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Abstract

For ship systers to remain reliable and satbey mustbe effectively maintained through

sound maintenance managemesystem. The three major elements of maintenance
managemensystemsare; risk assessment, maintenance strategy selection and maintenance
task interval determination. Theplementation of these elements will generally determine

the level ofship systensafay andreliability. Reliability Centred Maintenance (RCM) is one
method that can be used to optimise maintenance management systems. However the tools
used within the framework of th&RCM methodology have limitations which may
compromisehe efficiency ofRCM in achieving the desired results

This research presents the development of tools to support the RCM methodology and
improve its effectiveness in marine maintenance system applications. Each of the three
elements of the maintenance management syiséanibeen considered in tukith regard to

risk assessmertiyyo Multi-Criteria Decision Making techniques (MCDMWjsekriterijumska
Optimizacija lkompromisno Resenje, meaning: Muatiteria Optimizationrand Compromise
Solution (VIKOR) and Compromise Pragmming (CP) have been integrated into Failure
Mode and Effects Analysis (FMEA) along wighnovel averaging techniquehich allows the

use of incomplete or imprecise failure dakaree hybrid MCDM techniquesave then been
compared for maintenance stgyeselection;an integrated Delpkbfnalytical Hierarchy
Process (AMP) methodologyan integrated DelppAHP-PROMETHEE Preference Ranking
Organisation METHod for Enrichment Evaluatjomethodologyand an integrate®elpht
AHP-TOPSIS Technique for Order Bferenceby Similarity to Ideal Solution) methodology.
Maintenance task interval determinatioas been implemented usiaglCDM framework
integrating a delay time model to determine the optimum inspection interval and using the age
replacement model fohé scheduled replacement taskscase study based on a marine
Diesel engine has been developed with input from experts in the field to demonstrate the

effectiveness of the proposed methodologies.

Keywords: maintenance strategy, MCDM, decision criteNdAKOR, TOPSIS Reliability

Centered Maintenance, Delay timmeadel
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Chapter 1 Introduction
1.1 Introduction

The role of the shipping industmn its contribution to the growth othe world Gross
Domestic ProductGDP) cannot be over emphasized asitesponsible for the movement of

the bulk of the world economicraw materials andommodities. However despithet large
marketthat it servesthe business environmergmairs highly competitive because there are

many service providers in the shippimglustry and for any service provider to remain in
business, reliable and quality services must be provided tmstemers ah minimumcost

and at the same time maintainiagafe operatioa environmat. Unfortunatdy the coss of
operatinga shipand itssystens keepsrisingandkone of t he maj or contri
cost is the maintenance cost which can var
(Sarkar eBewnll ac@O0dlandl Boabl 189h @O&D @2 € a s «
study5p000bhtuBhnehmamaenhsenance cost actchoeunt e
tobpakr ati,baskedcoeta sample surveyver | 83t hebi
i s |l ost dwmeheemalrlgy wastage maiantewudanbcye pnoaonra g
compressedg(Vavrasyaaéms alampprroexpiomateddhytrhdato
tot al mai ntenance expenses of mo s t i ndust
maimdrece M aetmand ttL®@Wvi ous that one major
operati onal cost thatmduot rganbéescoost handl
ovemnplelrati onal co,sttwo Hruonnd atmeent bbesmeihbr al
or deor lknseepvovcveadmper at@aohaghl y bcuosmpneatsiateyvei c e
reliabdi lndducaend oper attwoo nfaa ¢ tcoursst oa glehneesrieaell lyy
coflicting. Eithecosel dabdkbatgei nersaseHowr
stri ke ,an bafl faincieent maintenancé¢ gysettl@mhmgdht

rel i akbminnit @e me pctoasht!.e

Howevercagreaitust be taken isnnr edudeimpg omma isret
safety, ,arvealiilaabbiilliittyyu rodt itdnnda Isiggéyeesn of t he ¢
achieve tlviag icaounep,0o nteme s talmati nmakanawuge syste
opti niihzeedt.hr ee mai macompomreactes cshsomwmm: are as
D Ri sk assessment

(2 Mai ntenance stramtdegy sel ection

3 Mai nt esntanacteegy i nterval determinati on
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Ri sk 1 s gedaefreailtnhgp r 0 d tpcrhoeboafds i Ifiatiy ur e dfhea syst
consequence®caeafuaotr iRe gfka ial susreest seneegnoti ponie neta cthhat m
upt hfeul | i sysegeat daasudondr hiasced oH ewveri sakfesessed
mai ntenance sthmastetgpuithalbl| apottee nmi 8l gatoenselgea e
failures her esedvreesrtad d .di T f er entt hnaai natreen aanvweei |sath
ship system maintenance practitioners to cho
thrgeecup corrective mdii vteenmaicet enpmeseeednd C
mai ntemadeceorrectiphei Inoasivnpebpyp a Dbae whii ¢ ke ma o f
equi pinse natld loow un uonctcible Sfoanceb ur ecti ve action i s |
prevemmtintenmncappgry@achtshnga nwhiealance action (re
overhaul) to be caitieed sainteadoehgaid rmaommguodigpgimem tC
bad emai nt e naapnpcreo aicsht tineeei whieaolmance action is perf
obsecomredi ti on ofT hteh e oengu it permegnotdé.fo m@amt can be mo
usiomnget wd appr oac hepser i¢ebdnstlsirnau caunsd )oPrarthhea kp,e r 2 Gold4
approach ithegeoemepradhlatr r eidt shechhaasger t han the
monitoring amapmoaalanceénmanagemenhatiyen emf af h
opti mum mai nt enanicteenstofat egyy gtroem tetaliceh ne x t st
determine the appropriate intervalhdwevererfor
ot her ¢ ompnmaiemttesn aonfc ea s pat einpeanttolr y ma rmaagle me n

per sonmgelmemanarbat bebacvensi dernted memitshitd othhes i s

Di fferenthawecdhIfvoegrdieeshe opti mi satiamai af ehhprceo

symt mamel y; Rel i abinltietnyan €e n t( RrCevid MaMt Teontaanlc eP r 0 ¢
(TPM) and Ri sk Based MaheasenbeckemiéiRBMai alEmg h
pl antsycet aan mptr b eedrleldfabi | ity aantd @aveai Ird ikl iwiy
t hhei ni munrh nc dartea.tmme sector Reliability Center e
applied to aexytrertt eirn orhé ecapt i mi z §doinoanc hoefy , ma i
200Smerican Bur eau,Adfe kS$h il p painmdg , S @an&odj heeyyi, | ,2 02004(
Conachey and MonHguvesaeceyhef2Wa&rdiso utshbattenh auta | i z e (
wi t thien RRCM framework in the optimizata on of
mai nt esryassrheaesn sever al | i mi t la¢riecan so.f FHad,R BdMxassmpelses

uitl i zes FanduBAenfadoytsei s ( FMEA)hrei sk pofofatlmregn
a sy ithethis. analysis tool, risksirepresented in the form of a Risk Prioriturhber
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(RPN) which is computed by multiplying the severity rating (S)boyh the occurrence
probability (O) and the detection rating (D) for &dilure modes of the systerilo we v e
FMEA has been <critiianiazveidn gbyl i md rhiyehildywintleo rsau c |
technique to takento accounther important factors such asonomic cost, prodtion loss

and environmental impag¢Braglia, 2000 Sachdeva et al., 2009Bammori and Gabbrielli,

2012 Liuetal, 201Ja namp | otyh en@t s eredsg data in expressitige opinions

of experts whereas imany practical situatios the information mayonly be an imprecise

estimate

Another example is the tothat isutilised within the framewark of RCM for the selection of
themaintenace strategy. The RCM logic tréeat isutilised for the slection of maintenance
strategieshas beencr i t i ci z ewde rays thiemen gc an(@a eny lmegr gehx ear nc
Pintel owa,ey20h®b4er gh anduPRitmteelmom,e,2Q@®M2 techn
provision for the ranking of alternative |
opmum mai nt enaanpcpearemaodipegy Allithdnn caitl itvevet echi
beewetdeped by pr d@awi otuhse .H @ steecar ndcimigsieteal. (2012)
proposed an integrated fuzingic set theoryand the use of TOPSI&00ssens and Basten

(2015) and Resobowo et al (20Jgtpposed the use &HP. Neverthelessthese alternative
approacheall have ondimitation or anothersuch assomedoubs remain @ thepractical use

of the fuzzy set theory methdmkcausef the computatioal complexity itintroduces into the

decision making procegZammori and Gabkbeili, 2012 Braglia, 2000. The limitations of

RCM can further be proven the area of maintenanseategy interval determination as there

IS no provisim for such arareawithin the dassical RCMramework,athoughsomemodified

RCM modek have been developed and utiliséor maintenance strategy interval
determination (Almeida, 2012 Gopalaswamy et al.,, 1993 However nost of these
mathematical models are either too abstract er lagd on a single decision criterion
whereas the problesin practical situatios are generallynulti-criteria based and as such are

better addressday usinga multi-criteria decision making method.

From this brief review and assessmantan be concidedthat there is the need to develop
alterrative toolsthat will enhance th&lecision making process in thegegee areas ofhe
maintenance system within tfiamework of RCM. In this researca multi-criteria decision
making approach is proposedsalving the problemof (1) risk assessment (2) mainteocan

strategyselection and (3) maintenance strategy interval determination. The-anitigitia
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decision making approach is proposed becthse arenumerous decision criterivhich are
in conflict with one anothergenerally involved in the decision making proceseaxth ofthe
three problems.

1.2 Research Aim and Objectives

Theoverall aim of this research was develop an enhanced RCM methodolbgged on the
combination of multi-criteria deci®on making methods with RCM concepts order to

formulatea more efficient maintenance systemdpplication tamarine machinergystems

The objectives of this researahere

(1) The cevelopment of a methodology ftite assessment dhe level ofrisk of marine
machinery systesibased on the integration of RCM FMEA with mudtiteria decision
making technique

(2) The development of a methodology for maintenance strategy selection based on the
integration of the RCM concept with muttriteria deision making methods.

(3) The cevelopment of a methodology fanaintenance interval determinatiasing
multi-criteria decision makingpproackswithin the RCM framework.

1.3 Research methodology

From the literature survethat was undertakems described in l@&pter 2, it isobvious that
the toolsthat are currentlyutilized within tre framework of RCM and RBM in the
optimization of the three major elements afmaintenance system have limitations which
negativelyimpact on the redibility of the system. Thenadequacyof the toolshas also
resulted inpotentiallyincreasing maintenance cestithout a commensuratecrease in ship
machinery system availability. Hendeete isthe need to develop altetive tools that will
enhance the currentethodologiesuch that maintenance okgstem carbe more efficiently
optimizedfor improved ship machinery reliability atreasonable cost. Since in the marine
industry failure data and maintenance datas requiredfor perfoming failure statistical
analyss, are not easily availablehe proposed methodology has bekveloped with the

inbuilt capabilityof usinga combinatiorofe x p e r t 0 sarebapilityndata bark and data
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from similar plans. Some of the reasorisat aregiven in the literture as towhy failure and
maintenance data are difficult to come by in the marine industr{Molkashi et al., 2002

(1) Within the RCM framework analysis is performed at failure mode level whereas in most
marine industries failure data ikept atthe component level, (2)nl the RCM methodology
maintenance is centered on the function of the system being maintainkx smshe function
failures having multiple failure modeghe collecting and keepin@f quality and useful
statistical inform#on is nearly impossible, (3)nl many shipping industriegailures are
largely mitigated througha preventative approach and in such cases data availability for
statistical analsis may be inadequate and (4)eB if such daa is available in some cases
due to commercial sensitivitthe shippng industries, insurance compangsl flag societies

are prevented frorthe sharingthis information.

The methodologythat this study has evolverd a decision support tool that has been
developed within the RCM framework for prioritizinige risk of failure modes of marire
machinery system andaintenance strategy selectedbased orthe prioritized risk. Theool
also determinethe interval forperforming the selected maintenance stratégye flow chart
of the decision support toois presented irFigure 1.1. The methodological steps are as

follows:

Step (a) Risk assessment: This beghith the identification of thespecific system tobe
investigated. In this reseegh the ship machinery system waensidered becausdérom
accident data analysthat has beemerformed for data collected from 199999 it was
observed that over 50% of ship accidents were caused by machinery fAlllzneg et al.,
2005. However since théull machinery system wasonsidered to be too larga marine
diesel enginavhich isa subsystem of thdull marine machinery system was chosen as the
case study fothis research. The failure modes of thdividual equipment/components that
collectively make ughe marine diesel eimge werethen determined. This walsen followed

by the development of a risk prioritisation tool for the ranking of the risthefirdividual
failure modes of the system under investig
values to the failure modewhich were themsed as input data into the risk prioritisation
tools. Chaptex 3 and 4 discugse risk prioritisation methodiegiesthat areproposed for the

risk assessment of marine machinery system



(a) Risk assessment

Identifyv system to be
investigated

Failure modes identification

W
Fanking of failure modes

(b) Maintenance strategy
selection using hybnid MCDM

approach
Scheduled Inspection interval
replacement interval determination
determination

(c) Maintenance strategy interval determination

Figurel.1: Decision support methodology for maintenance system management

Step (b) Maintenance strategy selectiohe maintenance strategy selection process
commencesfeter the determination of thievel ofrisk of each ofthe failure of modes of the
machinery system. Sincadividual components/equipment items of the system can have
multiple failure modes the most criéicfailure modes of the equipment iteia® identified
such thatmaintenance strategg determined fortie equipment items based on theiost
critical failure modeFor example ifthe most critical failure modor the high pressure oil
pump is injection seizurethen themaintenancetrategy to be selected for thmimp will be
based on mitigatindailure effects that arecaused byinjection seizure. A maintenance
selection methodology based arhybrid MCDM technique wadeveloped asn alternative

to the RCM logic treethat is normallyused in the essical RCM framework and other

alternatives proposedn the literature. Althougha considerable number afitical equipment
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items andailure modes were identified based on the risk ranking of failure modes performed
in Step (a) only the high pressure fuel oil pump maintenance strategy was deternfitegal in
(b) in validating the proposed methodologid$he maintenance strategy selectiprocess
started with the identification of decision criteria upon which the aptimstrategy is
selected. This wafollowed by the identification of alternativenaintenance strategider
marine machinery systeanThe rext task was the formulation of themaintenance strategy
problem andassociatediata collection. The collected data wabken used as input into the
MCDM ranking toolsin orderto assign weights to the alternativeaintenance strategies. The
strategy with thdnighestweight wasdeemed to béhe optimum solution that the maintenance
practitionersshouldselect if there are sufficieritinds to be able tamplement it othemwise
the alternative with the secorltighest weight canbe chose&. Chapter 5 presestthe

methodologies for selectirapoptimum maintenance strategy for marine machinery system

Step (c) Maintenance strategy interval determinatidnother important componerof
maintenance management whiolust be optimised for greater plant reliabilityaahinimum

cost is the maintemae strategy interval determination. Having congdehe maintenance
strategy that ishe most suitable for each of the equipment items/most critical failure modes
the next step is to determine the optimum interval for performing the assigned maiatenanc
strategy. Although five maintenance strategiese considered abeing potentiablternatives

for amarine machinery systeim Step (b)only theinterval determination famwo of themwas
studied in thisresearchdue totime limitatiors. The twomaintenance strategies studied are
scheduled replaceme8RP) and inspectionalso referred toas in this thesjsas Offline
Condition Based Mintenance(OFCBM). The methodology proposed for determinitigp
optimuminterval forschedled replacement is psented in Gapter 6 whilehatof OFCBM

is preented in Gapter 7.

1.4 Overview of the Thesis

The workundertaken and described in this researghdésentedn 8 chapters anthe contents

of chaptes 2 to 8 are briefly described as follows:

In Chapter Zhe results are giveof an extensive literature reviethhat was undertakewith
respect toall issues relating to maintenance management of mamaehinerysystens.

Firstly an overview of maintenance is described. This is followed loyseussion of the
7



various maintenance strategighst are employedor maintaining an asset. The threasic
types of maintenance strategibst arediscussed are; corrective, preventive @oddition
based maintenance. discussion of the various maintenance optimisagehniquessuch as
RCM, RBM and TPM is also givenin this chapter. Finally the three major elements of
maintenance management which are generally optimisihin the RCM and RBM
frameworls are extensively discussed wahview toidentifying the challeges of the various
toolsthat arecurrentlyapplied angroffering alternative solutions.

In Chapter 3 a risk assessment methodology based orFNteA technique thatwas
developedis described The essence was to produce an enhawegsion of FMEA by
eliminating some of the limitatienof the classical techniquén order b establish the
limitations of FMEA andto considersome of the enhanced approeshpresented in the
literature, @ FMEA background study and state ofthe art reviewwere undertakenThis
resulted in identification othe limitations of the current approaches ,adelvelopment of
hybrid risk prioritisation methodologiesThe proposed methodologies wevalidated using
three case studies. Finally in this chapter, it was concjutted hat the two proposed
methodologiesan effectively be utiliseditherindividually or in combination in prioritising

the risk of failure modes of machinery sysgem

In Chapter 4 two more alternativisk assessment tools based akompromisesolution
metod are presented. Tlebapter startaith a review of MCDM todd and their relevance to

the marine industry. The reviethenled to identification ofthe limitations of théechniques
proposed in chapter &nd other MCDM techniquesthat have beerapplied by other
researchers irthe literature. The methodological steps for the two techniques are then
presented. To test the applicability of the proposed techniques three case studise are al

presented.

In Chapter 5 a novel methodology ftire selection ofmaintenance strategiés presented.
This chapter starts with eeview of the MCDM methodology for maintenance strategy
selection. Based on the revigvarioushybrid MCDM methods are presented. Amalysis of
data using the variauools in the hybrid nmkod isthen performed.

In Chapter 6 a methodology for the determinatiortheéfoptimum interval fora scheduled

replacement task igresented. The methodlsat are proposed utiliskree decision criteria;
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reliability, cost anddowntime. An MCDM technige isintroduced for the aggregation of the
three decisiorriteriamodels. In ordeto validate the proposed methodologycase study of

a marinediesel engine crankshaft was conduct@dsensitivity analysis iglso presented to
investigate the impact of the decision criteria variables on the rankings of the various

alternative scheduled replacement intesval

In Chagier 7 a methodology based on theegration ofa delay time concept with tidCDM
technique ispresented for the determination tbe optimum inspection interval The delay
time concept wasused to modelthree decision criteria; cost, downtime andmpany
reputation while MCDM techniquesvereused in converting the three decision criteria into a
single analytical model. A case studlya coolingsystemwater pump ipresentedn orderto
determine the suitability of the methodology for the selectiotheinspection interval for
marine machinery systesnA sensitivity analysiss also presenteth order to investigate the
influence thatthangedo decision criteria weigstwill have onthe ranking of the alternative

inspection interval

In Chapter 8 general conclusions amesented together with tlwntributionof the study

limitations ofthe current studgndwith recommendatiogifor future work



Chapter 2 Literature Review

2.1 Introduction

The aim of this chapter is teonstructa theoreticastructureupon which this research will be
based In the light of thisthe resarch objectives ardiscussed in relation the work of other
researchersThis clapter has been divided into fiparts the first part dealsith an overview
of maintenancehe second part deals with maintenamgimization thethird partdeals with
risk assessmembethodsthe fourth part deals with maintenanseategy selection arftchally,

the fifth part deals with maintenance interval determination

2.2 Maintenance overview

(Dhillon, 2002 defined maintenance as the combination of activiliedertakerto restorea
component or machine to a state in which it cantinue toperform its designated functions.
Maintenance usually involves repair in the event of a failure (a corrective action) or a
preventive action.On the other hanthe British Standard defireemaintenance as (BS 1993)
fithe combination of all teclcal and administrative actions, intended to retain an item in, or
restore it to, a state in which it can perform a required adiidrhe costs incurred in this are
normally a majorpercentageof the total operating cost in mostdustriesincluding the
maritime sector (Vavra, 2007 reported that wasted energy as a result of poorly maintained
compressed air systerosllectively cost US industry up to $3.2 billion annually. iBhcan be
attributed to the general perception in the plaat maintenance is an evil thaant managers
cannotdo without and that it is impossible to minimise maintenance ¢bkibley, 2004.
This perception has disappearedth the invention of plant equipmentdiagnostic
instrumentation(such as vibration mortoring device) and computerized maintenance
managemeninformation systerm(CMMIS) which provide an effective meansof optimizing
maintenance efficiency (Mobley, 2004. The place of plant equipment diagnostic
instrumentationin optimzing maintenance effectiveness canm@& overemphasized as it
continuously monitors the operating conddan of plant equipment@and systems thereby
resulting inimproved plant reliability and availabiliMobley, 2004. Nevertheless the initial
overall cost of settinglp sucha maintenance scheme is usually very h{hin and Jun,
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2015. Thesecostsinclude among otherghe purchase aliagnostictools andthetraining of
maintenance stafh orderto effectively use the technology. Hence the technology is usually
embraced by most industriesly for the maintenance of critical plant equipment.

Plant equipmentlassicallyutilizes two types of maintenance managensgyroach run-to-
failure or preventive maintenan@globley, 2001 Waeyenbergh and Pintelon, 20Q4 et al.,
2006. The preventive maintenanepproachcould be tme-based or condition based.inle
based preventive maintance is of two typescheduled replacemeand scheduled overhaul
while condition based maintenance is also of tyes; offline andn-line condition based

maintenance.

As discussed in Chapter herearethree major elements that makeaimaintenance system;

risk assessment, maintenance strategy selection and maintenance taskdetersahation.
These elementsiust be optimized ithe maintenance managerhefna plant system in order

to have a safe and reliable system at reasonable Riffgrent maintenance methodologies
have been applied in optimizing thesglements of maintenance. The notable ones are;
Reliability Centered Maintenance (RCM) and Risk Based Maintenance (RBM). Within these
maintenance framewasldifferent tools such as FMEA artehult Tree AnalysisKTA) have
beenapplied in the optimization dhe elements of maintenan@ebheri et al., 2014

2.3 Maintenance optimization

Complex systems sh as ship systems consistneény equipment items and for the system to
remain safe and reliable ah optimum cost, the most appropriate maintenance gyaded
optimum task interval hav® be adopted for each of the equipment items. There are different
maintenance strategiesuch as corrective maintenance, preventive and condition based
maintenanceto chase from with respect to maintainitige differentequipment items o&

plant system. For som&msof equipmentallowing themto run to failure ray be more cost
effective thanthe preventative approachVhereas for otherthe preventative approacham

be more cost effective thdhe reactive approach. Feomeequipment wheréhe preventative
approach isthe most appropriatethe optimum interval of the maintenance task must be
determined in ordeio haveanoptimumlevel of overallsystem reliability aanoptimum cost.
Hence there is need for amtenancesystem optimization such that the most effective
maintenance strategy which will result in optimum balance between cost of maintenance and

the resulting asset reliability, is utilized for maintainimgasse{Karyotakis, 201L There are
11



basicallythree techniques for optimizing maintenance strategies for plant systamnely;
RCM, Total Productive MaintenancéTPM) and Risk Based MaintenancéRBM)

(Karyotakis, 201} The main focus of this research IRCM because nee of theother
techniqus can preserve the function of a machinery sysienthe @me way that it
cahrMoubr ay, 1991

2.3.1 Risk Based Maintenance (RBM)

Risk-based maintenance is a systematic approach which combines reliability and risk
evaluationproceduresn developing a cost effective maintenance strategy for reducing the
overall risk ofan operating plant systerfiWang et al., 2012 The overall plant risk is a
combination ottherisk of each ofthe individual constituent units that make the plant. For

high risk units, an intensive maintenandéd is needed, whereas flow risk units minimal

effort is required.Since maintenance is centered on rigk determining the type and the
frequency of preventative maintenance in the RBMraach a quantitative method of
evaluatingrisk is applied The RBM strategy generally consists of the following stéfbsan

and Haddara, 2008Vang et al., 201Xrishnasamy eal., 2009:

(1) Identification of system scope: The system to be investigated is generally broken into
manageable units. The units referred to could besgatems or components.

(2) RBM risk assessment: This step begins with the identificathohasalysis of failure
scenariosand the consequences of the failures for each of the ohithe system. It is
generally advisable to consider one or widhe most important failure scenaséor each of

the units that may lead to system failure. The risk for each of theisirtiten calclated by
multiplying the probability of the failure scenario byhe consegence of the failure scenario.

A quantitative or qualitative measure of risk is finally obtained which is used#gorie

risk of units into highmediumand low risk.

3) RBM Risk evaluation: Here the first step is to determine an accepé&daeof risk

and which may vary from industry to industry. The risk estimated for each unit is then
compared against the acceptable risk. If the estimated risk is above the acceptable risk the
unit(s) may be subjected to further analysis and subsequently ariffieaentenance strategy

and interval will be adopted to bring the ribwnto the acceptable value.

(4) RBM maintenance planning: The first step is to critically examine the root cause of
failures for each unit. Theior each unit the bas&vent®probabilityfailures areevaluated in

a reverse fault tree analysis usiteygeted probabilityof failure of the top event (unit

12



probability of failure). With the top event probability fixethe fault tree is generally
simulatedin order to determine theprobability of failure of basic events. The optimal
probabilities of failure of the basic events obtained from this analysis are then used to
calculatethe maintenance taskandassociatedhspection interva This process is carried out

for each of thaunits that have amunacceptable risk value and the main aim is to rethee
overall system riskThe Risk Based lslintenance strategy hbsen applied in the literature by
several authors as a tectymeé for optimizing maintenance for exampleshnasamy et al.
(2005)

2.3.2 Total Productive Maintenance (TPM)

With theintroductionof @Just in Timémanufacturingand assembly procedurdése need for
the elimination ofany plant downtime haBecomeapparent. One techniqueathhad been
utilized in aimingto achieve this objective iFPM. TPM is a systematic approach to
maintenance that mawizes eqydbment effectiveness amqtesses towaskzero downtime and
zero product defects through the involvement obathelabour force. The concept of TPM
was first introduced by M/s Nippon Bso CO. Ltd of Japan i6a971 aml has since been
applied bymany indugries across the globe with the major aim of maximizing equipment
effectivenesgAhuja and Khamba, 2008Equipment effectiveness here is referrecdsthe
rate to which equipment is performings ihormal operating functionUsing TPM as a
maintenance methodology the equipment effectass can benaximised in two possible
ways; (1) improving on plant total availability and (2) improving on the quality of plant
output and in this case defective product nurslaee reduce to the barest minimum. The
equipment effectiveness is generally measured e TRM methodology usingverall
Equipment EffectivenessOEE) which is evaluated as a product tbe availability of the
equipment Ag), the equipment performance rat®r§ and the quality rate of equipment

product Qr) and it is represented,afNakajima, 198%

0006 & 80 P

The availability component is evaluated as follows:
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Where
T = Loading time
To = Downtime

The performance rate component is evaluated as follows:

0 0j"Y CD
Where
O = output

The quality rate otheproduct from the system is measured as follows:

4 5

0 "0 Y0 c8

Where
GP = Good product
TP = Total Product

Equipment effectiveness ipotentially hampered bysix major forms of loss in any
organization. These losses include; machinery breakdown, setup and adjustreespeed
reduction, minor stgpages, product rejects aathrtup losses. The six losses can be measured
within the three performance measurement indioéshe OEE. Tl machinery breakdown
and set up anddgustment losses ameasured with the availability component of the OEE,
the speed radttion and minor stops losses ameeasured with the performance rate
component and the prodt reject and startup losses aneasued with the product quality
rate component. The essence of performing the measuseaiehiese six losses with the
OEE is to help to keep the company in a positionbe ableto constantly improve its
maintenance system efficiency in order to achievaraph performance of their machinery

system.

There are eight pillars upon which TPM dastructured in order to maximize the benefit of
the methodology in any organization. They are as follgRelrigues and Hatakeyama, 2006

Ahmed et al 2005:
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(1) 5S: The first step to the successful implementatioT M is the adoption of the
principle of 5S. The 5S is lagical procedure ofood housekeeping with the main aim of
havinga conducive environment ithe workstation with the cooperation and commitment of

all of theworkforce. If aworkstation is tidy and orgarad problens becomevisible and this

is the firststep to system or process improvement. The 5S is generally performed in phases.
The first S stands for ASeiri o meaning Sort
in order, the third Sstasd or @A Sei si 00 meaning SthEstadt he
for ASei ketsuodo meaning Standa&arShi zesuliprd mMmbka
and practice

(2)  Autonomous maintenance: This puthe responsibility of performing basic
maintenance tasksuch as lubrication and visual inspection the operators of the asset
thereby creating roorfor the maintenance personnelconcentrate on the core maintenance
tasks.

(3) Planned maintenance: Théjective here is to hav&ault free machinery which is
achievel by planning maintenance activsieto curtail potential failures. Maintenance
planning involves the following maintenance activiti@egnong others; maintenance type
determination, the interval for maintenance task determination and spare parts inventories.

(4)  Education and training: Theperators and maintenance personnel need constant
training and educatiom orderto enhance their maintenance skills and harmonious working
relationshipg.

(5) Kai zen: The term kaizen is a combinatic
iZeno whsfar goods Tha principle here is that a small improverttettis carried

out ona continuous basis which involves alf the workforce is better than big changes
executed once in a while. This principle should be pratticeh in production units as well

as administrative units. The basic objective of using this principle isystematically
eliminate losses through a detailed and thorough procedure. There are some basic tools for the
implementation of this principle arsbme these tools are; PeXake, WhyWhy analysis and
aKaizen summary sheet.

(6) Quality maintenance: The focus here is to impress the customers by producing defect
free produd. This can be achiedeby ensuringthat thepars of equipment thathe affect

quality of production areonstantly monitaed and maintained to ensutieat output from the
equipment or production line is defect free.

@) Office TPM: The administrative staff commitment is one of k&y enjoying the

benefit of the TPM. Hence the rdhistrative staff must ensuthat administrative functions
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are optimized by reducing inventory carrying cost, administrative cost, procurement cost and
idle time among othersfor improving productivity, waste elimination and reduced
production cost.

(8) Safety and environment: A safe and conducive working environment should be
ensured. This wilhelp toguarantee healthy workforce antkad tozero acciderst This will

invariablity result in anincrease in productivity.

Based on the above pillof TPM that have beediscussed it is obvious that teaccessful
implementation ofTPM in any organization solely depends on the &taff wme$slta n g
embrace the technique amd the managemeats£ommitment to the implementation. The
implementation isisually challengingin some cases due #olong establishedulture ofthe

division of labour e.gmaintenance practitioners solely responsible for maintenance of plant
asses and operators solely responsible for the operation of the sasBeis approach
sometimes brings about rancor among maintenance personnel and operators thereby reducing
overall productiviy. However if this age long negative attituge broken and TPMs
successfully implementethen the benefits associated with TPM such as wastactemh,

downtime minimization, and improdeutput quality will be appreciated by the organization.

The major difference betweeTPM and the trditional preventive maintenancgpproach
which originated irthe US is that in the TPM approach the total argatiors workforce is
involved in the maintenance of an asset i.e. the operators etimirthe asset is im good
condition ona day to day basis byputinelycarrying out some basic maintenangetbe asset
so that the maintenance personnel can coraienbn theless frequentore maintenance
aspecs, while for the traditional PM technique the maintenance of sgsdimited to the

maintenance personnel.

2.3.3 Reliability Centered Maintenance (RCM)

2331 RCM overview

Moubrayde¢fLo®mad aRPM oxes®E used to ded eems uree wh
t hat any pdogrstsicrad & aisre eotoahefr ul f i | its intended
present operoatFrnogm ctohnitse xdef i ni ti oensratt ams tohbev i
system hagdaiwvthmeet he system function. dWaihnt enan

chall enges with respect to maintaining their
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i n selecting the mostr atoeg yeparciha teeq umagimetne n af
i nopiitizing thefaiilskkr @fmadaeanp omfentthe system,
most cost effective approach and difficulty
oft hese chmél addesssed -Wwgr k hen REMs ysaeamatic
Moubraycétt®egapgically stated that t ooloenai nt
successfungatnh pmretsieatvhah &KCHMystem

The develtohRtavntt eccthni que can be traced to
Mai ntenance Steering Groups (MSG) formed w
met hodol ogy whi ch was rreefpeorrrteedd tion ashrhMEGIld ol
released sil®968hel9e@ar and (OAMi8IOI ome sPrx@2 vetkt ki
eveldv into classisiahc&®CbMeaeavhhi embthacsed by all

manufacturing to the marine sectors and has

The first step tdhe succasfull implementation of the RCM technique is to ask seven basic
guestions about the asgbgtthe methodology is intended to be applied dhese seven
guestions are as follow8vioubray, 199):

(1) What are the intended functions and performance stasdatte asset or machinery

in its current operating situation?

(2) How does it fail to fulfil these intended functions?

(3)  What are the causes of each failure?

(4)  What are the corresponding consequences?

(5) In what way does each failure matter?

(6)  What task should be perfoed in ordetto avert each failure?

(7)  What should be done if no preventive task is fotmdeapplicable?

2.3.3.2 RCM anal ysis steps

The basic stepsf the RCM analysis are reviewexs follows (Rausand and Vatn, 1998
Dhillon, 2002 Selvik and Aven, 2001

(1) Preparatory stage: RCM is generally perfedhy a team anchas sich, the first step in the
RCM analysis is to set up the RCM team. The team should consist of experts with adequate
knowledge of the system to be inveatied. Generally the teashould have a minimum of

one persoreach from the maintenaneadthe operatonal unis. The team should aldwave a
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member witha vast knowledg of the RCM methodology and whamuwd serve as the
facilitator. The RCMteam have the responsibility fdetermining; the scope tte study, the
level of the assembly to be investigateide( plant, system, sudystem) andhe equipment or
asset to be investigated. &halso have the responsibility, among othefglata gatheng for

the analysis

(2) Maintenance significant items (MSI) identification: FMEA is generally applied Imere i
determining the maintenance significant items. FMEA metloggois discussed in detail in
Section 24.2.4 below. These items are then used to populate tihé &&ision diagram in
order to determine the most appropriate maintenance task. For a very gystpla MSI can
easily be identified without resorting to any specialiteols. For the norMSI items, the
items are generally lawed to fail before repair or replacement can be implemehtedever

for the MSI items preventive maintenance tagake usuby more appropriate but in some
casegheyare alowed to fail before repair or replacement activities are perforanedthese
aredependeant on MSI itemsfailure characteristicghe impact of the failure and maintenance

coss.

(3) Maintenance strategy classificatiohhe maintenance strategy for addressing crucial
failure modes of the critical componemf an asset have been classifiedlifferent ways.
Rausand an dcondideedvive(distidcd @aintenance strategies nanwgtinuous
predictive maintenance, scheduled predictive maintenance, scheduldédubyveicheduled
replacement and scheduled function testing for preventing or mitigdimgffects of
failures. Dhillon (2002) presented the following four maintenance strategpesusein the

RCM methodology; reactive maintenance, preventive maintenance, predictive testing and
inspection and proactive maintenance. Newetss bth the five maintenance stratetypes
considered bRa us and an dandtletfaur maiht&nande) strategiesnsidered by
Dhillon (2002) fall within the three basic main maintenance strategiesorrective

maintenance, preventive maintenance and condition/predictive maintenance.

(4) Maintenance task selection: Here the RCM logic is designed and applied in selexting
appropriatemaintenance tasio the crucial failure mode @ach ofthe critical componentsf

the asset. The RCM logic is expressediatision diagraniorm which, through a series of
YES and NO questian enables the RCM facilitator to arrive aan optimal maintenance

strategy for e particularfailure mode/component in question. Thare variousversionsof
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the decision RCM logitree and a sample is shown ilglre 2.1. However abf the versios

are based on the basic decision criteria of the RCM for selebgmgaintenanceaskwhich

are; cost effectiveness, applicabiliyd failurecharacteristics. The term applicability with
respect to selectinpe maintenance task, means a maintenance preventivehtdsk capable

of mitigating or preventing failure and in the casegfotentiallyhidden failureis capable of
discovering . The term coseffectiveness 9 a decision criterionfor determining the
maintenancdask from different alternatives that tise most cost effective. If there is no
applicabé preventive maintenar task available then the oly alternative is to select Run

Toi Failure. In the case of cost effectiveness; the cost of the applicable preventive
maintenance task to mitigate aepentfailure must be greater than the aggregate cost related
with the falure itself, otherwise RunToi Failure will be more appropriate except wih

safetyrelated ssue or a failure situation wharedesign may be compulsory.

(5) Maintenance planning: Herhe optimal intervas are determined for the preventive
maintenance taskassigned fotthe crucial failure mods of the critial components of the

asset Some of the failure modesre assigned cheduled predictive maintenance asume
scheduled overhauétc. using the RCM lgic. The process of determinitige interval for a
preventive maintenance task, i; @ many instancesvery challenging andin general
mathematical models are applied in obtaining these intervals. However in some cases
mathematical models are not appleetd preventive maintenance task intesvadt optimized

but ar e mai nly deter mi ned based on exper
manufacturersd recommendatitdodmre. trtdipsrioocoeastsh
there i s no Ipsr ofgoersheendéober miomati on of prev

i nt erval

The outcome of stepl to 5 is a mix of diverse preventive maintenancestaskl intervals

and in order to have an efficient maintenance sygiggrammeat a minimum cost for an
entire system the preventive maintenance tasks and intervalypécally grouped. The
grouping may include the naviSl i.e. items that were eliminated in the screening phase (step
2).
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YES -Ca‘-l_'ll'munu:-; predictive
maintenance
Does a failure YES Is continuous
alerting measurable —_» monitoring
indicator exist? feasibla? Scheduled predictive
NO maintenance
NO
L
Increasing failure YES YES Scheduled overhaul
rate? —— Is owverhaul
feasible?
NO NO Scheduled replacement
¥
Is the function YES - Scheduled function
hidden? testing
NO
¥
Run-To-Failure (RTF)

Figure2.1: A sample of RCM logic adapted fro(Rausand and Vatn, 1998

(6) | mpl ement ati om€mmaarmdjeupdiwpirioee deaptéehbde t o h
results of tthheadRERIradmomalmesli &y t hies RdCdk dreiabme da.r e
step sanmcolnugd eot her s; tchte@iMu min@ & tsk 0 8 MReE@NM utl & a m

t ohreanagement , r es ulutnsd edr oucaukn@ehngt nagt iforno ma ntdi me t o
is generally subject to availability of new r
2.3.3.3 RCM application areas and i mprovement

The conventionaRCM has various limitatiors which have limited the effetiveness of the

methodology in addressing maintenance decision making problem. Some dithese t at i ons
ar(@abbar ed) aghle), ptrd®O®8ss i s -tveerrnys doefmatnidmer,g e fn
resources aspgeoaamipdlelxyisdyictteedm d(a2t)a lav @aiplt a miall i t vy
deciseispreciinal it lye ar ea ofgymeail retaenndaomcee) psrttorcaetses

i nvol vemeahnhgionfeemomg factors i n th¥armaiust ena
i mpr o\vwe nneanvte betelme maadmrv gmt i onal RCMmalké hotdol o
more efficient and adaptablseéOnfeanrpr optesneainh e ng
integration of atihnet elleamgpegt gisiiteend (MMREM wi t h
Zhi hong epraposé€d®20®&®)i ntegrated CMMS with the
for storing and supwprndemtgakihR@EMramalnydi sdagiand
key l tlkages to the $tackeond adfat RCMnwanany i nst
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proposredappl ifmati on in a power systéBmnand
(201pdr)esented an enhanced RCM technique by
according ,tohdhdae abulhbhet maichtaemga&rac es ystt reant
dynamiicnald ymamsreer ont brainmgtienngance strategy
criteria data. The maintenance sthreataagy déd
operating coatiandnobhat htéliebbet ¢ aed eetofar e
themsebnesant. CMIME waeyrbébmi cal | tyhmmaa ma ginmg c
strategy selection decision criteria data

mai ntenance strategy selection methodol ogy.

i hhNeat i onal Il rani aintssGlasi Giadrpiasnsy @ Banldslo. p(r200p o ¢
an integMdMSi amdofRCM such that the CMMS dyn
t hRCM anal ysi s data which is then fed dyn

subseqauheanntdey t he mai ntenance staoradeergitee ad$c
the applicability of the techniqgue tfheeedaut
process.

Anot her i mpradcwewreesiuad ¢t bervenRCMnaéchni que W
introducti ons obffindt ehded f €ebgof and Kuimaronf( @600
optimize total S § s tTehoet Mm@ i chht adradh nmeeftetgeasda g e a
which a obtmposgsdyest eom hsaushd t andeonm eqatytaa iermien

system-sgst emb houspiomgent he sca emoved for suk

de fdiétnadl | fleeidibg age a odo nap osnyesritye snt em giulbl at
which it widtt hédbenaxtj ecppdr t undyst etnh eh osuyssitn
component wi. lFrbemrtehbeavsltrtttibgue t adl e repl ace.

saf-eniyti calompamtent er ot awhialiectrlaét sefyst é m
comparatively cheap components t hatenngay eca
Thaut hor conbéudew REBBtappriomactrod eeen it mal |
mai ntenance straéepgyynd or ambt h eCGhreghega eefto pare.n:
proposed an integrmgned hca s ewimtblisR@M r ersloyng i
techmingeterred tIloR@MIAN RCMA .a u tihabres @ eapianitoemnr
to the conventional Computer Aided mRelhioabi
anidt i s alreadyobhEetnay® bRSCaW ainm | pylsddasaer &4 @ | mif loir

equi pment .
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The appbREMt ddickmpr owsemepopucerd t he adas€cbougeed so
f aar e 1 nsotfhenufcileeladd pdweeirl, ardesfswemeadt RCM and
i mproved RCM techniqgues have al Gwmn abceheeny aapnpdl i
Mont gomerpyr op2a0s0e3d) an i ntegratedomlpiamecdh pahes |
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sysseAfter performing the first three steps o
defining funcrtalonsaialnur efsunafd otpeegtf os h®pg whk ME
cat egadrsikseof failure modes. The authors sugge
exampherobk matrifxaitlhiate ndrloadseshirfeiee drii gglks lkc,at ego
medium risk and |l ow risk. &orf olt hewntahgrceerma icnatt
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critraaking for each efnaiulsuerde tnoo dpoeo pwad raetod et he |
ascertain the exatb imai retmpr adyea cthen s & oengpyr
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with damnaddimadelr stpaar et tpsar t Shepeasgatrratpawda s mo-
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the conventional i RGMeamat mas i1 mac bionfetrhgehegui p me

system. |t whatheOMCclt edda i que i s a rel ativel
optimization approach in the maritime indust
operators) will f uslanye ®efhimtid e ds sleawWea ed ¢ roi ¢ enck
the i mplementation of the technique.

Lazaki spr(e2sOelnlt)eachcad &M btaescehdnc gmleianati on of
managerisaf aBpPoédenhdechsi KREM. aThest novel RCM ar
referbgedt heasasuRe@brability and Criticality Ba
essenfce he wvagpsprtommcthavei aneaebhrcei syt shaa vien pl ac
t hreesubt i mprove reliabilityasamidp dowitteme Imn no
achieve ttthhet wadyn otfhe author applied reliabil
Dynami c Faul t Tr efeaiAnuarley sMed e(sDF TR f ect s and

22



(FMEQANfduzzy sien ddmhoirryat i os | winnlgtirit @R S 1aS dierc |
probl enssuc hOoneuiltteir i a detchasti owasprowl eewfai s t
mai ntenance strategy selection pFruozizlQéesl 8hi
met hodol ogy. The applprapos éed ye mlideemmbed aRi@ WM.
with two case siteseéelessygbDiatvamua Sdu pploirg dess el

From t heéi REC€Wsts icoann Dbteh esreee na rteh a rhe fretes aki enytheanta n c
the methesdalopdy;Milg ek assemamenesnam@elgeyct i ol
from diff er,eamt3ngalitnetreannaasnkcveiel ett err vmaAln gtr ie@an de a
wor k behaes carried aunprwivi mgr ¢ $RE Wt d ghteii neinzciyn
t hdshe ee c am@Ensaot mtgi ansusoetisi a lmiplr o, g onw et lreea r e

remains scope for Iflurtthhreere iammprecvMesment i n a

2.4 Risk assessment

The American Bureau of Shipping (2000¢fined risk as thproduct of the probability of the
occurrence ofa failure and consequence of thailire. Mathematicallythis is simply

expressed as:

Risk =failure probabilityx consequencef the failure (2.5)

While risk assessmenaccording toCross and Ballesio (20Q3)s defined asbeing a
systematic method that combeiverse aspects of design and operation in assessing risk.
Arendt (1990)described risk assessmest activities involving hazaidentification, chances

of the occurrence of failure estimation and the consequences of the failure estimation.

With the advent of rislbased inspection ansaintenance in the 1990s in conjuctiwvith
reliability maintenancerisk assessment has gadtpopularity in the maintenance world and it

is worth noting that risk assessment dkearly the most critical phase of ridkased
maintenance since maintenance decsionbe taken will be baseoh the assesselével of

risk (Arunraj and Maiti, 200). Risk assessment is also a very important aspect of Reliability
Centred Maintenance (RCM) though RCM is maimigndedfor preserving the reliability of

plant equipmenand systems. The risk assessment in the RCM process involves assessing the

risk of failure of equipment items and based on the assessedrriakpropriate maintenance
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strategy will be recommendedowever theacceptable level of risk must be defined flags

through a retrospective study of earlier successful items etc.

Some of the factors that affect the qualitytloé output fromarisk analysis are; data sources,
human factas, method and too$ for performing the analysigiself, and the ability and

experiencef the analyst.

24.1 Risk assessment approaches

In assessinghe level ofrisk of an asset the risk analyst has thé&oopof selecting from
amongthree different risk assessment approachesiargeneral the choice depesdn the
availability of data for performing the analysis. The three different risk assessment approaches
are qualitative, serrqualitative and quantitativg&han et al., 201

2411 Qualitative technique

In this approachisk is measured based on subjective judgement. As stated,alsbvis the
product ofthe probability of failure occurring and ¢hsubsequent conseques®f the failure

and these parameteshould be determined using subjective judgement. In describingefailur
consequencegerms such as minor, major, critical and catastrophic are utilised thgle
probability of failure occurring is expressed using terms such as improbable, remote,
occasional, probable and frequéAmerican Bureau of Shippin@003. Since the means of
assessment amubjective,it follows thatthe mitigation measureshosenfor risk reduction

will also be subjectie. Qualitative risk assessmeate generally applied when thereaaiack

of quantitative data in terms ofieasirablequality and quantity. The technicuare usually

ided for systems where risk is relatively small and well kndwm experience

24.1.2 Quantitative technique

The use of this technique greatly depead the availability of quantitative da(&arter et al.,
2003. As opposed to the subjective judgement usedegualitative technique, judgement is
based on using probability analysis to determine numerical valuethdqurobability of
failure occurrence and the consequences of failklen et al., 2012 Some of the tools
available for quantitative risk analysis are; Fault Treenalyss (FTA) and Event Tree
Analysis (ETA).

24



24.1.3 Semiuantitative technique

In this approach the estimated numerical valnesessary for the probability of failure
calculationsand the corresponding consequermfefsilure are based on expejpinions using
available data from similar plaa{Khan et al., 2012 With this assessment methodolog
scores are assignebdased on expert judgemertb each of thevariables that affect the
probability of failure and the corresponding consequeacesheseare summed um order

to give an estimate of the probability of failure asfdts consequencedhan et al., 201R

This technique can supplement traditional tools such as FMa&ard Operability Analysis
(HAZOP) and others tools used for quantitative techniques such as FTA and ETA
(Hauptmanns, 2004

2.4.2 Risk assessment methods and tools

An analyst has the option of choosing from a variety of tools for performing risk analysis in
each of thethree major phases of risk assessment; dagentification, risk estimationnd

risk evaluation. Some d@he commonly used tools/methods will be discussethe following

text with emphasis on the tools that will sebsequentlysed in this research. It should be
notedthat one of th&keys tosuccessful risk assessmdiess in the ability of the analyst to
choose the right method or combination of meth@mtsa particular problenm{American
Bureau of Shipping, 2000

24.2.1 ChecRkhhabweschni que

A checklist is simply a list of questions about the plant system operation, maintegi@nce

and the essence is systematicallycheck if functionalneed andequirements are fulfilled.

They are usually prepar erte, todes ad standaaployed ¢ o my
and arehe simplest method for risk identificatigkihan and Abbasi, 1998The list indicates

items of conformance and netonformance and for the n@onformanceitems carefully
preparedrecommendatianare made in terms of correcting whateitems are found to be

wrong or faulty.Khan and Abbasi (1998)lentified some of the limitations dhe checklist
approach which include

(1) It takes a long time to develop a checklist and the result does nduljiviesightinto

the system. The status of each analysimiare in théormo f 0 YeeMN)Xd or
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(2)  The quality of the result is a function of the ability and the experience of the analyst
who compiled the checklisindinterpreted the result
(3) It cannot identify a hazard that has to do with systemapesation such as leaks or

excessive heat generation nor can it tell the severity of operating conditions.

2.4.2.2 Hazard OperabBAEZOQOPY Anal ysis (

HAZOP is a risk malysis and assessment tabbht was developed by British Imperial
Chemical Engineering in the 196(han et al., 2012 The basic principle of a HAZOP study
is that once there @ deviation from standardperating conditions of a system the result is a
potentialhazard(Khan and Abbasi, 19980ncea deviation has been identifi€detected}he
next step is to find out the causkthe deviatio and rank theorresponding levedf risk in

the system. Lastly steps will be taken to mitigate the effethefisk on the systeniZhao,
2008.

According tokhan and Abbasi (1998JAZOP has some limitations. These include:

(1)  Just likea checklist the quality of the reswdnhd actionsvill depend orthe ability and
experience of the analysis teamolved

(2)  The method assumes that the equipment has been built in accordance with appropriate
codes and standards; this is not always the case as there can be faultyasheSigtallations

as well.

Despite these limitations it is still one of the most comrobmools that is usedused for
hazard identification and risk assessment in the chemical processing indingry,
manufacturing industry arttie power industry. In spitef its popularity in allof these sectors
only one application of HAZOP ithe area oEhip risk assessment has been reportatian
literature(Zhan et al., 2012

2423 Faut eAenal ysi s

Geoff (1996)d ef i ned dAfault tree as a method by whic
mode can be expressed in terms of component failure modes and operator actions. The system
failure mode to be considered tsrmed the top event and the fault tree is developed in
branches below this event showing its causeso
The informationthat is fed into the fault tree will determine whether the approach is

guantitative or qualitative. Quantitative analysis is used ibtwirrence or failure probability
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of the top event is calculated basedtl@estimated or measured occurrence probability of
each basic everfXing and Amari, 2008 The qualitative fault treeon the other handnly
gives a description of the combination of the basic events cptisgpotentialproblem of
interest (American Bureau of Shipping, 2000The qualitative techniquethus cannot
quantify orestimatethe level ofrisk but could help in identifyingotential hazardsand their
significance(Halme and Aikala, 2012 The fault tree analysis technique is most suited for
analysing top events (system failures) resulting from relativelgpéex combinations of

componenfailures(American Bureau of Shipping, 2000

Just like every other risk analysis tool it has some limitations accordiihém et al., 201p
which include:

(1) The assumption in the quantitative technidgiéhat the likelihood of basic events is
precisely known which is not true because the data colientizde is characterised by a high
degreeof uncertainty.

(2)  The assumption that component failures or basic efalures are independemns
absolutely untrue in real lifgystems.

These two assumptions will translate to having an inaccuratéexisk analysis assessment
thereby resulting irpotentiallywrong maintenance decisions for the particular failure mode

under consideration

2424 FMEA

Siddiqui and BerDaya (2009)d ef i ned Failure Mode and Eff ¢
systematic failure analysis technique that is used to identify the failure modes, their causes
and consequently their fallouts on the sysH|
the FMEA methalology dates back to 1949 and the United States Army and in the it970s

was embraced bythe automotive aerospaceand manufacturing industriegScipioni et al.,

2002). TodayFMEA is a commonly used risk assessment tool in the productidraafware

such asmechanical and electronic compone(gipioni et al., 200Ai The i ntr oduc
FMEA to oni board ship operations can be considered as a step in amewdit aiccording

to Cicek and Celik (2013)When FMEA is combined with criticality analysis (CA) it is
referred to as Failure Modeffect andCriticality Analysis (FMECA) and itessence is to

rank the impact of eacbf the failure modes for the various components that make up the
entire systenfHeadquarters Department of the Army, 208&chdeva et al., 200Pa

According toBen-Daya (2009FMEA basically perfams three functions. These are:
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(1) To identify and recognize potential failuresluing their causes areffects.
(2)  To evaluate and prioritize identified failure modes
(3) To identify and suggest actisrto either eliminate or reduce the chance of the

potential failures from occurring.

The technique can be applied to any vddfined system but is bes$ suited for the risk
assessment of mechanical and electrical systems (e.g. fire suppressiors, Sysipaoision
systens) and the approach can either be mjiiative or qualitative (American Bureau of
Shipping, 2000 Headquarters Department of the Army, 2D0Bhe availability or non
availability of failure data will determine to a large extent the apprdhah is used in
carying out FMEA risk assessmenf quantitative apmach is used when variables such as
failure rate &), failure mode ratios(), failure effect probability f§ ) and its operating time
(t) are known and are used to genethtecriticality number CN) which canthenbe used to
rankith failure mode (Headquarters Department of the Army, 20Bfaglia, 2000. This can

be represented mathematically as:

CNi = Ux bi xaxt (2.6)

In applying the qualitative method each failure mode is rated or ranked by developing a risk
priority number (RPN) which is computed bywiltiplying the severity ratingS) by both the
occurrence probabilitfO) and the detection ratin@):

RPN = SxO x D (2.7)

Qualitativeterms are used to determine these three parameseralyon a numerical scale
of 1 to 10 having been determinlkedsed orcollectiveexpert omion (Sachdeva et al., 2009b
Siddiqui and BefDaya, 2009Ling et al., 2012Kahrobaee and Asgarpg 2011 Zammori
and Gabbrielli, 2012Braglia, 2000. Tables 2.1 to 2.3 show the qualitative scaldisat are

commonly used fooccurrence ranking, severity ranking and detection ranking.
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Table2.1: Occurrence rankingopied from(Headquarters Department of the Army, 2006
Fanking | Occurrence Comment

1 1/10.000 Femote probability of occurrence; unreasonable to expect failure
to occur

2 1/5.000 Very low failure rate. Similar to past design that has, had low
failure rates for given volume/loads

3 1/2.000 Low failure rate based on similar design for given volume/loads

4 1/1000 Occasional failure rate. Similar to past design that has had similar

failure rates for given volume/loads.

5 1/500 Moderate failure rate. Similar to past design having moderate

failure rates for given volume/loads

6 1/200 Moderate to high failure rate. Similar to past design having

moderate failure rates for given volume/loads.

7 1/100 High failure rate. Similar to past design having frequent failures

that caused problems

8 1/50 High failure rate. Similar to past design having frequent failures

that caused problems

9 1/20 Very high failure rate. Almost certain to caused problems

10 110+ Very high failure rate. Almost certain to cause problem
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Table2.2: Severity rankingcopied from(Headquarters Department of the Army, 2D06

Eanking | Severity Comment

1 MNone MNo reason to expect failure to have any effect on Safety, Health,
Environment or Mission

2 Very low Minor disruption to facility function. Repair to failure can be
accomplished during trouble call

3 Low Minor dismuption to facility. Repair to failure may be longer than
trouble call but does not delay mission.

4 Low Moderate disruption to facility. Some portion of Mission may

Moderate need to be reworked or process delaved

5 Moderate Moderate distuption to facility. 100% of Mission may need to be
reworked

6 Moderate Moderate disruption to facility function. Some portion of mission

high 1z lost. Moderate delay in restoring function.

7 High High disruption to facility function. Some portion of mission is
lost. Significant delav in restoring function

8 Very high High disruption to facility function. All of mission is lost
Significant delay in restoring function.

9 Hazard Potential Safety, Health or Environmental issue. Failure wwill
occur without waming

10 Hazard Potential Safety, Health or Environmental issue. Failure wwill
occur without warning

Table2.3 Detection rankingcopied from(Headquarters Department of the Army, 2D06

Ranking | Detection Comment

1 Almost Current control(s) almost certain to detect failure mode
Certain

2 Wery high Wery high likelihood current control(s) will detect failure mode
High High likelihood current control(s) will detect failure mode

4 Moderately Moderately high likelihood current control(s) will detect failure
High mode

5 Moderate Moderate likelihood current control(s) will detect failure mode

o] Low Low likelihood current control(s) will detect failure mode

7 Verv low Verv low likelihood current control(s) will detect failure mode

g Remote Remote likelihood current control(s) will detect failure mode

9 Verv Remote | Verv remote likelihood current control(s) will detect failure mode

10 Almost No know control(s) available to detect failure mode
Impossible
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FMEA is generally the preferred tool for reliability and risk assessrsiemties probably
because it can easily be understood gulied (Braglia, 2000. Some ther reasons why it is
frequentlyemployed according tdBen-Daya (2009)are that it can:

(1) Help to reduce tle chances o catastrophic failure that can result in injuries and/or
have aradverse effect on the environment.

(2)  Optimize maintenance efforts by suggesting applicable and effective preventive

maintenance taskor potential failure modes.

Despite thepopularity of FMEA, it has serious flawdowles, 2003 For example a
particular failure mode might hawehigh severity rankinga high occurrence andvery low
detection rankig, because it can easily be detecéd which may result irhavinga low
overall risk ranking i.e RPNLing et al., 2012 The result may be that the analyst
recommends preventive maintenance instead of preditiaretenancer requiringredesign
because of the misleading RPN. Some authors have suggested the removal of the detectability
element from the RPNalculation(Bowles, 2003Fleming and Wallace, 198Bowles, 1993

as a solution to thipotentialproblem. Conversely some authors are of the opinion that the
three attributes are equally important ahds as such the detection attribute shont@d be
removed(Narayanagounder and Gurusami, 20@her limitations of FMEA are:

(1)  The technique takes into accoumtly three attributes in rating risk whereaeteare
other important factors such asonomic cost, production loss, environmental impact etc.
which are not taken into consideratifBraglia, 2000 Sachdeva et al., 2009Bammori and
Gabbrielli, 2012Liu et al., 201}

(2)  Different combinations athree attributesan yield the same RPN number but the risk
level maybe totally different(Sachdeva et al., 20096 ut | u and EKk mlduket i o Y|
al., 2012 Sharma and Sharma, 2012

(3) It requires the services of very experienced and well trained tébemg and Ho,
1996.

4) The RPNformulais questionable and debatalfleu et al., 2012 Liu et al., 2011
Kutl u and EKk pGeum et a., 201IChin epad., 2@

FMEA is, howevera key component of the Reliabilityentered Maintenance methodgpyo

and ABS specifically requirdhe bottomup RMEA approach when performirl@CM analyses
(Conachey, 205).

31



The traditional FMEA has some limitations just like every other risk assessment tool however
many alternativevariations andnethodshave beeradvocatedn the literaturein orderto
overcomeor minimise some of these challengeSouza and Alvares, 20p&pplied the
traditional FMEA in conjunction witlrault Tree AnalysisKTA) as a risk assessment tool for

the application of Reliability Centred Maintenance. The methodology was used to study and
analyse the failure mode of a hydraulic Kaplan turbaofea hydroelectric plant The
comparative study shadthat the twaools can complement each otlier the executon of

an effective predictive maintenance plan on the basis thatFMEA analysis provided the
informationrequiredfor the FTA basic eventlowever when the results tierisk analyse

of the FTA andthe FMEA werecompared some of the itertisatthe FTAidentified asbeing
critical wereshown to benon-critical in the FMEA and vice versa. The discrepan@sw
considerableand this could be attributed to the author ushreresults of onlythe probability

of failures ofthe basic event in the FTA in compag the results ofthe FMEA instead of

using the probability of failures multiplied by the consequenceof failures Other
improvemend in literature to the classical FMEAnd limitations that prompteithe need to

develop new tools for prioritising risk of failure modes are discussed in Ch&pad 4.

2.5 Maintenance strategy selection

One of the main challenges of maintenance management is the selection of the appropriate
maintenance strategy faach equipment item in the system because not all maintenance
strategies are applicable and cost effective for different components. Hence choosing the right
maintenance strategy for the system will help maintain a balance between the system
availability and cost of performing the maintenance. However when choosing the type of
maintenance strategy for a ship machinery system or other complex related ship systems,
several conflicting decision criteria must be taken into consideration such as costityeliabil
availability and safety. These make mair#ece strategy selectiomnalysis critical and
complex and the investigation fundamental and justifiéBkvilacqua and Braglja2000Q.

Despite thesignificanceof the subjectonly a few studies have dealvith maintainance

selectionpolicy problem(Bertolini and Bevilacqua, 2006

Therearedifferent maintenancstrategesthat can be useidr mitigating the different failure
modes of a marine machinery syste@enerally therarethree types of maintenance strategy

that areavailable for maintenance practitioners to choose from. The three maintenance
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strategies rad a review of the methods utilised ftire selection of the optimum strategy for

each of thdifferent component/failure modes of the system are discuresed

2.5.1 Maintenance strategies

According toPintelon et al. (2006a maintenance strategy is generally viewed from the
perspective of maintenance policies such as breakdownenamte, preventive maintenance
and predictive maintenanceand sometimes RCM or TPMt is worth noting that the
maintenance strategy mne ofthe most influential factomffecting the effectivenessf a
maintenance syster{Stanojevic et al., 20Q0Stanojevic et al.,, 20Q4and the process of
estimatingthe optimal combinationof maintenance strategies for different playstem
equipmenttemsis a very hard and complex task as the maintenance programcomsine
both technical andmaragement requirements(Sachdeva et al., 2009iBertolini and
Bevilacqua, 2006Bevilacqua et al., 2000 The selections usually require a vastount of
information relating to the following decision criteria(Bertolini and Bevilacqua, 2006
manpower utilizationcost and budget constraints, safety fagt@nvironment factors and

Mean Time Between Failure (MTBF) for each piece of equipment.

2511 Ru-h&ail ur e

The rationale of the run-to-failure managemenapproachis simple andstraightforward.
When amachineryequipment itenfails it is fixed. That is to say equipment is allowed to falil
beforeany maintenancédrepair or replacement$ carried ouand as suchresources are not
deployed until equipment bremkdown. It is, in fact a nomaintenance approach to
maintenancenanagemenof an asseénd it isgenerallythe least cost effectiviechniqueof
maintenance management, since th@ntenance costs are higher goldnt availability is
lower. In factmaintenance costnalysisrevealedthat repair carried ouh reactive mode is
nearlythree imes higher in cost than thedrried out in preventative mo@obley, 200}

This type of maintenance is usua#lifective for norcritical and low cost components and
equipmenin a systen(Pride, 2008 For the plant manager to know that a component is non
critical, criticality analysis is carried out grishsed on the resulin appropriate maintenance

strategy is recommended fibre plant equipment.

33



2512 Preventive Maintenance

Preventive maintenance is defined as maintenance age@formel on plant systemat a

definite intervalwith the aimof preventhg wear andunctional degradation, extendintpe

useful life and mitigating the risk of catastrophic fail(@eillivan et al., 2004and it concerns

itself with such activities as theplacement and renewal of components, inspections, testing

and checking of working parts during their operatfBbrahimipour et al., 2035In utilising

this approachor maintenance management, equipment repairs or replacement are performed

at pre-establishedntervals. Thdength of theintervals isusually based oerquipment item3

industrial averagéife such asMean Time Between FailuredTBF). However somelant
managersr el y on machine or component manufactur

preventivemaintenance actities.

For the shipping industrythe IMO in 1993 set the foundatisrfor preventive maintenance
implementation by releasing the International Safety Management (ISM) code (IMO 1993).
Chapter 10 ofthe ISM codeclearly states the procedure and the dutiethe shipping
industry for preventive maintenance implementation in such a way that international

regulatiors are adhered to strictly.

The majormerit of PM is its ability to increase the averagjge of equipmentitemsandto

reduce the risk of catastrophic failuf®ullivan et al., 2004 However despite the numerous
benefits of PM, the major limitation is that itoften results in unnecessary repar
replacement Another limitation is the difficulty in evaluatingthe optimuminterval of
performing the maintenance taagthis may take years of data collection and anal@ien,

1997).

The time based preventive mananceapproactcan further be dided into twocategoriess
follows:

Q) Scheduled overhaué maintenance approach where equipment overhaul or repair is
carried out ora specified interval basis. This policy is suited to equipment or machinery with
identifiable age when failure rate function rapidly increases and lalgmentsof the
equipment or machine must survive to that age and also where reworking can restore the
machine to an acceptabdperationalcondition(Rausand, 1998

(2) Scheduled replacement: This refers to maintenance techniques in which equipment or

a unit of it is replaced oa scheduled basis. This is usually ideal when equipment or machines
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are exposedto critical failure; large units of the equipment or machines must survie¢ to
least thereplacement time anthe failure type must be of major economic consequences
(Rausand, 1998

25.1.3 Condition Based Maintenance

This refers to the maintenance approach in which the condition of an itgreca of
equipment is monitoredn order to detectpotential failureand recommend appropriate
corrective actionThe CBM aregenerallyof two types; the continuoust-condition task and
the scheduled enondition taskRausand and Vatn, 1998 he continuous coondition task
which is referred to as online condition based mainten@@®CBM) in Chapter 5is the
approach where the condition of an equipmgem is monitoreduninterruptedlyusing
diagnostics deviceShe major disadvantage of this type of approach is thatekpensive
(Jardine et al., 2006The scheduled enondition tasks referredto as offline condition based
maintenanc§ OFCBM) in Chapter 5is an inspection performedn an equipment item at
regular intervalwith the aim of detecting potential failu(®ausand and Vatn,998). The
check carried oubn equipment iterais performed by maintenance practitioners or operators
with or without the use of diagnostic toolBhis approachs effective and yet more cost
effective than the continuous -@ondition taskand as such aore attractive to most industries
and themaritime industry inclusiveHowever the major challenge of the scheduled on
condition taskis the problem of determiring the appropriate interval for performing

inspectiontask(Jardine et al., 2006

In designing a condition monitoring progrdor ship machinery systemgeneral proceduse
to be followed had been put in place by BSI/ISO 17359 (2003). The standard isclude
procedurs for equipment auditing, criticality assessment and overview of the condition

monitoring procedure and the detemation of the maintenance action to be used.

The technique for scheduling maintenance 4askhe major difference between time based
preventive maintenance and condition based maintenance. While the tirdgplmantive
maintenancectivity is scheduled basezh average life evaluated usigstorical data othe
particular piece of equipment the condition based maintenanaetivity is scheduled in

responseto a performance degradation observed frallagnosticdevice reading and/or
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human sensingvhich deviate from standard equipmentperatingconditiors (Noemi and
William, 1994).

25.2 Maintenance strategy selection methods

The use of theMulti-Criteria Decision MakinggMCDM) such assuch asthe Analytical
Hierarchy Process (AHP}Yhe Analytical Network Process (ANP) artie Technique for
Order Preference bgimilarity to an ldeal Solution (TOPSI®) making optimum decision
for when faced with muklcriteria decision problenss becoming popula(Gandhare and
Akarte, 2012 Bevilacqua et al., 20000ne of such mulicriteria decision problem is the
maintenancetgategy selectionThese techniquebave either been applied singly or integrated
with one another othey have beemsedin conjunction with other tools such aszty set
theoryandmathematical programminBevilacqua and Braglia, 20p@ppliedAHP to select
the ideal maintenance strategy for amtegratedgasification and combinedycle plant The
analysis ook into consideration five possible alternatives: prdixe, predictive, condition
based, corrective and opportunistic maintenance. The autha\b$ein conjunction with
Failure Mode Effect and Criticality Analysi&MMECA) principlesin orderto choosehe ideal
maintenance strategy for each anatygem in the plant.Other examples othe application

of AHP for maintenance strategy selection afeiantaphyllai et al. (1997proposed an AHP
technique forthe selection of a maintenance strategy taking into consideration four
maintenance decision criteridystrom and Sdderholm (201@resented a methodology
based on AHP for prioritisingifflierent maintenance actions mailway infrastructure and
Labib et al. (1998)eveloped a moddbased onAHP for optimum maintenance decision

making for an integrated manufacturing system.

Bertolini and Bevilacqua (200@resented an integrated AHP and GoalgRamming (GP)
techniquesuch thatthe best strategies for the maintenance of centrifugal pumps in an oil
refineryis chosenThe modethat wasproposedconsidered decision criteria such as account
budget andnumberof manthour constraintdn comparing three alternative maintenance
strategies (correctivggreventive and predictiye The authors concluded thidie application

of an integrated AHP and GP methodology proved to balale tool for minimization of
maintenance cogBertolini and Bevilacqua, 2006Similar to this approachArunraj and
Maiti (2010) usedAHP anda GP method fothe selection of a maintenance strategy for a

benzene extraction univithin a chemical plantEquipment failurerisk and the cost of
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performingmaintenance were considered as rtflevantdecision criteria. AHP was used to
assign weiglg to the decision criteria by means of pairwise comparison and the GP
considered the agmed weight to rankhe alternativeanaintenance strategies (corrective, time
based, condition based and shutdown maintenance). The main improvement to the work of
Bertolini andBevilacqua (2006yvasthe use othe FusselVesely (FV) importance measure

by the authoren orderto estimate the risk contributisof differentitems ofequipmentZaim

et al. (2012) reportedon the use of a combination of AHP and ANP techniques for selecting
the optimum maintenance strategy farnewspaper printing facilitjocatedin Turkey. From

the comparate study the two techniques yielded almost the same result

The use of integratefuzzy logic and MCDM (such as AHP) for maintenance strategy
selection has also been reported in literatddeNajjar and Alsyouf (2003lused integrated

fuzzy logic and AHP techniques to select the most cost effective maintenance strategy for a
pump stationWang et al. (20073lso proposed fuzzylogic-AHP techniquen orderto select
optimal maintenance strategies for different equipritentisin a manufacturing firm.

The Reliability Centered Maintenance (RCM) technique is also widsdd ({Bevilacqua and
Braglia, 2000 Mohan et al., 2004 iRCM represents a method for preserving functional
integrity andit is designed to minimiseverallmaintenance costsy balancing the higher cost

of corrective maintenance against the cost of preventive mainten@@eker and Kumar,
2000H. RCM has been applied to a greater or lesser ext@nthe maritme industry for
example the usef RCM logic diagramsn orderto select the most appropriate maintenance
strategy for different components of a system from the failure modes persg€cthachg,

2005 American Bureau of Shipping, 2004However the use of RCM is a very time
consuming exercise and generally limited to some specific equipfWédyenbergh and
Pintelon, 2003t Another limitation of the RCM technique in selecting maintenance strategies
is that it does not allow for ranking of maintenance alternatives such that the optimum
solution can easily be selectétis prompéd Lazakis et al. (2012p develop a maintenance
strategy selection methodology based on the integration of fuzzy set #rmebyOPSIS for

the selection of the maintenance strategy fodiesel generatorin a cruise ship. The
maintenance strategy selection mottelt the authors proposed compared three alternative
maintenance strategies (corrective, preventive and predictive maintenance) against eight
decision criteria: maintenance cost, efficiency/effectiveness, system reliability, management

commitment, crew trainingcompany investment, spare parts inventories and operation loss.
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From the analysis, condition based maintenance (CBM) was considered as the optimum
maintenance strategy for the cruise ship diesel generator. However some doubts remain with
regard to the pctical use of the fuzzy approach because of the difficulty in testing and
developing extensive sets of fuzzy rul@mmori and Gabbrielli, 2012Braglia 2000.
Additionally some important decision criteria such as applicability for maintenance strategy
selection especially when dealing with the problem from the system failure modes pesspectiv
were not taken into account lmazakis et al. (2012)In further work Lazakis and Olcer
(2015)aimed to impree the performance of the fuzZyDPSIS methodology by integrating

AHP into it. AHP was introduced to assist in the weighting of the decision criteria. The result
of the enhanced technique yielded preventive maintenance as the optimum maintenance
strategy for the for ship diesel generator.

Goossens and Basten (201)ized AHP in the selection of maintenance stratefpesaval

ship systems. The authors involved three different groups within the industry in the decision
making process namely: the shipbuildeaise owners/operators and the Original Equipment
Manufacturers (OEM). In selecting the optimal maintenanceeglydor the ship system from

three maintenance strategies; corrective, timehased maintenance and condition based
maintenance, three level decision criteria were applied. The first level consisted of two
decision criteria; the second level consistéeight and the third level consisted of 29. From

the analysed results, the maintenance strategy preferred by the shipbuilder, owner/operator
and the OEM is condition based maintenance. However the structuring of the problem made it
computationally intense as it required formation and analysis of numerous pairwise

judgements from experts.

Resobowo et al. (2014)Iso applied AHP in prioritizing the factors that affect military ship
maintenance management. In this cagee factors considered were; cost, availability,
reliability, safety, human resource, operations, types of ship and ship characteristics. These
factors were ranked using planned maintenance, preventive maintenance and routine
maintenance as decision crite According to the authors the result of the analysis revealed
that the most important factor is human resource. The major interest of the authors was to
identify important factors for making maintenance decsamd as such does not completely

addresghe problem of maintenance strategy selection.
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It is obvious that there is a need for a more systematic approach that can easily incorporate
qualitatively and/or quantitatively the maintenance alternatives selection cfdemaarine
system applicatia® On this basis one of the objeses of this research wa® develop an
alternative maintenancstrategy selectiormethod which avoidghe limitations of the

approaches used in literature.

2.6 Maintenance interval determination
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2.6.1 Scheduled replacement interval determination
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variability must be greater than 1 and (2) the costhefreplacementctivity as a resulbf

failure must be greater thahe costof plannedreplacement. It therefore means thata on

the failure parameters of the equipment aethtedcost information are essential in order to

ascertain whether or not thereth® need fora scheduled rept&ament to be carried out. This
informationis also required as an input into the replacement miodefderto determine the

optimum interval for replacement. Once it is asceeditnat scheduled replacement is the

optimum option for performinghe recovey or sustainmenof itemsof equipment, the most
appropriate interval ishen to bedetermined. Fronthe literature two popular models have

been generally applied and $eeare; the Age ReplacemenModel (ARM) andthe Block
ReplacemenmModel (BRM)(Aven and Jensen, 1999

For the ARM, an equipmentem is replace with respect tca predetermined agfp) or at
failure. In this respect if failure ocaubefore the predetermine interval time, replacement is
carried out at failure otherwiseplacement ist the predetermined age. Furthermore if an
equipmentitem is replaced due to failure, theplacemenequipment is assumed be as
good as new andssuch the maintenance practitioner would have to wait for antther
elapsebefore carryingout the nextreplacement. The universal ARM mathematical model
which is generally usedor determiningthe appropriate time interva(t,) for scheduled
replacement is the orteat wasproposed byBarlow and Hunter (196(ndit is represented

as follows:

0 p Yo 0'YoO
0 'QQo

Wh e:r e

0 0 isthe cost function per unit time

Os

is the cost of unitailure replacement

Os

is the cost of unischeduledeplacement

o-

is the giverscheduledeplacement interval and
"Q0 is the probability density function

Y 0 is the Reliability function
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The essence of this age replacement model is to evaluate cost of equipment replacement for
different values ofb @ The value oo with the lowest cost ithenchosen as the optimum
replacement interval. Hence the main purpose of this model is tanis@the cost of

replacement of equipment.

For the block replacement modélbweverequipment/componesiare replaced at constant
time intervas and in the case of failure before the constant time intdraal elapsedhe
equipment/componestre replaed and will be replaced again once #aneconstant time
interval has passedThis type of replacement model can then resamltunnecessary
replacement of equipment/comporentHencethe generallyacceptedperception that the
ARM is more cost effectivehtin the BRM. Mvertheless the BRM cdme applied for less
expensive equipment items whose replacement can be carried augroup. The only
advantage of the BRM oveéhe ARM is that BRM is easier to apply and manage since
replacement is performed at réguintervak as opposg to ARM wherethe maintenance
practitioner would have to considtre time for replacement at failure before knowing the
exact datethat thenext preventative replacement will be performed. The general BRM
mathematical model is ¢hone developed bBarlow and Hunter (1960j)epresented as
follows (Ahmad and Kamaruddin, 20}t2

0O 08 o
00 5 )

Where( 0 is the number of failuregxpected in an interval of 0 . As in the case of
ARM, the main purpose of this model is to obtainggimum replacement intervak the
least cost.

These models (ARM and BRM) and variations have been applied in solving replacement
problems for both single unand multi-unit systens in different industries. Since in this
researclARM hasbeen choseasthe scheduld replacement model, discussion wittspect

to review of existing work irtheliterature in terms of apjation and advancement withcus

onit.
2.6.1.1 ARM and BRM applications and i mproven

Huang et debvel p885pR st andart da sporhwapso &eridw fboyr t

and Hunte (1960) and for ease of uské was organised irthe form oftables and charts.
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Another important feature of the solutjoim addition to organising it in tabless in the
reduction of input parameters by usiagost ratio (ratio o® to 0 ) in place ofthe actual
cost of failure replacement () and cat of preventive replacemend (. The algorithm
developed for the standard solution technique was applieaitmushypothetical examples
orderto demonstrate the applicability of the hatque. In their pape€heng and Tsa(2010)
applied the standard solution for the determination tloé preventive replacement
maintenance interval for a rollingiock componentDas and Acharya (2004resented two
agebased replacement models for preventative replacement efjuipmenttem. The two
preventive replacement polici@scludedconsiderationof the equipment failure delay time
(the time between thegoint of equipment failure initiation andhe pointat which the
equipment eventually failed). In the first mod#le trend othe degradation of the equipment
during the delay time was utilised orderto determine the preventive replacematerval.
Hence for this policy, replacement due to failure or preventaifailure is performed after a
fixed period during its delay time. The second pqliagcording to the authsris an
opportunistic age replacement techniquieeve a failing equpmentitem or componehis
replacedat the nextavailable maintenance opportunity. Finally the authors opined that the
two policiesalthough designed for a single unit systemre capble of addressing a muilti
unit system when there sdifficulty in tracking the whole life of eadndividual equipment
item or componentJiang etal. (2006)investigated the relationship between the preventive
effect produced from alternative replacement intervals emdespondingcost savings. The
preventive replacement modetisat they studiedwere the age andhe block preventive
replacemenmodels. From the resslteasonable cost savings damderived if the system is
replacedwhen it hasreachedsatisfactoryage The authors also opined th#ie often
increasing failure rate of the equipment or companeiaes not necesshyr translate to
representingsatisfactoryage © and this has to be determined
basedon themaintenancegoal.

Ahmad et al. (2011a)tilised the age based modkat wasdeveloped by Hunter and Barlow

in revisingthe preventive replacement interval for a production hiae in theprocessing
industry. The important feature of their approach was the consideration of the covariate effect
on the life of the machine. In the real sense the actual state of the machine was considered in
the determination of the preventive replacement interval of the machiree.aiitihors
compared the revisereplacement interval (inclusion dhe covariate effect) with the

replacement interval (without covariate effect). From the resh#é revisd preventive
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replacement interval and the replacement interval withtbet covariae effect diffeed
considerably. While the revidgroduce a21 dayinterval for replacement dhe production
machine the replacement interval withotltte covariate effect produdea 35 dayinterval for

the replacement of the production machinBahramiG et al. (2000presented a new model
for the preventive replacement of an equipméem or component that is experiencing an
increasing failure rate. The model proposedxisimplified version of the BRMhat was
developed by Hunter and Baw. A case study of an equipmetem whose failure rate
followed a normal distribution was applied to determine the benefits and suitability of the
technique. According to the authptbe results obtained from the model almost perfectly
matched the resul from that of Hunter and Barlow whose approach is more computationally
challenging. They concluded that the proposed model willredhaintenance practitioner to

make more costffective decisioa

2.6.1.2 MCDM tools applicati on tfeorrv ad c hdeedtud renc
based on ARM and BRM

The essence of undertaking preventive maintenance is to reduce the chances of failure of plant
equipment such that plant reliability and availability is optimised. The reliability of a system

is dependent on thelrability of theindividual components/equipment items tlzailectively

make up the system and in order to achieve this aiguitable preventive maintenance and

inspection programeshould be in placDuarte et al., 2006

One of the greatest challengestloé preventive maintenance approachnghe selection of
the optimum interval to perform preventative maintenancest@slequipment itemgDuarte
et al., 200%. Thisis becausgif the intervals arenot properly timedit can result inover
maintenance and waste of resourceandmanhoursdue to premature replacement or repair
of equipment items oan even wase casescenariojn that undemmaintenance can result in
catastrophic failure and invariably production loss #relc 0 mp a n y dbeingdamagg. e
This makes the subject of interval selection farpreventive maintenance task important
issueworthy of thorough investigation. There are quite a number of articles publishiegl in
literature which are based a@nsingle criterion for making decisisrfor preventive task
interval selectionAlmeida, 2012 Gopalaswamy et al., 199and yet a number of them are
too abstracbftenrequiring a high level of mathematical and statistical skills thereby limiting
the practicability of their usen real life situatios (Vatn et al., 1996Duarte et al., 2006
Huang et al., 1995 In addition the application of these single criteribasedmethodologies
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is neither reliable nor flexible for effective decision making with respect to interval selection

(Gopalaswamy et al., 1993

However there arsomelimited studiesthat dealwith the use othe MCDM approach to
selecting interval for preventive maintenance tasfGopalaswamy et al., 1998hareonsuk

et al., 1997 but they were applied for land badesystens with no applicatiors reportedor
maritime systens. Cavalcante and De Almeida (200@)esenteca preventive maintenance
decision model based on a combination of PROMETHEE Il and Bayesian technique
considering twodecision criteria; cost and reliabilityn a similar work(Cavalcante et al.,
2010 also proposed ma integrated PROMETHEE based methodologgombinel with
Bayesian technique anth addition accounting for possible undainty in maintenance data.
Chareonsuk et al. (199@lso proposecah PROMETHEE multcriteria decision making
methodology for the selection of preventive maintenance intervae authors appliethe
Huang et al. (1995)assumption that corrective replacement cost and preventive replacement
cost can be in the form @fratio inthe case of aituationwith a lack of data. The cost ratio

was then varied for different assigned alternatimglacementnaintenance intervals in the
expected cost replacement model order to obtain corresponding values of cost and
reliability factors Finally PROMETHEE was applied in rankingternative preventive
maintenance intervals with respect to the evaluated decision ¢nitaneelycost per unit ad
reliability. The authors clse the replacement maintenance interval with the best
PROMETHEE imlex. The PROMETHEE technique used by these aythassthe challenge

of problem structuring thereby making the evaluation procedure complicated when more than
seven decision criterareu sed. Thi s approach wil |l I i mi t
decision criteria for selecting optimum preventive maintenance inserdditionally the
author® approach for weighting decision criteria lackflexibility as it only depends on
subjective rule without balancing it withan objective technique ousing a compromise

between them.

From this literature review it is obvious that marine industries will benefit from the
application of MCDM technique as tools for determination of optimum scheduled
replacement interval However a more systematic MCDM appecbawill be usedin this

research that will avoithe limitations otheapproach applied in the land base systems.
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2.6.2 Inspection interval determination

In the condition based maintenanoeethodologythere are basically two approaches for
monitoring the codition of anitem of equipment or componentoninuous andperiodic.
These two approachese alsaeferedto as online condition based maintenance and offline
condition based maintenance in this researdhare considered in detailchapter 5For the
continuous mnitoring type the condition of equipment isontinuously monitored using
someform of measurement and/diagnostic tools. The challenge of this approach is that it is
quite expensive and on this kmshany maintaance practitionergrefer the periodic
monitoring technique which is more cost effective. However the major difficulty in the
periodic monitoring approach i the timing of the inspection interval of the condition
monitoring activity because of the possibility of failuresccurring between consecutive
inspectiongJardine et al., 2006In the course of monitoring the state of an itdra defect is
found arepair or replacement task is schedud®d if possiblet is executed immediatelyn
orderto prevent the equipment from further deterioration. If ioipas are notarriedout

then slowly developinglefects will go unnotice@nd this canleadto catastrophic system
failure with severe economic loss for the camp. However even if inspecticiasks are
performed, ifthey arenot properly timd thendefects can still occur between successive
intervals. It isthusobvious that the determination of the iomdl inspection interval isentral

to the effective operati@h monitoringof any mechanical system. tonventional practice

the inspection interval is determoheby maintenance practitioners relying merely on
experience and/ or on the equi pme nsfroomtasnuf ac

approactarefar fromoptimal andarealso conservative (Christer et al, 1997)

Inspection taskas an alternative maintenance approfechan equipment item can only be
beneficial if there isa sufficient period between the timkat a potentiatiefect is observed
and the actual time of failure of the equipment. Hence the tiateethpse between point of
failure initiation andthe pointwhen the failure becomes obviousvgal in estimating the
inspection interval.The time that elapse between point P and F is referred tofhatBrval

(Tep) within the RCM frame worlandis illustratedin Figure2.2.
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Figure2.2: P-F interval(Rausand, 1998

In RCM, the P-F interval principle is applied in determining the frequencyhefcondition

monitoring of equipment and it was suggested #mainspection interva[T) be s et at T
Ted2 (Arthur, 2009. The author however stated that anajor challenge of the use offP

approach is that there are usually no data to evaluktenterval Tpp) and in most cases the

evaluation based on experts opiniddoubray (1991)on the other handuggestd fiveways

=1}

of determiningheinspection inteval based on 4 butthe authot o n c | u d ieisleitheh a t :
impossible, impractical or too expensive to try to determisfe iRtervals onan empirical

basi® .

Apart fapopmw dthhaiths i s used i n,dthheeqprppoaehésohatleR

descriinbetdhe | idteetreartmiirnei nfgori 9 s plehaetaij omr 1 t pt eorf v atl
techniques aomsits ofphe mmaa nfi odre cd estiteormanisnpientge ir © © n
i nt eChustet et al. (1997proposed the Delay Time modahd this concept has been
subsequenthapplied by many researchers eithertgoriginal form oras a variant in the

modelling of the problem of inspection interval This approachas surpassedlternative

models developed by other researchers for enhancing inspection intervals under different
situations(Wang et al., 2000The DTM and its application in

progream di scussed next.
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2.6.2.1 I nspection interval determinati on

The delay time concept sdeen employ@ by many authors ithe field of maintenance
engineering in the modelling of inspection intesvgbcarf, 199). The introduction of this
concept can be traced ®hrister (1982) The delay time categsesthe failure process of
machinery ito two phases; the first phase is the tipggiod fromwhen the machinery is new
to the timethat it stars showing sigs of somedegradation. The second phase is the time
period from whent stars showingsomesign of performance degradation to the tiwleen
the machinery eventually fails. The elagpdane betweerwhen the machinery first shew
sigrs of performance degradation andhen it eventually fails is referred to as the delay time.
The DelayTime concept is in agreement withe RF intervalprinciple described within the
framework of the classical RCMHowewer themajor differenceis that eactconceptuses a
different techniquein the evaluation othe time that elapsebetween the pointf failure
initiation andthe pointfailure eventuallyoccur For the delay time conceps proposed by
Christer statisticaldistribution such asa Weibull or anexponential distributions utilised,
while the subjective techniqueapplied in determining 4 interval within the framework of
the classicaRCM. Additionally in the delay time&onceptapproach a difrent mathematical
modelling technique are used in the determinatiorthefoptimal inspection intervalThe
delay time concept iustratedin figure 2.3.

i

h Time

D
W

Figure2.3: TheDelay Time concept

In Figure 2.3 hs represerd the delay time; pf representhetime of the initial machinery
performancesign of degradation andf, representshe timethat the machinery eventually
failed. The most appropriate time to perforanmaintenanceinspectionis within the
machinery delay time and if it is performgaenthe fault will be detected anifl the necessary

preventive maintenance such as repair or replaceofehe machineryis executed failure
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will be averted. However if inspection is not carried i the machinery degradation will

continueuntil failure occus at point f.

The delay time concept had been applied Sgyeral researchers in solving inspection
problens either for a singlaunit system with a sirg failure mode or a muHinit system with
multiple failure modesThe majority of researchexrhave focussedon the milti-unit system

with multiple failure modes. As atedearlierthe concept of dal time was first introduced

by Christer (1982) In the paper the author applied the delay time concept in the development
of a costmodel for building inspection maintenance. The model was utilised in determining
an appropriate inspection maintenance plan for a complex buildinginaglternative
maintenance strategy to the reactive approach. The following assumptions were maee; (1) th
cost function vaed within the delay time period and (B)spection is perfect. In determining

the probability density function of the delay tinaesubjective method was proposed. On that
basis the author suggested that information such as time of failure initiation and delay time of
system parts should be obtained based x p e that isedgin¢ers and inspectors) estinsate

A questionnaire deveped for obtaining information from experts adkjuestions such as:

(1) For how longhas it beersince the fault was first observed (=HLA)?

(2) If repair or replacement is not performed, what durationnoé tcould the fault stay
before partsnayor will eventually fail (=HML)?

The delay timas then evaluated for each fault by= HLA+HML. The distribution forf(hy) is
therefore then obtained by observegufficientnumber offaults or defects.

Christer and Waller (1984applied the delay time concept the development of two
inspection maintenance models for determinthg inspection frequency for a complex
industrial system. Two different models; cost functiand downtime function were
constructed with the assumption that inspection is perfect. The cost function model shows the
relationship between the inspection intey¥gland the cost for performingspection at that
particulartp while the downtime function model shows the relationship betwgeand the
resulting downtime for performingn inspection at that particuldg. The study was further
extended by introducing a model totexafor imperfectinspection. To demonstrate the

applicability of these methodologissmenumerical examples were provided.
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Christer and Wéér (1984b)proposedboth an integrated delay time model and a snapshot
model for determiningn appropria¢ inspection plan for a cannilige plant in a production
companyin order to reduce thgotentialsystem downtime. The integrated modalswsed to

model the downtime consequences of the system for evesgdotion maintenance interval

The data applied in analysing the modelssw bt ai ned subjectively i

estimats through the administering of questionnaires.

Wang (1997) proposed a novel model for estimating delay time distribution from a
combi nati on of smxthp facetofsirsuffignt drg kaak efrrdliability data.
The author also proposed a techni gmodelforor c «
updating the estimate of delay time distribution in a situation where maintenance and
reliability data becomes available. Onetloé mostimportant featureof the approach is the
suggestion of the use of probability estinsatather than point estimaten designinga
questionnaire. The author compared the delay time distribution obtained using point sstimate
with that obtained sing probability estimateusing two case studies. From tlesults ofthe

two case studies it wa®ncluded that the delay time distribution obtained uaipgpbability
estimate presented a better result than the one obtainedaugoigt estimate. In aelated

paper Wang and Jig2007)presented an integrated empirical Bayesian désehniquewith

a delay time model fordeterminingthe inspection interval for an industrial boiler. The
empirical Bayesian model was introddc®r the purpose of utilising both subjective and

objective data in estimating delay time distribution parameters.

Tang et al. (2014postulated that for a paof a system subjeetl to wear objective data
should be applied in estimating parametdrthe delay time model. On this basis they stated
that there isa need for continual functional inspection and repair for such systems so as to
reduce unscheduledbwntime andead to anincreasd recordof maintenane data Taking

into consideratiothe wearing par of asystema model based aime delay time concept was
developed for both pex€t and inperfect inspectian To demonstrate the applicability of their
proposed models two case studies were preseatbthwout preventer core and filter
element both componentsf an oil and gas drillinggystem Failure and maintenance data
obtainedrelevant taboth parts weresed to estimatthedelay time distribution parameters.

The paperseviewedwere studiesthat had beecarried out in the nemaritime sectgrsuch

as manufacturing, building and automobile industries. From the literaturelsomeel work
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has also beemvestigated by researchers with respect to applicatitimealelay time concept
for developing inspection plator maritime systemsRillay et al. (2001ppplied the expected
downtime model based on the delay tioomceptin orderto determine appropriate inspection
periods or intervak for a fishing vessel equipmeitéms The inspection plan was developed
with the aimto reduce vessel downtime as a result of machinery failurecthadtl occur
between discharge ports. To demonstrate the applicability of their apprebahility data
gathered from the winch systeandcomplemented witheper t s6 opi ni thea s,
proposed model. The case study ressitowed that an inspection period of 12 housmsas
appropriate for the system. In a related papélay et al. (2004 utilised boththe expected
downtime functon model andhe expected cost function model based the delay time
concept,in determiningthe optimum inspection period for the fisly vessel. In order to
obtain a compromise inspection periothe expected cost was plotted against expected
downtime consequencedArthur (2005)used the delay time modg&l orderto establish an
inspection interval for condition monitoring of an offshore oil and gas water injection
pumping system. The purpose of introducithg delay time concept was to produce an
alternative inspection plan for the system thats more costeffective than the current
inspection regime ofa one month cycle. Datavas obtained from the Computerised
Maintenance Managementy§em (CMMS) and subpted to screening. From the data
scrutiny, only one failure mode (bearing failure) was dominantbfoith thegearbox andhe
motor while three failure modes (bearing failure, shaft failure and impeller failleed w
dominantfor the pumps of the system. The author validated theeosed datdy comparing

it with published industrial reliability data. The validated data was then usadlimsut into
the delay time modeh orderto obtainthe mean delay time and inspection interf@l each

of the components of the system. The delay time mtdsl wasproposed produckan
inspection interval of 5 months against the current interval of 1 month amitlual cost
saving of £21,000

The approaches reviewed so far for maritime appboasuggested mainly single criteria
being utilised in the determination of inspection interval, however in practical sitsilation
multi-criteria are generally invohekin making such vital decision. These multiple criteria are
in most cases conflicting witbne another and in such scenario, the use of Mrt8ria
decision making tosl for aggregating decision criteria into a single analytical problem

becomes imperative.
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2.7 Summary

In this chapter a thorough literature surwegsconducted with respect toguiding relevant
information pertaining tothe development of mukHcriteria decision making tools for
maintenance of marine machinery systentee chapter introducethaintenance practitiondys
definition of maintenancethe negative implicationof poor maintenance systesntypes of
maintenance strategies and major elements rohintenance system that must be optimised
and methods available for their optimisatidimreemaintenance methodologiéRBM, TPM

and RCM) weraliscussed. Since the major focusthins study is RCM, itwas discussedn

more detailin terms ofanalysis steps, application and improverseatried outby previous
researcherslt was observed that different tools are being used in optimising the different
elements of maintenance systewmthin the framework of RCM The three elements of
maintenance risk assessment, maintenance strategy selection and maintenance interval
determinationwere discussed in detahd for the risk assessmemith a particular focus on
FMEA. For the maintenaie strategy selectionhé three types of maintenance strategies;
corrective maintenance, preventive maintenance and condition based maintenance were
presented. A survey of methods used by previous researchers for the selection of the
appropriate maintenae techniqueswas considered. For the maintenance interval
determination the discussion was centered oscheduled replacemenand scheduled
inspectiontype of maintenance with respect tarcent approachedimitations of these
approacheandthe need fomulti-criteria decision making methods for application for marine
systemsFrom the review it was obvious that the tools utilised within the framework of RCM
for the optimisation of the three main elements of maintenance s/smlimitations and
therewasa need to develop t@rnative approaches that avaidch limitationsOn this basis

alternative techniques abeen developednd reportedh Chapters 3 to 7.
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Chapter 3  Risk Assessmentising enhancedFMEA

3.1 Introduction

One ofthe key elemestof a maintenance system is the assessment of riskadfequipment
item/component of theygem such that the moshportantequipmentitemgcomponentsn

terms of risk criticality are given high priority in allocation of scarce resourBesk
assessment issuallyperformed prior to the selection of the optimal maintenance strategy that
will mitigate the effect of failuresince the optimal strategy to be selected is based on the
assessed riskOne of the most popular tools used for redsessment of marine machinery
systems is Failure Mode and Effect Analysis (FMEA). With this analysis tool, sisk i
represented in the form of a Risk PriorityiNber (RPN) which is computed by multiplying
the severity rating (S) by the occurrence probgb({l©) and the detection rating (D) for all
failure modes of the systems previouslystatedin the literature reviewthe conventional
FMEA has been criticised as having several limitations such as inability to aggregate
imprecise ratings of multiple erps and inability to incorporate more than three risk criteria
(Su et al.,, 2012Braglia, 2000. These challenges have been addressed irchiagterby
developing two novel methodologies for prioritising the risk of failure maafemarine
machinery systems. The first metlology integrates an averaging technique REN of the
conventional FMEA. This approaaiiminates one challenge of the classical FMEA which is
the inability to aggregate imprecise rat;igom experts. Other challenges of the classical
FMEA such as theinability to incorporate more than three decision criteria carir®
addressed with thignethod. Hence a second approach is proposed for maintgenan
practitioners who neei include other decision criteria such as economic fadocompany
reputation m the decision making proesThe second methodtegrates an averagy
technique withTOPSIS While the averaging technique is applied as a means of aggregating
imprecise risk criteria ratings from multiple expeR$N and TOPSI&re used in the ranking

of therisk of failure modes. The applicability and suitability of these methodologies for risk

prioritisation is demonstrated using two case studies.

The chapteris organised as follows: ineStion3.2 FMEA relevance in thenarire industry is

discussed. In &tion 33 the proposed risk prioritisation methodology is described. Section
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3.4 presents théwo case stu@s to demonstrate the applicability and suitability of the

proposed methodologieBinally conclusions are presentedSection3.5.

3.2 FMEA relevance in the marine industry background study and state of art

review

Marine machinery systemsao matter how well designed will not remain safe and reliable if
not properly maintaine{Cicek et al., 2010a How to maintain such complex systems is still

a challenge in the maritime industry. One of the major problems is the selection of the
appropriate maintenance strategy for each piece of equipment/component of the system.
Different key players in the mame industry have adopted various methodologies in
overcoming these challenges. One of the most popular methodologies adopted is Reliability
Centred Maintenance (RCM). RCM represents a method for preserving functional integrity
and is designed to minimismaintenance costs by balancing the higher cost of corrective
maintenance against the cost of preventive mainten@roeker and Kumar, 200pland it

uses decision logic diagrams in es#ing maintenance strategi¢€onachey, 2004A 1 e k s i |
and Stanojevil, 2007

However in deciding on the appropriate maintenance strategy, a thorough risk analysis must
be carried out because the maintenance decision depends on the asses8gfferesit
techniques suchs FMEA Hazard and Operability Analysis (HAZOP) and checklist analysis
are avdable for risk analysis and withithe marine industrythe American Bureau of
Shipping (ABS) requires FMEA to be employiedorioritising risk of failure modes within an

RCM framework(Conachey, 200%Conachey, 2004Conachey and Montgomery, 2003

FMEA is a risk analysis tool which is used to define, identify, and eliminate known and/or
potential failures from the system, design, process, and/or s¢Btarmatis, 2003 It is one

of the most powerful tools for performing risk analysis for marine machinery systems with
valuesassigned to O, S and D by a team of experts usingrdinal scale, an example of
which is shown in Tabl@&.1 The ordinal scales in Tabl&1 were originally generated by
Ford Motor Company(Ford Motor Company, 1998and have since been used by many
authors in assigning values to risk criteria in the prioritisation of failure modes of different
systems such as; marine diesel engine subsystems specifivalfyel oil system and
crankcaséCicek and Celik, 201 icek et al., 2010a aircraft turbine rotor bladg¥ang et

al., 201), diesel engine turbocharggfu et al., 2002 and the cooling subystem in an off
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shore plan{Sankar and Prabhu, 2000The FMEA analysis usually involves a series of steps

which arepresentedn Figure3.1.

As mentioned previouslyhe classical FMEA employed by the marine industry has been
criticised as hving some flaws whichmit the effectiveness of the tool in prioritising risk of
failure nodes Some of the flaws identified in the literature are (1) the inability of the
technique to take into account more than three attributes intgsimagirisk thereby excluding

other important factors such as economic cost, production loss and environmenta(limopact

et al., 201}, (2) the different combinations of the three decision criteria (detection, severity
and occurrence) yielding the same RPN value whereas the perceived risk might be totally
different(Kut | u and Ek jendk(3)iassumnption theécBidnXriteria are of equal
importance These make the classical FMEA that uses RPN in prioritising risk unsuitable
especially in the marine environment and as such a morepajate technique is needed for

the marine world.

The problem of aggregating diverse expertso
uncertain has been investigatedabfewautors in recent year€hin et al. (2009bproposed

an FMEA system/methodology which uses a data envelopment analysis (DEA) technique for
capturing imprecise criteria ratings obtained from multiple experts. The decision maker has to
be familiar with linear programming concepts and software inracdapply this approach for

risk prioritisation. Yang et al.(2011) proposed an FMEAmethod which uses modified
DempsterShafer evidence theory {B) to aggregate éhdifferent opinions of experfsr risk
prioritisation of the failure modes of rotor blades of an aircraft turbine. With this approach the
authors onstructed a Basic Belief Assignment (BBAs) for all failure modes with respect to
risk criteria rating from multiple experts. The BBAs of failumodes from different experts

are then aggregated with a Demps&hmafer combinatin model. However the Yang
methodology is limited to aggregating the same complete distribution criteria rating from
different experts. This situation istractically possibleSu et al. (2012)nodified the BBAs
constructed by Yang in order to deal with a situation when different integer values of risk
criteria are asigned by experts. The Sumethodology is also limited to complete distribution
criteria rating and althah it is an inproved version of th&ang methodology it can only

deal with a situation when integer values assigned by different multiple experts differ
marginally, otherwise the combination of multiple expert criteria ratings will be zero.

Additionally the aggregation techniques are computatlgnalensive and challenging.
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In this chaptersome of the drawbacks in the conventional FMEA technique are addressed
using two approaches for risk prioritisation: an AVeraging technique integrated with
convenional Risk Priority Number (AVRPN), and an AVeraging technique integrated with
TOPSIS (AVTOPSIS). The AVRPN technique is capable of aggregating precise, complete
di stribution data and iIimprecise distributdi
through a novel approach using averages that can easily be understood and executed by
decision makers without resorting to specialised software or having the need to be familiar
with any programming concepts. The result obtained from the AVRPN methodappked

to a complete distribution risk criteria problem, closely matches teegenerated from the

Yang et al. (2011and Su et al. (2012jnodified DempsteShafer evidence theomethod
AVTOPSIS alsautilizes averages in aggregating imprecise data and, in addition to this, the
technique is capable of incorporating as many risk criteria as the decision maker would want a

decision to be based on.

55



Table3.1: Ratings for occurrence (O), severity (S) and Detectability (D) in a marine engine
system adapted fronfYang et al., 2011Pillay and Wang, 20QZicek and Celik, 2013

Occurrence (0)
{ failure rate

Likelihood of non-

Rating  Linguistic term measured in Severity (8) detection (D)

operating days)

10 WVery high >lin2 Engine failure resulting in =~ Very high chance
hazardous effects is almost  control system will not
certain and /or cannot detecta

potential cause and
subsequent failure
mode

9 lin3 Engine failure resulting in
hazardous effects highly
probable

2 Hizgh ling Engine inoperable but zafe  High chance control

zystem will not detecta
potential cause and
subzequent failure
mode

7 1 in 20 Engine performance
severely affected

& Moderate 1in 80 Engine operable and zafe MModerate chance the
but performance degraded  control system will not

detect a potential cause
and subsequent failure
mode

3 1 in 400 Eeduced performance with
gradual performance
degradation

4 1 in 2000 Minor effect on engine
performance

3 Low 1in 15000 Slight effect on engine Low chance the control
performance. Non-vital zystem will not detecta
faults will be noticed most  potential cause and
of the time subzequent failure

mode

2 1 in 130,000 Negligible effect on engine
performance

1 Eemote =1 i 1,500,000 Mo effect Femote chance control

system will not detecta
potential cause and
subsequent failure
mode
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Determine failure mode:

FMEA team of experts iz formed and through
brainstorming or use of root cause analysis and fault
tree analysis (FTA) they determine failure modes of
the system under investization. Systems are usually
divided into sub-systems and/or components

ki
Identify and list causes of each failure mode that
can lead to an effect: Operational streszes and
design defects are some examples of failure causes

L

Identify and list the effects of each failure mode:
Consequences each failure mode has on the

operation or function of components (local effect),
sub-system (intermediate effects) and system (global
effect) are identified and listed

W
List detection methods for each failure mode:
Control mechamizm in place for detecting frilure

before the impact iz realized such az alarm systems
are identified and listed for each failure mode

L

Assign an occurrence rating for each failure
mode:

MNumber of occurrences of each failure mode 1=
estimated using failure data and’ or expert opinions

L

Assign a severity rating for each failure mode:
An evalvation of how zericus the effect of each

failure mode iz on the system.

W
Assign detectability (D) rating for each failure
maode:

Having listed all control mechanizms, detectability
ranking iz assigned for each failure mode using an
ordinal zcale zuch as that given in Table 1

K
Evaluate RPN for each failnre mode:

EPN 1z the means of quantifying the rizk in FMEA
analyzis and is the product of O, 5 and D.

Figure3.1: FMEA methodologyadapted fronfCicek and Celik, 201)3
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3.3 ProposedHybrid Risk Prioioritisation methodology

RPN for quantifying risk in the FMEA system has several flaws as previously explained, such

as the challenge of aggregating imprecise multippex t s6 i nf or mati on. T
address these FMEA challengésp novel methods are proposed for risk prioritisation for
marinemachinerysystens.

(1) AVRPN: AVeraging technique for data aggregation and Risk Priority Number
evaluation

(2) AVTOPSIS:AVeraging technique for data aggregation with TOPSIS.

These are explained in the following sections.

3.3.1 AVRPN: AVeraging technique for data aggregation and Risk Priority Number

evaluation

AVRPN isa combination of aaveraging techniquand the RPNThe averaging technique is
applied in converting x p eimpresise ratinginto precise ratingwhile the RPN is used as

a tool for the ranking of the failure modes.

3311 Averaging technique for data aggregati on:

The averaging technique is a data aggteg method principally designed for aggregating
i mprecise values of individual expertbés crite
are captured as an expectation interval. Teanvalue of the maximum and minimum
boundsof the expectatiomterval isthen used as the input to tbleosenmethodologes such
as RPN, TOPSIS, VIKOR and @ér the ranking othe risk of eaclthefailure mods.
The steps are as follows:
(1) Formation of decision matrixX he values assigned by an expert touf@lmodes against
risk criteriaare used to form a decision matrix (m x n). Where m is the number of failure
modesand n is the number of criteria
Risk criteria rating information obtained from experts is used to form a matrixfaflume
modes with theating value for each of-decision criteria.
(2) Computation of the minimum and maximum risk criteria values
The risk criteria data for producing the decision matrix can take the following(fohnin et
al., 2009

(@) A Precise rating is identified with single confidence of 100%. For example, if

the rating is 5 this can be written as 5:100%.
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(b) A Complete distribution such as 5:80% and 7:20% means that a value of 5 at
80% confidence and 7 at 20% confidence is assigned to a failure mode against a risk
criterion with the confidence summing to 100%.

(c) An incompleteor imprecise distribution sucas 7:30% and 8:60% means a
value of 7 at 30% confidence and 8 at 60% confidence with 10% condiaeissing

The missingl0% confidences usually called local ignorance aoduld be assigned

to any rating between 1 and (®hafer, 1975

The incomplete or imprecise assessment can be represented as an expectation interval whose

minimum and maximum risk criteria values are evaluated as fol{@hm et al., 20090

W w f w 3 p8p T T PN n op
W w 8 w 8 pBp T PN n o]
Where

® is the minimum rating of failure mod@vith respect to risk cterion’Q
@ is the maximum rating of failure mod&vith respect to risk criterioi®
@ and® are the distributiorratings of failure modéQwith respect to risk criteriorQ

assigned by an expert at percentage confidéncend ) respectively.

3. Computationf themeanrating of failure mod&with respect to risk criteri
After determination of the minimum and maximum rating values of failure rixdéh
respect to risk criterioff) the average malye calculated to obtain the mean rating of failure

mode’Qith respect to risk criterioitas follows

e
&

Wheret is the mean rating of failure modvith respect to risk criterioit

The next step is to use the valuefas the input téhe RPN calculationor any other risk of

failure modes ranking tool such as TOPSIS, VIKOR and CP.
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3.3.1.2 Failure mode ranking tool; RPN

The mean rating of failure modé&with respect to risk criteri@are usel as inputs in the

RPN model to evaluate the risk of each failomede as follows:

Where'Y 0 Uis the risk prioity number of the failure mod@

An alternative approach is feed Eq. 8.1) 1 (3.3) separately into the RPN model rather than
feeding only Eqg. 3.3) to obtain maximum, minimum and mean risks of each failure mode.
However when dealing with a complete distribution risk criteria propem @.1) 1 (3.3)
generate theame result as using E®.3) alone. In that case Ed.1) and 8.2) are equal,
since local ignorance will be zer@here data is available from multiple experts, RPN values

from the individuals are averaged to obtain the risk of each failure mode.

3.3.2 AVTOPSIS: AVeraging technique for data aggregation and TOPSIS method

AVTOPSIS is a combination othe averaging technigue and TOPSIEhe averaging
technique is used in aggregating imprecise rating of failure modes from experts while the

TOPSIS is used ithe ranking of risk of failure modes.

The averagingechnique has been described @ct$on 3.3.1.1.

3.3.2.1 Failure mode ranking tool; TOPSI S

TOPSIS is a technique for order preference by similarity to the ideal solution and was first
proposed by Hwang and ¥o in 1981(Hwang and Yoon, 19§1The concept of TOPSIS is

that the best alternative is usually the one which is closest to the ideal solution and farthest
from the negative ideal solutidiYoon and Hwang, 1995In thischapterthe best alternative

is the failure mode that poses the greatest risk to the system under investigationghAlthou
TOPSIS has many advantages, the rating methodology uses precise values and in effect is
incapable of dealing with some real life problems where data may be imprecise or incomplete.

To address these challenges the averaging techniquiatio aggregatiodetailed in $ction
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3.3.1.1hasbeen integrated with TOPSIS for prioritisation of risk in machinery systems. In

this casethe mean values of O, S, and D are used as input data for the TOPSIS methodology.
The TOPSIS methodology steps applied here are@srsin¢ a | i K k an .&lthough . ( 2
the TOPSIS model is capable of incorporating moamtthre risk criteria, the number of risk

criteria were was limited to three hdog an unbiased comparison with the output of AVRPN.

The steps involved in the TOPSIS methodology are as follows:

(1) Formation of decision matrix

Since the problem is one ofealing with imprecise or incomplete risk criteria rating, a
decision matrix is formed using values obtained at the aggregation stage. The decision matrix,
X, may be represented as:

d‘)&s od

(2) Normalization ofthedecision matrix.

Normalization ofthe decision matrixs carried oufs follow

() . . - .
————h"Q piBBad NQ pBIE oD
B ®

Wherei arethe normalised criteria ratings.

(3) Calculation of he weighted normalised decision matrix:
The weighted normalised decisioratnx can be calculated hyultiplying each row of the

normalised decision matrix by the weightof each criterion:

0 Vi F Q pBMI NTQ pB R o
Wherel is the weight of thé&J@criterion.

(4) Computation of the weighbf decisioncriteria:

In the literature many methods are reportéo assigning the weight of risk criteria such as
theentropy method, AHP, ANP et¢¢ | - er and Chadia. 2007t daDDBkan
al., 2013 Liou and Chuang, 2030 For this particular solution to the risk mnitisation

problem the entropy method was apted because of its dynamism and objectivity in
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weighting of risk criteria relative to the decision making procassopposed to AHP and
ANP and other prioweighting methods that assigveight subjectively and independent of
the decision making process. The steps are as folowasl i k kan et al ., 2013

Using the normalised decision mairtke entropy valué of ‘G@criterion is calculatedas

follow:

Q 0 i 11 o)
WhereQ — is a constant wWhO chamgdiamaing eebe On®©mbe
modes.

The objective weight for each risk criteriortli®ngiven by

,—pA odo
"' B p A

(5) Determinaion of the positiveédeal and negativ&leal solutions.
The reference values for risk prioritisation are the positive and negative ideal solutions. The

positive ideal solutionp his the best value of each weighted criterion and the negative ideal

solution,0 , is the worst value of each weighted criterion and are determined as follows:
5 0 R g0 i A O B E6 QO o O

5 0 R gpd i E6 O B Aw QO B p
Where Qs associated with the benefit criteria a0 associated with cost criteria
(6) Determination ofthedistance from positivédeal and negativeleal solutions.

The distance of each failure mode from the posiiileal solution)O hand from the negative

ideal solution)0 hare evaluated, respectively as:
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(7) Computation of the relative closeness of failure m@uehe positive ideal solution

Therelative closenes¥0 of each failure mode to the positive ideal solution is computed as:

O . Lo
Yo — hQ )
0 o) 0 p B h oP T
The'YO value is the risk index of the failure modes. The higher the value the greater the risk

the failure mode poses to the system

(8) Computation of mean risk of failure modes
Finally, where data is available from multiple expei®, values from the individuals are

averaged to obtain the mean risk of each failure mode.

3.4 Case studies

The applicabilityof the proposed ethods for risk prioritisation of failure modes of marine

machinery systemsereinvestigatedvith three case studies.

3.4.1 Casestudyl

To validate the aggregation technique (averaging technique) used in this reseaate
study in the literaturepresentedy Yang et al. (2011and Su et al. (2012was usedThe
authorsused modified DempsteShafer evidence theomn aggregating opinions of three
experts. The methodologies offyang et al. (2011and Su et al. (2012)were designed to
aggregate only complete distribution criteria ratifgse #ction 3.3.1.1 foa description of
complete distribution criteria ratisg In addition to this, their methodologies rely on there

63



being only a marginal difference between the risk criteria ratings from the different experts
otherwise the combination of the ratings will be zero. Therefore, in order to validate the
proposedaveraging techniquend allow comparison of the results, it was implemented using
the data from three experts in Talde as presented itvang et al. (2011pand Su et al.
(2012) The methodological stepsf the AVRPN technique wereapplied in solving the
problem intable 3.2 and the results obtained halveen compared with the results obtained
from the modified Dempsteé8hafer evidence theory technique as showitable 3.3 and
Figure3.2.

Table3.2: Three experts rating of 17 failure mod&ang et al., 2011Su et al., 201p

Rating of risk factor

Failure

modes Expert 1 Expert 2 Expert 3
O S D O S D O S D
1 3:40% 7 2 3:90% 7 2 3:80% 2
4:60% 4:10% 4:20%
2 2 8 4 2 8:70% 4 2 8 4
9:30%
3 1 10 3 1 10 3 1 10 3
4 1 6:80% 3 1 () 3:70% 1 6 3
7:20% 2:30%
5 1 3 2:50% 1 3 1:70% 1 3:60% 1
1:50% 2:30% 2:40%
& 2 6 S 2 () 5 2 6 5
7 1 7 3 1 7 3 1 7 3
8 3 3:60% 1 3 3:80% 1 3 3:80% 1
6:40% 6:20% 7:20%
9 2:90% 10:60% 4 2:75% 10:90% 4 2:80% 10:90% 4
1:10% 9:40% 1:25% 9:10% 1:20% 9:10%
10 1 10 6 1 10 6 1 10 6
11 1 10 5 1 10 5 1 10 5
12 1 10 6:60% 1 10 3:80% 1 10 6:70%2
5:40% 4:20% 5:30%
13 1 10 3:80% 1 10 5 1 10 5
4:20%
14 1 10 6 1 10 6:80% 1 10 6
7:20%
15 2 7:95% 3 2 7 3 2 7 3:70%
6:5% 4:30%
16 2:90% 4 3 2:75% 4 3 2:80% 4 3:80%
1:10% 1:25% 1:20% 2:20%
17 2 5:90% 3 2 3:90% 3 2 3:60% 3
6:10% 6:10% 6:40%
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Table3.3: AVRPN v. D-S methods

Proposed method Yang et al Suetal
Fatlure modes
AVRPN D-S method Modified D-8

1 46.2 42.56 42.56
2 64.8 64 64.05
3 30 30 30
4 17.6 18 17.97
5 3.7 417 3.14
6 60 60 60
7 21 21 21
8 16 15 15
9 71.8 78.92 79.57
10 60 60 60
11 50 50 50
12 537 50 50
13 493 60 50
14 60.7 60 60.04
15 43 4 42 42.09
16 215 2388 23.86
17 312 509 30.05

80 1 u AVRPN

70 - m D-S method

m Modified D-S
60 -
:
30 -
.
1234567 8 91011121314151617
Failure modes

Figure3.2: Comparison of AVRPN with DempstérShafer theorynethod

From Figure 3.2 it can be seen that the results obtained from AVRPNelglasatch those
from Yang et al. (2011)D-S method) ancu et al. (2012)Modified D-S method). For
examplefor failure modes 3, 6, 7, 10 and 11 the same RPN value was obtained from all three

methods and in the cases of failure modes 1, 2, 4, 5, 8, 12 ,14, 15 and 16 the difference in the
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RPN is marginal and results in no change to the ranking of the failudesn®he principal
differences occur with failure modes 9, 13 and 17 although there is a high level of similarity
between AVRPN and the modified DempsHrafer evidence theory method ¢8u et al.,

2012 other than for failure mode 9. The sharp deviation ofFe® methodRPN values for
failure modes 13 and 17 is attributed to incorrectly reported valuesdaog to Su et al.
(2012) It is obvious from the above exampleat the AVRPN approach is simple and robust
but it is also more flexible for real life applications as it is capable of handlingnipt
incomplete distribution risk criteria information but also of dealing with imprecise

distribution risk criteria data.

3.4.2  Case study: Application to the basiegnarine diesel engine

The AVRPN technique waalsoapplied to a case study of a mardiesel engineThe marine
diesel enginavas chosen becausastone of the keynarine machinery systesas it provides
the power for the propulsion of the entire ship system. In additi@marine main engine
accouns for over 45 percent of the total mpensation for fault accident clasof the entire
ship system according to the surveyreat out by a Swiss shipping insurance Company
(Dong et al., 2018 It is then obvious thahe marine diesel enginedsntral to the operation

of not only the machinery systambut ofthe entire ship system powered by this type of
engine.In this case study only the basiarine diesel engine is considereldile in case study

3 the entire marine diesel engine will be considered.

Ten major equipment items of the basic engine were consideckdling main bearing,

piston, cylinderhead and crankshaft. Each equi pment
with the causes of failure and the effects of the failures at two levels (local and global effects)
for the different failure modes. A total of 23 failure modes were examamsedmpleof these

are defined imable3.4 alongwith their causes and effectghile thefull table isin Appendix

Al. The risk criteria (QSand D)values werassigned byhreeexpers for each failure mode
through the use of an ordinal ranking scale, as showiable 3.1 The three experts that
participated in assigning values for criteria reached a consensus and the agreed values are
presented imable 35. The three experts have hoacademic qualifications, with two being

PhD holders, and sea going and marine diesel engine maintenance experience over many

years.

66



Table3.4: Sample of th&MEA for basic engine of a marine diesel engine

crankcase

Basic
engine
Pizston Main Piston Cranleshaft Cylinder Connecting Cranlcase
bearing rod & head rod relief
stuffing valve
FM 17 FME FM9-10 FM11-13 FM 14-15 FM 16 FM I3
Items Failure Failure cause Local effects Global effects
maodes (FM)
— 1 Hele in the Dripping of fuel Eszcape of combustion Feduced engine
piston crown  valve gas into the crankease performance, engine
damape and stoppage
2 Piston ring Lack of lubrication,  Oil smoke from exhaust, Reduced engine
zcuffing liner roundness fault  blow-by performance
3 Cracked ring  Excessive gap 0il smoke from exhaust, PReduced engine
pressufe, worti-out loss of power performance
ring grooves
4 Ring/groove  Liguid fuel Losz of power Reduced engine
side face degrading lubricant performance, engine stop
wWear in ring grooves, solid
residue
5 Pizton ring Insufficient Excessive clearance, fire Feduced engine output,
stuck in clearance during blow stop engine
grooves installation, deposits
—=t S Inoperable Not seated properly Allow air escape into Reduced engine

performance, explosicn
probable

3421 AVRPN AVer agi ng

t anhniygu e

and RPN

The values assigned to failure madggainst decision criteria ihable 3.5 were used as the

input for the AVRPN models to:

(1) Compute minimum and maximum risk criteria values:

In Table 35, for failure model the expert gave two incomplete rating valuesdor i.e.
Occurrence (O) to be 7:30% and 8:60%; precise ratingufori.e. Severity (S) to be 3 andn

67



incompleterating for @ i.e. Detectability (D) to be 4:70%. Since hadan incomplete
rating it was transformed into minimum  and maximunw risk criteria ratings, using

Eq. 3.1) and Eq. 3.2) respectively.

(2) Compute mean risk criteria values:

The mean risk criteriod was computed using Eqg3.8). Following the same process of

evaluation,® and @ were calculated.

(3) Compute the risk (RPN) of the failure mode:

The value of RPN for failure mode 1 was obtained usipgation(3.4) as follows
YOO X®Oot®d pn@u

The evaluated RPN values for the 23 failure modes and their corresponding rank are

presented iTable 35 andFigure 3.3,
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Table3.5: Risk criteria rating, RPN values and rankings

Failure modes _ DSk criteria rating (j) RPN and rank
(1) 0 5 D RPN Rank
7:30% 3 4:70% 101.25 14
! 8-:60%
2 7 6:50% 8 3248 2
3 5 6 5:90% 153 8
4 7 3 3: 80% 7135 18
5 7- 80% 6 5:50% 213.06 5
6 6:83% 6 3:65% 184 08 6
7 8 2:60% 2 54 4 21
g £:90% 7 7-70% 36036 1
0 7 6:70% 8:90% 32214 3
10 10 4-60% 6 276 4
11 9: 70% 2 2 32 23
12 g 3 3 72 19
13 9 2-70%% 2 558 20
14 7 5:90% 3-50% 15351 7
15 8 3:70% 4: 80% 130.72 11
16 9 3 2 54 22
17 8:70% 3:63% 2:70% 88.257 17
18 9: 50% 6 2:90% 105.12 13
19 5 5 4 100 15
20 8 6 2:-70% 1488 9
21 7-70% 3 4:70% 89.1 16
22 7 3:60% 5 140 10
23 7-80% 2 9-90% 121.04 12
6:20% 8:10%
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Figure3.3: Failure modes RPN values and ranking

It is obvious fromFigure 3.3 that failure mode 8 has the highest RPN value with a
corresponding rank of 1, meaning its poses the greatest riis& tzasic marine dsel engine.

On the other handailure mode 11 with the lowest RPN value and a corresponding rank of 23
poses the least risk to the system. One advantage of this methodology lies in its ability to
aggregate imprecise expert rating of risk criteria withpd&maverages that are very easy to
compute unlike the Dempst&hafer theory method, data envelopment techsigqud fuzzy

logic theory approaches that are more computationally intensive.

3422 AVTOPS8hS8Il ysis

In the application of AVTOPSIS to the caseidy of themarine diesel engine, information
obtained from the aggregation stage was used to form the decision matrix shicaiaheid.6.

The decisbn matrix was normalised usingg. (3.6) and then multiplied by the criteria
weights to obtain a weightedormalised matrix. The weighted normalised matrix is also
presented inTable 3.6. Note the weights of each criterion were evaluated using 38), (
(3.8) 1 (3.9). Eq. 3.10) and 8.11) were then utilised to determine the positive ideal and
negative ideasolutiors respectively. FinallyapplyingEqg. (3.12)1 (3.14) thedistance of each
failure mode to the positivieleal solutionO and to the negativigleal solutionO together

with relative closenesy 0of each failure mode to the ideal solutiaere calculated and the
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results areshown inTable3.7. Thefailure modes were then ranked based"61®scores the

ranking order is alsorpsented imable3.7 andFigure 3.4.

Table3.6: Decisionmatrix with weighted normalised decision matrix expert 1 basic engine

Failure modes Decision matrix Weighted normalised decision matrix
O S D (0] S D
1 15 5 45 0.0721 0.0451 0.0625
2 7 5.8 8 0.0673 0.0872 0.1111
3 5 6 51 0.0481 0.0902 0.0709
4 7 3 3.5 0.0673 0.0451 0.0486
5 6.7 6 53 0.0645 0.0902 0.0736
6 5.9 6 5.2 0.0567 0.0902 0.0722
7 8 34 2 0.0770 0.0511 0.0278
8 7.8 7 6.6 0.0751 0.1052 0.0917
9 7 59 78 0.0673 0.0887 0.1084
10 10 4.6 6 0.0962 0.0691 0.0834
11 8 2 2 0.0770 0.0301 0.0278
12 8 3 3 0.0770 0.0451 0.0417
13 9 31 2 0.0866 0.0466 0.0278
14 7 5.1 43 0.0673 0.0767 0.0597
15 8 38 43 0.0770 0.0571 0.0597
16 9 5 2 0.0866 0.0451 0.0278
17 73 39 31 0.0702 0.0586 0.0431
18 73 6 24 0.0702 0.0902 0.0334
19 5 5 4 0.0481 0.0752 0.0536
20 8 6 31 0.0770 0.0902 0.0431
21 6.6 3 45 0.0635 0.0451 0.0625
22 7 4 5 0.0673 0.0601 0.0695
23 6.8 2 89 0.0654 0.0301 0.1237
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Table3.7: Performance index and rank

Failure modes D+ D- RCy Rank
1 0.0891 0.0448 0.3348 15
2 0.0362 0.1028 0.7394 1
3 0.0730 0.0739 0.5032 g
4 0.1004 0.0321 0.2422 21
5 0.0611 0.0773 05584 5
6 0.0666 0.0752 0.5306 7
7 01118 0.0357 0.2422 22
8 0.0383 0.1023 0.7273 3
9 0.0366 0.1015 0.7350 2
10 0.0541 0.0832 0.6061 4
11 0.1234 0.0289 0.1897 23
12 0.1035 0.0354 0.2549 20
13 0.1128 0.0419 0.2707 18
14 0.0757 0.0597 0.4406 10
13 0.0823 0.0508 03819 13
16 0.1136 0.0413 0.2666 19
17 0.0967 0.0392 (0.2885 17
18 0.0952 0.0643 0.4031 12
19 0.0886 0.0529 0.3740 14
20 0.0842 0.0684 0.4481 9
21 0.0918 0.0408 0.3080 16
22 0.0762 0.0549 04186 11
23 0.0812 0.0974 05454 6
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Figure3.4: RC values and rankings of 28ilure modes

From Figire 3.4 it is clear that the second failure mode i.e. failure to lubricate the main
bearing with the highest value af is the best ranked and as such pdkesgreatest risk to

the basic engine of a marine system while failure mode 11 i.e. cracking of the crankshaft has
the lowest value ofYO meaning it is the least critical failure mode of the system. It can also

be observed that failure modes 8 andlough ranked third and second have values

almost the same as that of failure mode 2 and as such the same attention should be given to all
three failure modes. This is the case because the method is subjective and any slight changes

in the input hformation into the modelan make a significant changetb@ rankings.

3423 Compar it sreant tod d s

The failure mode risk ranking generated using the two proposed methods with risk criteria
information obtained fronexpertsis shown inFigure 3.5. From Figure 3.5 it is obvious that

when AVRPN and AVTOPSIS are performed on the same task, the results gemerateot

be the same but axery similar. For example failure modes 3, 5, 10, 11, 17 and 21 were all
given same ranking in both methods. Thean#j of other failure modes had a difference of

1 ranking between the methods.

According toJahan et al. (2010he degree of agreement between MCDM methods is
measured usinthe Spearman rank correlation which evaluatesstime of the squares of the

deviations between the different rankinggéhen the Spearman rank correlation between the
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methods was evaluated a result of 0.9585 was obtained showing that the two methods are
strongly correlated. The implication of this is tiether method can be suitable for use in
prioritisation of marine machinery systems and other engineering systems when dealing with
data that may be imprecise. However when the risk prioritisation problem involves dealing
with more than three risk criterthe AVTOPSIS method should be employed since AVRPN

is limited to three risk criteria.
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Figure3.5: Comparison of risk of failure mode ranking obtained with proposed methods.

3.4.3  Case study: Application to the marine diesel engine

The secondcase study that was used to demonstrate the applicabflithe proposed
methodologies was the basmarine diesel which includedomponerg such asthe piston,
crankshaft and the cam assembly. Thigd case studys not be limited to the basic engine but
includes other subsystens of the marine diesel engine such thg scavage air system,
exhaust gas system, air starting system, main lube oil system and central cooling System
failure modes of the components of treious suksystems othe marine diesel engine were
used tdfurtherillustrate the application of theroposed methodolegs for risk assessment for
use in the marine industryor the whole system,47failure modes wereonsidered for
investigation as presented in Appendix Atbgether with their causes and efedthe same
expers that were used in aggming ratings for the 23 failure modes in case studwe@re also

utilisedin ratingthe 74 failure mode®f this case studyA sample of the assigned ratings is
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shown in Table8.8 while the full &ble is presented in Appendix A2 is worth noting that
consensus was reached among the txpertsin rating of the74 failure modes.

Table3.8: Sample of assigned criteria rating

Failure modes O 5 D

1 7:30% 3 4:70%%
8:60%

2 7 H:50% 8

3 5 6 5:90%

4 T 3 3: 80%

5 7. 80% 6 5:50%

71 3:40% 9:90% 9:60%

12 3 B:85% 9:70%

73 2 9 10

74 2 B:70% 9:70%

3431 AVRPaNnal ysi s

The assigned ratisgagainst the three decision criteria; O, S and D for th&ifure modes

werethen applied as inputth into the AVRPN methodology

Firstly the experassigned imprecise ratingor the 74 failure modes iffable 3.8 were
aggregated using EB.1 to 3.3. The aggregated values were then used as input B4t
evaluate risk of the 74 failure modes and the results are presented in Appendix Aguaed

3.6. From the graphfailure mode 8 is the best ranked failure mode having the highest risk
priority number (RPN). This shows that based as garticular risk rankig methodology
failure mode 8 posethe greatest risk to the marine diesel engine. The least ranked failure
mode is failure mode 70 having the lowest valfi&kBN. Hence failure mode 70 msthe

least threat to the marine diesel engine.
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3432 AVTOPSI S anal ysi s

The assigned riskatings of the 74 failure modeaggregated using E.1 to 3.3 werethen
used to form aecision matrix, a sample of whichpresented iTable3.9and the full matrix

is presented in Appendix ABlext the decision criteria wergrmalisedusing Eq.3.6. The
normalised decision matrix waken multiplied by the decn criteria weight to form the
weighted normalised matrix.In this case study the weight of the decision criteria were
determined using the entropy methotdelled as Eqg.3(6), 3.8) i (3.9). The decision
criteria weightsobtained wereas follows; O =0.843, S = 0.3326 and D = 0.323Ihe
positive ideal and negative ideal solutions were determined &sjn¢.10) and 8.11). The
distance of each failure mode to the posiitkeal solution’O hand negativeideal solution

O htogether withrelative closeness’Y 6hof each failure mode to the ideal solutiore
evaluated using Eq3(2) i1 (3.14). The graphical representation of the result of the relative
closeness of each failure netb the ideal solutioand the corresponding ranking of thé
failure modes are shown ingere 3.7.
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Table3.9: Sample of decision matrix

Failure mode 0O 5 D
1 7.5 3 45
2 7 58 8
3 5 6 ] |
4 7 3 35
5 6.7 5] 53
7 45 8.7 76
72 3 7.6 8
73 2 9 10
74 2 73 8
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Figure3.7: RC values and rankings of 23 failure modes

From Fgure 3.7, failure mode8 with TOPSIS performance index of @®/ is the best ranked
failure mode and as such possess the highest risk to the system. In terms of risk contribution
to the system this is followed by failure moBleanked second with a TOPSIS perforroan

index (Y0 ) of 0.6413while the least contributor to the systeisk is failure mode 54 having

the lowest TOPSIS performance index vadfi®.2129
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3433 Comparison of methods

The failure moderankings generated from utsing the two techniquesAVRPN and
AVTOPSIS are presented ingtre 3.8.
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Figure3.8: Comparison of proposed methods

From Figure3.8it can be seen that theajoiity of failure modes are ranked the sametbhg

two method while a fewothers have a ranldifference of ondetweenthem The $Hearman

rank correlation coefficientbetween AVRPN and AVTOPSIS wavaluatedand a value of
0.9000 was obtained. With the strong correlation between the two methods it can be
suggested that thewo techniques carmbe used individually or in ambination for risk
prioritisation.

3.5 Summary

In this Chaptersome of the limitations ofhe conventional FMEA method weesldressed

using two approaches for risk prioritisation; AVRPN and AVTOPSIS. Bagkthods utilise a

novel approach using averages without resorting to specialised software or the need for the
decision maker to have knowledge of specialised programming concepts, in aggregating
multiple expertsd diverse i1imbnpletexdaheiAYWRPNt hat
technique was proven to match almoempletely with theyang et al. (2011and Su et al.
(2012)modified DempsteBhafer method when it was applied to a complete distribution risk

criteria problem from the literature. It was also destmted that the approach is simple yet
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robust andcapable of dealing with imprecise distribution risk criteria problems which the
modified DempsteShafer theory technique is incapable of solvidgmparison between the

two proposed metids (AVRPN and AVTOPSIS) revealatiat both techniques can be
suitable for use in risk prioritisatigointly or independently as the results generated by both
methods were very similar. However the AVTOPSIS mettodapable of incorporating
more than three risk criteria unlike AVRPN. Although both techniques have been developed
for risk prioritisation, they can easily be modified to address other-gridision engineering
problems such as maintenance strategy seteproblems. Finally another novel aspect in the
chaptey to the best of the authsrknowledge, is the fact that this is the first application of
TOPSIS, an MCDM tool, in analysing a problem involving imprecise information from

multiple experts.
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Chapter 4  Risk Assessmentising Compromise Solution M ethod

41 I ntroduction

In Chapter 3 twdechniquesvere proposed for prioritisation tie risk of failure modes of
machinery system As stated in Gapter 3AVRPN addresses only a single lintitm of the
classical FMEA. AVTOPSIS which ishe combination of the averaging technique and
TOPSIShasanadvantage over AVRPN in thdtis capable of addressimgorechallenges of

the classical FMEA. TOPSIS &compomise solution methodology that is based on the fact
that the best alternative is the one closest to the positive ideal solution and farthest from the
negative ideal solution, however when compared to other compromise solution methods,
more computationagffort is required in evaluating the positive and negative ideal solutions
(Rao, 2008 Other limitations of the TOPSIS technique @Dpricovic and Tzeng, 2004(1)

the optimum solution is not close to the ideal solutidremvthe ideasolutionhas value of 1

and (2) the relative distance between positive ideal and negative ideal is not considered in the

evaluation process whiamegatively affedthe decision making process.

In order to further eliminate or mitigate the limitatioosthe classical FMEA, two Muki
Criteria Decision Making (MCDM) tools are proposed as alternativéhe classical FMEA.

The proposed MCDM tools ar¥Isekriterijumska Optimizacija Ikompromisno Resenje,
meaning: Multicriteria Optimization and CompromiSelution (VIKOR) and Compromise
Programming (CPR) Utilising these two MCDM techniquesvhich have successfully been
applied in solving problems other than risk prioritisation, will allow more decision criteria and
flexible decision criteria weights to hese in prioritising risk of failure modes which will
therefore result in the risk of failure mode being more effectively prioritised or ranked. In
order to enhance the capability of the two MCDM techniques in addressing tregitingtof

the classical FME, theaveraging techniquiatroduced in Chapter Bas been integrated with
the two proposed MCDM techniquéshis allows thgroposed compromise solution methods
to use precise and /or imprecise ratings from experts as input. Thus the use of the averaging
technique in the MCDM tools will eliminate the limitation of the classical FMEA of the
inability to aggregate imprecise criteria ratings from expdftgthermore two objective
weighting techniqueare incorporated into the methodology which is a breakyawom the

use of subjective weighting techniguthat may biasedly influence the decision making
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process.The suitability and applicability of the proposed methodologies in risk ranking of

failure modes of the marine diesel engine are investigateddh case studies

The chapter isorganised as follows: Sectioh2 presents a review of MCDM tools and
Section4.3 presents the proposed methodgidor risk prioritisation. In 8ction 44 three
case stuies are presented for illustration of the proposedhnique. Finajyl conclusions are
presented in &tion4.5.

4.2 Reviewof MCDM tools and their relevanceto the Marine industry

As previouslystated inChapter 3 the classical FMEA technique has limitations and in order
to enhance its capability and reduced these flaws, vaM@BPM techniques have been

applied in the literature.

Braglia (2000) proposed the Analytical Hierarchical Process (AHP) technique as an
alternative to RPN in the FMEA system. With this method, a tlmed hierarchy was
formed with the top level representing the maibjective of fault cause selection, the
intermediate level representing the four risk criteria, O, S, D and economic cost and the
lowest level representing the alternative causes of failures. Withattgsries of pairwise
comparison matrices was formadd evaluated to obtain the weight of risk criteria and local
priorities of the possible causes of failure with respect to O, S, D and economic cost. The
aggregation technique in AHP was used to synthesize the local priorities of causes of failure
into glabal priorities based on which possible cause of failure was raGleethignani (2009)

used a similar approach to that Bfaglia (2000)and in the methodology of the former, a new
profitability calculation techniqgue was introduced in place of economic cost for risk
prioritisation of an electrnjector, a fuel syem component. However the use of AHP has
been criticised due to its use of an unbalanced scale of judgement and its inadequacy in
addressing risk criteria ratisgthat may be uncertain and imprecise in the pairwise
comparison proceg®eng, 1999llangkumaran and Kumanan, 2Q008urthermore, theAHP
techniquas performed on problems with 2 to 15 risk criteria and if a problem with more than
15 decision criteria is to be considered some other technique is requinédhliy reduce the
numbe of risk criteria(Vidal et al., 2011p

Maheswaran and Loganathan (20pB)posed a hyid MCDM technique as an alternative to

RPN in the traditional FMEA system. The technique was based on integration of AHP and the
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Preference Ranking Organisation METHod for Enrichment Evaluation (PROMETHEE). The
authors used AHP to determine the weigheath risk factor and used PROMETHEE for
prioritising the failure modes. The methodology was illustrated by applying it to prioritising
failure modes of a boiler system in the tyre manufacturing indusiyadi et al. (2013)
presented a multriteria failure mode and effects analysis approach based on PROMETHEE
for prioritising potential failure modes applied to manufacturing of a gas treatment plant.
Moreira et al. (2009proposed PROMETHEE in the ranking of equipment failure modes.
PROMETHEE results in poor structuring of problems compared to AHP and when more than
seven risk criteria are used it becomes difficult téamba view of the problem thereby

making the evaluation process very complicgMecharis et al., 2004

SeyedHosseini et al. (2006proposed a methodology referred to as Decision Making Trial
and Evalution Laboratory (DEMATEL)as alternative to RPN in the classical FMHE#
prioritisation of failuremodes. With this approacifailure modes are prioritised based on
severity of effect and direct/indirect relationships between them. However one of the
challenges of DEMATEL is that it requires a lot of computational effort and according to
Shaghaghi and Rezaie (20iR2annot address the limitations of the traditional RPN method
especially in a system whesach cause of failure is linked to a single failure mode; the
results obtained by both methods are the same.

Sachdeva et al. (2009proposed an integralte Shannonds entropy metho
which enhanced the FMEA for risk assessment. Six criteri@,dD, maintainability, spare

parts availability, economic safety and economic cost were considered for risk prioritisation.

An illustration was given with the application to the digester of a paper manufacturing plant in

India. Braglia et al. (2003)also used TOPSIS under a FUZZY environment for risk
prioritisation of a foaming machine of a refrigerator production liflee tse of TOPSIS

especiallyin the fuzzy environmentis computationdy intensiveand that may make the

proposed technique unattractive to the maintenance practitioner.

From the above review and accordingMaheswaran and Loganathan (2Q1@&)ly limited
publications are available using MCDM techueg in enhancing the classical FMEA
evaluation methodology. Moreover the few MCDM techniques employed so far all have one
limitation or another. Hence there is need for an alternative MCDM technique devoid of the
limitations of the MCDM techniques appliéy other researchers and which will sufficiently

address the challenges of FMEA especially for the marine environment. On thistWasis
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MCDM compromise solution methods are proposed{MR and CPas alternatives to the

standard RPN calculation of the FMEA system.

4.3  Proposedhybrid MCDM risk analysistool for useon marine machinery systems

The proposed enhanced FMEA based on the averaging technique integration with VIKOR
and CP is presented fngure4.1.

(a) Determunation of failure modes

J

(b) Select failure modes

J

(c) Assign rating for decision
criteria; O, S and D

J

{d) If rating 1s 1mprecise convert to
precise rating using Averaging
technique

J

({2) Decision criteria weight
determination using Entropy
method or vanance method

D Fank failure Fank failure
mode using mode using CP
VIKOE

Continue for
other failure
YES mode

(g) Compare results of VIKOE and
CP

Figure4.1: Flow chart of proposed hybrid MCDM risk analysis tool

The methodological steps of the enhanced FMEA model are briefly discussed as follows:

Steps (a), (b) andc): The activitieshere involveformation of a team of experts who
determine the particular system to be investigated. The failure modes of the system are then
determined through brainstorming and the use of techniques such as root cause analysis and
Fault Tree Analysis (FTA
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Step (d) Aggregation of imprecise iraj: If imprecise rating areassigned by experts to
failure modes against decision critetlzeseare aggregated tm precise ratings usinthe
averaging techniqueiscussed in Chapter 3

Step (e) Determination afriteria weight: The weight of each of the decision criteria is
determined objectively by employing two techniques; the entropy method and the variance
method. The results from the two techniques are comperedrder to ascertain the

relationship betweehoth techniques.

Step (f) Ranking of failure modes: VIKOR and CP are both applied individually in place of
the RPN of the classical FMEA to determine the risk of the failure modes. This is carried out
by using the performance index of both techniquasdasure the performance of each failure
mode and based on the index, the failure modes are ranked.

Step (g) the ranking obtained from both methods are compared.

43.1 Criteria weighting methods

The determination of the weight of risk criteria is a kastor in risk prioritisation because of

the impact of the risk criteria in the final ranking of the failure modes of a systethe In
literature, many methods are available for assigning weight of attributes; among these
techniques is the use of the epyomethod(¢ al i Kk k an ,elée amdlKang, 2@0 1 3
Shanian and Savadogo, 200&he statistical variance method has also been used by some
authors(Rao and Patel, 201Wirmal, 2013. Subjective methods such as AHP, Weighted
Evaluation Technique (WET), the Points method and the digital logic method have also been
employed(Rao, 200Y.

For thischapterthe entropy method and the statistical variance method were adopted because
these are objective techniques of weighting criteria thgreeducing personal bias in the
overall decision making process which may influence purely subjetigtbods. Moreover

they have been applied individually by previous researchers in dealing with similar problems
as detailed above. However oofethe objectives of this chaptes to compare both methods

in order to determine suitability and applicability marine machinery systems.
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43.1.1 Entropy met hod

The steps of the Entropy method are as folliva | i k k 2013:et al . ,

(1) The decisiomatrix is formed. Tie decision matrix is produced using the value&® of

obtained in the data aggregation stage as follows:

W © 1)

(2) The decision matrix is then normalised:

N = 0 QRN iR ]

Where 1) is the normalised matrix.

(3) The entropy valu& of each criterion is then determined:
Q Q nlf 1€

WhereQ — i s a constant ®@WBDi th guarantees 0

(4) Finally the objective weight for each attribute is givelny:

4312 Statistical vari ance method

In determining the weight of riskriteria, the steps are as folloRao and Patel, 2010
Nirmal, 2013:

(1) The first step is the normalisation of the decision matrix in equati@pgd follows:

® . -
B ®

h Q pltlB hanNQ pketB R ®

Wherel is the normalised matrix.



(2) Next the variance of each risk criterion is evaluated as follows:

&) é(B i @
Wherei is the mean value of

w is the variance of each risk criterion.

(3) Finally the weight of each risk criterion is calculated as follows:

. ()

) B % &

Where 0 is the weight of each criterion

4.3.2 Failure mode ranking tools

The two MCDM techniques; VIKOR and CP proposed for the ranking of the failure modes of

marine machinery systesare discussed next.

4321 VI KOR met hod

The VIKOR method wasdeveloped by S. Opricovic in 197@pricovic, 1998 and is defined

as amulti-criteria decision making tool which focuses on ranking and selecting a compromise
solution from a set of alternatives with reference to conflicting criteria. The compromise
solution is obtained using a ranking index based on a measure of clogetigss gositive

ideal solution(Opricovic, 1998 Opricovic and Tzeng, 2004The key concept of the method

lies in defining the positive and negative ideal solutions. While the positive and negative ideal
solutions are defined as the alternatives with the highest and lowest values respectively with
reference to risk criteri@Chu et al., 2007athe optimum or comprorse solution is defined

as the alternative closest to the positive ideal solution and farthest from the negative ideal
solution. The VIKOR method has been used by many authors in resolving different multi
criteria degsion problems in literature; nithe lection of industrial robot@Nirmal, 2013,
selection of vendorfHsu et al., 201 an equipment selection problem for mining operations
(Aghajani Bazzazi et al., 201 and material selection problerfisu et al., 2013Chatterjee et

al., 2009 Rao, 2008¢ a |l i kK k a n , Anojkuradr et al., 2214 1 3
86



The use of VIKOR in this coakt as an alternative to the RPN calculation of the FMEA
system is based on the following considerations:

(1) The classical FMEA is limited to use of only three decision criteria; O, S and D for
prioritisation oftherisk of failure modes of marine machinery systems. However the use of
VIKOR in place of the RPN of the classical FMEA allows the inclusion of other important
decision criteria such as economic cost and profitability.

(2) Failure modes are better rankedianore clearly distinguished from one another using
VIKOR than RPN of the classical FMEA system. This is because with the use of RPN in the
classical FMEA, different combinations of O, S and D may result in having the same RPN
values for different failurenodes but the risks in the practical sense may not be the same. The
aggregation technique of VIKOR combines the decision criteria; O, S and D in a systematic
manner such that s almost impossible to have the same value for risk.

(3) VIKOR allows varyingdecision criteria weights to be applied in evaluating risk as
opposed to classical FMEA that assumes equal weight for decision criteria.

(4)  The integration of the averaging technique into VIKOR allows both precise and
imprecise data to be applied in avaing risk of failure modes whereas classical FMEA
relies only on precise data from experts.

(5) No application of VIKOR techniques is reported in the literature for risk assessment of
marine machinery systems and other related systems, so applying G$/1NMechnique
which has succsfully been used in solvingther multicriteria decision problems will be a
positive step for the marine industry.

(6) Less computational effort is required than for the TOPSIS mdtiiochal, 2013 Rao,

2008 Carpinelli et al., 201dand other MCDM techniques that have previously been used by
other authors in risk prioritisation of failure modes. Moreover the limitation of the TOPSIS
methodology is with respect to its inability to consider relativeadist from the positive
ideal and negativedeal solutions which may be addressed through the VIKOR method
(Anojkumar et al., 2014

The basic steps involved in the VIKOR methodology are as follgivee | i k kan ,et al
Sayadi et al., 2009

(1) Determination of the besindworst values for each criterion.
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Using the decision matrix in Eg. .# the bestand worst values for each criteri@re

determined as follows:

o [ABRh |E® &
Where,

® is the best value for th&8criterion, and

® is the worst value for th€®criterion.

(2) Computation of e utility measure and regret measure for each failure nsode

follows:

€
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Where
0 is the weight of Q@criterion, which represents the relative importance of the criterion.

"Yis the utility measure
'Y isthe regret measure

(3) Computation othe VIKORindex valued

This is expressed as:
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U represergthe weight ofthe decision making strategy tfie maximum group utility which

is usually set at 0.5 although it can take any value from (¢oall i Kk kan )et al .,

However according t¢vVahdani et al., 2010t a |l i K k a n ) ¢he compraomise canObge 3

selected with Avot mn,g wiyt i hfeo oy, eonrant s t h i
L T .

(4) The ranking of failure modes is based on the VIKid&ex0 value and the smaller the

value the higher the rank is and the greater the risk that it poses to the system. Thelvalue of
represents the individual expert performance index rating. However if information is available

from multiple expertshe values of individual experts is averaged.

4.3.2.2 Compromi se Programming (CP)

Compromise Fogramming was proposed by-Rmg Yu and Milan Zeleny in 197&eleny,

1982 and has since been used by different authors in solving variousattitiute decision
problems. The objective is to produce a sol
measured in terms of comparing distances of various points to a reference point (the ideal
point). The optimal solution is the one with the shortest distance to the ideal point. CP has
been applied in the following areaBilbao-Terol et al. (2006)presented a Fuzzy CP
technique for portfolio selectioriaz-Balteiro et al. (2011used the CP technique in the
ranking of seventeen Eyyean countries evaluated in terms of the sustainability of the
European paper industryiwari et al. (1999)utilised CPin selecting optimum cropping
pattern using several criteria such as land suitability, energy output/input, water requirements
and environmental cost athua andMinowa (2005)presented a geographical information
system (G1S)based CP technique for forest conservation planning. Having been successfully
applied in solving otheproblems elsewhere this chapteses the technique to solve the risk

prioritisationproblem in the marine environment.

The use ofCP asan alternative to the RPN calculation of the FMEA system is based on the
following consideration:
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(2) CP is capable of incorporating more than three risk crjtenizke RPN, for evaluating

risk of failure modes of marine machinery systems.

(2) The relative importance of different risk criteria is taken into consideration in the risk
analysis process unlike RPN which assumes equal weight for all risk criteria.

(3) The incorporation of the averagingchmique into CP makes it possible for CP to
allow the use of imprecise data for risk of failure mode evaluation as opposed to the classical
FMEA that is limited to the use of precise data.

(4)  The computational effort and time required in evaluating them@khod is far less

than that of other MCDM techniques. In support of this cldarler and Arora (2004and
Carpinelli et al. (2014postulated that the CP method can effectively be used when reduced

computational effort is a strict requirement.

The basic steps involved in this methodology are as follows:

(1) Determination of the positive ideal solution and the negative ideablution® for

the "Q@criterion using Eq. 4.8These are then used as input values in the risk prioritisation
indexQ

(2) Computation of the risk prioritisatindexQ

. @)
Q o — P C

€
et

Subjecttal IH

Where risk prioritisation indexQ represents the distance of failure m&dalternativeQ)
from the ideal solution and is the distance parameter which is used in compensating for
deviation from the ideal solution poirih the case of risk prioritisatiothe smaller the value

of 'Q the higher the risk a failure mode possess to the system.

It is worth noting that both methods proposed are compromise solagthods. In fact Eq.
(4.9) and (4.1pof the VIKOR methd were derived from equation (4)1®henp values are
set at 1 andHb respectively(Rao, 2008Sayadi et al., 2009However the key interes the
CP method in this contex$ to compare results obtainasith thoseof VIKOR to identify
whether the methods can be used jointly or independently. The vatusas set at 2 for the
CP method because this is the standard value used in the litézelewy, 1982 Phua and
Minowa, 2009.
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4.4  Casestudies

4.4.1 Case studyL: Application to theboiler of a tyre manufacturing plant

To validate the two proposed methodologies a boiler failure mode ranking problem that
Maheswaran and Loganathan (20%8lved with the PROMETHEE method was considered.

The authors identiftk t en f ai l ure -imMfodasaluydingo AaMhdat ge
report of the system. The identified faBumodes were assigned precise ratings for each of
the four risk criteria Severity(S), Occurrence (O), Detection (D) and Protection (P) by
different experts, with each of the expert ratings forming an individual decision matrix. The
average of the individui@ecision matrices is shown irable4.1which was then normalised;

the result is shown iable4.2

Table4.1: Failure modes of a boiler system and corresponding decision rfMaheswaran
and Loganathan, 2013

SN Failure modes S 0 D P
1 Induced Draft fan get tripped 7.0 74 42 34
2 Feed water pump get failed 58 44 14 78
3 Safety valve fail to act 82 18 14 38
4 Nozzle failure at the fuel supply system 6.2 54 22 34
5 Low temperature of the furnace o1l 78 58 4.6 3.0
6 Safety door fail to act 7.0 18 14 18
7 Electrode rod failure at the 1gnition system 2 6.6 2 1.8
8 Failure of water level controller 6.6 3.6 34 5.8
9 Failure of water pipe gets ruptured i 1.6 18 26
10 Failure occurs in the steam separator 6.6 2.0 1.8 1.8
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Table4.2: Normalised Decision matri®Maheswaran and Loganathan, 2013

Failure modes S O D P

| 0.5000 0.0000 0.4370 0.2660
2 1.0000 05170 0.9370 1.0000
3 0.0000 09650 0.0000 0.3330
4 0.8330 0.3450 0.1250 0.2660
5 0.1660 0.2760 0.5000 0.2000
6 0.5000 0.9650 0.0000 0.0000
7 0.8330 0.1380 0.1250 0.0000
8 0.6660 0.6550 03120 0.6660
9 0.8330 1.0000 1.0000 0.1330
10 0.6660 09310 0.0620 0.0000

4411 VI KOR menaloysi s

From Table4.2 the positive ideal and negative ideal solutions of all the risk criteria were
determined using E@t.8. Therelative weights of criteria aten required. & the purpose

of conparison of this pposed methodology witthe PROMETHEE methodf Maheswaran

and Loganathan (2013jriteria weights evaluated by these authors using AHP techniques
were used. The criteria weights assigned were 0.4996, 0.2884, 0.0655 and 0.1465 for Severity
(S), Occurrence (O), Detectid) and Protection (P) respectively. Knowing the weight of

risk criteria, the distance of each failure mode from the positive ideal solution was then
calculated firstly based on utility measure using Ef9(and secondly based on regret
measure using Eq4.10. The VIKOR index0 was then calculated using Edt.11) and

based on the result, the failure modes were ranked. The resiltsafeach of the failure

modes and their corresponding rankings are presented in4.8ble
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Table4.3: S, R andQ; and corresponding Rank of a boiler system

Failure Value Rank

modes (1) S1 Ei Q; 51 Ri1 Q;
1 0.6826 02584 0.6432 9 8 8
2 0.1434 0.1393 0.0165 1 2 1
3 06729 0.4996 09189 8 10 10
4 04372 0.1889 03155 5 5 5
5 0.7754 04167 08887 10 9 9
6 04719 02498 04247 6 7 6
7 0.5358 02486 04737 7 6 7
g 0.3604 0.1669 02251 3 3 3
9 0.2104 0.1270 0.0530 2 1 2
10 0.3947 0.1669 0.2523 4 3 4

From Table4.3 failure mode 2 is the most significant failure mode having the lowest
value meaning it poses the highest risk to the boiler systerthedsther handailure mode 3
having the highedi value is the least significant of the 10 failure modes of the boiler system
considered. The implication is that failure mode 3 has the lowest risk contribution to the
system and as such it should attrthe least attention while the greatest attention should be

paid to failure mode 2.

4412 Compromi se Programming

For the Compromise Programming methodalues of the best and worst solusomnere
obtained by applying Eq4(8) to the normalised decision matrix in TaBle The values
generated were used as input into Eql? to evaluate the risk index of the CP method. The
index values of the ten failure modes of the boiler system together with their rankings are
presentedn Table4.4.
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Table4.4: dp values and rank

Failure modes(1) dp1 Rank
1 0.8163 9
2 0.2169 1
3 0.7387 8
4 0.6244 6
5 0.8790 10
6 0.6192 5
7 0.6797 7
8 0.53971 4
9 0.3406 2
10 0.5744 3

From Table4.4it obvious that the highesanked failure mode is number 2 having the lowest

dpi values and the lowesdnked is failure mode 5.

4413 Compar it henmteavfd o d s

Table 4.5 and Figure 4.2 show comparisons dhe results obtained bthe two proposed
compromise solution methods with the results generated hydaheswaran and Loganathan
(2013)PROMETHEE based methodology.

Table4.5: Comparison of methods

(Maheswaran and Loganathan,

Failure modes VIEOE CP 2013)
1 8 9 9
2 1 1 1
3 10 B 8
4 5 6 5
3 9 10 10
& 6 5 6
7 7 7 7
g 3 4 3
9 2 2 2

10 4 3 4
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Figure4.2: Comparison of methods

Tabled6:Spear manbés rank correlation coefficient

Method VIKOR CP Maheswaran
VIKOR - 09394 09626

CP - - 09758
Maheswaran -

FromFigure 4.2andTable4.5it can be seen thail threeranking methods; VIKORCPand
PROMETHEEassigned the top rank to failure modéf@ed water pump failure)There is
absolutely no doubt that failure mode 2 is the most critical failure mode of the boiler system.

Other failure modes assigned the same ranking by the three methods are failure mode 7 and 9.

From Table 4.6, t h e high Spear man @efficient datveen B rande | a't
Maheswaran and Logatan (2013)rankings and between VIKOR ardaheswaran and
Loganathan (2013)f 0.9758 and 0.9626 respectivelpgain véidated the proposed
methodologies The compromise solution methods applied in this study demand less
computational effort and time compared to the PROMETHt&Ehod andyet producevery

similar outputs. Also theMaheswaran and dganathan (2013ijnethodology can only be
applied to exact or precise data from experts but the methodology proposed in this paper is
capable of solving system problsnimvolving both precise and imprecise information from

experts.

95



4.4.2 Case study: Application tothe basicmarine diesel engine

To demonstrate the suitability and applicability of the integrated averaging technique with
VIKOR and the CP methods in conjunction with entropy and statistical variance weighting
methodswithin the marineenvironmentthe sameasestudy ofthe basic marindiesel engine
applied to validate the AVRPN and AVTOPSI® Chapter 3was consideredTen major
equipment items of the basic engwaich include main bearing, piston, cylinder head and
crankshafand atotal of 23 failure modes werdentified alongside their causes and effects; a
sample of theswas presented inable 3.4 in Chapter3 while the full table is in Appendix

Al. The risk criteria (Q Sand D)values assigned kthe three expert for each fare mode
through the use of the ordinal ranking scalesalso presented ifable 3.5 inchapter3. Eg.

(3.1)71 (3.3) had already beeapplied in aggregatinthe values assigned by the three experts

and theaggregatedecision matri¥ormed wasalsopresented iTable3.5in Chapter3.

4421 Ri sk criteria weighting

The entropy method was applied firstly to determine theghtesf each criterion. Usinthe
entropy methodology thaggregatedisk criteria ratings in Tablg.6 in Chapter 3were
normalised ging Eq.4.2 The weight of each critevh wasthen computed by applyingq.
(4.3) and(4.4) to the normalised matriand the results obtained are shown in Tdbfe Next
the weight of the risk criteria were evaluated with the statistical variance noddds @.5) 1

(4.7) and the results obtained are also presented in %able

Table4.7: Risk criteria weightings by entropy and statistical variance

O 5 D
wy 0.0745 0.3526 0.5729
Wy 0.0734 0.3423 0.5844

From Tabled.7it can be seen that the two weighting techniques yielded very similar results.
It was decided to implement the VIKOR and CP risk analyses using the entropy method as

there was evidence from the literature to support this decisiq¢se¢ i Kk kan ).et al . ,
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4422 VI KOR meenaloysi s

The positive ideal solutioff® and thenegative ideal solution fwere determined from the
decision matrixin Table3.6 in Chapter 3using Eq. 4.8). The distance of eadailure mode
from the positive ideal solutiowas then calculatedased on utility measuf& and regret
measuréY usingEq. @.9) and(4.10 respectively. The VIKOR indexalues 0 , werethen
evaluated for the various failure modes by subtituting valué¥ pfY 'Y h'Y andu into
Eq. (4.11). The failure modes were ranked based on the VIKOR index valinesresults of

the0 values of the failure modes together with the rankings are presentebl®4.8 and

Figure4.3.

Table4.8: VIKOR index Qi of failure modes and rankings

Failure modes 8] Rank
1 0.6073 12
2 0.0000 1
3 0.4071 8
4 0.7525 16
3 0.3622 5
6 0.3842
7 0.9343 20
8 0.1220 3
9 0.0132 2
10 0.2970 4
11 1.0000 23
12 0.8128 19
13 0.9385 21
14 0.5417 10
15 0.5929 11
16 0.9431 22
17 0.7634 18
18 0.7631 17
19 0.6084 13
20 0.6579 15
21 0.6162 14
22 0.4952 9
23 0.4050 7
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Figure4.3: Qi values of 23 failure modes of marine diesel engine and corresponding rankings

FromFigure4.3, it is clear that failure mode 2 is the one with the lowest valiie ahd thus

is ranked number one among the 23 failure modes of the marine diesel engine. In terms of risk
impact on the system, its poses the highest risk to the marine diesel engine. On the other hand
failure mode 11 which has the highest valué ofs ranked numbe 23 among the 23 failure

modes andhus poses the least risk to the system.

4423 CP method analysis

Applying Eq. @.8) to the decision matrix in TabR6, the values ofd h@ were obtained
and used as inputs to E4.12 to obtain the risk prioritisation indé® of the CP technique.
The risk prioritisation indeX2 values of the 23 failure modes together with the rankings are

presented in Tablé.9andFigure 4.4
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Table4.9: dp of failure modes and ranking

Failure modes dp Eank
1 0.2145 13
2 0.0148 1
3 0.1102 7
4 0.2827 17
5 0.0968 5
] 0.1032 6
7 0.3936 20
g 0.0376 3
9 0.0164 2
10 0.0866 4
11 043535 23
12 0.3205 19
13 0.4041 21
14 0.1659 10
13 0.1977 12
16 0.408 22
17 0.2814 16
18 0.2979 18
19 0.1911 11

20 0.2378 15
21 0.2157 14
22 0.1517 9
23 0.1267 8
0.5000 - - 25
m dp
0.4500 -
0.4000 - ) - 20
0.3500 -
0.3000 + - 15
=
£0.2500 - g
0.2000 - - 10
0.1500 +
0.1000 - -5
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1 3 5 7 9 111315 17 19 21 23

Failure modes

Figure4.4: dp values of 23 failure modes and corresponding ranking.
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It is obvious fromFigure 4.4 that failure mode 2 has the lowest valug)afthus it is ranked
number one among the 23 failure madBased on this methodology, it is the most critical
failure mode in the system arak suchgreater attention should be paid to it to mitigate the
effect on the system. Failure mode 11 is againotieewith the highest value of , thus the

lowest ranked among the 23 failure modes.

4424 Comparison of the ranking odnAVROP®BHN &posed

In order to validate the proped methodologieshe results obtained frothemtogethemwith
the results obtained by solving the same problem witrstéwedardT OPSIS techique and
results obtained by AVTOPSI8 Chapter 3verecompared as shown Fgure4.5.

25 mVIKOR —
mCP
20 TOPSIS
mAVTOPSIS
15
X
e
©
ad
10 -
5 - -
0 - B

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Failure modes

Figure4.5: Comparison ofankings obtained with MCDM methods

Table410.Spear mands rank correlation between met h

Method VIKOR CP TOPSIS AVTOPSIS
VIKOR - 0.9931 0.9501 0.7757

CP - 0.9862 0.7520
TOPSIS - 0.7213
AVTOPSIS -

FromFigure4.5 failure modes 2, 7, 8, 9, 11, 12, 13 14, 16, 20 and 22 representing about 50%
of the total failure modes are ranked the same for three methods; VIKOR, CP and TOPSIS
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while the majority of the others have a difference of one place between failure modes.
However the TOPSIS method involves more computational effort. The gap in the results
obtainedfrom AVTOPSIS as compared to the other three methods is as a result of the
different normalisation technique used in the entromthod inobtaining risk prioritigtion
criteria weight. While for VI KOR, CP and T
risk criteria values was used in the normalisation process in the entropy method for obtaining
criteria weight, the square root of the summation of the squaresvafuisk criteria assigned

by expertsd was applied in the normalisat.i
obtaining criteria weight for the AVTOPSIS. This resulted in different risk criteria weights
used for AVTOPSIS and the deviation in ramgs obtained using the technique from the three
othertechniquesThis then shows that criteria weights used as input in thensritisation
methodology hava very strong influence in the ranking outcome. This makes the process of

evaluating criteriaveight a very important and critical subject.

The Spearman rank correlat®between VIKOR, CP and TOPSIS and AVTOPSIS were
evaluated andhe results are shown in Tablé.10 From Table4.10 the near perfect
Spearman rank correlations between VIKOR @] VIKOR and TOPSIS; CP and TOPSIS

of 0.9931, 0.9901 and 0.9862 respectiyedliows the viability and validity of the two
proposed methods for prioritising risk of failure mode of a marine machinery system or any
other related systems. The Spearman camkelation coefficient between rankings of VIKOR
and AVTOPSIS; CP and AVTOPSIS; and TOPSIS and AVTOPSIS of 0.7757, 0.7520 and
0.7213 respectively show that AVTOPSIS is also strongly related ViKOR, CP and
TOPSIS and thiturther shows the viability ahe proposed methodologies.

4.4.3  Case study 3: Application to a marine diesel engine

The case study of the marine diesel engine which included #ie systers of the marine
diesel engine such #ise basic engine, main lube oil systemnd the scavenge air system was
previously described inéstion 3.43 in Chapter 3. The values asstgiby experts using the
ordinal scale to the 74 failure modes identified for the systems as well as the gesultin
aggregated decision matrix haatso aleady been presented in Table 3.8 and 3.9 respectively

in Chapter 3. The application of the VIKOR and CP for analysisi®fitita is discussed next.
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4431 VI KORt modl ysi s

Applying Eq.4.8to Table3.9, the positive ideal solutiofi* and thenegativeideal solution f

were determinedThe distance of eadhilure modefrom the positive ideal solutiowasthen
calculatedbased on utility measuré&y and regret measur®¥ using Eq. @.9) and (4.10
respectively. The VIKOR indexalues 0 , werethenevaluated for the various failure modes

by subtituting values ofY, "YhY h'Y and0 into Eq. (4.11). Based on the VIKOR index
values the failure modes were ranked. The results ab thevalues of the failure modes
together with the rankings are presentedrigure 4.6. From the resujtfailure mode 71 is
ranked 1 having the lowest performance index i.e. 0.0234 and as such the failure mode
contributed the highest risk to thessgm. The dilure mode that posdbke least risk to the
system is failure mode 54 with a ranking of &4d having the highest performance index

value.
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Figure4.6: Qi values of 78 failure modes and correspondankings

4.4.3.2 CPhnet hod anal ysis

The values of® h® wereobtained by applying Eq4(8) to the decision matrix in Table

3.9 and then used as inputs to E4.1Q) to obtain the risk prioritisation indé® of the CP
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technique. The risk pridgrsation indexQ values of the 74 failure modes together with th

rankings are presented in Figuré.
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Figure4.7: dpvalues of 74 failure modes and corresponding ranking

4433 Compari somandkfi ngheof t he proposed , MCDM
AVTOP8h8 TOPSI S

To further determine the applicability of titwo proposed MCDM ompromise techniques
the results obtained from their anaf/siere compared with thosé ARPN, AVTOPSISand
the standard TOPSISThe ranking comparison of thetwo proposed methodswith
AVTOPSIS AVRPN and TOPSI&re shown irFFigure 4.8a, b &c
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FromFigure4.8 a, b & cit is obvious that there is a very close relationship betweernwo
proposed MCDM methods (VIKOR and CBpd TOPSIS asost of thefailure modes are
ranked the same for the three methadth the exception ofa few failure modes thatad a
difference of oneor two rankingplaces between then®n the other handAVRPN and
AVTOPSIS also has most of the failure modes ranked the same with the excepitawof
others that hava difference of one or two plasdetween failure mode3.he AVRPN and
AVTOPSIS closely match because the decision criteria wetdhitsed for their analysigvas
almost the samd-or AVRPN the weights of the decision criteria weatgsumed to be equal
while for AVTOPSIS the decision criteria; O, S and D wergigized with weightef 0.3443
0.3326 and 0.3231 respectively.

The gap in the ranking obtained frohW TOPSIS as compared to the standard TOPSIS is as a
result of the different normalisation technique used in the entropy method in obtaining risk
prioritisation decisioncriteria weighs. The Spearmah sorrelation coefficiers between the

different methodsvereevaluatedand are shown indble 4.1.

Table41ll:Spear mands rank correlation between me

Method VIKOR CP TOPSIS AVTOPSIS AVRPN
VIKOR - 0.9890 0.9580 0.7660 0.7640
CP - 0.9540 0.7790 0.7950
TOPSIS . 0.8100 0.7250
AVTOPSIS . 0.9000

From Table 4.1, thevery strongSpear manés rank correltwd i on
proposed MCDM methods anbOPSISand the relatively strong correlation between the
proposed methods and AVRPN and AVTOP®ES further proven the suitability of these
techniqus for prioritisation of risk of failure modes From the table, the near perfect
Spearman rank correlation between VIKOR and CP =0.9890; VIKOR and TOPSIS = 0.9580
and CP and TOPSIS =0.9540 shows that the three techrignebe used individuallyran
comhbnation in the prioritisation of risk fomarine machinery systenor any other related

engineering systesn
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4.5 Summary

The place of risk assessment in maintenance strategy selection cannot be overemphasized as
the maintenance strategy to be adopted dependsthpassessed risk. In this Chapigo

popuar compromise solution methoddlKOR and CR have been investigatddr suitability

and applicability for prioritising risk of failure modes of marine machinery systems and other
related engineering systems. Thiegse studies have been investigated in determining the
suitability and applicability of the proposed methodés.

Both techniques use the noelv er agi ng techniqgqgue in aggregat.i:
and wth the integration of the averaging technique with VIKOR and CP both precise and
imprecise experts opinions can be captured which is generally wdizthisable in a practical
situation. In evaluating weight for risk criteria for useaasnput into the risk prioritisation
methodologiestwo objective techniquesntropy and statistical variance methdusve been
compared and findings show that theottechniques yield the same result and as such they
can individually be used effectively in evaluating criteria weight for marine machinery
systens. The beauty of using the objective risk criteria weighting technique is that the
decision maker does notasiedly influence the decision making process as the risk criteria
weight is the key element that influences the risk ranking. The issue of risk criteria weight
greatly influencing the failure mode rankings of different risk prioritisatiothoaologies has

also been demonstratadthis research as in the case of AVTOPSIS having a different trend
of failure mode rankings from the three other methodologies; VIKOR, CP and TOPSIS
simply because othe different risk criteria weights used for AVIRSIS. Finallythe
methodologiesVIKOR and CR proposed in the research are robusproducing almost
completely the same ressilivhen compared to more computationally challenging techniques
used by previous researchers thereby validating their applicability andilgyitedy risk

prioritisation of the failure modes of machinery and other related engineering systems.
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Chapter 5 Maintenance Strategy Selection

51 I ntroduction

The secondmajor stagein the RCM methodologyis the selection of the appropriate
maintenance strategy for each of the compaitilure modes ofnarine machinery systems

In the RCM methodology the logic decision tree is used in the selectian agpropriate
maintenance strategy which @sicallybased ontwo major decision criteria; applicability
and cost effectiveneg®eshpande and Modak, 2Q0&%enerally decision problesanvolving
more than one criterigrwhich areusually conflicting are better modelled using MCDM
tools. From this point of viewsome MCDM techniquesuch as TOPSIS and AHRere
proposed in the literature as alternative maintenance strategy selection n{&@hodbkare
and Akarte, 2012Braglia, 2000. Howeverit was obviousfrom the literature review in
Chapter 2thattherewasa need for a morsystematic approach that can easily incorporate
qualitatively and/or quantitatively the maintenance alterndiisetection criterigfor marine
system applicationsOn this basis three hybrid MCDM techniques are proposed for
maintenance strategy selection for ship machinery systems and other related ship systems in
this research. The three proposed techniques are: (1) an ineQedpdi AHP methodology,

(2) integrated DelphAHP-PROMETHEE and (3) an integrated Delg#xHP-TOPSIS
methodology. The Delphi method was selected to screen decision criteria for deteth@ning
optimal maintenance strategy becau$ethere are too mangecisions, thesolution may
become too complicated.oFthe first proposed methodHP is used in the weighting of
decision criteria and subsequently in the final ranking of maintenance strategy alternatives. In
the second and third proposed meth@HP serves only to determine the decision criteria
weights while PROMETHEE and TOPSIS aapplied in the ranking of maintenance strategy
alternativesThe hybrid approach was applied in order to combine the merite different
MCDM toolsto producea more efficientnaintenance strategglection toal

The Clapter is organised as followSection 32 discusses the variousiteria and sulriteria

for Selection of a maintenance strategy; Sectdhpresents the proposed methodology for
selecing maintenance strategies; ircdion 54 the case of thligh pressure fuel oil pump of
themarine diesel engine is presented to demonstrate the proposed metiesdBloglly the

conclusion is presented ire&ion5.5.
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5.2  Criteria for selecting maintenance strategy

The selection of maintenance strategies ddferent componestequipmentitems of the
marine machinery systertaking into consideration their distinct failure mogdiesa complex
task which usually involves multiple criteria. These multiple criteria were firstly identified
through a thorough tkrature survey and face to face interviews with marine engineering
experts both in academia and shipping industries. The identified criteria were then subjected
to screening through the use of the Delphi metiddch is described in the next sectiaom
order to ascertain the criteria that are most essential for selecting maintenance strategies. The
various criteria and sutriteria considered in this study are as follows:
(1) Cost: Different maintenance approaches have diffevesit implications. Irthis case
cost is viewed in terms of spare parts inventory cost, maintenance cost, crew training cost and
equipment damage.
(&)  Spare parts inventories: The costs of spare parts inventories for each of the
maintenance strategies are quantified. When ramtifiable data is available expert
opinion is relied upon.
(b) Maintenance cost: Cost of labour, equipment for performing maintenance tasks
and materials for carrying out each type of maintenance strategy are considered. These
are then measured for eachtbe maintenance strategies in order to determine the
strategy that will best suit a particular failure scenario.
(c) Crew training cost: The cost of training required by the crew members in order
to acquire the expertise needed for performing each oh#netenance strategies.
(d) Equipment damageThis criterion considers the level of damage to plant
system equipment that may result from implementing agtiqular maintenance
strategy. The maintenance strategy that will eliminate or reduce the charices o
equipment damage is preferred.
(2) Safety: The level of safety required is determined by the maritime industry and
regulation bodies and is key factor in selectinghe maintenance strategy for the machinery
system. Safety is viewed in terms of perselnequipment and environment.
€) Personnel: Failure of some equipment/components of marine machinery
systems can result in serious injury or death of personnel on board ship. In such cases
the most effective maintenance strategy is applied irrespedto@st.
(b) Equipment: In the event of failure of a particular component/equipiesmdf

the marine machinery system, the question is how safe is the entire system. Greater

110



attention is paid to parts thamay result in severe damage to the system. The
maintenance strategy that will eliminate or reduce failure frequency to the lowest level
Is advisable.
(c) Environment: Failure of some parts of the marine machinery system can result
in serious environmental hazards. The maintenance strategy that wdertdlure of
a piece of equipment to the lowest level is generally considered appropriate.
(3) Added value: This criterion considers the degree of improvement to the system that
will result in terms of reliability and availakii from implementation oeachmaintenance
strategy. The f ol l owi nlgu efda cctaotresg odreys cursi ebde itnh
(@) Minimisation of operational loss: The maintenance strategy that will minimise
equipment operational loss the most is generally preferred.
(b)  System reliability: High reliability is usually required for most high risk
component/equipment items of a system. So the maintenance strategy that will yield
the highest reliability is generally chosen in such instances.
(4)  Applicability: Whetherthe mainénance strateggan be implemented in mitigating
failures of the marine machinery system. The following factors are considered under this
criterion:
(@) System failure characteristic¥he component failure characteristics; waar
failure, random anevearout failure arekey factosin selecting the most appropriate
maintenane strategy for plant equipmenEor example, online conditidpased
maintenance is suitable for components with random failure pgtmovided there is
an identifiable warningign for measuring the condition of the component.
(b)  Available monetary resource: If available finance for maintaining the system
cannot incorporate online condition based maintenance, the plant manager is left with
no choice other than to exclude it irrespective of the benefits.
(c) Equipment risk levelThe level of failure risk of different equipment in the
marine machinery system varies. For the very high risk equipment whose failure is
usually catastrophic, condition based maintenance is mostly preferred irrespettiere of

costimplication

5.3 Proposed Hybrid MCDM Methodology for maintenance strategy selection

As previously statedthree hybrid MCDM methods have beeoroposed for selecting the

maintenance strategy for a marine machinery systdins study The first method combines
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Delphi and AHP methodsthe second method combines Delphi, AHP and PROMETHEE
while the third method combines Delphi, AHP addPSIS The flow chart of the proposed

methodology is presented kigure5.1. The methodological steps are as follows:

Step (a) Decisio making team formation: A team of experts is formed that will perform the

selection of the optimum strategy for each equipment item/component of the system.

Step (b) and Step (c):h& maintenance strategy alternatives and the decision criteria for

selecing the alternatives are identified by the team based on experience and literature.

Step (d): The team use the Delphi method to carry out screening of the decision criteria such

that the most significant criteria are identified for maintenance strategpatives.

Step (e): Wo types of questionnaire are designed: The first questionnaire is designed for
experts to carry out pairwise comparison judgment of decision criteria alongside pairwise
comparison judgment of maintenance alternatives agaicgtiaie criteria. The secantype

of questionnaires based on a Likert scaltor this studya 5 point Likert scale was used
design the questionnaire for obtaining data for PROMETHBEETOPSIS

Step (f) Determination of decision criteria weight: Thairwise comparison judgment
obtained from the experts for the decision criteria is used as the input into the AHP evaluation

technique to calculate weights of decision criteria.

Step (g) Ranking of alternatives: The maintenance strategy alternatives are ranked using AHP,
PROMETHEE and TOPSIS.

Step (h) and step (iThe ranking obtained from the three methods are compared and an

optimum strategy is then determined.
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(a) Decision making team formation

v

(b) Identification of maintenance
strategyalternatives

v

(c) Identification of decision criteria

v

(d) Screening of decision criteri
using Delphi method

'

(e) Design of questionnaire and dg

agathering

() Determination of decision criteri
weight using AHP
(g) Method 1 Method 2 Method 3
Rankmaintenance Rankmaintenance Rank
alternativesising alternativesusing maintenance
PROMETHEE alternativesising
TOPSIS

v

(h) Comparison of results

v

(i) Select optimum maintenance
strategy

Figure5.1: Flowchart of proposed methods

Delphi method

The development of the technique can be dated bac
the US Air Force-sponsored Rand Corporation studyhas since gaed prominence with

various modifications to the conventional Delphi techeigemergingLinstone and Turoff,
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The Delphi method can simply be defin@s a technique for iteratively processing opinions

of experts until a consensus is reach on the subject under investi@zaibecget al., 1975
k to the early part of EOSpi@sffof



1975. In order to obtain quality results from Delphi analysis, some authors have
recommended a sample size of between 5 and 15 exidern<t al., 2013aNovakowski and
Wellar, 2008 Cavalli-Sforza and Ortolano, 1984vhile othersrecommended between 9 and

18 (Vidal et al., 2011aVidal et al., 2011p Some of the meritsf the Delphi technique are:
participant experts can freely express their opinions since informaicamonymously
sourced creating no room for domineering experts to dictate the outcome which lig thgual

case of the conventional brainstorming technifien et al., 2013l The process is cheap
since through email, surface mail and sometimes face to face contact with individua
participant experts, the researcher or investigator can obtain a consensus opinion from
participating experts on an issue as compared to the traditional brainstorming technique where
experts will need to convene in one place to reach a consensuselphe rbethod has been
appliedstandalone or in combination with other techniques in solving a variety of problems in
the literature:Vidal et al. (2011agpplied the Delphi process in conjunction with AHP in
evaluating project complexity;Joshi et al. (2011)employed the Delphi technique in
identifying, synthesizing and prioritising key performance factors of a cold chain
(At e mpecroantturrcel | e d ) o wp Ipdiaycompanyim retoal. (2013b)used the

Delphi technique to identify objective evaluation criteria for selecting electronic waste to be

recycled.

The first step in the Delphi methodology is to select a panel of experts to be used for the
investigation. This is followed by developing the questionpawdch could either be open
ended or closed ended questions around the subjdat iofvestigation and thiss sent to the

panel of experts (first round Delphi survey). The next step is to analyse the oéshé first

round survey and resend the resalbngsidethe second round questionnaire which is usually

a modification of the first round questionnait@ the participants (second round Delphi
survey). The iteration continues urditonsensus is reached among experts for all items in the

guestionnaire and in most cases consensus is reached at the second or third round.

Different authors have advocatedrious techniques to determine the overall opinions of all
experts.Lawshe (1975)roposed a content validity ratio (CVR) with the threshold value
defined for removing or retaining eriteria item This wasre-evaluated bywilson et al.
(2012) The model is as follow:
: NS
#6 2 T §})
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Where Nk is the number of experts indicating an item is essential and N is the total number
of panel experts. The value of CVR varies from +1 (all panel expert indicate an item is
essential) tal (if all panel experts indicate an item is regsential). The thrbsld value is
generally set at greater than 0.29 and the implication is that any item with CVR value greater
than 0.29 is retaing(Kim et al., 2013k Vidal et al. (2011bpandVidal et al. (2011aapplied

mean values in determining items to remove or retain and with this approach, items with a

mean value below 4.5 on a 5 point Likert rating scale were removed.

In this studythe citeria for selection o maintenance strategy fararinemachinery systems

was screened using the Delphi survegps described above. TRA/R and the mean of all
maintenance strategy selection criteria in the first and second round surveys werecdvaluate
Since there was no significant difference between the opinions of experts for all criteria in the
first and second Delphi survgythe process was terminated at the second round. Finally the
criteria items with CVR value greater than 0.29 and mean sa&geal or greater than 2.7 in

the second round survey were retained. It is worth noting that the mean value of all expert
ratings in this study was set at 2.7 since a 3 point Likert scale was used in designing the
Delphi questionnaire which is equivaten the 4.5 threshold used bydal et al. (2011band

Vidal et al. (2011a)on 5 point Likert scale.

5.3.2  Analytical Hierarchy Process (AHP)

AHP, first developed bysaaty (198Q)is a widely used multi criteria decision making tool
which hels decisionmakes to structure complex decision problemHP has been chosen
mainly because it provides a framework to manage conflicting {Tntéria problems
involving both qualitative and quantitative facets. Additionally the quality of expert opinions
involved in the process can be mathematically proven using the consistencédadenori

and Gabbrielli, 2012Sady, 1980. However AHP has limitations and one of the main
limitations is the computational complexity in the analysis process when the decision criteria
for selecting alternatives is more than 15. This shortcowiifgHP is overcome in this thesis

by integrating the Delphi technique into the AHP meth&HP basically involve reducing
complex decisions to a series of simple pairwise comparisons and rankings, and then
synthesizing the results to obtain an overall ranking. The steps for AHP aratygiesented

in Caputo et al(2013) with revision are as follows:
115



(2) Define decision criteria0 to be used to evaluate and prioritise maintenance
alternatives. The criteria were defined using the Delphi study, see se@tibn 5

(2) Define maintenance alternatives to beoptised. Three maintenance alternatives have

been identified for mitigating effects of equipment failures of marine machinery systems.

(3)  Design the AHP questionnaire f6R experts to perform paivise comparison of the

relative importance among tkedeci si on criteri a. Each individ
then used to form an n x n pairwise comparison mathixyepresented as followsVu et al.,

2008:

0w 0w 8 w
8% (W]
A W Im’\’ (A)A &i A’|:| U&
1é e E én
w w 8 w U

Where
W 1112 ) pf w h ® p

w is the kth expert defined rating of how the importance of criterioampares with thatfo
criterionj. For example if criteria andj are of equal importance @ p andk =1,

2,é,z. The AHP scale used 5ln the ranking is p

Table5.1: AHP importance scal(Saaty, 198D

Score Eelative importance

1 criteria { and j are of equal importance

3 criteria i 1s slightly more important than
criterion j

5 criteria i 1s significantly more important than
criterion j

7 criteria i 1s strongly more important than
criterion j

9 criteria i 1s extremely more important than
criterion j

Note: 2_ 4. 6 and § are intermediate values

(4)  The weight to be assigned to critetia:6 8 [ is evaluated usinghe pairwise

comparison matrixd . The weights of each criterion are evaluated as follows:
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0 SE % §15)
Where( is the weight of criteri®

The weights of the criteria can be represented as weight vE¢tr (

+8 O0OR 0B g

(5)  The consistency of judgement by the experts is then evaluatedthsiognsistency
ratio’Q;. In general a consistency ratio of less thdni® acceptable and if the value is greater
than this, experts should be advised to revise their initial judge(Saatty, 1980 The
consistency ratio is calculated as:
—~ 00 %

_ v
S YO
Where Rl is the corresponding average random valde @r ané wé matrix, the values are

shown in Tablé.2, andd "B the consistency index and can be evaluated as

€
00 =/ v
E p @
Where_ is the maximurreigenvalue
) [AWY)
. 0]
- T 5 &
Table5.2: RI values for different matrix ordéBaaty, 198D
n 1 2 3 4 5 3] 7
RI 0 0 052 0.89 1.11 1.25 1.35
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(6) The next step is to evaluate the local weight of each maintenance alternative for each
criterion: firstly construct a painse comparison matrix between maintenance alternatives for
each criterion using E&.2 (see thesamplegivenin Table 57), next the solution models used

in evaluating criteria pairwise comparison of individual experts i.e.5Bto 5.7 are also

used forthe maintenance alternativgsairwise comparison matrix to obtain local weight of
each maintenance alternative.

(7)  The overall score of each maintenance alternative is evaluated by multiplying the local
weight of a maintenance alternative by critenaal weight and summing over all criteria.
Based on the overall score, maintenance alternatives are ranked and the most appropriate
selected.

(8) Where pairwise comparison judgements are available from more than one expert, the
overall score of each maimance alternative from individuals is averaged to obtain a group
overall score for the maintenance alternatipéon (Bolloju, 2007).

The Goepel (2014AHP online calculator was uséar the evaluation of Ech.3-5.7

5.3.3 PROMETHEE method

As discussed in Chapter BROMETHEE is an acronym for Preference Ranking Organisation
METHod for Enrichment Evaluations, a muttiiteria decision making method developed by
Brans, first presented in 198Rrans, 198pand further extended by Brans and Vin¢Beans

and Vincke, 198p There have been 7 versions develofieehzadian et al., 20)1@&nd the

one used here is PROMETHEE Il. PROMETTHEE Il is the most populall ttie versions

and itdéds fundament al to the i mplemenofati on
PROMETHEE Il for solving multcriteria decision problems is the pairwise comparison of

all alternatives for each criterion. The performance of one alternative over another in the
pairwise comparison for each criterion is based on a preference funthisnpreference
function (PF) turns the difference between two alternatives for each criterion into real values
which range from 0 to 1. This corresponds to the degree of preference a maintenance
practitioner has for one alternative over another. If ifferénce between two alternatives is

0, it simply means no preference and if the value is 1 its means full pref@#aeschal and

De Smet, 200P There are six different types of preference function; usual criteri@hage
criterion, Gaussian criterion,-$hape criterion Mshape with indifference and level criterion
(Brans et al., 1986 For ths studythe usual criterion was selected as the preference function
because there is evidence in the literature that it is most suitable for qualitative data

(VPSolution, 2013
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Apart from the preference function that needs to be defined by the maintenance practitioners
for the application of PROMETHEE, additional information that needs to be defneethe
weights of the criteria. There are different techniques available for determining the weights of
criteria such as the AHP method, entropy method and variance technique. The AHP technique
was selected for this work as it enables the decision protdebe logically structured, a
feature lacking in the PROMETHEE method. However AHP has the disadvantage of trading
of f assigned criteria fAigoodod ratings for A
evaluation principle is based on complete aggtion of the additive type which can result in

loss of vital informationin PROMETHEE partial aggregatios usedwhich avoids therade

off associated with the complete aggggon technique(Macharis et al., 2004 Additionally,

AHP has a predetermined technique for criteria weight evaluation whereas in the
PROMETHEE technique there is no provision for criteria weight determination thereby
laying an additional burden on the maintenance practitioners. On this basis, inatmminf

the two techniques, AHPROMETHEE, is proposed for the prioritisation of maintenance
alternatives by utilising the areas of strength of each technique. While AHP is used in the
structuring of the decision problem and weighting of decision @jtéfROMETHEE is
applied in the ranking of the maintenance alternatives.

The basic steps of the PROMETHEE method can be defined as follows:

(1) Definition of the problem: consider a muttiiteria problem of m alternativesi(a
&, € m) and n criterigcy,c;, énd.

(2) Determination of deviation based on pairwise comparisons as follows:

QD OH d ugy

Where d is the pairwise d#rence between evaluations of alternatives a and b for each

criterion
(3) Utilisation of preference function:

0 o "O'Q L8O
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Wher®) ofto represents the preference of alternatiweith respect to alternativé@for each

criterion, as a function @ o .

If the usual criterion is chosen as the preference function then:

- TRQ o T
PO m

4) Define numerical weight of criteria: This is a measure of the velathportance of
each criterion, wheré is the weight of criteriomd. The normalisation of the weight, if there

is need for it, is carried out as lfmlvs:

0 p VP T

(5) Evaluation of the overall preference index of a over lifto : The weighted average

of all the preference functions;jf, b) for all criteria is mathematically defined as follows:

~ ~ ~

“ 0 0 ddw LvP p

The net prefemece flows which are used in the measurement of the performance of each
maintenance strategy alternative are then computed. The nédiwhe difference between

the positive flowr and the negative flow hevaluated as follows:

o P oy
p 1]
) - «hw U C
noo - P “ ahod v o
E p
%o N O N ® VP T
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The maintenance alternatives are ranked on the basis of the net flow and the higher the value
the better the alternativédaving obtained the input information from experts, rather than
manually solving the mukltriteria decision problem by applying E§.8 to 5.14, Visual
PROMETHEE, developed by Bertrand Maresdid?Solution, 2018was used in processing

the information and in ranking the maintenance alternatives.

5.3.4 TOPSIS method

The TOPSIS methodological steps fdroosing an alteative from multiple optiondave

been previously discussed in Cha@e®ection3.3.2.2. Although in Gapter3 it was applied

in prioritising risk of failure modes & marine dieseéngine, in this current chapter TOPSIS

will be used inthe ranking (prioritising)of maintenance strategy alternatives such that the
optimum maintenance strategy will be adopted for the system or component under

investigation.

5.4  Casestudy of the marine dieselengine

The prioritisation of risk of failure wdes of the marine diesel engine had been carried out in
Chaptes 3 and4. From the studyone of the equipmentemdcomponerg with the greatst
failure consequence on the marine diesel engia® found to behe water coolingpump of

the central coolingsystem The water coolingpump was chosen to demonstrate the

applicability of the proposed methodology in the selectiomrofintenance strategy

5.4.1  Delphi evaluation

A panel of ten experts was carefully selected, 5 from academia with 5 to 12 yeaosigpre
work experience in the shipping industry and 5 from the shipping industry ranging ffom 2
Engineer to Chief Engineer. A thorough literature survey was conducted on relevant
maintenance strategy selection problems and 22 criteria were initiallyesel@be 22 criteria
were further subjected to two rounds of Delphi survey in order to critically select the most
relevant evaluation criteria for selection of the maintenance strategy for maritime
applications.The mean of theansensus measurement indignd CVR of all 10 experds
opinions were evaluated iboth first and second round Delphi surveyor each of the
maintenance strategy selection criteria and their corresponding rarddaegpresented in
Table5.3 and 5.4 The Delphi iteration process w&rminated at the second round because
there was no significant difference between results of the first and second rounds.
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In Table5.4, the criteria with the ranking highlighted in pink had mean values below 2.7 and
CVR below 0.29. These criteria weremoved and the remaining items retained. Some other
items were further removed because of their overlapping functitn ather criteria. The
remainingcriteria were then reategorised into main and saliteria. For example spare
parts inventories costninimisation of loss, maintenance costew training cost and plant

damage are sub criteria under the main criterion cost.

Table5.3: Result of first round Delphi survey

Maintenance strategy selection criteria and

SN description Mean CVE
1 Minimisation of operation loss 29 0.8
2 Maintenance efficiency 29 0.8
3 Spare parts inventories 28 0.6
4 Equipment risk level 29 0.8
5 Planning flexibility 24 -0.2
b Improved Safety 3 1

7 System rehiabality 29 08
g Compatibility 2.7 0.4
9 Technical expertise requirement 29 0.8
10 Acceptance by labour 1.9 08
11 Fault identification 29 0.8
12 Availability 26 02
13 Manufacturer recommendation 25 02
14 Environmental requirement 29 0.8
13 Available monetary resources A 0.4
16 Image damage 2 0.4
17 Plant damage 29 0.8
18 Assurance cost 24 -0.2
19 Enhanced competitiveness 29 0.8
20 System failure characteristics 27 0.4
21 Maintenance cost 29 0.8
22 Crew traiming cost 27 0.4
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Table5.4: Result of second round Delphi survey questionnaire

SN iﬁ::::nance strategy selection :;-I‘::Js{uren’lem Rank
Mean CVR Mean CVE

1 Minimisation of operation loss 3.000 1.000 1 1
2 Maintenance efficiency 2700 0.400 11 11
3 Spare parts inventories 2.800 0.600 6 6
4 Equipment risk level 2800 0.600 b b
5 Planning flexibility 2.400 0.000 19 17
b Improved Safety 3.000 1.000 1 1
7 System reliability 2800 0.600 6 6
g Compatibility (Applicability) 2.700 0.400 11 11
9 Technical expertise requirement 2.600 0.400 16 11
10 Acceptance by labour 1.800 -1.000 22 22
11 Fault identification 2.800 0.600 6 6
12 Availability 2.500 0.000 17 17
13 Manufacturer recommendation 2.500 0.000 17 17
14 Environmental requirement 2.900 0.800 3 3
15 Available monetary resources 2.700 0.400 11 11
16 Image damage 2.100 -0.400 20 20
17 Plant damage 2.800 0.600 6 6
18 Assurance cost 2.100 -0.800 20 21
19 Enhanced competitiveness 2.900 0.800 3 3
20 System failure characteristics 2.700 0.400 11 11
21 Maintenance cost 2.900 0.800 3 3
22 Crew training cost 2.700 0.400 11 11

Having defined the decision criteria againdich the maintenance strategiedl be ranked,
the next step is to apply the ranking tools, AHP, PROMETHEE and TOPSI&lua#rg the
optimum maintenance strategy. Firstly the case studies that are prasemt@aingle expert
informationfor analysis of théhree ranking tools in reachirap optimum solution and then
the use of threee x p e (group Gecision making information in reachingan optimum

solutionis presented
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5.4.2  AHP analysisusinginformation from a single expert

The maintenance strategy selection criteria categoriseanato and suleriteria wereused

to form a four level AHP hierarchy decision pfem as shown ifrigure 5.2. With the first,
second, third and fourth levels representing overall goal (Decision problem), main criteria,
subcriteria and the alternative maintenance strategy to be selected with respect to the main

and sub criteriarespetively.

To evaluate the problem ifiigure 5.2, a structured AHP questionnaire was developed and

sent toan expert selected from the Delphi survey team to perform the pairwise comparison
judgement using the Saaty scale in Tdhle firstly for the main dteria with respect to the

overall goal, next for the sutriteria with respect to the main criteria and overall goal and

lastly for the maintenance alternatives with respect to thesidria. The comparison matrix

developed fronthe experd gidgementfor main criteria is presented in Talilé. Samples of

the comparison matrice or med from t he exper-triera andud ge mer
maintenance alternatives are shown in Tables 5.6 and 5.7. The complete comparison matrices

are presented in AppendB3.1.1t is worth noting that in thisesearchthe consistency of this

e x p ejudgedent in all scenarios measured usirgronsistency ratidOhwas in therange

of 0.00 to 0.084 which iwithin the acceptable value of less than 0.1.
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Selection of best maintenance Decisian
technigue for marine systems
problem
Cost (C) Safety (5] Added value [AV) Applicability (&) Criteria
Spare parts inventories Personnel (51) Minimisation of System failure
cost (C1) Equipment [52) operation loss characteristics (41} Sub-
Maintenance cost (C2) Enviranment (53) [-"-\"-"Z.L] Available monetary Criteria
Crew training cost (C3) Equipment resource (A2]
i reliability (AV2) Eguiprent risk level
Equipment damage (A3)
cost (C4)
Alternatives
CM SOH SRP OFCEM ONCEM

Figure5.2: AHP hierarchy of multcriteria decision maintenance strategy selection problem

CM-Corrective maintenanc&OHScheduled overhaul, SR&theduled replacement,

OFCBM-Offline condition based maintenance, OBI@-Online condition based maintenance

Next the local weight of the main criterimas evaluatedbased on Tabl&.5 using Eq.5.3 7
5.7 and the results are presented in T&fe This was followed byapplyingEqg. 5.315.7 to
Table5.6 (a samplgto obtain local weight of subriteria andhe result ishown in Tablé.8,
The global weight othe criteria was generated by aggregating the local weigthesmain
criteria and local weight athe subcriteria andthe results are also presented iable 5.8.
Finally the overall score dhe maintenance alternatig@vas obtained by using step and 7
of Section5.4.2 and the results are presented in T&bg

Table5.5: Main criteria compason matrix with respect to overall goal

C S AV A
C 1 177 1/3 1/3

7 1 3 3
AV 3 1/3 1 1
A 3 1/3 1 1
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Table5.6: Subcriteria comparison matrix with respect to main criterion (cost)

C1 C2 C3 C4
C1 1 1/3 3 1/5
C2 3 1 3 1/3
C3 1/3 1/3 1 177
C4 5 3 7 1

Table5.7: maintenance alternatives comparison matrix with respect torgebon (spare
parts inventories cost)

CM SOH SEP OFCEM ONCEM
CM 1 1/3 1/3 117 1/7
SOH 3 1 1 1/3 1/3
SRP 3 1 1 1/3 1/3
OFCEM 7 3 3 1 1
ONCEM 7 3 3 1 1

Table5.8: Local and aggregated (global) weight of criteria

Local Local Global

Main criteria weight Sub-criteria weight weight
Cost (C) 0.0690 Spare parts inventories 0.1240 0.0086

cost(C1)

Maintenance cost (C2) 02410 0.0166

Crew traiming cost (C3) 0.0650 0.0045

Equipment damage cost (C4) 0.5700 0.0393
Safety (5) 05400 Personnel (51) 0.6000 03240

Equipment (82) 0.2000 0.1080

Environment (53) 0.2000 0.1080
Added value 0.1930 Minimisation of operation 0.5000 0.0965
(AV) loss (AV1)

Equipment reliability (AV2) 0.3000 0.0965
Applicability (A) 0.1930 Swystem failure characteristics 0.3330 0.0643

(Al)

Available monetary resource 0.3330 0.0643

(A2)

Equipment risk level (A3) 0.3330 0.0643
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Table5.9: Maintenance strategies overall score

CM SOH SRP OFCBM ONCBM | criteria weight
Cl1 0.0460 0.1240 0.1240 03530 0.3530 0.0086
C2 0.0440 01170 01170 04430 0.2780 0.0166
C3 0.2810 02810 02810 0.1070 0.0510 0.0043
C4 0.0980 0.1080 0.1080 03240 0.3630 0.0393
S1 0.0980 0.1080 0.1080 03240 0.3630 0.3240
52 0.0640 0.1330 01330 03230 0.3480 0.1080
53 0.0630 0.1280 01190 03560 0.3350 0.1080
AV1 0.0340 01240 01150 03760 0.3310 0.0963
AV2 0.0550 0.1290 01290 03430 0.3430 0.0965
Al 0.2000 02000 02000 02000 0.2000 0.0643
A2 0.2310 02310 02310 02310 0.0770 0.0643
A3 0.0550 0.1290 0.1290 0.3430 0.3430 0.0643
Global
score 0.0935 0.1321 0.1303 0.3210 0.3184
Rank 5 3 ] 1 2

Comparing the overall scores of tifige alternative maintenance strategies in Tabl@

offline condition based maintenand®@KCBM) with the highest performance index 08210

was thepreferred alternative, followed bgnline condition based maintenan@@NCBM)

with a weight of 03184 and the least preferred wasrrective maintenance (CM) with

priority value of 0.0935 The preferred choice afffline condition based maintenee to

online condition based maintenance is probahly tothe fact that it is effective and yetas

much cheaper means of monitoring the condition of an #ssetthe online techniquérom

this analysisas it can be seen in TalBeB, safety criterd have the greatest influencetire
selection ofthe maintenancestrategies for theooling waterpump of a marine diesel engine

with a weight of 54% when compared to other main criteria such as cost, added value and

applicability with weights of 6.9, 19.and 19.3% respectively.

5.4.3 TOPSISand PROMETHEE 2analysis using a single expert information

For thre AHP technique, information wasbtained froman expertthrough a pairwise
comparison method in whichlternatives were comparedn pairs to ascertain whicbneis
more importantusing the Saaty scaleor each criterion However for the other MCa
techniqus such as PROMETHEE and TOPS#5 point Likert scale wasapplied in this

study in obtaining information frorthe expert. In oderto havean unbiased comparison of
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TOPSIS and PROMETHEE witAPH that useghe pairwise comparison methpthe same
expert wasused inobtaining information fothe three methods he values assigned by the
expertfor thefive maintenance alternatis&vith respect td 2 decision criteriausinga 5 point

Likert scale are shown in TabtelQ

Table5.10: Single expert judgement of maintenance alternatives
Criteria CM SOH SEP OFCEM ONCEM
C1 1 3 5

e

3 3 2 2
C2 2 3 3 4 2
C3 3 4 3 4 2
C4 1 3 3 5 5
a1 1 3 4 5 5
52 1 4 3 5 5
=3 1 2 3 5 3
AV1 1 3 3 5 5
AV2 1 2 3 5 5
Al 1 3 2 4 4
A2 4 3 3 3 2
A3 1 4 3 5 4
5.4.3.1 PROMETHEE Asamgsoirsmatasiomgiffe oenxper:'t

One of the reasons PROMETHEE is very popular is the availability of softwa@nying
out the analysis. In this casee PROMETHEE softwar@refers to Visual PROMETHEE
whichwas used in evaluating information obtained frini@expertas gvenin Table5.10and
the criteria weight generated from the AHP analydis Table 58; the purposebeing to

determinghe optimum maintenae alternative for the water cooling pump

The decisionmatrix in Table5.10 and the decision criteria weightbtained in the AHP
analysiswereused to populate the PROMETHEE software to obtained the performance index
based on which theanking of thefive maintenance alternatiseCM, SOH, SRP, OFCBM
andONCBM wasperformed Prior tothe PROMETHEEanalysis of the data in Tab%l10 a
preference function for each criteriomas defined. In this study thé& u s u r&ferénce p
functionwas choseffor each criteriorbecauset is ideally suitedfor a qualitative scalevith a

low numberof levels such as te 5 point Likert scalgVPSolution, 2013 In the usual
preference function, actual values are not important in determining preference of one
alternative to another and what is important is the order: best to worst. This characteristic
actually makes it ideal for ordinal scale data in contrast to thex ptieference functiathat
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turn the difference between two alternatives mteal value i.e. from 0 and(De Keyser and
Peeters, 1996 After defining the preference function for each criteritime performance
index netflow which is the difference between the positive flow and the negtdweis then
evaluated withVisual PROMETHEE. The results ohé net flow %¢ together with the
positive flow, 0 , and negative flown hfor the five maintenance alternatisere presented
in Table5.11

Table5.11: PROMETHEE flow

Maintenance

alternatives ot [0 ] Eank
CM 0.0530 09428 -0.8898 5
sS0H 0.3148 0.6113 -0.2966 4
SEP 0.3870 0.5293 -0.1423 3
OFCBM 0.8125 0.0011 0.8114 1
ONCBM 0.6423 0.1250 0.5174 2

The alternative with the highest value of net flédsis considered to be the best alternative

while the alternative with the lowest value of net flow is the worst solution. From Table 5.11,
OFCBM with the highest value of net flow is the best alternative, followe@®RZBM and

the worst alternative is CMLhe values of net flow obtained in this caser@based on the
selection of the preference f ualweswooldnotrbe f er r
the same if other preference functions were selected for the evaluation. Therefore obtaining a
reliable and efficient result using the PROMETHEE technique depends greatly on the
mai ntenance practiti oner ats prefetenceé furctyon foroeach d e n
criterion. This creates an additional burden on the maintenance practitioner. Another factor

that greatly impacts on the ranking is the weight of the criteria.

Sensitivity Analysis:

In order to test the robustness of tieehnique,a sensitivity analysis was carried out by
changing he weight of different criteriéo see the resulting effewith respect tahe ranking
order of the fivemaintenance alternatives. The results which are shown in balfleeveal
the lower ard upperlimit a decisioncriterion weightcan varybetweenwithout changinghe
order of rankingof the five maintenance altaatives From the result it can be se#dmt the
changs in weight of criteriaC2, C3, S2, A1, A2 and A®eyond40.75%,17.4%%, 31.88%,
28.52%47.7P6 and 22.42%respectively willlead to alterton in the ranking of the five

maintenance alternatigaevhile for the other criteriachanges in their weights will not lead to
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changes in the rankingrder In essence criteria3hasthe geatest impact on the ranking

followed by A3 This sensitivity analysis has demonstrated the robustness of the

PROMETHEE technique in the prioritisation of the maintenance strategy altesnative

Table5.12: Stability interval

Interval

Criteria Weight

Min Max
sSpare parts inventories cost(C1) 0.0086 0.00% 100.0%
Maintenance cost (C2) 0.0166 0.00% 40.73%
Crew training cost (C3) 0.0045 0.00% 17.44%
Equipment damage cost (C4) (0.0393 0.00% 100.0%
Personnel safety (S1) 0.3240 2.47% 100.0%
Equipment safety(52) 0.1080 0.00% 31.88%
Environment safety(S3) 0.1080 0.00% 100.0%
Mimimisation of operation loss (AV1)  0.0963 0.00% 100.0%
Equipment reliability (AV?2) 0.0965 0.00% 100.0%
System failure characteristics (Al) 0.0643 0.00% 28.52%
Available monetary resource (AZ2) 0.0643 0.00% 47 77%
Equipment risk level (A3) 0.0643 0.00% 22.42%

5.4.3.2 TOPSI S Amsalnysiss ngl e expert informat.i

In the application ofTOPSIS to thewater coolingpump of a marine diesel engine, the

decision matrix in Table 5.10 was normalised using B&) @ndthe result is presented in

Table 5.13. The normalised matrix wésen multiplied by the criteria weights in Tabl& o

obtain a weighted normalised mataso shown in Table 5.1Fqg. 8.10) and 8.11) were

then utilised to determine the positive ideal and negative ideal sautspectively as

presented in Tableb.14. Finally, applying Eq. 8.12) i (3.14) the distance of each

maintenance strategy alternatit@ the positiveideal solutionO and to the negativigleal

solution O together withrelative closenes¥ ¢of each &ilure mode to the ideal solution

were calculated and the resudfsY 0 together with their rankings asfiown in Tablé.15.
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Table5.13: Normalised decision matrix and weighted normalised decrsiginix

Normalised decision matrix

Weighted normalised decision matrix

Criteia CM  SOH SRP OFCBM ONCBM CM  SOH SRP  OFCBM ONCBM
c1 0.1204 0.3612 0.3612 0.6019 0.6019  0.0010 0.0031 0.0031 0.0052  0.0052
c2 0.3086 0.4629 0.4629 0.6172 0.3086  0.0051 0.0077 0.0077 0.0102  0.0051
c3 0.5976 0.4781 0.3586 0.4781 0.2390  0.0027 0.0022 0.0016 0.0022  0.0011
c4 0.1204 0.3612 0.3612 0.6019 0.6019  0.0047 0.0142 0.0142 0.0237  0.0237
s1 0.1147 0.3441 0.4588 0.5735 05735  0.0372 0.1115 0.1487 0.1858  0.1858
S2 0.1147 0.4588 0.3441 0.5735 05735  0.0124 0.0496 0.0372 0.0619  0.0619
S3 0.1443 0.2887 0.4330 0.7217 0.4330  0.0156 0.0312 0.0468 0.0779  0.0468
AVl 01204 0.3612 0.3612 0.6019 0.6019  0.0116 0.0349 0.0349 0.0581  0.0581
AV2  0.1250 0.2500 0.3750 0.6250 0.6250  0.0121 0.0241 0.0362 0.0603  0.0603
Al 0.1474 0.4423 0.2949 0.5898 0.5898  0.0095 0.0284 0.0190 0.0379  0.0379
A2 0.5040 0.3780 0.3780 0.6299 0.2520  0.0324 0.0243 0.0243  0.0405  0.0162
A3 0.1222 0.4887 0.3665 0.6108  0.4887  0.0079 0.0314 0.0236  0.0393  0.0314
Table5.14: Positive and negative idea solution
Criteria . Negative
Positive ideal 1deal
C1 0.0052 0.0010
Cc2 0.0102 0.0051
C3 0.0027 0.0011
C4 0.0237 0.0047
51 0.1858 0.0372
52 0.0619 0.0124
53 0.0779 0.0156
AV1 0.0581 0.0116
AV2 0.0603 0.0121
Al 0.0379 0.0095
A2 0.0405 0.0162
A3 0.0393 0.0079
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Table5.15: Performance index (RC) and rank

Maintenance alternatives d+ d- RC Fank
CM 0.1876 0.0295 0.1357 5
SOH 0.1011 0.0929 04788 4
SEP 0.0711 0.1252 0.6376 3
OFCEM 0.0005 0.1892 09972 1
ONCBEM 0.0407 0.1768 0.8131 2

From Table 5.5 it is obvious that the optimum maintenance alternative iOFEBM since
it occupies the first position andhias performance index ofS®72which is closest to the
ideal solution This is followed byONCBM and te least prefeed maintenance strategy
CM having the lowest performance index at867and being in the fiftiposition.

544 Comparison of methods

The comparison ofhe ranking obtained from the three MCDM methods are presented in
Table 5.5. From the able OFCBM appeas infirst position for all the ranking models and as
suchis the optimum solution for albf the technique. Also from the dble last position is
occupied by CM for the three ranking models; AHP, PROMETHEE and TOPIS.
Spearman rank correlation coeffictsietween the three MCDM techniques are presented in
table 5.7.

Table5.16: Comparison of rankings from methods

Maintenance alternatives AHP PROMETHEE TOPSIS
CM 5 5 5
SOH 3 4 4
SEP 4 3 3
OFCBM 1 1 1
ONCBM 2 2 2
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Table5.17: Spear mands twaemhkettodsr r el ati on be

Method AHP PROMETHEE TOPSIS
AHP - 0.937 0.937
PROMETHEE - 1
TOPSIS -

From Table 5.1 the Spearman ranlcorrelation coefficient betweenPROMETHEE and
TOPSIS is 1, between AHP and PROMETHEE is 0.98@ lzetweenPROMETHEE and
TOPSIS is0.937 The perfect and near perfect correlation between the three meshoass

that the three techniques can be used singly or in combination with one another for the
purpose of prioritising maintenance strategy alternativdss has also validated the
applicability of the different MCDM techniques proposed for the selectidhe maintenance

strategy for the components of marine machinery systemm numerous alternatige

5.4.5 Group decisionmaking

The case considered above is a situatwierdy a single expert is involved in the decision
making process. However in manyaptical situations multiple experts or a group of experts

are involved in the decision making process thereby bringing a great deal of complexity into
the use of MCDM method@Raju et al., 2000 Different aggregation methods are available

for combining expertso preferences i n gr c
aggregation can be used. In this research the score aggregation technique was chosen becaust
rank aggregation may lead to ramdversal. In aggregating the scores of individual experts a
simple arithmetic mean can be applied. The average of the individual experts AHP scores,
PROMETHEE and TOPSIS scores for each maintenance alternative are referred to here as
group scores. On the sia of the group score, maintenance strategy alternatives were ranked

and the highest ranked chosen as the optimum solution.

As previously statedfor AHP the input information s obt ained from exp
judgement which ighen used in formingcompari®n matrices. firee of the original ten
experts used for the Delphi analysis wesedin this groupdecision making procesthe
scores obtained for thesingle expertcasestudiedabovewill be referred toasexpert 1 score

while the expert 2 and 3 scores for the fig#lernative maintenance strategies were
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determinedbased on comparison judgement obtained from ex@eand 3 The comparison
judgemensg obtained from expest2 and 3 are presented Wppendix B3.2 and B3.3

regectively.

However PROMETHEEand TOPSISrequire the use oan ordinal scalen the rating of
maintenance alternatiseagainst decision criterialhe rating was carried out by the same
experts that performed the comparison judgentergnsureunbiased emparison between
AHP, TOPSIS and PROMETHEEThe rating obtainedrdm expert 1waspresentedn Table
5.10while the rating obtained fromexperts2 and 3are presented in Tab&18. SinceAHP,
TOPSIS andPROMETHEE had alreadpeen applied tahe datafrom expert lin Sectiors
5.4.2 and 4.3, only evaluation dr expers 2 and 3 will be shown subsequently.

Table5.18: Experts 2 and 3 judgement of five maintenance alternative

Eating of maintenance alternatives
Criteria Expert 2 Expert 3
CM S0H SEP OFCEM ONCBM CM 350H B8RP OFCBEM ONCEBM

C1
c2
C3
C4
g1
82
83
AV1
AV2
Al
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5.45.1 Eval uati on noafi nAHP agnrcoeupst rat egy alternat

AHP analysis using expert 2 comparisjpilgement

The pairwisecomparison jdgements obtained from expert 2 wérstly used in producing
decision matrices whichre presented in AppendixXBR. The comparison matricegre then
subjectedto AHP analysis toobtain the weighings of the main criteria together witthe
weighings of subcriteriaandthe global weight of subriteria The results are presented in
Table 5.B. Finally, overall alternative maintenancestrategy scoreswere obtained as a
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product ofthe global weight of sufriteria and the weight of maintenance alternatives with

respect tahedecision criteria and the resuéieeshownin Table5.20.

Table5.19: Local and aggregated (global) weight of criteria for expert 2

Local Local Global

Main criteria weight Sub criteria weight weight
Cost (C) 01180 Spare parts inventories 00600 0.0071

cost(C1)

Maintenance cost (C2) 03960 0.0467

Crew training cost (C3) 0.3960 0.0467

Equipment damage cost (C4)  0.1470 0.0173
Safety (S) 04870 Personnel (S1) 0.6000 0.2922

Equipment (S2) 0.2000 0.0974

Environment (S3) 02000 0.0974
Added value 02760 Mimimisation of operation 0.5000 0.1380
(AN loss (AV1)

Equipment reliability (AV2) 0.5000 0.1380
Applicability (A)  0.1180 Swvstem failure characteristice 0.2000 0.0236

(Al)

Asvailable monetary resource 06000 00708

(Ad)

Equipment risk level (A3) 02000 0.0236

Table5.20: Maintenance strategies overall score

CM SOH SRP OFCBM ONCBM | -criteria weight
C1 005360 0.1680 0.1680 03690 0.2380 0.0071
C2 0.05340 0.1590 0.1490 04060 0.2320 0.0467
C3 0.2810 02810 02810 0.1070 0.0510 0.0467
C4 0.05330 0.1670 0.1190 03400 0.3210 0.0173
S1 0.0340 0.1630 0.1180 02790 0.3870 0.2922
S2 0.0640 0.1330 0.1330 03230 0.3480 0.0974
53 0.05350 0.1540 0.1420 04740 0.1750 0.0974
AV1 0.0540 01240 0.1150 03310 0.3760 0.1380
AV2 0.0840 0.1320 0.0760 03400 0.3690 0.1380
Al 0.1750 01730 02210 03530 0.0740 0.0236
A2 0.1750 0.1750 02210 03550 0.0740 0.0708
A3 00550 01290 01290 03430 0.3430 0.0236
Global
score 0.0812 0.1551 0.1349 0.3258 0.3024
Rank 5 3 4 1 2
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AHP analysis usingxpert 3comparison judgement

Having obtained maintenanadternatived overall score from expers d and 2 pairwise
comparison jdgement, the same AHP procedure viaéowed in evaluating theoverall
maintenance alternativecores for expert 3. Firstly the pairwise comparisaitggments
obtained from expert 3vere converted to comparison matricegich are presented in
Appendix B3.3. Applying AHP evaluation techniques tbe expert 3 pairwise comparison
matrices,the weight of the main criteria together with weight of -suberia the dobal
weight of sub-criteria wereevaluated anaverall maintenance alternative scomstained.
The results of the weight of the main criteria together with weight ofcetdria and the
global weight of sulzriteria are presented in Table 5\&hile the resultsof theof the overall

maintenance alternative scores are presented in ballle

Table5.21: Local and aggregated (global) weight of criteria for expert 3

Local Local Global

Main criteria weight Sub-criteria weight weight
Cost (C) 0.0410 Spare parts inventories 0.5560 0.0228

cost{C1)

Maintenance cost (C2) 0.1840 0.0075

Crew training cost (C3) 0.2020 0.0083

Equipment damage cost 0.0580 0.0024

(C4)
Safety (S) 0.5880 Personnel (S1) 0.7850 04616

Equipment (S2) 0.1490 0.0876

Environment (83) 0.0660 0.0388
Added value 0.0710 Minimisation of operation 0.5000 0.0335
(AV) loss (AV1)

Equipment reliability (AV2) 0.5000 0.0355
Applicability (A) 0.3100 Svstem failure 0.0880 0.0273

characteristics (Al)

Available monetary 0.2430 0.07323

resource (A2)

Equipment risk level (A3) 0.6690 0.2074
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Table5.22: Maintenance strategies overall score

CM s0OH SRP OFCBEM ONCBM | criteria weight
C1 00540 01150 01240 03760 0.3310 0.0228
Cc2 0.0520 01080 01200 04600 0.2600 0.0075
C3 03420 01140 01830 02710 0.0900 0.0083
C4 00810 01300 03700 04800 0.3510 0.0024
51 00500 01260 01260 03390 0.3590 04616
52 00640 01330 01330 03230 0.2480 0.0876
83 00810 01300 03700 03510 0.0480 0.0388
AV1 00540 01240 01150 03310 0.3760 0.0335
AV2 0.0530 01020 01210 03620 0.3620 0.0335
Al 0.0200 00200 00200 0.0200 0.0200 0.0273
A2 03420 00900 01140 02710 0.1830 0.0753
A3 00430 01010 01910 04550 0.2080 0.2074
Global
score 0.0739 01167 0.1474 03537 0.2841
Rank 5 4 3 2 1

As previously statedo obtain the group overall rating of maintenance strategy alternatives
the individual experts ratirmgwere averagegdas shown in Table 53 From the resultit is

again obvious that thereferred maintenance strgye alternative isOFCBM, having the
highest group overall score of3@35 This is followed byONCBM and the least preferred
option isCM having the lowest group overall score d&B5 There is no dierence between

the group rating and the individual expert rating since the same ranking order was obtained.
This is as a result of the similarity in the comparison judgementeofitle maintenance

alternatives against decision criteria obtained fronthhee experts.

Table5.23: Group decision making AHP score and ranks

Grou
Maintenance Expert 1 AHP Expert 2 AHP Expert 3 AHP m-'erala Group
alternatives overall score overall score overall score sCores Fanking
CM 0.0935 0.0812 0.0739 0.0835 5
SOH 0.1321 0.1551 0.1167 0.1346 3
SEP 0.1303 0.1349 0.1474 0.0941 4
OFCEM 0.3210 0.3258 03537 03335 1
ONCBM 03184 0.3024 0.2841 0.3016 2
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5.45.2 Evaluation of the PROMETHEE group mai

Thedecimn matri x for med fmamtenareesfraegies agaidoss decison i n g

criteria wasfirstly subjectedd PROMETHEE analysis to obtathe expert 1 PROMETHEE
overall scordor the maintenance alternatives upon which the maintenance titesvaere
ranked. This wagarried out in sectio 54.3.1. Ths was thenfollowed by subjectinglata
from expers 2 and 30 PROMETHEE analysis to obtaiexpert 2 and dverall score (%o
values) of maintenancestrategy alternatives. To obtain the group overall scores for

maintenance alternativabeindividual expertéscores wereaveraged.

PROMETHEEanalysis usingxpert 2 judgement

The expert 2decision matrixn Table 5.8 and the criteria weights evaluated from the expert
2 AHP analysis ofcomparison judgemerih Table 5.19 weraised as input ata for the
PROMETHEE softwee to obtain overall scoreskd values) of maintenance strategy

alternativesThe maintenance strategy alternatives were ranked baskd %ovalues.
As with the analysis for expert 1, the preference function wa#é thes u a | deoteyaj e .
scores ofmaintenance alternativagere then determined using tRROMETHEE software

and the result obtained is displayed in TdhR.

Table5.24: PROMETHEE flow for expert 2

Maintenance

alternatives @ @~ ¢ Rank
CM 0.1528 0.8337 -0.6809 5
SOH 0.3890 0.4580 -0.0690 4
SRP 0.2289 0.6272 -0.3983 3
OFCBM 0.7964 0.0640 0.7324 1
ONCBM 0.5972 0.1815 0.4157 2

From Table5.24, the offline condition based maintenan(@®NCBM) with the highest value
of net flow, %y was the best ranked maintenance altéiiea while the worst rank was

corrective maintenance CM.

Sensitivity Analysis:
A sensitivity analysis wasgain carried out to test the robustness of the PROMETHEE
technique The results are presented in Table 5R®m the &ble changes in criteria weights
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C2, C3,C4, AV1, Al and A2beyond a certain levell{.93%6, 28.2%%0, 40.7%%6, 47.24%,

29.08 and 20.01%espectively)resuled in changesn the ranking order of the five
maintenance alternatiseFor the other criteria irrespective of the changes in the weights of
the criteria the ranking orderemaired unchanged. It is obvious that the criteria that eaus
alteration in the order of ranking have the greatest influence on the ranking of maintenance

alternatives.

Table5.25: Stability intervals for expert 2

L . Interval
Criteria Weight Min Max
spare parts inventories cost(C1) 0.0071 0.00% 100.0%
Maintenance cost (C2) 0.0467 0.00% 17.93%
Crew traiming cost (C3) 0.0467 0.00% 28.29%
Equipment damage cost (C4) 0.0173 0.00% 40.75%
Personnel safety (S1) 0.2922 0.00% 100.0%
Equipment safety (S2) 0.0974 0.00% 100.0%
Environment safety (53) 0.0974 0.00% 100.0%
Minimisation of operation loss (AV1) 0.1380 0.00% 47 2404
Equipment reliability (AV2) 0.1380 0.00% 100.0%
Swvstem failure characteristics (Al) 00236 0.00% 20 8%,
Available monetary resource (A2) 0.0708 0.00% 20.01%
Equipment risk level (A3) 0.0236 0.00% 100.0%

PROMETHEE analysis using exp8rudgement

The experB decision matrix in Table 58land the criteria weights evaluated from the expert
3 AHP analysis of comparison judgemein Table 521 were used as input data in the
PROMETHEE analys to obtained overall scoredeofvalues) of maintenance stegy
alternatives andhe maintenance steyy alternatives wereankedbased orthe %o values
The preference function type 1 wasainchosenas in the caseof expers 1 and 2 The
overall scoreg%ovalues)of the maintenancestrategyalternativeswvere then determined and
the five maintenance strategy altativesranked.The resuk obtained areshownin Table
5.26.
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Table5.26: PROMETHEE flow for expert 3

Maintenance

alternatives ot (0 ¢ Rank
CM 0.0671 0.8881 -0.8210 5
SOH 0.4550 0.4793 -0.0243 3
SRP 0.2257 0.7400 -0.5143 4
OFCBM 0.7741 0.0137 0.7604 1
ONCBM 0.6642 0.0650 0.5992 2

Sensitivity Analysis:

A sensitivityanalysis was again carried out and the resultprassented in Tablg.27.

Table5.27: Stability interval for expert 3

L . Interval
Criteria Weight
" = Min Max

spare parts inventories cost(C1) 0.0228 0.00% 100.0%
Maintenance cost (C2) 0.0075 0.00% 29.55%
Crew training cost (C3) 00083 0.00% 15.61%
Equipment damage cost (C4) 0.0024 0.00% 100.0%
Personnel safety (S1) 04616 0.00% 100.0%
Equipment safety (82) 0.0876 0.00% 100.0%
Environment safety(S3) 0.0388 0.00% 20.16%
Mimimisation of operation loss 0.0355 0.00% 100.0%
[AV1)

Equipment reliabality (AV2) 0.0335 0.00% 100.0%
System failure characteristics (A1) 0.0273 0.00% 34.70%
Available monetary resource (A2) 0.0753 0.00% 29.17%
Equipment risk level (A3) 0.2074 0.00% 100.0%

From the resu#tin Table5.27, if criteria C2, C3,S3 Al and A2weights areincreasd by up

to 29.55%, 15.61%, 20.16%, 34.70%, and 29.1#%pectively the order of ranking of
maintenance alternatigen Table5.26 will remain unchanged. However if these limits are
exceeded the ranking order will be altered while for the othesrier irrespective of the

weight increasghe ranking order will remain unaltered.
To obtain the group overaticoresof maintenance strategy alternativéee individual experts

overall scoresvereaveragedas shown in Table 532 From the resulttiis again obvious that

the preferred mainteamce strategy alternative @FCBM, having the highest group overall
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score of 07681 This is followed byONCBM and the least preferredabe isCM having the

lowest group overall score €).7972

Table5.28: Multiple experts decision making score and rank

Maintenance Expert 1 Expert 2 Expert 3 Group Group
. PROMETHEE FROMETHEE PROMETHEE overall .

alternatives Ranking

overall score overall score overall score sCore =
CM -0.8808 -0.6809 -0.8210 -0.7972 3
SOH -0.2966 -0.069 -0.0243 -0.1300 3
SEP -0.1423 -0.3983 -0.5143 -0.3516 4
OFCBM 0.8114 0.7324 0.7804 0.7681 1
ONCBM 0.5174 0.4157 0.5992 05108 2

5.45.3 Evaluation of the TOPSI S group mainte

TOPSIS was also applied to the maintenance strategy selection using data from the three
experts.The expert 1 overall scagRG values) for each of the maintenance strategy
alternatives were evaluated ineStion 54.3.2. Theexpert2 and 3 overall scorder each of

the maintenancetraitegy alternatives arevaluatednext. The average of the three experts
maintenancetrategy alternatives scores wéinen used to obtaithe group overall scores of

maintenance strategy alternatives.

TOPSIS Analysigsingexpert 2judgement

TOPSIS analyis wasapplied to the expert 2 decision matgixenin Table 5.8. The expert

2 decision matrix in Table S8lwasfirst normalisé using Eq. 8.6) and then multiplied by

the criteria weights in TabE.19to obtain a weighted normalised matfoth the normalised
decisionmatrix and the weighted normalised decisimatrix are shown in Table 5.2&q.
(3.10) and 8.11) were then utilised to determine the positive ideal and negative ideal
solutiors respectyely as presented in Table 0. Finally, applying Eqg. 8.12) 1 (3.14), the
distance of each antenance strategy alternatit@ the positiveideal solutionO and the
negativeideal solutionO together withrelative closenes® dof alternativemaintenance
strategyto the ideal solutionvere calculated and the resudt®e shown in Table 513 Based

on the relative closene®0of eachalternative maintenance strategy to the ideal solutien

mainienance strategy alternatives weaaked as also shown in Table 5.3
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Table5.29: Expert 2 normalised decision matrix and weighted normalised decision matrix

Normalised decision matrix Weighted normalised decision matrix
Criteria CM SOH SRP OFCBM ONCBM CM SOH SRP OFCBM ONCBM
C1 0.2857 0.4286 0.2857 0.5714 0.5714 0.0020 0.0030 0.0020 0.0041  0.0041
Cc2 0.5774 0.4619 0.3464 0.4619 0.3464 0.0270 0.0216 0.0162 0.0216  0.0162
C3 0.4619 0.3464 0.4619 0.5774 0.3464 0.0216 0.0162 0.0216 0.0270 0.0162
C4 0.1187 0.2374 0.4747 0.5934 0.5934 0.0021 0.0041 0.0082 0.0103 0.0103
S1 0.1250 0.3750 0.2500 0.6250  0.6250 0.0365 0.1096 0.0731 0.1826  0.1826
S2 0.1204 0.3612 0.3612 0.6019 0.6019 0.0117 0.0352 0.0352 0.0586 0.0586
S3 0.2357 0.3536 0.3536 0.5893  0.5893 0.0230 0.0344 0.0344 0.0574 0.0574

AV1 0.2520 0.3780 0.3780 0.5040 0.6299 0.0348 0.0522 0.0522 0.0695  0.0869
AV2 0.2390 0.4781 0.3586 0.5976  0.4781 0.0330 0.0660 0.0495 0.0825  0.0660

Al 0.3939 0.5252 0.2626 0.6565  0.2626 0.0093 0.0124 0.0062 0.0155 0.0062
A2 0.6934 0.4160 0.1387 0.5547  0.1387 0.0491 0.0295 0.0098 0.0393  0.0098
A3 0.2673 0.4009 0.4009 0.6682  0.4009 0.0063 0.0095 0.0095 0.0158  0.0095

Table5.30: Expert 2negative and positive ideal solution

Criteria A A-

C1 0.0041 0.0020
Cc2 0.0270 0.0162
C3 0.0270 0.0162
C4 0.0103 0.0021
a1 0.1826 0.0365
52 0.0586 0.0117
a3 0.0574 0.0230
AV1 0.0869 0.0348
AV2 0.0825 0.0330
Al 0.0135 0.0062
A2 0.0491 0.0098
A3 0.0158 0.0063
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Table5.31: Performance index and Rank

Alternatives D* D- RC Rank
CM 0.1736 0.0594 0.2549 3
SOH (.0923 0.0917 0.4984 3
SEP 0.1312 0.0517 0.2826 4
OFCBEM 0.0207 0.1751 0.8943 1
ONCBM 0.0466 0.1692 0.7840 2

TOPSIS Analysigsingexpert 3judgement

The epert 3 matrix in Table 58was normalised using EB.6) and then multiplied by the
criteria weightsgivenin Table 5.2 to obtain a weighted normalised matrbhe normalised
decision matrix and the weighted normalised decision madgberminedare presented in
Table5.32. To obtainthe positive ideal and netize ideal solution in Table 33 Eq. 3.10)
and @.11) were appliedto the weighted normalised matrix. Finally applying E§.12) 1
(3.14), the distance of each amntenance strategy alternatit@ the positiveideal solution
'O and to the negativigleal solutionO together withrelative closenes¥ 0 to the ideal
solutionwereevaluatedand theresults together with the corresponding rankiagsshown in
Table5.34.

Table5.32: Expert 3normaliseddecision matrix and weighted normalised decision matrix

Normalised decision matrix Weighted normalised decision matrix
Criteria  CM SOH SRP OFCBM ONCBM CM SOH SRP OFCBM ONCBM
C1 0.1459 0.2917 0.1459 0.7293  0.5835 0.0033 0.0067 0.0033 0.0166  0.0133
Cc2 0.3050 0.3050 0.1525 0.7625 0.4575 0.0023 0.0023 0.0011 0.0057 0.0034
C3 0.7906 0.4743 0.1581 0.3162  0.1581 0.0066 0.0039 0.0013 0.0026  0.0013
C4 0.1098 0.4391 0.4391 0.5488 0.5488 0.0003 0.0011 0.0011 0.0013 0.0013
S1 0.1147 0.4588 0.3441 0.5735 0.5735 0.0529 0.2118 0.1588 0.2647  0.2647
S2 0.1147 0.4588 0.3441 0.5735 0.5735 0.0100 0.0402 0.0301 0.0502 0.0502
S3 0.6868 0.2747 0.2747 0.5494 0.2747 0.0266 0.0107 0.0107 0.0213 0.0107

AVl 0.1187 0.4747 0.2374 0.5934  0.5934 0.0042 0.0169 0.0084 0.0211 0.0211
AV2 0.1187 0.4747 0.2374 0.5934 0.5934 0.0042 0.0169 0.0084 0.0211 0.0211

Al 0.1400 0.4201 0.5601 0.5601 0.4201 0.0038 0.0115 0.0153 0.0153 0.0115
A2 0.4121 0.4121 0.1374 0.6868 0.4121 0.0310 0.0310 0.0103 0.0517 0.0310
A3 0.1250 0.3750 0.2500 0.6250 0.6250 0.0259 0.0778 0.0519 0.1296 0.1296
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Table5.33: Negative and positive idea values

Criteria A~ A

C1 0.0166 0.0033
C2 0.0057 0.0011
C3 0.0066 0.0013
C4 0.0013 0.0003
S1 0.2647 0.0529
S52 0.0502 0.0100
S3 0.0266 0.0107
AV1 0.0211 0.0042
AV2 0.0211 0.0042
Al 0.0153 0.0038
A2 0.0517 0.0103
A3 0.1296 0.0259

Table5.34: Performance indeand ranks

Alternatives D+ D RC Rank
CM 02420 0.0272 0.1010 5
SOH 0.0803 0.1643 0.6718 3
SEP 0.1421 0.1097 0.4357 4
OFCEM 0.0066 02233 09712 1
ONCBEM 0.0272 02183 0.8891 2

The group overall scores of maintenance strategy alternataresevaluated by averagitige
individual experts overall scoremnd theresult isshown in Table 58 From thetable
OFCBM occupies the first position having a group overalbrecof 09542 Hence the
preferredmaintenance strategy alternativeQECBM. This is followed byONCBM and tre

least preferred choice &M with the lowest group overall score @1639.
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Table535mul t i pl e expertsodé decision making scor

_ Expert 1 Expert 2 Expert 3 Group
Mamtex?.ance TOPSIS TOPSIS TOPSIS Group overall Rank
alternatives overall overall overall score
score score score g
CM 0.1357 0.2549 0.1010 0.1639 5
SOH 0.4788 0.4984 06718 0.3497 3
SEP 0.6376 02826 0.4357 0.4520 4
OFCBM 0.9972 0.8943 09712 0.9542 1
ONCEM 0.8131 0.7840 0.8891 0.8287 2
5454 Comparison of the propgsedphybhnkdnNCL

The comparison ajrouprankingof maintenance strategy alternativdgainedfrom the three
MCDM methods ipresented in Table 3. Fromthe able OFCBM appeas infirst position

for all of the ranking models and as sustihe optimun solutionis the OFCBM. Also from

the \blg last position is occupied by CM for the three ranking models; AHP, PROMETHEE
and TOPSISThe Spearman rank coetation was also usedo determine the relationship
between group rankings obtained from the three metlzodl the results aggresented in
Table 537.

Table5.36: Comparison of group ranking from methods

Maintenance alternatives AHP PROMETHEE TOPSIS
CM 5 5 5
SOH 3 3 3
SREP 4 4 4
OFCEM 1 1 1
ONCEM 2 2 2

Table5.37.Spear mands rank correlation between m

Method AHP PROMETHEE TOPSIS
AHP - 1 1
PROMETHEE - 1
TOPSIS -
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5.5 Summary

In this chaptey three hybrid MCDM techniques; (1) DelptAHP and (2) DelphiAHP-
PROMETHEE and (3) DelphAHP-TOPSIS have been presemtefor the selection of a
maintenance strategy fonarine machinery systems. In th@ree proposed hybrid MCDM
techniques, Delphi was applied to redube number of criteria such that only the most
significant criteria were used in the maintenance altemaecision problem. The aim was to
make the evaluation process as simple as possible such that it could easily be adopted by
shipping system maintenance practitioners. AlWRich has the capability of incorporating
guantitative and qualitative informatipwas used in the first proposed MCDM technique
(DelphiAHP) as a tool for determining the decision criteria weight and for the final ranking
of the maintenance strategy alternatives with respect to decision criteria. In the second
proposed MCDM techniquéDelphtAHP-PROMETHEE) AHP was applied as a tool for
evaluating weights of decision criteria while PROMETHEE was used in the ranking of the
maintenance strategy alternativés. the third proposed MCDM technique (DelphiHP-
TOPSIS) AHPwasused for the wighting of decision criteria while TOPSWasapplied for

the prioritisation of the maintenance strategy alternatiVeg. three hybrid methodsere

usedin addresmsg a maintenance strategy selection probiewolving asingle expert firstly

in the decision making process atiis was followed by involving three expelgroup)in

the decision making procedsor both the single expert and group decision making process
the $earman rank correlation between theee hybril MCDM techniques wasery strong

and as such a conclusion can be drawn that the three MCDM hybrid techniques can be used
individually or in combination with one another in selectthg maintenance strategy far
marine machinery system or other relagedjineering system. Alsodm the analysisthere

was no significant difference between the group rating anslitigéeexpert rating as a result

of the similarty in the judgement of the fivmaintenance alternatives against decision criteria
obtained fom the three experts otherwise the ranking order would have altered significantly.
Another reason is that since only five maintenancatesjy alternatives were available, the
degree of freedom wadmited. If more alternativeswere available there wouldebmore
chance of alteration ithe ranking orderf maintenance alternatived~urthermorgfrom the
analysis the driving force for the selection of maintenance alternsiige critica marine

machinery equipment safetywhichwas assigned hatif the toal weight of decision criteria.
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For thetwo scenariossingle expert and group decision makitige selected maintenance
alternative for thevater coolingounp of the marine diesel engine waffline condition based
maintenance(OFCBM). This is in line with current best practic@he proposed MCDM
methodologies arsimple and yet robust areffectively incorporate the R€ methodology
decision criteria otostand applicability in additioo other important decision criteria such
as safetyand added value which areot usually part of the RCMAIlthough AHP,
PROMETHEE and TOPSIS produced almost completely the same ranking resultfige the
maintenance strategy alternatives for the single expert and group decision making process,
PROMETHEEandTOPSISwould be recommended for those maintenance practitioners who
may find generating numerous pairwise congmmn judgments too laboriow®mpared to the

use of a Likert scale that can be applied in generating data for PROMERHEEOPSIS

analysis

Although the proposed methods hdezn validated for marine machinery systetimeycan
also be applied to other related engineering systend depending on the preference of the
maintenance practitionerthe decision criteria can further be reduced tkethe evaluation

processaser.
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Chapter 6 Scheduled Replacement IntervaDetermination

6.1 I ntroduction

The task of determining thenaintenancestrategywas performed in Chapter.5Marine
machinery systemare made up of margpmponents/equipment itentisat require different
maintenance approachesencethere is a need to define tbetimum maintenance strategy
for each of the critical components/equipment iteAfser the determination of the of the
appropriate maintenanceraegy for each component of the system the nesk is to
determine the optimum interval for performing the maintensasle This is thethird stage of
the Reliability Centered Maintenance approach in the optimisation of maintefiRancsand
and Vatn, 1998

As stated in the literature reviewherearethree major maintenancdrategiesn the RCM
methodology for eliminating or mitigating failure of machinery equipment; corrective
maintenance, Preventive maintenanced acondition based maintenanc&ime basd
preventive maintemee can further be divided intocteeduled overhaul andcheduled
replacement whileondition basednaintenanceas subdivided into on-line condition based
maintenancend off-line condition based maintenandéis chaptempresentsa techniqudor
determiningthe optimal maintenance intervdbr scheduledeplacement whilghe technique

for detemining the optimum interval fooff-line condition basedaintenancéinspection)is

presented itChapter7.

The dapter is organised as follows Section6.2 the poposed scheduled replacement
interval determination methodologg presentedin Section 6.3he case of the marine diesel

engine cooling water pump is presentéohally conclusion arepresentedn Section 6.4

6.2 Proposedscheduled replacemeninterval determination methodology

In thisresearchafter analysis of the literatur@ Chapter 2a need was identified iatroduce
a multi-criteria decision makingMCDM) methodologyas a decision support tooh

determinng the optimum interval for carrying owicheduledreplacement taskfor marine
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machinery systesr The basis wathefollowing few landbasel applications found literature
(Cavalcante et al.,, 201@Cavalcante and De Almeida, 2Q0Chareonsuk etl., 1997.
However tle proposed MCDM approach fonarine system maintenanceimended to be
devoid ofthe limitatiors of the approaches used for labase systens in the literature To
achieve thisobjective firstly a multicriteria decision making approach based on systematic
application of TOPSISvas applied for marine systens as opposed to thPROMETHEE
technique usd for landbased applicatia Secondlysince the key factarthat influerce the
selection ofintervak are the decision criteria, an efficient framework which integsate
subjective and objective criteria weighting techniques is introduced for evalwatigbts of
criteriaas oppose to the use of only subjective technigudentified for land based system
applicatiors in theliterature The weighting framework is flexible aridallows maintenance
practitioners to either use subjective criteria weighting techeigueobjective weighting

techniqus or a combination dhe twa

The first step in this methodology is the identificationpaofssiblescheduledreplacement
intervak for implementing maintenanceeplacementactivities. The experiencef the
maintenance teanis vital with respectto determining feasiblescheduled replacement
intervals.In addition thema n u f a aranualfer rard exjuipment itensan also be of help.
The optimum interval is then selected based on preferred criteria. The dhedriamay be
considered are cost, reliability, availability, maintainabjlispare parts inventory, quality
issues and maintenancedowntime (Chareonsuk et al., 19R7In this researchmaintenance
cost reliability and maintenancelowntimewere consideredThe maintenance cost criterion
was chosen becaugeconstitutes a major portion of the operating cost of ship systefs
previously statedfor a shipping companyo remain in business in a deregulated and
competitive environmenthe cost of operation must be optimissatd one way t@chieved
this is to minimisethe cost of ship systemmaintenance However in minimising cost
adequate care must be taken not to compromise the reliability of the sykisis.because if
the reliability of the system is compromiket can result ircatastrophic failure that may have
irreversible damage on personnel, equipmenttaa@nvironment.This make reliability an
important criteriorthat must not be ignored in selectitng optimum replacement interval for
ship machinery system3he downtime gterion was also chosen becaudewntime of
equipment can producaetrimentalpenalties. For examplefor a ship carrying peshable
goods,the goods can bepoilt and this aca result in the ship operat@ompensang the

owners of the goods. Furthermore the image of the comgaaraiso bebadly damage:
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Data availability iscentral to the successful selectiontloé optimum interval forscheduled
replacementctivitiesandas such data should bellected for the system being investigated.
However for equipment which deteriorates wiime suchas marine machinery systenss
Weibull distribution is generally applicabte fit the collected failure dat@'Connor, 198b

On this bags, the Weibull distribution functionis assumed in this studylhe Weibull
distribution wasappliedto the component life data gvaluatingthe scak parameter , shape
par amet lecatiorbparanmetdy . This was f ol thooweravalley cal c ul
using criteria models for the different alternative intervalhe decision criteria were
modeled in this research using the Age Replacemewidd&l (ARM). Another possible
technique that can be used in modelling the decision criteria is the BéptacemenModel
(BRM) (Wang, 2002 However ARM has beechosen ashe tool for modellig the decision
criteria because the BRMin most scenarios results in unnecessary régcement of
equipment/componesivhich maks the ARM technique moreost effective(Ahmad et al.,
2011b. Criteria weights werg¢henevaluated and finallp multi-criteria decision toobased
on TOPSIS wadused to aggregate values of criteria whle weights of criterian order to
determine the optimurpreventive intervalThe flowchart of this methodology is shown in

Figure6.1.
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Step 1- Define alternative scheduled replacement

intervals
!

Step 2- Define decizion eriteria

)

Step 3- Collection of failure data and evaluation of
parameters of Weibull model; B, ¢ and v

)

Step 4- Evaluation of cost eriterion with respect to
alternative scheduled replacement intervals wsing
cost per unit time model

b

Step 3- Evaluation of reliability criterion with
respect to alternative scheduled replacement
intervals nzing reliability per unit time model

!

Step 6- Evaluation of downtime criterion with
respect to alternative scheduled replacement
intervals using downtime per unit time model

v

Step 7- Evaluation of weights of decision criteria
ustng a framework that combines objective and
subjective weighting methods

U

Step 2- Application of TOPEIS technique in
ranking of alternative scheduled replacement
intervals with respect to decizion criteria

I

Step 0- Select alternative task interval with
highest TOPSIS performance index value

Figure6.1: Flowchart of methodology

Weibull distribution

The Weibull distribution isone of the most popularobability distributionsfor modeling
the failure behaviour opractical systemsespecially equipment that deteates with time
(Ebeling, 2004 The hazard function rate of the distribution is not consaatfit time unlike
the exponential distributiofEbeling, 2004 The Weibull distribution comes in different
forms; one, twand three parameteversions The key advantag of this type of distribution
Is its versatility as itmay beapplicablein modellingsystems or components with incseay

or decreasing failureates. Howeverits use is limited byavailability of adequate data for
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defining the Weibull parameteasd this datanay bevery difficult to accessespecially in the
marine industry The three parametéiNeibull distribution probability density function is
represented as:

S o T

Wherent ® &nd o2 > 0
b i s the s hap exprpsastre rfoent oé the disthibutom is the location
parameter which describe the location of the distributionrarglthe scale parameter which

influences thespread of thelistribution.

While the cumulative desity function is

00 p Qwn 5 (03
For the two paramet&¥eibull the probability dengy function is as follows:
0y | 0 Qi 0
° F @n o
Wherenrt O @nd b > 0
While the cumulative density function is as follows:
o~ i~y O
00 p Qwn — 0]

n

6.2.1.1 Data types

Failure data igenerally classified as: complete datazensored data.

Complete data Failure data 9 said © be complete when timef failure of all units

investigated arenown For example if failure data @marine diesel engine is collected for a
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period of say 5 years and within the peribdhe to failure of allthe componentare known

and recorded

Censored dataCensoring occurs whethe exact time to failure oén itemis unknown and
either failureoccured before the assumed time or aft€ensored data fsirther categodged
into three groups; right ceored data, interval censored data anddeftsoreddata Right
censored data arises when there is doubt about the exacofifagsre of some units but it is
known that ithappeed after some specified timeeft censored data ars&henthere is
doubt about the exact times failure of someunits butit is known to havehappeed before
some specified tinge Interval censored data is when therdasibtas to theprecisetimesof

failure of some units within an interval.

6.2.1.2 Par ameter estimati on

Several techniques such as probability plottiregression analysisnethod of momenand
maximum likelihood estimation have been developed for determpangmeters , b and
that will fit a distribution to a particular data set. THeoie of method is a dependenttbe

data type collected and imme scenar®the type of distribution selected. When a complete
set of data for machinery is availapleegression analysis generally more appropriate.
However in most real life situatisithat may not be realistic as data is subjected to censoring
The maximum likelihood technique is usualhe most suitable for analysiregdata set witha

relatively large amourtdf censoringCohen, 196%

Maximum likelihood estimation

The maximum likelihood estimation technique can be used to obtain parameters flite any
distributionsuch asa Weibull distribution that will best describe the given failure data. The
beauty of this technique is that it is capable of handbrablens with varying degree of

censored data.

Consideing T asacontinuousandom variable with probabilityensityfunction

"Qoh—s—8 h— , where—are the parameters tie distributionwhich are candidates for
evaluation and 8 v  are failuretime datacollected forthe machinery systemThe
likelihood function is determined as follo&l-Fawzan, 2000Cohen, 196§
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0 Qo8 h— 03

L or the natural logarithmof it is then partially differentiated with respect to+—8 h—
which will then result inequatons for obtaining the estimatelues of—+—8 h—8The

partial derivative ohaturallog of L is as follows:

T—T I_ T 0 pltB B [0

This techniquemay be illustrated throughpplication tahe probability density function af 2
parameter Wilbull distribution function given in Eg. (6.3) to estimatethe Weibull
parameters? andb as presented in the work (Al-Fawzan, 2000Cohen, 196p This is as

follows:

.. 0
Quwn — 0¥

Do M N

‘:l—x
S| o

The logarithm of Eqg. §.7) was taken ad partially differentiatedwvith respect to« a n d
respectivelyand equadto zerowhich resulted irEq. 6.8) and 6.9).

T1 D n . P
Tr n

_.
c?

Equation 6.8) and 6.9) werereducedo:

W

o

o
—~|o
™|
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From here the first step is to evaluéteusing astandard iterativgprocedure such athe

NewtonRaphson method. Finally may bedetermined using Eq6(10 which produces

o p

6.2.2 Criteria function

The scheduled replacemeitterval séection decision making is based on decision criteria
generally defined by the maintenance managers. In this study as previously ctated
reliability and maintenance down time ahe criteria upon whictthe optimum interval will

be selectedTwo facbrs that influence the selection processtheeweights and values of the
criteria. In assigningalues to criterige x per t s & o0 p i imthedate ofakackoferl i e d
limited reliable failuredata and that approach is qualitative. Howeverctirecern here is the
guantitative approach that relidgeavily on @ta availability. Quantitativenathematical
functions areused inevaluatingvalues of dedion criteria(reliability, costand down timg

which are illustrated as follows.
Reliability function: The probability thata systemwill survive to a particulartime t, is

referred to asreliability (Jardine and Tsang, 2013 The Reliability function isthus

represented dsllows:
YO "Q0 QO oP C
Thetwo parameteiWeibull form of the reliability functions defined as

o}

However when the parameteris 1, the Weibulmodel becomeanexponential model and is

then represented as follows:

Y O Q P T
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Cost function: Several cost models have been devetbjor defining cost with respedb

scheduled replacemeintervals. The cost per unit time is givexs follows(Jardine, 1978

0 p YO 0'Yo

0QQ0 Y p YO Y 0 YO

Where:

The numerator is the expected cost per cycle and the denominator is the expected cycle time;
Cais thecost of unit failuremaintenance

Cois the cost of unit preventive maintenance

tpis the giverscheduled replacemeinterval

Downtime function: Downtime is given byJardine, 1978

Yp YO “YY O

6"@06 Y p Yo Y o Yo

Where:
Ty is the time taken founit failure maintenance

Tais the time taken founit preventive maintenance

R, C andD, together with the alternativépreventive maintenandeterval (t,) arethen used
to form a decisiortable The decisiortableformed ispresented in Tablé.1 whereR, C and

D are represented a8 Q YW QO and the alternativereplacementintervals are
represented @& "Q phg8 ht  while the measure of performance tife alternatived
preventivemaintenancéntervalis represented a® . Having formed the decisiotable the
next task is toexplore different multcriteria decision making (MCDM) techniqus for
determining theptimumalternativemaintenancéask intervalln this research the use of the
TOPSIS technique is proposed usthg detailednethodologydiscussedn Section3.3.2.10f
Chapter 3.

156



Table6.1: Decision matrix

Alternatives (A3) Decision criteria (B;)
R C D
Al X1l XIZ  XI3
A X1 X2 X3
3 Xl X312 X33
Am Xml  Em?  Emd
6.2.3 Criteria weighting model

6.231 Compr omi sed weighting method

After the formation of the decision table or matrithe next step irthe application ofthe
MCDM technique in selecting an alternativem different optionss to determine the weight
of the decision criteriéR, C and D) Previous authors that have used the MCDM approach in
determining the most appropriate time interval $oheduled replacementdsks have only
assumed weight for decision criteria in their anal{fsisexample see the work o€avalcante
et al. (2010)and Chareonsuk et al. (1997)orgetting the fact that the weiglef decision
criteria is a critical factor in arriving at the appropriatheduledeplacementime interval.
On the basis of the criticality of this factoiwo different decision criteria weighting
techniqus; the variaee method and the AHP method wernsidered. While the variance
method is an objective weighting technique, the AHP method ssibgective weighting
technique. The methodological steps foe tstatistical variance and AHP techniquesre
discussed in Section 5.3.2 and Section 4.3.2.2 respectidelyever in order to have a
balancé weighting techniquethe two methodswere integratel to give a compromise
weighting techniqueThe integrated wighting techniqu@roduced byombiningthe variance

method and AHP methad presented as follows:

L QT
"® & sm0 P X
Wheren 0 is the weight of criteria obtained by AHP method,

0 Qis theweight of criteria obtained byariancemethod.

0 @ is the compromisedecision criteriaveighting method
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6.2.4 TOPSIS: Preventive maintenandaterval alternativesranking tool

The steps in evaluating alternatives with respect to decisideria in the TOPSIS
methodobgy werediscussedn Section 3.3.2.1. The ba$ the TOPSIS methodology the
determination ofrelative closeness to differestheduled replacemeiiterval alternative
with respect tanideal solution The alternative are rankedbased on this relative closeness
to the ideal solution. Thecheduled replacemealternative interval with the highest value is

regarded as the optimum solution.

6.3 Case stug: Marine diesel engine

From the risk assessment perfornoedthemarine diesel engine the most critical components
of the system were identified. For the basic engine which is one of the sydtdm marine
diesel enginecomponents such dise connecting rod, piston and turbocharger were identified
as the criticalScheduled replacement wakentifiedas the optimum maintenance stratégy
mitigating critical failure modes dhe connecting ro¢Liang et al., 2012 The maintenance
strategy selection methodology proposed ia tbsearch in Gapter 5 has not been applied in
validating their claim nevertheless the connecting rodwas used to demonstratihe

applicability of the proposed scheduled replacement interval determinadidel

6.3.1 Data collection

When agplying a life-time distribution such asthe Weibull distribution orexponential
distribution in curve fitting individual unitsd failure data or grougailure datg reasonable
accuracy care obtained with only four or five data pa@rfAlexander, 2008 Rausand and
Vatn (1998)reported that lack of reliability data will always be a challebgeauseof
difficulty in accessing operational data with adequate quality lechusetransforming
operational data into relidity data is challenging. The authors further postulated that in spite
of these challengesiseful maintenance decis®moan still be made from the little or no data
situation as there are ot herandragdiabilitgdatabankf dat a
for making useful reliability decisianIn response to the challersgef obtaining failure data
from the shipping industrynithis researclvalues folWeibull parameterd  arfadl some of

the components of the marine diesel emgwere obtained fromthe work of (Perakis and

In6zl, 199) and they are presented iraldle 6.2 The Weibull parameters are they data
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required for the implementation ofishmethodology However if time to failure data were to
be available, the data could have been used as inputgn{6.8), (6.5) to (6.11) to obtain

Wei bul | parfameters b and

Table6.2: Reliability data

MNumber MNo. of

Sub- of failure  censored
System system  Component observed data point [ (hrs) @ (hrs) Environment
Marine Basic Connecting rod 10 330 3432 316009 Maritime
diezel engine engine
Marine Basic Cylinder head 18 304 1.544 69764 Maritime
diesel engine  engine
Marine Basic Cylinder jacket 3 290 2,195 T4802 Maritime
diesel engine  engine
Marine Basic Cylinder liner 16 321 1.424 23760 Maritime
diesel engine engine  and o-ring
Marine Basic Piston g 350 1.221 211070 Maritime
diezel engine engine
Marine Basic Fuel cam 52 ] 0.710 60358 Maritime
diesel engine  engine
Marine Basic Turbocharger & 39 1.320 31736 Maritime

diesel engine  engine

6.3.2 Data analysisand discussion

Giventhe values of the Weibull parameteitse next step is tobtainedthe cost parameters;
Ca, Co, Ta andTh. However because cost data vedsonot availablevalues used by previous
researcher were useavhich were in the form of rat® For exampléNong et al. (2010ysed

a cost ratio of 1 to 5 %5000 assumed abhe replacement cost when performed under
preventive modend $25000 assumed athe replacement cost wheerformed under failure
modeg as the cost obpreventivereplacement tehe cost offailure replacementFurthermore
Mobley, (2001) stated that the cost of maintenaimeelementedunder reactive mode is
generally about three times thest if executed in preventative modie this researcha cost
ratio of 1 to 4 wasassumedas the cost of preventive replacement to the cost failure
replacementAlso, since the downtime as result of failure replacement is usually higher than
that resulting fronpreventative replacement was considered appropriate tlaatatio of 1to

5 wasassumed as the ratio of downtime for preventive replacemetuvtatime forfailure

replacement.
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The connecting rod parameters which were used as dgpatin the reliability function, cost
function and downt i me! £316080.3 £68000,Ca=r£2000 TH=3=3 . 43 2
andTy = 15.

Having obtained t he nWaicdstuphrdmetpr@yyCs Mmeandé&,rthe b and
next step waso evaluate th&k, C andD for all possiblealternativepreventive maintenance

intervak which may therbe usedto form a decision table or matrixn deciding on the
possiblescheduled replacemetitne interval alternativeseference was made to literegu

(Perakis and In6zu, 1991n consultation withthe expertspreviously used forhie strategy

selection stage int@pter 5 The possible preventive maintenance time intstaalved at are

presented in Tabl6.3. The evauation of R, C andD wascarried out witha simple program

executed in Mdab® which is givenin Appendix A and theresults obtaiad are presented in

Figures6.2 to 6.4.

Table6.3: Alternative scheduled replacement intervals

3N Feplacement intervals (Hrs)
Al 5000
A2 G000
A3 7000
Ad 5000
A5 000
Ab 10000
AT 11000
ASB 12000
A9 13000
Al0 14000
All 15000
Al2 16000
Al3 17000
Ald 12000
Als 19000
Alg 20000
Al7 21000
Alg 22000
Al9 23000
A20 24000
A2l 23000
A22 26000
AJ3 27000
Add 22000
A25 20000
AJg 30000
A27 31000
AJE 32000
A29 33000
A30 34000
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Figure6.4: Downtime function againgcheduledeplacemenintervalty

From the results in igures6.2, 6.3 and6.4 it is obvious that the three decision criteria are in
conflict with one another making it difficult to select the optimum prevengpacement
interval. For examplethe maintenanceractitioner would prefer to mintain the plant with
the highest possible reliability ands such for the reliability function ifigure 6.2 the
optimum prevative maintenance interval is 5000hh®weverconsidering the cost function

in Figure6.3, the optimunreplacemeninterval will occur at the least possible cost and in this
case the preferred maintenance intersdl8,000hrsand finally for the downtime function in
Figure 6.4 the maintenance practitioner would prefer to operate the plant thdtheast
possible plant downtime and from thisadysis the optimum solution woulde to carry out
replacemenat an interval of 16,000hrén such a conflicting scenatithe use of an MCDM
method becomes crucial order to arrive at a compromise sauat As previously statedhe

use of the TOPSIS method is proposed in this research in selecting the most appropriate
preventivereplacemenalternative interval. In the TOPSIS technique the first step is to form
the decision matrixvhich is achievedrom the resuk generated foR, C andD for scheduled

replacemenintervak Al to A30 apresented in Tablé.4.
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Table6.4: decision matrix for connecting rod

Replacement intervals (tp  tp(hrs) Rtp Ctp(£) Dtp(hrs)

Al 5000 0.998234  0.402036 0.000604
A2 6000 0.996702 0.336712 0.000507
A3 7000 0.994408 0.290747 0.000439
A4 8000 0.991171 0.257035 0.000389
A5 9000 0.986803 0.231631 0.000352
A6 10000 0.981108 0.212175 0.000324
A7 11000 0.973894  0.197167 0.000303
A8 12000 0.964970 0.185607 0.000287
A9 13000 0.954153 0.176806 0.000276
Al0 14000 0.941272 0.170267 0.000268
All 15000 0.926174 0.165626 0.000263
Al2 16000 0.908729 0.162604 0.000261
Al3 17000 0.888834 0.160983 0.000262
Al4 18000 0.866420 0.160589 0.000264
Al15 19000 0.841456 0.161276 0.000268
Al6 20000 0.813957 0.162918 0.000274
Al7 21000 0.783981 0.165407 0.000281
Al18 22000 0.751638 0.168643 0.000289
Al19 23000 0.717090 0.172532 0.000298
A20 24000 0.680550 0.176986 0.000309
A21 25000 0.642279 0.181920 0.000320
A22 26000 0.602586 0.187251 0.000332
A23 27000 0.561822 0.192896 0.000344
A24 28000 0.520369 0.198773 0.000357
A25 29000 0.478633  0.204805 0.000370
A26 30000 0.437038 0.210912 0.000383
A27 31000 0.396005 0.217019 0.000395
A28 32000 0.355949  0.223053 0.000408
A29 33000 0.317263 0.228948 0.000420
A30 34000 0.280303 0.234641 0.000432

After the formation othe decision matrix, the negtepwasto usethe MCDM tool in ranking

of the alternative maintenance intervals. However prior to the usigedfCDM tool, the
weight of each decision criterion had to betermined. As previously explainec
combination ofAHP and thevarianceweighting method was uséual this researchlhe results
of R, C and D obtained from the AHP andhe variance technique together with the
combination of the two techniquésompromise weighting techniquaje presented in Table
6.5andFigure6.5.

163



Table6.5: Combined weight technique comparison with others

R C D
AHP 0.6000 02000 0.2000
variance 04362 03132 02506

Compromise 06989 0.1673 0.1338

0.8

mAHP

0.7 :
m Variance

0.6 1 compromise

0.5 -

Weights
o
n

0.3 -

0.2

R C D
Decision criteria

Figure6.5: combine weight technique comparison with others

Theevaluateccompromise weights d®, C andD togetherwith data in the decision matrix in
Table6.4 werethenusedas input data fothe TOPSISanalysis The fird step in the TOPSIS
analysis washe normalisation of the decision matrix in Table 6.4 using Bd). The
weighted normalised matrix waisen obtained by multiplyinthe normalised decision matrix
by thedecision criteria weights. Applying E¢3.10 and(3.11), positive and negative idea
solutions werebtainedandtheresultsare presented in Tab&6. Using Eq.(3.12 and(3.13

the ®paration of each of the alternative replacement interval from the paaitiv@egative
ideal solutions werethen evaluated. Finallythe relative closeness of each alternative
replacemeninterval to the positive ideal solutiomas evaluated using Eq3.14) and the

resuls together with their corresponding rankingsesented in Tablé.7 andFigure6.6.

Table6.6: Positive and negative ideal solution

Criteria Negative ideal Positive ideal
Reliability 0.2083 0.9982
Cost 0.4011 0.1605
Downtime 0.0006 0.0003
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Table6.7: Relative closeness to positive solution and ranking

Replacement

alternatives dp Rank
Al 0.7352 16
A2 0.7932 14
A3 0.8401 11
Ad 0.8777 9
AS 0.9073 6
A6 0.9293 4
A7 0.9427 )
A8 0.9458 1
A9 0.9387 3
Al0 0.9245 5
A1l 0.9058 7
A12 0.8835 8
A13 0.8580 10
Al4 0.8293 12
AlS 0.7973 13
A16 0.7622 15
Al7 0.7240 17
Al8 0.6828 18
A19 0.6391 19
A20 0.5930 20
A21 0.5452 21
A22 0.4962 22
A23 0.4469 23
A24 0.3979 24
A25 0.3504 25
A26 0.3056 26
A27 0.2652 27
A28 0.2306 28
A29 0.2036 29
A30 0.1854 30
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Figure6.6: Relative closeness to positive ideal and ranking

From Table 6.7 and Figure 66 it is obviousthat theoptimum solution is A8 (12000hrs)
having the highest TOPSIS performance indeX0@&452. The implication is thdor this
system at every interval of 12000hran equivalent of 500 daythe maintenance practitioner
shouldreplacethe connecting od in the marine diesel engine atcast of 0.18543 per unit
time, reliability of 0.96497 and resulting downtimer unit timeof 0.00029.However this
interval can vary from system to system depending on the input parammétetise model
which is controlled by theystemage,system failure distributionsgch as Weibull, normal
and exponential distributiomemand, prevailing cost factonaintenance practitioner opinion
and the environment dhe operaion of the system. fis leads to a sensitivity studycarried

outto see how the variodactorsaffectthe optimum choice.
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6.3.3 Sensitivity study

The sensitivity analysis was performed by varying parameters that were used asnioput
the reliability, cost and downtime cost functiofitis wasfirstly to ascertain the impact of
the input variables on the individual funct®mR (tp), C (tp) andD (tp). Secondlyit wasto
ascertain the impact of the individual input variahe sdecting the optimum replacement
interval based on the combinatiohthethree decision criterid (tp), C (tp) andD (tp) by the
MCDM technique (TOPSIS)In performing the analysigheinput variabls b annvekere
increasd and decreaskby 5%, 10% 15%and 20%respectivelywhile other variablesuch

asC,, Cy, TaandTy ratios usedvereincreasd and decreaskby integer increment

6.3.3.1 R(tse)hsitivity analysis

The two variables that influende(tp) are b  a’naihd thesdactors were increadeand
decrease by 5% , 10%, 15% and 20%om the nominal The resul of the sensitivity
anal ysi s braasegresead iRiQures6r dnd6.8 respectively

——5%
- 10%
15%

1.20000

1.00000

0.80000

R(tp)

0.60000

0.40000

0.20000

0.00000
Al A3 A5 A7 A9 A11A13A15A17A19A21A23A25A27A29

tp(intervals)

Figure6.7: Reliability (R(tp))fors ensi t i vity anal ysis of b

From Rgure 6.7 it can be seen thatonly the reliability function washe deciding factor for
selecting tle optimum replacemeimterval, then the optimum solution is unchanged for the

nine cases becaugbe maintenance praioner will always pefer the highestpossible
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reliability for the operation of thesystem. For the nine casebe highest reliability is
approximately one at a time interval for carrying out maintenance of A1 (5000hrs). It is also
worth mentioning fromthe graph that the lowest possibldiakility for the nine cases is
almost the same. One can then conclude thatatieeof decreasef reliability of this system

with ageor time for any value of thke a ¢ tisaimosbconstant.

1.2

—— 5%
——10%
15%
—>=20%
-5%
-10%
—t-15%
—_—-20%

— 0%

Al A3 A5 A7 A9AL11A13A15A17A19A21A23A25A27A29
tp(intervals)

Figure6.8: Reliability (R(tp)) for sensitivity analysis of

Again increasing or decreasing the vabfe® as shown irFigure 6.8, does not changthe
optimum interval (A1) for performing replacementmaintenanceas the maintenance
practitioner wouldprefer to maintairthe highest possible reliability.Although from the
graph the highest possible reliability i.e. approximately one for the nasess the samgthe
lowest possible variegreatly for the nine cas ranging from 0.064859 wherm was
decreased by (0% to 0.34103 whem was increasedy 20%. It can be concluded that
reliability decreases with agee. Al to A30andthe rate of decrease depsmteatlyon the
value ofn . In terms ofthe overall rankingf the scheduled replacememterval alternative
using MCDM based on the three decision criteRép), C(tp) andD(tp), the impact of will
be gr e a tiece reliadility is mdre sensitive fot h a n fFiguneh6e’ mand6.8 are

compared.

6.3.3.2 C(tp9nsitivity analysis

For the costmodel C(tp), the optimum preventive maintenance intervip) (is the interval

with theleast possible cosThe inputparametes thatinfluencethe output of this cost model
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aren, @,,Co, Taand T, and as such aensitivily analysis was performed on thasput

variable.

For thesensitivityanalysis perfformd on b, t he immreadsdanddaedreasehg | ue
5%, 10%, 15% and 20%nd the resudtare presented iRigure6.9.
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Figure6.9:Cost per unit time for sensitivity ana

FromFigure6.9, the optimum replacememiterval ¢tp) A14 (18,000hrs) remainathchanged
wh en mcreasedy up to 20% and decreasby up to 20% However there waa small
decrease i n aorsased fwomehe orifinalwalley up to 20% and a sall
i ncrease i n decoeasedyuphtoe20%. b was

In order toexaminethe effect ofthevariation of? on the cost model, the variabdeasagain
increasd and decreaskby 5%, 10%, 15% and 20% he result of the sensitivity analysis is
presented ifrigure 6.10. From the figurét is obvious that hasa greater impact on costan

b, and unliketheenal ysi s of b  where he optima E@aenentibtervalc o s t
remaired unchanged, the optimum interval for changes ashe parameters increasecr
decreased As the variable® wasincreased fronthe original value (0%) by 5%10%, 15%

the optimal interval changedfrom A14 to A15, A16, and Al7 respectively witha
corresponding d@ease in the cost for performipgeventive maintenance. However when the
variable was increaddrom 15% to 20% the optimum interval was unchanged. On the other
hand when the variable® was decreased by 5%, 10%, %5and 20% there was a

corresponding decrease inetloptimum replacement interval by a factor of om¢h a
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marginal increasdn the cost of caying out scheduled replacement maintenani€er
example when the original value of was decreased Y 5% the akrnative replacement
interval changedrom A14 (18,000hrs}o A13 (17,000hrs)and when decreasedhy 10% it
changes to A2 (16,0000hrs).
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Figure6.10: Cost per unit time((tp)) for sensitivity analysis of

Anotherinput parameter whosepact on the output of the cost models testeds the cost
ratio i.e. the ratio of the cost of maintenance as result of break@@syrto the cost of
preventive maintenand€). The ratio was varied ranging from 2 to 8 in order to measure
the effect on the output of the cost modglshown in igure6.11. Itcan be seefrom Figure
6.11 that as the ratio increastéte optimumreplacemeninterval decreasedvith an increase

in the cost of performing the maintenance task. For example the optimum intervaltinehen
ratio of Ca to Cyp is setat 2is A21 (25,000hrs) at a cost per unit time of 20\hen the ratio

is set aB the optimum intervaltf) changes to A120000hrskt a cat per unit time of £0.14.
From this analysis it is obvious that tbest model is more sensitive tioe ratio of C4 to Cp

than the variable as the decrease in the optimum inte(glis more sudden.

Finally, the impact othangesn the ratio ofT, to Ta on the cost model was determined and in
the scenario the ratios were \&tifrom 2 to 9 as presented ilglire 6.12. The figure show
that changes in the ratio dibt result in any change in the optimmeplacemeninterval as in
all the cases thénterval remained af14 (12,000hrs) with a very marginal increase in cost

per unit time.
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Figure6.11: Cost per unit (C(tp)) for sensitivity analysis of Cost ratio
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Figure6.12: Cost per unit time (C(tp)) for sensitivity analysis of ratio of Tb to Ta

6.3.3.3 Dtp)) sensitivity analysis

order t he i nflny€nCs Eranddy,f t he

on theD(tp) model asensitivity analys was performed by changing thesariables bya

I n to ascertain

certain quantity.
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For the senditity investigation perforrad o n , the original value wasncreased and
decrease by 5%, 10%, 15% and 20% and the results are presenkeglire 6.13. The resilts

show that the optimunmreplacementnterval tp) remairs the same in the nine scenarios
howeverwitha gr adu al i ncrease i n coS%uppe20%and i t t
gradual decrease n c o st per wariedtfromt 5%mup d 4209 In a dmilar

fashion asensitivity analysis was performed by decreasing and increasingrtherange of

5% to 20%.The result of the sensitivity analysis is as showRigure 6.14. The result of this
investigation show that an increase in theariablen resuled in a small increse in the

replacemeninterval and a decrease in the value gfroduced alecrease in theeplacement

interval
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Figure6.13: Downtime per unit time for sensitivign al ysi s of b

172



0.0007

——5%

0.0006 —8—10%
0.0005 —h—15%
o 00004 e 20%
5 6,003 N BSOS
. TTTTITRE P o v

\,,m:_:,‘_fﬁ?, ki {:; _:_:_-:';-1 5

0.0002 ainnain i T

0.0001 -

. —_20%

Al A3 A5 A7 A9 A11A13A15A17A19A21A23A25A27A29 0%
— 0
tp(intervals)

Figure6.14: Downtime per unit time (C(tp)) for sensitivity analysis«of

Finally, the D(tp) model sensitivity analysis waeerformed by varying the ratio @b to Ta
over the rang®f 2 to 9. From the resushown in Figure 6.15 it can be seen that wtien
ratio increase there was reduction in the@ptimum replacemerinterval, however with an

increase in cost per unit time of performthg maintenance task.
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Figure6.15: Downtime per unit (D(tp)) for sensitivity alyais of ratio of Tb to Ta
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6.3.4 Impact of input parameters variation®n the overdl ranking of replacement

interval alternatives

Having established the impact ohanges tahe individual inputparameterson the three
decison criteriaR(tp), C(tp) and D(tp), the next stepvas to determine the impact die
variationsof input parameter®n the overall ranking of theeplacemenalternative intervals.
As previouslyexplained when R(tp), C(tp) and D(tp) areused simultaneously as decision
criteria to determine the optimuraplacementintervals an MCDM technique is appropriate
for selecting the optimal alternative intervahd in this researchOPSISwas used.The
TOPSIS performance index forl aeplacementalternative interva was generated as the
individual input parametersvere variedand based on the TOPSIS performance index

replacemenalternative intervals wenanked.

6.3.4.1 | mpacb vardi ati ons on tohfe e plveadiartdenrty aln k i

altemsnati ve

Firstly the impact of thevariationof b ¢he overall ranking of thalternativereplacement

intervals was consideredhe TOPSIS performance indexas obtained for all replacement

interval alternativesa s | nput par a noeahdedecredsEbywses 10%,15% amda s e

20%. The result obtained is presented in T&klein Appendix C2and based on thesthe

TOPSIS performance index asdheduled replacemeitterval alternativesvereranked as

shown inFigure6.16 a &b andTableC2 in appendix C2Note Figure 6.16b is onlgsection

of Figure 6. 16a and it ds presented t o cl ea

alternatve intervals vary with increase or decreaparameteb.
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Figure 6.16b: Ranking of sensitivity analysisbof

From Figure 6.16a and Table C2 it can be seen thahe optmal replacemeninterval for the
originalv a | u €0%pwasAB (12,000hr¥having rank of 1. ldweverast he v awase of
increased byl0% theoptimal replacementnterval remaired unchangedIt was not until b
wasincreasedy 15%and 2046 thatthe optimal interval became A23,000hrs)On tre other
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handash e val ue of by5%teeptichadeplacensesirdedval changedo A7
(11,000hrsandit further changedo A6 (10,0000wh en t h e v decreased b20%.b wa s

To summarisethe higher they a | u ehe bigher theeplacemenintervaland the lower the

value of b the lower thereplacemeninterval. An additional conclusion is that in all the
scenaris, whet her i ncreasi ng o the aptenalregaaesnentngrvat he v al

varied by relatively small amouas the change was over the range- AS.

63421 mpaecvaofations$lonathke egliemtaEmemtt al ternat

The impact oft on the overall ranking ddlternativereplacemenintervals was performed by
decreasing and increasing the values$ diy 5%, 10%, 15% and 20% and using the results
obtaned in each scenario as ingaotthe TOPSIS methodology which was evaluaisihg
TOPSIS The TOPSIS performance indices generatethénnine scenargoare presented in
TableC3 in Appendix C20n the basis & the TOPSIS performance indigéke replacement
alternative interva were ranked anthe results are presented in Talld in Appendix C2
and Rgure 6.17
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Figure6.17: Ranking of sensitivity analysis af

From TableC4 in Appendix C2and Rgure 6.17, it can be seen thahe sensitivity analysis
results obtained for are very similar to the resalg e ner at e d asfthevaluef?si nc e
increasedthe replacementinterval increasesand as thevalue decreaseshe replacement

interval decreasedust asint h e ¢ a Hewewveifthe fcarresponding changes in the
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replacemeninterval to the changes in are largetthanthe responséo thechangesn b . I n

other wordstheranking model is more sensitivedhangesimt han b .

6.3.4.3 | mpacactosafvaat abi ons on aoafheplowveamaernty ala

alternatives

The sensitivity analysis was perform on cost ratio to deterthmeffectthat changes othe

ratio of Ca to Cp would have on the overall ranking oéplacemeninterval alternatives. The

ratio of Ca to Cp ranging from 2 to 8 was applied in carrying out the investigation. The
TOPSIS performance index obtained for all taplacemeninterval alternative for all eight

scenarig and their corresponding rankings are presented in T&3emd C6 in Appendix

C2. The graphical representation of the ranking of all alterrativeshown inFigure 6.18
&b.Note Figure 6.18b is only a section of F
how replacement (maintenance) altewmatintervals vary with increaser decreas@f cost

ratio.

From TableC6 in Appendix CZandFigure 6.1& it can be seethatasthe ratio ofC, to Cp
increased up to $here was a reduction in theplacementnterval Increasesbeyond 5
resulted in no further change across the ranggceharios.e. the ratio of C, to Cp ranging
from 2 to 8 only three replacementinterval choice were obtained (A9, the optimal
replacemeninterval obtained foC.:Cp =2, A8 the optimal replacemeninterval obtained for
Ca:Cp=3t0 4 and A7 the optimal replacementerval obtained foCa:Co=5 to 8). It can be
concluded thaas the ratio increasgbereplacemenintervaldecreasesp to a point anthen
remairs constant. When compate o b, thencdst ratio has a smallenpact on the

ranking ofreplacemeninterval alternatives.
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Figure 6.18bRanking of sensitivitynalysis of cost ratio

178

—o—Ca:Cbh=2
—&—Ca:Cbh=3
—a—Ca:Ch=4
—>—Ca:Cb=5
—¥—Ca:Cbh=6
—0—Ca:Ch=7

—4+—Ca:Cbh=8

=—4—Ca:Ch=2

——Ca:Cbh=3

—&— Ca:Cb=4

=== Ca:Ch=5

—¥=—Ca:Cbh=6

—0— Ca:Cbh=7

=t Ca:Ch=8



6.3.4.4 | mpacrtat@todavari ati ons on thepbaeeamleln

i nterval alternatives

In order to determine the impatiat variationof the ratioTy, to Ta would have on the overall
ranking ofreplacemeninterval altermatives the ratio of Tb torawas varied from 2 to 9 and
the TOPSIS performancadex generatedior the replacemeninterval alternatives for the
eight scenarie. The resultsare presented in Tabl€7 in Appendix C2 The performance
index for thereplacemeninterval alternatives in the nine scenariwere ranked and the
resuls are presented in Tab@8 in Appendix CZandFigure6.19 It is obvious from theable

and graph that the optimatplacementnterval for the scenargoremained unchangedith

the exception of the first scenarid,(to Ta equal to 2). Whencompared tahe other input

parameters th&, to Ta ratio has less impact on the overall rankingreplacementnterval

alternative.
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Figure6.19: Ranking of sensitivity analysis of ratio of Tb to Ta
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6.4 Summary

For safe and reliable operation of marine machinery systémeasonable cost there neéal

be in place an efficient maintenance system. However in makaigtenance decisisn
different parties are involved arlde decisiors are usually based on certain criteria which are
always in conflictwith one another. In resolving such conflithe multicriteria decision
making technique is usually suitable. listhesearchdecision criteria such as relisity, cost

and downtime wereonsidered as the basis for selecting the optimum prevearfla@cement
interval for marine machinery systensince the three decision mosl@re in conflict with

one another, the outputvere aggregated with the aid of MCDM technigjula order to
demonstrate the applicability of the methodolodgilure data obtained from secondary
sources and estimated cost data for the connecting rod afimendiesel engine were used as
input data. Theesult of the investigation revealthe following:

(2) For the data consideredthe optimum replacementinterval for performing
maintenance taskon the connecting rod of the marine diesel engirf,800trs. However

this is not fixed as the interval could vary depending on the operating environment of the
system, the age of the system, costreplacementat breakdown, cost opreventive
replacemenand type of failure distribution.

(2) If the Weibull didribution is the failure distribution for the system, the acal
parameter” , hasa greater impact on the three models than the shape paraineter Ho we v e r
for the cost model the ratio @ to Cy, has the greatest impadtor the downtime modgthe

ratio of Tp to Ta has the greatest impact followed’bywhi | e b has the | east
(3) 1 has the greatest influenoa the overall ranking aeplacemeninterval alternative.

The ratio ofTy to Ta has the least impact on the overall rankingeplacemenintervak.

(4) Increasing the values of paramsteuch as and b wi | korresporsding t [

5

increase in theeplacementinterval and educing the value will result in @duction inthe

replacemeninterval.

From the result of this analysis the proposed methodology is simple and robust. The approach
in this research has auvantagever the technique applied by some authors for land based
systens asthe criteria weight evaluation model #exible with both djective and subjective
componerg The proposed methodology not limited toapplication tomarine machinery
systens as it capable of solving other engineering system prabliémrovided with the
appropriate input data
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Chapter 7 Inspecton Interval Determination

7.1 Introduction

One of the maintenance strategy options for maintaining components of a marine system is
scheduled omondition task which was referred to @#line-Condition Based Maintenance
(OFCBM) in Chapter 5 As previously statedscheduled orondition taskis the inspection
carried out on plant systems to monitor their performance degradation. Once it has been
established that the optimum maintenance strategy for mitigating failure of a particular
equipmenitem of the system ischeduled oitondition taskthe next task is to determine the

interval for performing the maintenance task.

Based on the literature review in Chapter 2, the most promising technique for determining the
optimum interval for carryig out inspection is the delay time model. Howewast of the
delaytime model applicatianfor inspection interval determination discussed in the literature
are based on a single model such as the use of cost or downtime in optimising inspection.
Howeverafew cases considered a combination of two n®itetieciding the inspection plan

for either a single unit or muitinit system. In these few caseake optimum inspection
intervak obtained from the individual models were close,asdsuchreaching a ampromise
solution was straightforward without resorting to special MCDM tools. Nevertheless in most
real life applicatios the decision criteria resslimay not be close and in suehscenario
reaching a compromise solution becomes challenging. For oasks naturethe use of
multi-criteria tools suchas PROMETHEE, TOPS]SElimination Et Choix Traduisant La
REalite (ELECTRE)and Multi-Attribute Utility Theory (MAUT) becomes imperative.
Additionally the use of such tools make it possible to inclugedpinion of maintenance
practitioners in the decision making proceBse use of the MAUT method specifically has

an additional benefit of integrating the risk perception of the maintenance practitioners into
the decision making process. Considering tlemelfits of both delay model and MAUT
technigues, a combination of the two methods is proposed for determining the inspection

interval for marine machinery systems.

The Chapter is organised as follows: Saction 7.2 a background study dhe delay time

model is discussedSection7.3 presents the proposed methodology @@termining the
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optimum inspection intervain Section7.4the case of thevater cooling pumjis presented to

demonstrate the proposed methodology. Finally the conclusion is preseSeation7.5

7.2 Delay time model background

In determining themaintenancestrategyof marine systems using the RCM methodology

some equipment items are more effectively maintained by scheduled inspection or scheduled
inspection in combination withtleer maintenance tasks. The essence of inspection is to
ascertain the true condition of an item aamls uch it 6s si mi | dasedt o onl i
maintenance. The difference is that while inspection is carried out by maintenance personnel,
online conditim basedmonitoring is carried out through the use of diagnostals which

continually monitor the condition of the equipment. In the course of performing inspection
activities if a defect is foundarepair or replacement task is schedule and if passikécuted

immediately to prevent the equipment from further deterioration. If inspections are not carried

out, defectsmay go unnoticed which can result in catastrophic system failure with severe
economic loss for the company. However even if inspectiekstare performed, they are

not properly timegddefects can still occur between successive intervals. It is obwienthat

the determination of the optimal inspection interval is central to the effective operation of any

marine machinery system. Gamtionally the inspection interval is determine by maintenance
practitioners relying on experience and/ or o

the result being far from optimal and also conservd{Bleister et al., 1997

An inspection task as an alternative maintenance approach can only be beneficial if there is a
sufficient period between the time that the defeaibserved and the actual time of failure of

the equipment. The time interval between when a defect becomes identifiable and the actual
time of failure is referred to as the delay tinmg.(Based on this concept, Christer proposed

the Delay Time mode{Christer et al., 1997for determining the inspection interval of an
equipment item. The delay time is the most appropriate time to carry aus@ection on a

marine machinery system. Figure 7.1 is used to illustrate the delay time concept.
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Figure7.1: Delay time concept showiredefects initial points and failure points

Figure 7.1 showsultiple points of failurebothinitial and actual poirstwhere failure occurs

and also two different inspection pafor the marine machinery system in question. It is
obvious from the figure that if the inspection of the system is performed at an interval of B a
lot of failures will happen in the system since most of the defectuld have resultech

actual failure Alternativelyinspection plan Awould result indetecting virtually allof the
defects before the actual failure of the system could occur. The key to achieving maximum
success in mitigating catastrophic failure of a marine machinery system is to hayera pro
understanding of the delay timbr)(of the system such that maintenance can be performed

within this period.

Based orChrister and Waller (19842 defect occurring within a period of (D), in amarine
machinery system has a delay tiheand hs has a probability density function &fy). If

failure of the machinery system occurs at a periodT¢h;) the maintenance (repair or
replacement) carried out is referred to as breakdown maintenance otherwise the maintenance
is inspection maintenance. For the marine machinery systath possible values offy are

added upaccording taChrister and Waller (1984ahe probability of a defect occurring as

breakdown failure is:

The above Equation wastablished based on the following assumptions:
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(2) Inspection is performed at regular intesval
(2) Defects discovered during inspen are repaired
(3)  Perfect inspection meaning all defects are discovered during inspection

(4)  Arrival rate of defectss constant

However it is worth noting that some ofedeassumptios may not be realistic in practical

situatiors. For exampleit may not be possible to identify all defects during inspection as
some defects could be hiddalthoughthe system performance degradation may have started
during inspection. Some ofdkeassumptioa are made to ease the modelling of the system

andfor easeof computation of the models.

Detailedinformation on the delay time concept and its applicatiomamineand other related

industries for the purpose of optimising maintenam@sdiscussed in the literature section.

7.3  Proposedinspection interva determination methodology

In this researchthe delay time modelas used in conjunction with MCDM technigsién

order to determine the optimum inspection interval for marine machinery equipment. The

MCDM technigus are usedin aggregating the expectetbst, expected downtime and

reputation models. The weighbf the decision criteriavere evaluated with respedb

mai nt enance practitioners?©o prefer daascheen Hence
developed for this purpose. The decision criteria c@meatl simultaneously in deciding the

optimum inspection interval using the delay time techaigre; Downtime per unit time(DD)

andCost per unit time (I) and expeted Reputation per unit timg(R. The flowchart of the

proposed methodology for selectiagpropriate inspection intengfor the marine machinery

system is presented kigure 7.2

The methodological steps are as follows:

Step (a) the system to be investigated is determined and is usually broken down -nto sub
systens and components. Nexté system is thoroughly studied to identify dominant failures
and corresponding consequences. Various techniques such as, group brainstorming, FMEA
and FTA can be applied to determine dominant fagiuizauses and the chances of the failures

occurring. Inthis researchthe FMEA technique was chosen for this purpose. Qhee
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dominde failures have beenidentified data is gathered to be applied as input into a
mathematical model for optimisintpe inspection interval such that system failure can be
eliminated or minimised. The data that can be appliedidtay time nodel analysis may be
subjective/and or objective. Objective datagenerally preferable howevef it is lacking in
quality and quatity, subjective data can be applied. Objective disteobtained from
maintenance and failure data recofidm the marine industryin most caseghis datais not
available because of the nature of the environment and soreetiuge to commercial
sensitvity. Subjective data on the other hasabtained by developing questionnaiwehich

are used imatheringinformation relating to maintenance and equipment failures from marine

maintenance personnel, vessel crews and management.

Step (b) The three athematical models based tre delay time concept; D(T), C(T) and
R(T) are evaluated by using data collected in step (a). Common to theDtblae Time
Analysis OTA) models are variabdesuch as &), downtimeas a result of inspectiorf
and arrivarate of defects per unit tim&. To determine B(T)a failure mode is chosen and
from failure record, the initial point of failure is determined. This is followed by the
determination of the distribwin of the delay time of failurevhich may bea normal,
exponentialor Weibull distribution. Once the distributidmas beerestimated, the parameters
of the distributionsnay bedetermined. These parameters are then used as inptram(r)
model to calculate its valuélaving known values oB(T),T andQhD(T) is evaluated. To
evaluate C(T)ther variables such as costs of breakdown, inspection repairs and inspection
are needed in addition 8(T),T and’Q andfinally to evaluate R(T) parameters suchRis
andRii are needed in addition B(T),] and™Q.

Step (c)C(T), D(T) and RT) areevaluate for every value of Tandused to form a decision
matrix, xj (m x n), as presented in Tablé,Avhere m is the number of alternative inspection
Ti, and n is the number of decision criteria this casgthe decisiorcriteria are C(T), D(T)
and RT).

Step (d) Determination of decision criteria weight: The pairwise comparison judgment

obtained from the experts for the decision criteria is used as the input into the AHP evaluation

technigueo calculate weights of decision criteria.
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Figure7.2: Flow of the integrated MCDM and Delay time model for inspection selection
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Table7.1: Inspectioninterval alternatives decision table
Alternatives (Aj)  Decision criteria (Bi)

D(T) C(T) R(T)

A ®11 X12 X13
As %21 X2 X213
As ®31 X3l X33
A Xml  Kmd Km3

Step €) Ranking ofinspectionalternatives: The maintenance strategy alternatives are ranked
using Elimination Et Choix Traduisant La REalite (ELECTR&)d Multi-Attribute Utility
Theory MAUT).

Step (f) the rankig obtained from both methods are compared and an optimum strategy is

then determined

7.3.1 Develop delay time concepts models

The assumption in this research is that the delay times of failure for the marine machinery

systems components follow a Weibull distributitirerefore Q"Q is represented as follows:

L X

‘:|_’<

QQ

On the basis of Eq7(2) the B(T) model| which is the probability that defects will be rejeair
as breakdown repam Eg. (7.1) can be represented as follows:

oY —_—

Y QT Q -
~ T n

0
— 00 X®
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7311 Downti me model

The expected downtime per unit possible time of inspection using the delay time approach

can be presented as folloyshrister and Waller, 198%a

1o Qveya
0"Y v X8

Where

T = Inspection time interval

T = Downtime as a result of inspection

'Q = Average downtime due toreakdown repair
"Q= Delay time

"Q= Arrival rate of defects per unit time

If EQ. (7.3) is substituted in to Eq74), D(T) will be represented as:

. Y Q . Q
1 QY — Qon 5 9Q Q
oy
@) ~ T X&

—x

Q
n

7.3.1.2 Expe€bsetl model

The downtime modeh Eq 7.4 may bemodified by including three distinct cost components;
cost of breakdown, cost of inspection repair and cost of inspectiolorder to model the
expected cost per unit time functi@@hrister and Waller, 198%aThe expected cost per unit

time of inspection of a marine machinery syst&T), is written as bllows:

QY6 6°Y 6 p O67Y 0
v

Where
0 = cost of breakdown repair
0 = cost of inspection repair

0 = cost of inspection
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The three costariableseachneed to be evaluated be applied as an input in@{T) together

with the delay time parameters. In order to evaluate breakdown repair cost theeedto

know all of the failure modes of the marine machinery system and the corresponding
consequences of the failure. As previously stafEA has been applied in this researich
Chapter 4the consequences of the failure modese presentedhose values were assigned

by experts using an ordinal scale of 1 to TRese are nowxpressedh monetary terms. The
cost of breakdown repair is evaluated as the sum of the labouiLepspare parts cosg),
equipment downtime time cofEqc), penalty cos{Pc), and drydocking cost D4c) shown as

follows:

The labour cost can be expredss the product of the number of maintenance personnel
(Ncm) that will carry out the repair, the pay rate peur per personRm) and the time
duration of repairTam). This is shown as follows:

O 0 & 8Y X&)

The cosbf inspection repair is presented as follows:

6 0 b %Y O ¥ X80

It is obvious from Eq7.7 and 7.9 that the cost of break dowapair and cost of inspection
repairare the samexceptthat (1) inspection cost is included in the cost of inspection repair
and drydocking cost is excludefiom it. The drydocking cost is excluded from inspection
repair because defects are addresséore the actual failure ocaandsoit will not resultin
catastrophic failures that can call for unplannedabgking of the entire ship systeamd (2)

the time duration for performing correat action during breakdown repair is higher than the
time duration for carrying inspection repair. The time duration for breakdown repair is
generally higher than timéaken to perform corrective action for inspection repair because in
breakdown repaithe defect may nobnly have resultednh a particular compaent failure but

could also resuin both secondary and tertiary effects.
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The cost of inspectio® for the machinery system equipment or component may be
expressed as the product of the number of marine maintenanceNguwhéir pay rate per
hour (Pr) and the duration for performing the maintenaadded tahe product of equipment

or component downtime and duration of performing the maintenance, preasfukalvs:

o) 0 & 0 Y X® T

Where Tis the duration of inspection.

7.3.1.3 Expected Reelutati on mo

With the reputation modgthe relationship between the impact of failures on the reputation or
image of the marine industry can be studied. The failure of marine machinery sgsiem
havea negative impact on the company and as such this modealihadetermining the most
appropiate time interval to perform maintenance inspection with the intention of reducing or
eliminating system downtime whilst boosting the reputation of the company. In similar
fashionto developingthe cost model and downtime mog#te reputation model isrmesented

as follows:

QYY 6Y Y p 67Y
~ T

X® p

Where Ry is the company reputation whenfailure correction measure is performedaas
breakdown repa and R is the company reputation when failureorrective action is
performed asan inspection repair. In assigning values to the two vargaile andRi , an

ordinal scale of 1 to 10 is applied by experts. The value assigaddristion of the seerity

and the occurrence of the failure. In thase the worst case scenanasassumed foRy

since a breakdown repair scheme may somesimesult in catastrophic damaggat may

affect personnel on board ship, marine machinery system egunindhe environment. For

Ri , the best case scenario may be assumed since failures are preventatively mitigated. For the

best case scenario 1 is assidand for the worst caseenario 8 to 10 can be assigned.

A programme was written iMatlab® to evaluateD(T), C(T), and R(T). Thé&rogranme is
givenin AppendixD.
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7.3.2 Decision criteria weighting techniques

The AHP technique fadetermining theveights of decision criteria; D(T), C(T) and' B was
discussed ifChapter 4.

7.3.3 Ranking of time interval tools

The decision making process involves applying simultaneously three decision criteria which
are usually conflicting, in arriving at the most appropriate time intéorahspection of the
marine machinery system. Two MCDM techniquE§ECTRE and MAUT were used and

comparedThe methodological steps for these methods are discussed next:

7.3.3.1 ELECTREt hod

ELECTRE is the acronym for Elimination and Et GteiTranslating Reality, a multriteria
technique which utilisethe concept of paired comparisons amoltgraatives with respect to
chosen decision criteria. The method was established by Roy and Wnlgeand Vincke,
1981 and tas since been modd and applied successfully in addressing metiieria
decision problemin different fields. Shanian et al. (2008)tilised the technique in solvirg
material selection problem an8evkli (2010) integrated EECTRE with a fuzzy logic
technique in addressirgsupplier selection problem. In thikesis the techniquéhas been
usedto solve an inspectioimterval selection problem in the marine environment. The
methodological steps associated with thHeEEETRE method as presented §Anojkumar et

al., 2014 are as follows:

Step 1: Formation of the decision matrix: the process starts with formation of a decision
matrix, X, with alternativesj with respect to criteria. An example of such decision matrix

with elemens x; is presented ifable7.1

Step 2: Normalisation of the decision matrix: the normalisation of the decision matrix is
performed in order to convert varying units among different decision criteria into
dimensionless form. The normalisation of the decision matiix caried out as follows:

h'Q pg8rENQ pMB M XP q

B
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Whererjj is the normalised matrix

Step 3: determination of the weighted normalised matrix:
The weighted normalised matriy;) is obtained as a product of decision criteria weight

andthenormalised matrix as follows:

~ ~

0 i 5 Q pBRENTQ pMB M X® 0

Step 4: Determination dahe concordance interval matrix: Given a pair of alternativgsand
A, the concordance index(j, k) can be evaluated as the summation of all weights for those

criteria where weighted normalised scoré\pis greaterthanor equal tA, , as follows:

~

o @0 0 h @ pBRANTQ Q X® T

Where vi(j) and vi(k) are the weighted normalised scores of jileand kth alternatives
respectively. The results obtained from the concordance eval@gthen applied to form

the concordance matrix as follows:

wplt 8 & ph
. o clt 8 och
° & & E 8 X$ v
Gafp oafkk 8

Step 4: Determination afhe discordance interval matrix: The first step to producing the
discordance matrix, is to determine discordance index. The discordancelifpdie)s can be

evaluated as:

nth 0 Q 0 Q Q plM FE

R ¢wni 00 Qfo pkisiasn o XP @

The discordance matrix is then formed by using the etedugesults from the discordance

index, presented as follows:
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Step 5: Determination of thgerformance index:

The performance of the alternatives is measured using the net superior and infer@r value

The net superior valug€s, upon which the alternatives are rankiscevaluated as follows:

6 6 "aQ 6 Q Q0 X P

On the other hand theetinferior values Ds, upon which alternativeare also ranked can be

determined as follows:

The two indcesfor measuring performance of alternatives will yield two rankings. The two
rankings obtained fromthe indicescan then be averaged to produce the fraaking from
which the alternative with the superior rank is selecté@. ELECTRE methodologysed for

the ranking of alternativesjascoded inMatlab® andis presented in appendix D2

7.3.3.2 Mu I-Atit ri but e WHAIUNNi ty Theory

Multi-Attribute Utility Theory (MAUT) is one of the MCDM toslfor arriving at a specific
decision when the decision making process involves different alternatives with conflicting
decision criteria. MAUT providea systematic means for making tramfés among decision
criteria sich that an optimum alternative can be selected from numepiios The beauty

of this technique lies in the fact that decision makprsference in terms of risk structure

can be included in the decision making processnethingwhich is lacking inthe other
MCDM tools. MAUT has its foundation in the utility theory developed by Neumann and
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Morgenstern(Neumann and Morgenstern, 194ahd the elicitation and specific assessment
techniques developed by Keeney and Rglf@aeney and Raiffa, 1976With the combination

of these techniqueghe decision criteria of the decision problem can be represented as
individual utility functiors which arethen aggreated into a single analytical function. The
MAUT method has been applied in solving different maitieria decision problems in
different industriesHwang (2004)utilised MAUT to establistan optimal scenario that can
reduceresidensd exposure to radioactive substances during the elementary pheasaacéar
power plant accidentBrito and de Almala (2009)used MAUT to prioritise the risk of
leakage in aatural gagipeline. The technique was also applied®yAlmeida and Bohoris
(1996) in a maintenance strategy selection problem. Having been applied in solving other
problems the method is used in thieesisto modelthe maintenancanspection problem

within the marine environment.

The methodological proceduo¢ the MAUT technique is as follows:

Step 1. Formation of the decision problem: The oveaat is to determine the optimal
alternative with respect to some decision crterThe decision problenis generally
represented in the form of a majran example is shown in Tablel. From Tabler.1, the
decision criteriaare representg asB;j and the alternatives representedAasvherei is the
number of decision criteria andis the number of alternatives. In this particular decision
problem i is 3 that is to say the decision problem hasethttecision criteria which are D(T),
C(T) and R(T) andx; arethe elements of the decision matrix whentethe valus evaluated
for dternatives against the decision criteria. The alternatives referred to &erethe
inspection intervalghe most appropriatef whichis to be determined by the decisioraker
(maintenance practitionewith respect tdhe decision criteria; D(T), C(Tgnd RT). It is the
duty of the decision makebased on experience and maintenance and failure records of the
marine machinery systento determinealternative inspection intervalg\j for the marine

machinery system which can be rated in hours,,degsks months etc.

Step 2: Determination of single utility functions: The utility function is used to ertieed

deci sion makerds risk preference in the deci
criteria utility functions are determing which ae then applied to form a utti-attribute

utility function. The risk perceptiaof the decision maker are of three types which are

incorporated into the utility function. The three risk perceptions are; risk prone, risk neutral
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and risk averse. The threslk perceptiors with respect to the utility functioareillustratedin
Figure7.3

Risk averse

U(B)

Risk neutral

Risk prone

Figure7.3: Utility function characteristicAnders and Vaccaro, 2011

One popular utility function to define decision criteria is the power series fupesdollows
(Anders and Vaccaro, 201

X& 1T

WhereSis used to define the risk perception of the decision maker. For-aqigkal decision
maker Sis given the value of 1 and for risk prone and risk averse decision siihkeralue

of greater and less than 1 are assigned to S respectively. The maximum and minimam value
of the element of decision criten B; area andb respectively in Eq7.20 The outputs of the

utility function of decision criteria range from 0 to 1. In this researglagassumed that the
decision makewasrisk neutral and as such the utility function of the three decision criteria;

cost, downtime and reputatiane agpresengd in Eq.7.21, 7.22 and7.23 respectivety

14 14 "Y w w
00 :
— X& p
0"y w w
(0]
R X& ¢
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0 - o
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The constantay, b1 are the maximum and minimum valuesxgf, wherex;; are the elements
that belong tdhe decision criterion cogt the decision matrix in Tablél. The constantay,

b2 are the maximum and minimum valuesxgfwherex;; are the elements that belongthe
decision criterion downtimeFinally, & ftd represent the maximum and minimum values of
@ wherew are the elements in the decision matrix thdomg to the decision criterion

reputation

Although itwasasaimed in this research th&twasequalto 1, analysis wsalso conducted
for thesituation whereSswasgreater than 1 and less than 1 in order to see the effeasld w
have in the decision making process. T&sperformedas asensitivity analysis by applying
Sin therange of0 to 2.

Step 3: Determination of muléttribute utility functions: The individual decision criteria
utility functions determined in step,2ogether with their respective scaling constamére
multiplied and then aggregated using either the additive or the multiplicative technique. In
this research the additive techniguasutilised and is shown as follows:

Y6 YRO'YRY'Y 0 66°Y 0 0607Y 0 6°Y"Y X& T

Where0 h) and0 are the scaling constants of the utility functions of decision criteria;
cost, downtime and reputation respectivatydetermined using the AHP method detailed in
Section 5.3.2.

7.4  Case study 1: Marine diesel enginseawater cooling pump

The sea water cooling pump is used as a case study in this reseaitkisttate the
applicability of the proposed integrated MCDM techniques and the delay time model. The sea
water pump is one of the equipment iteof the central coolingystem of the marine diesel
engine. InChaptes 3 and4, the FMEA analysis of the entire marine diesel engine was carried
out and from the analysis the sea water pump failure modesidestified as beingamong

the most critical failure maeb of the marine diesel engine. Knowing the risk contribution, the
next step was to define the maintenance strategy to mitigate failures and this was carried out
in Chapter 5. Theoptimum maintenance stratedgr the sea water cooling pump, was
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identifiedin Chapter 5 to be offline conditidmasedmaintenancéinspection) Finally, in this

chapter, the optimum interval for performing the inspection activities is determined.

741 Data collection

The baic data needed as input intdTp, C(T) and R(T) in ordeto determine the optimum
inspection interval for the sea water cooling pump are delay time parameters, cost parameters

and reputation parameters.

Central to the delay time analysis the delay time distribution and this generally
determined usingwto techniques; the subjective and the objective methDds objective
method usually requires the use of large amounts of equipment failure data in determining
delay time distributions but these are not available in most cases. The use of the subjective
method on the other hand requires limited data but a lot of time is involved in developing
guestionnaires and obtaining the required information for estimating delay hjjniom
experts.For this research due to difficulty in defining the exact delaymi distribution
function, aWeibull distributionwas assumed. Th&eibull distributionwasassumedecause

of its flexibility in representing different failures patterfigishnasamy et al., 2008Vang et

al., 2012. Having assunt the Weibull distribution the delay time probability density
function, f(hr), parameters need to be determined. Duédanavailabilityof datato estimate

these parametergne of the combinations of shap@nd sca parameters which kla
previously been applied Byunningham et al. (20119r asea water coolingpumpwasused

in this study. The different combinati®of shape and scale parameters are presented in Table
7.2 The combination of lowegr and highemn produces a more definite minimum point in a
delay time model plo{Cunningham et al., 201.10n this basis a combination of 10 and 5

werechosen from Table7.2 for this research.

Table7.2: Weibull parameters

0 P
10 5
8 6
3 10
2 20
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The possible alternative time intergdbr inspection of the equipmentene determined by
considering the failure data of the equipment, maintenance nsaamalwith the aid ofn

expert wth several years of marine diesel engine maintenance experience

The arrival rate of defects is another variable that sié®de evaluated in the DTA. The
arrival rate of defects and failure rate of equipm#srhs or components are identicathe
equipmentitemsor componerg are maintained based on reactive maintengi@eningham

et al., 201L In this studythe failure rate in OREDA (2002) were assumed to have been
collected based on reactive maintenance of a system. Based on this assuhef@iture
rates in OREDA 2002 for a centrifugal pumpereused as the arrival rate of defects. From
the OREDA 2002 data handbopthe falure rate forthe centrifugal pump is given ak277

per 16 hours for all failure mods.

Having obtained the arrival rate of defects, the next important variables thadriecde
determinedvere downtimes due to breakdown repair and inspection. For both varidides

data already available in the literature was relied u@amningham et al. (2011ad taken
downtime due to inspection to B2.5 minutes In arriving atl2.5minutesfor downtime due

to inspection of a centrifugal pump of the main cooling systera passenger ferrythe
authors considered the time used for visual inspection of suction and discharge pressure,
observation of abnormal noisssing audio inspection and monitoring of the level of current
drawn bythe electric motor by means of electrical inspection. The value of 168 hours for the
downtime as a result of breakdown repair was obtained from OREDA 2002. This value

included thalelay in procuring and transporting spare parts.

The three basic cost parameters are cost of inspectipnc@st of inspection repairi(cand

cost of breakdown repairgd. However cost information asnot generallyavailable henca
combination ofexpe r t s 6 0 p loggédorecsrd wara delied on to find reasonable
estimates. These estimates were used as input intd. Eq.9 and7.10 to obtain estimated
values of cost of breakdown repair, cost of inspection repair and cost of inspection

respectivly. The estimated cosgenerated trm the equationare presented as follows:

Cost of breakdown repaicy) = £52,500
Cost of inspection repaici) = £10,500

Cost of inspectiond¢) = £210
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Finally, for the reputation per unit time tfieinspecion model, two parametewereneeded

as input into the model. The twBy,r andR; wereestimated by experts using an ordinal scale
of 1 to 10. The value assignaas afunction of the severity and the occurrence of the failure.
In this researchthe worst case scenanwas assumed folRyr since breakdown repair may
sometimea resultin catastrophic damage that may affect personned board ship, marine
machinery system equipment and the environment. Bgorthe best case scenario was
assumed sice failures are preventatively mitigat€ah this basishe values of 1 and 10 were

assigned foRi and Ry respectively.

7.4.2 Delay time mode&nalysis

The data for the variables of the delay time moaedse inputinto Eq.7.4, 75 and7.6 to
evaluate dentime per unit cost, cost per unit time and reputation per unit time for different
inspection interva The evaluation oEq. 74, 7.5 and7.6 was achieved using Klatlab
programme as presented in Appendix Ohe resul obtained for downtime, cost and

reputation are presentedkigures7.4, 7.5 and 7.6 respectively.
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Figure7.4: Alternative nspection interval vs downtime per unit time
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Figure7.6: Alternativeinspection interval vs reputation per unit tsne

From thefigures,it is obvious that the optimum solution for the three decision criteria are in
conflict with each other. For the cost per unit time functiG(r), the optimal solution in
Figure 7.5 is a 9 hour inspection interval having the lowest possible cost46t3 The
optimal solution for the downtime per unit time figure 7.4 is the inspection interval of 7
hours corresponohg to a downtime per unit time of 0.034%urs while the optimal solution

for the reputation per unit time iRigure 7.6 isan inspedcion interval of 1 hour with a
reputation per unit time @&.0106. This pwthe decision maker or maintenance practitioner in

adilemma with respect to arriving at the most appropriate choice of inspection interval for the
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cooling water pump. In such atwation a multi-criteria technique is needed to aid the

decision maker in reaching a compromise solution.

7.4.3 Formation of decision matrix using PT), C(T) and R(T) analysis result

In applying themulti-criteriatechniquesthe first step is to form a desitdon matrix.The resuls
of the three decision criteria, D(T), C(T) an@TiRwere utilised to produce a decision matrix
which is shown inrable7.3.

Table7.3: decision matrix

Inzpection intervals (T) (hrs) C(T £ D(T) (hgs) E(T)

() 184.8950 0.1724 0.0106
3 78.0135 0.0650 0.0120
(3 534584 0.0411 0.0128
(M 43.5487 0.0345 0.0154
(9 40.3398 0.0403 0.0220
(11) 41.5548 0.0572 0.0332
(13) 44 6397 0.0780 0.0459
(15} 47.5528 0.0958 0.0566
(17 498173 0.1096 0.0648
(19) 51.6109 0.1205 0.0714
(21) 53.0661 0.1204 0.0767
(23) 542703 0.1367 0.0811
(25) 55.2839 0.1429 0.0848
27 56.1482 0.1482 0.0879
(29 56.8942 0.1527 0.0907
(31) 57.5445 0.1567 0.0930
(33) 58.1166 0.1601 0.0931
(35) 58.6236 0.1632 0.0970
(37) 59.0761 0.1660 0.0986
(39 59.4825 0.1685 0.1001
(41) 59.8494 0.1707 0.1014
(43) 60.1823 0.1727 0.1027
(43) 60.4858 0.1746 0.1038
(47) 60.7636 0.1763 0.1048
(49 61.0188 0.1778 0.1057

744 Determination ofDecision criteria weightsising AHP

Applying the AHP techniques discussedGhapter 4 the weidnts of the decision criteria,
C(T), D(T) and RT) were obtained as 0.45, 0.3 and 0.25 respectively. AHP is a subjective
method for determining the decision erit weightsand the weights determined using the
technique may vary from expert to expert. Hence theaseed to determine the impabat
varying decision criteria weightmay have on the overall ranking of alternative inspection
intervak. The aboveweights are referred to as caseé 1 Bour other scenarsovere usedo
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perform the sensitivity analysis of decision criteria weights. The five sceragshownin
Table7.4. Note: Case?2 to 4 wereused to demonstiawhat happens if expergsve extrene

values of weights.

Table7.4: Decision criteria weight cases

Case C(T) D(T) R(T)
1 0.4500 0.3000 0.2500
2 0.2500 0.4500 0.3000
3 0.4500 0.4500 0.1000
4 0.1000 0.8000 0.1000
3 0.333 0.333 0.333
7.4.5 Ranking of alternative inspection intervals
7.4.5.1 ELECTRE method ranking

In utilising the ELECTRE method to determittee optimal inspection interval, the decision
matrix in Table7.3 wasnormalised using E¢/.12 and the result is shown in Tablé. The
normalised decision matrixasthen multipliedby the weights of the decision criteljease 1)

to form the weighted nornliaed matrix also presented in Table5. Thiswasfollowed by the
formation ofthe concordance interval matrix and the discordance interval matrix using Eq.
7.15 and7.16 respectively. The performanawdices,net superiorand netinferior values of
eachof the inspection intervalwere evaluated using Ed/.18 and7.19 and the results are
shown inTable7.6. Finally, the inspection intervalwereranked based on their n&tperior
andinferior values and the resslare also shown in Table6. The grapltal representation of

the netsuperiorvalues ofthe inspection interval and corresponding rankings is presented in
Figure 7.7 while the neinferior values of inspection intenahnd corresponding rankings are
shown in Figure 7.8. The performance of # inspection interval can be determined by
applying the nesuperiorindex in this casethe inspection interval with the highesiperior
value is glected as the most appropriate. The performance of the inspection intervals can also
be determined usinthe net inferior index and in this caee inspection interval with the

lowest neinferior value is selected as the optimal solution.
From the nesuperiorperformance index ifigure7.7 aninspection interval of 9 hours is the

best ranked having the ighest net superiovalue of 21.40 and as sug¢hbased on this

performance indext is the most appropriate interval for the inspection of the cooling water
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pump. The worst solution is the inspection interval8fhours which hasthe lowest net

superiorvalue of-22.20.

From Figure 7.8 an inspection interval of 9oursis the optimal solution to this inspection
interval selection problem having the lowest n&erior value of -31.3334 The second
ranked inspection interval i8 hours with a netnferior value of-28.7606while thelowest
ranked inspection interval 49 hours with a net inferior value 32.7569The inspection
interval of 7 hours mightalso be recommended because of the closeness akitinferior

value to that othe9 hourinspectioninterval.

Table7.5: Normalised and weighted normalised matrix

Inspection interval Normalised matrix Weighted normalised matrix
(hrs) C(T) D(T) R(T) cm D(T) R(T)

1 -0.3613 -0.2516 0.0271 -0.2527 -0.0753 00068
3 -0.2369 -0.0949 0.0307 -0.1068 -0.0283 0.0077
3 -0.1624 -0.0600 0.0327 -0.0731 -0.0180 0.0082
7 -0.1323 -0.0503 0.0394 -0.0593 -0.0151 0.0098
g -0.1223 -0.0588 00382 -0.0551 -0.0176 0.0141
11 -0.1262 -0.0833 0.0349 -0.0568 -0.0230 0.0212
13 -0.1336 -0.1138 01173 -0.0610 -0.0341 0.0293
15 -0.1444 -0.1398 0.1447 -0.0630 -0.0419 0.03a62
17 -0.1513 -0.1599 0.1636 -0.0681 -0.0480 0.0414
19 -0.1567 -0.1738 01825 -0.0703 -0.0528 0.0456
21 -0.1612 -0.1888 0.19561 -0.0723 -0.0567 0.0490
23 -0.1648 -0.1993 02073 -0.0742 -0.0598 0.0318
23 -0.1679 -0.2083 021568 -0.0756 -0.0626 0.0342
27 -0.1703 -0.2163 02247 -0.0767 -0.064% 00382
AL -0.1723 -0.222 02318 -0.0778 -0.066% 0.0380
31 -0.1748 -0.2287 02377 -0.0788 -0.0684 0.0394
33 -0.1763 -0.2336 02451 -0.0794 -0.0701 0.0608
35 -0.1780 -0.2382 0.2479 -0.0801 -0.0714 0.0620
37 -0.1794 -0.2422 0.2320 -0.0807 -0.0727 0.0630
39 -0.1804 -0.2439 02539 -0.0813 -0.0738 0.0640
41 -0.1518 -0.2491 02302 -0.0818 -0.0747 0.0648
43 -0.1528 -0.2520 02625 -0.0822 -0.0736 006546
45 -0.1837 -0.2548 02633 -0.0827 -0.0764 0.06463
47 -0.1843 -0.2573 02679 -0.0830 -0.0772 0.0670
49 -0.1853 -0.2593 02702 -0.0854 -0.0778 0.0675
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Table7.6: ELECTRE Il ranking of inspection interval

Inspection interval-

T{hrs) Net Superior (Cs) Rank Met Inferior (Ds) Rank
1 -9.6000 12 125128 20
3 0.4000 12 -3.6121 12
3 14,6000 3 -10.2601 1]
7 20,7000 2 -28.7606 2
9 21.4000 1 -31.3334 1
11 138000 3 -28.3360 3
13 153000 4 -24.2709 4
13 133000 i -20.3360 3
17 11.3000 7 -17.0863 7
19 93000 g -13.7213 8
21 T7.3000 g -10.4810 g
23 4.4000 10 -7.2684 10
23 2.4000 11 -4.1309 11
27 0.4000 13 -1.0329 13
29 -1.6000 14 21071 14
il -3.6000 13 5.1549 13
i3 -5.6000 16 £.3169 16
35 -7.6000 17 113789 17
37 -9.6000 12 143908 12
39 -11.6000 2 17.4303 19
41 -13.6000 21 20,3311 21
43 -16.2000 22 23.6260 22
43 -18.2000 23 26.6009 23
47 -20.2000 2 206336 24
49 -22.2000 23 32,7560 25
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Figure7.7: Net superiorvalues and corresponding ranks of inspection interval
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Figure7.8: Net inferior(Ds) values and corresponding ranks of inspection interval

Sensitivityanalysis

One of the variables thaffects the ranking of alternative inspection intervals produced by
the ELECTRE method is the decision criteria weight. In this stédyP was usedto
determine decision criteraeights The technique is highly subjeati and as such different
experts or decision makers might assign different weights to each decision criterion. In order
to study the effects of varying weights that may be assigy the decision makers on the
rankings of inspection intenabbtained fron the ELECTRE method sensitivity analysis
was performed using various combinations of decision criteria weight. The various
combinatiors of decision criteria weights applied for the sensitivity analysis staicy
presented in Tabl@.4. From the sensitity analysis studythe performance indes net
superior and netinferior values obtained for alternative inspection intervah the five
different combinatios of decision criteria weightscésesl-5) are presented ifigures7.9

and 7.10and in tabular format in Tables D4 and D5 in Appendix DHAe corresponding
rankings of inspection interval based on theswgteriorand netinferior values are presented

in Figures7.11 and 7.12 respectiveiynd in tabular form in Tables D6 and D7 respely in
Appendix D4
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Figure7.9: NetsuperiorCsvalues from decision criteria weight sensitivity analysis
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Figure7.10: Netinferior-Ds valuedrom decision criteria weight sensitivity analysis
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Figure7.11: NetsuperiorCs ranking from decision criteria weight sensitivity analysis
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Figure7.12: Netinferior-Ds rankings from decision criteria weight sensitivity analysis

From the result of the netuperiorperformances of the alternative inspection interval
Figure 7.9 and the corresponding rankingsFigure 7.11, the optimal inspection inteal for
the five cases vasfrom 7 hours to 9 hours. The optimal inspection interval for the five cases

based on the nesuperiorindex is presented in Table7. The optimal inspection interval for
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the five cases based on neterior index in Figure 7.10 and the corresponding ranking of
inspection interval in Figure 12 also vary from 7 hours to 9 hours. The optimal inspection
interval for the five cases based on theinfgrior index are tabulated in Tab¥e8.

Table7.7: Optimal inspection interval for five cases

Case Net superior-Cs Optimal inspection interval Fank
casel 21.4000 9 1
casel 21.2000 7 1
case3 223000 9 1
cased 23.0000 7 1
cased 20.6460 Jor9 1

Table7.8: Optimal inspection interval for five cases

Optimal inspection

Case Net inferior-Ds interval Fank

casel -31.3334 9 1

casel -253237 7 1

case3 -27.6102 9 1

cased -24 2337 7 1

cased -27.1454 9 1
7.45.2 MAUT mertahnokd n g

The MAUT techniqueusedin the ranking of inspection intensacommencd with the
formation ofthe decision matrix shown in Tablé3. The first step to solving the decision
matrix in Table7.3 usingthe MAUT method was to define the range of each decision
criterion, the resultof which are shown in Tabl&.9. The \alues in Tabl&.9werethen used
as inpus into Eq.7.21 to 7.23 to calculatethe utility values of eaclalternative inspection
interval against thelecision criteria. Finallythe multiattribute function values of each
inspection intervalvere evaluatedby aggregating utility values of tredternative inspection
intervalsmultiplied by decision criteria weights as expressed in7Ext. The multiattribute
function values of each of the inspection inteswditained using Ed/.24 areshown in Table
7.10and Figure 7.13
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Table7.9: Range of decision criteria

Decision criteria Worst value Best value
C(T) 184 895 403398
D(T) 0.1778 0.0345
R(T) 0.1057 0.0106
Table7.10. MAUT ranking
Inspection interval-T{hrs) UC(T) D T) E{T) Rank
1 0.1301 21
3 08022 5
5 09518 3
7 0.9927 1
9 09556 2
11 08487 4
13 0.7170 6
15 0.6044 7
17 0.5172 8
19 0.4482 9
21 0.3919 10
23 0.3457 11
25 0.3065 12
27 0.2730 13
29 0.2444 14
31 02192 15
33 0.1977 16
35 0.1780 17
37 0.1604 18
39 01446 19
41 01307 20
43 0.1179 22
45 0.1059 23
47 0.0952 2
49 0.0857 25
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Figure7.13: Multi-attribute utility function U(C(T), D(T), R(T)) based on inspection intervals

From Table7.10 and Figure 7.13, an inspection interval of7 hours is in the first position
having the highest muiattribute utility function value of 0927 and as such it ishe
optimum solution for the inspection interval selection problem. The inspection interval in
second position i9 hours having multtatribute utility function value of @556 The
inspection interval itast position 19 hours, having thdowestmulti-attribute function value

i.e. 0.8B57.

Sensitivity analysis

The resuls obtained above using the MAUT technigaiee when the decisiomaker is risk
neutra) in which case R is equal to 1. Howevtkere are situatiawhere the decision maker
may be risk prone or risk averse and in such situafois greaterttan 1 (risk prone) or less
thanl (risk averse). The effect of the risk perception of the decision mek®investigated
to see how it wuld affect the rankings of the inspection internised on this a range of R
from O to 2was usedand the results obtaineste shown inFigure 7.14 ard Table D1 in

Appendix D4
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Figure7.14: Sensitivity analysis of R

From Figure 7.14,the inspection intervadf 7 hours has the maximum mudtitribute utility

function value when R&5,1, 1.5 and 2. From this it obvious that the result produced when
the decision maker is risverse,neutral and risk prone the same. From the graph it is
obvious that when R is assigned with the value of zero, no reasonable result can be produced
i.e. the alternative inspection intergadannot be prioritisedIn a case in the literature (see the

work of Anders and Vaccaro, 2011) it was shown that there was difference in the result
produced when the decision maker is 4dslerse but with no distinctiobetween results
produces by riskeutral and risk prone persons howevethia presentvork the result was

same for all categ@sof decision maker.

Another factor that has strong influence on the outcome of the MAUT analysis is the weight
of the deci®n criteria. The data in Tableé4 wasused as input data into the MAUT method

in performing the sensitivity analysis of decision critevieights This wasdoneto determine

the effects of varying weights of decision criteria on the output of the MAUfhade The
multi-attribute utility function valueobtained from thdive cases and the corresponding
rankings of the inspection intergadre presented iRigures7.15 and 7.5 and in Tables D2

and D3 in Appendix D4From Figure 7.15, the inspectioninterval of 7 hours has the highest
value of multiattribute utility function valudor the five cases and as such was rarikea
Figure7.16. For the optimal inspection interval to have reradithe same for the five cases
shows that the MAUT technique very robust and less sensitive to decision criteria weight

changes.
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Figure7.15: Multi-attribute utility function values for varying weights of decision criteria
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Figure7.16: Inspection intervals rank for varying weights of decision criteria

7.4.6 Comparison of MAUT and ELECTRE ranking methad

The rankings otheinspection intervahlternativegproducedoy the two methods ashown in
Table 7.11 and Figure 7.17. From Figure 7.17 it is obvious that the two techniqyes

ELECTRE and MAUT yieldvery similar resuls. The rankings produced from the two
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ELECTRE ranking ingtes the netsuperior(represented in the graph BEECTRE(Cs)) and

the netinferior (represented in the graph BEECTRE (Ds)) are the same for most tie
inspection interva with only a few having a rank difference of one between them. When the
results of the two ranking imcesof ELECTRE are also compared with the result generated
from the MAUT methodthe resuls are al® very similar. To further showhe relationship
between the three rankirgystems a Spearman rank correlatiotest wasperformed. The
Spearman correlation coefficiembbtained betweelkLECTRE (Cs) andELECTRE (Ds),
between MAUT andELECTRE (Cs) and between MAUT anBLECTRE (Ds) are 0.928,

0.998 and 0.906 respectively. The near perfect correlation obtained among the three ranking
methodgevealed that they can be ajplindividually to rank alternative inspection intersal

for marine machinery systesrso that the optimal solution can be obtained. The optimal
solution obtained for the water cooling pump freabECTRE (Cs) andELECTRE (Ds) was
aninspection interval of 9 has and for the MAUT technique is 7 hours. The two techisique
can also be compared in terms of robustness. From thesre$ule five cass in the
sensitivity analysis of decision criteria weights, the MAUT methasle thesame optimal
solutionin all caseswhile the ELECTRE methodhad anoptimal solutionthat varied from 7

hours to 9 hours. This shows that the MAUT technique is more robust and less sensitive to
decision criteria weight changes than the ELECTRE method. The MAUT method is therefore

recomnended for the marine industry for determining optimal inspection interval

213



Table7.11: Comparison of methods

Inspection ELECTRE
interval MNet supenior (Cs) MNet inferior (Ds) MAUT
1 18 20 21
3 12 12 ]
5 ] 6 3
7 2 2 1
9 1 1 2
11 3 3 4
13 4 4 6
15 6 5 7
17 7 7 g
19 8 g 9
21 9 9 10
23 10 10 11
25 11 11 12
27 13 13 13
29 14 14 14
31 15 15 15
33 16 16 16
35 17 17 17
37 18 18 18
39 20 19 19
41 21 21 20
43 22 22 22
45 23 23 23
47 24 24 24
49 25 25 25
%(75 —A— Electre(Ds)
%2 —o— Electre(Cs)
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T
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Figure7.17. Comparative ranking dlternative inspection inteals

7.5 Summary

In monitoring the condition of an ass#tetwo optionsare continuous condition monitoring
and periodic condition monitoring. The periodic monitoring approach is commonly used
because it is more cost effective than the continuous condition monitoring approach. However

the major challenge of the periodic cainmhh monitoring technique is the determination of the
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most appropriate interval for performing inspection. Traditionafigintenance practitioners

rely on their experience in determining the most appropriate time for carrying out inspection
activities. The delay time approach has beeportedn theliterature however in determining

the optimal inspection interval most of the authors applied a single decisioroar{tarst or
downtime). The purpose of this research was to apply multiple decisionachiteybtaining

the optimal inspection interval. Three decision criteria; cost, downtime and repuiatien

chosen for measuring performanceaafnspection interval.

The delay time concept was used to model the relationship between insjr@etioals and

the corresponding cost, downtime and reputation due to system failure. Since the optimal
solutiors obtained from the three decision criteria are in conflict with each ,atierthree
decision criteria resultsvere aggregated with two MCDM thniques; MAUT and
ELECTRE. To illustrate the applicability of the proposed methodology for determamng
optimalinspection intervala case study of a sea water cooling pump imasstigated From

the analysis, the rankings of alternative inspectigeruak produced from both the MAUT

and ELECTRE methods eve very similar. To further prove the similarity between the two
MCDM techniques the Spearman rank correlation coefficient between the techniquass w
evaluated andhowed a near perfect relationghi Thisconfirmsthat the two techniques can

be applied individually or in combination to rank and select the best inspection policy for

marine machinery systesn

The robustness of the two methods; MAUT and ELECTRE was tested via sensitivity analysis
of the decision criteria weight. The five different combinagiof decision criteria weights
chosen for the sensitivity analysis reveshihat the MAUT method is more robust andske
sensitive to decision criteria weight variation§he preference of theedision maker for
decision criteria weigimgs was accommodated through use of AHP which can both
quantitatively and qualitatively determine the weight of decision criteria. Despite the
suitablity of both technique for optimal inspection interval deterndtion the MAUT
methodwasrecommended for the marine machinery system for the following reasons:

(1) The risk preference of maintenance practitioners is accommodated in the MAUT
method which is natomething that iavailable in the ELECTRE method and

(2) The MAUT method is more robysas evidened bythe sensitivity analysis of the

decision criteria weight.

215



In this study theMAUT and ELECTRE methods kabeen validated for inspection selection
problens within the framework of marine machinery systemmowever they couldlso be
applied in solving inspection selection probfior other related engineering system
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Chapter 8 Conclusions,Contribution sand Recommendation for future

work

8.1 Conclusions

Ship systens will not remain safe and reliable no matter how well desipand manufactured
they are if they areaot properly maintaineddowever overmaintenance may result in system
degradation and excessive costs that may lead to increases in the operationéltloest
system On the other hand, underaintenance may resuhl systemfailures that maybe
catastrophicHence there is aeed for a sound and effective system to be in place for the
maintenance of ship systsnsuch that thie availability and cost of maintenance are
optimised. Basicallythere are three key elements of a maintenance system which are; risk
assessment, maintenance strategy selection and maintenance task interval determination.
RCM is one of themore commonly used methgdor the optimigtion of tresethree key
elements ofa maintenance management systeRmom the extensive literature survey
performed it was obvious that the toaksed in the RCM methodologyVeflaws which limit

the effectiveness of the approach in optimising ship sysigailability. Hence the main
purpose of this research was to deveditprnativetools to enhance the RCM methodology
such that ship systesare more effectively maintained and managed for improved availability
and reduced downtimand at a reasonable cost which will invariably resultansignificant
reduction in operational costo achieve this aim different methodologies were developed for

risk assessment, maintenance strategy selection and maintenance interval determination.

In the areaof risk prioritisation fourmethods were proposed in this studyr averaging
technique integrated with RPNieraging technique integrated with VIKORyeraging
technigue integrated with TOPSIS aaderaging technique integrated with CP. For the four
proposed techniques he novel averaging techniqgue was
opinions thamaybe imprecisewhile the RPN;TOPSIS,VIKOR and CPmethodswvereused

in the ranking of the risk of thmdividual failure modes. Theuitability andvalidity of the
proposed methods were demonstrated with case studies of partial and full marine machinery
systems and case studies from the literatlitee esults showd that the four proposed
methods are strongly correlated and can individually be apfdierisk prioritisation more

efficiently than theclassicaFMEA and other approaches in literature
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In the area of maintenance strategy selediwae hybrid MCDM maintenance strategy
selection methods were proposétl) DelphtAHP (2) DelphtAHP-PROMETHEE and

(3) DelphtAHP-TOPSIS. From the analysisof the resuls, the three proposed
methodologies yielded the same optimum solution for the cooling water pump of the
marine diesel engintor both; the single expert decision making process démelgroup
decision making process. Based on the informatiat wasobtained from the expertthe
decision criterionésafetyp was found to be theriving force for the selection of the
maintenance strategy. Thecheduled owondition task orOFCBM, which was the
optimum solution for maintaining the cooling water pump of the diesel engine in both
scenarig, wasin-line with the current best practice in the marine industhe proposed
methods avoid the limitati@of RCM logic treeanalysis which has aimability to rank
alternativemaintenance strategies atitey arealso less computationglintensive than

approaches in the literature.

In the area of maintenance task interval determinatanof the five maintenance task
options utilised in maintenance managememére modelled. The maintenance sk
consideredvere (1) scheduled replacement and &heduled orondition task.

o For the scheduled replacement interval determination age replacemens model
were integrated with TOPSIS. While the ARM were used in nliodetiecision
criterigg TOPSIS vasapplied in aggregating decision criteria and in the ranking of
alternative replacement intergalFrom the resu#t of the analyss it can be
concluded that the proposed methodologyath simple andobust. The approach
has the advantageof including criteria weightingwith both objective and
subjective componestwhereass most previous research only includagbjective
componerg

o For the inspection interval determinatiomvo MCDM tools; MAUT and
ELECTRE werecombined wih the delay time modelThe suitability of the
integrated delay time arnttie MCDM model wasdemonstrated with a case study
of a cooling water pump of a marine diesel engine. From the sdsuilh the
MAUT and the EIECTRE method produce the same optimahspection interval
for the cooling water pumpThe proposed approachesvhahe advantage of
simultaneously using multiple decision criteria in determining optimum inspection

interval as opposed to current approaches in literature thatsirsgle criteion.

218



In these proposed methodolegseven different MCDM toolsVIKOR, CP, TOPSIS, AHP,
PROMETHEE, MAUT and ELECTRE were used for the ranking of alternatives in the areas
of risk assessment, maintenance strategy selection and maintenance interval determination.
However each of these tools has the capability to raeknatives irall three elements dhe

mai ntenance system. Their individual sise w
choice which may be guided by ease of implementation (computational effort) and suitability
(Leken, 200Y. To guide the practitioner with respect to makinchoice on the basis of ease

of implementation Table 8.1 is presented beléwam the table there are two categories of
MCDM tools based on thelifferent criteria such as Hand calculation in measuring ease of
implementation those that are easy to implemesnich as CP and MAUWith or without
softwareand those that are difficult to implemenithout softwaresuch as ELECTRE and
PROMETHEE

Table 8.1: Degree of ease of implementation of MCDM tools

Computational MCDM tools
effort TOPSIS VIKOR CP AHP ELECTRE MAUT PROMETHEE
Hand calculation X x Vv X X V X
Spreadsheet \% \% \% \% X \% X
Softwaretool \Y X X Y Y, X \Y,
Software code \Y Vv Y \Y X \Y X

Hand calculation/spreadshedtick- easy to calculate using hand calculation/spreadshe@€tossdifficult to
calculateusing hand calculation/spreadsheet

Softwaretool: Tick- software available & Crossoftware not available

Software codeTick- easy to code &ross difficult to code

The work demonstrated is an enhanced R&M8temand in reality RCM methodoldgs are

already routine for whole ship maintenance and as such the proposed enhance RCM does not
need scaling up to make it applicable to entire ship maintenance. Concerning the practicality
of a shipping company implementing the proposed enhanced RCM miettpdibiis will
generally require a team which should consist of both extandihternal experts, technical
managers, superintended engiseerd chief enginesrand a statistician who will be able to
identify appropriate functiamsuch asthe Weilbull distribution. Once the expert team has
implemented the enhanced RCM methodology it would be straightforward for practitioners
on board to utilise.
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8.2 Research Contribution

This researchpresentsthe development ofvarious tools in order to support the RM
methodology ando improve its effectiveness in marine maintenance system applications.
This will result in an improvementin marine system reliabilityat minimum cost. The
contribution of this research has beensdimirated throughjournal and conferermc
publicatiors listed in the publication sectionin particular tle researchcontributiors with
regardto addressing thiemitationsof RCM in the optimisation ofthethree major elements of

maintenance management are as follows

(1) Development ofa methodolog for the assessment dhe risk of marine machinery
systens. The innovation of this risk assessment methodology irns the combinationof
different MCDM tools such as VIKOR, CP, and TOPSI® addressing the limitati@nof
classical FMEAthat is frequenthyused within the framework of RCM itme risk assessment
of marine systemsAlthough VIKOR, CP and TOPSIS have been applied individuiayly
practitionersin solving other multicriteria decision problems they have not been used in
solving the fundamentakisk prioritization problem.The incorporation of the averaging
technique into thepproachesurther makes the methodology unique as it allfovghe use
of both precise and imprecise rating®videdby experts to be applied as inputar/IKOR,
CP and TOPSIS whickeach normallyuse only precise data, thereby providing a more
efficient technique for risk prioritization that is highly beneficial to the marine industry.
additional important feature of ilhproposednethodology isn the breakaway from the use of
a subjective weighting techniqusuch as AHPiIn assigning decision criteria weighby also
integrating the variance and entropy methods into VIKOR, CP and TOPSIS.

(2) Development of a methodology for maintenance strateggctseh based on the
integration of the RCM concept with mutiriteria decision making methodBhe novelty in
the proposedmethodology lies in theombination of different MCDM tools such as AHP
PROMETHEE andrOPSIS for solvinghe problem omaintenancestrategy selection within
the framework of marine systemaintenanceAnother important feature of the proposed
methodologyis the incorporation of the Delphi method into AHP, PROMETHEE and
TOPSIS. The Delphi method was introdugedrderto collect, identify and screen decision
criteria such that the most important decision critami@applied in selecting the optimal

maintenance strategy for the marine system.

220



(3) Development of a methodology fdhe determination ofthe optimal interval for
scheduld replacement. Thmnovationof the methodology is based on the integratiothef
Age Replacement Model (ARM) witthe TOPSIS techniquavhich has never been used
before for preventive replacement interval determination in the maritime environment
Anothe important feature of theroposedmethodologyis the combination of an efficient
decision criteria weighting framework into the ARM and TOPSIS models. The efficient
decision criteria weighting framework integraitsoth subjective and objective techniques
evaluatingthe weights of decision criterjaas opposg to the use of onlya subjective
technique for land based system applicaifmund in literature. The weighting framework is
so flexible that it allows maintenance practitioners to eitherassijective criteria weighting
technique oanobjective weighting technique or a cbmationof both techniques.

(4) Development of a methodology fdhe determination ofthe optimal interval for
scheduled inspectiofhe novely again lies in the combationof MCDM tools (MAUT and
ELECTRE methods) witha delay time model in determininthe optimum intervad for
performing inspection for systemsfor the first time within the maritime maintenance
framework Another important feature of the methodologyhisuse of the delay time concept
in the development o company reputation modelhe company reputation is used as a
decision criteion in addition to already established cost and downtime decision cadlag

time modes in determining inspectiomtervak for maintaining plant system equipment.

8.3 Limitations encountered

One of tke greatest challenges that was encountered in the execution of thisnstatlye
problem ofreal life dataavailability. The lack ofreliable real life datain terms ofboth
guantity and qualityn most scenar®was the reason behind the useeaf p eopiticss@nd

datafrom literatureas alternativein this research

8.4 Recommendation for future work

8.4.1 Risk assessment

The techniquehat wasapplied in this study forisk assessmenEMEA, is a wellestablished

gualitative technique which is useful imaking maintenance decisi@nHowever a

quantitative approach is more reliablenmakingsuch decisios On this basisa quantitative

approach such as FTA may be exmdiin determining risk of failure modes of marine
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machinery systes Furthermorein this studythe FMEA thatwas perforred on the marine
diesel engine, auld be extended to the whole ship systémaddition,three MCDM toas;
VIKOR, CP and TOPSIS ka been used however other MCDM technique such as
EXPROM 2 may also be applied in determination of the risk of failure modes of marine

machinery system

8.4.2 Maintenance strategy selection

Although the proposed methaldgieshave been validated for marine machinery systhey
can also be applied to other related engineering sgsiathdepending on the preferersoaf
the maintenance practitionetee decision criteria can further be redugedrderto make the
evaluation procss easier Furthermore other techniques such as the MAUT, VIKOR and
EXPROM 2 may be applied for the ranking of alternative maintenance ssaf€lgere may
also be the need to capture the expert information imprecisely rather than obpaauisg
datafrom expers. In sucha scenariginformation from expegwould be in the fornmof an
estimatednterval andin addressing iB, the fuzzy logic technique may be integratetthin
the proposed methodologies.

8.4.3 Maintenanceinterval determination

The ive maintenancestrategiesonsidered in this study are; scheduled overhaul, scheduled
replacement, offhe condition based maintenance (inspectiandl online condition based
maintenancel-romthesefive maintenance strategg methodologiehave been developetbr
determiningthe optimuminterval for carrying outoffline condition based maintenance and
scheduled replacement (SR@¥ks. For future worka methodologycould be developedor

determining the interval for performing scheduled overhadl scheduled replacement.

8.4.3.1 Scheduled replacement interval deter min

The nethodology for determininthe scheduled replacement interval in this study is based on
a multi-criteria decision frameworkthe tree decision criterideing cost, downtime rd
reliability. The cost and downtime modelere adapted frorthe Barlow and Hunter (1960)
age replacement moddélhe TOPSIS methodology as applied in simultaneously obtaining
theranking of alternative replacement intes/&dr marine machinery systesfrom the three
decision criteria. For future work other MCDM tsokuch as MAUTand ANP may be
exploited for the ranking of the alternativeptacement intervalsuch thatan optimum
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solution can be obtainedor examplethe MAUT method will allow the maintenance risk
perception to be included in the decision making process which is not possible in the
proposed method in thisgearch andhe ANP allowed for the interrelationship between the
decision criteriato be utilised in the analysis procesfich againis not possible in the
methodutilised in this studyFor the threalecision criterianodelsthe failure distribution of

the systerathatwere studed were assumed to folloaWeibul distribution, howeveother

well know distributiors such as exponentiandnormal distributionsshould be investigated
Alternatively systenfailure data could bebtainedto determine thexact distributiorrather

than assuming it.

8.4.3.2 I nspection interval determination

In determining the intervafor performingthe inspection for the systemmnderinvestigation
the delay time modelas integrated with thenulti-criteria decision tools ELECTRE and
MAUT. The dlay time wasused to model the three decision critedast, downtime and
reputation while the ranking of alternative inspection intesradas performed using MAUT
and ELECTRE. For the delayme models the Weibll distribution was assumed as the
distribution probability of the delay time. For future work other knadistributiors such as
exponential and normalistributiors could also be studied A database system should be
developed such thdhe shipping industry can easily gather delay timisrmation. For the
ranking of alternative inspection intergathe use ofother MCDM techniques such as
EXPROM 2 and PROMETHEE can be explored.
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Appendix A Risk Assessment

A.1  FMEA analysis sheet forthe marine diesel engine

The information used in the formation of the FMEA analysis sheet were obtained in bits from
the following sources(Cicek and Celik, 201,3Cicek et al. 2010 American Bureau of
Shipping, 2004Bejger, 2011 Dunford, 2011 Mokashi et al., 2002.azakis, 201}, experts

opinion and logged records.

BASIC ENGINE
Reduced engine
. . Escape of performance,
. 1. Hole in the | Dripping of fuel : :
Piston - valve combustion gas engine stop
P into the crankcaze | possible, explosion
possible
01l smoke from
. 2. Piston ring Lac{lc D'J.l‘ 3 exhaust, Blow-by | Redoced engine
Piston lubrication, liner
scuffing and scuffing mark | performance
roundness fault ) =
on liner surface
. 3. Cracked Excessive _gap Oil smoke from Reduced engine
Piston ; pressure, Wort- exhaust, losz of
ring i ] ) performance
out ring groove power
Liguid fuel
. _.4' Ring ] deg acmg Reduced engine
Piston /groove side lubricant in ring Loss of power
) - . performance
face wear grooves, solid
residue
5. Piston ring Insufficient : Excesszive :
. . clearance during Reduce engine
Piston ztuck in . . clearance, fire .
installation, output, Stop engine
ETOOVes P : blow
epozits
Loss of power in
. Loosze con rod the affected .
Piston s?:u:lfmﬂ nut, lack of lube cylinder, con rod esxtof:roimf:nbable
oil at piston head | damage, cracked P P
piston pin
=
oI Rl Overheafing and _ Standby
. flame face impingemernt . Reduce engine
Piston . EXCESsIVE pressure - pump start
excessive from poor ; output, Stop engine .
s into crank case functioning
wear atomisation
Eeduced engine
e e 8. F.Eulmg to Dil_pressure too Fnctmp_a.nd peﬁ.‘mmance,
lubricate low excessive heat engine stoppage,
engine damage
Reduce engine
. 9. Wearing . performance,
Piston rod out of packing | Lose of sealing Spark and blow engine stop
stuffing box : by = :
rings possible, explosion
possible
Incorrect spring
Pist d 10. mounted in piston | Escape of St .
3t|isﬁ"01.trll I;:rx Malfuaction: rod stuffing box, combustion gas ex Dfafognmf;bable
£ g faulty oil scraper | into the crankcasze P P
rings
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Loss of effective
lubrication,
bearing
mizalignment, Damage to Reduced engine
Cranlshaft 11. Cracking | poor maintenance, | connecting rod, | output, stop engine,
design fault, engine block damage to engine
flocding of
cylinders with
cooling
Overloading,
faulty crankshaft
damper,
grovnding and/or dim Reduced engine
Cranlshaft 12. Bending fouling of ’ output, stop engine,
. damage to con :
propeller, bearing rod damage to engine
misaliznment,
engine power
imbalance
Loszs of effective
13. Journal L“hﬂ_‘mm o Reduced engine
Crankshaft surface carng AMAZELO CON | e stop engine,
damage misa_]:gm:uent rod, damage to engine
fouling of the
propeller
loss of
Overheating | COMpression, High
i improper head gaslet . temperature/
14. Warping ingtallation, leak, high Stop engine pressure
fatigue temperature alarm
alarm
cy head Loss of
Prolong compression,
15. Cracking overheating, engine misfires Stop ensine
o improper and muns Op £ng
installation erratically,
cylinder damage
Piston pin snap, Ensine dam
Connecting improper Loss of power, SL0E SamAge.
od 16. Breaks P R || e Lshaft | STOP engize, Alarm
rod boltz, Eafizne explosion possible
Camshaft, 17 Cam Loose con rod Inlet valve and St .
cams and ) striking camshaft, | exhauvst valve OP SnSNE,
. . break - . engine damage
chain drive lube wear failure
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Loss of
CcOmpression in
affected
. cylinder A, .
. 1S. Leakin | Ovorheating exhaust gases Reduced engine Cooling
Cylinder ; causing liner ; water
: the cylinder escape into performance,
Liner . zealant to break - . : pressure
liner jacket cooling engine damage .
down ) ) = fluctuation
water system,
cooling water
escape into
cylinder
LG tEmpeﬁ::ure
Cvlinder liner | 19. Worn FatigL_le, degraded | compression, Reduced engine increment
2 lube o1l Increazed lube performance
" . for affected
o1l consumption cylinder
Continous LEBE .
Al use compression in
T affected Exhaust
20. D 0. .| cylinder A, Eeduced engine temperature
. ; , egraded lube odl, | - ;
Cylinder liner | Damaged/defo improper cylinder Increased performance, increment
rmed s cylinder lube ol | engine failure for affected
oil feed rate, g . E "
: consumption cylinder
Under-cooling of .
_ . during
scavenge air. )
combustion
Corrosion due to
improper .
treatment of fresh | Insufficient Pm?l loss of .
) - containment of Water
Cooling water | 21. External water, Jacket delivering of
; = - ] fresh water, releaze alert
jacket leak overheating, cooling water to ~
. . . ) reduced engine operators
Leaking seal ring | engine cylinder o ce
at bottom of P )
cylinder liner
- Poorlv treated Cylinder cﬁj":"“
Cooling water | . Cory Heated overheating, Eeduced engine g
i Eestrictad fresh water, dirt’s } . water
jacket ; . cylinder liner performance
passage in cooling water c}a ki temperature
g increment
Crankcase 23 WNot seated Allow i Reﬂc‘luce Engine
relief valve Inoperable properly escape ko pe =
crankcase explosion probable
SCAVENGE AIR SYSTEM
Excessive air
Ajr cooler . Sea water temperature, Low engine output, | High
. 24 Blinded . excessive high fuel temperature
and pipes contamination .
exhaust consumptions alarm
temperature
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Reduced
airflow through | Reduced engine
) . o COMPIessor, power and
Air filter 25 Plug Contamination inefficient increased fusl
Ccompressor consumption
operation
Insufficient air
. Contamination s.uppljf to . High
Scavenge air engine, Reduced engine exhaust
26. Fouled from exhaust -
port ases 1mproper output temperature
E combustion, alarm
excessive smoke
Ingestion of Restricted air Reduced ensi
27. Worn abrazive material, | flow to the educed cngine
] . . power and
Turbocharger | compressor wheel rubbing engine, . i
. i increased fuel
wheel blades COMpIessor excessive e
housing exhaust smoke, | T npHOR
Binding
Lokt | e
lubrication or odl ; .
28. Fanlty delay, carbon LT W bk Eeduce output EE
2 3 ) and their : : exhaust
Turbocharger | shaft bearing | depoaits, oil ) from engine, high
e housing, : temperature
and seals deterioration, . fuel consumption
. . reduced turbo's alarm
exceszive bearing d 2nd
clearance speec &
effective boost
delivery
EXHAUST GAS SYSTEM
29, Lower engine High
Turbocharger Lac{lc D'J.l‘ S.eal damage. output, high fuel exhaust
; ; lubrication wheel rub ;
bearing failure conswmption temperature
Turbocharger
a . Ingestion of Ajr leak into Reduced engine .
30. Worn ; ) High
. ] foreign objects, exhaust, power and
turbine wheel ) . ; exhaust
blades wheel rubbing excessive increased fuel temperature
turbine housing exhaust smoke. | consumption
Misfire in the Differential
Exhaust valve 31. valve Weak valve leal: affected cylinder, temperature
bumed spring compression reduced engine of exhaust
power gas
ATR STARTING SYSTEM
32. Operates L fservice ai
Starting air | at degraded . Reduction inair | oo o oo viee AL
e Fatigue, reduce engine
COMPressor head/flow pressure
performance
performance

241




Sensor failure or Low
Starting air 35. No start g%g,i—cahbrated, Low pressure Interruption of pressure
. wiring fault, loss : i . indicated on
COMPressor zignal _ and air flow engine output ;
of power for 2iT pressure
control uait gauge
Starti . 34 Fails to Control system . S Standby
tarting air tart Faultv. valves Loss of engine WNo zsignificant COMpPressor
COMpPressor ; Dr:i fa u]t}.’ va start capability effect start
Eman aulty, functioning
Starting air Partial loss of
aring 35. Lealkage Fatigue, Loszs of start air | engine start
distributors "
capability
Control system Engine
. faulty, valves ) oscillated but
Starting 36. Stuck faulty, faulty air | 4ot oain Alarm
valves - distributor due to £ )
- speed when
ingress of hard
. - started
foreign object
Inefficient
. ) COmpressor
.. Contaminants, Eeduced air .
Air intake 37.Plug Lack of flow through operatios and Alarm
filter ) possible damage,
maintenance COmpressor Low : .
ow of no air flow
to engine
FUEL OIL SYSTEM
38. pipe
Fuel system- leakage/ deposits, low Hot spot | fuel Stop engine, fire Visual, high
rupture temperature
pipes, filter PIE, in fuel quality fuel odl oil spill probable deriﬁnnz
line
Bestriction in
Fuel system- 39, Clogged Contaminants, fuel flow (low Engine speed Differential
ipes, filter fuel ﬂlte: Lack of fuel pressure). drop, stop engine pressure
Pipes: maintenance erratic eylinder P. IOp =12 alarm
firing
EHR o 40. ]ldu_:m' Suction L'a]n: r e Reﬁquced engine Low
T supply opens too early or ity performance, stop pressure
pressure late engine alarm
4._1. Runn_mg Wear-out gear Low supply Eeduce output .
without oil preszure from engine
Transfer/suppl Beari
y/Booster 42. Abnormal de;:zﬁi-' hafl Overloading of | Reduce output
pump zound displacement electric motor from engine :
Excessive High
Fuel valve 43. Fuel Erosion, deposits temperature fi’i:“:; Tﬂtpﬁ:nt exhaust
valve leaked - OFF after individual - SR temperature
wait dropped P alarm
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Exceszive fuel
44 Seizure of :;'%:E:E?i into the Eeduced engine Hish
Fuel valv injection valve | Control system -'liﬁde o performance, exhaust
uel vae spindle in failure E}x_hau::: environmental temperature
open position e damage alarm
black smoke
Inadeguate
- . | maintenance, Poor Eeduced engine High
Fuel valve ntz:zPl':EI valve incorrect fuel combustion, performance, exhaust
betructed temperature, discoloured followed by engine | temperature
@ cte contaminants, exhaust failure alarm
poor fuel quality
Rough munning,
46 Early . loss of . Low
Fuel valve opening of Low service comprezsion Reduced engine pressure
pressure P performance
fuel valve and poor alarm
starting
Oversized Sticking of Eeduced engine eﬁihmt
Fuel valve 47 Dripping | injection piston rings in performance,
. . i . temperature
mechanizms their groove engine damage
alarm
CYLINDEE LUERICATING OIL SYSTEM
Releasze of
Pump housing cylinder
C}'lmdgr . 48. External erosion, ]ul:vnl:_ahﬂg oil in No significant Standby
lubricating oil leak/ . machinery P pump start
eak’ rupture mechanical seal laree leak | © ct e
pump fFailure zpace, large le functioning
triggers stand by
pump to start
Interrupted
Cylinder = 1 49 Failein Pump motor Iubrication No significant Standby
lubricating oil . seizing, failure of | supply to pumyp start
operation ] T effect L
pump pump coupling cylinders, stand functioning
by pump starts
. . Cylinder
]Cé'j.jndi i1 ?:I' Fails to Relay switch lubricating oil No significant
unricating o1 ZDP Dr:i defective or failed | pump continues | effect
pump eman to operate
Low
Cylinder 51. Operates Worn pump Insufficient ) . PIEssure
S . pressure or flow | No significant alarm,
lubricating o1l | at reduced gears, Pump ;
head housing leal of lubricant to effect standby
pump 2 using e cylinders pumyp start
functioning
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Poor guality fuel,

loss of cooling

Cylinder lub. .. contaminants, leakage of oil, StoppeFi Engine
. 52. Piping : due low oil .
oil system- loose flange, low oil pressure, WVisual
leakage. burst - pressure, fire : -
valves and overheating due wear of : . inspection
. flange : o probable especially
piping to failure of cylinders it
gaskets P-
Cylinder lub. i Accumulanoq of I.mprpper Reduced engine Differentia
- 53 clogged carbon or foreign | cleaning, low performance, stop
oil filter = ; ) 1 pressure
matter lube oil pressure | engine
MAIN LUBE OIL SYSTEM
Main lube oil | 354. External E“m':];”* failed Large leak by | Nosignificant Standby
am leak/ rapture pump housing triggers stand by effect pump start
pump gasket pump to start functioning
lubrication oil
Failure of motor | supply
Main lube oil | 55 Failsin | PUmP: motor MIErUption 0 |\ sionificant Standby
ump operation pump seizing, main engine and effect pump start
P failure of motor turbocharger, functioning
coupling stand by pump
starts
Main lube oil 36. Fails to Relay switch Lube cil pump WNo significant Standby
[} step on defective or failed operates effect pump start
pump demand continuously functioning
Lube oil
pressure too
Main lube il 57. Operates Wormn pump low, low No significant Standby
umg at reduced gears, Pump pressure alarm effect pumyp start
F head housing leak trigger stand by functioning
pump to
function
Poor guality fuel, :
. . contaminants, leakage of oil, StoppeFi chEtae
Lube oil 58. Piping o due low oil .
i looze flange, low oil pressure, Phy=ical
system- valves | leakage, burst - ) pressure, fire g :
- overheating due wear of engine . inspection
and piping flange . probable especially
to failure of components :
at high temp.
gaskets
Accomulation of | Improper Reduced engine
Lube oil filter | 39, clogged carbon or foreign | cleaning, low performance, stop
matter lube oil pressure | engine
CENTERAL WATER COOLING SYSTEM
Sea water Fatigue if;i'ﬂ-‘;“;““’: Isolation of
Pi 60. leakage £0€, . S affected part result Bilge alarm
pes COrros10n engine room, .
= to minor effect
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Sea water 61. Fail t Electrical or Start-up of No zignificant Bilze al
cooling pump -ratio mechanical fault standby pump effect gea
Central cooler | 62. Leakage Corrosion I_ﬂac?equate high engine temperature
cooling temperature
alarm
Operational . . .
g o Exceszive engine High
Lube oil 63. Abnormal b capahl:htj of i e R
cooler temperature lube oil cooler .
reduced stop possible alarm
WNone; the other High
Sea chest 64. Marine growth, 13 sufficient to N temperature
strainer Obstruction debris provide one of central
zeawater cooler
Engine - Dirty jacket, )
preheating 63. Unable to pump motor wear, structural e e
. ztart, . cracks
umnit failure
MONITORING SYSTEM, CONTROL AND INSTRUMENTATION
66. Failure to
Governor fespu:und to Failure of speed Cu:upsta.ﬂt Reduced engine Engine alar
input load 3ens0r engine speed performance m
change
67. Loozenad Linkage | arts Output linkage Eeduced engine
Governor i Wears, engine .
output linkage : i zeizlre performance
vibration
63' .gular dege cantm]_. Engine speed Reduced engine
Governor bridge input failure, loose wire .
. . fluctuates performance =
signal connection
Electronic Ston ensine
69. No bridge | control failure, Zero engine op EREULE
Governor - ; . complete loss of -
input signal bridze control zpeed ;
. propulsion
failure
Failure of zpeed Tripping of Stop engine,
70. Low rpm over speed
Governor . . sensor, broken ; complete loss of -
input signal " . protective - ’
wire connection - propulsion
device
Excessive Lube .
] . Fails to
Splash-oil oil temperature, .
I . . . generate alarm Stop engine,
monitoring 71. Tripped piston or bearing ) -
zipnal for alarm | explosion
zystem runs hot or start
- - zystem
zeizing -
Oil mist Clogged filter, no | Cannot detect St .
i 72 Blocked | vacuum, damaged | oil mist in the Op engine,
detector L explosion
valve crankcase
Improper
Oil mist 73. calibration of oil | CAmmOtdetect | o eine.
. oil mist in the .
detector Inoperable mist detector, lack explozion
- crankcase
of maintenance
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Sensitivity
wrongly set,
oil mist . e;cessiv& piston (;a.m’_!l:-t .daetect Stop engine .
detector 74. Tripped ring clearance, oil mist in the explosion ’ Fire alarm
too much water in | crankcase
lubricating oil,
zeizing of piston
A.2  Expert assignedfailure mode rating for the marine diesel engine
Failure modes o] 8 D
1 T7:30% 3 4:70%
2:60%
2 7 6:50% g
3 5 6 5: 00%
4 7 3 3: 80%
5 - 80% ] 50 30%
& 6:83% ] 3:63%
¥ g 2: 60% 2
g 2:00% 7 T0%
Q 7 6:70% 90%%
10 10 4:60% &
11 9: T0% 2
2 g 3 3
13 2: T0% 2
14 5:00% 3:30%
15 3: T0% 20%
16 3 2
17 2:70% 3:65% 2:70%
15 9: 30% & 2:90%
18 3 3 4
20 g 6 2:70%
21 T:70% 3 4:70%
2 7 3:60% 3
23 T:80% 2 9:90%
20% 2:10%%
24 3 4:60% 3:50%
25 6:90% 3:70% 3:50%
28 6 5 6:60%
27 5 3:50% 3
28 6 4 3:50%
29 3:50% 4 3
30 3 3:50% 3
31 3:50% 8:30% 3:80%
32 6 5 4:60%
33 3 4:50% 3:70%
34 6:90% 2 2:90%
35 6 4 3:-T0%
36 3 6:90% 1

246



Failure modes

37 6:70% 3:70% 3:50%
3B ] T:B0% 2
39 ] 7:60% 2:70%
40 3 2 3
41 3 Z 5
42 ] 7 4
43 5 7:60% 2:90%
44 4:a0% 0:50% 2
45 3 2:70% 2
48 ] 7 i
47 4 2 2
48 4 3:70% 2:90%
49 3 2 2:T0%
5 4:70% 2:63% 2:90%
31 6:70% 2 3
32 6:50% o 3
33 T:70% 7 4:50%
34 4 2 2:90%
35 5 2 2:70%
36 4:70% 2 2:90%
37 6:70% 3:33% 3
38 6:50% 2:50% 3
39 T:70% 7 4:50%
60 3:B3% 5 2:90%
61 3:70% 2 2

2 3:50% 2:70% 3
63 2 5 4
64 4 4:80% F:50%
63 4 ] 4
] 1 9 3: 90%
67 2 9 3:70%
68 2 o 3
64 2 10 2
70 1 10 1
71 3:40% 0-00% Q-60%
72 3 2:83% Q:70%
73 2 o 10
74 2 2:70% Q:70%
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A.3 Decision matrix for failure modes ofthe marine diesel engine

Failure modes 0] 3 D
1 7.3 3 45
2 7 5.8 8
3 5 6 5.1
4 7 3 3.5
3 6.7 6 33
6 59 6 52
7 g 34 2
g 78 7 6.6
9 7 5. 78
10 10 46 6
11 g 2 2
12 g 3 3
13 9 3.1 2
14 7 5.1 43
15 g 3.8 43
16 9 3 2
17 73 3.9 3.1
18 73 6 24
19 3 3 4
20 g 6 3.1
21 6.6 3 45
22 7 4 3
23 6.8 2 8.9
24 5 46 53
25 6 5.2 43
26 6 5 5.8
27 5 53 3
28 6 4 43
29 53 4 3
30 3 3.3 3
31 5.3 6.8 3.3
32 6 3 46
33 3 42 38
34 6 2 2.4
33 6 4 38
36 3 6 1
37 5.9 5.2 43
38 6 6.7 2
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Failure modes
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A.4  Failure modes performance index and rankings fothe marine diesel engine

Failure

modes | VIKOR | Rank | CP | Rank | TOPSIS | Rank | AVRPN | Rank | AVTOPSIS | Rank
1 0.7146 36 | 0.4372 56 | 03573 50| 101.25 35 0.4531 28
2 0.2271 11] 0.2573 9| 05957 6 324.8 2 0.6413 2
3 0.3288 19 | 03104 17| 04737 27 153 20 0.4639 26
4 0.7549 64 | 0.4549 58| 03168 62 73.5 47 0.4046 47
3 0.2828 15| 0.2884 15| 05202 18 | 213.06 9 0.5426 10
6 0.3046 17 | 02981 16 | 04992 22 | 184.08 12 0.5057 18
7 0.7170 37| 0.4591 61| 03299 60 54.4 57 0.4171 42
g 0.0770 21 02117 2| 0.6488 3| 36036 1 0.6707 1
9 0.2186 10 0.2543 8| 05909 5| 32214 3 0.6393 3
10 0.3843 27 | 0.3295 24 | 05235 17 276 5 0.6193

11 0.9167 67| 0.5236 70| 02916 64 32 63 0.3919 51
12 0.7435 61| 0.4590 60 | 03347 58 72 50 0.4314 36
13 0.7361 39| 0.4701 64 | 03479 54 55.8 56 0.4461 33
14 0.4326 32| 0.3440 30| 04412 35| 15351 19 0.4881 22
15 0.5943 30 | 0.3990 43 | 03978 43 | 130.72 26 0.4868 23
16 0.7504 63 | 0.4747 65| 03448 55 54 58 0.4441 35
17 0.6309 33 | 0.4184 53| 03328 53 | 88237 42 0.4279 38
18 0.4078 28 | 0.3473 33| 04476 34 | 103.12 33 0.4673 25
19 0.5028 43 | 03713 41| 03776 45 100 36 0.3886 54
20 0.3309 20 0.3266 22| 04807 25 1488 21 0.5133 16
21 0.7339 38 | 04419 57| 03332 59 29.1 41 0.4174 41
2 0.5693 47 | 0.3833 45| 04024 42 140 22 0.4772 24
23 0.7482 62 | 0.4560 59 | 04330 36 | 121.04 29 0.5276 14
24 0.5227 44 | 0.3674 40 | 03963 44 121.9 28 0.4232 40
25 0.4420 35 | 0.3475 34| 04232 37| 134.16 24 0.4497 31
26 04277 30 | 0.3317 25| 04594 30 174 15 0.4973 20
27 0.4885 40 | 0.3789 42| 03878 47 79.5 44 0.3664 60
28 0.6132 51| 0.4012 50| 03530 52 103.2 34 0.4118 44
29 0.6668 55 | 0.4205 55| 02971 63 63.6 54 0.3379 64
30 0.4885 40 | 0.3789 42| 03878 47 79.5 44 0.3664 60
31 0.3226 18 | 03112 19| 04818 24 | 126.14 27 0.4484 32
32 0.4620 39 | 0.3508 38| 04206 40 138 23 0.4536 27
33 0.5370 45 | 0.3833 44 | 03591 49 912 38 0.3748 57
34 0.9527 69 | 0.5258 71| 02333 67 28.8 70 0.3148 66
35 0.6274 52 | 0.4095 52| 03398 56 912 38 0.3952 50
36 0.5830 48 | 0.4011 49 | 03696 46 30 68 0.3452 62
37 0.4444 37 | 0.3484 35| 04208 30 | 131.924 25 0.4454 34
38 0.4400 34 | 0.3446 32| 043501 33 20.4 43 0.4288 37
39 0.3594 23 | 0.3263 21| 04613 20 | 119.04 30 0.4502 30
40 0.1438 5| 02455 5| 0.5893 8 200 10 0.5284 12
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modes | VIEOE | Ranlk CP Fank | TOPSIS | Bank | AVEPN | Bank | AVTOPSIS | Eank
41 0.1433 5| 02453 5] 05895 5 200 10 0.3254 12
42 0.2535 13| 0.2849 14 0.5236 15 168 16 0.2003 19
43 0.4434 36 | 0.3538 39| 04219 38 T6.8 44 03893 33
44 0.4449 38 ] 03433 201 04570 31 67.16 32 0.3971 49
45 0.4334 33| 053386 27 0.4642 28 73 43 04113 45
48 0.1367 4 0.2420 4 0.5900 7 232 & 0.3748 ]
47 04280 20| 0.5382 26| 04831 23 64 33 0.4021 48
45 0.7433 60 | 04613 62| 02323 58 36,45 52 02508 72
49 09564 70 05213 68 | 02160 69 31 6 02838 68
5 0.5170 66 | 0.4822 66 | 02157 71 34.56 654 02599 71
31 09379 65 | 0.5169 67 02432 66 354 63 0.3242 65
32 0.2409 12] 0.2890 12 05831 10 156.6 18 0.2197 15
33 0.1703 7| 02600 10 ) 0.5626 12 221.76 7 0.2538 5
5 1.0000 74 ) 0.5403 74 01812 T4 19.2 73 02129 T4
5 09564 70 05213 68 | 02160 69 31 il 02838 58
5 09382 73 | 0.3363 72| 01796 73 21.6 71 0.2396 73
5 0.6384 34 ) 0.4203 34 03200 61 7257 49 0.3691 39
5 0.35338 22| 03179 20 04778 26 11832 31 0.4523 29
5 0.1703 7| 02600 10 ) 0.5626 12 221.78 7 0.2538 5
&0 0.5461 46 | 0.4022 31| 03363 37 61.2 35 0.3437 53
&1 0.9830 72| 0.3376 73] 01971 72 20.8 7 0.2673 il

2 0.7932 65 | 0.4893 63| 02530 65 4029 5 03148 67
63 0.4317 31| 034583 36| 04502 32 160 17 0.3127 17
64 0.5802 491 03923 46 | 03570 31 01.15 40 03723 38
65 0.3333 26 | 03443 31| 04195 41 Sl 37 0.3531 36
L] 0.3824 25 [ 0.3423 28 [ 0.509% 20 29.7 69 0.3917 32
&7 02965 16 | 0.5108 18| 0.53377 14 684 31 0.4242 39
68 0.3400 21| 03293 23| 05138 19 34 35 0.4054 46
69 0.3789 24 | 03500 37 05324 15 40 61 04171 43
70 0.4383 42| 039837 471 05015 21 10 T4 0.3851 35
71 0.0234 1] 01881 1| 0.6894 29754 4 0.6129 5
72 01712 0] 03483 7| 06063 4 182.4 13 0.3346 11
73 0.11%5 3| 02304 3| 06882 180 14 0.3742 7
74 02570 14 | 02777 13| 0.56%0 11 116.8 32 0.4932 21
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Appendix B: Maintenance Strategy Selection

B.1 Delphi Survey Questionnaire

The Delphi surveyquestionnaire sent to 10 experts in the first and secondnds are
presentedn B.1.1 and B1.2 respectively

B.1.1 Delphi Survey Round 1 Questionnaire

Dear Sir/Madam,

| am a PhD ResearchStudent at Newcastle Universityconducting researctertitled,
DEVELOPMENT OF A METHODOLOGY FOR SELECTING OPTIMAL
MAINTENANCE STRATEG IES FOR MARINE SYSTEMS

The Research Aim is to develop a holistic methodology to enable plant managers to select an
optimal maintenance strategy for each piece of equipment iménme machinergystem

from a set of possible alternativéis.our approach we aembedding MultiCriteria Decision

Making tool (Analytic Hierarchy process) within the Reliability Centered Maintenance
framework, for selecting maintenance strategy for failure mechanismmafiae machinery

system.

As part of the effort to achieve thesearch objectives | would like you to kindly take a few
minutes to respond to this questionnaire. All information provided will be used for academic
statistical analysis only and the data source will be kept anonymous. Therefore please feel at
ease in ifling out the answersPlease note that this is the first round of questionnaire; the
second round of questionnaire (summary of result of first round questionnaire) will be

forwarded to you in four weekso6 ti me.

Table B1 on page 2 is a list of proposedteria for selecting the maintenance strategy in
addressing potential failure mechanisms of a marine diesel engine and diesel generator. Please
rate each of the criteria with respect to its value in determining the appropriate maintenance
strategy for eacltomponent of the system, wheteindicatesnot necessary 2 indicates

useful but not essentiabnd3 indicatesessential
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Table B1 Round 1 Delphi survepestionnaire

SN

Maintenance strategy selection criteria and description

Ratings (1= not
necessary, 1=
necessary but
not essential 3=
essential)

1 2 3

Minimisation of operation loss: This criterion refers to potential operation loss
that may be experienced as a result of the chosen maintenance strategy.

b

Maintenance efficiency: The criterion refers to maintenance efficiency of each
maintenance strategy in addressing system failure mechanizm.

Spare parts inventories: Spare parts inventories demand for each of the
maintenance strategy.

Equipment risk level: This criterion considers how critical the component failure
in gquestion is to the system; this will tell to a greater extent the maintenance
approach to use.

L

Planning flexibility: This criterion considers comparing different maintenance
strategies in terms of ability to track potential failure and/or defer failure
maintenance.

Improved Safety: Thiz criterion considers the maintenance strategy that will
better improve safety of personnel and system.

System reliability: This criterion considers the level of system reliability that will
be attamned for each maintenance strategy.

Compatibility: Applicability of each of the maintenance strategy.

Technical expertise requirement: The degres of expertize required for each of
the maintenance strategy.

10

Acceptance by labour: This criterion refers to how acceptable each maintenance
strategy is to the crew.

11

Fault identification: This criterion refers to potential component fatlure detection
ability of each of the maintenance strategies.

Availability: This criterion considers which strategy has greater abality to
improve system availability.

13

Manufacturer recommendation: This refers to maintenance strategies
recommended by manufactorers for mitizgating a particular system failure.

14

Environmental requirement: The criterion considers ability of each
maintenance strategy in meeting the required level of environmental safety

,_.
LA

Available monetary resources: Available finance for maintaining zystem.

16

Image damage: The criterion compares maintenance strategies in terms of
contribution to damage of the company image.

Plant damage: This criterion considers the level of damage to plant systems that
may result from implementing a particular maintenance strategy.

13

Assurance cost: This refer to the cost of insuring the system for each type of
maintenance strategy.

19

Enhanced competitiveness: The criterion looks at the maintenance strategy that
will improve the company's competitiveness.

System failure characteristics: The component failure characteristics; wear-in
failure, random and wear-out failure.

Maintenance cost: The resultant cost in terms of hardware, software and labour
over a period of time for each type of maintenance strategy.

Crew training cost: The cost value of training required by the crew members in
order to acquire the expertizse needed for implementation of each strategy.
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2. If you have any suggestion of any criteria for selecting maintenance stnatelgted in

the above 22 criteria, please list below:

o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D
o> > D D D

(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
D
D
(9]
(9]
(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]
(0]

B1.2 DelphiSurveyRound 2Questionnaire

Dear Sir/Madam,

| wish to thank you for your participation and prompt response in the first round of the Delphi
survey. As stated in the first survey, the Delphi method is an iterated techniguedessing
opinions of experts till a reasonable consensus is reach on the subject under investigation.
Please reevaluate the second round questionnaire in Table 1 (Note: it is the same
guestionnaire in the first round | sent to you four weeks agd) thié knowledge of the
summary of results of the tetnan expertso6 responses you incl
presented in Table 2.

The summary of results presentedTiable 2 shows the average or mean and the standard
deviation of scores returned by terperts for each of the proposed maintenance selection
strategy criteria for marine diesel engine using a three point scale in Wvimchcatesnot
necessary 2 indicatesuseful but not essentialand 3 indicatesessential From the result
using the Delphelimination rule, criteria with mean value below 2.7 is dropped. Based on

this rule the following maintenance selection criteria will be eliminated:

1. Planning flexibility

2. Compatibility

3. Acceptance by labour

4. Availability

5. Manuf acmendaBonds recom
6. Image damage

7. Assurance.
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Table B2 Round 2 Delphi survey questionnaire

Ratings (1= not
necessary, 2=
1 ; : s " necessary but
5N Maintenance strategy selection criteria and description s ]
not essential 3=
essential)
1 P 3
1 Minimisation of operation loss: This criterion refers to potential operation loss
that may be experienced as a result of the chosen maintenance strategy.
- | Maintenance efficiency: The criterion refers to maintenance efficiency of each
“ | maintenance strategy in addressing system failure mechanizm.
3 Spare parts inventories: Spare parts inventories demand for each of the
maintenance strategy.
Equipment risk level: Thiz criterion considers how critical the component failure
4 | in question i3 to the system; this will tell to a greater extent the maintenance
approach to use.
Planning flexibility: Thizs criterion considers comparing different maintenance
3 | strategies in terms of ability to track potential failure and/or defer failure
maintenance.
6 Improved Safety: Thiz criterion considers the maintenance strategy that will
better improve safety of personnel and system.
- | System reliability: This criterion considers the level of system reliability that will
" | be attained for each maintenance strategy.
2 | Compatibility: Applicability of each of the maintenance strategy.
9 Technical expertise requirement: The degree of expertise required for each of
the maintenance strategy.
10 Acceptance by labour: This criterion refers to how acceptable each maintenance
strategy is to the crew.
1 Fault identification: This criterion refers to potential component fatlure detection
ability of each of the maintenance strategies.
12 Availability: This criterion considers which strategy has greater ability to
© | improve system availability.
13 Manufacturer recommendation: This refers to maintenance strategies
recommended by manufacturers for mitigating a particular system failure.
14 Envirenmental requirement: The criterion considers ability of each
maintenance strategy in meeting the required level of environmental safety
13 | Available monetary resources: Available finance for maintaining system.
16 Image damage: The criterion compares maintenance strategies in terms of
contribution to damage of the company image.
17 Plant damage: This criterion considers the level of damage to plant systems that
" | may result from implementing a particular maintenance strategy.
13 Assurance cost: This refer to the cost of insuring the system for each type of
maintenance strategy.
10 Enhanced competitiveness: The criterion looks at the maintenance strategy that
will improve the company's competitiveness.
20 System failure characteristics: The component failore characteristics; wear-in
=% | failure, random and wear-out failure.
31 Maintenance cost: The resultant cost in terms of hardware, software and labour
=% | over a period of time for each type of maintenance strategy.
44 | Crew training cost: The cost value of training required by the crew members in
“* | order to acquire the expertize needed for implementation of each strategy.
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2. If you have angommentspleasestatebelow:
eéeéeéeéeéeéeéeéecceecéeéeéeéeéeéece

o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D
o D

(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
N
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]
(9]

B.2: Survey Questionnaire for the development ofthe AHP model for maintenance
strategy selection for marine machinery systems

Dear Sir/Madam,

The purpose of this questionnaire is to perform a pair comparison judgefitbree different

maintenance strategies; corrective maintenance, preventive maintenance and condition based

maintenance with respect to evaluation criteria in order to choose the most appropriate
strategy for maintainingea water pump of a centralotimg systenof a marine diesel engine.
In order words, your opinions is being sort in deciding on the most appropriate maintenance

strategy for maintainingea water pumpf a central cooling systeof a marine diesel engine.

Kindly take some of your pogous time to respond to question 1, 2 and 3 and freely express
your opinion by marking X in the appropriate column as your response will be treated

anonymously and only be used for statistical analysis.
We will appreciate if you respond as soon as [bbssi
Thanks for your anticipated cooperation.

Question 1.Perform pairwise comparison of main criteria with respect to the main goal;
maintenance strategy selection.

For Table B3carry out a pair wise comparison of main criteria for selecting maintenan
strategy forsea water pump of a central cooling systédm marine diesel engine. If the main
criterion on the left column of the table is more important to the one on the right, mark X to
the |l eft of O6éEqual 6 ot her of equa impmodaande markoX onh h e

6Equal 6.
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Question 2.Perform pairwise comparison of sualiteria with respect to 4 main criteria and

bearing in mind the main objective.
Do a pairwise comparison of s@hbiteria in Tables 2 to 5 with respect to maiiteria. If the
sub-criterion on the left column of the table is more important to the one on the right, mark X

to the | eft of O&6édEquald otherwise mark to t

on OEqual 6.

Question 3 Perform a Pairwise comparison of maintenance strategy with respect to 16

criteria and having in mind the main goal.

For each criterion in Tables 6 to 20 compare the maintenance strategy on the left column to
the one on the right column. If a maintenaustrategy on the left column is more important to
theoneonthe i ght , mark X to the |l eft of OEqual b
of equal importance in maintainirgea water pump of a central cooling systefitmarine

diesel enginewitheepect to a criterion mark X on O6EQq!

Table B3: Importance of one main criterion over another with respect to selection of

maintenance strategy

[=1K] W W (=10}
AHEIHEI IR
b || B 2| 88 Bl 2|E
Questio Gl 5| @ }9 M T‘f i | B %
il Main eriteria - i : - Main criteria
1| Cost(C} Safety (8)
2| Cost(C) Added value (AV)
3 | Cost(C) Applicability (A)
4 | Safety (5) Added value (AV)
5 | Safety (8) Applicability (A)
6 | Added value (AV) Applicability (A)
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Table B4:Importance of one sutriterion over another with regpt to main criteriod (Cost)

=T} =]}
o =] » z = o
THE IR
; ~E i = g o | = = i =]
Questio glEla|l G |H| 4o [
e, . =i =i g = s
n Criteria 53 e Criteria
Spare parts inventories
1 | cost{Cl) Maintenance cost (C2 )
Spare parts inventories
2 | cost{C1) Crew training cost (C3)
Spare parts inventories Equipment damage
3 | cost(Cl) cost (C4)

Crew training cost (C3)

4 | Maintenance cost C2 )
Equipment damage

5 | Maintenance cost (C2) cost (C4)
Equipment damage
§ | Crew training cost (C3) cost (C4)

Table B5 Importance of one sutriterion over another with respect to main craarl

(Safety)
g] W W E]
Sl 8| ¥|5|5|5| |88
) B| 2| 8| =| & 'E B .|l
Questio ml e e ;D & :D 2 I
n Criteria = ' ' = Criteria
1 | Personnel (31) Equipment (32)
2 | Personnel (31) Envircoment (53
4 | Equipment {32) Environment (53]

Table B6 Importance of one suriterion over another with respect to main craari3

(Added value)
o ] 4 g:

AHEI IR AR

E12| B3| 5| R |8|%|¢

L Bl | 3| H |58 g o
) . S pect pect Lo H .
Question | Criteria - - Criteria

Minimization of Equipment rehiability

1 | operation loss (AV]) {AVY)
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Table B7 Importance of one suriterion overanotter with respect to main criteriof

(Applicability)

Strong

Strong
Moderate
Equal
Moderate
Very strong
Extreme

Extreme
Very strong

Criteria
Availability Monetary
resource (A2)

Question | Criteria

System failure
1 | characteristics (A1)

System failure

2 | characteristics (A1) Equipment rizk level (A3)

Available monetary
3 | resource (A2)

Equipment rizk level (A3)

Table B8 Importance of one maintenance strategy overthemowith respect to criterion

Spare parts inventories costs

E . b B0 ‘E — E ] iy E
|5 E|8|E| 8| E|FE B
RleE S| S| a|g |8 |- E 2
Question | Maintenance strategy et = = M | Maintenance strategy
1 | Corrective maintenance Scheduled overhaul
2 | Corrective maintenance Scheduled replacement
Offline condition bazed
3 | Corrective maintenance maintenance
Oaline condition based
4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
Offline condition bazed
6 | Scheduled overhaul maintenance
Online condition bazed
7 | Scheduled overhanl maintenance
Offline condition bazed
8 | Scheduled replacement maintenance
Online condition bazed
9 | Scheduled replacement maintenance
Offline condition bazed Online condition based
10 | maintenance maintenance
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Table B9 Importance of one maintenance strategy overthemowith respect to criterion

Maintenanceost

ITRHERBTE
t|bg 8| 8|5 |35|8|5E g
B A | g |d |3 |&|”E H
Question | Maintenance strategy o =5 = H | Maintenance strategy
1 | Corrective maintenance Scheduled overhaul
2 | Corrective maintenance Scheduled replacement
Offline condition bazed
3 | Corrective maintenance maintenance
(Online condition bazed
4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
(Offline condition based
6 | Scheduled overhaul maintenance
Online condition bazed
7 | Scheduled overhaul maintenance
Offline condition baszed
8 | Scheduled replacement maintenance
Online condition bazed
9 | Scheduled replacement maintenance
Offline condition bazed Omnline condition bazed
10 | maintenance maintenance

Table B10 Importance of one maintenance strategy ovethamowith respect to criterion

Crew training cost

ITRHERBTE
t|bg 8| 8|5 |35|8|5E g
B A | g |d |3 |&|”E H
Question | Maintenance strategy o =5 = H | Maintenance strategy
1 | Corrective maintenance Scheduled overhaul
2 | Corrective maintenance Scheduled replacement
Offline condition bazed
3 | Corrective maintenance maintenance
(Online condition bazed
4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
(Offline condition based
6 | Scheduled overhaul maintenance
Online condition bazed
7 | Scheduled overhaul maintenance
Offline condition baszed
8 | Scheduled replacement maintenance
Online condition bazed
9 | Scheduled replacement maintenance
Offline condition bazed Omnline condition bazed
10 | maintenance maintenance




Table B11 Importance of one maintenance strategy over another waffece to criterion

Equipmentdamage cost

E . b B0 ‘E — E & iy E
E|FE E|8|E|8|E|DE B
: : =B & | 8| W |2 |38 g,
Question | Maintenance strategy = = = M| Maintenance strategy
1 | Corrective maintenance Scheduled overhaul

2 | Corrective maintenance Scheduled replacement
Offline condition bazed

3 | Corrective maintenance maintenance
Online condition bazed

4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
Offline condition bazed

6 | Scheduled overhanl maintenance
Online condition bazed

7 | Scheduled overhaul maintenance
Offline condition bazed

8 | Scheduled replacement maintenance
Online condition bazed

9 | Scheduled replacement maintenance
Offline condition bazed Online condition based

10 | maintenance maintenance

Table B12 Importance of one maintenance strategy ovethamowith respect to criterion

Personnel safety

E . b B0 ‘E — E & iy E
E|FE E|8|E|8|E|DE B
: : =B & | 8| W |2 |38 g,
Question | Maintenance strategy = = = M| Maintenance strategy
1 | Corrective maintenance Scheduled overhaul

2 | Corrective maintenance Scheduled replacement
Offline condition bazed

3 | Corrective maintenance maintenance
Online condition bazed

4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
Offline condition bazed

6 | Scheduled overhanl maintenance
Online condition bazed

7 | Scheduled overhaul maintenance
Offline condition bazed

8 | Scheduled replacement maintenance
Online condition bazed

9 | Scheduled replacement maintenance
Offline condition bazed Online condition based

10 | maintenance maintenance
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Table B13 Importance of one maintenance strategy ovethamowith respect to criterion

Equipment safety

ITRHERBTE
t|bg 8| 8|5 |35|8|5E g
B A | g |d |3 |&|”E H
Question | Maintenance strategy o =5 = H | Maintenance strategy
1 | Corrective maintenance Scheduled overhaul
2 | Corrective maintenance Scheduled replacement
Offline condition bazed
3 | Corrective maintenance maintenance
(Online condition bazed
4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
(Offline condition based
6 | Scheduled overhaul maintenance
Online condition bazed
7 | Scheduled overhaul maintenance
Offline condition baszed
8 | Scheduled replacement maintenance
Online condition bazed
9 | Scheduled replacement maintenance
Offline condition bazed Omnline condition bazed
10 | maintenance maintenance

Table B14 Importance of one maintenance strategy ovetharowith respect to criterion

Environment safety

ITRHERBTE
t|bg 8| 8|5 |35|8|5E g
B A | g |d |3 |&|”E H
Question | Maintenance strategy o =5 = H | Maintenance strategy
1 | Corrective maintenance Scheduled overhaul
2 | Corrective maintenance Scheduled replacement
Offline condition bazed
3 | Corrective maintenance maintenance
(Online condition bazed
4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
(Offline condition based
6 | Scheduled overhaul maintenance
Online condition bazed
7 | Scheduled overhaul maintenance
Offline condition baszed
8 | Scheduled replacement maintenance
Online condition bazed
9 | Scheduled replacement maintenance
Offline condition bazed Omnline condition bazed
10 | maintenance maintenance




Table B15 Importance of one maintenance strategy ovethemowith respect to criterion

Minimisation of operation loss

E . b B0 ‘E — E T Y E
E|FE E|8|E|8|E|DE B
. : rFR A S| |S|APR B
Question | Maintenance strategy = = = M| Maintenance strategy
1 | Corrective maintenance Scheduled overhaul

2 | Corrective maintenance Scheduled replacement
Offline condition bazed

3 | Corrective maintenance maintenance
Online condition bazed

4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
Offline condition bazed

6 | Scheduled overhanl maintenance
Online condition bazed

7 | Scheduled overhaul maintenance
Offline condition bazed

8 | Scheduled replacement maintenance
Online condition bazed

9 | Scheduled replacement maintenance
Offline condition bazed Online condition based

10 | maintenance maintenance

Table B16 Importance of onenaintenance strategy over &mer with respect to criterion

Equipment reliability

gloel w| 82| 8| w|. o &
§|9g E|8|E|2| 2|58 &
R - R = R - -
Question | Maintenance strategy et = i M | Maintenance strategy
1 | Corrective maintenance Scheduled overhaul
2 | Corrective maintenance Scheduled replacement
Offline condition bazed
3 | Corrective maintenance maintenance
Online condition bazed
4 | Corrective maintenance maintenance
5 | Scheduled overhaul Scheduled replacement
Offline condition bazed
6 | Scheduled overhaul maintenance
Online condition bazed
7 | Scheduled overhaul maintenance
Offline condition bazed
8 | Scheduled replacement maintenance
Online condition based
9 | Scheduled replacement maintenance
Offline condition based Oaline condition based
10 | maintenance maintenance
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Table B17 Importance of one maintenance strategy ovethamowith respect to criterion

System failure characteristics

Table B18 Importance of one maintenans&ategy over artber with respect to criterion

Available monetary resource

264
































































































