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AAAbbbssstttrrraaacccttt

New methods are presented to improve reliability of a water
distributionsystem reasonably.
Forthework,thePark'smodel(2006)ischosenasatooltoanalyze

systemsandstudyimprovementsofsystem reliability.Onthebasisof
theresultsfrom theanalysisofthemodel,themethodsimprovingthe
system reliability are summarized as follows.The firstmethod is
increasingdurabilityofeachpipebelongingtominimum cutsets.The
second method isreforming asystem by installing valvestoreduce
damage orunintended isolations.As results ofthe applications,the
methodsshouldbecombinedadequately toimproveiteffectively.To
combinethem,thefollowingproceduresareadopted.
Thefirstprocedureistodeterminetypesofreinforcement(Type1～3)for

allpipes.Firstly,pipesinthe"Type1"donotneedtobereinforced.Secondly,
inthe"Type2",theyarereinforcedbyincreasingtheirdurability.Finally,one
ortwovalvesareinstalledonpipesinthe"Type3"toisolatethem.
Asthesecondprocedure,tworulesareproposedwhichhavetheirown

purposerespectively.The"Rule1"isfocusedonthereliabilityconsideringtotal
constructioncost.Ontheotherhand,the"Rule2"hasapurposeofdecreasing
extentofdamagebypipefailures.Asaresult,the"Rule1"ismoreeffective
thanthe"Rule2"toincreasethesystem reliabilitywhilethe"Rule2"ismore
effectivethanthe"Rule1"todecreasetheextentofdamage.Theyshouldbe
appliedtoasystemaccordingtowhatthepurposeis.
Inconclusion,themethodscanbeguidelinesonplanstoimprovethe

systemreliabilityunderrestrictedcapabilitytomaintainandmanagesystems.
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Chapter Chapter Chapter Chapter 1. 1. 1. 1. IntroductionIntroductionIntroductionIntroduction

1.1.1.1.1.1.1.1. BackgroundBackgroundBackgroundBackground

A WaterDistributionSystem (WDS)isoneofsocialfacilitiesto
supplywaterforpeoplelivingincitiesortowns.Itplaysrolesfor
transporting, distributing and supplying water and is a very
complicatedstructureconsisting ofpipes,pumps,valvesandsoon.
Accordingtodatafrom theKoreaNationalStatisticalOfficein2004,
thetotallengthofwaterpipesis5,322km and3,344km intheWDSs.It
isnearly63% ofthewholesystem.
As clearly stated in the Korea Standards for Water Service

Facilities,itshould beconstructed reasonably tosupply waterfor
people with proper quality and pressure as demands at nodes
fluctuatewithtimeandalsoreliablytominimizenegativeeffectson
waterconsumerswhenvariousaccidentshappensuchaspipefailures.
InKorea,watersupply throughwaterworksstartedin1908.At

thetime,thediffusionratewasjust22% buthadrisenupto91% in
2004(KoreaNationalStatisticalOffice).However,therehavebeen
zoneshavingnotenoughwaterowingtoconcentrationofpopulation
by industrialization.Moreover,suspension ofwatersupply occurs
frequentlybecauseofcomponentsfailuresresultingfrom deterioration
of related infrastructures and other causes. Furthermore, the
seriousnessoftheproblemshasbeenincreasinglyrecognizedbecause
ofotherproblemssuchaswaterpollutions.Hence,reasonablehigh
degreeofskillsarestronglyrequiredtodesignandmaintainWDSs.
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ThereliabilityofaWDS isaimportantindex expressing what
stateitisin,itplaysimportantrolesfordesign,operationandsetting
uppropermaintenanceplans.Generally,WDSsareconstructedwidely
onresidentialdistricts.Furthermore,waterpipesarelaidunderground
andusedforalongtime.Therefore,itishardtomaintainthem and
variousaccidentsoccurrepeatedly.
From thesefacts,improvingthereliabilityofaWDSseemstobea

worthwhile subjectto investigate.Moreover,premeditative renewals
andimprovementsareessentialtorisestabilityofwatersupplyand
Resonabledesign& maintenanceplansarealsorequestedtoaccomplish
thegoalofsupplyingsufficientwaterwithproperpressureforpeople.

1.2.1.2.1.2.1.2. Objectives Objectives Objectives Objectives / / / / ContentsContentsContentsContents

Theobjectiveofthisstudy isproposing methodstoimprovethe
system reliabilityreasonably.
Themethodswillbedifferentaccording tomodelstoassessthe

system reliability.Sotospeak,thevalidityofmethodstoimprovethe
system reliabilitycomesfrom thevalidityofmodelstoestimateitso
thatitisimportanttochooseapropermodel.
Hence,inthisstudy,thepreviouspapersrelatedwiththesystem

reliabilityaresurveyed.Especially,thePark,J.l.'smodel(2006)making
upforweakpointsoftheexistingworksisanalysedindetail.Onthe
basisoftheresults,themethodswhichcanbeusedinpracticalaffairs
objectively areproposed.Andthenthemethodsareappliedtoactual
networksandresultsareexamined.
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Thecontentsandframeworksfollow as.
Inchapter1,Introduction,backgroundandobjectiveofthisstudy

arepresented.
Inchapter2,Literaturereview,thepreviouspapersaresurveyed.

Furthermore,the chosen modelestablished by Park,J.l.(2006) is
analysed considerably tosuggestdirectionstoimprovethesystem
reliability.
Inchapter3,Planstoimprovesystem reliability,theoreticalplans

aresuggestedfrom theresultsofanalysisofthemodel.Onthebasis
oftheplans,defectsofthemodelareconsideredtoproposerules
whichcanbeusedinpracticalaffairsobjectively.Therulesaredivided
intotwotypesaccordingtopurposesofreinforcement;improvementof
system reliabilityordecreaseofdamage.
In chapter4,Applications,therulessuggested in chapter3are

appliedtotwoactualnetworks.Furthermore,theresultsareanalysed
andcompared.
Inchapter5,Summaryandconclusions,thewholecontentsand

follow-upresearchesarestatedbriefly.
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Chapter Chapter Chapter Chapter 2. 2. 2. 2. Literature Literature Literature Literature reviewreviewreviewreview

2.1.2.1.2.1.2.1. Trend Trend Trend Trend of of of of studystudystudystudy

Thepreviouspapersrelatedwiththisstudy arelargely divided
intothreeparts:1)How todefinethesystem reliability,2)How to
assessit,3)How toimproveit.

2.1.1.2.1.1.2.1.1.2.1.1. Definitions Definitions Definitions Definitions of of of of system system system system reliabilityreliabilityreliabilityreliability

Mays(1996)classified system reliability by mechanicalreliability
and hydraulicreliability.Ofthese,themechanicalreliability isthe
abilityofdistributionsystem componentstoprovidecontinuing and
long term operation without the need for frequent repairs,
modifications,orreplacementofcomponentsorsub-components.The
hydraulicreliabilityisdefinedastheprobabilityofsatisfyingnodal
demandsandpressureheads.Thesystem reliabilityisensuredwhen
the two kinds ofreliability are satisfied simultaneously and they
shouldbeconsideredtoassessthesystem reliabilitypractically.
IfaWDSsupplieswaterforpeoplestably,itcanbesaidthatthe

system reliability is ensured,butitis a very complex structure
consistingofvariouscomponentswhichdonothave100% reliability
respectively.Furthermore,ithaspossibilityofdangerresultingfrom
causes like superannuated facilities,increased demands owing to
populationexplosionandsoon.
The main reason inducing abnormalconditions in a WDS is

failures of one or more components having different reliability
respectively.Mays(1996)largely divided failures causing abnormal
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conditions into mechanical failure and hydraulic failure. The
mechanicalfailureconsiderssystem failuresowingtopipebreakages,
pumpfailure,poweroutages,controlvalvefailuresandsoon.The
hydraulicfailureconsiderssystem failuresbecauseofdemandsand
pressureheadsbeingexceededthatcouldbearesultofchangesin
demand and pressure head,inadequate pipe size,old pipes with
varying roughness,insufficient pumping capacity,and insufficient
storagecapacity.Namely,thereliabilityisdefinedastheprobability
thatthegivendemandnodesinthesystem receivesufficientsupply
withsatisfactorypressurehead.
Lanseyetal.(1989)andBouchartetat.(1991)consideredvariations

ofdemand atnodeswith timein addition to themechanicaland
hydraulicfailure,andXuetal.(1999)defineditasdemandvariation
failures.Cullinane(1989)estimatedthesystem reliabilitybycombining
mechanicalavailabilityofcomponentsandhydraulicavailability.
In this study,mechanicalfailures of pumps,water cleaning

centers,sourcesofwatersupply arenotconsidered becausethose
failuresdonotoccurfrequentlyandwhentheyfail,itcausesabreak
downofthewholesystem.Insteadofthem,therangeofthisstudy
islimitedtopipefailureswhichoccurmorefrequentlyinsubstance.
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2.1.2.2.1.2.2.1.2.2.1.2. Methods Methods Methods Methods to to to to assess assess assess assess system system system system reliabilityreliabilityreliabilityreliability

Untilnow,therehavebeenworksrelatedwiththesystem reliability
butthere are notmethods be accepted and used generally.Ostfeld
(2004) divided them into three types:connectivity / topological
reliability,hydraulicreliabilityandentropy.
Inthischapter,they arecategorizedintothreetypessimilarto

Ostfeld(2004):(1)connectivity/topologicalreliability,(2)hydraulic
reliability,(3)others.

1)1)1)1) Connectivity Connectivity Connectivity Connectivity / / / / topological topological topological topological reliabilityreliabilityreliabilityreliability

The connectivity / topological reliability refers to measures
associated with the probability that a given network remains
physicallyconnected.
AsgarpoorandSingh(1992),Ramirezetal.(2006)mentionedthatall

componentsinasystem havenstates.Besides,conditionsofnodes
and the system can be determined according to conditions of
components.Namely,ifthe components have N states and the
numberofcomponentsisM,thenumberofstatesofthesystem will
beNM,butitis impossible to considerallofthem fora large
network.Whenthestatesaresimplifiedto2,normalorabnormal,the
numberofstatesisreducedto2M.Thus,somecasesofthem willnot
cause abnormalconditions.Hence,the number ofstates causing
abnormalconditionswillbeXlessthan2M.
State enumeration method can be used to assess the system

reliabilityforasmallnetwork,butitrequirestoomuchlaborand
timeforalargenetwork.thefollowingproceduresareusuallyapplied
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toassessthetopologicalreliability.(Quimpo,R.G andShamsi,U.M,
1991)

(1) State enumeration method - the method finds allpossible
combinationsofthestatesofthecomponents.A networkofn
binarycomponentsthereforas  states.

(2)Networkreductionmethod-themethoddividesthenetworkinto
smallerunitsofseriesandparallelnetworks.

(3)Pathenumerationtechnique-itcomputesreliabilityfrom theset
ofalloperativepathsbetweenthenodepairsofthenetwork.

Thebasicprinciplebehindeachofthesemethodsistotransform
thetopology ofthesystem intoastructurethatconsistsonly of
seriesorparallelcomponentsorpaths.
The path enumeration method involves generating a set of

probabilisticeventsofwhichtheunionyieldsthenode-pairreliability.
Iftheeventsaredisjoint,thesum oftheirprobabilitiesgivesthe
required reliability.Ifthey are notdisjoint,they mustfirstbe
converted into disjointevents.This can be done through any of
severaltechniques.Combinatorialmethods,faulttreeanalysis,minimal
path setorminimum cutsetanalysis may be used.Nearly all
methods suggestthatbefore analysis by an enumerative method,
seriesparallelreductionshouldfirstbeappliedtothenetwork.The
enumerative algorithm may then be used to analyze the reduced
network.
Forawaterdistributionnetwork,althoughthedisconnectionofthe

arcsappearscomplex,itcan beshown thatthenetwork can be
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decomposed into elementary blocks ofcomponents forwhich the
reliabilitymaybedeterminedindividuallyandbeusedsubsequentlyto
calculatethereliabilityofwholesystem orcomponents.Thesimplest
block,ofcause,consistsofjustasinglearcorcomponents.For
reliabilityanalysisaswellasforsystem simplification,itisusefulto
considerspecialarrangementsincludecomponentsthatareconnected
inseries,inparallel,inmixedseries-parallel,andinbridgeortree
configurations.
A blockconsistingofkcomponentsinserieswithreliability ,

,..., willhaveablockreliability.




  



 <1-1>

Thus,ablockwiththesamencomponentsinparallelwillhavea
blockreliability.


 

  



  <1-2>

Thereliabilityofacomponentcanbecalculatedbyusinghazard
functions.Aftercalculatingthereliabilityofeachblock,wewillfind
thattheblocksthemselvesmaybeconnectedinseriesorparallel.A
stringofblocksinseriesmayagainberepresentedbystillanother
blockwithareliabilityequaltotheproductofreliabilityofallthe
blocksinthestring.
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Manyresearchershaveendeavoredtodevelopmethodstoreduce
calculationsreasonablyandapplythem topracticalaffairs.
Tung(1985)introducedsixtechniques,eventtreemethod,cutset

method,tiesetmethod,conditionalprobabilitymethodandfaulttree
method,tocalculatethesystem reliabilityandappliedthetechniques
toasimplenetwork.Asaresult,Tungconcludedthatthecutset
methodisthemosteffectiveforevaluatingthesystem reliability.
Shamsietal.(1990),Quimpo and Shamsi(1991)evaluated water

distribution network reliability by using minimum cut sets.
Jacobs(1991)suggested a method to reduce calculations.Historical
dataaboutleakagesinacitywasusedtodeterminethemaximum
numberoffailures during a specifictimeinterval.Theextentof
damageisonlylimitedtothebrokenpipe.
Goulteretal.(1986)suggested a method to evaluateprobability

thatanodeisisolatedfrom asource.Thevalueisevaluatedby
calculating probability ofsimultaneousfailureofpipesconnectedto
thenode.Butitishardforthemethodtobeappliedtorealnetworks
becauseallpipesconnectedtothenodehavesimilardiameter.Andit
has little theoreticalfoundation on the assumption thatwateris
suppliedtothenodeproperlywhenanyoneofthem isoperational,
Wagneretal.(1988a)suggestedaanalyticalmethodtocalculate

rechability and connectivity.the rechability ofa specified demand
nodedenotesthesituationinwhichthisnodeisconnectedtoatleast
onesource.Theconnectivity denotesthesituation in which every
demand nodein thenetwork isconnected toatleastonesource.
Sinceanyonenodewillbeconnectedwhenevertheentiresystem is
connected,itisobviousthatthereachabilityforanynodewillalways
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begreaterthanorequaltotheconnectivityforthenetworkasa
whole.Butmeasuresofconnectivityandreachabilityarefairlyeasy
tocalculateonlyformoderatelysized,complexsystem.Namely,itis
veryhardtoapplyittolargenetworks.
Goulteretal.(1990)definedthesystem reliabilityastheprobability

thatanyfailuredoesnotoccurinasystem.Nodefailuremeansthat
thenodeisisolatedfrom asourceordemandisnotfullysuppliedto
thenode.Thatistosay,probability thatthenodeisoperativeis
productofprobabilityitisnotisolatedandprobabilitythatitreceives
waternormally.
Shamsietal.(1990),QuimpoandShamsi(1991)usedminimalpath

setsandminimalcutsetstoevaluateNodePairReliability(NPR):
probabilitythattwonodesareconnectedmutually.
Kansaletal.(1995)suggestedtheAppendedSpanningTree(AST)

algorithm to calculate connectivity of the whole system. The
algorithm is used to get Spanning Trees which are exclusive
mutually Iftheyareexclusive,availabilityofthesystem isproduct
ofavailability ofeach Spanning Tree.Butthis method was not
appliedtolargenetworksconsistingofmanycomponents.
Yang etal.(1996a)proposed a reliability analysis method.The

methodfocusesonsource-demandconnectivity,whichisusedasa
measureofthemechanicalreliabilityofanetwork.Themechanical
reliabilityindexiscomputedusingtheminimum cutsetmethod.The
identificationofminimum cutsetsconsistsoffourstages:(1)For
source-demandpair;(2)forindividualdemandnodes;(3)foragroup
ofdemandnodes;and(4)foralldemandnodesinthesystem.By
using themultiple-stageapproach,thetotalnumberofsimulations



- 11 -

required in theanalysisisgreatly reduced.Butthismethod also
limitstheextentofdamagetothebrokenpipe.

2)2)2)2) Hydraulic Hydraulic Hydraulic Hydraulic reliabilityreliabilityreliabilityreliability

Thehydraulicreliabilityisdefinedastheprobabilityofsupplying
waterforpeoplewithpropernodaldemandsandpressureheads.
In many previous papers,hydraulic simulations were used for

estimatinghydraulicvariabilityresultingfrom topologicalchangesor
capacitylossesofasystem byeliminatingcomponentsbeassumedto
failureconditions.Inotherwords,throughhydraulicsimulations,itis
estimatedthathow enoughthesystem cansupplywaterforpeople
undervariousconditions.Theresultsareusedasstandardstodecide
whetheritisaminimum cutsetornotandalsousedforassessing
thesystem reliabilitydirectly.
Cullinane etal.(1986) suggested a step function to determine

hydraulicavailability.When pressureata nodeismorethan the
pressurecriteria,hydraulicavailabilityis1,otherwise,0.Throughthe
function,nodalavailability ofeach nodein asystem iscalculated
overthewholetime.Thehydraulicavailabilityofthesystem isthe
arithmeticalmeanofthem.
Suetal.(1987)definedthesystem reliabilityastheprobabilityof

satisfyingnodaldemandsandpressureheadsforvariouspossiblepipe
failuresinawaterdistributionsystem andsuggestedamethodbeing
based on the minimum cutsetmethod to estimate the system
reliability.A minimum cutsetisasetofsystem componentswhich,
whenfailed,causesfailureofthesystem(low pressure).Todetermine
the minimum cutsets,hydraulic simulations are performed with
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elimination ofone or more pipes which are assumed to failure
conditions.Ifpressureatanynodefallsbelow thepressurecriterion,
thecombinationofpipesisregardedasaminimum cutset.
BaoandMays(1990)definedhydraulicreliabilityastheprobability

thatthesystem canprovidethedemandedflowrateattherequired
pressurehead and suggested amethod toestimatethenodaland
system hydraulic reliability considering uncertainties of water
demands, required pressure heads, and pipe roughness. The
framework ofthe method is based on a Monte Carlo simulation
consisting of random number generation, hydraulic network
simulation,andcomputationofreliability.
Cullinaneetal.(1989)suggestedacontinuoushydraulicavailability

relationship which more realistically models minimum pressure
requirementsforwaterdistributionsystems.
Fujiwara et al.(1993) defined the system reliability as the

complementoftheratiooftheexpectedminimum totalshortfallin
flow tothetotaldemand,andthemaximum totalflow suppliedunder
alinkfailureiscomputedbyanetworkflow analysis.
Yang etal.(1996b) applied a stochastic simulation method to

evaluate impacts ofcomponents failures on meeting demand ata
certainquantitylevel.Simulationisconductedinamannersuchthat
a sampling experimentofthe system performance is repeated a
sufficientnumberoftimesandtheresultsareanalysedtoobtainthe
desiredreliability index.Giventhemeantimetofailureandrepair
timeoflinks,a largenumberofsyntheticsystem conditions are
generatedandoperationsofsystem underthedifferentconditionsare
simulated.
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Khomsietal.(1996)presentedacomputermodeltoevaluatethe
system reliability.Both mechanicalfailureandhydraulicfailureare
incorporated into a simple stochastic model.A network solver
identifiesnodalpressureforindividualpipefailureconditionsovera
range ofnetwork demands,where both pipe failure and network
demands are ofknown probabilities.The probabilities ofpressure
deficiency atnodes are calculated,from which the availability of
supplyisdetermined.
Guercioetal.(1997)suggested atechniquethatsuppliesalinear

programmingalgorithm tooptimaldesignconstrainedbyreliability.It
made up for a weak point that the large computer time for
reliability-optimization restrictsitspracticalusefordesign.Itonly
considersfailuresofsinglepipetodetermineminimum cutsetsofthe
system andnodes.
Xuetal.(1999)suggestedaapproachbeingcapableofrecognizing

theuncertaintyinnodaldemandsandpipecapacityaswellasthe
effects of mechanicalfailure of system components and defined
capacityreliabilityastheprobabilitythatthenodaldemandismetat
or over the prescribed minimum pressure for a fixed network
configuration under random nodal demands and random pipe
roughness.
Shin, H.G. et al.(1999) suggested a new concept, hydraulic

connectivity.Itis the probability thatevery demand node in the
networkisconnectedtoatleastonesourcewithproperpressureand
flowrate.
Garganoetal.(2000)presentedamethodologywhichisbasedon

thestatisticalanalysisofdimensionlessperformanceindices(hydraulic
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performanceindices)derivedfrom alargenumberofsimulationsof
various demand scenarios and operation conditions.The hydraulic
performanceindexisassumedtotheprobabilitythat,underagiven
operationcondition,thehydraulicperformanceindexwillbeabovea
certainthreshold.Finally,thesystem'soverallreliabilityconsidering
mechanicaland hydraulic reliability is estimated using the overall
reliability index which is defined as the weighted mean ofthe
hydraulic performance indices obtained for the various operating
conditions.
Shinstine et al.(2002) defined reliability as the probability of

satisfyingnodaldemandsandpressureheadsforvariouspossiblepipe
failures in the waterdistribution system atany given time and
evaluateditbyusingtheminimum cutsetmethod.Butthismethod
alsohasdisadvantagesthattheextentofdamageisonlylimitedto
thebrokenpipelikeothersandfailuremodeapproachbeingbasedon
theassumptionthatminimum cutsetsareexclusivemutuallyisused.
Xuetal.(2003)definedthecapacityreliabilityastheprobability

thatthenodaldemandismetatorovertheprescribedminimum
pressure for a fixed network configuration and suggested two
algorithms forestimating the capacity reliability ofageing water
distribution systemsrecognizing theuncertaintiesinnodaldemands
andthepipecapacity.
Park,J.H.etal.(2003)suggested a synthetic modelto evaluate

hydraulicandmechanicalreliabilityatonce.Thehydraulicreliability
iscalculated through MonteCarlosimulationsby generating nodal
heads, demands and roughness of each pipe randomly. The
mechanicalreliabilityiscalculatedbydoingthesteadystateanalysis
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forsequentialfailuresofcomponentsinthesystem.Nodalheadsfrom
theanalysisareusedtoevaluatethereliability.Buttheextentof
damageisonlylimitedtothebrokencomponent.
Al-Zahranietal.(2004)suggestedamethodtocalculatenodaland

system reliabilityofawaterdistributionsystem byconsideringthe
nodaldemandandpiperoughnessasstochasticvalues.First,steady
state hydraulic simulations are performed to determine nodal
pressures.Second,nodalandsystem reliability arecalculatedusing
theminimum cutsetmethodwithpipefailureprobabilitieswhichare
determinedon thebasisofGenericExpectation Functionssuch as
triangular,gamma,exponentialandnormaldistributions.Thecomplete
failureprobabilityisproductofthefailureprobabilityandthepipe
replacementprobability.To determineminimum cutsets,hydraulic
simulations are performed with elimination ofone ormore pipes
whichareassumedtofailureconditions.Ifpressureatanynodefalls
below thepressurecriterion,thepipesareregardedasaminimum
cutset.Butthismethodalsoregardstheextentofdamageasthe
brokenpipeandthefailuremodeapproachisused.
Jun,H.D.(2005)suggestedamethodforestimatingpracticalextent

ofdamage owing to pipe failures by combining the conceptof
"segment" suggested by Walski(1993) and the new concept of
"unintendedisolation".Throughthemethod,theextentofdamagecan
beextendedtosuspensionofwatersupplyincludinglow nodalheads
atanynode.Thus,thereliabilityofasystem isindirectlyestimated
from thenumberofcustomersoutofservicebyastatisticalfailure
analysis.
Park,J.I.(2006)suggestedamethodbasedonthepracticalextent
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ofdamagesuggestedbyJun(2005)todetermineminimum cutsetsof
asystem.A minimum cutsetisasetofsystem componentswhich,
whenfailed,causeslow nodalheadsorsuspensionofwatersupply.
Thus,thesystem reliabilityiscalculatedbyusingthe"successmode
approach".
Baek,C.W.(2007)developed the HSPDA(Harmony Search PDA)

modelmakingupforweakpointsofexistingPDA(PressureDriven
Analysis)models to do the hydraulic simulations underabnormal
conditions and suggested a new reliability assessment method,
RDDM(Reliability using Distance Measure Method) which is
consideringbothnodalheadsanddemandssimultaneously.

3)3)3)3) OthersOthersOthersOthers

Almostpreviousworksmainly considertheprobability thatthe
system canprovidethedemandedflowrateattherequiredpressure
head.ButOstfeld(2002)suggestedastochasticsimulationconsidering
qualityofwater.Itisusedtodothereliabilityanalysisofsingleand
MWDS (Multi-qualityWaterDistributionSystems).MWDS referto
systemsinwhichwatersofdifferentqualitiesaretakenfrom sources,
possiblytreated,mixedinthesystem,andsuppliesasablend.
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2.1.3.2.1.3.2.1.3.2.1.3. Works Works Works Works for for for for improving improving improving improving system system system system reliabilityreliabilityreliabilityreliability

Inthepreviousworks,methodstoimprovethesystem reliability
arecategorizedasfollows.Thefirstmethodisminimizingprobability
offailure orheadloss by increasing durability orfaculty ofeach
component.Thesecondmethodistoreduceextentofdamageowing
tofailuresofcomponentsbyinstallingisolationvalvesorconstructing
alternative paths.Finally,the third method is ensuring hydraulic
reliabilitybyincreasingpumpcapacityordeterminingpumpoperation
rules.
Suetal.(1987)onlyconsideredfailureprobabilityofeachpipein

theoptimizationmodel.Usingfailuredataobtainedfrom theCityof
St.Louis,aregressionequationwasobtainedtocalculateaparameter
tocomputereliabilityofapipe.Themodelisusedtodeterminethe
optimalcombination ofpipessubjecttocontinuity,conservation of
energy,nodalheadbounds,andreliabilityconstraints.
Duan(1990)developed a reliability-based optimization modelfor

water-distribution systems.Goalsofthemodelareasfollows.(1)
Designofthepipenetworkincludingthenumber,locations,andsize
ofpumpsand tanks;(2)Design ofthepumping system using a
reliability-basedprocedureconsideringbothhydraulicfailuresofthe
entirenetworkandmechanicalfailureofthepumpingsystem;and(3)
Determinationoftheoptimaloperationofthepumps.
Bouchart(1991) suggested two methods to improve system

reliability.Thefirstmethodisincreasingthedesigndemandatnodes
sothattheprobabilityofactualdemand'sexceedingthedesignvalue
isreduced.Thesecondmethodisaddingisolationvalvestoreduce
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thelengthofpipewhichhastobeisolatedinordertorepairthe
brokenpipe.
Gupta(1996)presented a heuristic approach forreliability based

design of water distribution systems.The approach is iterative,
considerspumpandpipefailuresonly,andisbasedonthetrade-off
between reliability and costofthewaterdistribution systems.An
initialwaterdistributionsystem isselectedandtheratioofmarginal
increaseinreliabilitytomarginalincreaseincost(MIRMICratio)for
eachpipebychangingitssizetonexthigheroneisevaluated.Pipes
withlargeMIRMICratiosareselectedforchangetonexthighersize
and theiterativeprocedureiscontinued untila waterdistribution
system ofdesiredreliabilityisobtained.
Kim,S.W.andKwon,J.S.(1997)estimatedthesystem reliability

byusingadynamicreliabilitymodelforvarioustypesofconnection;
series,parallel,series-parallel.A methodtoimprovesystem reliability
wasalsopresented.Inthemethod,pipeshavinghighsensitiveness
,whichisdefinedastheratioofvariationinthesystem reliabilityto
variationinreliabilityofapipe,arereinforcedpreferentially.
Dandy and Engelhardt(2006) demonstrated the use of genetic

algorithm togeneratetrade-offcurvesbetweencostandreliabilityfor
pipereplacementdecision.
Jun,H.D.etal.(2007)proved theimportanceofadequatevalve

locationsforreducingsizeofdamagebypipefailures.Itwasdoneby
analyzinghow valvelocationshaveinfluenceonthesystem reliability
anddamage.
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2.2.2.2.2.2.2.2. Model Model Model Model selection selection selection selection and and and and analysisanalysisanalysisanalysis

Improving system reliability means eliminating or decreasing
expectedreasonscausingabnormalconditionsinawaterdistribution
system.The validity ofmethods to improve the system reliability
comesfrom thevalidityofmodelstoestimateit.So,selectingaproper
modelforimprovingsystem reliabilityshouldbethefirst.
Asstatedinchapter2.1,manyworkshaveablindpointwhich

doesnotconsidersuspension ofwatersupply occurring frequently
becausetheextentofdamageisonlylimitedtothebrokenpipe.In
thepapers,hydraulicsimulationswereusedforestimatinghydraulic
variabilityaccordingtotopologicalchangesorcapacityloss. Inother
words,throughhydraulicsimulations,itisestimatedthathow enough
thesystem cansupplywaterundervariousconditions.
Park,J.l.(2006)developedamodelmakingupforweakpointsof

thepreviousworks.Themodelcan estimatethesystem reliability
moreprecisely and effectively.Characteristicsofthemodelareas
follows:(1)ThemodelintroducesthemethodsuggestedbyJun(2005)
todeterminethepracticalextentofdamageowingtopipefailures.
(2)Itdeterminesminimum cutsetsonthebasisoftheestimated
extentofdamage.(3)Thesystem reliabilityisestimatedbyusing
the"successmodeapproach".
Thereasonswhythemodelischosentostudymethodsforimproving

system reliabilityareasfollows.(1)ThemethodsuggestedbyJun(2005)
todeterminethepracticalextentofdamageowingtopipefailuresis
used.(2)Calculationerrorsareminimizedbyusingthe"successmode
approach".(3)Themodelisapplicabletolargenetworks.
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In this chapter,on the basis ofthe analysis ofthe model,
theoreticalmethodstoimprovesystem reliabilityaresuggested.

2.2.1.2.2.1.2.2.1.2.2.1. Practical Practical Practical Practical extent extent extent extent of of of of damage damage damage damage owing owing owing owing to to to to pipe pipe pipe pipe failuresfailuresfailuresfailures

Inmanypreviouspapers,theextentofdamageisonlylimitedto
the broken pipe,while Jun,H.D(2005) suggested a method for
estimatingthepracticalextentofdamagebycombiningtheconcept
of"segment"suggested by Walski(1993)and the new conceptof
"unintendedisolation".

1)1)1)1) SegmentSegmentSegmentSegment

Walski(1993)defined asegmentastheportion ofnetwork that
shouldbeisolatedbyadjacentisolationvalvestoconductrepairson
apipe.Namely,when apipeisbroken,theadjacentpipestothe
brokenpipemayneedtobeclosedaswelltorepairthebrokenpipe.
Thepipesandnodesisolatedbyvalvesaredefinedasasegment.
<Fig.2-1> shows a segment associated with pipes of the

network.WhenpipeP4fails,thesegmentmadeupofpipeP5,P4
andnodeN3mustbeclosedtoconductrepairsonP4.Asaresultof
thefailureofpipeP4,watersupplyiscutoffonnodeN4.

2)2)2)2) Unintended Unintended Unintended Unintended isolationisolationisolationisolation

When a pipe is broken,in addition to the segmentthatis
intentionallyisolatedtoconductrepairs,theremaybeotherpartsof
thenetworkthatbecomedisconnectedfrom thesourcesdependingon
thenetworktopology.Jun(2005)definedthatkindofisolationasthe



- 21 -

"unintendedisolation".Therearetwokindsofunintendedisolation.
First,theremaybeasectionsurroundedbyasegment,i.e.,theend
nodesofanunintendedsectionarewithinasegmentorareconnected
to pipes within a segment.Second,usually itmay occur in a
brancheddistributionsystem thatasegmentmaybetheonlypath
from the watersource to the unintended section so thatifthe
segmentisisolated,thereisnopathtoprovidewatertothesection.
Tofindtheunintendedisolation,JundevelopedtheupdatedBredth
firstsearchalgorithm byworking upBredthfirstsearchalgorithm
suggested by Dossey etal.(1998).Itis based on matrices ofa
networknamedasA,B,Cmatrixrespectively.<Fig.2-2>
Whenaunintendedisolationhappens,consumersinthesectionare

notabletoreceivewaterfrom thesourceuntilrepairsarecompleted.
Asshownin<Fig.2-1>,thesegmentconsistingofP4,P5andN4
causesaunintendedisolation.

<<<FFFiiiggg...222---111>>>SSSeeegggmmmeeennntttaaannnddduuunnniiinnnttteeennndddeeedddiiisssooolllaaatttiiiooonnn
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2.2.2.2.2.2.2.2.2.2.2.2. Fault Fault Fault Fault Tree Tree Tree Tree Analysis Analysis Analysis Analysis (FTA)(FTA)(FTA)(FTA)

Minimum cutsets come from a faulttree which display the
relationshipbetweenapotentialeventaffecting system performance
and the reasons or components of the system, environmental
conditions, and other factors. Minimum cut sets indicate
dangerousnessorsafetyofasystem,Itcontributestodeterminethe
most effective methods to improve the system reliability. So,
understandingthefaulttreeanalysisshouldbethefirsttoknow how
toestimatethesystem reliabilityfrom minimum cutsets.

1)1)1)1) Definition Definition Definition Definition of of of of the the the the Top Top Top Top EventEventEventEvent

Itis importantthatthe TOP eventbe defined in a clearand
unambiguousmanner.ThedescriptionoftheTOPeventshouldalways
answerthefollowingquestions:

WWWhhhaaattt:Describesthecriticaleventthatisthefocusofattention
WWWhhheeerrreee:Describeswherethecriticaleventoccurs
WWWhhheeennn:Describeswhenthecriticaleventoccurs

Inthismodel,theTOPeventsaredescribedasfollows:
WWWhhhaaattt:suspensionofwatersupply,low pressureatanynode
WWWhhheeerrreee:Zonesornodesinthesystem
WWWhhheeennn:A pipeisbroken

2)2)2)2) Fault Fault Fault Fault Tree Tree Tree Tree ConstructionConstructionConstructionConstruction

Thefaulttreeanalysiswasfirstly usedby theBellTelephone
Laboratoriesin1962forestimatingthesafetyofMinutemanmissile
launch.
Thefaulttreeanalysisiscarriedoutbydiagramsinvolvingthese
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two types ofbuilding blocks:gate symbols and events symbols.
Thesesareusedindrawing thefaulttreediagrams.<Table2-1>
and<Table2-2>show thedifferentgatesymbolsandeventsymbols
used in faulttree analysis along with briefdescriptions ofeach.
ConstructionofafaulttreebeginswiththeTOPeventandproceeds
downwardtolinktobasiceventsthroughtheuseofdifferentgates.
Completion ofthefaulttreerequiresspecification oftheoutputof
eachgate,asdeterminedbytheinputeventstothegate.

GGGaaattteeeSSSyyymmmbbbooolll GGGaaattteeeNNNaaammmeee CCCaaasssuuuaaalllRRReeelllaaatttiiiooonnn

111 ANDgate
Outputeventoccursifall
inputeventsoccur
simultaneously.

222 ORgate Outputeventoccursifany
oneoftheinputeventoccurs.

333 Inhibitgate Inputproducesoutputwhen
conditionaleventoccurs.

444 PriorityANDgate
Outputeventoccursifall
inputeventsoccurinthe
orderfrom lefttoright.

555 ExclusiveORgate
Outputeventoccursifone,
butnotboth,oftheinput

eventsoccur.

666 m outofngate
(votingorsamplegate)

Outputeventoccursifm out
ofninputeventsoccur.

<<<TTTaaabbbllleee222---111>>>GGGaaattteeeSSSyyymmmbbbooolllsssfffooorrrfffaaauuulllttttttrrreeeeeeaaannnaaalllyyysssiiisss
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EEEvvveeennntttSSSyyymmmbbbooolll MMMeeeaaannniiinnngggooofffSSSyyymmmbbbooolllsss

111 Basiceventwithsufficientdata

222 Undevelopedevent

333 Eventrepresentedbygate

444 Conditionaleventusedwithinhibitgate

555 Houseevent.
Eitheroccuringornotoccuring

666 Transfersymbol

<<<TTTaaabbbllleee222---222>>>EEEvvveeennntttSSSyyymmmbbbooolllsssfffooorrrfffaaauuulllttttttrrreeeeeeaaannnaaalllyyysssiiisss

AND andOR gatearefrequentlyusedtoconstructafaulttree.
UndertheAND gate,outputeventoccurswhenallinputeventsoccur
simultaneously.Outputeventoccurswhenanyoneoftheinputevent
occursunderORgate.Othersaredetailedlystatedin<Table2-1>
Ineventsymbols,thecirclemeansabasiceventwhichisnot

decomposableanymore.Probabilitythataeventhappens,failurerate
and repairrateofallbasiceventsin asystem shouldbeknown
clearlytoobtainaquantitativesolutionoffaulttree.A lozengeisa
undevelopedevent.Itmeansthatreasonscausingaeventarenotclear
forwantofinformationordata.Othersymbolsarestatedin<Table
2-2>
TheTOPeventisthemostimportantrangecriterionofasystem.

Itisdefinedastheprimaryfailureofthesystem.Itishardtoselect
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theTOPeventadequatelybecauseitcanexistasseveralcasesina
system.Generally,itshouldbedefinedclearlysothatprobabilitythat
aeventoccursmustbequantifiableanddecomposedintobasicevents
tofindreasonsoftheoccurrenceoftheTOPevent.

3)3)3)3) Qualitative Qualitative Qualitative Qualitative analysisanalysisanalysisanalysis

Inafaulttree,setsarecombinationsofbasiceventsandacut
setisasetofbasiceventswhosesimultaneousoccurrenceresultsin
theoccurrenceoftheTOPevent.A cutsetissaidtobeminimalif
thesetcannotbereducedwithoutlosingitsstatusasacutset.In
otherwords,whenacutsetcontainsanothercutset,theTOPevent
can occurwith only thecontained cutset.So,thelargecutset
containingthesmallcutsetcanbeexceptedfrom thelistofcutsets.
A pathsetisadualsetofcutset.Sotospeak,theTOPevent

doesnotoccurifalleventinthepathsetdonotoccur.Similartothe
definitionofminimum cutsets,apathsetissaidtobeminimalifthe
setcannotbereducedwithoutlosingitsstatusasapathset.
Forexample,letus considerthe faulttree in <Fig.2-3>.the

numberofsetsis16:{φ},{1},{2},{3},{4},{1,2},{1,3},{1,4},{2,
3},{2,4},{3,4},{1,2,3},{1,2,4},{1,3,4},{2,3,4},{1,2,3,4}.Of
these,thenumberofcutsetsis3:{1,2,3},{1,2,4},{1,2,3,4}.
And{1,2,3,4}canbeexceptedfrom minimum cutsetsbecauseit
contains{1,2,3}and{1,2,4}.Finally,minimum cutsetsare{1,2,
3}and{1,2,4}.
PathsetsarethattheTOPeventdoesnotoccurifalleventsin

thesetdonotoccur.Thenumberofthem is13:{1},{2},{1,2},{1,3},
{1,4},{2,3},{2,4},{3,4},{1,2,3},{1,2,4},{1,3,4},{2,3,4},{1,
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2,3,4}.Ofthese,pathsetsnotcontainingothersareminimum path
sets:{1},{2},{3,4}.Namely,ifevent1doesnotoccur,ifevent2
doesnotoccurandifevent3and4donotoccur,theTOP event
doesnotoccur.
Byusingthe"MOCUS"algorithm,minimum cutsets(orminimum

pathsets)canbecalculatedfrom afaulttree.Butthefocusofthis
study is understanding the faulttree analysis generally so that
detailedexplanationsareomitted.

<<<FFFiiiggg...222---333>>>EEExxxaaammmpppllleeeoooffffffaaauuulllttttttrrreeeeee
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4)4)4)4) Application Application Application Application to to to to estimate estimate estimate estimate the the the the reliability reliability reliability reliability of of of of water water water water distribution distribution distribution distribution systemsystemsystemsystem

Inawaterdistributionsystem,minimum cutsetsareminimalsets
of components whose simultaneous occurrence results in the
occurrenceofsystem failure.Theimportantpointsare:(1)How to
define failures of components.(2) How to perform simulations
consideringthefailures(3)How todeterminetheTOPevent.
<Table2-3> showsdifferencesamong thepreviousmodelsand

thePark'smodel.

SSSuuueeetttaaalll...(((111999888777))),,,eeetttccc... PPPaaarrrkkk(((222000000666)))

FFFaaaiiillluuurrreee Considering2～3pipe's
failureslimitedtoitself Segment+untendedisolation

SSSiiimmmuuulllaaatttiiiooonnnmmmooodddeeelll KYPIPE,EPANET EPANET

TTTOOOPPPeeevvveeennntttsss Low pressure Suspension,low pressure

<<<TTTaaabbbllleee222---333>>>CCCooommmpppaaarrriiisssooonnneeexxxiiissstttiiinnngggmmmooodddeeelllssswwwiiittthhhPPPaaarrrkkk'''sssmmmooodddeeelll

Thepreviousmodelsonlyconsiderasimultaneousfailureof2～3
pipes in a water distribution system. Minimum cut sets are
determined by thepressurecriterion.Sotospeak,when afailure
simulation is performed by eliminating components considered as
failed,ifpressure atany node in the system is lowerthan the
pressurecriterion,thesetofcomponentswillbeconsideredasacut
set.Butitisaimpracticalassumptionbecause,asalreadystatedin
chapter2.2.1,the practicalextentofdamage according to a pipe
failure is notthe pipe itselfbutextended to a segmentand a
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unintendedisolationinsomecases.Furthermore,itishardtotrust
theresultsfrom thefailuresimulationtofindwhethernodeshaving
low pressureareinthesystem ornot.<Fig.2-4> showsthefault
treeofthepreviousmodels.

<<<FFFiiiggg...222---444>>>FFFaaauuulllttttttrrreeeeeeooofffppprrreeevvviiiooouuusssmmmooodddeeelllsss

Inthecontrastwiththepreviousmodels,thePark'smodelonly
limits pipes to destructible components on assumptions thatthe
probabilityofsimultaneousfailuresoftwoormorepipesiszeroand
the events are exclusive mutually. Reliability of each pipe is
calculatedbytheequationsuggestedbySuetal.(1987).Thus,the
method,suggestedbyJun(2005)todeterminethepracticalextentof
damageowing topipefailures,isusedinthemodel.Throughthe
method,theextentofdamageowingtopipefailurescanbeextended
tosuspensionofwatersupplyaswellaslow nodalheads.
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In <Fig.2-5>,theTOPeventisdefinedasanyfailureinthe
system,butthepartshownindottedlineisrelatedwiththemodel.
ThroughhydraulicsimulationsusingEPANET,minimum cutsetsare
determinedbythefollowingquestions:Whenapipeisbroken,(1)are
oneormorenodesintheisolatedsegment?(2)Notcase1,doesa
unintendedisolationhappen?(3)Notcase1and2,isthepressureof
anynodeinthesystem underthepressurecriterion?
Ifanyeventamongthem happens,themodeltreatsthesituation

asaabnormalconditionregardlessofsizeofdamage.Inthisstudy,
theabnormalcondition isnamedas"system-off"andthecontrary
conceptisnamedas"system-on".
In <Fig.2-5>,P-siisthe  pipewhich,whenfailed,causes

suspensionofwatersupplyandF(S-si)isafailureofthesegment
including the pipe.Be similarto this definition,P-ujis  pipe
which,whenfailed,causesaunintendedisolationandF(S-uj)means
ofafailureofthesegmentincludingthepipe.Next,P-pkisthe 

pipe which,when failed,causes suspension ofwatersupply and
F(S-pk)means ofthe failure ofthe segmentincluding the pipe.
Finally,P-oloutofthedottedlineisthe  pipewhichdoesnot
causeanyabnormalconditionevenifitisbroken.Namely,theyare
notinminimum cutsets.
Theimportantconceptinthemodelisthattheisolatedsegment

including thebrokenpipeisnotoperationalevenifothersarenot
broken.Namely,allpipesinthesegmentmustbeoperationalforthe
segmenttobeoperational.Insuchmeaning,allgatesinthefaulttree
becomeOR gate.Thus,Park(2006)determinedminimum cutsetsby
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asegmentbutthebasiceventisapipefailuresothatminimum cut
setscanbeexpressedasafailureofindividualpipe.
SinceallgatesareORgate,whenapplyingtheMOCUSalgorithm,

theminimum cutsetsare{P-s1},{P-s2},...,{P-si},{P-u1},{P-u2},
...,{P-uj},{P-p1},{P-p2},...,{P-pk}.On the other hand,the
minimum pathsetis{P-s1,P-s2,...,P-si,P-u1,P-u2,...,P-uj,P-p1,
P-p2,...,P-pk}.Inadifferentexpression,ifanyoneofminimum cut
sets is notbroken - ifallpipes in the minimum path setare
operational,thesystem willbeoperationalwithoutanysuspensionof
watersupply,unintendedisolationandnodehavinglow pressure.
Itispossibletoestimatethestructuraleffectsfrom failuresof

pipesbyusingthesegmentsearchingalgorithm andtheunintended
isolation searching algorithm suggested by Jun(2005). EPANET
interfacedwithVisualBasicisusedasahydraulicsimulationmodel.
Detailed explanations about the algorithms are described in the
reference.
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5)5)5)5) Success Success Success Success mode mode mode mode approachapproachapproachapproach

On thebasisofthedetermined minimum cutsets,thesystem
reliabilitycanbeestimatedthroughthe"successmodeapproach".The
followingequations,<2-1>and<2-2>,areusedtocalculateit.

  
  





 <2-1>




  



 
 

∩

∩

∩ ⋯ ∩
 <2-2>

r=System reliability
S=Successprobability
=  segmentdefinedasaminimum cutset
  =  pipein 

Namely,thesystem reliabilitycanbeexpressedasaproductof
reliabilityofeachpipewhichbelongstominimum cutsets.
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Chapter Chapter Chapter Chapter 3. 3. 3. 3. Plans Plans Plans Plans for for for for improving improving improving improving system system system system reliabilityreliabilityreliabilityreliability

On thebasisoftheresultsin thepreviouschapter,methodsto
improvethesystem reliabilityaresummarizedasfollows.Thefirst
methodisimproving durabilityofeachpipebelonging tominimum
cutsets.Namely,inEq.<2-1,2>,ifeach 

increases,thesystem

reliability willbe improved.The second method is reforming the
system structurallybyinstallingisolationvalvestoreducedamageor
constructing alternative paths to control unintended isolations.
Throughthemethod,thenumberof 

intheequationsdecreases

and 
islowerthan1sothatthesystem reliabilityisimproved.

3.1.3.1.3.1.3.1. Improvement Improvement Improvement Improvement of of of of system system system system reliability reliability reliability reliability through through through through 

increase increase increase increase of of of of pipe pipe pipe pipe durabilitydurabilitydurabilitydurability

In this chapter,reasonable plans for improving the system
reliabilityarepresentedbyanalyzingwhetherdurabilityofeachpipe
makesanyinfluenceonthesystem reliabilityornot.

3.1.1.3.1.1.3.1.1.3.1.1. Optimization Optimization Optimization Optimization using using using using Genetic Genetic Genetic Genetic AlgorithmAlgorithmAlgorithmAlgorithm

AccordingtothepreviousworksdonebyPark(2006)andSuet
al.(1987),with thesameconditionssuch asconstruction cost,the
system reliabilitywillbedifferentdependingonhow tochooseeach
pipe'sdiameterorvalvelocationsandsoon.
Thisstudysuggestsmethodstofindtheoptimalcombinationof

pipestomaximizethesystem reliabilitybytheGeneticAlgorithm and
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analyzeeffectsofchangingpipesbyrisingconstructioncost.
Inthisstudy,costisaconstraintandtheobjectivefunctionis

maximizing the system reliability. The main purpose of this
optimizationistoknow how increaseofpipedurabilityeffectsonthe
system reliability.The study area is Cherry Hillin the state of
Connecticut, USA.Itconsistsof90nodes,104pipes(6,8,12"),94
isolationvalvesandsoon.
The reliability of each pipe is calculated by the regression

equationsuggestedbySuetal.(1987)andfailuresofpipesareonly
considered in this problem because failures ofothercomponents,
reservoirs,pumps,tanks,etc.,willcauseabreakdownofallorgreat
partofthesystem andpipefailuresareverycommonaccidentsin
waterdistributionsystemscomparingwithothersinsubstance.That
meansreliabilityofeachcomponentexceptforpipesareassumedto
100%.
<Fig.5～8>show aprocedureoftheGeneticAlgorithm,generating

genes,twopointscrossoverandmutation.threekindsofstandardized
commercialpipesareusedinthisstudy.Theideatodothecrossover
and mutation operation comes from the NOEXCS(Non-ordered,
extended-set,combinationalcrossover)(Vitkovskyetal.,2003)
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<<<FFFiiiggg...333---444>>>MMMuuutttaaatttiiiooonnn

wherePMS=30,crossoverrate=0.75,mutationrate=0.01.

The cost to lay water-pipes underground is calculated by
Eq.<3-1> andreliabilityofeachpipeisestimatedbytheregression
equations,<3-1～5>,using historicalfailuredataobtainedfrom the
CityofSt.Louis.(Suetal.,1987).Thus,theexisting pipesinthe
system consistofthreekindsofpipes,6,8,12〃 andthosepipesare
alsousedinthisoptimization.

  
 

×
× <3-1>

 



















  <3-2>

  × <3-3>
   

   <3-4>
    <3-5>

Where  Pipeindex, Pipediameter(in), Pipelength(mile),
 Breaks/mile/year, Breaks/year, Failureprobability, Reliability.
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Thisproblem iscloselyrelatedwithinteractionsbetweencostand
reliability.<Fig.3-5>showsreliabilityofeachpipewithdiameterand
length. According to the equation, pipe reliability increases in
proportion todiameterand theexponentisjust1.24sothatcost
increasesalmostlinearlyasdiameterincreases.Theotherside,pipe
reliabilityincreasesordecreasesgreatlywithdiameterlessthan10〃 

butthereisonlysmallfluctuationrelativelywhendiameterismore
than10〃.Thatistosay,theGeneticAlgorithm findstheoptimal
solutiontomaximizethesystem reliabilityunderlimitedcostthrough
iterative interactions between cost and reliability. The system
reliability isprobability thatthesystem isoperationalwithoutany
suspensionofwatersupply,unintendedisolationandnodehavinglow
pressure.<Fig.3-6>showstheflow chartofthisproblem.
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1)1)1)1) ResultsResultsResultsResults

Inthisproblem,theconstraintofcostisassumedtothecostfor
layingpipesoftheoriginalsystem.Thetotalcostis,estimatedbyEq.
<3-1>,$1,224,942.
Aftertheoptimizationprocedure,thesystem reliabilityhasincreased

from 0.1373to0.1461evenifthecosthasdecreasedalittle.<Table3-
1～2>show differencesbetweenbeforeandafter.

CCCooosssttt((($$$))) IIInnncccrrreeeaaassseeerrraaattteee(((%%%))) SSSyyysssttteeemmm RRReeellliiiaaabbbiiillliiitttyyy
OOOrrriiigggiiinnnaaalll 1,224,942 0 0.1373
OOOppptttiiimmmiiizzzeeeddd 1,218,033 -0.56 0.1461

<<<TTTaaabbbllleee333---111>>>OOOppptttiiimmmiiizzzaaatttiiiooonnnrrreeesssuuullltttsss

PPPiiipppeee
IIIDDD

LLLeeennngggttthhh
(((fffttt)))

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOrrriiigggiiinnnaaalll

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOppptttiiimmmiiizzzeeeddd

2 550 12 6
3 526 8 8
11 288 8 12
16 576 8 12
17 530 12 6
18 583 8 6
21 815 12 12
22 431 12 12
23 88 8 8
25 288 8 12
30 767 12 12
31 312 12 12
35 383 12 6
38 1438 8 8
41 743 12 12
44 479 12 8
54 600 12 8
55 420 8 8
56 420 8 6
57 420 8 12

<<<TTTaaabbbllleee333---222>>>DDDiiiaaammmeeettteeerrrccchhhaaannngggeeesss
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PPPiiipppeee
IIIDDD

LLLeeennngggttthhh
(((fffttt)))

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOrrriiigggiiinnnaaalll

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOppptttiiimmmiiizzzeeeddd

58 420 8 12
64 360 8 12
65 364 8 8
67 838 8 12
71 240 12 6
72 300 12 8
73 623 12 12
75 647 12 8
76 479 12 8
83 216 12 6
84 375 8 6
87 375 8 12
90 375 8 12
91 375 8 12
92 300 12 12
93 400 12 6
94 240 12 12
97 623 12 12
101 527 8 12
107 527 8 8
113 407 8 6
114 312 8 12
115 455 8 6
116 264 12 6
120 647 12 12
127 240 12 12
128 551 8 8
129 671 12 12
133 1150 8 12
134 455 8 6
135 551 8 12
138 407 8 8
139 1007 8 12
141 431 8 6
143 335 8 12
145 700 6 6
146 700 8 6

<<<TTTaaabbbllleee333---222>>>CCCooonnntttiiinnnuuueeeddd
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PPPiiipppeee
IIIDDD

LLLeeennngggttthhh
(((fffttt)))

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOrrriiigggiiinnnaaalll

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOppptttiiimmmiiizzzeeeddd

156 216 8 12
1 1850 12 8
158 200 12 12
159 743 8 6
160 300 8 12
161 400 12 12
48 790 8 6
49 1413 8 6
50 1703 12 12
122 887 12 8
123 766 8 8
124 1200 8 6
125 528 8 12
126 1079 8 12
130 887 8 12
131 768 8 6
132 250 8 8
136 647 8 8
137 700 8 8
142 1821 8 12
144 1102 12 12
148 700 6 8
149 700 6 8
150 384 12 12
151 1533 12 12
152 839 8 8
154 1104 8 8
155 958 8 8
157 1796 12 8
36 1006 12 6
37 500 8 12
40 1127 8 12
42 576 12 8
43 1100 8 12
45 300 8 12
46 300 8 6
47 400 8 12

<<<TTTaaabbbllleee333---222>>>CCCooonnntttiiinnnuuueeeddd
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PPPiiipppeee
IIIDDD

LLLeeennngggttthhh
(((fffttt)))

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOrrriiigggiiinnnaaalll

DDDiiiaaammmeeettteeerrr(((iiinnnccchhh)))
---OOOppptttiiimmmiiizzzeeeddd

51 400 8 12
52 910 6 8
53 1072 8 12
59 838 12 12
60 1000 8 8
61 400 8 12
62 2500 12 6
4 83 12 6
5 870 8 12

<<<TTTaaabbbllleee333---222>>>CCCooonnntttiiinnnuuueeeddd

<Fig.3-7～8> show changesofvelocityineachpipeandpressure
ateachnode.Thevelocityvariationisrelativelybigwithdiameterbut
pressureateachnodeisalmostsamewithitintheoriginalnetwork.
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NNNooo...ooofffpppiiipppeeesss
DDDiiiaaammmeeettteeerrrccchhhaaannngggeee

DDDeeecccrrreeeaaassseeeddd NNNooottt
ccchhhaaannngggeeeddd IIInnncccrrreeeaaassseeeddd

NNNoootttiiinnnMMMCCC*** 111333 777 444 222

IIInnn
MMMCCC
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<Table3-3> showsdiameterchanges.Thereare103pipesinthe
system.Ofthese,33pipesdecreased,36pipesarenotchangedand34
pipesincreased.

2)2)2)2) Expansion Expansion Expansion Expansion of of of of applicationsapplicationsapplicationsapplications

Inthischapter,anexpandedoptimizationproblem isconsideredwhere
thedecisionvariablesarealsodiameterofeachpipe.Unliketheprevious
work,sixkindsofcommercialpipes,6,8,10,12,14,16〃,areusedand
extracostsfrom 10to40% oftheoriginalcostareaddedtoitateach
casetopromiseflexibilityofsystem reliability.
Theresultsofthisworkareshownin<Fig.3-9>.A pointmeans

themaximum reliability which can beobtained atthematched cost.
Comparison ofcostincrease and reliability reveals a linearrelation
betweenthem.
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3)3)3)3) ConclusionsConclusionsConclusionsConclusions

Thefollowingconclusionscanbetakenfrom theresults.
(1)According toEq.<2-2>,thedurability changeofeach pipenotin
minimum cutsetsdoesnothaveanyinfluenceonthesystem reliability.
Thereare13pipeswhicharenotinminimum cutsets.Ofthese,the
numberofincreasedpipesisjust2asshownin<Table3-3>

(2)Economically,thepipewhichhashigheffectivenessbycontrastwith
costshould be reinforced preferentially.Ofcause,itmustbe in
minimum cutsets.

(3)In viewsofsafety,theimportantpipehashigh failurerateor
causesmanycustomersoutofservicewhenitfailed.

(4)From the results ofthe optimization,increasing pipe durability
without structural improvements has low effectiveness. The
followingstatementssupportitadditionally.
․ Forexample,whendesigningasystem,thesystem reliability
becomes0.223972from 0.137310by substituting pipesof12
inchdiameterforallpipes.but$1,634,173isalsorequiredto
constructit.Thus,Whensubstituting16inchforallofthem,
thesystem reliabilitybecomes0.313946but$2,334,652isalso
required.Itisalmosttwotimesoftheoriginalcost.

․ Whenreinforcingaexistingsystem,theefficiencyispredicted
tobereducedmorebecauseexpensesforremoving existing
pipesarerequiredadditionally.

․ Thenumberofpipescomestobemanyasanetworkgrows
bigger.Hence,theefficiencyispredictedtobereducedmore.
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3.2.3.2.3.2.3.2. Improvement Improvement Improvement Improvement of of of of system system system system reliability reliability reliability reliability through through through through 

structural structural structural structural reformationreformationreformationreformation

Generally,therearethreemethodstoreform awaterdistribution
system structurally.Thefirstmethod isadding isolation valvesto
reducethelengthofpipewhichhastobeisolatedinordertorepair
thebrokenpipe.Thesecondmethodisconstructingalternativepaths
tominimize probabilitythatunintendedisolationsoccur.Finally,the
thirdmethodisensuringwatersupplyinemergenciesbyconstructing
watertanks.
Amongthese,itisrelativelyeasytoinstallisolationvalvesandit

canreasonablyreduceextentofdamagebypipefailures.Thatistosay,
itisthemostpracticablemethodwhichcanbeusedeasily.Becauseof
suchreasons,thefirstmethodisonlyconsideredtoobtainthestructural
improvementofasystem.

3.2.1.3.2.1.3.2.1.3.2.1. Verification Verification Verification Verification for for for for effectiveness effectiveness effectiveness effectiveness of of of of valve valve valve valve installation installation installation installation 

through through through through an an an an exampleexampleexampleexample

In<Fig.3-10>,thereare7positionswhereisolationvalvescanbe
installedon,(1)～(7).Thetotalnumberofcasesis    butcases
aresimplifiedbyaddingoneortwovalvestoisolateapipe.Costto
installa valve is assumed to 100 (unitless)and each pipes have
differentreliabilityrespectivelyasshownin<Table3-4>.
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PPPiiipppeeeIIIDDD RRReeellliiiaaabbbiiillliiitttyyy
P1 0.99
P2 0.94
P3 0.97
P4 0.98
P5 0.95
P6 0.98

<<<TTTaaabbbllleee333---444>>>RRReeellliiiaaabbbiiillliiitttyyyooofffeeeaaaccchhhpppiiipppeee

<<<FFFiiiggg...333---111000>>>EEExxxaaammmpppllleeennneeetttwwwooorrrkkk
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1)1)1)1) ResultsResultsResultsResults

Installingisolationvalvescanreduceprobabilitythatadditionaldamage
occursbydecreasingthelengthofisolatedpipetorepairthebrokenpipe.
<Table3-5>showstheresults.
Themosteffectivecaseisinstalling avalveon (1),through the

work,P2can beexcludedfrom minimum cutsets.Hence,any TOP
event, suspension of water supply, unintended isolation and low
pressure,doesnotoccurevenifP2isbroken.
Ontheotherhand,aunintendedisolationoccurswhenP1isbroken

becauseP1isstillinminimum cutsetseventhoughavalveisinstalled
on(3).Theworkdoesnotcontributetothesystem reliability.Inthe
samemanner,whenP4isbroken,auntendedisolationalsooccurseven
thoughavalveisinstalledon(7).

In conclusion,if the TOP events(suspension of water supply,
unintendedisolation,low pressure),whenapipeisbroken,donotoccur
byinstallingoneormoreisolationvalvesonthepipe,itcanbesaid
thatitisaeffectivework.Namely,thecriterioniswhetherinstalling
isolation valvescan restrain occurrencesoftheTOP eventsornot.
Wheninstallingisolationvalvesbythecriteria,theyshouldbeinstalled
onthemostdelicateoneamongthem.

LLLooocccaaatttiiiooonnnooofff
IIInnnssstttaaallllllaaatttiiiooonnn PPPiiipppeee'''sssIIIDDD iiinnnMMMCCC SSSyyysssttteeemmm

RRReeellliiiaaabbbiiillliiitttyyy IIInnnssstttaaallllllaaatttiiiooonnncccooosssttt
X P1,P2,P4,P5,P6 0.8491 0
(1) P1,P4,P5,P6 000...999000333333 100

(2),(6) P1,P2,P4,P5 0.8664 200
(3) PPP111,P2,P4,P5,P6 0.8491 100

(4),(5) P1,P2,P4,P6 0.8937 200
(7) P1,P2,PPP444,P5,P6 0.8491 100

<<<TTTaaabbbllleee333---555>>>RRReeesssuuullltttsssooofffvvvaaalllvvveeeiiinnnssstttaaallllllaaatttiiiooonnnsss
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2)2)2)2) ConclusionsConclusionsConclusionsConclusions

From theexample,whenvalvesofsamenumberareinstalledinthe
system,thesystem reliabilityisdifferentaccordingtowheretheyare.It
meansthatclearcriteriaareneededtoimprovethesystem reliability
wheninstallingvalvesadditionally.
From theresultsoftheexample,thefollowingcriteriaarederived.

(1)Itisnotneededtoinstallisolationvalvesonapipewhichisnotin
minimum cutsetsbecausethepipe,whenfailed,doesnotcausethe
TOPevents.

(2)Wheninstallingisolationvalves,nodesshouldbeexcludedfrom the
extentofdamage.Eventhoughnodesareexcludedfrom theextent
ofdamageby installing isolation valves,ifthepipe,whenfailed,
stillcausestheTOPevents,itwillbemoremeaningfultodecrease
failure rate by increasing durability ofthe pipe than installing
isolationvalves.

(3)Forasegmentconsisting oftwoormorepipes,isolation valves
shouldbeinstalledontheweakestpipeamongthem.However,the
pipehaving additionalvalve(s),when failed,mustnotcausethe
TOPevents.Ifthepipe,whenfailed,stillcausetheTOPevents,it
willbemeaningfultodecreasefailureratebyincreasingdurability
ofthepipe.
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3.3.3.3.3.3.3.3. Proposals Proposals Proposals Proposals for for for for improving improving improving improving system system system system reliabilityreliabilityreliabilityreliability

Inthischapter,onthebasisofconclusionsofCh.3.1and3.2, plans
applicablein practicalaffairsarepresentedforimproving thesystem
reliability.
Firstofall,thetypeofreinforcementshouldbedeterminedtoapply

theproposedplans;installingisolationvalvesorincreasingdurability.
In thisstudy,theplansareclassified astwo rulesaccording to

purposesofreinforcement;Rule1andRule2.Theyhaveadifferent
approachrespectively.TheRule1isfocusedontheon-offreliability
considering totalconstruction cost.Ontheotherhand,theRule2is
focusedondecreasingextentofdamagebypipefailures.

3.3.1.3.3.1.3.3.1.3.3.1. Determination Determination Determination Determination of of of of reinforcement reinforcement reinforcement reinforcement type type type type for for for for each each each each pipepipepipepipe

Asstatedinthepreviouschapter,themethodstoreinforcepipesare
classified as two kinds. The first method is decreasing failure
probabilitybyincreasingpipedurability.Thesecondmethodisreducing
thelengthofisolatedpipebyinstallingvalve(s)attheendsofthepipe.
<Fig. 3-1> shows the flow chart to determine the type of

reinforcementforallpipesinasystem.
  isthe  pipe.When   isassumedtobebroken,theadjacent

isolation valves are closed and occurrences ofthe TOP events are
distinguished by EPANET interfaced with VisualBasic.Itcan be
determined that the TOP events occur or not by the following
questions:Whenapipeisbroken,(1)areoneormorenodesinthe
isolatedsegment?(2)Notcase1,doesaunintendedisolationhappen?
(3)Notcase1and2,isthepressureofanynodeinthesystem
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underthepressurecriterion?
Thepipeisclassifiedasthe"Type1"whenitisnotinthecases,

(1)～(3).However,when any one ofthem happens,a hydraulic
simulationiscarriedoutagainafterinstallingvalve(s)attheendsof
thepipe.Assresult,itiseffectiveifany TOP eventdosenot
happen,Inthecase,thepipeisthe"Type3".Ontheotherhand,it
ismeaninglesstodoitifoneoftheTOP eventsstilloccursafter
installing isolation valves.In such case,increasing durability isa
morepropermethodandthepipeisclassifiedasthe"Type2".This
procedureiskeptgoingonuntilallpipesareconsidered.<Table3-6>
showsthetypesofreinforcement.

HHHooowww tttooorrreeeiiinnnfffooorrrccceee
Type1 Noreinforcement

Type2 Increasingdurability

Type3 Installingisolationvalves

<<<TTTaaabbbllleee333---666>>>TTTyyypppeeesssooofffrrreeeiiinnnfffooorrrccceeemmmeeennnttt
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<<<FFFiiiggg...333---111111>>>FFFlllooowwwccchhhaaarrrtttfffooorrrdddeeettteeerrrmmmiiinnniiinnngggtttyyypppeeesssooofffrrreeeiiinnnfffooorrrccceeemmmeeennnttt
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3.3.2.3.3.2.3.3.2.3.3.2. Rules Rules Rules Rules for for for for improving improving improving improving system system system system reliabilityreliabilityreliabilityreliability

ThePark'smodelestimatestheon-offreliabilityofasystem.When
a pipe in minimum cutsets is broken,themodeltreats itas the
system-offstateregardlessofsizeofdamage.However,thesizemight
be differentgreatly depending on conditions regarded as system-off
states.<Fig.3-12>showsitclearly.

(a)Case1:sizeofdamage
byfailureofP1

(b)Case2:sizeofdamage
byfailureofP7

<<<FFFiiiggg...333---111222>>>SSSiiizzzeeeooofffdddaaammmaaagggeee,,,CCCaaassseee111vvvsss...CCCaaassseee222

Forinstance,ifthereliabilityofP1is0.9and100customersoutof
serviceoccurwhenitfails,theexpectednumberofcustomeroutof
servicecanbecalculatedas(1-0.9)×100=10.Incase2,ifthereliabilityof
P7is0.5andthenumberofcustomersoutofserviceis10resulting
from thefailureofP7,theexpectednumberofcustomersoutofservice
is5,(1-0.5)×10=5.Thatistosay,thedamagesizeofCase1isbigger
thanCase2eventhoughtthereliabilityofP1ishigherthanP7.
TheRule1takesaroletolowertheprobabilityofsystem-offso

thatP7hasthepriorityrankofreinforcementthanP1.Ontheother
hand,theRule2hasapurposeofreducingthesizeofdamagebypipe
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failuresbyreinforcing P1priortoP7.Namely,theyfollow thesame
method to determinethetypeofreinforcementbutdifferentpriority
ordersareappliedtothem respectively.

1)1)1)1) Rule Rule Rule Rule 1111

TheRule1isappliedtoasystem bythefollowingprocedure.
(1)Allpipesinasystem areclassifiedfrom theType1totheType3
bytheprocedureshownin<Fig.3-11>.

(2)Reliabilityofeachpipeissortedinascendingorder.
(3)ForpipesintheType3,theyareperfectlyisolatedbyinstallingoneor
twoisolationvalvesattheendsofthepipe.Onthisoccasion,itmakes
thereliability ofthepipeas1(100%)inthemodel.So,installing
isolationvalvesatallavailablepositionsisusefulforimprovingthe
system reliability.

(4) Increasing pipe durability in the Type 2 costs much money
comparing withthem intheType3anditisalsocontroledby
conditions ofconstruction site.Forthose reasons,itshould be
determinedbytakingthefollowingsubjectsintoconsideration.The
contentsarerecordedintheKoreaStandardsforWaterService
Facilitiesindetail.
․ Totalconstructioncost.
․ Conditionsofconstructionsite:pipeconnections,objectsbeing
layedundergroundandsoon.

․ Velocityconstraintstomaintainwaterqualityorprotectsystems.
․ Pressureconstraintstosupplywaterwithproperpressure.
․ Distributionofpressureheadsatnodes/Diameterconstraints
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2)2)2)2) Rule Rule Rule Rule 2 2 2 2 

ThepurposeoftheRule2isreducingsizeofdamagereasonably.
Hence,thepriorityorderofreinforcementisdifferentfrom theRule1.
Firstofall,itisnecessarytoquantifythesizeofdamagebypipe

failures.Whenapipeisbroken,thesegmenthavingthebrokenpipe
shouldbeisolatedtoconductrepairsbyshuttingoffadjacentisolation
valvesandinsomecases,aunintendedisolationcanoccuraccordingto
thetopologicalstructure.Thesizeofdamageiscloselyrelatedwiththe
amountofwaterbeingcutoffintheisolatedzone.IntheRule2,the
priority orderofreinforcementshouldbedeterminedby checking the
system segmentbysegmentwhileitisdonepipebypipeintheRule1.
AsalreadystatedintheCh.2.2.2,asegmentisoutoforderifany

pipeinthesegmentisbroken.Sotospeak,allpipesinthesegment
should beoperationalifthesegmentdisplaysitsown function.The
probability thatasegmentisin anormalcondition iscalculated as
follows.

  
  



  <3-1>

where =theprobabilitythatthe  segmentinminimum cutsets
isoperational; =theprobabilitythatthe  pipeinthesegmentis
operational;M=thenumberofpipesinthesegment.
From Eq.<3-1>,theprobabilitythatthesegmentisnotoperational

iscalculatedasfollows.
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    <3-2>

where =theprobabilitythatthe  segmentinminimum cutsets
isnotoperational.
Thenumberofcustomersoutofservicecanbeestimatedfrom the

actualpopulation in theisolatedzones.In thecasethatrelateddata
doesnotexist,itcanbeapproximatelycalculatedasfollows.

  
  



  <3-3>

where =theNumberofCustomersOutofService; =theAverage
waterQuantityUsedperhead(171); =thedemandatthe
 nodeintheisolatedzone;O=thenumberofnodesinthezone.
The customers out of service can occur when a segment is

abnormal.So,the Expected Number ofCustomers OutofService
()iscalculatedbythefollowingequation.

  × <3-4>

Thesegmenthavingthebiggest shouldbereinforcedfirstly.
Atthesametime,thepipewhichhavethesmallestreliabilityisthe
firstobjectto be reinforced in the segment.Afterdetermining the
priorityorderofreinforcement,themethodscorrespondtothecontents
oftheRule1.
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3)3)3)3) Suggestions Suggestions Suggestions Suggestions for for for for Rule Rule Rule Rule 1 1 1 1 and and and and Rule Rule Rule Rule 2222

Therulesneedtobeappliedtoasystem according towhatthe
purposeisbecausetheyhavedifferentapproachesrespectively.
Forinstance,ifthepurposeisincreasingtheon-offreliabilitywithin

limitedcost,theRule1willbesuitableforthework,whileifitis
decreasingthesizeofdamage,theRule2willbemoresuitable.
Regardlessofthesizeofdamage,forareaswherepipefailuresoccur

frequently the reliability can be improved effectively by doing the
presentedmethods.
Whenincreasingpipedurability,itshouldbedonenotrelyingonthe

Su'sequationsbutconsideringsituationsandpurposes.Herearethree
subjectstobeconsideredfortheproblems.Firstly,theequationsdonot
takepartindeterminingthetypeofreinforcementbutareonlyusedto
obtain the priority order.Ifthere is a more suitable model,itcan
suggestmorepracticalstandards.Secondly,pipereplacementcostis
relativelybiggerthanvalveinstallationcost.Finally,pipereplacementis
notsimplebutrelatedwithotherssuchasrehabilitationproblems.In
conclusions,pipereplacementsshouldbeconsideredcarefullyinvarious
viewpointsbecauseofsuchreasons.
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Chapter Chapter Chapter Chapter 4. 4. 4. 4. ApplicationsApplicationsApplicationsApplications

In thischapter,therulesestablished in thepreviouschapterare
applied to theCherry Hillnetwork in midium sizeand theChester
WaterAuthority network in large size.Afterthat,the results are
analyzed.
In these applications,pipe durability is increased by changing a

existing pipewith new onehaving largerdiameter.Pipereplacement
costiscalculatedby<4-1> suggestedbytheKoreaWaterResources
Corporationin1995.Thevalueisconvertedintopricesof2006byusing
the consumerprice index.Valve installation costis calculated from
<4-2>,usingunitpricesandlaborcostsdatain2006.

       ×× <4-1>

      <4-2>

where Pipediameter(in); Pipelength(ft).
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<<<FFFiiiggg...444---111>>>SSSoooffftttssseeeaaalllvvvaaalllvvveee,,,vvvaaalllvvveeeiiinnnssstttaaallllllaaatttiiiooonnncccooossstttwwwiiittthhhdddiiiaaammmeeettteeerrr
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4.1.4.1.4.1.4.1. Applications Applications Applications Applications (Cherry (Cherry (Cherry (Cherry Hill)Hill)Hill)Hill)

4.1.1.4.1.1.4.1.1.4.1.1. Rule Rule Rule Rule 1111

Thereare103pipesinthesystem.Ofthese,thenumberofpipes
belongingtominimum cutsetsis90.Thepipesarereinforced10by10
from the weakest pipe through the Rule 1(Case1～9).To do the
simplification,pipesintheType2arereplacedwithonesthathave2
inchmoreindiametertoincreasetheirdurabilityrespectively.
<Table4-1>showsthetypeofeachpipeandthecostofeachcase.

<Table4-2> showsoverallresultsoftheapplication and<Fig.4-2,
4-3>indicatethesystem reliabilityandthetotal ofeachcase.

CCCaaassseeeIIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreeeRRRaaattteee TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

1

142 8 1821 0.926461 0.073539Type2 181,192,608
38 8 1438 0.941465 0.058535Type2 143,083,455
52 6 910 0.948484 0.051516Type3 1 411,251
157 12 1796 0.951368 0.048632Type3 2 2,792,582
133 8 1150 0.952907 0.047093Type3 2 1,351,686
40 8 1127 0.953827 0.046173Type2 112,138,424
50 12 1703 0.953827 0.046173Type2 209,984,723
43 8 1100 0.954908 0.045092Type2 109,451,878
126 8 1079 0.955750 0.044250Type2 107,362,342
53 8 1072 0.956030 0.043970Type3 1 675,843

Total 6 888666888,,,444444444,,,777999222

<<<TTTaaabbbllleee444---111>>>AAAppppppllliiicccaaatttiiiooonnn,,,RRRuuullleee111,,,CCChhheeerrrrrryyyHHHiiillllll
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CCCaaassseeeIIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreeeRRRaaattteee TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

2

151 12 1533 0.958339 0.041661Type3 1 1,396,291
139 8 1007 0.958640 0.041360Type3 2 1,351,686
60 8 1000 0.958922 0.041078Type3 1 675,843
130 8 887 0.963478 0.036522Type3 1 675,843
5 8 870 0.964165 0.035835Type3 1 675,843
67 8 838 0.965460 0.034540Type3 2 1,351,686
48 8 790 0.967406 0.032594Type2 78,606,349
123 8 766 0.968380 0.031620Type2 76,218,308
159 8 743 0.969315 0.030685Type2 73,929,768
144 12 1102 0.969873 0.030127Type2 135,879,721

Total 8 333777000,,,777666111,,,333333999

3

146 8 700 0.971065 0.028935Type3 1 675,843
137 8 700 0.971065 0.028935Type2 69,651,195
136 8 647 0.973226 0.026774Type2 64,377,604
122 12 887 0.975679 0.024321Type2 109,369,612
18 8 583 0.975842 0.024158Type3 1 675,843
16 8 576 0.976129 0.023871Type3 1 675,843
59 12 838 0.977007 0.022993Type3 1 1,396,291
135 8 551 0.977153 0.022847Type3 1 675,843
128 8 551 0.977153 0.022847Type2 54,825,441
21 12 815 0.977631 0.022369Type3 2 2,792,582

Total 7 333000555,,,111111666,,,000999888

<<<TTTaaabbbllleee444---111>>>CCCooonnntttiiinnnuuueeeddd
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CCCaaassseeeIIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreeeRRRaaattteee TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

4

125 8 528 0.978096 0.021904Type3 1 675,843
107 8 527 0.978137 0.021863Type3 1 675,843
101 8 527 0.978137 0.021863Type3 1 675,843
3 8 526 0.978178 0.021822Type3 1 675,843
30 12 767 0.978934 0.021066Type2 94,573,272
37 8 500 0.979246 0.020754Type2 49,750,853
41 12 743 0.979587 0.020413Type3 2 2,792,582
134 8 455 0.981096 0.018904Type3 1 675,843
115 8 455 0.981096 0.018904Type2 45,273,277
129 12 671 0.981546 0.018454Type2 82,736,200

Total 7 222777888,,,555000555,,,444000111

5

141 8 431 0.982084 0.017916Type2 42,885,236
75 12 647 0.982201 0.017799Type3 1 1,396,291
120 12 647 0.982201 0.017799Type3 2 2,792,582
55 8 420 0.982537 0.017463Type3 1 675,843
56 8 420 0.982537 0.017463Type3 2 1,351,686
57 8 420 0.982537 0.017463Type3 2 1,351,686
58 8 420 0.982537 0.017463Type3 1 675,843
97 12 623 0.982855 0.017145Type2 76,817,664
73 12 623 0.982855 0.017145Type3 1 1,396,291
113 8 407 0.983073 0.016927Type2 40,497,195

Total 10 111666999,,,888444000,,,333111999

<<<TTTaaabbbllleee444---111>>>CCCooonnntttiiinnnuuueeeddd
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CCCaaassseeeIIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreeeRRRaaattteee TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

6

138 8 407 0.983073 0.016927Type3 1 675,843
51 8 400 0.983362 0.016638Type2 39,800,683
61 8 400 0.983362 0.016638Type2 39,800,683
47 8 400 0.983362 0.016638Type2 39,800,683
54 12 600 0.983483 0.016517Type3 1 1,396,291
42 12 576 0.984138 0.015862Type2 71,022,431
84 8 375 0.984393 0.015607Type3 1 675,843
87 8 375 0.984393 0.015607Type3 2 1,351,686
90 8 375 0.984393 0.015607Type3 2 1,351,686
91 8 375 0.984393 0.015607Type3 2 1,351,686

Total 9 111999777,,,222222777,,,555111666

7

65 8 364 0.984848 0.015152Type3 1 675,843
64 8 360 0.985013 0.014987Type2 35,820,615
17 12 530 0.985396 0.014604Type3 1 1,396,291
143 8 335 0.986046 0.013954Type3 1 675,843
44 12 479 0.986792 0.013208Type3 1 1,396,291
76 12 479 0.986792 0.013208Type2 59,062,056
114 8 312 0.986998 0.013002Type2 31,044,533
160 8 300 0.987495 0.012505Type2 29,850,512
45 8 300 0.987495 0.012505Type2 29,850,512
46 8 300 0.987495 0.012505Type2 29,850,512

Total 4 222111999,,,666222333,,,000000999

<<<TTTaaabbbllleee444---111>>>CCCooonnntttiiinnnuuueeeddd
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CCCaaassseeeIIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreeeRRRaaattteee TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

8

11 8 288 0.987992 0.012008Type3 1 675,843
25 8 288 0.987992 0.012008Type2 28,656,492
22 12 431 0.988107 0.011893Type3 1 1,396,291
93 12 400 0.988958 0.011042Type3 2 2,792,582
161 12 400 0.988958 0.011042Type2 49,321,133
150 12 384 0.989397 0.010603Type3 1 1,396,291
35 12 383 0.989425 0.010575Type3 2 2,792,582
132 8 250 0.989568 0.010432Type2 24,875,427
156 8 216 0.990981 0.009019Type3 2 1,351,686
31 12 312 0.991377 0.008623Type2 38,470,484

Total 9 111555111,,,777222888,,,888111111

9

72 12 300 0.991707 0.008293Type3 2 2,792,582
92 12 300 0.991707 0.008293Type3 2 2,792,582
116 12 264 0.992699 0.007301Type3 1 1,396,291
71 12 240 0.993360 0.006640Type3 2 2,792,582
94 12 240 0.993360 0.006640Type2 29,592,680
127 12 240 0.993360 0.006640Type3 2 2,792,582
83 12 216 0.994022 0.005978Type2 26,633,412
158 12 200 0.994464 0.005536Type2 24,660,566
23 8 88 0.996316 0.003684Type2 8,756,150
4 12 83 0.997699 0.002301Type2 10,234,135

Total 9 111111222,,,444444333,,,555666444

TTToootttaaalllnnnooo...ooofffvvvaaalllvvveeesss===666999 TTToootttaaalllCCCooosssttt===￦￦￦ 222,,,666777333,,,666999000,,,888444888

<<<TTTaaabbbllleee444---111>>>CCCooonnntttiiinnnuuueeeddd
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CCCaaassseee RRReeellliiiaaabbbiiillliiitttyyy
NNNooo...ooofff
pppiiipppeeesssiiinnn
MMMCCC

NNNooo...ooofff
ssseeegggmmmeeennntttsss

CCCooosssttt
(((￦￦￦)))

SSSuuummmooofffcccooosssttt
(((￦￦￦)))

SSSuuummmooofff
EEENNNCCCOOOSSS

Case0 0.137310 90 80 0 0 286

Case1 0.178027 86 86 868,444,792 868,444,792 254

Case2 0.230833 80 94 370,761,339 1,239,206,130 227

Case3 0.272747 74 101 305,116,098 1,544,322,229 221

Case4 0.314284 68 108 278,505,401 1,822,827,629 203

Case5 0.359099 61 118 169,840,319 1,992,667,948 182

Case6 0.400560 55 127 197,227,516 2,189,895,465 109

Case7 0.430831 51 131 219,623,009 2,409,518,473 105

Case8 0.463373 45 140 151,728,811 2,561,247,285 68

Case9 0.482660 40 149 112,443,564 2,673,690,848 57

<<<TTTaaabbbllleee444---222>>>RRReeesssuuullltttooofffeeeaaaccchhhCCCaaassseee,,,RRRuuullleee111
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Theapplicationresultsaresaidasfollows.
(1)Inthefinalcase,thetotalreinforcementcostis￦ 2,673,690,848and
thenumberofinstalledvalvesis69.

(2)Theinitialreliabilityofthesystem is0.137310butitisimprovedto
0.482660 after the reinforcements. This value means that the
probabilityis48.27% thatthereisnotanysuspensionofwatersupply,
unintendedisolationandlow pressureinthesystem foroneyear.

(3)Initially,thesum of is286butitisreducedto57atthefinal
case.

(4)Thenumberofpipesinminimum cutsetsis90butitreducedto40
byadding69valvesinthesystem whilethenumberofsegmentis
increasedfrom 80to149.
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4.1.2.4.1.2.4.1.2.4.1.2. Rule Rule Rule Rule 2222

Thesegmenthavingthebiggest shouldbereinforcedfirstly
andthepipewhichhavethesmallestreliabilityisthefirstobjecttobe
reinforcedinthesegment.Theyarereinforced10by10bythepriority
orderofreinforcement(Case1～9),pipesintheType2arereplacedwith
onesthathave2inch morein diameterto increasetheirdurability
respectively.
<Table4-3>showsthetypeofeachpipeandthecostofeachcase.

<Table4-4> showsoverallresultsoftheapplication and<Fig.4-4,
4-5>indicatethesystem reliabilityandthetotal ofeachcase.

CCCaaassseee IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreee

RRRaaattteee
SSSeeegggmmmeeennnttt
IIIDDD NNNCCCOOOSSS TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

1

84 8 375 0.984393 0.015607 S(20) 1182 Type3 1 675,843

87 8 375 0.984393 0.015607 S(20) 1182 Type3 2 1,351,686

90 8 375 0.984393 0.015607 S(20) 1182 Type3 2 1,351,686

91 8 375 0.984393 0.015607 S(20) 1182 Type3 2 1,351,686

93 12 400 0.988958 0.011042 S(20) 1182 Type3 2 2,792,582

92 12 300 0.991707 0.008293 S(20) 1182 Type3 2 2,792,582

116 12 264 0.992699 0.007301 S(20) 1182 Type3 1 1,396,291

120 12 647 0.982201 0.017799 S(39) 456 Type3 2 2,792,582

127 12 240 0.993360 0.006640 S(39) 456 Type3 2 2,792,582

41 12 743 0.979587 0.020413 S(13) 453 Type3 2 2,792,582

Total 18 222000,,,000999000,,,111000666

<<<TTTaaabbbllleee444---333>>>AAAppppppllliiicccaaatttiiiooonnn,,,RRRuuullleee222,,,CCChhheeerrrrrryyyHHHiiillllll



- 70 -

CCCaaassseee IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreee

RRRaaattteee
SSSeeegggmmmeeennnttt
IIIDDD NNNCCCOOOSSS TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

2

35 12 383 0.989425 0.010575 S(13) 453 Type3 2 2,792,582

67 8 838 0.965460 0.034540 S(24) 383 Type3 2 1,351,686

75 12 647 0.982201 0.017799 S(24) 383 Type3 1 1,396,291

156 8 216 0.990981 0.009019 S(24) 383 Type3 2 1,351,686

72 12 300 0.991707 0.008293 S(24) 383 Type3 2 2,792,582

71 12 240 0.993360 0.006640 S(24) 383 Type3 2 2,792,582

4 12 83 0.997699 0.002301 S(24) 383 Type2 10,234,135

97 12 623 0.982855 0.017145 S(29) 348 Type2 76,817,664

94 12 240 0.993360 0.006640 S(29) 348 Type2 29,592,680

133 8 1150 0.952907 0.047093 S(43) 221 Type3 2 1,351,686

Total 13 111333000,,,444777333,,,555777777

3

129 12 671 0.981546 0.018454 S(43) 221 Type2 82,736,200

157 12 1796 0.951368 0.048632 S(18) 205 Type3 2 2,792,582

54 12 600 0.983483 0.016517 S(18) 205 Type3 1 1,396,291

44 12 479 0.986792 0.013208 S(18) 205 Type3 1 1,396,291

142 8 1821 0.926461 0.073539 S(71) 180 Type2 181,192,608

136 8 647 0.973226 0.026774 S(34) 158 Type2 64,377,604

107 8 527 0.978137 0.021863 S(34) 158 Type3 1 675,843

30 12 767 0.978934 0.021066 S(14) 146 Type2 94,573,272

31 12 312 0.991377 0.008623 S(14) 146 Type2 38,470,484

132 8 250 0.989568 0.010432 S(35) 117 Type2 24,875,427

Total 5 444999222,,,444888666,,,666000333

<<<TTTaaabbbllleee444---333>>>CCCooonnntttiiinnnuuueeeddd
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CCCaaassseee IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreee

RRRaaattteee
SSSeeegggmmmeeennnttt
IIIDDD NNNCCCOOOSSS TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

4

150 12 384 0.989397 0.010603 S(51) 112 Type3 1 1,396,291

137 8 700 0.971065 0.028935 S(49) 103 Type2 69,651,195

83 12 216 0.994022 0.005978 S(27) 100 Type2 26,633,412

50 12 1703 0.953827 0.046173 S(67) 94 Type2 209,984,723

122 12 887 0.975679 0.024321 S(68) 94 Type2 109,369,612

113 8 407 0.983073 0.016927 S(36) 85 Type2 40,497,195

114 8 312 0.986998 0.013002 S(36) 85 Type2 31,044,533

151 12 1533 0.958339 0.041661 S(25) 84 Type3 1 1,396,291

139 8 1007 0.958640 0.041360 S(47) 79 Type3 2 1,351,686

138 8 407 0.983073 0.016927 S(47) 79 Type3 1 675,843

Total 5 444999222,,,000000000,,,777888111

5

143 8 335 0.986046 0.013954 S(47) 79 Type3 1 675,843

73 12 623 0.982855 0.017145 S(26) 75 Type3 1 1,396,291

65 8 364 0.984848 0.015152 S(23) 75 Type3 1 675,843

64 8 360 0.985013 0.014987 S(23) 75 Type2 35,820,615

42 12 576 0.984138 0.015862 S(12) 70 Type2 71,022,431

55 8 420 0.982537 0.017463 S(21) 60 Type3 1 675,843

56 8 420 0.982537 0.017463 S(21) 60 Type3 2 1,351,686

57 8 420 0.982537 0.017463 S(21) 60 Type3 2 1,351,686

58 8 420 0.982537 0.017463 S(21) 60 Type3 1 675,843

40 8 1127 0.953827 0.046173 S(15) 58 Type2 112,138,424

Total 9 222222555,,,777888444,,,555000666

<<<TTTaaabbbllleee444---333>>>CCCooonnntttiiinnnuuueeeddd
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CCCaaassseee IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreee

RRRaaattteee
SSSeeegggmmmeeennnttt
IIIDDD NNNCCCOOOSSS TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

6

37 8 500 0.979246 0.020754 S(54) 58 Type2 49,750,853

38 8 1438 0.941465 0.058535 S(63) 57 Type2 143,083,455

126 8 1079 0.955750 0.044250 S(19) 51 Type2 107,362,342

59 12 838 0.977007 0.022993 S(3) 48 Type3 1 1,396,291

21 12 815 0.977631 0.022369 S(9) 44 Type3 2 2,792,582

22 12 431 0.988107 0.011893 S(9) 44 Type3 1 1,396,291

23 8 88 0.996316 0.003684 S(9) 44 Type2 8,756,150

52 6 910 0.948484 0.051516 S(5) 44 Type3 1 411,251

160 8 300 0.987495 0.012505 S(37) 44 Type2 29,850,512

161 12 400 0.988958 0.011042 S(37) 44 Type2 49,321,133

Total 5 394,120,861

7

125 8 528 0.978096 0.021904 S(31) 41 Type3 1 675,843

43 8 1100 0.954908 0.045092 S(79) 35 Type2 109,451,878

60 8 1000 0.958922 0.041078 S(60) 35 Type3 1 675,843

130 8 887 0.963478 0.036522 S(32) 35 Type3 1 675,843

46 8 300 0.987495 0.012505 S(57) 35 Type2 29,850,512

53 8 1072 0.956030 0.043970 S(6) 32 Type3 1 675,843

48 8 790 0.967406 0.032594 S(46) 32 Type2 78,606,349

144 12 1102 0.969873 0.030127 S(72) 32 Type2 135,879,721

16 8 576 0.976129 0.023871 S(7) 32 Type3 1 675,843

128 8 551 0.977153 0.022847 S(42) 32 Type2 54,825,441

Total 5 411,993,116

<<<TTTaaabbbllleee444---333>>>CCCooonnntttiiinnnuuueeeddd
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CCCaaassseee IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy FFFaaaiiillluuurrreee

RRRaaattteee
SSSeeegggmmmeeennnttt
IIIDDD NNNCCCOOOSSS TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss
CCCooosssttt
(((￦￦￦)))

8

17 12 530 0.985396 0.014604 S(7) 32 Type3 1 1,396,291

11 8 288 0.987992 0.012008 S(6) 32 Type3 1 675,843

5 8 870 0.964165 0.035835 S(4) 28 Type3 1 675,843

3 8 526 0.978178 0.021822 S(4) 28 Type3 1 675,843

123 8 766 0.968380 0.031620 S(30) 25 Type2 76,218,308

135 8 551 0.977153 0.022847 S(45) 25 Type3 1 675,843

101 8 527 0.978137 0.021863 S(33) 25 Type3 1 675,843

115 8 455 0.981096 0.018904 S(38) 25 Type2 45,273,277

134 8 455 0.981096 0.018904 S(45) 25 Type3 1 675,843

25 8 288 0.987992 0.012008 S(10) 19 Type2 28,656,492

Total 7 155,599,426

9

47 8 400 0.983362 0.016638 S(56) 16 Type2 39,800,683

159 8 743 0.969315 0.030685 S(52) 13 Type2 73,929,768

146 8 700 0.971065 0.028935 S(22) 13 Type3 1 675,843

18 8 583 0.975842 0.024158 S(8) 13 Type3 1 675,843

141 8 431 0.982084 0.017916 S(48) 13 Type2 42,885,236

76 12 479 0.986792 0.013208 S(28) 13 Type2 59,062,056

51 8 400 0.983362 0.016638 S(55) 6 Type2 39,800,683

61 8 400 0.983362 0.016638 S(59) 6 Type2 39,800,683

45 8 300 0.987495 0.012505 S(58) 6 Type2 29,850,512

158 12 200 0.994464 0.005536 S(61) 0 Type2 24,660,566

Total 2 351,141,874

TTToootttaaalllnnnooo...ooofffvvvaaalllvvveeesss===666999 TTToootttaaalllCCCooosssttt===￦￦￦ 222,,,666777333,,,666999000,,,888444888
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CCCaaassseee RRReeellliiiaaabbbiiillliiitttyyy
NNNooo...ooofff
pppiiipppeeesssiiinnn
MMMCCC

NNNooo...ooofff
ssseeegggmmmeeennntttsss

CCCooosssttt
(((￦￦￦)))

SSSuuummmooofffcccooosssttt
(((￦￦￦)))

SSSuuummmooofff
EEENNNCCCOOOSSS

Case0 0.137310 90 80 0 0 286

Case1 0.157144 80 98 20,090,106 20,090,106 162

Case2 0.180666 73 111 130,473,577 150,563,682 119

Case3 0.206184 69 116 492,486,603 643,050,286 95

Case4 0.236036 65 121 492,000,781 1,135,051,066 83

Case5 0.269401 58 130 225,784,506 1,360,835,572 75

Case6 0.310517 54 135 394,120,861 1,754,956,433 69

Case7 0.378687 49 140 411,993,116 2,166,949,549 62

Case8 0.445672 42 147 155,599,426 2,322,548,975 58

Case9 0.482660 40 149 351,141,874 2,673,690,848 57

<<<TTTaaabbbllleee444---444>>>RRReeesssuuullltttooofffeeeaaaccchhhCCCaaassseee,,,RRRuuullleee222
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Theresultsareasfollows.
(1)Thesegmentcausingthebiggestcustomersoutofserviceisshown
in<Fig.4-6>.Itconsistsof7pipesandisisolatedby8adjacent
valveswhenanyoneofthem fails.Thetotalnumberofcustomers
outofservice() is 1,182,itis a very big number when
consideringthesecondoneisjust456.

<<<FFFiiiggg...444---666>>>VVVuuulllnnneeerrraaabbbllleeeaaarrreeeaaaiiinnnCCChhheeerrrrrryyyHHHiiillllll
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(2)Allpipesin thesegmentaretheType3.Theextentofdamage
coming from failures ofthe segmentcan be reduced greatly by
installing 12 valves with smallcost as shown in <Fig.4-5>.
However,theefficiencyisnotacommonresultbutarisesfrom the
structuralvulnerableareashownin<Fig.4-6>.

(3)<Fig.4-7>showsthesum of ateachcaseofRule1andRule2
respectively.Theresultsindicatethattheefficiency ofRule2 for
decreasingthesum of isgreaterthantheRule1.
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4.1.3.4.1.3.4.1.3.4.1.3. Practical Practical Practical Practical approachesapproachesapproachesapproaches

Increasing pipedurability needstobetreated carefully in various
viewpointsconsideringsituationsandpurposes.Inthepreviouschapter,
pipesintheType2arereplacedwithonesthathave2inchmorein
diametertoincreasetheirdurability.Consequently,thesystem reliability
isimprovedto0.482660and thesum of isreducedto57atthe
finalcasebyinvesting￦2,673,690,848.
The total cost calculated by Eq.<3-1> to lay water-pipes

undergroundis$1,224,942in1987andtheU.S.dollarrateis￦792.3
atthattime.Thecostcanbeapproximatelyconvertedtothevalueof
2006by using theconsumerpriceindex ofeach year.Thevalueis
￦2,358,569,983.Besides,thevalveinstallationcostfor94valvesinthe
system is￦84,039,544.Therefore,thetotalcostis￦2,442,609,527.
Namely,theimprovementsareobtainedbyinvesting￦2,673,690,848

tothesystem constructedbyspending￦2,442,609,527.Theworkishard
tobecarriedoutinactuality.
Therefore,practicalapproachesareperformedconsideringthecostof

reinforcement.Thereare90pipeswhichbelongtotheminimum cutsets.
Ofthese,40pipesaretheType2and50areintheType3.Firstofall,
69valvesareinstalledonthepipesintheType3andthenonlytwo
pipesintheType2thatitsreliabilityislowerthan0.95arereplaced
withoneswhichcanmakeitmorethan0.95asshownin<Table4-5>.

ID From To
Dia.(in) Lth.(ft) Rel. Dia.(in) Lth.(ft) Rel.

142 8 1821 0.926461 12 1821 0.950708
38 8 1438 0.941465 10 1438 0.953403

<<<TTTaaabbbllleee444---555>>>RRReeeiiinnnfffooorrrccceeemmmeeennntttsssooofffpppiiipppeeesss
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<Table4-6>showstheresults.thesystem reliabilityisimprovedto
0.423171 and the sum of  is reduced to 64 by investing
￦549,311,024whichisjust22% ofthetotalconstructioncost.
<Fig.4-8> shows the values ofthe approaches relatively when

assumingthattheoriginalvaluesare100respectively.Theresultssay
thattheeffectivenessofinstallingvalvesandpipereplacementshould
beconsideredcarefullyinvariousviewpoints.

From To

Original Academicalapproach Practicalapproach

Cost(￦) 2,442,609,527 +2,673,690,848 +549,311,024

Reliability 0.13731 0.482660 0.423171

Sum ofENCOS 286 57 64

<<<TTTaaabbbllleee444---666>>>AAAcccaaadddeeemmmiiicccaaalllaaapppppprrroooaaaccchhhvvvsss...PPPrrraaaccctttiiicccaaalllaaapppppprrroooaaaccchhh
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4.2.4.2.4.2.4.2. Applications Applications Applications Applications (Chester (Chester (Chester (Chester Water Water Water Water Authority)Authority)Authority)Authority)

Inthischapter,thepracticalapproachesoftherulesareappliedtothe
ChesterWaterAuthoritynetworkinthestateofPennsylvania,USA.

4.2.1.4.2.1.4.2.1.4.2.1. Overall Overall Overall Overall conditions conditions conditions conditions of of of of CWACWACWACWA

TheChesterWaterAuthoritynetworkconsistsof2sources,2tanks,
5pumps,354valves,and560pipes(4～20")asshownin<Fig.4-9>.
Thetotallengthofwaterpipesis171,245ft(52,195m).
Thereare537pipeswhich belong tominimum cutsetsandthe

numberofsegmentsis314.Thesystem reliabilityis ×  that
isverylow becauseofthenumberofpipesinminimum cutsetsand
thetotalnumberof is333.
The total cost, calculated by Eq.<3-1> to lay water-pipes

underground,is$2,910,729in1987andtheU.S.dollarrateis￦792.3at
thattime.Thecostcanbeapproximately convertedtothevalueof
2006byusing theconsumerpriceindex ofeachyear.Thevalueis
￦5,604,475,236.Besides,thevalveinstallationcostfor354valvesinthe
system is￦241,520,543Therefore,thetotalcostis￦5,845,995,479.
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4.2.2.4.2.2.4.2.2.4.2.2. Rule Rule Rule Rule 1111

Firstofall,thepipesinminimum cutsetsaredividedintothree
types(Type1～3).Afterthat,1～2valvesareinstalledonthepipesin
theType3andthenpipesintheType2thatitsreliabilityislower
than0.95arereplacedwithoneswhichcanmakeitmorethan0.95
asshownin<Table4-7>.

IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss

DDDiiiaaammmeeettteeerrr
IIInnncccrrreeemmmeeennnttt
(((iiinnnccchhh)))

CCCooosssttt
(((￦￦￦)))

77032 2 906 0.781275 Type2 6 80,109,515
77034 2 903 0.781914 Type2 6 79,844,252
77162 2 841 0.795233 Type3 1 73,329
76981 6 2260 0.876908 Type2 10 307,412,767
77114 6 2028 0.888812 Type3 1 411,251
95511 4 1223 0.888822 Type3 1 210,413
79704 8 2519 0.899730 Type3 1 675,843
77151 8 2407 0.903966 Type2 10 359,342,236
77122 8 2406 0.904004 Type3 1 675,843
95513 4 956 0.911989 Type3 1 210,413
30323 20 4861 0.916027 Type3 1 3,602,240
126173 2 293 0.923279 Type2 2 19,894,638
P-558 6 1298 0.927335 Type2 4 129,153,216
77004 6 1140 0.935890 Type3 1 411,251
79894 2 243 0.935942 Type2 2 16,499,649
77241 8 1563 0.936542 Type3 1 675,843

<<<TTTaaabbbllleee444---777>>>AAAppppppllliiicccaaatttiiiooonnn,,,RRRuuullleee111,,,CCCWWWAAA
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IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss

DDDiiiaaammmeeettteeerrr
IIInnncccrrreeemmmeeennnttt
(((iiinnnccchhh)))

CCCooosssttt
(((￦￦￦)))

81719 8 1549 0.937092 Type2 4 172,138,746
76955 8 1507 0.938744 Type3 1 675,843
77016 8 1492 0.939335 Type3 1 675,843
77618 8 1466 0.940360 Type3 2 1,351,686
P-557 8 1444 0.941228 Type3 2 1,351,686
76953 6 1042 0.941235 Type2 2 92,134,785
P-561 8 1404 0.942809 Type3 1 675,843
241226 4 610 0.942910 Type3 1 210,413
77379 8 1388 0.943442 Type3 1 675,843
P-563 8 1342 0.945264 Type3 1 675,843
79651 8 1332 0.945661 Type2 0
76974 8 1331 0.945700 Type3 2 1,351,686
77165 8 1308 0.946613 Type3 1 675,843
238979 8 1262 0.948441 Type2 0
77139 10 1583 0.948827 Type3 1 1,004,190
79700 8 1250 0.948919 Type3 2 1,351,686
77238 8 1215 0.950313 Type2 0
76926 8 1215 0.950313 Type3 1 675,843
241276 4 526 0.950574 Type2 0
77082 6 821 0.953403 Type3 1 411,251
77355 8 1118 0.954187 Type2 0
95109 8 1113 0.954388 Type3 2 1,351,686
77326 8 1112 0.954428 Type3 1 675,843
95567 8 1111 0.954468 Type2 0
88126 4 466 0.956086 Type2 0

<<<TTTaaabbbllleee444---777>>>CCCooonnntttiiinnnuuueeeddd
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IIIDDD DDDiiiaaammmeeettteeerrr
(((iiinnnccchhh)))

LLLeeennngggttthhh
(((fffttt))) RRReeellliiiaaabbbiiillliiitttyyy TTTyyypppeee NNNooo...ooofff

vvvaaalllvvveeesss

DDDiiiaaammmeeettteeerrr
IIInnncccrrreeemmmeeennnttt
(((iiinnnccchhh)))

CCCooosssttt
(((￦￦￦)))

77069 6 753 0.957179 Type3 1 411,251
229849 8 1043 0.957194 Type2 0
77232 8 1033 0.957595 Type2 0
79668 6 735 0.958181 Type3 2 822,502
81730 8 1010 0.958520 Type3 2 1,351,686
120274 8 1003 0.958801 Type2 0
81533 4 436 0.958854 Type3 2 420,826
77079 6 722 0.958905 Type3 1 411,251
76963 8 986 0.959485 Type2 0
77236 8 978 0.959807 Type2 0

Total 333888 111,,,222888000,,,666888444,,,777777666

<<<TTTaaabbbllleee444---777>>>CCCooonnntttiiinnnuuueeeddd

Theresultsareasfollows.
(1) The Pipes, “77032”, “77034”, “77162”, have low reliability
respectively.So,theyshouldbereinforcedfirstlyintheRule1.

(2)Thenumberofaddedvalvesis38and9pipesarereplacedwith
oneswhich can makeitmorethan 0.95exceptforpipesthat
become0.95byroundingoffthenumberstothreedecimalplaces.

(3)Afterapplications,thetotalcostis￦1,280,684,776andthereare
507pipeswhichbelongtominimum cutsetsandthenumberof
segmentsis352.Thesystem reliabilitybecomes ×  and
thesumof isreducedto183.



- 86 -

FFFrrrooommm TTTooo

CCCooosssttt(((￦￦￦))) 5,845,995,471 +1,280,684,776

RRReeellliiiaaabbbiiillliiitttyyy ×  × 

SSSuuummmooofffEEENNNCCCOOOSSS 333 183

NNNooo...ooofffvvvaaalllvvveeesss 354 392

NNNooo...ooofffrrreeeiiinnnfffooorrrccceeedddpppiiipppeeesss - 9

<<<TTTaaabbbllleee444---888>>>RRReeesssuuullltttsss,,,RRRuuullleee111,,,CCCWWWAAA
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4.2.3.4.2.3.4.2.3.4.2.3. Rule Rule Rule Rule 2222

ToapplytheRule2,thesegmentsaresortedinadescendingorder
according totheir .Thesegmenthaving thebiggest 

should be reinforced firstly and the pipe which have the smallest
reliabilityisthefirstobjecttobereinforcedinthesegment.Inthiscase,
thesegmentsthattheir ismorethan10areonlyconsidered.
Afterthat,thepipesinminimum cutsetsaredividedintothree

types(Type1～3).1～2valvesareinstalledonthepipesintheType3
andthenpipesintheType2thattheirreliabilityislowerthan0.95are
replacedwithoneswhichcanmakeitmorethan0.95exceptforpipes
thatbecome0.95byroundingoffthenumberstothreedecimalplaces.

PPPiiipppeee
IIIDDD

DDDiiiaaa...
(((iiinnn)))

LLLttthhh...
(((fffttt)))

RRReeelll...
(((PPPiiipppeee)))

SSSeeeggg...
IIIDDD

RRReeelll...
(((SSSeeeggg...)))

FFFaaaiiilll...
(((SSSeeeggg...)))NNNCCCOOOSSSEEENNNCCCOOOSSS TTTyyypppeee

NNNooo...
ooofff
vvvaaalllvvveee

DDDiiiaaa...
IIInnnccc...

CCCooosssttt
(((￦￦￦)))

2407 8 24070.903966S(202)0.9039660.096034 699 67 Type2 20 392,592,024

15 8 15 0.999371
S(207)0.9034360.096564 289 28

Type3 1 675,843

2406 8 24060.904004 Type3 1 675,843

143 8 143 0.994020

S(77)0.8542360.145764 165 24

Type2 0

1215 8 12150.950313 Type2 0

706 8 706 0.970821 Type2 0

219 8 219 0.990856 Type2 0

8 8 8 0.999664 Type2 0

1033 8 10330.957595 Type2 0

432 8 432 0.982043 Type2 0

<<<TTTaaabbbllleee444---999>>>AAAppppppllliiicccaaatttiiiooonnn,,,RRRuuullleee222,,,CCCWWWAAA
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PPPiiipppeee
IIIDDD

DDDiiiaaa...
(((iiinnn)))

LLLttthhh...
(((fffttt)))

RRReeelll...
(((PPPiiipppeee)))

SSSeeeggg...
IIIDDD

RRReeelll...
(((SSSeeeggg...)))

FFFaaaiiilll...
(((SSSeeeggg...)))NNNCCCOOOSSSEEENNNCCCOOOSSS TTTyyypppeee

NNNooo...
ooofff
vvvaaalllvvveee

DDDiiiaaa...
IIInnnccc...

CCCooosssttt
(((￦￦￦)))

8 8 8 0.999664

S(11)0.8011020.198898 118 23

Type3 2 1,351,686

56 8 56 0.997654 Type2 0

41 8 41 0.998282 Type3 2 1,351,686

13 8 13 0.999455 Type3 2 1,351,686

1331 8 13310.945700 Type3 2 1,351,686

743 8 743 0.969315 Type3 2 1,351,686

19 8 19 0.999203 Type3 2 1,351,686

295 8 295 0.987702 Type3 1 675,843

14 8 14 0.999413 Type2 0

1466 8 14660.940360 Type3 2 1,351,686

67 8 67 0.997194 Type3 1 675,843

32 8 32 0.998659 Type3 2 1,351,686

16 8 16 0.999329 Type3 2 1,351,686

424 8 424 0.982372 Type3 2 1,351,686

26 8 26 0.998910 Type2 0

736 8 736 0.969600 Type3 2 1,351,686

<<<TTTaaabbbllleee444---999>>>CCCooonnntttiiinnnuuueeeddd
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PPPiiipppeee
IIIDDD

DDDiiiaaa...
(((iiinnn)))

LLLttthhh...
(((fffttt)))

RRReeelll...
(((PPPiiipppeee)))

SSSeeeggg...
IIIDDD

RRReeelll...
(((SSSeeeggg...)))

FFFaaaiiilll...
(((SSSeeeggg...)))NNNCCCOOOSSSEEENNNCCCOOOSSS TTTyyypppeee

NNNooo...
ooofff
vvvaaalllvvveee

DDDiiiaaa...
IIInnnccc...

CCCooosssttt
(((￦￦￦)))

190 8 190 0.992062

S(12)0.8452890.154711 128 20

Type2 0

8 8 8 0.999664 Type2 0

150 8 150 0.993728 Type2 0

1118 8 11180.954187 Type2 0

653 8 653 0.972981 Type3 1 675,843

355 8 355 0.985220 Type2 0

21 8 21 0.999120 Type2 0

867 8 867 0.964286 Type2 0

6 8 6 0.999748 Type2 0

301 8 301 0.987454 Type2 0

338 8 338 0.985922 Type2 0

1507 8 15070.938744
S(156)0.9007110.099289 183 18

Type3 1 675,843

986 8 986 0.959485 Type2 0

10 6 10 0.999419

S(171)0.8758890.124111 135 17

Type2 0

10 6 10 0.999419 Type2 0

2260 6 22600.876908 Type2 16 307,412,767

735 6 735 0.958181
S(39)0.9481540.051846 286 15

Type3 2 822,502

181 6 181 0.989535 Type3 1 411,251

<<<TTTaaabbbllleee444---999>>>CCCooonnntttiiinnnuuueeeddd
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PPPiiipppeee
IIIDDD

DDDiiiaaa...
(((iiinnn)))

LLLttthhh...
(((fffttt)))

RRReeelll...
(((PPPiiipppeee)))

SSSeeeggg...
IIIDDD

RRReeelll...
(((SSSeeeggg...)))

FFFaaaiiilll...
(((SSSeeeggg...)))NNNCCCOOOSSSEEENNNCCCOOOSSS TTTyyypppeee

NNNooo...
ooofff
vvvaaalllvvveee

DDDiiiaaa...
IIInnnccc...

CCCooosssttt
(((￦￦￦)))

1332 8 13320.945661
S(43)0.9450260.054974 195 11

Type2 0

16 8 16 0.999329 Type2 0

12 8 12 0.999497

S(17)0.9388510.061149 170 10

Type3 1 675,843

36 12 36 0.999001 Type3 2 2,792,582

69 12 69 0.998087 Type2 0

1455 12 14550.960416 Type3 2 2,792,582

695 12 695 0.980893 Type3 1 1,396,291

906 2 906 0.781275
S(30)0.6108900.389110 27 10

Type2 8 80,109,515

903 2 903 0.781914 Type2 8 79,844,252

Total 37 888888777,,,777777333,,,222222000

<<<TTTaaabbbllleee444---999>>>CCCooonnntttiiinnnuuueeeddd

Theresultsareasfollows.
(1)If“2507”isbroken,699customerswillbeoutofserviceasshown
in<Fig.4-10>.So,itshouldbereinforcedfirstlyintheRule2.

(2)Thenumberofaddedvalvesis37and4pipesarereplacedwith
oneswhichcanmakeitmorethan0.95.

(3)Afterthat,thetotalcostis￦887,773,220andthereare514pipes
whichbelongtominimum cutsetsandthenumberofsegments
is351.Thesystem reliabilitybecomes ×  andthesumof
 isreducedto187.
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FFFrrrooommm TTTooo

CCCooosssttt(((￦￦￦))) 5,845,995,471 +887,773,220

RRReeellliiiaaabbbiiillliiitttyyy ×  × 

SSSuuummmooofffEEENNNCCCOOOSSS 333 187

NNNooo...ooofffvvvaaalllvvveeesss 354 391

NNNooo...ooofffrrreeeiiinnnfffooorrrccceeedddpppiiipppeeesss - 4

<<<TTTaaabbbllleee444---111000>>>RRReeesssuuulllttt,,,RRRuuullleee222,,,CCCWWWAAA
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4.2.4.4.2.4.4.2.4.4.2.4. Results Results Results Results and and and and comparisonscomparisonscomparisonscomparisons

Inthischapter,theefficiencyofeachcaseisverifiedbycomparing
therules(Rule1,Rule2)withtheN-rule.WheretheN-ruleisinstalling
valvesonallpipesconnectedtoanode,whileN-1ruleisinstalling
valvesonallbutonepipe.
<Fig.4-11>showstheN-ruleandtheN-1rule.

<<<FFFiiiggg...444---111111>>>NNNRRRuuullleeeaaannndddNNN---111RRRuuullleee
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781valvesareaddedinthenetworktosatisfy theN-rule.Asa
result,thenumberofpipesdefinedasminimum cutsetsis212andthe
numberofsegmentsis1,106.20pipesintheType2thatitsreliability
islowerthan0.95arereplacedwithoneswhichcanmakeitmorethan
0.95.
Thesystem reliabilityisimprovedto0.1132andthesum of

isreducedto105.Therequiredcost is￦3,019,319,006.
Sincetherequiredcostsisdifferentrespectively,theincrementof

reliability and the decrement of total  per unit cost are
calculatedtocomparetheresultsrelatively.<Table4-11>,<Fig.4-11～
12>show theresults.

CCCooosssttt
(((￦￦￦))) RRReeellliiiaaabbbiiillliiitttyyySSSuuummm ooofffEEENNNCCCOOOSSS

  
×

 
×

Original 5,845,995,4716.7419E-04 333 - -

Rule1 +1,280,684,7761.1118E-02 183 8.15 1.17

Rule2 +887,773,2201.9884E-03 187 1.48 1.64

N Rule+
Reinforcement
(20pipes)

+3,019,319,0061.1316E-01 105 37.25 0.76

<<<TTTaaabbbllleee444---111111>>>CCCooommmpppaaarrriiisssooonnnooofffrrreeesssuuullltttsssaaammmooonnngggRRRuuullleee111,,,RRRuuullleee222aaannndddNNNRRRuuullleee(((CCCWWWAAA)))
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From theresults,theRule1ismoreeffectivethantheRule2to
increasethesystem reliabilitywhiletheRule2ismoreeffectivethan
theRule1todecreasethesizeofdamage.Asstatedintheprevious
chapters,the rules should be applied to improvements of system
reliability according to the purpose because they have different
approachesrespectively.
Theparticularpointisthatthesystem reliabilityisgreatlyimproved

byadoptingtheN rule.Thereasonisthattheextentofdamageby
pipefailurescanbereducedsothatadditionalaccidentsmightnotoccur
comparingwithothers.From theresult,itcanbesaidthattheintended
goalshouldbetheNruleinviewpointsofmaintenance.
Inspiteoftheeffectiveness,realistically,theN rulemightbeaideal

goalbecauseitisburdensometoapplytheN ruletoarealnetwork.In
thecaseofCWA,thetotalnumberofvalvesbecomes1,135byadding
new valves,781.Inactuality,itishardtomaintainandmanagevalves
ofsuchnumberevenifthevalveinstallationcostisnottoohighand
installingallofthem ispossible.Becauseofsuchreasons,thepresented
methodscanbeapracticalalternativeplantoimproveasystem.
Although conditionsofconstruction sitearenotconsideredin the

results perfectly so thatitcan be said thatthey are unreal.itis
expected thattherulesand methodscan beguidelineson plansto
improvethesystem reliability according tothelevelofcapability to
maintainandmanagesystems.



- 97 -

Chapter Chapter Chapter Chapter 5. 5. 5. 5. Summary Summary Summary Summary and and and and ConclusionsConclusionsConclusionsConclusions

Inthisstudy,new methodsarepresentedtoimprovethesystem
reliabilityreasonably.
Asthefirststep,thePark'smodelischosenasatooltoanalyze

systemsandstudy methodstoimprovethesystem reliability.The
modelcanestimatethereliabilitymorepreciselyandeffectivelythan
others.Theadvantagesofthemodelareasfollows:(1)Themethod
,suggestedbyJun(2005)todeterminethepracticalextentofdamage
owingtopipefailures,isused.(2)Calculationerrorsareminimized
byusingthe"successmodeapproach".(3)Themodelcanbeused
easilyforlargenetworks.
Onthebasisoftheanalysisofthemodel,themethodstoimprove

thesystem reliabilityaresummarizedasfollows.Thefirstmethodis
improvingdurabilityofeachpipeinminimum cutsets.Thesecond
method is reforming a structure by installing valves to reduce
additionaldamage.Butincreasing pipedurability withoutstructural
reforming isnotaeffectivemethodtoarisethesystem reliability.
Hence,themethodsshould becombined adequately to improveit
effectively.
For the work, a method is presented to determine types of

reinforcement(Type1～3).First,pipesinthe"Type1"donotneedtobe
reinforced.Second,in the"Type2",they arereinforced by increasing
durability.Finally,oneortwovalvesareinstalledonpipesinthe"Type3".
In addition to the method,the "Rule 1" and the "Rule 2" are

proposed.they have its own purpose respectively.The "Rule 1"is
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focusedonimprovementsoftheon-offreliability.Ontheotherhand,
the"Rule2"isfocusedondecreasingextentofdamagebypipefailures.
The"Rule1"ismoreeffectivethanthe"Rule2"toincreasethesystem
reliability whilethe"Rule2"ismoreeffectivethan the"Rule1"to
decreasethesizeofdamage.Theyshouldbeappliedaccordingtowhat
thepurposeis.
Inconclusion,themethodscan beguidelineson planstoimprove

system reliabilityunderrestrictedconditions.

Thefollow-upresearcheswhichneedtobedoneinthefutureareas
follows.
(1) This study only suggests rough guidelines how to perform

reinforcementstoimprovethesystem reliability.TheBenefit-cost
analysisshouldbeperformedtodeterminethatreinforcementswill
becarriedouttosomedegree.

(2) In this study,only installing valves is considered to do the
structuralreformationofWDSsbecauseofitseasyapproachesin
actuality.However,itis also needed to investigate the other
methods;constructionofalternativepathsorwatertanks.

(3)Inadditiontopipes,thereliabilityofothercomponentsalsoneedto
beconsideredtoestimatethesystem reliabilitymorepractically.

(4)Themodeldoesnotcareaboutsizeofdamagewhenestimatingthe
system reliability.Itisrequiredtodevelopamodelconsideringsize
ofdamagequantitatively.
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