CBM decisions can be achieved through the EXAKT
software. One of the main components of EXAKT is the Weibull PHM
module, which identifies the key risk factors associated with an item

failing in service. For equipment being monitored through oil analysis,

such risk factors would be levels of iron, chrome, copper, and so on in

the lubricating oil.

If the optimising criterion is cost minimisation then estimates are required
of the severity of a failure replacement compared to a preventive
replacement. In the Optimal Replacement Decision Graph of Fig.10,
which was developed for the optimisation of CBM decisions for shear
pump bearings on a critical machine in the food processing industry,
the cost severity ratio was 9:1. Blending together the risk estimate and
the cost consideration enables the condition based maintenance inspector
to unambiguously identify the optimal action at the time of inspection.
This is illustrated in Fig.10 for the shear pump bearing whose health
was estimated through vibration monitoring. It is seen that there are
three distinct regions on the chart. If the value plotted on the chart based
on data obtained at the inspection is in the lower region then the answer
is to continue operating the equipment and inspect at the next inspection
time. If the result is in the central zone, then the answer is to continue
operating the equipment, but replace it at the time specified by the
software which will be before the next planned inspection time. If the
result from the inspection lies in the top region of the chart then the
best decision is to replace the equipment. As can be seen from Fig.10,

all previous inspection results are provided on the chart.
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Fig.10 Optimal replacement decision graph
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The result of using the decision chart of Fig.10 was a reduction in the
total operations and maintenance cost of 35%. Additionally, if the
recommendations from the decision chart are followed it is expected
that the mean time between bearing replacements will be increased

by 10.2 %. Thus, cost was decreased and reliability was improved!!

Reports on other applications of CBM optimisation decisions can be
found on the web site www.mie.utoronto.ca/cbm. These application
examples include transmissions on mobile equipment that are subject

to oil analysis, bearings in a petrochemical plant subject to vibration

—RISERRE

General repair time
B/MEERR

Minimal repair time

1/

RMEBIE \

B VL B 7K S
Risk of failure

Minimal repair time

~ monitoring, and traction motors in railway cars that

were subject to visual inspection.
B

Renewal time

Optimisation of Time- Based Maintenance (TBM)

Decisions

Rather than completely replace a unit at failure it may
be possible to return it to an operating state with a

minor corrective action. In the literature dealing with

B Time

N\

the optimisation of maintenance decisions this

_/ maintenance action is termed a minimal repair. The

Fig.11 Minimal and General Repair
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assumption is that the risk of failure of the unit has
not been changed, the maintenance fix has simply
made the unit operational again and the previous hazard level has

remained the same. This is illustrated in Fig.11.

On the other hand, at the time of an item’s failure a decision may be
taken to carry out a fairly significant maintenance action. This is called
a general repair in the maintenance optimisation literature and is also
illustrated in Fig.11. Thus, it is seen that a general repair reduces the
risk of failure of the unit but does not reduce it to the "as new"
condition, which would be the case for a complete renewal of the item.
Taking into account the costs associated with minimal repair (a minor
fix), general repair (such as may occur at an overhaul) and the cost of
a complete renewal then we want to know at the time of equipment
failure, what is the best maintenance action. Software that facilitates

the optimisation of TBM decisions is being developed.

Optimisation of Time-Based Discard ~
(TBD) Decisions

In TBD optimisation, components are
replaced neither too soon nor too late, the

objective being in some cases that long-

BHEA

Cost per Week

=
S

term costs are the lowest possible. The cost
conflicts are illustrated in Fig.12. In other

situations the goal may be availability

(STERLID®S
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maximisation. As a result of an RCM 0

programme the recommendation may be  \_

L armpEnng

Optimal Preventive Replacement Age

" Preventive Replacement Age

J

to use an age-based approach to this
problem. Utilisation, in terms of revolutions,
production cycles, or operating time, comprises the data from which
decisions are made. Often the data are analysed using a statistical
model, such as the Weibull distribution, to estimate the risk of the
component failing as it ages. Software such as Relcode™ incorporates
an optimisation model that blends the Weibull distribution and cost
data to provide the replacement interval for the lowest cost outcome.
Fig.13 illustrates the result of TBD optimisation using data associated

with a critical bearing on a shaker machine in a foundry.
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Fig.13 The Best Preventive Replacement Time
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Fig.12 Preventive Replacement Cost Conflicts
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since the maintenance policy in place prior to the optimisation calculation
was one of replacing the bearing only when it failed. The analysis
demonstrated very clearly that preventive replacement was a wise

maintenance plan.

Conclusion

A necessary requirement for the optimisation of RCM decisions is that
an organisation has in place an appropriate data base, such as a
computerised maintenance management system (CMMS) or an enterprise
asset management (EAM) system or an enterprise resource planning
(ERP) system with a maintenance module. Unquestionably, Reliability
Centred Maintenance is a valuable methodology for establishing
maintenance programmes. The procedures described for CBM, TBM
and TBD tactic optimisation should assist maintenance professionals
in their decision-making tasks as they progress towards maintenance

excellence.
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What gets measured gets done. Performance measurement is a powerful
tool for managing implementation of maintenance plans. To be effective,
the scorecard used must have the following characteristics:
* Focus — Inform people what factors are important to the success
of the unit.
e Balance — The measurements collectively provide a holistic assessment
of performance.
* Integration — The behaviour encouraged by the scorecard will lead

to sustainable growth and improvement.

Kaplan and Norton propose that organisation performance should be
evaluated by using the Balanced Scorecard (BSC) which is a balanced
presentation of financial and non-financial measures built around four
perspectives:

e Financial (shareholders' interest)

e Customer (performance attributes valued by users of the service)

¢ Internal processes (the means to achieve financial and customer

objectives)

¢ Learning & growth (capability to improve and create future value)
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Step 5: Measure performance & Review

The Balanced Scorecard is the core element of a strategic management
process linking long-term maintenance objectives to short-tem actions.
Fig.14 shows a five-step framework for managing maintenance

performance using the Balanced Scorecard.
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Fig.14 A framework for managing maintenance performance
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Step 1: Formulate Maintenance Strategy

Strategy is the organisation's theory of performance excellence. It
communicates the organisation’s long-term goals and the approach to
achieving these goals. The maintenance strategy to be pursued should
align with the corporate vision and business strategy. It should be
formulated with participation of senior management, key personnel
in the maintenance units, and users of maintenance services, using
techniques such as focus group discussions, scenario planning, and
SWOT (strengths, weaknesses, opportunities and threats) analysis. Issues
to be considered in formulating maintenance strategy have been discussed

in the "Formulating Maintenance Strategy" section (pages 14 to 15).

Some of the strategic options for the maintenance operation may
include: developing in-house capability, outsourcing, empowering
frontline operators, team working, enhancing flexibility of the workforce,

and adopting relevant new technology.

Step 2: Establish Strategic Objectives, Set Targets

The strategy formulated in the previous step is often too abstract to
frontline staff who play a crucial part to make things happen. It is
therefore necessary to articulate the espoused strategy in terms meaningful
to them. Thus, the strategy needs to be translated into strategic (long-
term) objectives, the attainment of which can be determined by appropriate
performance measures with their related targets. The strategic objectives
are built around the multiple perspectives in the Balanced Scorecard to

encourage behaviour leading to sustainable improvement.

Again, it is desirable that decisions in this step are made with full
participation of the stakeholders. The cause-and-effect diagram (Fig.15)
and the performance measure template (Fig.16) can be used to show
the logic behind the selected strategic objectives and the performance

measures featured in the maintenance scorecard.

Step 3: Develop Initiatives and Action Plans

Strategic initiatives have to be mapped out and specific action plans
developed in order to meet the strategic objectives. The Opportunity
Map introduced on page 14 can be used for this purpose. Performance
measures are then identified and their targets established. These are
used to track progress of the initiatives/action plans. Whilst performance
measures that are derived from strategic objectives are primarily outcome
measures (lag indicators), those that are linked to initiatives usually are
performance drivers (lead indicators). Instead of following the common
practice of extrapolating from past performance results, it is advisable
to set challenging yet credible stretch performance targets on the basis
of what have been attained by best-in-class organisations identified

through benchmarking exercises.

Using the example given in Fig.15, the candidates of performance
measures to be considered for inclusion in the Balanced Scorecard of
the Asset Management unit of an electric utility company are shown

in Fig.17.
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Fig.15 Cause-and-effect relationship diagram
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Fig.17 Performance measures in the Balanced Scorecard are linked to strategic objectives
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i 2 plieruailion L Strategic Objectives Measures Targets Action Plans Perspectives
Title Title of the performance measure
=18 FrEENBERIEEEE B
Financial
Purpose Why this measure needs to be tracked PO
A FREREREERE e or
Relates to Should be linked to one or more strategic objectives strategy Customer
MREER BE— AR S AR S EEREE
AERE
Target Set both short-term (current year) and stretch targets Internal Processes
BE AVERAFEIRREER
Formula Defines how performance is measured ggﬁﬁiﬁ
AR BN E R Learning & Growth
Frequency of measurement How frequently is performance to be reported ? \_ Y,
BERE BRET—RBE? Fig.18 A template for developing a Balanced Scorecard
=] N ST P 3
Frequency of review How frequently is performance to be reviewed ? BTN\ FASE I8 5 M
BEHER LA —IRKR?
Who measures? Who is to collect the data and report the measurement ? ) ) . - - e K
A & -3 Hak i Sk
T U E B KRR AR 2 Once the top level maintenance scorecard has been designed, the strategic ERFTERTE—BREERELS T &
. ; J 4= e fE g =4 5
Source of data State the source of raw data objectives and related performance measures will be deployed to lower BEEENEEEREESERZEABAT
BB EH RIS BIERIR level units in the organisation for formulation of the second-tier scorecards —BX > UHETE=ERo~  EXRRE
Who owns the measure? Who is accountable for meeting the performance target ? following a procedure similar to the one just described. SERE DR ANER -
HEEEERER? RESEFEEEEERB KT ?
What do they do? The management process that will be followed by the ‘owner' when performance is behind target i :
: & I EHE B
A B 2 EEEEAROE  ANAE SR NES Step 5: Measure Performance and Review SR HEEARA LR
Who acts on the data? Who is responsible to react when data is reported ?
HH BB L RE ? EREAHEHHEEFHRE? The Balanced Scorecard is subject to critical review annually when the SEERNMTERE AR AEHETE
What do they do? The management process that will be followed in response to variation from expectation new business plan is being developed. However, managers should oo FETHRENSE - (BREKIBEE
P EE 2 EFRERERR - MASSHRETE - . . . L o,
- = - scrutinise the design at more frequent intervals, say in the monthly 4t ({5 tn T =F J5R
Notes and comments . c . g 8 = . o
BEpEE management meetings, to validate its currency. In particular, it should TE o LR
~ : : ) be revised to faithfully reflect changes in strategic direction, or when &R
Fig.16 Template for Design of Performance Measures
B+ REEBIEENVER use of irrelevant performance measures is detected. R

SR RTSENEERELDF Step 4: Rationalise the Maintenance Scorecard
BEARENEVIEENELSR -_N=PEA Typically, a large number of performance measures can be identified
HIR o BEERKEAREEEEGRIER in Steps 2 and 3. Recognising the limited attention span of the manager,
ho BEERS FEREN-TEERE the Balanced Scorecard should have around 20 performance measures.
B ot AEMLEERIBIEZRE Thus, only performance measures that have a strong linkage with
EEZBRENEESIRELRS <L - B(+ strategic objectives or major initiatives will find their way to the Scorecard.
NR—EFREHEL D R - A template for documenting the finished design of the Balanced

Scorecard is shown in Fig.18.
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Epilogue
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This book presents a roadmap for achieving excellence in maintenance
that will support the business success of an organisation. The RCM
methodology is a key process in this pursuit. RCM guides the maintenance
manager in making informed decisions on the optimal tactics to be
applied to critical physical assets. Optimisation of maintenance decisions
is made possible with the availability of good quality and timely data

captured by the various computerised systems in organisations.

The volume of data currently available to the maintenance manager is
expanding rapidly, reaching the state of having too much data. A logical
development of this phenomenon is the concept of the Maintenance
Knowledge Base, Fig.19. This concept recognises that it is not sufficient
to identify the various data sources*, and to create simple point-to-point
linkages between these sources. Quite the reverse, to achieve full
value from the data, a knowledge base must be constructed to selectively
cull the data, analyse it and use it as a decision support tool, which can
be made available anywhere if it is accessible via the Internet. It is

this decision support tool that creates the real value — namely, the
preparation of actionable maintenance management information and
the achievement of results. Without these two elements, the data remains

just that — data.
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Fig.19 Maintenance Knowledge Base
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* The Maintenance Knowledge Base is built on data captured from: condition-based maintenance (CBM), supervisory control & data acquisition (SCADA), process control,
reliability centred maintenance (RCM), computer aided facilities management (CAFM), documentation system, computerised maintenance management system (CMMS)
or enterprise asset management (EAM).
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This is a generalised questionnaire which uses blended multi-industry

Appendix 1:
MAINTENANCE

STRATEGIC b

benchmark data for self-assessment. Since it is not specific to any one
industry, its results merely provide an indication of areas that may require
additional attention. Reference to industry-specific benchmarks is

necessary in order to make any absolute statement about the practices

s
=

g in any given situation. TENEEARGRBZER -
§. AS S'E S S M E N T (M SA) This questionnaire should be filled out by the following personnel: BIEEHUTABES:
. .
U E ST I O N N A I RE Department Positions How many?
- \_ 2P Bty uE
- Production Managers All
i — HERERHETEMSA) e - e
A} — ) ]
. ( ) = Superintendents Al
] RE B
* Supervisors 1 or more for each area
FE g-EBEHEL—A
Operators 1 or more for each area
BRIES F-EBEZL—A
Maintenance Managers All
HERE g ZiEs)
Superintendents All
mE =]
Supervisors 1 or more for each area
*E g-EBEHELS—A
Trades 1 or more for each trade
BT F-E2RHEL—A
Others Managers All
Hith g ZiEs)
\_ J

The results of this assessment will not be disclosed without the written permission of the

firm being evaluated.
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INSTRUCTIONS:

Assign a score to each of the statements in the following questionnaire
based on how well you think your maintenance organisation adheres

to the statement. The following rating scale must be used:

Score
Strongly Agree 4
Mostly Agree 3
Partially Agree 2
Totally Disagree 1
Do not Understand 0

It is not necessary to add the scores up; that will be done when we
enter them into our database. The final results will be presented on a

scale of 100.

First, please tell us about yourself:

Name:

Job Title:

Plant/Site:

Division:

Primary Responsibility Department

_ Management __ Maintenance

__ Supervision __ Operations/Production
__ Trades/Hourly __ Purchasing

— Administrative — Tech/IT Support
__ Other ____ Other

MSA QUESTIONNAIRE MSARI%
1. MAINTENANCE STRATEGY #EFERMK

The maintenance department has a defined mission, mandate and a set of objectives that are well
documented and understood by all personnel concerned.
BREABE AR ANEHERENMBEEEAENFETM —RIINEEZ -

The maintenance mission statement and objectives clearly support a published statement of the
company’s objectives and goals, and the role of maintenance in achieving the company’s objectives
is understood.

ETYERNEHRERETENVNRBRPAEENAE  MEBRENENESREBEXHE
HARBREEREMRERS -

|mi

We have a long-term plan or strategy to guide maintenance improvement efforts which supports,
and is linked to, the overall corporate strategy.

BMBE - ERE DK  EREERENETFENAEIES - URAEENBEREEK -

We have a set of policies or guiding principles for maintenance. Maintenance is seen as a process
not a function.

BMBE R AEEERENIRIRR  MEEREAWRD —REMIE IR -

Our approach to maintenance is proactive. We do our best to prevent breakdowns and when
something breaks we fix it immediately.
BPEANEERES ZRBEBENN - RMCB B RBEWE  WEKG KB TMER -

Annual maintenance budget is prepared based on a long term improvement plan, scheduled overhaul
strategy and history of equipment performance. Maintenance budget is related to expected
performance and indications are provided as to the likely outcome if work is to be deferred.
FEHERERERRRBREZCESRS  THRE TEERBEMRENLEMES « & THEEELE -
HERFESEZAERPAEHME -

The maintenance budget has an allowance for any project work being done by the maintenance
department. If not, project work is budgeted separately and accounted for outside of maintenance.
HEREREEEHZPMEESIRHEENAX - E2E I RBAWFHERRERMEE - BEN
IHEHEEEEREUIZTESE -

Total (max. 28) &% (&R=284%0)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEEEG  KRBEEQ)  BHEEQ)  T2TEE0) - FHAO)
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2. ORGANISATION / HUMAN RESOURCES #A#/ A h &R

Statement Rt

Maintenance staffing level is adequate, highly capable and experienced.
HERENROREED  BETHEESEREREELE -

Functions covering plant needs are fully defined, and our employees understand what is / is not
expected of them, and organisational charts are current.
HEBRERREAENNECEZEATE ST TERETHEZR  MAKEEBETIEBRE -

The maintenance organisation is mostly decentralised and organised by area or product line.
HEREFEUSHAE > WABREHRERENE S -

First line supervisors are responsible for at least 12 to 15 maintenance workers.

E-HRIEBEHRLNEI-EAEEHERENET -

Adequate support staffs are available to allow supervisors to spend more than 75% of their time
in direct support of their people.
BERARNZBEAESTEMTEEARO RO =FERZISETENITE -

Overtime represents less than 5% of the total annual maintenance man-hours. Overtime is not
concentrated in one trade group or area, but it is well distributed.
BETEINFEEZERELIRNSY% > ENIH2FHEN - MIKFRE-—SRHERISEHRA -

Regular technical training is provided to all employees and is more than 5 days / year / employee.
Maintenance supervisors have also received formal supervisory training.
BEEISFESTORARNEMNEZN - £RRETECEZERNEEZI -

A formal established apprenticeship programme is employed to address the maintenance department’s
needs for qualified trades. Clear standards are set for completing the apprenticeship programmes.
RV IERBESE - Wi B EWMNHEEEUTIIEERESMAMENSERT -

Part of the pay is based on demonstrated skills and knowledge and/or results and productivity.

B RN R L B R R R KR /SR L E DA o

Contractors are used to augment plant staff during shutdowns and/or for specific projects or
specialised jobs. Their cost / benefit is periodically reviewed.
EEEABEEEESETERIER  ERREEMERATF « FAMMANKREINE @ SEHEL
Bt o

Total (max. 40) &5 (5407
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEREG  RBEZRQ) - BHREEQ)  T2FREZ0)  THBEO)

Score ¥4 (4,3,2,1,0)

3. EMPLOYEE EMPOWERMENT ET B

Score 5 (4,3,2,1.0)

We don’t have a "Command and Control" organisation with highly disciplined procedures.
BMIIE—FE L ‘L EEH" RBIEERRAE o

Multi-skilled tradespeople (e.g. electricians doing minor mechanical works, mechanics doing minor
electrical work, etc.) is a key feature of the organisation.

EESEEENE TGN HBERTENET » AMBSKIENENIS) EREASNEE -

Operators understand the equipment they run, perform minor maintenance activities like
cleaning, lubricating, minor adjustments, inspections and minor repairs (not generally requiring
the use of tools).

BRIFEBMITIRENRE - fOET —LABELAETF  fIER - INEER - HERAE - gER/NE
BB ETHE-—RHBEFER TH) -

Supervisors regularly discuss performance and costs with their work teams.
FTERHEFERRERAETER SR o

Continuous improvement teams are in place and active.
[FHEDCEBR | ERRELE o

Much of the work is performed by self-directed work teams of operators, maintainers and engineers.
REBMITERHIRES - £ REASHIZMAKN B EEBBEITE ©

Maintenance is a part of the team involved during design and commissioning of equipment
modifications or capital additions to the plant.

B E AR ERERRIER - HAEERES BNEBETRRKE -

Trades usually respond to call outs after hours. Operations can get needed support from maintenance
trades quickly and with a minimum of effort.
RIBETHEAHEEMR - EEEVERI S EERERTINRESRE -

Call outs are performed by an on-shift maintainer who decides what support is needed without
reference to a supervisor for guidance. Operations do not decide who will be called.

HE SR EEARASEFTAEIEREMBTREMBNIE - EEHFMI TR AEBEAER
HBRFEER o

Partnerships have been established with key suppliers and contractors; risk-sharing is a feature of
these arrangements.
HFrEMHERMASEEENAEREER BRI BEREEREZ TN —EEH -

Total (max. 40) # 5 (B&5409)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
ZEREG)  KEEEQG) > BHEEEQ)  ZFEFREO) » FHAQ)
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4. MAINTENANCE TACTICS #£#REH

Statement B3l
Less than 5% of the total maintenance work man-hours is devoted to emergencies

(e.g. unscheduled shutdowns).
DS % MR RBRTREEBRS IR EGIMEHRE)

Condition-based maintenance is favoured over time or cycle based maintenance.

HERBRRBEBRES PR RIZFAHELRE -

Use of condition-based maintenance (CBM) techniques such as vibration analysis, oil sampling, non-
destructive testing (NDT) and performance monitoring is widespread.

B2 ERRAREAEERECBMBR MBS AT ~ hem AR - EBRHNDT MRS -

Preventive maintenance (PM) and/or predictive maintenance represents 60% or more of the total
maintenance man-hours.

60% A LR BRTIRIEEABRNPM R/ RAXEERETHEL -

Compliance with the PM programme is high: 95% or more of the PM work is completed as scheduled.
95%8% LA B9PM TAEHGREQN AR AX, o

Results from PM inspections and failure history data are used to continually refine and improve
effectiveness of the PM programme.

HPMIRE R4 REVBER RN BUBEL AT - UAERAPME BINBERIE -

For new equipment we review the manufacturer's maintenance recommendations and revise them
as appropriate for our specific operating environment and demands.
ARG BMS2ZREFNERREER  UTREMVBERFRERERELBEENEXH -

We used a formal reliability based programme for determining the correct PM routines to perform.
That programme is still used for continuously fine-tuning and improving our PM performance.
RMEA—EERMRBEAIEEFEAENRRF - LURBISERNPMBITT TAE o 22 IR TEit AR
RABMOPMEKRER - BRMEBIEERSE -

Total (max. 40) #45 (B&&405)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEEEG)  KRBREQG) BHBERQ)  ZEETREE0) - FHAQO)

Score ¥4 (4,3,2,1,0)

5. RELIABILITY ANALYSIS T S 547

Equipment history is maintained for all key pieces of equipment showing cause of failure and repair
work completed.
HIZRBENLHETURE  UEBEBERBNEEREIETE -

Equipment failures are analysed to determine root-cause and prescribe preventive measures.

BB RBMA DT - g - XHEFRERE

Our failure prevention efforts are mostly successful. We can usually eliminate the problems we
focus on without creating new problems.

BPRFEB KRB HN B O R ZEEHR - TR ESIBFMENAIRT - —REDEEASFIEDEIREE
DNEABER

Equipment Mean Time Between Failures (MTBF) and process or machine availability are
logged/calculated/forecasted.

R AT LI R B B (MTBF) EL R AR SRAAR B9 7] A 1 (Availability) » #ACER/ETE/FAE TR o

Value-risk studies have been conducted to optimise maintenance programmes.

BT [MEE — AR IR BRELERETEHIRESRE -

All equipment has been classified based on its importance to plant operations and safety. The
classification is used to help to determine work order priorities and to direct engineering resources.
We work on the most critical equipment’s problems first.

FIEREERBEE TSERRZ2NEEMMUSE - UEHBTENELERAFRAGIREER o
BMEatREuGEERBEENEE -

Reliability statistics are maintained even though our employees have a good feel for the best and
worst equipment.
HAESTHRFEGENRBECHERERR  BRMDEREAIEENSTERTURE

Reliability-centred maintenance or other formal analysis is used to determine the optimum maintenance
routines to perform on our equipment.
BRANTEMERPONERREFERCMBEMER DN E - URHRREENRBEERES
TIfee

Total (max. 32) &9 (&&329)

Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEEEG  KBEEQ)  BHEEQ) - T2TEE0) - FHAO)
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6. PERFORMANCE MEASURES / BENCHMARKING #& 3 5T /52 &5 {5 &

Statement Rt

Labour and material costs are accumulated and reported against key systems and equipment.

BERBRAGRRBIAEANG TRMHBANSURBETETE - SWEHER -

Downtime records including causes are kept on key equipment and systems. These records are
periodically analysed to generate continuous improvement actions.
HIERBRNARSNRRFE R AENCEMURE - WEEH DM - FIFT HFESCETE -

The maintenance department has a set of performance indicators that are routinely measured and
tracked to monitor results relative to the maintenance strategy and improvement process.
HEREDMBEE —ARRES - BETHIAEER  UEREERERBNLZBRENIMIY

All maintenance staff have been trained in or taught the significance of the measures we use.
Most of us can read the measures and trends and can determine whether we are improving our
overall performance or not.

BBEIN  FEHEREETIHERRMNEANEEEEHERZY - AMAROREHIHEZSE
BEREBY VB ERRAREEEREF -

All maintenance trades / areas can see and understand the relationship between their work and
the overall results of the department. If a particular trade / area is weak they can see it and work
to correct it.

FRE#ERESR/BHEFRER SN TEEMPIRRARNER - EE-—FR/EFARRBEA
B TERARBAEHHE -

Performance measures are published or posted regularly and kept available / visible for all department
staff and trades to see and read.

ERTHRAMEREER - EHRFIAMARENRTHELERIE—B TR -

Internal and/or industry norms are used for comparison.
BRAED R/ R EAME L LR -

Maintenance performance of "best in class" organisations has been benchmarked and used to
set targets for performance indicators.
M#AEERERREEFNASEE  METRREENEFE -

Total (max. 32) &9 (&&32%)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEREG > RBEZRQ) - BHREEQ)  T2REE0)  THBEO)

Score ¥4 (4,3,2,1,0)

7. INFORMATION TECHNOLOGY & &l

A fully functional maintenance management system exists, which is linked to the plant financial
and material management systems.
REFEEFEEYHEBEVBERINERRAGESNEEREEERR -

Our maintenance and materials management information is a valuable asset and is used regularly.
The system is not just a "black hole" for information or a burden to use that produces no benefit.
BMEECANEEREAYNERENAZGRABENEE  EEARUFNERABEBENZES
RAVER [ 2R ] -

Our maintenance management system is easy to use. Most of the maintenance department,
especially supervisors and trades, have been trained on it, can use it and do use it.
BMNERREEERGRESEN - EFEREMBPIAKRITNEE  LERTERRIYCEZER
1Z3 - MBS AR ERZEAS

Our planners / schedulers use the maintenance management system to plan jobs and to select and
reserve spare parts and materials.

EANRES/HEESNRERFREETER SR T - RERTAR] H AR -

Parts information is easily accessible and linked to equipment records. Finding parts for specific

equipment is easy to do and the stock records are usually accurate.

ABEERBRHCHTNBHR—MHES  BERIRRBNOTHET R - MFERROEEE

Scheduling for major shutdowns is done using a project management system that determines critical
paths and required levels of resources.
ERHEEERASRFALFEABRE TR - DIKHERBERE (Critical PathY R FIFEEIR °

Condition-based maintenance techniques are supported by automated programmes for data analysis
and forecasting.

RAARBE ST RFERIZHEEN B B R RE I IREERRBRINER -

Expert systems are used in areas where complex diagnostics are required.

EAERARETEMEDE T -

Total (max. 32) &9 (&&329)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEEEG  KBEEQ)  BHEEQ) - T2TEE0) - FHAO)

Reliability Centred Maintenance:
A Key to Maintenance Excellence
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8. PLANNING AND SCHEDULING B 2|82 HE 2

Statement PRt

A plant equipment register exists, which lists all equipment in the plant that requires some form
of maintenance or engineering support during its life.

BERBELH  BIEBRETAERBREEEANAMFENEEREERJTREIE -

Over 90% of maintenance work is covered by a standard written work order, standing work order,
PM work order, a PM checklist or routine.

BB0%NERRE TERBESEENEEILFES BRNIEER - BHMEIEER - AR
BRYHITITAEMET

Over 80% of maintenance work (preventive, predictive and corrective) is formally planned by a
planner, supervisor or other person at least 24 hours before being assigned to the trades.
BiB80% MAERRE THEGFEBRN « MAXRMER)  ERSEIETFRIZATERD 240 - HRE
E- TERHMASERBZH -

Non-emergency work requests are screened, estimated and planned (with tasks, materials and tools
identified and planned) by a dedicated planner.
HESHRISHEFESTHENEEY - BERIETESBRNZHMEVERIA -

Realistic assessments of jobs are used to set standard times for repetitive tasks and to help schedule
resources.

RABEBNH +EEEEM TFNEERBNMEER

A priority system is in use for all work requests / orders. Priorities are set using pre-defined criteria,
which are not abused to circumvent the system.

ERA-EBREENNTE  ATFHREMBEIEER /ESHERRT -

Work for the week is scheduled in consultation with production and is based on balancing work
priorities set by production with the net capacity of each trade, taking into account emergency
work and PM work.

BRANITEZHYEEERMNGD - REBMMAERNIEELERNT  TERBSTHEETERMEIEE
FEE -2 ITEE -

All shutdowns are scheduled using either critical path or other graphical methods to show jobs,
resources, time frames and sequences.
FEEEABENAEREFRAEMER ZZHRBEREA TN FEMEELR

Work backlog (ready to be scheduled) is measured and forecasted for each trade and is managed
at less than 3 weeks per trade.

BERMGTEBEMEBN RN IE  AEHEHBEZSTEETSBB=E8

Long term plans (1-5 years) are used to forecast major shutdowns and maintenance work and are
used to prepare the maintenance budget.

RERERE(—ZRF) B AREEESNERRETFOTER - LHTHEESR -

Total (max. 32) &9 (&&32%)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEREEG > RBEZRQ) - BHREQ)  T2FREZ0)  THBEO)

Score F% (4,3,2,1,0)

9. MATERIALS MANAGEMENT #pRIEE

Score 5 (4,3,2,1.0)

Service levels are measured and are usually high. Stockouts represent less than 3% of orders placed
at the storeroom.

HERTRREEREERENEKT - ERPBRKHBERENREDN3% °

Parts and materials are readily available for use where and when needed.
EEERIGEYBCHEZSA -

Distributed (satellite) stores are used throughout the plant for commonly used items (e.g. fasteners,
fittings, common electrical parts).

THEREEENER)RERFEERYRGIMES - Bt BREREHS) -

Parts and materials are restocked automatically before the inventory on-hand runs out and without
prompting by the maintenance crews.

EFREFREN  THEEREASEY  EFSHDBHAHBFRAYLEFE -

A central tool crib is used for special tools.

BHRIASPERRTFRIAEFRE -

Inventory is reviewed on a regular basis to delete obsolete or very infrequently used items. An ABC
analysis is performed monthly.

B RETABCOM @ U EBREFLUBRBRHAEEMAEE

Purchasing / Stores is able to source and acquire rush emergency parts that are not stocked quickly
and with sufficient time to avoid plant downtime.
KRB/ RERREESEBLEIEFEMXSFEANIEM IS oI BRERES -

Average inventory turnovers are greater than 1.5 times.
FHEFBAERKN 5 -

Order points and quantities are based on lead time, safety stock and economically justifiable order
quantities.

REXERE ZE2HFENEEEE  EHFIBHRITBERE -

Inventory is controlled using a computerised system that is fully integrated with the maintenance
management / planning system.
EFER-—ERHGEREER/BRAAGLEHESNBRILRLIZES -

Total (max. 32) #&% (&=329)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TEERG)  KBEREREQ) BHERQ) > EETEE0) - FHAEO)

Reliability Centred Maintenance:
A Key to Maintenance Excellence
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10. MAINTENANCE PROCESS REENGINEERING #EBREREHE

Statement PRt Score #% (4,3,2,1,0)

Key maintenance processes, such as planning and corrective maintenance, have been identified,

and "as-is" processes are mapped. Those maps are accurate reflections of the processes which
are actually followed.

TEABRENE  NRE - BEIE  SHER  MARBNERRERCS XL - BLREEER
R E AT EREITHVBAE o

Key maintenance processes are redesigned to reduce or eliminate non-value-added activities.

FTERHERENELKENR RO BRI ERNEE -

The CMMS and/or other management systems are used to automate work flow processes.

FMACMMSR/SEMERRGEEEREZSSL

Process mapping and redesign have been extended to administration and technical support processes.

REREB R ERNERTCHEBEE TR ERE

Costs of quality and time for maintenance processes are routinely measured and monitored. Activity

costs are known.

EMFE R EREEEREBRENMEMANNAFEREFRE © EERARTCHEA

Total (max. 20) #5 (&=20%)
Strongly Agree (4), Mostly Agree (3), Partially Agree (2), Totally Disagree (1), Do not Understand (0)
TREEG)  KBEEQ)  BHEEQ) T2 FEEVN) - FHEWO)

-

-—-

e

ABC analysis

Classification of inventory items for determining the degree of control
needed for maximising payoffs. Typically, 15 to 20% of the items fall

into category A, whose aggregate impact is most significant and thus
should be managed closely. Category B items represent another 20 to
30% of the items, their collective impact is about 20%. The remaining

items are in category C which require least management attention.
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— AR REBANNSG L - HFEK
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o Bt EEEERR
—ERBEERENE BT EEEEN
ELEMARLS - CrsEEEM - BFEHE
B EEENRGRSER - BEEZ
ZIhREEEE] -

BREEERE
ZEEFHEHRORRMENEERE
AR e

o B ERIEEE
—EEREMALS - AUECXANEERE
FEENGEEREEE  HAEEREFL
BS8ERETHE -

MEREERE
HEEDEABENRENEERETFE -

Asset

In maintenance, it is any item of plant or equipment.

_ Asset management
Also known as physical asset management (PAM); the systematic planning

and control of a physical asset throughout its economic life.
Availability

o—=
The proportion of a stated period of time for which an asset is capable

of performing its specified function, expressed as a percentage.

Balanced scorecard (BSC)

A balanced presentation of organisational performance covering multiple
perspectives, such as financial, customer, internal processes, learning

and growth.

Computerised maintenance management system (CMMS)

A computerised information system with maintenance and spare parts
management functionality. It may be integrated with other corporate
information systems, often from other suppliers. See also Enterprise

asset management.

Condition-based maintenance (CBM)

Maintenance based on the measured/observed condition of an asset.

Computer-aided facilities management (CAFM)

An integrated computer system that delivers enterprise-wide maintenance
management, project management, electronic collection of field data

relating to physical assets.

Corrective maintenance (CM)

Maintenance done to bring an asset back to its standard functional

performance.

_ Enterprise asset management (EAM)

An integrated computer system that supports physical asset management,
with elements for maintenance planning, and control of spares inventory.
It also contains other corporate functions such as human resource

management, finance, accounting, payroll, etc.

_ Enterprise resources planning (ERP)

An integrated computer system that supports the management of
productive resources, with elements for production planning, and control

of raw materials inventory.

_ Failure mode and effects analysis (FMEA)

A structured method of determining equipment functions, functional

failures, the causes of failures and their effects.

Ferrography
.—

The process of monitoring the wearing condition of machines by
studying the shape, composition, size, and amount of wear particles in

its lubricating oil.

General repair

A significant repair action performed to return a failed unit to an operating

state and to reduce the risk of subsequent failure.

_ Key performance indicators (KPI)

A select number of key measures that enable performance against targets

to be monitored.

_ Maintainability

A measure of the ease with which maintenance can be performed on
an asset, commonly measured using Mean Time To Repair (MTTR). An
asset with a low value of MTTR is more maintainable than one with a

high level of MTTR.

EEEEETE

—ERUXEEEEEENERERR
B o A BIEEERERENEARFEG
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Maintenance
.—
Any activity carried out to retain an item in, or restore it to, an acceptable

condition for use or to meet its functional standard.

_ Mean time between failures (VITBF)

See Reliability.

_ Mean time to repair (MTTR)

See Maintainability.

_ Minimal repair

A minor effort performed to return a failed unit to an operating state.

o Non-destructive testing (NDT)
Testing performed to detect equipment abnormalities in physical, chemical
or electrical characteristics, using such technologies as ultrasonics
(thickness), liquid dye penetrants (cracks), X-ray (weld discontinuities),
and voltage generators (resistance). It is a form of condition monitoring

that is non-intrusive and that leads to CBM.

_ Physical asset management (PAM)

See Asset management.

_ Proportional hazards modelling (PHM)

A multivariate regression analysis procedure blending together data
about the age of equipment along with the signals arriving from condition

monitoring to estimate the risk of the equipment failing.

_ Preventive maintenance (PM)
Maintenance carried out at predetermined intervals, or to other
prescribed usage or age criteria, and intended to reduce the likelihood

of a functional failure.

Reliability

.—
The ability of an item to perform a required function under stated
conditions for a stated period of time. It is a probability but is most

commonly measured as mean time between failures (MTBF) by practitioners.

_ Reliability centred maintenance (RCM)

Optimising maintenance intervention and tactics to meet predetermined

reliability goals.

_ Shutdown maintenance

Maintenance done while the asset is out of service, as in the annual plant

shutdown.

Spectroscopy

.—
The process of monitoring the condition of large gearboxes, engines
and transformers through the analysis of properties of its lubricating and

other oils.

_ Supervisory control and data acquisition (SCADA)

A system for real-time monitoring and control of plant and equipment,
using automatic data capturing devices, and human-machine interface

at the control centre.

_ Thermography

The process of monitoring the condition of equipment through the

measurement and analysis of heat.

_ Time-based maintenance (TBM)

A maintenance tactic where the item is refurbished at a planned age.

_ Time-based discard (TBD)

A maintenance tactic where the item is replaced with a new one at a

planned age.
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