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Abstract
The exact calculation of ri,atel distlil¡ution systern leliability has been shorvn

to l¡e NP-harcl ancl, thelefore, even fol rnoclelateìy sized systeurs, computationally

implactical. Appt oxiurate methocìs to estimate rvatel distlibution system leliabilit¡,

ale attlactive if they can leduce the lequilecl computatiotal effort. In this thesis a

urethod is presentecl rvhich can l¡e usecl to estirnate netrvork leliability. The methocl

is l¡asecl on the clefinition of conclitional plobability, Monte Carlo sir.nulation, ancl the

paltitioniug of the failure space into clisjoilt sets to form a covering set.

The joint plobability of system failure ancl the occullence of a failut'e event in the

coveling set is calculatecl using the defilition of conditional plobability as tlre ploduct

o{ trvo tellns. The first telrn is the plobability of the failule of a specifiecl nurnbel

of cornponents in one of the clisjoint events in the coveling set. This plobabilitJ' of

occuLLence is estimatecl usitg histolical pipe failule claia. The second tel'm is the

probability of system failule givet that the sarne specified uumbel of corn¡ronents

have failed. This telrn is estimatecl usiug N4onte Callo simulation.

The total probability of systen failule is estimated as the surn of the joint proba-

bilities fol all events in the coveling set. Simultaneous estimates ale lequilecl fot both

telms fol each event in the covet'ing set. Bonfer-,.'oni techniques ale used to per.foln

the sil l rult aneous est irr atiol r.

The tecìrnique is applied to four designs fol a ¡vatel clistlibution netwolk. The total

plobability of systeur failule is estinatecl fol all netu'orks using both connectivity ancl

hych'aulic adequacy as failure critelia. Hychaulic aclequacy is clefinecl as the srqrply of

atlequate florv at sufficient pressu'-e levels at all nocles in the nets'olk. The r.eliability

of the netl'olk clesigns rvas successfully cornpared using both a conficlence illtel.r,al

and a lrypothesis testing apptoach.
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Chapter 1

INTRODUCTION

A uuurber of a1>ptoaches to the clesign of water distl'ibution netrvolks usiug tnathemat-

ical plog'-anrning rnodels have been attemptecl in the litelatule. This clesign problem

has beel well solvecl fol the case in rvliich only cost cliteria is consiclerecl, Networks

clesignecl using least cost clitelia have not, however', generally proven acceptable fr.om

a reliability point of vierv because such letu'olks ale l¡r'anchecl. Blanched networks

u'hich lepresent the cheapest systems are consicleled unacceptable fol urban rvater

suppl5, pulposes because they clo not provide the necessaly alternate supply ¡raths,

should a link fail. In adclitiol, such netrvolks col.rtain deacl encl lilks, in wllich watel

can stagnate. Such stagnation plomotes the growth of algae ancl bacteria ancl, hence,

can learl to a health hazarcl.

The clesigl of rvater' <listlibution systern rnodels,t'hich inclucle reliability clitelia

in a satisfactoly rnauneL has proven to be ¿ clificult task. The difficulty of this clesign

task has been incleasecl by the lack of a cleal definition of systen reliability. Both

heuristic ancl plobabilistic clefinitiors of systern reliability liave been proposecl.

The major advantage of heulistic llleasures is the lelatively tnotlest cornputational

burclel t'equiled for theil use. Several authols have ilcolporatecl heuristic clefrlitions

of reliaì:ility into clesign motlels (Ehris (1983), Molgau ancl Goulter' (1985), Coals



ancl Goulter'(1985), Arvurnah et al. (1991)). Modifying moclels currently il use for

design of non-bt'anched netwoll(s i:y the ilclusion of heulistic reliability rneasules has

also beel attractive (See Walski et al., 1987). The lesults have l¡een intelesting, but

have not been rvirlely ernployed. Furtherrnole, the cliffetent clesign rnethocls pr.ocluce

cliffelent results.

All heulistic basecl methods culrently found in the litelature use sur.r.ogate rnea-

sures fol netrvolk reliability. They provicle olly a lelative and irnperfect inclication of

leliability. Fulthernole, urost desigl rnethods clo not cleflne the events tllat constitute

a network failule explicitly. Hence, it is genelally impossible to qualtitively compar.e

clesigls that alise fi'or:r the cliffelent approaches.

These ploblems associatecl il'ith heulistic teliability rìeasures rnake the iclea of a

lnodel l¡asecl on plobabilistic leliability Ìneasures attractive. The calculation of let-

*'ork leliability has, horvever', ploven to be a clifficult and computationally intensive

ploblem. Ball (1980) shorved that the ploblem is NP har.cl. By adding S links to a

14 link netivolk and incleasilg cornputation tirne by a factor. of 10 Su et al. (1987)

clernonstlatecl that these retiability calculatiols are computationally impr.actical. Un-

less clifficuÌties of calculating leliability can be overcome, the cleveloprnent of a clesign

rnodel basecl on plobabilistic reliability Ìreasules is not possible.

One apploach to the leduction of the computational l¡ur'den associated rvith the

r.rse of probalrilistic methocls is lo estim,ate the plobabilities usecl to deteuniue systern

reliability by sampling. Ball alcl Plovan (1983) shoiverl that, utcler. the sever.ely

l'estrictive ancl non-conseLvative assumption that all links in a netu'olk have the same

plobability of failure, it is possible to approximate leliability to any clesir.erl level of

accuracy. Tliis apploxirnation is l¡ased the delivation of polylotnial explessions to

calcul¿te the plobability of 0, l, 2, 3, etc. siuultaneous faihu.es. Ball ancl Pr.ovan's

ap¡rloach also assumecl that netrvorl< failure occurs only if at least one nocle is isolated,



reglectirìg the possibility of failule in the form of inaclequate water pressule. This

approach has not l¡een appliecl to the clesign of rvatel clistlibution systems foÌ this

leasol ancl l¡ecause the rurclellying assurnption of equal probabilitS' of failule is false for'

lìost plactical nett'ol'ks. Netrvolk failule can ¿lso alise fi'om either ilaclequate rvater'

plessute at the clemandecl florv l'ates ol the clelivelecl flori'r'ates can be inaclequate to

meet the lequilecl demancl.

Despite the limitatiols of Ball ancl Provan's apploach, the concept of estintating

netrvolk failule plobabilities using failule pr:obability polynonials is attlactive be-

cause it lvoulcl provicle an apploxirnate, explicit lather than sulrogate, plobabilistic

rÌreasure of leliability. Ball ancl Plovan assume tliat all links fail indepencìently and

have tlle sarne plobability of failule. This assurnption is not supportecl by the infor'-

mation about watel clistribution netrvolks. It should also be noted, that in genelal,

much rnore il{ormatiol exists about pipe failule in water clistribution netrvolks thal

is used in Ball and Provan's apploach. In particular', the City of Winnipeg has kept

extensive, cotlputer leaclable recotds of pipe failures. These recolds provide infolrna-

tion al¡out the numbel of sirlultaneous failures that are likely and about the failule

patteln that has occun'ed in the past. Lt this thesis, a methocl is ploposed to use

additional clata sirnilal to tllose in the City of Willipeg bleak ilata base to estir¡tate

pipe netu'olk leliability rvithout an excessive cornputational burclen.

The retlvork failure plobabilities considered in the methodology being ploposecl

iu this thesis can be decomposecl into ttvo couponelts. The first cornponent is the

probability of exactly rn simultaneous bleaks occulr.ing (m : 0, 1, 2, 3, etc.) It

is indepencleut of netwolk topology. These plobabilities can be estinatecl fi'om the

bleak lecorcls. The seconcl con¡ronelt is the plobability of netrvolk failule, given

that exactly m sirnultaneor¡s breaks have occurlecl, It is dependent on the netrvork

topology. This conditiolal plobability can be estimatetl using N4onte Callo Sir¡ulatiot



rnethods. Trvo cliferent clitelia rvill be used to detelmine netrvotl< failule. These

clitelia are:

c nocle clisconlection

e inaclecluate plessr-ue or'florv levels at the dernancl nocles in tlie netrvork

Lr the next chaptel a detailed levierv is given of apploaches tal<et to the design

of optimally leliable rvatel'suppl¡, systems, in the lìtelatule.



Chapter 2

Literature Review

This leview is diviclecl into fout sections replesentilg the foul cliffelent types of r.e-

search lelevant to the stucly reported in this thesis. The first area of resear.ch is

plimarily concelnecl with tlle developrnent of moclels fol optirnal (least cost) design

of rvater distril¡ution systems. The second alea of leseat'cli levies'ecl is pr.irnar.ily

concelnecl rvith the applicatiol of glaph theoly concepts to the evaluation of letrvolk

reliability. The thilcl alea of lesealch is concelnecl with the use of Monte Car.lo simula-

tion to estimate network leliability. The fourth area of lesealch is specifically focusecl

on the solutiol (pressute ancl florv detelmination) of a hydlaulic net*'ork rvhicli is a

key cornponent of tlie sirnulation prograrn used in this study.

2.L Network Design

Design of optimal water distribution networks, I{almeli et al. (1968).

In this alticle olie of the fil'st lir.rear' 1;r'oglamming rnodels developecl to ilesign op-

tilnal rvatel clistliì:ution systems is p::eseltecl. The cost fuuctiol is linear.ized by using

lengths of pipe of stanclar'd cliarneters as the clecision variables. The lon-linealities

associatecl *'ith heacl loss ale linealizecl by noting that, for a specific link of specific



cliameter, the head loss, pel unit length, is a constaut. Usilg these assumptions, a

lineal ploglamming moclel to optimize a blanchecl rvatel clistril¡ution netrvolk lvith

a single source of supply is cler.elopecl. No atteupt is nacle to include leliabilit5'

colsiclelations in the model.

Optimal design and operation of watel distribution systems, Sharnil

(1e74)

In this al'ticle a lon-lineal rnodel to acldress the optimal clesign ancl opelation

of u'atel distlibution systems is clevelopecl. An iltelesting as¡rect of the folmulation

is the recognition that it is necessary to constrain either' lxessure heacl glaclients

'betrveen 
nocles or' flo'ivs l¡etrveen nodes, but not l¡oth. The moclel halclles loopecl

net*'olks as rvell as blanchecl netrvorks. This model is a significant aclvalce ovel

the rnoclel of i(almeli et al. (1968) because culrent clesign practice lequires that

ulLran water supply letwolks coltain loops. However', no specific tecognition is rnacle

of leliability considerations ancl the moclel sufers from problems inhetent in a non-

lileal ploglamrning approach. These problems include the inability to gualantee

that a global optimum is found, the requirement for rnanual intelvention to prevent

rÌon-corìvel'gence of the moclel ancl the possibility of a lalge cornputational bulclen to

plocluce a solution.

Design of optimal water distribution systems, Alpelovits and Shamir' (1977)

Ill this alticle sevelal improvernerts aLe macle lelative to the mo<lel previously

proposed by the seconcl author'. Rathel than using a non-lineal ploglarnrning rnoclel

to solve the rvatel' cìistribution systern clesign problem, an itelative approach using a

lineal ploglanning model at each step is enployecl. In the moclel flolvs ale assumed

to be fixecl fol each step (solution of the linear progtarn). These flows ale acljustecl

b)' acljusting the florvs in the pipes on the basis of the gradielt of the lletri,olk cost

rvitlt respect to the florvs. This llodel was a lancln¿r'k in the rnethoclology anrl has



l.recorne a stanclalcl fol the solution of the u'ater distlibution netrvolk design Ploblerl

in which ìoops exist ancl fol rvhich netrvolk leliability colsiclelations ale lecognisecl

only by ensuling that loops exist in the netrvork.

The authols lecoguizecl this liuitation explicitly and called fol a rnole intlilsic

clefinition of systern leliability thau tlie lequilernent that the letrvork contain leclun-

clancy in the folm of loops. Such a clefinition of an intlinsic and practically applicable

n.ìeasule of system leliability has not been accornplishecl to date.

Optimization of looped water distribution systems, Quindly et al. (1981)

In this alticle anothel lilear ploglamming glaclielt rr oclel is developecl to optirnize

a watel dist'-ibution system rvhich contains loops. The apploach is sirnilal to that

usecl by Alpelovits ancl Shaurir (1977), the mair diference betrveen these trvo methocls

being that the Quirclry et al. (1981) moclel assumes fixed heacls ancl, basecl on the

assurnecl heads, solves a liueal proglamrniug uroclel, fol the optimurn flows in each

link. After eacli itelation, the heacls ale changed in the clilection of the gladient of the

cost lvith respect to the assurnecl heacls. In coltlast, Alperovits ancl Shamir' (1977)

assumecl florvs and modifiecl the heads in the clilection of the glaclient, u'ith lespect

to cost.

The folr:rulation, plesentecl in this alticle is simplel ancl has lolver conputatioual

lequilernents than tlle lnodel usecl ì.ly Alpelovits ancl Sha¡rir (1977). The authols also

lecognize that the lequirement fol ledundancy plovicled by loops in the net*'olk is

vague, but clo not dilectly arlrlress the issue of the design of optinially leliable lvater

distlibution letrvolks.

It is intelesting to note that in the solution to the New York City supply tunlels

ploblern, the solution founcl by the Quinclry et al. (1981) model, rvas an iniplicitly

blanchecl lletrvolk. A1l existing pipes in the systeur n'ere assurrecl to r.emain in the

systern, rvith all expansion beilg concentlatecl on a spanning tree of the uetivor.k.



Obtaining layout of water distribution systems, Rorvell and Barnes (1982)

In this article the authors clevelop a trvo par.t moclel to design the layout ancl size

the elemellts of a rvatel distlibutiort netrvolk. The first palt of the ¡roclel selects a

tlee shapecl letrvolk to plovicle basic florv to cleuancl llodes, The seconcl palt of the

model aclds linl<s to folti loops in the tlee str.uctule. These loops ar.e icleltifiecl as

those uecessary to provide altelnate paths fi'om the soulce nocle to the dernancl locles

in case of plinraly link failure and system maintenance.

The first palt of the nodel is a non-linear' ploglarnrnilg motlel rvliich minimizes

the cost of plovicling pipes fo:: ¿ Ì¡ralched uetrvork subject to lineat'florv constraints.

The conclitions unclel rvhich the cost function is co'ncave ale notecl and it is shoivn

that, fol nolrnal operating colclitions fol rvatel' supply systems, the cost function

meets these conclitions. Since the rnoclel iuvolves rr. iniurizilg a corcave cost functiol

ovel a lineal set of constraint equations, this moclel gualantees a globally optimal

solution fol the blanchecl netrvork uncler consicleratiol.

The second part of the uoclel, rvhich generates reclundalt links, is a genelal {0-1}

integer ptoglarnrniug ptoblern, *'hich minirnizes the cost of plovirling ledunclant links

subject to the lequilenent that the florv capacity of the reclundant links is gr.eater.

than a specified rninimurl value. The authols note that, in geuer.al, this apploach

cloes rrot plovicle an optimal clesign fol the total networh.

This trvo pat't rnoclel is of intelest ì¡ecause it is the first mocìel in the litelatu¡e to

par:titiol the clesigl of rvatel supply netrvolks into trvo parts and to use the output of

the fir'st palt of the moclel as input to the second palt. It should be noted that the

assumption implicit in this apploach is that the provisiol of at least trvo inclepenclent

paths to each lode eusures sufficient r.eliaì:ility for the netrvor.k.

1l addition, a colstarlt h5'<1tu,ttt. gladient is assuurecl fol all links in the nett'or.k.

Cìoultel aucl N4organ (1984) identified this as a ploblen in naintainilg hyclraulic



corìsisteûcy in this n.roclel.

Discussion of 'Obtaining layout of water distribution systems' by Rowell

and Barnes, GoLrlter ancl Molgan (1984)

Ill this discussion paper the authols poilt out that the assumption of Roli'ell alcl

Bal¡es tllat the head loss glaclielt is colstant is oll¡' I easolal:le iu ¿ tlee shaped net-

ryolk. Il a loopecl netrvork hyclraulic consistelcy lequiles tliat the head loss l¡etween

trvo points have the same value, r'egardless ofpath. If paths ale of clifelent lengths,

the heacl loss gladient must var-y acloss the netrvolk.

A feedback rnechanisu, collecting the ts'o palts of the modeì, is suggestecl to

ensure that the n.rodel bettel lepresents the actual conditions that would be plesent

il a functioniug system. It slioulcl be lotecl that such a feeclback rlechanisn implies

that the trvo palts of the model rvoulcl be iterative in nature. This woulcl impose a

lalgel computational burclen than that leportecl by Rotvell ald Barnes (1982).

-A.n integrated approach to the layout and design of water distr.ibution

networks, Cìoultel ancl Molgau (1985)

Lr this alticle the design of watet distlibution letrvolks is again separatecl into

trvo sub-problems: netrvork layout and pipe sizing. A lineal proglamming uoclel (a

plessule head moclel) l¡ased on assumecl florv patterns is ploposecl to solve the pipe

sizing ploblern. Anothel linear plogramming utodel is proposecl to solve the layout

ploblem (tlìe layout moclel) basecl on assunled pressure heads. Liitially, pressure

heads ale assumecl fol the layout rnodel. The output of the layout rnodel includes

genelated floivs, basecl on the assurnecl pressule lieacls. These florvs ale usecl as input

to tlte plessure head moclel. The plessule heacl rnoclel, in tuln, generates revisecl

pressuLe heacls. This iterative procedule is lepeatecl until a satisfactoly clesign is

achieved.

This design methocl equates netrvork leliability rvith the existelce of l'echrnclant



paths (loops) to each nocle. The moclel attempts to folce reclulclant patlìs irìto net-

rvolks clesignecl by this rnodel by means of a conclition \\'hich guarantees that t*'o

links ate irlcident on each nocle. The autìrol's lÌote that this conclition is insufficielt to

guarantee tlue t'eduuclancy. Visual inspection of the netlvol'k is lequiled to cletect the

existertce of 'uoll-r'eclunclancies' in the netrvolk that this leliability conclitiou fails to

pleclude. Such 'lon-r'etlunclancies' includes rìo true alterrìative pathl'ay florn a souLce

to a clelriand point. In adclition, rnanual iutervention, tvhich cau be autouratecl, is

ltecessaÌy betrveel successive luns, of each moclel) to elsute that leliability conditions

ale being rnet.

Quantitative approaches to reliability assessment in pipe networks,

Cìoultel arcl Coals (1986)

This papel contains a genelal cliscussion of leliability critetia foÌ watel distlibu-

tion networhs. Netrvork leliability is designed as the plobability of the network being

able to supply sufficieÌlt florv at the lequir.ed plessute to all nodes in the netwolk. The

papel lecognizes tliat bot,h the netrvor'l< layout aricl the component lelial¡ilities con-

tlil¡ute to netrvolk leliability. Specifically, it is recognizecl that a single pipe rvhich has

a very low plobability of {ailure rnight plovicle a higher level of leliability than several

less lelial¡le ¡ripes connectecl in palallel. The sepalatiou of cornpolent leliability florr

layout leliability is a key component of the rnotlel plesentecl in this thesis.

In acldition, trvo urethods of clesigning an optimal watel clistribution systern undet

leliability colstlaints ale proposed. The fir'st method usecl a lode isolatiol apploach.

In this apploach the probability that all links connecting a node to the netrvork

ale bloker is usecl as a nìeasure of leliability. This measule of leliability is non-

corìser\¡ati\¡e because it is possible to isolate a node fÌorn the netu'ork by br.eaking

links that ale not clilectly connected to the node. Iu tliis sense this moclel uses a

proxy foÌ r'eliability rather than measur-ing I'eliablity clir.ectly.

l0



The seconcl model uses a goal ploglarnrning approach basecl ol rninirlizing the

cliffelences in I'elial:ilities oT pipes connectecl to each node. It should l¡e notecl that

this approach tloes not explicitly tal<e into account cornponent leliaì:ility ancl as in

the ltlevious method is non-conseLvative because olly links clilectly conuected to a

nocle ale incluclecl il the goal proglamming folrnulation. In effect, this moclel uses a

l)r'oxy rÌreasure for layout leliability.

This article is interesting because it ploposes a cleal definition of netrvolk lelial¡il-

ity. Thele ale plobìems, Itoleve'-, in the application of both r.eliability pr.oxies, such

as tlìose in this str-rdy, because nore of theln can gualantee tllat a netrvork clesign tvill

work rvith a given probability level.

Optimal urban water distribution design, Molgan ancl Goulter'(1g85)

In this article a heuristic, iterative n'roclel fol the design of ull¡ali rvatel clistlibution

netrvolks is plesentecl. A linear ploglamming moclel is usecl to cletermine the o1>timal

links in a networlt in rvhicll to change pipe cliameters. The Har.cly-(Jr.oss netllocl is

used then to check fol hydlaulic consistency. A linear. rveighting algolithm is used to

clecicle which pipes ale to be eliminatecl from the network after each iteration.

This alticle is interesting Lrecause it is the fir'st a.l ticle in the litet'atule to clis-

tinguish betrveen netrvot'k reliability alcl the design of loopecl uetrvorks. The uodel

developed does ltot explicitly inclucle constlaints to enforce any reliability proxy, Il-
stead, r'edunclancy is fot cecl by the considetation of a large numbel of test cases (loacl

pattelns). These test cases included nolmal usage clemancls at all nocles, except one,

anrì the rvorst possible pipe bleak, combilecl with the demalcl fol the sirnultaneous

plovision of fil'e flow volurnes at the lemainirg rode. Ole test case rvas specified fol

each clemancl node. The use of a large numbel of test loacl cases to folce redundancy

irto the netrvolk, is a useful extensiol to the concept that netri'olk r.eliability is es-

seltially the ability to ¡rlovide fol all requiled clernands at all nocles of the nettvork
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B'hen a con.rponent in the netrvorl<, fol example a pipe, is blokeu.

The lrethocl pro¡rosed il this alticle is heulistic in nature and, hence, cloes not

gualaltee a globally optimal solution. Again because this uethod cletelmiles netu'olk

leliability qualitatively, r'athel thal uuurelically, the lesults ploclucerl by this morlel

ale not clilectly coulialable to othel results ¡rloducecl by othel uroclels.

Reliability-based optimization model for water distribution systems, Su

et al. (1987)

In this alticle a three palt rnoclel is 1:r'oposed to analyze and design optimally

relial¡le rvater supply systerns. The rlodel cornponents ar.e an optirlizatiol moclel, a

system sirnr:lation rnodel, and a system leliability urodel.

Systern leìiability is calculatecl using the rninirnum cut-set methocl in which cut-

sets are lirnited to the simultateous failule of two links. Evely possible two link

cut-set is testecl by lernoving a pipe frorn the systern and testing the lesulting system

using I(YPIPE (Woocl, 1980), a rvatel distlibution system sirnulation rnoclel to test

for ilaclequate plessule heacls. If inadequate pressure heacls are found at any demand

node, then a system failure has been identifiecl. When all single pipes have been

checkecl in this lvay, cornbinations of trvo pipes are checked.

The optimizatiou tnoclel uses the generalizecl leclucecl gladient methocl GRCì2 to

solve and optimize the pipe netwolk. Problems wele elcounteled in definilg the

gladient of rnaximurn irnprovernent in system reliability. No analytical urethod u'as

able to be folnulatecl to cornpute this gladient. A luner.ical scheme was clevelopecl

that pertulbs each clecision variable ildiviclually aucl cornputes the objective functiol

ancl colstlaints for the peltulbecl values ancl then ca]culates the lequir.ecl gt.adients.

This moclel was rult on trvo exarnple clistlibution systems. The fil.st system had 14

links and 1 loop. The execution tirne lequitecl to solve this systeu *'as 1157 seconcls

on a clual CDC cyber 1701750 mainfraure. The seconcl system hacl 3 adclitional pipes
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and 4 loops. Execution time jumpecl to 200.5 minutes (12,030 secorcls). The above

cliscussion rlakes it clear that this niodel is cornputationally intensive to an extlerne

cleglee and that it becornes vely nuch mole cor:rputation ally intensive as systerr size,

ancl, in palticular, the nurnber of loops (r'ecluldant paths), incleases to lealistic levels.

The cornputational iltensity of this rnoclel is partially due to the non-lineal plo-

glarnming model usecl to optimize the systern ancl to the lalge number of l'ernoval

sets that hacl to be tested fol each itelation clespite the albitlaly lirnit of trvo fol

the cut-set size. The lack of al alalytical ¡lethocl to cletelrnine the gladient of re-

liability rvith lespect to netwoll< flows is anothel factot rvhich aclclecl greatly to the

cornputational bulden associatecl rvith this method.

This alticle is interesting because it confir'rns glaph theoletical l'esults that the

leliability ploblem is computationally intensive. These glaph theoletic issues ale

cliscussed in urole cletail in Section 2.2. It is also intelesting,however, to note that

vely little difelelce in leliability u'as founcl rvhen leliability u'as tested usilg single

link cut sets, as opposecl to trvo link cut sets. This lesult corresponds rvell rvith

the lesult obtained by Jacobs ancl Goulter' (1991), that fol snrall letu'orks, a cut-set

size of 1 is sufÊcient to achieve a goocl estimate of teliability if links ale assurned

to fail inclependently. The iclea of using preset pressure heacls ancl florvs as desigu

cl'itelia also provides a cleal and measurable clitetion for system failul'e. The use

o{ a hych'aulic netrvorh solver ploglam to test for systern failut'e providecl a feasible

methocl to deterrnine the applicability of this ct'itelion fol systeu failule.

A modified linear prograrnming gradient method for optimal design of

looped water distribution networks, Fujirvara et al. (1987)

In this alticle au itelative liueal ploglamming moclel to optimize the clesign of

a loopecl rvatel supply netrvolk basecl only on cost considelations is 1:r'eseltecl. The

Ì¡asic linear ploglaulling moclel is sirlilal to that usecl in Morgal ancl Goulter'(1985)
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and \\¡as oliginally presented in A\:elovits ancl Shamir'(1977). A formal expr.ession

is iclentifiecl for the glaclient of the cost function tvith lespect to chalges in florv

along each florv path. The cornputational efficiency of the or.iginal Alpelovits ald

Shamir' (1977) model is iuplovecl by using backtlacking aucl quasi-Nervton sear.ch

alcl conveLgeuce uethocls, rather than the steeJ:est gladient methocl.

The authors found a lorver cost solution to the ploblem or.iginally solved by Alper.-

ovits ancl Sharril (1977). They also founcl that the solution is quite sensitive to sealch

step size ancl starting solution. It rvas speculatecl that the solution cost function has

rnauy local optinra ivithin close ploximity to each other..

Despite tlie inclusion of loops iu the rvatel supply systems modelecl, no attenpt

is tnade to specifically iuclucle netrvolk leliability in the model. Given the clifficulties

encounteled by Su et al. (1987) in cletelrninilg a gr.adient function fot' cost of a

system tvith lespect to systeu reliability, it seerns doul¡tful that the methocl coulcl,

by itself, be genei-alizetl to hanclle leliability constlaints. The methocl cloes, horveveL,

have plornise as palt of an itelative approach to solving the leliability ploblelt.

Battle of the network models: epilogue, Walski et al. (1987)

Ll tliis alticle a leplesertative rvater clistlil¡utiol netrvolk design problerl was

solved by six gloups each using theil orvn moclel, All solutious rvel.e founcl to be

close it cost. The most interesting aspect of this alticle frour the point of vieil' of

the ltloblern exaninecl in this thesis, is that it rvas imltossible to declale a'winner'ill

the contest. It rvas suggested that the costs of the solutions geueratecl by all tnorlels

ale similal ancl that clifelences rvele mainly attributable to the location of stor.age

tanks. Interestingly, the most expeusive solution rvas, in fact, that having the gr.eatest

storage rvhich has the inplicatiol of the soìutiol being the rnost teliable systern.

No atterr.rpt rvas made to evaluate the lel¿tive leliability of the solutions. Horvever.,

the desirability of having a more plecise clefinition of leliability r.equirements that
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would mal(e the lesults of optimization rnoclels mote rneaningful rvas r.ecognized.

Network reliability for water distribution systern rnanagement Quirnpo

and Shamsi (i 990)

In this alticle an intetestiug glaphic heulistic to aid in clecisiorr rnaking concelning

netrvork reliability is ploposecl. The graphic is based on the S-T (soulce to ter.minal)

connectivity rneasure of leliability. The S-T measure cletelrnines the ptobability that

a given liocle is connected to the soulce lorle. In this papel the S-T r.eliability is

calculated fol all cleuancl-soulce nocle cornbinations in the netu'o'-k. The leliabilities

ale plottecl fol all lodes ancl lines of equal plobability are ch.arvn based on the noclal

reliabilities. The resulting plot cal thel be usecl to iclentify areas of tlte netri'olk il
rvhich leliabilit),taÌgets are not rnet.

The papel uses inclusiol-exclusion forrnulas to estirnate networ.k leliability. It

shoulcl be noted that in tlle s'olst case the use of these fol'rnulas lequires the evaluation

of au exponeltial numbel of telms rvith respect to the nurnl¡er of components in the

netrvolk. Consequently, tluucation of the series, rvhen a lequired level of acculacy

is leachecl is suggested. No metliod is given to determine the uurnber of terms that

ale lequilecl to leach tlte lequilecl level of accuracy. The paper cloes not aclecluately

aclch'ess this issue. In this thesis, fol conclitions in the City of Winnipeg, it is shorvn

that trvo or at most thlee sirlultaneous bleaks need be consiclelecl to adequately

estirnate reliability.

In aclclition, it sllould be noted that the method cloes not explicitly calculate ol

estimate rletrvork leliability. lf trvo altelnate clesigns for a netrvolk ale consiclelecl it is

possible that some palts of the letivolk might have highel levels of leliability unclel

the first clesign, rvhile other parts of the netrvork have higlier'levels of reliability undel

the seconcl desigl. This limitation can lead to clifficulties in the compalison of the

leliability of alternate system designs.
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An impoltant aspect of this alticle fiorn the point of vierv of this thesis is that it

recognizes that netrvotk leliability is ilfluenced both by the reliability of inclividual

net*'ol'k cornponeuts ancl the layout of those compolents.

Computerized evaluatio¡r of water-supply reliability Shamsi (1990)

Il this papel a ruole detailed explanation of the technique proposeil in Quimpo

ancl Shamsi (1990) is given. Detaiìecl explanations of the cornputer ploglamtniug aud

glaph theoly techniques tìecessaty to employ this method ale plovicled. A thlee-

climensional plot of reliability t¡elsus geoglaphical positiol is again ch.aivn.

The com¡rottent l'eliabilities ate calculated using the inclusion-exclusion follnulae

fol eithel patlìsets ol cutsets. In genelal, both of these folurulas have an exponential

nulllbel of telrns, rvith lespect to the number of pipes in the network. It is totecl

that in systerns with lor.v reliability cornponelts the rninirnal pathset analysis rlay

not satisfy tlie accuracy cl'itelion and full enurneratiol of all telms rnay be requilecl.

In surnrnary, the gt'aphical teclinique plesentetl in this ar.ticle is interesting, but it

does not aclcltess any of the difÊcult corlputatiolal ploblems peltaining to reliability

calculations that have been previously laised in the liter-atur.e.

Reliability-Based Distribution System Maintenance Quirnpo ancl Shamsi

(1se 1)

In this paper the technique desclil¡ec1 in Quimpo and Shansi (1990) ancl Shamsi

(1990) is extencle<ì anrl t efinecl. The technique is applied to several netrvolks iucluclilg

trvo leal netrvolks, the Blaclclock Watel Authority in Pennsylvania and the City of

Norrvich in Nerv Yolk. The City of Nonvich netrvolk is r.elatively lar.ge containing

126 nocles, 192 alcs, ancl 25 loops. The technique rvas appliecl successfully to cleate

a leliabilit5' sul'face for this netti'olk. lt shoul<l, hotvever., be notecl that for this

netrvolk the latio of loops to alcs is I'elatively lorv as coupaled to the Walski et al.

(1987) letu'ork. The latios ale 0.13 for the City of Nor.rvich netrvor.k versus 0.4g
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fol the WaÌski et al. (i987) netrvolk. It is possible that tlie lori, r'atio of loops to

at'cs found il the Oity of Norrvicll network could enhance effectiveness o{ the series-

palallel leducitorìs used to leduce the cou.rplexity of calculating netrvolk leliability.

À4ole u'olk is lequilecl to cletelmine the efeci of ilcreasing the loop to arc ratio on the

conputational eflolt lecluilecl to irr. plerrelt the ploceclur.e presentecl in this paper.. It

is impossible to cotrltale the courputatiolal effolt lequilecl to implemelt the rnethocl

plesentecl in the papel rvith othel methods preselted in the litelatur.e l¡ecause the

conìputatiorìal efolt lecluilecl is not preseltecl.

The papel recogrìized the iurpoltance of pipe material, pipe age) and pipe cliameter.

in pleclicting cotnponent leliability but assur:recl the cornponent relial¡ilities. The

existence of failure histoly data wâs tìoted, but such failule history clata wele not used

to calculate component leliabilities. The proceclur.e proposecl in this thesis makes

exl)licit use of these histol'ical data base patarretels to pleclict cornpouent failule

plobabilities.

Ploblerns with the use of connectivity as a criter.ia fol netrvork failure ar.e âlso rec-

ognizecl. The possibility that component failures might lesult in inaclequate ptessuÌe

ol flow levels without clisconnecting the netwolk is r.ecognizecl. This rveakness in the

moclel presented in the papel is iclentifietl as an area fol future lesealch. It shoulcl l¡e

notecl that this thesis intlocluces techniques to use liydlaulic aclequacy, larnely, the

provisiolì of aclequate florv and pressure levels in the netrvolk, as the failule cl'iterio¡.

This papel is especially iltelesting because of the clear decomposition of netrvolk

lelibility ilto component leliability and netrvork topology. This concept forms the

basis of the folmal clecotnposition used in this t,hesis to estimate nettvork leliability.

Predictive rnodel and reliability analysis for water distribution systems

\Ã/u an cl Quirqro (1992)

In this paper the methocls pleseùted in Quimpo and Shamsi (1gg0), Sharnsi (1gg0),
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and Quirnpo all cl Shamsi (1991) ale extendecl. The use of a ploportional hazalcls mocl-

el is suggestecl to preclict componelt leliabilities. Details cotcerning the application

of the ploportional lìazàrds model ale not pr.ovicled in the paper.. Ful'thelrnor.e in the

case stucl¡, plesented the plopoltional hazalds utodel is rìot appliecl and values for

component leliabilities aLe assumecl.

Thlee types of teductions are eÌuployecl to lecluce the computatioual effort re-

quilecl to calculate leliability. These lecluctions aLe seLies le(luctiorìs, palallel t'ecluc-

tions, arrcl type I polygon-to-ch ain recluctions. An impoltant illovation is the use

of these reductious to calculate both expected plobability of failure ancl capacity for.

recluced lilks. The papet' clairns that the use of tlìese leductions reuloves the leliabil-

ity ploblem fi'om tlie NP-ltalcl class. This claim is false for gelelal rìetlvoÌks because

all netrvolks are not cornpletely leclucible using the recluctions given in this paper..

Wher all possible reductiols have been rnacle, ar urìreduced poltion of the netrvolk

rnay lenlairì. If this situation occurs, the papel- suggests using the factoling theolenr

to fulthel lecluce the network. ln the rvolst case ernploynent of the factoring theolern

lequires 2"-l opelations (n : the numl¡el of links il the netrvork).

Despite these theoletical ptobleus the use of the type 1 polygon-to-chairr recluction

is valual¡le because it allows leductiol of sorre net$'orks that can not be lecluced

using series ol palallel lecluctions. In addition, the calculation of expected reducecl

link capacities rnakes it possible to use aclequacy of florv as a failure cr.iter.ion. The

papel shorvs that leliaì:ility calculatecl using adequacy of florv as the failule cr.iter.ion

is ahvays less than ol equal to reliability calculated using colnectivity as the failule

clitefion for a srnall sample nettvolk. This result suggests that the use of connectivity

as afailule conclitiol is non-conservative. The paper.cloes not attempt to use adequacy

of ltlessule as a failure criteliorì ancl all leliability calculations ale lelatecl to the

pt'obleur of soulce to ternilal collnecti\¡it)¡.
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2.2 Graph Theory

Matroids and a I'eliability analysis problern, Ball and Netihauser.(1g7g).

In this alticle leachabiìity is definecl as the plobability that all demancl nodes aLe

connectecl to a single soulce nocle. The leachability ploblem is folrnulated in telrns of

stochastic coheleut biuat¡, sys¡srl.ìs. The l¡asic builcling blocks of a stochastic cohelent

binaly system, iu the lelial¡ility context, ale trqrles of the for.rn : (51,,52,....,,5;,,).

Each ,5i collesponds to a cornponeut of the systern uncler. consideration ancl cau take

on one of trvo values, clepencling orl rvhether the compouent is rvor.king ol not. The

system faiìure set is then clefined as the set of tuples that cause the systern to fail.

Uniform probabilities of failule ale assuned for all system components. A binomial

moclel is clefinecl to evaluate these probabilities.

The authols show that tlie calculations lequilecl by this model ar.e exponential,

rvith lespect to the numbel of cornponelts in the systern, A rnethod is then presented

to clecorupose the system to pt'ocess largel groups of tuples at a time ancl thus r.ecluce

tlte computational buldel. While the nethocl cloes l'educe cornputations sornervhat,

the nunlbet'of computations lequiled still inct'eases exponentially rvith system size.

A reculsive algorithm for finding reliability measures related to the

connection of nodes in a glaph, Buzacott (1980)

Ll this alticle a leculsive algorithr.n is preseltecl to calculate the reliability of a

rretwolk, rvith knoivn plobabilities of failule for each link. The algor.ithm rvor.ks by

leculsively clecornposing the netrvolk into subsets. This algor.ithm appeâr's to l¡e the

fastest of the Inethods fot solving the leachability ploblern that have aPpearecl in the

literature. The courputatiolal lequileureuts ale of the or.der 3', - 1 lvhere n is the

nurnber of links in the netu'ork ancl are derronstratecl in the alticle only for unclir.ectecl

networks .

The alticle also contains a sutìtrtary of the apploaches taken to solving the leach-
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ability ploblem and the associatecl computational requir.emelts.

The complexity of network reliability computations, Ball (1980)

Irt this alticle a tlutlrbet of leliability analysis ploblerns al'e exaûrined to cletel'mine

the courputatiolial bulden associated u'ith their solution. Of ¡ralticulal intelest for.

this stucly is the leacllal¡ility plobleu fol netv'olks rvith nocles that can fail. This case

colìsidel's the colnection of a soul'ce node to all othel nocles of the netlvolk. Since the

basic (uecessaty but not sufficient) clitelion fol urbarr rvater supply lìetwoïk leliability

is that all demand nocles ale still connectecl to at least ore soulce nocle rvhen one ol

mole lilks have failed, reachability appear.s to be the most appropliate rnoclel to use

in evaluation of rvatel supply uetworl< r'eliability.

It rvas foulcl that the reachability pr.oblem ivith unreliable uodes is NP-har.d.

In othet rvolcls, the rìurìbel of courputations lequired to solve the reliability pr.oblern

iucreases ex¡ronentially ivith tlle liumber of liuks ald nocles in the lietrvork. In esselce,

tlte pa1;el shorvs that, rvhile these problems ate soluble) the computatiolal bur.den of

solving thern is excessive fol' all l¡ut trivially srnall problerns.

Selies-parallel reduction for difficult ûÌeasures of network reliability,

Roselthal (1981)

Tìre plevious articles fi'orn gr.aph theoly, in par.ticulal Ball (1g80), shorv that,

in the general case, the calculation of ¡retu'ork leliability is NP-hald. This alticle

Pt'esettts the selies-palallel rnethorl for the recluction of the calculations lequilecl to

cletennine netrvorh r:eliability.

The leliability plobletn is presentecl as a networ.k probletn il tvhich the links of a

letrvolk Cì can be rvolking ol lot ivolking. The probability of the network rvor.king is

then pt'esentetl as the ptocluct of the plobabilities that eaclì liuk necessary to perfor.m

a specific tasl< is rvolking. It should be noted tllat this rnethocl assurnes that li¡k
failure plobabilities are inclepenclent of each other'.
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The methocl rvorks by clecouposing the netrvor'l< into subsets. These subsets are

tleatecl as complex eclges in a surnr¡alizecl letwolk. A complex eclge is an eclge that

has rroLe than trvo possible states. l4ole than tl'o ¡rossible states can occuL in a

complex eclge because each lilk in the sul¡set leplesentecl by the cornplex eclge can be

eithel rvolking ol failerl. Each combination of failed and rvolking links then lepleseuts

a unique value fol the cornplex eclge. Fol exarnple, consiclel a sul¡set of a netrvolk

that is macle up of three lilks il palallel. The possible states il this case ale all linl<s

rvolking, all corlbinations of t*'o links rvolking, the three cases in rvhich only one lilk
rvolks, and the case in rvhich all links are not rvolking.

These subsets ale chosen so that the reliability of each sul¡set can be calculatecl,

indepenclently of the lest of the netrvork. In geueral terms the subsets are chosel so

that:

1. subset reliability is calculable.

2. if trvo subsets, E1 a;nd 82, of the netrvork are chosen then sufÊcient information

must be storecl about these subsets to calculate the reliability ol ElU 82.

3. the lelial¡ility of a nerv netwo'-k that tleats the subsets as conplex erlges cal be

calculaterl rvithout lefelence to the oligilal netivork.

The efect of paltitionilg a netrvork accolding to the above cr.iter.ia is to sirnplify

the calculation of netrvolk reliability by leplacilg subsets of the oliginal netwolk con-

tainilg rnultiple links ald nodes, u'ith corresponding cotnplex eclges, each containing

a single link alcl tlvo nocles. It shoulcl l¡e notecl that it is not alivays possible to

paltition a letrvork accoldirg to the above conclitions.

Two specific uethocls by il'hich netrvolks can be paltitionecl in accolclance ivith the

above collditions ale plesented. These ale selies reductions alcì parallel leductions.

A sel'ies recluction leplaces sevel'al linl<s connected, in series, rvith a single complex
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eclge (See Fig. 2.1). A pa-'-allel lecluction leplaces trvo disjoint paths u'ith corrulotì

sonlce ancl telminal nodes u'ith a cornplex eclge (See Fig. 2,2).

Figure 2.1: Exarlple of a Selies Reduction

NeLr'?ork before t)araÌlel reducLion

Nelrvork afLer Þarallel ¡educLion

Figule 2.2: Example of a Parallel Reduction

By successive applicatiols of this uethod it is possible to simplify a netrvor.k to

rlal(e tlìe reliability calculation rnore tlactal¡le. It is noted, holeveL, that it is possible

Original SeÌies Ner1r'o rk

G_O
NeLu'ork â fle! seÌ-ies redLÌcLion
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to exhaust all possibilities for simplifications before the letrvolk has been reducecl to

a state for rvhich lelial¡ility is easily calculal¡le. A lluml¡el of papels in the Iitelature,

e.9., Shamsi (1990), Quimpo and Sharnsi (1990), Quimpo ancl Sharnsi (1991), and

Arvurnah a.cl Goulter' (1991), have applied series ancl pa'allel .eductions to calc,late

netrvolk reliability.

Ll acldition to the above alalytical nethocls of estimating r.eliability, the papet.

exalnines collditions unclel rvliich the lunning til're for Monte-Cal'lo sirtrulatio¡r of

letrvorks rìecessary for' 'good' estir¡ation of netrvork reliability rvill grow only linear.ly

u'ith netrvolk size. These conclitions ar.e:

1. the lun tirre to aualyze a silgle sauple netrvork is linear rvith lespect to the

netrvork size.

2, the valiance of the leliability estimator lemairs unchangecl as netrvor.l< size

incleases.

It should l¡e notecl that methods cornrnonly usecl to evaluate florvs in water supply

netrvolks, e. g., the Halcly-Closs r¡rethod do lot have.u'ling times that ar.e linear.

rvith lespect to networh size. Rather', these evaìuation rnethods have r.unning times

that increase lvith the square of netrvolk size.

The second conclition follorvs from the definition of the valiance of an inclependent

sauple. If tlle valiance of a random vai-iable X fol a single sample is ,5'",¿ tlien the

valiance of the rnean X fo. r, indepenclent sarnples 'ts ,5."¿f n. Thus, if the var.iance

of the lalclour valiable t'emaius constant, as netu'olk size incleases the number.of

sit¡ulatiou tulls recessary to recluce the variance to agiven level also remails constant.

No lesults rvele plesentecl sltorving horv the valiance of net*'ol'k lelial¡ility changes rvith

netlvorl< size.



Fultheltnole, no lesults ale plesentecl unclel ivhich these conditions rvould holcl

ttue. Horve'i'et', several t'esults are presented li'hicll shorv that selies-parallel lecluctions

leduce the valiance of leliability estinìator.s.

Combinatorial properties of directed graphs useful in computing net-

work reliability, Satyalalayana ancl Hagstrom, (198i)

In this alticle the netrvotl< r'eliability pt'obleù.t is again presentecl in ter.rns of the

leachaì:ility ptobleû.ì. In this folmulatiol ole node is clesiglatecl as the source arl{ al}

tlle othel rtodes ale cleuancl lìodes ivitlì clilected florv fi'orn the soulce to the telrninal

rlocles. The actual rnethocl to evaluate netrvolk leliability presetìted in this alticle is

uot of intet'est l¡ecause it 
'-equiles 

the enumeration of all acyclic spaluìing t-subgr.aphs

of the glaph. This task Ìequiles on the olclel of (n - 1)! opetatiorìs) rvhele r¿ is the

rumber of locles in the netrvolk.

Horvever', the basic approach, rvhich is to apply the inclusion-exclusiol pr.obability

theolem to the calculation of leacllability, is of interest. This theorem calculates the

plobaì:ility of a union of n events as the sum of the intel'sections of the events take¡

successively Ir2r.. . ,n at a time. The formula to cletermine this pr.obability is:

P(uAt) :¡1r1a')) -
i=1

t(P(A, n Aj))+ ..
i,j

rvhere

r ,4; is the event that spanning tlee i is rvor.king

c U,4¿ is the union of all possible A¡

o P0 is the probability that an event occur.s

In this fortl, the inclusion-exclusion theorern is not vely useful l¡ecause it is basecl

on spanrting trees. Fui'ther articles, r'evies'ed belorv, consicler rncre useful formulations

of this equation.

(2.r)
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Network reliability and the factoring theolern, Satyanarayana ancl Chalg

(1e83)

In this article the concept of the clornination of a glaph, plesented in the plevious

alticle (Satyanarayana aucl Hagstlorn, 1981), is extenclecl ancl conbinecl ivith a nethod

of factolilg a glaplr, to plocluce a lecursive algor.ithm for the calculation of netrvork

reliability. As this algorithm also lequires on the orcler of (n - 1)! calculations, rvhele

r¿ is the numbel of veltices, the algoritltm is of little pr.actical significance.

However', once again this alticle is chiefly of inter.est because tlle inclusion-

exclusion theoleu is plesentecl aud revierved for. applicability for both success sets

ancl failule sets. The ol¡servation is macle that a success set is a minimum spannilg

tree ancl that, convelsely, a failule set does not contain such a spannilg tr.ee. Both

formulations ale founcl to require an exponential nurnl¡el of calculations, .rvith r.espect

to the netrvot'k size to cleteltnile reliability. The formulation of the theorem basecl on

the failure sets velsion, lvhich is tlie basis of tlle work in this t,hesis, is:

P(,e) : P(,el) + P(si n,s') +." +
((,5i n,9, + ... + S;-1) n,s,,) (2.2)

rvhele ,5'; is the evelit that a sparuing tr.ee is connectecl.

While ir the genelal case the use of Eq. 2.2 requires an exponential numbel

of calculations fol the calculation of leliability, the for.rnula has a cleceptively simple

aclvantage for the estimation of reliability. This advantage is that it or'ders {ailule sets

by the nr,unbel of elernents in the f¿ilul'e set. As a genelal lule, all other. things being

equal, the mole systern courponelts that urust fail for. a failur.e event to occur', the less

likely tlre event is to occr-u. This gener.al rule is useful in applying Eq. 2.2 lo estinate

tathet than calculate reliability l¡ecause estilnation techniques leduce the nurnl¡el of

lequirecl calculations by leaving telms out of the above expt'ession. Consequently,

it can be expectecl that a good methocl for the estirnatiol of r.eliability is simply
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to truncate tlle aL¡ove founula after. a sufficient nunbet of teÌms, À¡,,,.,, have been

calculated.

An impeclirnent to the application of Eq. 2.2 has been the inability to cleterrr. ile
the etrol associatecl rvith truncating the ser.ies to lr',""" ter.ms. One of the signicant

contlibutious of this thesis is to show that histor.ical break frequency clata fol ur.ban

rvatel distlibutiol systeus cal be usecl to lirnit /f,,,., to a r.easotable uurnber of tel.r.tìs.

In adclitiol, rnethocls to estimate the err.or. iutr.oduced by limiting the size of ¡/,,,""

ale rlerrolrstLatecl ir this lhesis.

Calculating bounds on reachability and connectedness in sto chastic net-

works, Ball alcl Provan (1983)

In the alticle corrputatioual proceclules ale ¡:resentecl for the calculation of bounds

on leachability, (clefinecl as the plobability of all nodes in a counectecl netwolk being

connected to the soulce nocle.) These bouncls ale presentecl as polynornials in p wher.e

2 is the cournon failure plobability fol all netrvor.k links. It is assumed that the link

failule plobability p is knorvn with cer.tainty. The basic form of polynomial that is

useil to calculate leliability of a netwolk is:

g(G, -,; p) : Ð Í¡tt (t - p)*i
j=o

rvhere /¡ is the rumbel of sets of alcs, of carclinality j, rvhose complements contain

a sparuing tree, of the netivork G, r'ooted at source nocle s.

It shoultl be notecì that this ¡rolynomial in the plobability of link failure is sirlilar.

to the o'e usecl by Ball ancl Nemhauser'(1979), ivhere the r.eachaÌ:ility ploblem is

folrnulatecl as a stochastic cohe'ent binary systerl. The u¡rpe. ancl lorver. boullcls

fo. r'eliability are exp.essed as poly.omials based o' /¡. The poly'omials ar.e the

best gelelal methocl of calculating netrvolk reliability fol the case it l'hich li¡ks fail

inclel>endently alcl have al equal p.obability of failure. Tliese polynomials ar.e quite

(2.3)
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cornl)lex atìd use â rurnber of syrnbols rìot found elservhete in the litelatule. These

defillitions ale tìecessaÌy to rtrake the polynoruials usecl to bouncl systern r.eliability

ulclerstauclal¡le. Corsiclel the k-calonical leplesentation of a nol-negative ilteger.rn

as giver by:

m: C(n¿*, À') + C(rz¡-1, fu - 1) + . -l C(tn1,I)

rvhele

. tnh > 7|7tr- \ ) ... ) nz¡ ) / ) 1

r C(m,k) is the numbel of cornbinations of m things taken k at a time.

The nz¡ ale chosen successively, such that

(2.4)

tltí : tn(Lt(r : C(x,i)S ," - Ë Cþn¡,i)) (2.5)
j=;+1

The papel claims that the k-canolical represeltation al*'ays exists ancl is unique.

Befole defining the bouncling polynomials, the paper. clefines the uppel ancl lorvel

¡rseudolrorvers o{ an integel sequence. Fol an integer sequence (m¡, . . .rtnt), k > / > 1,

and any i ) À define the (i,k)th lorvel pseudoporver. of (rrz¡,. . . , rn¡) to be

,rrì/k : (^*, 1rnù¿/k : C(mr,i) * C(rn ¡-1, i - 1) *
."*C(m¡,i-É+¿) (2.6)

rvhere i/À clenotes tlte lorver pseudo porr'er.. Note the lole played by the integer.s i

and k il the selies in Eq. 2.6.

ancl the (i,k)th uppeL pseudoporvel of (rna,. . . , nz¡) to be

¡t¿<i/k> = (rn¡,.,n2¡)<ilk> : C(tn* - k + i,¿) +

C(nr¡-1-¡¡¡,i,-1)+...IC(m¡-k+i,i-k+l) (2.7)
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rr'here

c < if I; ) delotes the rq>pel pseudoporver'. Again note the lole played by the

integers i and k iu tlle selies Eq. 2.7 .

The (i,k)tlr lorver aucl rqrpel pseucloporvels, fol an integer nz, ale thel definecl as the

pseuclopo*'els of the k-canonical reptesentatiol of tl. The lorver. ancl up¡rer. pseu-

cloporvels of m are written as ¡nilÀ ancl 77¿<i/À>, r.espectively.

Polynomial explessions in p a'.'e then plesentecl fol the upper alcl lorvel bouncls

on netrvor'l< r'eliability. The foulula fol the lorvel bouncl yl(G, s;2) is:

sL(G,s;ù: Ð¿po(r _p),,-i +

d

D Íi/ot'n(t - t')-' (2.8)

The folrnula fo'.. the uppel l¡ouncl or net*'ork leliability gIJ(G,s;p) is:

*
sU (G,s; p) : | Í;vt (r - p)"-t +

i=0
¿-1

I /i/op'(t -p)"*'+
¡=a+ I

f)ldpd(t - p)-d (2.e)

rvhele

o J¿, G, srp are as clefined pleviously

o rl: n - q 11,

c ¡¿ : numbel of lilks in the netlolk

. q : nurnbel of rocles in the netrvolk
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It is shorvn that fol important classes of g.aphs it is possible to calculate bouucls

on reachabiìity in polynomial time. These classes of glaphs ilclucle acyclic clirectecl

glaphs ancl pla'al glaPhs. The case of ¡rla'al glaphs is of pa.tic.lar. inte.est to this

stucly because l'atel supply netrvot'ks cal be successfully moclelecl as planar. ¡etl'orks.

It can l¡e seen that the u'iclth of the calculatecl bourrds on leliability are clepenclent

on the failule p.obability p. Fol values ofp that are less thal 0.01 the bounds a'e quite

rìåì'row: otì the olcle. o{ .01. For' liigher failule plobabilities, g.eater tha' 3-4%, the

*'idth of the l¡ouncls can be as great as 0.2. Tllis large range in the reliability bouncls

limits the plactical usefulness of this methocl fol netrvorks rvith high component failur.e

p.obabilities. In additiol, the assumptions that the plobability of failure is knoln

ancl equal fol all lirlks is highly unlealistic. As a lesult, this article is chiefly of intelest

because it gives al inclication of the tracle-off necessa'y to deter.mine tlie probability

of netrvo.k failure exactly velsus the use of estiuation tech'iques to approximate it.

Tlre pape. is enco'raging in that it inclicates that it is possible to approximate, even

if roughly, r'eliability in a Polynomial numl¡e'of oPe.ations for the class of pÌanar.

graphs.

A survey of network reliability and domination theoly, Aglarval ancl Bar.-

lorv (1984)

This article surveys the computatiolal cornplexity of var.ior-rs 
'retliods 

of calcu-

lating netlvork leliability ancl applies clo¡rination theoly to selies-parallel r.eclucil¡le

g.aphs. The authols note that in the gene'aì case this problem is NP-ha'd. Np-harcl

Ploblems ale clistinguishecl in this article as being ha.del thar NP-complete pr.ob-

leurs. A' NP-complete p.oblem with n basic elernents, e.g., u nodes or. links, has the

plol;elties tltat

1. the 
'uml¡e. 

of operations to solve it is g.eate' than the 
'urnber. 

of oper.ations

in any polynonial in n

29



2. the solution can be checked in a polynornial number of opelations.

The cot.rputation time to solve NP-cornplete problertrs incLeases very la.pidly with

ploblem size. An NP-hald ploblern corìforms to plopelty I, but has the aclclitional

feature that the solution (r'eliability) cannot be checkecl rvithout solving it. The

papel poiuts out that the netrvolk leliability ploblem is NP-hat11. This obselvation is

inrpoltant fiorn a moclelling point of vie*'because most leliaì:ility based o¡:timization

clesign techniques fol rvater distlibution rìetwor.k clesign r.equire that the change in

leliability rvith lespect to a rlecjsion variable be cletelntinecl. Pl.evious ivork, e.g. Su

et al., (1987) apploxirnatecl the change in leliability with lespect to uetrvolk cost

by evaluatiug netrvork reliability maly tirnes. As calculating netrvollç reliability fol

NP-hal'd pt oblerrs e\¡el otìce is conputationally implacticable, calculating it many

tinres at eaclt iteration of the clesign process to cletel rnile the gladielt, is essentially

impossible.

The solution ùlethods cliscussecl in the papel ale the inclusion-exclusion nìethorl,

the sum of disjoint ploducts, and factor.ing. h light of the ptevious cliscussion, all of

the methocls pleseltecl can be expectecl to lequile excessive numbels of calculations

in the genelal case. The papel cloes shol' that pivotal clecornposition can be usecl

to calculate leliability fol selies-palallel reclucible graplìs irì pol5'¡6¡¡u1 time. This

class of glaphs is slightly moÌe gereral than pr.eviously known classes of graphs, fol

rvhich leliability cau be calculatecl iu only polynomial tirne. The class of glaphs is

not) ho$'eveL, genelally applicable to rvatel'supply problems because auy netrvoll<

that has thlee ol more liùks intelsectilg at any intelior.node cannot be completely

leclucecl,

Evaluation of methods for decomposition of water distribution networks

fol reliability analysis, Jacobs and Goulter'(1988)

This alticle revielvs pleviots $¡ork or tlie design of reliable rvatel distribution
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netwolks ivith a vien' to*'alrl the application of glaph theoly to the specific probler:r

of rvater distlibutior letrvot'ks. Revierv of the methocls of clilectly calculating netrvork

leliability lesultecl in the colclusion that all such methocls are irnplactical because of

excessive cornputational requirements.

Methods of leclucing calculations, based on ernpir.ically cler.ived filtering tech-

liques, rvele also levierved. Il pat'ticular', the ¡lethod of N-k cuts rvas discussecl.

Li this lnethod, it is assumecl that cut sets ale limitecl to a size less thau ol eclual

to k. A lumbel of exarnples wele presentecl to dernonstlate the inaclequacy of this

lìetlìod, rvhen k is chosen albitrarily. Ottrer. ùretlìods basecl on filter.ing techniques

examille the use of total head loss ¿nd heacl loss gladient, to elinilate paths fiom con-

siclelation irt leliability calculations. It rvas found that these methocls clicl rlot lecluce

the lequirecl nurnbeL of calculations sufficiently to lnake the p;:oblem courputationally

feasil¡le.

In addition, a numbet of heulistic methods for the calculation of netrvorl< r'eliability

rvele discussecl. These heuristics inclucled node based rrìeasures that r.ecluire a specific

lurlbel of edges to be inciclent olt each node to pr.event the isolation of the node. The

main clisaclvantage icìeutifiecl for these measures rvas that, even fol stnall netrvor.ks, the

heulistics tend to ovelestimate netwolk reliability. No heuristic rÌlethods that took

the lelative impoltance of links ol nodes in the retu'ork into account rvere iclentifiecl.

Finally, a theoretically optirnally leliable letivork colfiguration fol' uldir.ectecl

glaphs rvith links having equal cost and r.eliability rvas pr.oposed. It, rvas hypothesizerl

that this optiually leliable configuration coulcl pr.ovide a moclel or tar.get (uppel

bouncl) fol an optirnally reliabÌe watel supply network, rvithout the necessity of having

to calculate network leliability explicitly.

Optirnization of ledundancy in water distribution networks using graph

theoretic plinciples, Jacobs ard Goulter. (198g)
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In this article the hypothesis that the optimally relial¡le netrvolk configulation

concept intloducecl in Jacol¡s ancl Goulter'(1988) could be usecl to rlesign optimally

relial¡le watel supply netrvolks u'as tested using arì integer.goal plogratnming moclel.

The moclel atternptecl to make the clegr.ee of each nocle equal, a condition rìecessary

fol a netrvolk to have al optimally leliable configulation. Manual intelventiou rvas

requiled in tlle lnoclel to elilninate rveaknesses such as disconnectious, btidges, ar'-

ticulatìon rìocles) arìd implicit bliclges ancl alticulation locles that tliis definition of

legulality clicl not pleclucle.

It rvas possiÌ:le to design netrvolks that lookecl teasonâbie usilìg tliis moclel by rnak-

ing several tutls to eliurinate tlie above weaknesses. These designs hacl the aclvantage

that reduuclancy rvas au integlal palt of the clesign.

One weakness of the model rvas that it does not clifferentiate betrveel areas of the

netlvork. All aleas of the clesigns have the same r.elative density of links. Efiorts to get

the rnodel to clifelentiate betrveen nodes by rveighting them rvele not successfirl. It

rvas colcluclecl that the itnpot'tance of a locle to tlie ovelalÌ net*'olk is iu lalge part clue

to dernancls of do*'nstleam nocles lathel than demancl at the node. This conclusion

suggests that the assumption that a rvater.supply netrvolk can be adequately niodelecl

as an unclirected glaph is invalicl. Tliis is not a particulally restÌictive issue as the

dilection of florv in each pipe can be unicluely cleter.rnined for a given set of pipe

sizes ancl 
'oclal 

demancls. Holever., it does imply that rvater supply netrvolks r. ust

be moclelecl as clirectecl net*'orks. Horvever., l¡ecause the flow in many of the pipes

in such a netrvo'k is revelsible, uncÌer snall peltu.bations in florv or hydlaulic head,

provisiorì for' flolv in both clirections is necessaly.

Pl'ol¡letus were also encounterecl in telrns of the con'rputatiollal effort requiled for

this motlel. One run failed after 25,000 itelations of the b¡:anch ancl bouncl technique

usecl to solve the intege. pl'ogl aln. This clifficulty suggests that, in the rvor.st case,
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the com¡rutational lequilernents fol this rnethod ar.e excessive.

Estirnation of maximum cutset size for water network failure. Jacobs and

(ìoulteL (1991)

Il tlle alticle a method to estinate netrvolk relìability, using the cut set methocl

is cleveloperl. It has been shorvn that the calculation of netrvolk r.eliability is NP-

halcl using cut sets. Cutlent engileeling plactice, horvever., uses cut set,s of size

one (Endlenyi, 1978). The l¡asis of this plactice is that cut sets contaiuing multiple

elements are irnprobable.

The apptoach involvecl the calculation of netrvork reliability is clecon.rposecl into

the cleternination of the plobability of a given nurnber (k) of sirnultaneous pipe

failules and the plobability of netlvolk failure, given that k pipes have failecl. The

plobability of k sinultaneous failules, used in the clenollstt ation of the plocedule,

u'as estimatecl fioln the City of Winnipeg pipe break clata base, using 10 years of

data. In assessirìg the likelihood of simultaneous failures tlle ploceclure assumes that

all bleaks that occul'lecl on the sane caleudaÌ day rver.e in fact sinu]taneous. It

rvas also assurnecl that all links hacl the san.re probability of failure aud rvele equally

leliable.The plobability of failure, given k siuultaneous bleaks, rvas estiurated fol the

letrvolk of Morgan ancl Goulter' (1985) using a sirnulation progr.anl.

Reglession u'as perfolrned on the distr.ibution of k:1, 2,3 etc. br.eaks fol the

City of Willipeg to estirnate the plobability of that ruml¡er of breaks occur.ring for. a

netrvolk the same size as tlle one presented in Mor.gan ancl Goulter. (1g85). It shoulil

be notecl that this methocl of scaling clorvn frorn the City of Willipeg's netrvolk, to

the one plesented in Morgan and Goulter (1985), assurnes that bre¿ks ar.e eveùly

distributed thloughout the netrvolk. Since failules aÌe knolvrì to be clusteled in ti¡re

and space, furthel stucly is requilecl to scale k rnole accur.ately x'ith systern size.

The rnethoclology pÌesented iu the paper appeaÌs to be quite plornising as a



Ittetho(l of lìmiting the lequilecl calculations, for the detel'urinatiol of uet$'otk ì'e-

liability. Hou'evet', r:r auy lin.riting assurrl)tioÌìs were nl¿de ancl tllese lequir.e further.

developrnent.

Spatial and tempolal gloupings of water maiu pipe breakage in Win-

nipeg Goultel ancl I(azemi (1988)

The lesults sho*'n il Jacobs ancl Goulter. (1991) clernonstl.ate that the pipe failule

I'ate aucl patteru specific to a given location can l¡e useful infolnration in cletelrniling

the leliability of pipe netrvolk located at that location. In the alticle, pipe br.eal<age,

specifically, the clepenclence of the occurrence of pipe l¡r'eaks on previous pipe br.eaks,

in the City of Winnipeg, Canacla is investigatecl. A cornputerized clata base contaitìilìg

l¡r'eak lecolcls fol the City of Winnipeg from 1975 thr.ough l9B5 rvas usecl in the

alìalysis. The occullence of breaks at varying clistances and clurations frotr a ¡rr.evious

bl'eak at'e exarnined. TIle clistances are varied from 0 to 20 netels. The clur.ations ale

valiecl frotr 0 to 90 clays.

The lesults of the analysis shorvecl that a strong clustelilg efiect exists for pipe

bleaks in the City of Wiruipeg. The author.s found that 22% o1 aIl breaks occur.

ivitlrin one rneter of anothe. l¡l'eak and 46% of all b.eaks occul ivithin 20 rneter.s of

anotllel bleaìr. In aclclition, 9% of all breaks occul rvithit I clay and 1 rn of another

blealr an<l 42% of aII bleaks that occur. in rvithin 1 rn of another bleak also occur.

ivithir 1 clay of the initial break.

Shifts in the soil sul'r'ounding a break clue to watel leakage in the vicinity of a

pipe bleak rvas suggestecl as being a cause of tlie clustering effect. Soil clistur.l¡ance

necessary to lePail a pipe bleak rvas also suggested as being a contr.ibuting cause to

the subsequent breaks. It was also notecl that the pipe bleakage rate is higher.i'

the rvinter than the sulrìmer inclicating that expos're of the pipes to extl'erne cold

terrpelatules cluring the rvinter ancl early splilg ¡right be ê" cause of subsequelt
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'bleaks. (It is conr¡ron fol' rvinter. tempet'atures il Winnipeg to be in the -20 to -40

cleglee Celsius lange).

No expelimental evidence is presentecl in this paper to substantiate these sugges-

tions. lt shoulcl also be uoted, that rvhile lar.ge variations in br.eakage rates ar.e citecl

in this alticle fol pipes of clifelent dianetels aÌrd n.ìade fiorr diffelent rlatelials, no

sepalation of bleakage rates by pipe ruateriaì ancl size is macle. One of the coltlibu-

tions of this thesis is to bleak clorvn failur.e pattelns by pipe diameter', pipe size, alcl

pipe age. Auothel' weakness of the papel is that no refeLence is rnade to the physical

plocess by rvhich bleaks occur', i. e., rusting for. cast ir.on pipes.

Despite these weakllesses, the evidelce fol the existence of the cluster.ing patter.n

clescribecl in the paper is quite strong and plovicles the l¡asis fol the moclified Poisson

model presented in Chapter' 6.

2.3 Estimating reliability: bounding the error

Combining Monte Carlo estirnates and bounds fol network reliability Nel

and Colbouln (1990)

In this alticle Monte Callo simulation is usecl to estimate the coeficients fol'the

leliability polynomial p'esented in Ball ald Plova. (1983). The .eÌiability calculation

is based on the assurnption of a knorvl ancl equal pr.obability of failur.e for. all Iinks.

In aclclition, it is assumed that failules ale independent evelts. It shoulcl be note{

that in plactice the plobability of faihu'e of a given link is not knorvn. Sirr. ilar.ly, the

assurlptiotts of inclel:enclence alcl equiplobable failule ale ullealistic for ulban q'ater

supply netrvorhs. A r¡ole complete discussion of the inclepenclelce issue is given in

Chapter' 6. As a result of these limitatious, the lesults plesentecl il this alticle al.e

uot clilectlS, applicable to the u¡ban tvate¡ supply p.oble'r.

This alticle is a v¿luable contlibution, hou'eveL, because it recoglizes the tlade-



off l¡etrveen estitrating leliability and tlìe extlerne conlputâtio al burcleu necessar.y

fol the exact calculation of leliability. The ar.ticle also acldlesses a nurnl¡el of steps

that rnust followecl in using N4onte Car.lo siurulation. These steps ar.e iclentifiecl as:

cletelrnining the sarlple space, <letelnining lequilecl sarlple size, dividing the sarnple

s¡;ace into clisclete sub-intelvals, alcl estimating simultaleous cotìfiderìce lirnits for'

the clisclete sul¡-intelvals.

Irt acldition to the ploblens rnerìtioue(l pleviously corìcellirìg the applicability of

this nethocl to rvatel supply distribution letrvolks, the metllod by ivhich the ele-

rleuts of the sample space are identifiecl is highly clepenclent on the assumptiorìs of

indepenclence ancl krowrì equiprobable failure.

The san.rple events are identified as tlìe set of spanniug tlees. A key par.t of the

article is the developrnent of an algorithm to separate a gr.aph ilto s¡:anning trees.

Ball ancl Provan (1983) sllowecl that all spanning tlees have the sane nurÌrbel- of

links. This lesult follows since all spâDning trees must have the olìe link less than

the rturnbel of nocles il the netrvolk. Since Ball ancl Plovan (1983) assumed all links

have the san.re plobability of failule it follorvs that undel this assurnption all spanning

trees I:. ust have the same nurnbel plobability o{ failur.e. Ther.efole, in the case of a

Ìretlvolk in u'hich all links have an equal probability of failur.e, the spanning tr.ees

subdivicle the glaph into equiprobable subsets. The spanning trees can then be usecl

as a basic sampling unit in the Monte Car.lo simulatiol. It is difficult to see horv

this apploach could l¡e genelalized to a real letwoll< compr.ised of intermixed pipes

of clifferent sizes, materials) ancl ages. Of necessity, the spannilg tr.ees lvoulcl contain

pipe ivhich cliffetecl in cliarneter', constr.uction material) and age. As a r.esult the

probability of failule of the clifelert sparìning trees rvould be differ.ent in spite of the

fact that they contain the s¿me nurnbel of links. These ploblens with this rnethod

urake it extlel¡ely difficult to generalize to mor.e realistic netlorks.
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Holvevet the difûculties founcl in genelalizing the lesults in tlre alticle, liighliglìt

tlte itttpottance of using au apploaclr to the calculatiou of reliability rvhich can easily

be genelalizecl to l'eflect conditions in r¡role lealistic netlvoÌks. In iralticular., these

real netlvolks have cotnpollents rvhich do not fail ìndepenclently altcl wlìich clo not fail

rvith equal plobabilities. It rnight, in fact, be pt.efeÌabìe to use a rnethocl of estirnat-

ing leliability rvhich is less accur.ate, but rvhich acculately leflects the ploperties of

lletri'olk components, than one rvhich is ver.y accur.ate but carurot be genelalizecl.

A cornparison of foul Monte Carlo Methods for estirnating the proba-

bilities of s-t connectedness, Fishman (1986)

ht this alticle four Monte Carlo methocls are preseltecl fol estimating the s-t

(soulce to teuninal) reliability ploblem. The s-t r.eliability problem evaluates the

ability of the netrvork to selve a single derlancl nocle. Since urbal watel distributio¡

netwolks ale genelally evaluatecl fol leliability on the basis of rvhethe-,- or not all ¡ocle

ate selvecl adequately the s-t leliability ploblem is not generally applicable to esti-

rnati'g rvater supply distlibutiol netrvo'k reliability. As the leliability ploblern solved

il the papel is not clii-ectly applicable to the evaluation of ul'ban rvatel distr.ibutio¡

uetu'olks, the detailecl evaluations of the valious methods of Monte Cjar.lo simulatioll

at'e not applicable to this stucly.

This alticle is of interest chiefly because it contails a goocl basic explanation of

the Monte Callo process. The paper. asselts that the Monte Car.lo sampling plocess

follorvs a binornial clistlil¡ution. An estirnator of the probability that the netrvo'k

does not fail, y, is given as:

tI(I" : 7[! øl'tut)1

rvhele

r ,lf : the number of tlials

(2.10)



o /(:r(À)) : 1 if netç'ork cloes lot fail ancl 0 otherivise

The valialrce of /r¡ç ìs then gilerr as:

V or(hy) = (2.1 1)

This palticular {omulation fol the variance of a N4onte Carlo siuulatioll package

is used in this thesis.

Modelling and analysis of systems with multimode components and

dependent failures Le and Li (1989)

In this alticle the authols clescribe a methocl of estirnating the leliability of a net-

wolk with cotupolettts that can opelate at sevelal pelfolmalce levels aucl in rvhich

failutes ale lot inclepenclent. Pleviously reviewed articles have assumecl that failule

events are statistically indepenclent. The paper claims that the assumption o{ sta-

tistical incleperclence is not realistic because neighbouling components are likely to

be exposed to sinilar environmental stlesses ancl because several cornìrolents rnay

clepencl on the same collìll.ton physical Ìesoulce.

Exa'rples of both of tliese efects a.e give. fo. co'rrnu.ications letwo.ks. It is

rtot, holvever, clifficult to fild rvays il which both mocles of depencleuce can apply to

wate' clistlil¡utio' let*'olks. Fol example, if a section of pipe is located in an a.ea

rvhete tlte soil is collosive ot thele is a high electlical glounding load, high rates of

mstilg in cast ilon ¡ripe can be expectecl. The highel lusting rates can be expected to

contlibute to higliel failule lates. It can also be expectecl that neighbour.ing sections

of Pipe a.e exPosecl to silnilal' corrosive soils and/or elect.ical glouncling loads. In

adclition, if tlvo dernand nocles receive rvatel supply floln the same source l¡oth are

affectecl if tlie flow florn the sou.ce is inte.upted. These exarlples suggest that the

problem examiued ill the alticle cleals t'ith a realistic ploblem.

tr1 - s)
K
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The apploach used to solt,e the ploblem is to classìfy failures by their.causes and

assulì.ìes that the effects of each cause al'e rneasur-able, separable, ancl inclepenclent.

Tllese conclitions are lot fulfilled fol rvatel suppl¡' s¡'stems. Highly colr.osive soils ancl

incleased stless causecl by soil uovernents ar.e plobably two causes of pipe failules.

The liighly collosive soils can cause small leaks rvhich clo not significantly impair.the

functioning of the pipe. These small leal<s, horvever', change the moistur.e l¡alance

il the soil, rvliich can cause the soil to shift. The shiftilg soil can then cause the

pipe to fail. Since the assumptions usecl fol the rnethocl clo not fit rvate¡ clist¡ibutio¡

systerì.rs, the rnethod is not clilectly applicable to calculating the leliability of watel

clistribution systerns.

Holever', the calculation lletltocl usecl in the article is sirnil¿r' to the apploach

taken in this thesis. As a result, several issues r.aised in the ar.ticle a::e of interest.

The fir'st issue is the basic folrn of the explessiolt usecl to caìculate leliability. This

expression is given as:

tt: D P(s7, ),8(s7, ) (2.r2)

whele

o 0 is the set of system states

o .s/¡ is tlìe lrth systen.r state

o P(s¡,) is the probability of .s/¿ occuïr.ing

o r?(.s¡,) is the leliability rleasure of the system gi.i,en that .s/Ì occul.s
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In genelal, to calculate leliability exactly, the numbeL of ter.ms in this exptessiorr

glorvs ex¡ronentially rvith systerl size. As a result, the appr.oach of truncating Ðq.

2.12 tvas ¡rt'oposecl. The systeur states ale lal¡ellecl in olclel of clecleasing plobability

and snfficient telms ale inclucled iu the tluncatecl ver.sion of Eq. 2,I2 to ensur.e that

the lesulting ellol is acceptable.

Tliis apploach is sinilal to the one that is pleseuted in Chapter.5 of this the-

sis. Sevelal problems, rvith the a1>ploach as desclibed in the paltel should, horvever.,

Ì:e lecognised. The fir'st is the assumption that lvhen the events si, ar.e labelled so

that tlieil faiìure plobability decreases rnonotonically, the leliability measure incleas-

es rnonotouically. Hou'ever', thel.e is no a pr.iori r.eason to assume that statistically

unlikely evellts ale likely to cause systent failure or that higtrly probable events aLe

unlikely to cause systern failure. 'Configuration' of the evetts as it l.elates to graph

topology irnpacts on the lihelihoocl of systerr.r, as opposecl to ilcliviclual compo¡ent,

failure. A seconrl plobleu is that the papel does not take into account the uncer.tain-

ty lesulting fi'orl the estimation of P(s¡,) ancl ,R(s¿). This urcertainty aclds to the

diffculty of applying this apploach.

Despite the litnitations mentioned, the approach to estir.r ating leliability descril¡ed

in the alticle, has the aclvantages of being able to solve a 
'ealistic 

ploblerr in a r.obust

fashion.

2.4 Solving a Hydraulic Network

Efficient code for steady-state flows in networks, Epp ald Forvler' (1g20)

The al'ticle describes a computel'cocle to set rqr ancl solve a hychaulic netrvor.k using

the Newto'-Raphson rrethod. The Nervto'-Raphson rnethocl has the clisadvantage

that the ilitial estinlates of florvs in each pipe in the netrvoll< should be close to the

actual or final florvs. The papel suggests that the florvs in a spanning tl.ee of the
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net$'oÌk at'e a goocl appt'oxiùlation to the actual florvs. Unfol.tunately, the flols in ¿

spanning tlee ale not necessalily good approxirnations to actual florvs if a significant

inflorv voluure oliginates in overheacl stolage tanks rather tllan source puntps. In

addition, setting up the loop equations rec¡uires sever.al steps *'hich r.equile extensive

plogt'atlming effort. These steps inclucle an algolithrn to cletelmine uatulal loops ancl

to ertsute that a neat rnininutn bancl-rvidth matlix is cl'eated ivhen the loop ecluations

ale set up.

Fol these reasolìs) the algorithrn desclibed i. this pape. lvas not used clir.ectly in

this thesis. HorveveL the papet also plesents an algolithm to cletelmine the sholtest

path betrveen trvo poirts in a networh. This algolithrn is used to c.eate loop equations

il the simulatiou plogram descr.ibed in Chapter. g.

Hydlaulic network analysis using linear theoly, Wood and Char'les (1g22)

Li this alticle a method to solve a hydr.aulic netwotk based on lineal theor.y is

clescribecl. The key to the methocl is the siuple rvay the equations for.the heacl loss

alouncl a loop ale linealized. N4or.e s1>ecifically each hea<ì loss teln is written as:

Ìt¡¿: g'q"-tq;: I(iQ; (2.13)

Whele

c It 7¡ : heacl loss i. pipe i

. /(i : head loss colstant

. 1l,l : lìead loss constant to l¡e usecl as a coefficient in the linear. equations

. Q¡o : estirnatecl florv in pipe i

¡ ¿ : Ileacl loss exponelt

. Ç¿ : actual florv in pipe i (unkloivn)
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Basecl ol this apploxirnatiol, a linea'- set of equatiols cal l¡e *'r.itten to solve a

hydraulic netrvork. Any solution lnetlìocl for a set of linear. equations cau then l¡e

used to solve the netrvolk fol nes'florv r.alues, Ç;6. The nerv flow values can theu be

usecl to estirnate nerv values fol the constants, 11,1. The netv constalts can thel be

usecl to solve the netrvolk fol'uerv florv values. The process continues ultil the change

betrveen itel'ations is less thal a rninir'¡rurn toler.ance for all flow values.

The atlvantages of the method ale that convergeDce is insensitive to the choice

of initial lirk flow values ancl that convelgence is lapicl. The only clisaclvantage of

the lnethocl is that it lequiles rnoLe computer. rremot'y tharr the Nervton-Raphson

rrethorl. This clisadvantage is rlinol for. all pr.actical sizecl networks because of tlie

rapid ilcrease in available computer' ÌlìemoLy silce the methocl was clevelopecl.

The authols do not covel rlethods for the inclusion of stolage tanks and purnps

in the alticle. Despite this lirnitation, the methocl preselteil, in this alticle, for.rls the

basis fol the netwolk solvel'used in the sirnulation plogl'anì developecl for.this thesis.

Pumps and reservoirs in networks by linear theoly, Jeppson ancl Tavallaee

(1e75)

The alticle extends the rvorl< of Woocl ancl Char'les (i972) to inclucle purlps ancl

l'eselvoiLs. Reselvoils ate haucllecl by cr.eatilg 'pseudo-loop' equations that set the

head loss betrveen trvo leservoils equal to the total head loss in pipes that conlect

thetu. The uethocl is incolpolatecl in the simulatio pl'oglaÌrì cleated fol this thesis.

Pressure reducing valves in pipe network analysis, Jeppson ancl Davis

(1e76)

The alticle provicles a good summaly of the lineal theor.y lnethod for. solving

a hydlaulic netrvolk. It also extencls the lineai- theory rlethod to netrvorks rvith

plessule leclucing valves. The alticle rvas plimarily used in this thesis because of the

clear explanation of the methocl used to clevelop ecluations to inclucle resel'voils in the
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hvch'aulic netrvorh.



Chapter 3

Difficulties in the Exact

Calculation of Network Reliability

Sevelal refelences in the literature have shown on a theoretical basis tliat the calcula-

tion of leliability is cornputatiolally intensive. In particular., Ball (lgS0) pr.oved that

the calculation of netwolk leliability is in the class of NP-hald, unclel the sinplifying

assurnptions that:

1. failule is equivalent to nocle disconrection

2. links have equal failule plobabilities

3. failure events are inclepenilent

The ploof shorvs that the nurnbel of steps to calculate reliability inct.eases ex-

ponentially rvith systern size. The only rvay in rvhich an algo.ithrn, for. the exact

calculation of leliability in rvhich courputational requilements c1o not inclease expo-

nentially rvith system size, coulcl be founcl is if a numl¡e.- of othel cornputationally

clificult ploblems coulcl also l¡e solverl in a numbel of steps that, is bounded by a poly-



roruial furlction of the ploblem size. These othel computatiolally difÊcult ploblerns

inclucle the tlavelling salesnlan problen ancl the satisfiability problem in cornbina-

tolics. No polynomiaì algolithm fol'these ploblerìls has been founcl, il spite of nìore

than 15 yeals of iltensive effolt.

A cursoly exauinatiott shorvs that the numbel of calculations can ]¡ecollle vely

lalge for even moclerately sizecl netrvorl<s. Fol a netrvor.l< tvith lT links, apploxiurately

130,000 calculations ale I'equiì'ed; rvhile for a netrvor'Ì< rvith 30 links, appr.oximately

10s calculations are lequil'e(l.

An issue tltat shoulcl be cousicleled, holever., is the possibility that, rvhile the

cotltl>utatiottal requilements to cletelmine systern reliability are excessive in the lvor.st

case, these requiÌemerts may be r.easonable for most netrvorks fourcl in practice. One

rvay of apploaching this c¡restion is to considel the types of networ.ks for. u'hich the

courputational burclel to detelmine leliability is lirnitecl to a leaso¡able effolt. The

trvo types of netwolks fol il'hich the cornputational bulclen is li¡ritecl to a leaso¡able

level ale tlees ancl selies-palallel r.educible netrvor.l<s.

A typical example of a tlee netrvol.l< is shotvn in Fig. 3.1. The calculatiot of

letrvolk reliaì:ility fol a tlee is straight{olu'alcl l¡ecause of the topology of the netu'or.k.

Specifically, a tlee has a unique path, colnecting the soulce no<le rvith each nocle of

the letu'ork. For a netwolk rvith rz nocles, r'eliability cal be calculated by calculating

the plobability of failu.e of the path to each nocle. The netrvork reliability is then

given by:

fi:1 - Dp(¿)

rr'hele

¡ Æ: systern reliability

c P(F;): probability that the path to the ith node fails

(3.1)
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Figure 3.1: Exar:rple of a Tree Netrvolk

The same network topology, horvever, makes a tree inherently unreliable, If a

netrvolk has only one patli, connecting a node to the source nocle, then the failule

of any lilk in the 
'etrvolk 

causes at least o'e lode to be clisconnectecl, i.e., netivor.k

failul'e occurs undel both couuectivily ancl hydlaulic clitelia. In adclition, the impact

of the retwol'k failule incleases for the faihu'e of li'ks that al'e closel to the source

nocle. Fol'exar.nple, in Fig. 3.1, the r.elnoval of link 2 u'ould clisconnect approxirnately

one Ilalf of the netrvork.

The situation, ivith respect to series-¡rarallel leclucible netrvolks is sornervhat mor.e

complicated. The calculation of reliability, rvith a reasonal:le conputatioual efiolt, for.

a selies- palallel leclucible netrvork involves tlansfollnation of the netrvork topolog¡'.

Blocks of the netrvolk are replaced rvith single conplex links. These links rnust contain

sufficient iufotllatiol to chalactelize the leliability chalactelistics of the blocks they

leplace. If the netrvork is series-parallel reducible, the tlansformecl nets,or.k is leducecl
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to a tree. The rnechauics of this plocess ale clesclibecl in Agr.arval aucl Bar.lorv (1g84)

rvho also shorv tllat all glaphs ale uot ser.ies-palallel r.educil¡le.

Fig. 3.2 shows a typical selies parallel reclucible gr.aph. Again, the topology of the

letrvolk is instlumental in rnaking the leliability calculatiou tlactable. Tlre pleseuce

of inteliol rrodes, i.e., nocles uot connectecl dilectly to either.the soulce (s) ol teì'nrinal

(t) uodes, is a key cletelminant of rvhethel the netrvolk is selies-palallel reducil¡le. lt
sho.ld be notecl that tlle network in Fig. 3.2 has no inte.io. rìodes of cleg.ee thlee

ol greater'. Any tetrvolk that has uror.e than thlee nocles, of ¿t least degr.ee thlee, is

lot selies-pa.allel reducible. Aftel all se.ies-palallel .ecluctions have been pelformecl

fol' such a letrvotk a series-patallel lecluced netlolk reuains. The couputational

effolt requiled to calcuìate leliaì:ility fol this r.educed netrvor.k depencls on its size. If

the selies-patallel leductions have reclucecl the size of the oliginal netrvor.k to a srnall

size, apploxirnat,ely, 10 links or less, then the calculation of reliability is feasible.

On the other hancl if the leducecl netu'ork contains many Ìnore t,han 10 links then

the cotnputational effolt to calculate reliability lemains excessive clespite the selies-

palallel leductiols.

The topology necessat'y fol a netrvork to be series-par.allel r.educible can have

arl'else efects on the netwolk's reliability. I' palticular, efficient desig. of rvate.

supply clistlibution netrvorì<s requires that pipe capacity be recluced rvith distance

frour the source node. The incleased ca¡racity, in links neal the soulce lode, is

rìecessary l¡ecause these lilks must car.-,-y rvater. to supply boih the lode at the encl

of the link and clemaud no<les, thloughout the netrvor.k. The links that are fal fr.om

the soulce nocle are designecl to ca.r'y rvate:: to supply only the clemand nocles in the

neighboulhood of the links.

The iurplicatiol of this l'eduction in capacity is that it is inpossible to neet

clemand requilements for nodes, Iocatecl fal flom the source, by I'e\¡ersing the norrnal
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Figule 3.2: Exam¡rle of a Series Par.allel Reducible letrvor.k

clilection of florv in the adjacent links. If, in Fig. 3.2, link 4 fails, node 3 is still

corurectecl, l¡ut it is quite possible that the connecting pipes clo tìot hâ\¡e sufficient

capacity to fully supply locle 3. The aclclition of links 11 ancl 12, shorvn as dashed

lines in Fig. 3.3, rvoulcl clear'ly irnprove the leliability of the netr.vork. It should be

notecl, horvever', that the addition of these links woulcl change the topology of the

uetrvolk, so tliat it is no longel series-par.allel leducible.

3.1- Comments

The plevious examples suggest that although not as forbiclcling as geler.al tlleoreti-

cal analysis woulcl suggest the ploblern fol lealistic ¡etrvor.ks is stilÌ too lalge to be

calculatecl ivith leason¿l¡le efolt. Conversely, it is often the case for. lar.ge netrvorks

tliat, if the rletu'olk is clesignecl so that reliability can be calculated rvith a r.easoraþle

effolt then the nettvork cloes not have sufficient leliability. Fulthermore, the above

exatnples assumed highly sitnplifiecl failure cliteria and failure mechaliisrns. HorveveL,

rvatet'supply systems can fail b¡' ploviding insuficient florr'or pressule rvhile all ¡odes

are connectecl. In acldition, expelience shorvs th¿t pipe failur.es ate not indepenclent
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that tllat failule likelihoods ale not unifol'¡r thloughout the nettvork.

The above ptoblerns with the exact calculatiol of netl'olk leliability justify the

explolation of sarnplilg ¡rethocls to apploxinate leliability lather tllau calculating

it exactl¡'. Ll this s'ay tllat the computational bulden associatecl rvith calculation of

reliability can be leclucecl to leasonable levels for. quite large netrvolks. The use of

estitnatiotl techniclues is especially justified if as rvill be shorvl the estìmation methocls

cal be used to lelax the assutnptions concerning failule nechanisms ancl likelihoocls.

The oppottuniiy to lelax these assurn¡rtions il'oulcl make the leliability estirnates far'

rnole useful.

3.2 IJse of Conditional Probability

The basis of the methocl usecl to approxirrate networ.k r.eliability is the genelal nul-

tiplication lule of the theoly of plobability. This rule states the plobability that a

pipe failure event causes a letrvork failule as {ollotvs:

P(E n F): P(E)P(F I E) (3.2)

F is the event that the netlvorh fails

E is the event that a set of pipes in the netrvork fails

P0 is the plobability function

TLis folrnulatiol is particular'ly useful because it clivides the netwolk failule event

into a tettn (P(ð)) rvliich is entilely clependent on the componelt leliability of the

net*'ork ancl a term (P(F I E)) u'hich del¡ends entir.ely on the netu'or.k topology. The

first telrn, P(E), can be estimatecl floln failure histor.y of the pipes iti the netrvor.k iu
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cluestiorì. The seconcl telm, P(F I E) can be estimatecl using Monte Callo sinrulatio .

Il applying this clecomposition the conponent failure event E is dividecl into disjoint

sets tlrat involve the sirnultaneous failut.e of exactly t:r :7,21 3, etc. links in the

net$,ork. These disjoint everìts ale nlutually exclusive ancl collectively exhaustive

of the cour¡rouent failule space. If the component failule event is clivicled into t¡,
rrrutually exclusive, exhaustive events .Ð1, 82, 83, elc. the equatiol for lletrvor.k

failule, Eq. 3.2, becomes:

p(EnF): p(81)p(F I Et)+ p(E,)p(F I E,)+ p(h)p(F lE,)+... (3.3)

rvhele

o F is the event that the letrvolk fails

o E¡ is the event that exactly k pipes in the network fail

o P0 is the plobability function

Eq. 3.3 plovides the basis fol the apploximation of letu'ork failule plobability

usecl in this study. In Chapter'4 a model is developecl rvhich can be used to estilnate

system failule plobability ulcler the assurnption that pipes iu the netrvolk have the

same plobability of failule.
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Chapter 4

A Simplified Model for Bounding

Failure Probabilities

In Cha¡rter' 3, the lirniting assumptiors and calculation bulclen associatecl rvith cu¡.ent

rvolk o' netwolk .eliability rvas cliscussed. Silce, at the plesent time, the'e is no

rnodel ivhich adequately acldresses these issues, a rnathernatical model rvhich bou¡cls

netwo.k leliability is preserted. Tlie model is fir'st cleveloped in this chapter.for the

siuplifiecl case in rvhich all links have an eclual plobability of failur.e ancl ir which

f¿ilule events ale indepenclent. I' chapter'5, the rnoclel is extelded by .elaxing these

sirqrlifying assurnptions.

4.t Qualitative Basis of the Model

Trvo facto.s affect .etrvolk 
'eliability 

rvhen cornpo.ents can fail. The first facto. is the

failu'e plobability fol one oL nlore individual compolents. In palticular., ivhen effects

on sel'vice levels al'e consiclelecl, the event that sevelal componelts fail simultaneously

is fal rnore serious than the event that the sarne number of componerts fail oue at

a time. As a result, infonnation about the simultaneous failule of multiple systern
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corÌìponents can lle expected to be impo'-tant in the development of a r.eliability

estirnation nloclel.

The seconcl factol that affects netrvor.k I'eliability is the geoglaphical location(s) of

a com¡rolettt failul'e ot' coml¡inatiol of corlrponelt faìlures. A small numbel of failules,

'conectly'positionecl, can cause a system to fail. On the othel.hancl, a gleater.numl:el

of lanclomly placecl failures night not cause system failul'e if sufficient ledunclancy is

l¡uilt into it. The geog.aphical Iocatio.s of cornpo.e.t failures in a pipe netrvor.k ar.e

subject to stochastic valiation aucl, hence, can not be pleclicted exactly.

To quantify tlte cornbined efects of these trvo factors the pr.obability of failule is

clecompose<l into a sirnultaneous coülponerìt failule telm and a'geoglaphical'leliabil-

ity telm. The sirnultaneous component tenl can l¡e esti¡ratecl using historical clata

fol the net*'or'ì< being studied. The geoglaphical leliability tern can be estirratefl

usilg Moute Callo simulation. Ll the next section, a nathematical ¡roclel basecl ou

these plilcipÌes is cleveloped.

4.2 Theory

The lnathematical moclel to be cleveìopecl uses glaph theo'y to r.epresent a rvate.

supply clistlibution netrvork. A netrvork, with ML pipes can be lepresentecl as a

g'aph with MI liuks. unclel the sirnplifiecl assurrptions being usecl in this cha¡rter.,

it is assumed that links fail inclepe'clently, have an equal probability of failur.e, ancl

the uetrvo::k is consiclelecl to have failecl if one or lnole locles have l¡een disconlectecl

florn the netrvork. Denote the event that the netrvolk fails by F.

Since u'atet clistlil¡ution netrvolks ale clesignecl rvith solne leclundancy, the failur.e

of ole o. mole li'ks cloes not necessa.ily lead to netrvolk fail'r'e. A set of {ailed Iinks,

ivhich cliscolllects ore oL rlore nodes fiom all sou'ce nodes, is callecl a c't set. Any

set of links that fails is called a rernoval set. Denote the rernoval set cousisting of at



most r¡¿ failed links as ,9-. Note that, implicit in this definition is the requirement

lhat m > 0. Denote the event that no links fail as ,91{F. The definition of ,5-

and the fact that r¿ is an integer implies that the set S- contains the events that

lr2rSr.,,ormlinksareremovedfromthenetwork.,S-doesnotnecessarilycause

the network to faii. The following property holds for ,9-

,9rC,9rCSs."CSut (4.1)

rvhere

e .9- is the event that 1,2,. , . ,or nz of the links are removed from the network

c M L is the number of links in the network

The following union covers the set of all possible ¡emoval sets:

SNFU Sut (4.2)

where

e ^9I[F is the event that no links are removed f¡om the network

o Su¡, is the event that 1,2, . ..,or M L links are removed from the network

It is assumed that failure of the network is caused by failure of links in the network.

Thus, the event that the network fails and at most, r¿ links are removed, is denoted

by (F n ,9-). From Eq. 4.1

(rn s') c (¡' n &) c (Fn s3) ...(F n sML) (4.3)

where

c F is the event that the network fails
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Because the intelsection of ,5',,, ivith aly another set can contain no more ele¡rents

than rl'ere oliginally in ,5',,,, it follolvs that

(F n,s;,,) c s",,

antl P(F n,9,,,) < P(,5;,,)

F is the event that the netrvolk fails

P0 is the plobability of the event enclosecl in the blackets

(4.4)

rvhele

o

a

Fol watel distlil¡utior netu'olks, it cal be alguecl that ther.e exists a value /y',,,n,,

ri'lrich is considelably suallel than ML, for rvhich Ðq. 4.2, rvith À!,,", substituted

folM.L ahnost covers the rer:roval space. Cornbining Eqs. 4.2 ald 4.4

P(,5 N F u 5,r¿¿) > P(,S^¡r u (¡' n,9M¿))

Suì:tlactilg P(SN F U (F' n 5î,,,",)) from both sides of Eq. 4.S gives:

(a rr)

P(,5 N F u,9ur) - p(,9 N F u (F n,s¡f,,,",)) >

P(,9NF' u (F ì,gML)) - p(,sN F u (F n 5N,,,"")) (4.6)

Note that P(SNF U ,gML) :1 an<l the left hancl sicle of the equality in Eq. 4.6

is the elror introclucecl by consiclering l.etnoval sets of size 1{,,", or' less. Ðq. 4.6,

thelefole, shou's that 1 - P(,9^/¡' U (F n ,5'N,,,"")) for.rns an upper. bound fol the er.r.or',

in estimating uetrvorl< failule, introclucecl by choosing a rernoval set rvith less than

Mtr links, The ellol'in the plobability of netx'olk failule caused by the ornissìon of

latge' cut sets is can thus be bou,decl using the failure p.obabilities fo' the chosen

smallel lemoval sets.
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While the above lesult is useful, the events,S',,, are difñcult to rr'otk rvith l¡ecause

they are not disjoint. The overlapping of the ,5',,, pr.events the easy calculation of the

plobabilities of cornl¡inations of events. The clisadvantage of fotmulating the r' odel,

in telms of ,5',,., is especially evident if the rnodel is to be gener.alizecl to the case

cliscussecl in Chapter' 5 ivhele failure plobabilities ar.e not equal.

A paltitioning of the lernoval set space clivides the space into clisjoint sets. Uncler.

a paltitiouing all possible lemoval sets ar.e in one, alcl onìy one, of these ilisjoint sets.

Thele rnay l¡e several rvays of paltitioning the lernoval set space. A str.aight-for.rvard

an<ì intuitive rnethocl of partitioniug the lerroval set space is by the car.clinality of the

I'euroval events. Under tltis partitioning all lemoval events in ivhich tlle same nurnl¡eL

of links fail ale glouped into a single set. Mole for.mally, <lelote the set of events in

rvlrich exactly rn links fail as 8,,,,, ttt : 0, 1, 2, 3, .. . , M L, Fur.tliel clenote the event

that the netrvolk fails and exactly m links fail as F,,,. Note that 4,,: (f n8,,). The

failule behaviour of the netrvolk rvith r.espect to the sets @,, car be relatecl to the

failule behaviour, with lespect to the events,9,,,.

Consiclel the event in whicli no linl<s aLe lernovecl (rn : 0). Tliis event can be

clenoted by eithel E¡ or S N L. The pr.obability of netrvor.k failule, and eithel of these

everìts, is given by:

P(lì) : P(F n Eo) : P(F n,51vt) : e (4.7)

wlìele

r F6 is the event that the systern fails rvllen no links are lemoved

r ð6 is the event that exactly zelo links are r.emovecl

Eq.4.7shorvsthattheplobabilityofnetrvorkfailur.eiszeloifallIilksalewor.kiùg.

Norv consider the case in rvhich n¿ : 1. Because the 5',,, rvele clefinecl to exclucle



lemoval sets witlì zel'o lirìl(s renìoved, Et : ,9t. Tlrelefole, the probability of failur.e,

for rr¿ : 1, is given by:

P(1')= P(FrtEt) = P(Fn ,91) - P(F n,tN¿): p(Fn,s1) (4.8)

Fol tlre case, iu ri,hich tn : 2, nole that the event that exactly trvo links fail is the

sanle as the evelt that at rnost tl'o links fail, but the event that only one lirrk fails

cloes not occur'. The failule plobability fol rn : 2 is therefole given by:

P(F,): P(F a,9r) - 11r n 5i)

Similally fol n¿ : 3

P(F.) : P(F n,e3) - P[(F n ,si) u (¡'n ,el)]

But since ,9t C ,Sz Eq. 4.9 becomes

(4.e)

(4. 10)

P(F') : P(r n'5'3) - P(F ì S,)

Using the salÌle process) for an arJ.litlaly m:

(4.11)

P(F,,,.) : P(F n,t,,) - P(F n 5;,,-1) (4.12)

By sumrriug Ðcl. 4.12 ovel' all v¿lues of n¿ ancl noting that the light-hand side

forms a telescopilg selies, the follorving explession fol calculating reliability can be

found.

lvl L
P(¡) : Ð P(F,,,) : P(F ì,s^41) (4.13)

If the selies in Ðq. 4.13 is tluncated after' /y',,.., teLrns al elr.or. is intr.oducecl i¡to

the calculation of netrvolk leliability. It rvas shorvn in Eq. 4.6 that a bound fol this

eÌrol cau be cletelrnitecl using lertroval sets of size ffnn" or less. Eq. 4.13 has the

aclvautage that the naxiurum size of cut set for rvhich the plobability of failure ¡ust
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be evaluated in obtaining tliis borurcl is À¡,".,. HorveveL, the co'rputational bu_,-.clen

to evaluate tlie plobability of netu'olk failure using cut sets of size 1V,,,., or. less can

be plohibiti'e rvllen /y',,,"" is lalge. As a lesult, estimation of netri'o'k .eliability ì:y

samPlilg is still plefelled. Note that Eq. 4.13 can be explessecl in a for.m in rvhich

it is easiel to estirnate the P(4") telms. By definition F^ : F n 8,,. The follorving

equatiol l'esults u'heu F n 4,, is substitutecl for .8,, in Eq. 4.13.

ML
P(F):tP(¡n4,,) (4.14)

?Ì =1

By the defilition of conclitional plobability

P(F î 8,,,) : p(8,,,) p(F | 8,,,)

Substituting the right hand side of Eq. 4.15 into Eq. 4.14 yields

(4. 15)

ML
P(F) =' P(8,,,)P(F I 8,,,) (4. 16)

It shoulcl be notecl, that the light hand sicle of Eq. 4.16 consists of two ter.ms, one

l'hicli is clepertdent on link reliability alone ancl tlie othel rvhich is depenclent on the

Ìayout, ol geography, of the lletrvol.k.

The factol P(E,") is depeudent only on link reliabilities. It can l¡e esti¡ratecl fi'ol¡

bleak ol failule liistoly clata fol the city in question ancl, as such, is empirical. The

nrethocl usecl to estimate P(8,,,) frorn City of Win'ipeg pipe br.eah data is discussecl

in Chapter' 6.

The P(F I E',) factol is tlependent on net*'ork geor:. etry ancl repr.esents the

plobability that the retrvork {ails given that n¿ links have beel r.emovecl. p(F | 8,,,)

can be calculated as:

P(F | 8,,,)
K,,.
.|

rvhel'e
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o 1Ç,, is the lurnl¡er of lemoval sets of size rr¿ that cause the netrvolk to fail

o 2,,, is the the numl¡el' of r.emoval sets of size n¿.

Holever, rvhìle it is possible to calculate both (,, and ?,,, clilectly, the corrputa-

tional bulden ca' be excessive. Jacobs ancl Goulter' (1gg0) founcl that, in the gener.al

case, it rvoulcl be necessary to evaluate over 10s relÌroval sets o{ size 4 to cletermine 1(,,,

for'¿ netrvolk rvith 100 links. A Monte Car.lo sirnulation apploach therefor.e is pro-

posed. Tlris silrul¿tion apploach is usecl to cletemrine p, al estirnatol o1 P(F | 8,,").

Dulilg each tliaì of the sinulation plocess, n¿ lilks are rerrovecl landornly fi'orn the

netlvork ancl the netu.ork is tested fol connectivity. The systern is cleernecl to have

failecl if any nocle is disconrectecl. Define i to be the numl¡el of tlials in ivhicli tlle

lerloval of m links results in netrvotk discolnectiol. Denote tlte total numl¡el of tr.ials

as f . The estimatol of P(F | 4,,) is thus

(4.18)

rvh ere

. Þ", : estirn¿toL of P(F | 8,,,)

o i : number of tlials that cause the netwolk to fail

¡ I : total number o{ tr.ials

if all possible Iernoval cornl¡inations ale testecl, an estimate of the probability of

system failule becornes

û^:i=[fi:es¡ø,,,¡

ML
P(F): D p@,òt,,, (4. 1e)

ln the cleveloprnent of Eq. 4.6 it *'as hypothesizeil that thel.e exists a value,

N^., < A,I L, fol rvhich ,S¡,,,." includes most lemoval sets. If À¡,,,"" is used il place of
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1,1 L, Ec1. 4,19 becones

N,,,."
P(F): D p@,,,)¡,,,. (4.20)

7ll=1

Eq. 4,20 can l¡e usecl as an estirnatol of system reliability. This equatio¡ co¡tains

ts'o app.oximatiors not contained in the exact equation for. the pr.obability of netrvo.k

failu.e, given by Eq. 4.16. These approxi'ratio's are l) the use of p,,, to esti'rate

P(F I EM) aud 2) the use of ly',,,", for the traximu'r size .e'roval set, rathe. than the

total r*rmbet of li'ks in the letrvork, M.L, as cliscussecl i' r.elation to Eq. 4,6. These

trvo apploxirnations leacl to eLlol in the estinate of network reliability. I¡ acldition,

the use of Eq. 4.16 assu'es that either P(fl,,) is k'orvr a pr.iori o. is estimatecl usi'g

statistical techliques. It shoulcl l¡e noted that most previous liter.ature studies assurne

that compolent failule plobabilities a.e known, e.g., Ball (1g80), Ball ancl Nemhauser.

(1983), Le and Li (1989), and Nels a'd Colbour.'e (1gg0). Sucli au assu'rptio' is

a convenieut sirnplificatiol of the problern, but is unlealistic for rvatel distribution

netrvorks. St¿tistical estiuration of P(E*) on the other hancl is more con.rplicatecl,

l¡ut far mole .ealistic. As a lesult, the use of trq. 4.20 to estimate netrvor.k reliability

act.ally int.ocluces three sour.ces of er.r'or, the trvo lelatecl to the use of 1,,, and I{,,,."

cliscussecl ealliel ancl an acldition¿l issue lelated to estimation of the actual failure

rates of the components. The mears of aclclressi'g these three types of er.ror.s aÌe

discussed in the follorving section.

4.3 Error in the Estimate of the Probability of

Network Failure

Consiclel e¿ch of the thlee euol telns mentionecl above separately. The calculation of

f,,, is pelfolmerì using Monte callo sirnulatiol. For each tlial, in the si¡lrlation, the

Iemoval of rr¿ links eithel causes the netrvorl< to fail or cloes not cause the nettvorlç to
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fail. The tlials thernselves are pelfolmecl so that they al'e independert aud identical.

As a lesult p,,,, the estimatol of P(F | 4,,), follorvs a binomial clistribution ancl the

valiance of f,,, is

t¡ AR(p^) = (4.21)

The conficlellce intelval for' þ,,, is based on the stanclar.d elr.or ancl the fact that

f,,, has cau be apploxirnatecl by the uotmal clistlibution,for lar.ge values of f,,,. It can

be seen that, fol a level of conficlence p, the colficlerce interval is givel by

C It-ø = 1',,, + çzço1r¡rf1¡,,.¡ç - ¡,^¡¡t ,¡ (4.22)

rvhele

o C I1-B is the 1 - B colficlence intelval for f,,,

t Zg¡2 is the the value of the stanclar.d nor.rral var.iate corr.esponding to the pr.ob-

a"bility 1- þ12

trq. 4.22 illustt'ates the tlepenclelce of the *'iclth of the colfidence intelval o¡ the

nurnbel of trials Í,,,. (Note that it is assumecl that sufficient tlials are trade to justify

the use of the nolmal apploxirnation to the binomial distr.ibution. )

The seconcl source of ellor is c¿usecl by using only I4,"" temrs of Eq. 4.16 to

estiurate reliability. The etrol lesulting fi'orr the use of this telm is then equal to the

su¡r of the olnitted tel'ns.

ML
e7.7,o1. : t P(Fl 8,,,)P(8,,,)

rn=N¡¿n¡r*1
(4.23)

In general, the clirect calculation of Eq. 4.23 is not possible because of clifficulty iu

estimating P(8,,) foL large values of n¿ and fhe cornputational bul'den in cleter.rlining

P(F | 8,,,) for la;:ge nz. It is, hotveveL, possible to bound the errot.. Ðxplessing the

(É,,,)(r - Þ,,,)
t,,"
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elrol' iIl tetlns of tlle definitions of lemoval sets ancl netrvolk failule in telrns of set

notation gives

(1 f^ì (E¡-.,11 U EN,*,+2U...U EML)) C

(E¡s,,,o,+r U EN.,,tn,+z U .. . U EIt L)

If the set of all possible r.erìlo\¡al sets is clenotecl as O then

(4.24)

(Eou ùr E2u...u 8N,,,.")u

(E¡v*",+, u ÛN,,""+zu ...u EML) : e (4.25)

Note lhat the evelts in the flrst teln of Ðq. 4.25, Eo thlough EN,¿aø) and the

events irr the seconcl telu.r of Eq. 4.25, E¡,¿u,",¡1 through E¡,7¡ are rnutually disjoint.

If the left hand sicle of Eq. 4.24 is sul¡stitutecl for the second ter'r i' Eq. 4.2b ancl

probabilities of all teln.rs in trq. 4.25 are takel the follorving explession r.esults.

P((F ì 8N,,"",+1) u (Fn Eu,*,+r)u... u (Fn ¿M¿))

+P(Eou Etu Ez u . .. u 8N,,,"") < 1 (4.26)

Explessing Eq. 4.26 in telus of probal¡ilities ancl noting the 8,, ale clisjoìnt evelts

M L N n¡.aø

D P(Fì8,,,) <1-(I p(ø,,,))
?,¿=¡f?naø+l ,¿=o

Thus, the e.r'or i' estim¿ting the probability of fail.re can be boundecl by choosi'g

i/,,,", sufficiently lalge that ihe r.ight liald side of Ec¡. 4.27 is less than B.

The thir'd so'rce of e'r'or is the statistical e'r'or i'estimating P(¿,") from histor.ical

clata. Because the estimate of P(4") is usecl extensively in the equations ivliich bouncl

the p'obability of failu.e, it is c.ucial that this estirnate be accu'ate. In chapter'6 the

elto's in the values of P(8,,,) a'e discussed and it is shorvn that the link r.eliabilit¡, ig

highly dependent on pipe rnater.ial, pipe size ancl to a lesser extent, pipe age.

(4.27)
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Al impot tartt point to consiclel is that all thlee of these erlol soulces act siln¡lta-

neously ancl so lrust l¡e estinated siurultaneously. Bonfelloni conficlence Iimits shoulcl

be used to estilnate all cluantities. Due to the natule of Bonfelloli estimation limits,

the acculacy of the leliability estitnate can clecrease if too man5, palameter.s ate used

to rnake the estirnate.

A lirritation of this moclel is that it assumes that failule plobabilities ale uuifolnì

fol all Iiuks in the netivot'k. Il Ohaptet'5, the nroilel is gener.alizecl to allorv the use

of rnultiple pipe categories based ou pipe niatelial, pipe clianteter', aucl pipe age. TIìe

urethocl used to estirnate net$'ork leliability unclel these aclditiolal consicler.ations is

clesclibed. Il aclclition, the intelaction betrveen networ.k size, netrvor.k complexit¡, ancl

the acculacy of leliability estimation achievable using this tnethocl is cliscussecl.
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Chapter 5

A Multiple Component Type

Model

The moclel fol estimating uetwolk .eliability developecl in chapter. 4 is basecl on

tlte assurnption that pipes have equal failu'e p'obabilities. This assurnption is not

gelelally justifiecl fol pipes in a rvatel distribution systern. In tliis chaptel the model

developed in Chapter' 4 to estirnate network reliability is extencled to lecog'ize that

pipe failule plobabilities a.e a functiol of pipe category uncler. an assumptio. that

f¿ilule events in diffelent categolies ale ildepenclent. Tliese pipe categolies consiclelecl

in the estimation plocess a.e basecl on pi¡re cliameter, matelial, a'cl age. (The act.al

nodel to estimate pipe failure plobabilities is cleveloped il Chapter' 6.)

The nioclel plesentecl in chapter'4 usecl Eq. 4.20 to estimate letu,o'k leliability

and Ec1. 4.27 to bound the elro. il the netrvoll< reliability estirnate. A 
'umber.of

rnoclifications to the model are recessal'y to generalize these equations. In palticular,

the paltitioniug of the temoval space must l¡e rnoclifiecl such that suficient Lemoval

sets ale chosel to boullcl the ellol il the leliability estir¡ate. It is also necessary to

develop a rnodel to estirnate the plobability of failure for events involving ¡rultiple
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pipe categolies. Finally, a methocl is lequir.ecl to cleternite the accr.rracy fol the

simultaneous estilnation of palameters used in tlìe reliability calculation.

Tlte assunption that all links have an eclual probability of failule is uru'ealistic fol

*'atel clistlibutiol systems because of the rvide var.iations founcl il pipe lelial¡ilitJ' for.

diffelent categolies of pipe. Al altetnate methocl of paltitioling the space of lemoval

sets is to t'ecognize the existence of tlie pipe categoÌies explicitly in the paltitioling.

Subdivicling the lenroval space, basetl on l¡oth the pipe categor.ies ancl the rtrunber

of pipes l'ernovecl in each pipe category, causes tlìe r.emoval set space to be clivided

into disjoint subsets that have the ploperty that rvithin each subset the pr-obability

of lemoval is tlle sarne {ol all lernoval sets. Denote the event that n¿ lilks fi'om pipe

categoÌy ft ale l'ernovecl as E"¡. Ensuring that this sul¡division of the r.elnoval set

space covels the space is complicatecl by events that are comprisecl of r.emoval sets

involving rnultiple pipe categolies. lt shoulcl be notecl, that the follorving uniorì of

events cloes not coveL tlle lelloval set space.

ucn=ruXli ø*u (5.1 )

rvhere

o C is the nuûìbel of pipe categolies

t M L¡ is the numbel of pipes in pipe categor.y l:

The reason Ðq. 5.1 does not ensur.e complete coverage of all rernoval sets

is that joint leuoval events tliat ilvolve uultiple pipe categolies a;:e possible. Thus,

elumelatiol of the possible removal events lequiles l¡itations of nuurber.s of links to

l¡e 
'emo'ecl 

fiom the various pipe categories. This full e'urneratio' of all possible

corll¡iuations lequiles excessive conrputational efolt. The approach that is usecl in

this thesis is to enurnelate only a subset of the possible coml¡inations.

64



Unlike the equiplobable failule case plesentecl in the previous chaptel in this case

there is no a ptiori netliocl of clroosing ivhich removal events, i.e. combinations of

lilks ale most ploì:able. It is l'easonal¡le to assume that, fol equiplobable evelts, tlle

sitnuìtaneous occultence of tl'o events is less likely than the occLrllellce of only ole

event. Tìlis a.ssumptiol is not valid fol netrvorks such as watel supply netil'olks rvith

piPe catego.ies which have widely varying failure probabilities. It is possible that

a rerloval event involving several pipes rvith high failule probabilities is mole likely

than an event involving only one ver.y r.eliable pipe.

The apploach usecl in this thesis to a<lch'ess the llloblem is l¡asecl on expelience

with sarnpling of the city of wi'nipeg pipe break data. (The results of this sar'pling

ale presentecl in detail il chapte'-. 6.) These sampling l'esults shorv that the proba-

bility of occur.ence for a lemoval set clecleases lapidly as the size of the r.e'.oval set

i'c'eases. within a pipe comPone't gloup, removal sets i¡ rvhich rnor.e than o'e Pipe

fail rvele foullcl to be tnote cornrrolì than that lvhich would be expected if pipe failures

rvele inclel>endent. This increasecl bleakage late appeals to be clue to an incleasecl

occul Ìelce of pipe failures in the itnrnecliate ternporal ancl spatial vicility of pr.evious

failu'es. In this stucly, the immecliate vici.ity of a pr-evious pipe failure is taken to

rnean s'ithin 20 m ancl 90 clays of a plevious failule. These bounclaly values ar.e

l¡ased on the rvolh of Cloultel ancl I(azemi (1988), (1989) in cletelrnining the extent

of clusteling of bleaks in the Cit5' o{ Winnipeg.

Because sa'rplecl p.obabilities of occur'ence fo. r'emoval sets clecrease .apidly as

removal set size ilcleases, cotnbinations of lemoval sets usecl in the ¡rodel a¡e chose¡

in the older of incleasirrg numbers of links. Tìle first r.emoval set to be consirleled is

the case in rvhich no links are rernove<l. This event is equivalelt to the event that uo

links are lernovecl from auy pipe categoly. Thus, the p.obability, that no linì<s ar.e
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Ienlo\¡ed, catì lle expÌessed as

P(Eo) : P(Eot ì Eo,2 n ". Eo,c)

: P(Eot)P(Ðop) . .. e@o,"¡ (5.2)

rr'hel'e

o ð6,¡ is the eveut that no lilks aLe r.ernovecl, fi.om the futh pipe category.

The values on the light hald side of Eq.5.2canbecletelmineclfi'ouclatasampliug.

It shoulcl be notecl that the secon<l li'e of Eq. 5.2 is basecl on the assurnption of

independence between failur.es il clifielent pipe categolies mentioned pleviously.

The next evetrt to l¡e consiclered is the event that a single failure occuls for.a given

pipe category k. This event is equivalent to the lernoval of ole pipe fion categoly

k ancl .o pipes fi'or' any other pipe category. The p.obability of this eve't ca, be

explessed as:

P(I J ailure in catesorg k) = P(Er,*) P(Eo,r) . . . P(Eo,t _1) P(Eo,r+r ) . . . P(86,s) (S.f )

lvìrele

r ð6,¡ is the event that no pipes fail in category j, j + k

o 81,¡ is the eveut that exactly 1 pipe fails in categor.y A

The next tyPe of eve't to be colsidered is the failure of rnultiple li.l<s fi.om

the same pipe category. This type of event is colsicleled at this point because tlle

dePendence of failures fi'om the sa¡re pipe catego'y tends to ¡rahe the occur'ence of

several faihues frorn a single pipe categoly rnuch mole likely than the occun'ence of

the saue nurnl¡e. of failu'es fiom difelent pipe catego'ies. The p'obability of this

type of event can be explessetl as:

P(m f ailures itz cat,egory k) =

p (E^,k) p (8o,1) . . . p (Eo,k_1) p (Eo,¡+, ), . . p (8o,")

ut)

(5.4)



wlìete

r Z¡,¡ is the event that no pipes fail in category j, j + k

o 8,,.,¡ is the event tliat exactly rn pipes fail in categoly fr

Tlie last type of event to be consiclelecl is the failure of multiple pipes fr.om several

pipe categories. An example of this type of event is the failure of one pipe in categor.y

one ancl tu'o pipes in category tivo. The pr.obability of this event can be expr.essed as:

P(l f ailu'e àrt. category I u.ntl

2 failures in category 2)

: P (ù ì P (8r,,) P (Eo,z) . . . P ( Eo.c) (5.5)

lvÌìeì'e

r E6,¡ is the event that no pipes fail ir categor.y j, j + k

r fl,,,¡ is the event that exactly m pipes fail in categoly fr

The nurnbel of cornbinations of this last type of event grorvs r.apiclly u,ith the

numbel of failules to be collsiclelecl and rvith the t,otal numbeL of pipe categolies.

As a lesult it is not possible to inclucle all such corlbirations of pipe failules in the

estitnation of netwolk leliability. Insteacl the objective shoulcl be to inclucle a sufficient

numbel of the lemoval events to covel tìre failure space to rvithir an acceptable degr.ee

of acculacy. A set of lelnoval evelts ivhich covels the compo'ent failur.e space to

rvithin an acceptable cleglee of acculacy is delotecl as a co.i'et'ing set.

Since tot all renloval etrents call be cortsicleletl, the selection of removal events to

be inclucletl in a covering set lequir.es a certain amoutt of juclgment. The str.ategy

userl irl this thesis is to choose lernoval events to l¡e included in the coverilg set in

the follorving l'ay.
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The event in l'hich no pi¡res fail

All events in rvhicli exactly 1 pipe fails

3. AII events il rvhicll exactly 2 pi1;es fail fi'on the same categoÌy

All of these rernoval set everts are choseu rvithout r.egarcl to the surn of their.

plobabilities of occurrence. At this poirìt, the total probability of occurr.ence coverecl

is calcuìatecl fo. the above e'e.ts. The suln of the plobabilities of occu'r'e'ce of

all events in these categolies is callecl the covelage. This plobability (or cover.age)

is co'rpa'eil to the .equirecl level of acc.r'acy. For exa'rple, fo. a r.equir.ecl level of

acculacy 13 : 0.01, if the cover.age is gr.eatel than 0.gg, tllen the selection of r.emoval

set evelts woulcl stop. If rnore removal set events ale lequirecl to achieve sufficie¡t

coverage thel the follorving types of events rvoulcl be consiclerecl.

1. Ðvents in rvhich exactly 1 ltipe fi.orn each of tivo categor.ies fail

2. Events in rvhich exactly 3 pipes fiom the same categor.y fail

3. Events il rvhich exactly 1 ¡:ipe from each of tluee categories fail

4. Events i, il'hich exactly 2 pipes f.orn 1 catego.y a'd one pipe fails frorn another.

category fail

5. Ðvents in ri'hich exactly 4 pipes from l categoly fails

6. Continue iu the sarle pattern tvith increasilg numl¡ers of failures

The p'obability of each these events is caìc'latecl at each stage to check tlle cov-

elage for sufficiency,

The lernoval set events choser for the coveling set follorving the ploceclure outlired

above ale then sequeltially nutnbered ir the orclel that they tvele cltosen. The rerrroval

set events irr the coveling set ale clenotecl RE¡,i : 1,2,3,.. , , Xtl M, wherc MM is

1.

2.
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the rumbe. of leuroval set events choser. An example of a re¡roval set eve¡rt is all

cotl]ponent failure evelts involving the sitnultaneous failule of trvo, 200 nm cliarneter.,

cast ilon ¡ripes rvhich ale at least 30 years old .

Eqs. 4.20 aml 4.27 catì rìo\\¡ be genelalìzecl to calculate leliability ancl bouncl the

ellor in the leliability calculation. Tlie analog to Ðq. 4.20 to per.folnr this task is:

^4MP(F):Dp(J^|REi):
MM

\ P(RE;)P(F I RE;) (5.6)

whele

o RE; is the ith rernoval set event irr the cover.ing set

t M M is the nurnl¡el of lemoval set events includecl in the coveling set

TIre telrn P(F n REi) is estirnatecl using Monte Carlo simulation in a similal

fashion to the nethocl ploposed in the plevious chapter'. (Tlie mechalics, of horv the

silnulation is pelfolmecl al'e rliscussed in Chapter.s B ancl g.)

The aualog to Eq. 4.27 is:

ItT 
^4MÐ p(Fî, RE¿) < (1* (t r@E;)) (5.7)

i=M MIl

rvhele

o lvlr is the total .umbel of possible removal set evelts that can occul' fol the

the netlvoll<
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5.1 Simultaneous Estimation

Ll the l'orst case, Eqs. 5.6 ancl 5.7, r'ely on the sirnultaneous estimates of the ploba-

bility of occLulerìce of leuoval sets fol all possible pipe categolies ancl the conclitional

ptobability of occuLlence of retl,ork failule given the r.er¡oval of a set of links. The

accuLac)¡ of these equations clepelcls on the accuracy of tlte model usecl to predict

cotnponent failule plobabilities fol each pipe category ancl the accuÌacy rvith rr'hich

it is possible to estimate the conditional failur.e plobability ter.ms P(F I AE,) il Eq.

5.6. In aclclitiort, tlte siurultaneous estirnation of cornponent failure plobabilities alcl

conclitionaì failure pt'obabilities, using Bonferroli conficlence limits fol multiple pipe

categolies, clecleases the confidence rvhich can be placecl in the estimate of any one

of the values being estimatecl.

The apploach usecl to estilnate the component failule plobabilities is to clevelop

a rnoclel to estirnate the probability of occulr.ence for retloval sets with 0, 1, 2, and

3 elellerts fol each pipe category. These lnodels clepencl on four palanetels for each

pipe categoly. These paraueters ale ,L81, the avelage plobability of an inclependent

pipe break; 110, the plobability that a seconcl pipe break occurlilg rvithin one clay

and 20 rn of an inclepenclent pi1>e break, given that the inclepeldent pipe br.eak has

occulled; 111, the probability that a second pipe break occurs within 20 ¡r and

l¡etrveen 1 ald 90 days of the oliginal ì.lr'eak; alx| I(2, a factor assumecl to take into

accourrt factols lvhich cause a clecleased nulnber of clays with olly one pipe bleak in a

clay. These spatial ald teurpolal limits (20 rn aucl g0 clays) ale the sarle as those usecl

in Cloultel and l{azemi (1988X1989). Once these palanetels h¿ve been estirnatecl,

tlte estimation moclels can be usecl to estitnate the r.equir.ed pr.obabilities fol Eqs. 5.6

and 5.7.

A regression approach is usecl to estimate the pat.arretels for. each pipe categoly.

Each of the palarnetels is estirnatecl as a linear. fulction of pipe ìength ancl/or. pipe
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âge. Details of the legression a1>p-,-'oach usecl to cleternine the values are givel in the

follorvìng chapter'. As in the case fo. equal probabìlities of failu.e usecl in the plevious

chapter' 4onte Carlo simulation is usecl to estirnate the conclitional plobability ter.m

in Eq. 5.6. Note that each case that is sirnulatecl r.equir.es the estimation of ole

conditional plobability telrn, thr:s incleasing the numbel of pala¡retels to be esti-

rnated by one. Since all of the palarneteLs fol all pipe categolies rnust be estir¡atecl

sinultaueously, Bonfelloni colficlence lir:rits ar.e used.

If g pat'ametels ale to l¡e estimatecl simultaneously ancl the lequirecl level of confi-

clence is 1- a, tlten the lequiled colfidence level fol each palameter that is estirnatecì,

a¡, is found by solving

1-a¡ (5.8)

li'he¡'e

r g is the nurnl¡el of palarnetets to be estin¿ted sitrultaneously

¡ a is the requirecl level of significance fol the simultaneous estinate of all pa-

Latnetels

r cra is the lequirecl level of significance for. the estirnation of each par.arneter.

Basecl on Eq. 5.8, the lequiled level of conficlence for. each par.arnetel to l¡e es-

tilr atecl is tnuch higher thar the requilecl level of confidence fol the total estim¿te.

As a tesult Botifet'r'oni confidelce intelvals ale rviclel than single variate confidence

intelvals, for the same level of conficlence. The extent to rvhich the number of pa-

rametels that must be estimatecl can l¡e limited is au important cletetrninaut of the

applicability of this rnoclel.

1a
2s
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6.2 Confidence Limits for Total Probabilities

trqs. 5.6 alcl 5.7 use surns of plobabilities to estimate tlle curnulative p¡ol¡al¡ilitv of

letl'olk failure ancl to bouncl tlle en'ol in the estinlate of the cuntulative plobability of

system failule. The suur of the plobabilities of occullence of le¡roval set events is also

usecl to estimate tlte total plobability of occuLLence of the coverage set. The value

of these cunulative plobabilities cal l¡e estimatecl fi'orn the Bonfelloni confìcle¡ce

lirnits calculatecl fol each netrvolk. It is possible to estirnate the expected value of

eacll curnulative plobability by surnliing the rraximurn likelihood estimatols ove¡ all

failule cases. Simply sumuring the lorvel l¡ouncls of the Bonfel'r'oli conficlelce li¡rits to

ol¡tain a lor,ç'er li¡rits ol the upper l¡ouncls to obtain uppel lilnits for these cumulative

probabilities is, holever', unduly conselvative. Rather. than sinply sunì upper. ol.

lot'el bouncls a statistical apploacli to estirnating these pr.obabilities is usecl. The

valiance of the total proìrability of failure can be estirnated fronr the valiances of the

indiviclual failule cases.

I(nowledge of the lelationship betrveel the events il the coveling set is necessa¡y

to iletelmine the varialce of the sun of plobabilities fol the covering set. lt shoulcl be

llotecl that lemoval set events rvhich affect a sirgle pipe category inclucle virtually all

failule eve'ts that ca. be expectecl fo. the catego.y ancl rrust efectively acld up to o.e.

It is, thus, extlernely unlikely that the plobabilities of occuLrence fol all failur.e events

affectirg a single Pipe categoly are eithe. oveL ol u'cler estirrates. If the estirnate of

the probaì:ility of occurlence of 1 failure is high thel the othel estimates should be low

to compensate. In othel rvortls it cau be expectecl that events that affect a single pipe

categor'y are negatively collelated. The estimatecl eu'o. fi'orn negatively corl'elatecl

evelts should be less tltan the ertor fi'our inclepenclent evelts. It is also reasonable

to assume that events that afect a diffelent piPe categolies ale inclepeuclent. Thus

the assumption rvas macle that the incliviclual failule cases in the covering set ar.e
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inclepenclent. IJndel this assumption the valiance of the total probabilitv of failur.e,

,92, is the sur¡ of the valiances fiom each case in the coveÌing set, ,5!2. This ex¡rlession

can be rvlittel:

q'2-\-c?

rvhele

e ,92 is the v¿r'iance of the cumulative plobability of failur.e

o ,5',? ;s ¡¡" valiance of the probability of failule in ith distr.ibution in the coveling

set

. n : number of cases in the covering set

Fol'each failute case in the covering set the Bonferloni lirnits give a .99 conficlence

intelval for tlie expectecl plobability of failut'e. The standar.d cleviation ald, hence,

the valiance can be estiurated from the conficlence inten'al. Note that in genelal the

lviclth of ¿ confidence intelval is givel by:

u : 2l¿o (5.10)

rvhele

r t¿ is the knorvn iviclth of the conficlence inter.val

o o is the standald deviation

¡ À is a clistribution clependent colstaut

The palametel k is depenclent on the underlying plobability clistr.ibution. The

ulclellying clistliì¡utious of the cases in the coveling set are in general not knorvu. ]t

is, hou'eveL, conselvative to choose a clistribution rvith as small a k as possible, i,e.

(5 e)



the nolmal tlist'il¡ution. For a .99 conficlence intelvaì fol the norrnal dist.ibution k

:2'576' The staliclatd deviatio¡r cau then be estimatecl fol each case in the cover.in¡;

set as

- u)i lDi

5.15
(5. I 1)

rvhele

o .,; is the rviclth of the Bonfelloni conficlence intelval fol the i th distr.ibutiou in

the coveling set

o ,5', is tlle standard cleviation of the i th distribution in the coveling set

The va.iance of the curnulative p'obabilities ca' then be esti'ratecl usi'g ,12, as

given by trq. 5.9. The variance ,92 can be usecl l¡oth fol the calculation of colficlelce

Iimits ancl fol hypothesis testilg with respect to systen reliability. Tlie t-clistlibution

rvith n-1 cleglees of fi'eeclorn (n is the number of sets in the cove.ing set) ancl be used

fol l¡oth confidence lirnits ancl hypothesis testing.

5.3 Factors Affecting Model Applicability

F.o¡r Eqs. 5.8 - 5.11 it car be seen lhat both the iviclth of the Bonfel.o'i conficlence

intelval ttr; ancl the variance of the curnulative failure plobabilities ,92 i¡cr.ease rvitll

the numl¡er of parametels estimated. Thus, the number of par-arneters that must

be estirlated is crucial to the applicability of the moclel. The nurnber of par.arneters

lequiling estirnation alcl thus the applic¿bilib' of this moclel is afected by a number.of

factols. The fir'st factor is the complexit)¡ of the systenì. A systern rvith a lalge numbel

of cliferent cotlponents t'equires the simultaleous estimatiou of a lalge nulnbel of

palatnetels.
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The secoucl factor that a.ffects the numbeL of parametels to ì¡e estirnatecl is l'elated

to uetwolk size. Iu genelal, as the uetrvorl< size incleases, the nurnbel of sinultane-

ous failutes likely to occLtl incleases. The inclease in the nurrbel of si¡tulta¡eous

failul'es can cause a lalge incLease in the nunrl¡el of failule cornbinations that must

l¡e consicle.ecl to achieve covelage of the 
'enoval 

space. It slloulcl be uoted that for.

rvatel supply distlibution systems there is eviclence that the nuulLreL of sirnultaneo¡s

failul'es that ale likely to occul increases rnuch rnoLe slorvly than systenr size. Jacobs

anrl (loulter' (i991) founcl that for.the entile City of Wirnipeg rvater. distribution

netrvolk, rvith ahnost 2300 krn of pipe, rnor.e than 20 failur.es rvele lepoltecl ou less

than one pel cent of all opelating clays. If the assurnption is ruacle that rnost pipe

bleaks a.e lepaired o'the lepolting day this s.ggests that o'ly a srnall fi.action of

all pipe links ale inopelative at any one tirne.

A thii"cl factor that affects the nunbel of palarnetels to be estimatecl is the lnean

tine to tepair'. Fol pipe failules to irteract the bleaks must be in existence simultane-

ously. A sholtet' mean time to repail lessens the probability that bleaks can interact

ancl thus lorvels the nurnbel of simultaneous breaks that trust consiclerecl.

Finally, the failule late, of the ¡ri¡res in the network, must be consicler.ecl. lt is self

eviclent that a higher failule rate leads to mole failures (ancl mole simultaneous fail-

ules) rvhich, in turn, r'equiles the estimation of nore ¡rararneters. It should l¡e notecl

tliat the failule late estir¡rates usecl il this stucly ale basecl or clata flom Elgineeling

Distlict 4 in the City of Wiruripeg. District 4 has ¿ lower pipe br-eakage late than

is repoltetl fol the City of Winnipeg. Winnipeg rvith pipe br.eakage lates that have

leachecl apploxirnately ole l¡reak pel kilometel pel yeal, has one of the highest pipe

breakage rates of any ruajol city in eithel the Unitecl States or Cauacla.

One of the tnajol pt et'equisites fol the developnent of this moclel is the availabilit)'

of accurate clata on both the failule histo.y and the pipe inventory fol the uetrvork
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being analyzecl. The pipe failure data used fol this study ar.e containerl in a bleak

clata l¡a.se gatheled by the Watelu'or:ks, Waste ald Disposal Departrnent of the Cit)¡ of

Winnipeg. These clata ate leasonably accur-ate arìd ar-e tlìelefole applopliate for.this

stucly. On the othel hancl, the courputer.izecl infol'mation about the pipe inventoly

rvas found to be fragrnentaly and incomplete. Consiclelable effoÌt to augment and

velif¡' 1l1s conputelized pipe inventory ilfolmation rvas trade, dulirrg the couÌ.se of

the study. Documentation on the pi¡re inventor.y is given in Appendix A. The next

chapteÌ gives the clet'ivation of tlle rnoclels to estimate pipe corlponent leliability for.

rn = 0rl12, r¿nd 3 simult¿neous breaks,

/t)



Chapter 6

ESTIMATING PROBABILITY

OF EXACTTY m BREAKS

The key palameters of the rnodels clevelopecl in Chaptels 4 ancl 5 are, p(4,,1), the

probability of occurleuce of exactly rn simultaneous bteaks for tlre kth pipe categor.y

and, ly',,,., the naxirlurn rurnber of sirnultaneous bleaks that must be consiclerecl to

ol¡tain a given level of'eliability, lú,u.". No theoletical approaches or a priori data to

cleteluine the values of these paraneters culrently exist.

It is necessary fol the pipe failule model to accurately pleclict failule probabilities

fot' a va'-'iety of piPe mate.ials, sizes, ages, ancl lengths as these varial¡les affect the

rate of bleakage, r'epresented as the avelage nurnbel of l¡r'eaks pel unit length ancl

thelefol'e have a rnarkecl efect on failule behaviour. when rvatel pipe bleaks ale

categolized by pipe material, cliametel, alcl age llalkecl difiel'elces in the average

b'eakage rate car be seen (see Table 6.1). The diffe'ing average failur.e'ates arno'g

these pipe categoties imply that a separate functiol rnust be usecl to clesclibe failule

l¡ehaviour for eacll piPe categor5'. Iu this thesis these functions ale baserl on sampling

fi'om histolical pipe bleak clata fo. the city of winnipeg, ca'acla (This clata base



is describecl in Appendix A). As such the values of the pa'-arneters are valicl str.ictly

only fol the City of Winnipeg situatiol. Horvever', the technic¡res usecl to det'ive these

palarletels have general applicaì:ilit5, to othel' situations *'her.e sirlilal. clata exists.

6.1 Sampling from the City of Winnipeg Data

Base

The actual sar.npling is ¡rerfolmecl to cleterrnine the nurnber.of clays il which 0, 1, 2,

3, etc. of each of foul classes of failul'e erreuts occurrecl fol each sarnple selected. The

classes of failule events are:

1. days on ivhich pipe failules occur.l'ed

2. days rvith ilclepenrlent pipe failures

3. clays with clepenclent pipe failules on the same cla¡' ¿r o causal ildepeudent pipe

bleak

4. days rvith clepenclent pipe failules ol a clay subsequelt to causal iudepenclent

pipe breaks

Detailed defilitions of these events aLe given in Section 6.4.

In the sarnpling ltlocess sections of s'atel mains (links) ale selecteil. These linhs

ale seglegatecl into pipe categolies definecl by the pipe ruatelial, pipe cliameter., antl

pipe age. In the sampling process tlte total length of the links in the samples selected

is systernatically variecl so that palarneters cau ì¡e estimatecl over.a lange of pipe

lengths.

The link clata and l¡r'eak clata rvele originally storecl in tlvo separ.ate files: L4F00Z

(link clata) arcl L4F004 (b.eak data). A detailed descriptior of the 
'erification 

arcl
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Pipe Categoly

Pipe rnatelial, diaueter', age

(mm) (yr')

Average Breaks pel

I(ilorneter per Yeal

Cast Lon Pipe 150 rnm, 0-19 yr

150 mrn, 20-30 yls

150 rul, over' 30 yls

200 rnrn, 0-30 yls

200 rnm, over 30 yls

250 mm, 0-30 yrs

250 rr. rn, over 30 ),r's

300 n.rm, 0-30 yrs

300 rnrn, over 30 yls

0.42

0.34

0.70

0.56

0.64

0.52

0.58

0.50

0.72

Asl¡estos Oemeut Pipe 150 mrn, 0-30 yls

150 nrn, over' 30 yls

200 mrr, 0-30 yls

200 rrrn, over' 30 yrs

250 mrr, all ages

300 tul, all ages

0.05

0.06

0.20

0.70

0.12

0.03

Ductile Steel Pipe 150 mm, all ages

200 mm, alì ages

250 nm, all ages

0.05

0.04

0.10

PVC Pipe 150 rnrn,0-30 yr.s 0.04

Table 6.1: A'erage.u'be. of breaks per kilometer'Per. yea. for the City of \4¡iurripeg
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coÌr'ectiou pÌocedures employed to r.nake these clata suitable for san.rplilg is sho*'¡ i¡
A¡rpenclix A. A schematic diaglam, of the ¡locess used to sample fiorn the combinecl

data base, is shorvn in Fig. 6.1.

Figure 6.1: Schematic of Computer Systeur to Ðxtr.act, Pipe Br.eakage Sanples

The link data (file L4F007 in Fig. 6.1) rvere verifiecl and conected using the

process desclibed i' Appenclix A, The flle L4F007 was then transfe'r'ecl to a mainfi.ame

conputel usilg a telecornmunications link ancl stolecl as file L4F008. The plogr.arn

DPJ009 rvas then t'un to create a courbinecl clatabase cortaining both link r.ecolcls ancl

break records. I' adclition, DPJ009 iclentifies inclepe'cle't b.eaks. A break is clefined

to be inclepe.cle.t if it cloes 'ot occu' rvithi. 20 'r and/or' g0 days of a pr.evious

b.eak (This definition rvas usecl by Goulter and l(azemi (1988)). DPJ009 car cLeate

Raw Sample
Records
L4F017

Count Links by
Category DPJO12

Category Table
with Counts
14F01 1
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trvo types of 
'ecolcl 

for each link. The fir.st type of r.ecor.cl, the link r.eco'd, clescr.ibes

the physical chalactet'istics o{ the link. Tlie link lecorcl is alivays the fir'st ¡ecor.rì for.

a link. The second type of lecorcl, the l¡r'eal< record(s), gives the location ancl date

of occuLLence of e¿clt bteak th¿t has beel r.ecor.ded for the Iink. The next progl.aln,

DPJ012, counts tlle nurnbeL of links in each category rvhele tlle categolies ar.e definecl

by pipe diaureter', pipe t:ratelial, and pipe age. These coullts wele usecl to nuruber,

colsecutively, the pipe liuks that folu the sarll:lilg base for. each categoly. Since

the sarnple pe.iocl cove.s the 15 yea.s f'om 1975 to 1989, pipe age ivas calculated

sepalately for each yeal of lecolcl.

The thirrl pÌoglarn, DPJ021, r.andornly selects inclividual pipe links, fi.our the

conrbinecl data base. DPJ021 uses a trvo steP approach in sarnPling clata fr.om the

courl¡inecl data l¡ase. In the fir'st step, a landom numbel genelator is used to select

piPe li'ks, rvithout .eplacernelt by number, fol each category froln the sarnPling base.

For each catego.y, 20 sa'rples a'e take'. The 
'urnber 

of links (sarnple size) i' each

sample is varied, fi onr an initial value of five lilks incleasing by five links for. each

successive sample until a rnaximur¡ sample size of 100 lilks is reachecl. The sample

sizes were i'creasecl in this fashion to vary the total length of pipe in each samPle.

Oue sarnple with each specified uuml¡el of links is selected. Saupling is perfolmecl,

sequentially, fol each yeal of.ecold from 1975 to 1g8g. since link leugths var.y this

rnethocl cloes not give precise contr.ol of total length of pipe in each sarnple. The

lrethocl does, horvever', Plovicle sa¡rples rvith a lange of lengths. It shoulcl l¡e notecl

that because sarnPlecl nurnbels of pipe breaks a'e compa.ecl to pipe lelgth not the

nul¡bel of links il each sample this nethod cloes lot ilitrocluce any inacculacies in

the estimated palamete.s. Fol some catego.ies of pipe, there are less links than the

requilecl sarnple sizes. In these cases, all links ale sarnplecl.
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Aftel the selectiorl of links has beel cornpletecl fol all categolies the ploglau learìs

thlough the cornbiled clata l.¡ase ancl cleates sanrple recorcl(s) fol each link selected in

tlte plevious step. Trvo ty1;es of recor.cls can l¡e cr.eatecl fol each link. The fir'st r.ecor.cl

type, the link t'ecolcl, coutains clata desclibilg the link ancl contains pipe dianeter',

pipe rrtatelial, pi1>e age, link length, coorclinates of the link encls, ancl saruple ¡urlber'.

The lirlk lecol'd is ahvays the fitst l'eco'-.cl cÌeated fol a Iink and alrvays contains a cocle

iuclicating that it is a link I'eco'-cl.

The secontl type of lecord, tlle l¡r'eak recol'd(s), descr.ibes each bleak tllat has

occurled on the link. A sepalate Ìecold is cleated fol each break tllat occur.r.ecl on

the pipe link during the sampling year. These bleak lecolcls coÌìtain tlìe coordinates

of the break ancì a code inclicating if the bleak is an in<lepenclent br.eak. As notecl

eal'liel'a l¡r'eak is assumed to be indepenclent if it does lot occuL rvithill 20 
'n 

and g0

clays of a l>r'evious bleak. TIle satlple r.ecorcls ale wr.itten to file L4F017.

The lext progran) DPJ023, solts the sarnple recolcls by pipe diaureter., pipe ma-

telial, sample number', pipe age, ancl break date. The fourth ploglaru, DPJ024,

suuunarizes the clata fol each sample to file L4F014. One lecord is cleatecl fol each

corrbilatiol of pil;e cliameter', pipe mater.ial, sample luurber., ancl pipe age gloup.

surlrlaly lecolcls rvhich contain total pipe length for the sample, nuùlbeÌ of inclepen-

dertt bleaks, nurnl¡er of occur'Ìerces o{ clays rvith exactly m : I, 2, Jr 4, etc. bleaks on

the sarne clay, indepenclent bleahs, depenclert l¡l'eaks rvhich occul'orì the sarne clay as

tlie causal inclepenclent bleak, ancl clepenclelt breaks lvhich occur ou clays subsequent

to the causal indepelclent bleak ate then cr.eated.

The sr:'r'ra.y 
'eco.cls 

o' file L4F014 ar.e usecl as the clata base for. r.egr.essio'

analysis to estitnate pat alttetels of the clistril¡utiols usecl to preclict ¡ripe failure rates.
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6.2 Variation of Average Breakage Rates

A nuubel of featules ale of intelest rvith r.espect to the variation of aver.age breakage

late arnong tlle cliffeleut pipe categor.ies. Frorr Table 6.1 it cal be seen that the

avelage numbel of l¡r'eaks pel kilorneter. per yeal valies rvidely arnong the various

pipe categolies. This palameter v¿r'ies fi.otr a¡rploximately .7 br.eaks pel kiloneter.

pet yeaÌ to .03 bleaks pel kilorneter', per.yeaÌ. This valiarce in values of the aver.¿ge

nurnber of bleaks plovicles stlong eviclence that pipe bteakage evellts clo lot corne

frorn a unifolur population.

A reasonable supposition in the light of this evidence is that pipe breakage can be

expected to iucrease rvitli age. HorveveL, sever.al papels in the litel.ature, e.g., Andteon

(1987), O'Day (1982), ancl Clark ancl Goocìrich (1989), founcl that p\re failure lates

clepencl o'ly rveakly o. pipe age a'd that this iveak dependence can be ove.shadorved

by othel effects. In palticular, for. 150 rnrn cast ir.on pipe (see Table 6.i) the ave.-age

numbel of breaks 1>e. u'it length does not recessa'ily inclease rvith age. This result

occurs l¡ecause rvall thickness of cast ilon pipe has l¡een clecreased for nervel pipe.

The clecleasecl wall thickness has made the lewer pi¡re rnole prone to failule thau the

olcler pipe. Horvever, the incr.ease in bleakage lates fol lelvel pipe cloes not occur.

for' 1a'ge. pipe sizes. This 
'esult 

is believed to occuL because pipe ivall thick.ess i'
these ìalget pipes has not beeu leducecl as much as in the srraller diamete¡s because

of the greatel florvs ancl pressules lounally encounteled iu lar-ger pipes ancl because

of the greater stluctulal stlength neecled for. the pipe itself. These two factor.s rnake

the lalgel diametel pipe rlole l.esistant to br.eakage in gener.al.
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6.3 PoissonDistribution

Pt'evious l'olk in the litelatule, e.g., Andreou et al. 1g87, Cioulter alcl Coals, 1g86,

suggests that a Poisson distlibutiol is an aclequate moclel of the r.ate of pipe fail-

ule. Fo. this leason, a. attempt rvas rnacle to fit the Poisson clistl'il¡ution to the

Cit¡, o¡ 14liuu'treg pipe bleak data. If the Poisson clistribution is used, the avelage

nurnl¡el of bleal<s pel uuit length pel day is an unbiasecl esti¡ratol of the Poisson Pa-

rarneteL lambda (LB). The palamete' LB is esti'rated using the sampled records in

L4F014. Reglession analysis is pelfolnecl using the Poisson expression for.the pr.oba-

bility clistlibutiol of clays rvith no bleaks. The Poisson expressio' fol the p.obability

distlibution of clays l'ith no bleaks is given in Eq. 6.1.

P(Eo): ¿-La" (6.1 )

rvhele

e P0 is the plobability function

r E¡ is the event that a day occurs rvith no inclependent breaks

t LB is the Poisson palarneter.

o x is the length of pipe in kìlometer.s

Eq. 6.1 is ther tl'atsfolrlecl to Ðq. 6.2 by invelting anc[ taking natulal logar.ithms.

iIi P(h): LBr (6.2)

Recall that the lecorcls il file L4F014 cont¿il the obselved lumbels of days rvith

m:0, 1, 2, 3, etc. breaks. These obsel.r'ations ar.e usecl to estirnate the values of

P(E¡) {oL the sarnples in L4F014. Eq. 6.2 gives a lineal r.elationship ì:etrveen ll 
"fu
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and x. The palanetel LB js then estimatecl as the reglession coefficient of this linear'

relationship using the sarnplecl clata in L4F014.

The genelal equation to estirnate the plobabilities of clays ri'ith rn: 0, 1, 2, 3, etc.

bteaks unclel' the assurnption that tllese events follorv a Poisson distlibution is given

by Bq. 6.3.

(6.3)

rvhele

¡ m is the number o{ bleaks that occur in a day

c 8,,, is tlle event tÌrat a day rvith rn br.eaks occuls

Note that Eq. 6.1 is a palticulal case of Ðq. 6.3 ivith m:0.

The value of LB fol all age categor.ies of 150 mm cast ilon pipe was detel.minecl

flour the data in L4F014 usiug tlìe pleviously outlinecl ptocedul'e. The estil:ratecl

values of LB fol the three age categol ies rvere theu substituted into Eq. 6.3 to

estirnate the probabilities of occurlence of days ivith exactly 0, 1, 2 alcl 3 breaks.

Sampling was pelformecl on the City of \Vinripeg pipe break clata base, for 150 rnm

cast irorì pipe) to estilnate the frequency of clays with 0, 1, 2 ancl 3 breaks. Thlee age

categoties rvele usecl,0-19 ¡,s¿¡s olcl,20-30 years olcl, arcl more than 31 year.s old.

The sarupled fi'ec¡uelcy and t1ìe estimated proì:ability of days rvith 0 bteaks for

the 0-19 yeal olcl 150 rnrn cast iron pipe categor.y is plotted in Fig. 6.2. Sirnilarly, the

sampled fi'equency, and tlìe estimated plobability of occulreuce of days u'ith exactly

ole bleak, clays rvith exactly two breaks, and days tvith exactly thr.ee l¡reaks ale

plotted in Figs. 6.3,6.4, ancl 6.5, r'espectivel¡,.

Exarninatiol of these plots shows that rvhile tlle Poisson moclel miglìt pr.ovide an

aclequate fit fol exactly 0 sir¡ultaneous br.eaks, it provicles a poor fit fol both exactly
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orìe) au(l exactly t$¡o sit:rultaneous l¡reaks. Fol exactly one br.eak, the Poissolt dis-

tribution ovetestìrnates the plobability of occuLrence. Fol exactly tt'o simultaneous

bleal<s, the Poissou distlibution unclelestimates the plobability of occur.l'ence. Fur.-

thelurot'e, the Poissorl distlibution pleclicts allnost zelo occnì'rences of tlìÌee, ol'more,

siuultaneous bleaks fol netrvolks of up to 30 kni in lelgth. Ho*,evet', as sllol\,n in

Fig. 6.5, the actual samplecl fiequency of clays u'ith exactly thr.ee bleaks is certainly

rìot zelo. Siuilal lesults occul foL the 20-30 year. okl, arìcl gleater. tllan 30 yeal old

categories. (See Appenclix B, Figs. 8.19 - 8.26).

These results plovicle evidence that the breah plocess in the City of Winlipeg is

not a pure Poisson process. Holvever, the relatively good fit achieved for. occur.Lences

of zelo l¡l'eaks suggests that the bleak plocess is, in some fashion, r.elatecl to a Poisson

plocess. The assunptions undellying a Poisson plocess ther.efore plovicle a starti g

point irì isolating the deviatiol of tlte City of Winnil>eg pipe bteak pr.ocess fi'orr a

Poisson plocess. These assurnptions ale (following Meyer, lg70):

l. The failule space is diviclecl into a lalge numbel of irtelvals

Failure events are ilclependent alcl have an equal probability of occurrence iu

any one interval

3. The plobability of a failule occurring in any intelval is srnall. The plobability

of t$'o) ol rnole, failules occru'r'ilg in any one interval is, as a result, so srlall

that it can be neglected.

In the case of the Cit¡,of Winnipeg pipe br.eak clata, the failure space is divicled into

1 claf in{¿¡1'¿1s. Bl'eal<s that occuL orì the saure clay ale assumecl to l¡e sinrultaleous.

In efect, the failul'e space fol any one year of lecor.cl is thelefore clivitled into 36b

intelvals, This ìevel of division is usecl because it is the level of pl'ecision usecl l¡y
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tlre City of Winnipeg to collect the larv clata and, to a lessel extent, it gives sorne

recognitiol of the tiure lequired to r.epair. a br.eak. The division o{ the failule space

into 365 iltelvals is not in clilect violation of assurnption 1 abor.e ( 4eyer., 1970).

The rvotk of (loultel ancl I(azerni (1988) plovicles insight into the cleviatiol of the

pelfolmance of the City of \4/innipeg pipe uetivolk fr.om assuruptions 2 ancl 3. The

lesults of this u'olk shol' that in winlipeg thele is a significant probability (.146)

of lrole th¿l 1 l¡reak occur'-,-ing rvithiu 1 clay and 20 rn of a pr.evious break. This

clustering effect violates assunption 2. Il adclition, Goultel ancl I(azemi (1988) shorv

that there is also a significant plobability (.06a) of a seconcl bleak occur.r'iug rvithin

20 rr ard 2 to 90 days of an oligilal break. These probabilities are fal il excess of

rvhat assurnption 3 suggests can be expectecl fron a Poisson pÌocess. The occur.relce

of multiple failules in a short time intelval (1 clay) thelefore suggests that the tirne

intelval used is too long fol the direct use of a Poisson ruoclel.

A genelal lack of indepenclence of failure events has l¡eel previously llotecl in

tlte literatule by Le ancl Li (1989) who lote that comtnon failure mechanisrns and

cornponent capabilities cause failure events to be depelclent. In acldition, Le ancl

Li (1989) shorv that, in genelal, the assumption that failure events are inde¡renilent

is non-couseLvative. These lesults suggest th¿t the non-inclependelce of the Cit)' of

Winlipeg data is typical lathel than atypical.

6.4 The Modified Poisson Model

All of the al¡ove factors suggest that a moclel rvliicll tal<es into accoult the possibility

of nol-independent breaks is necessaly. In cleveloping such a rnoclel it is necessaly to

divide the breaks into thlee clistinct categolies, namely,
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3.

Causal inclepeldent break (ClL) - the fir'st l¡r.eak that occurs at a par.ticular.

location is assurned to be ilclependent of other. l¡r.eaks tllat occur.r.ecl befole it.

It is also assunred that the plobaì:ility of tliat br.eak follorvs a Poisson pr.ocess.

Dependelt bleak occulling on the saue clay as the CIL (DD) - it is assunecì

that thele is a fixecl plobability of occuLLence fol each aclditional bleak, that

occLlrs ou the same clay as the causal inclepenclent bleak. Since DD events aLe

clefinecl to occul rvithin 20 m and ol the same clay as the CIL it is assurned that

the DD events result florn localizecl causes.

Depenclent break on sul¡sequent day to CIL (Di() - it is assumed that these

bleahs follow a Poisson clistribution, but are not inclepenclent of the carrsal

inclepenclent l¡leaks. The DI( events must occuL either.at a significant distalce

(rnole than 20 r:r) fr:orr a DD event ol on a day subsequent to a DD evellt. ]t

is thel'efole assurtecl that these DI( events ale indepenclent of the DD events.

A rnodifiecl Poisson moclel is pr.oposecl to predict the plobabilities of clays with

exactly m :0,1,2, ancl 3 failules. These probability clistributions are fi,-st estimatecl

as the latio of the numl:el of occurrences of da¡,s iyitìr tìl br.eaks to the lumbel of

clays in a year'. To ilelive the rnocìifiecl Poisson clistlibution five basic eve¡ts ar.e usecl

to clesclil¡e the thlee types of breaks enurnerated above. They ale:

o 1 : the evetìt tlìat a cìay with exactly one CIL occurs

o I A : the event tltat a clay rvith one ot luoÌe CIL occuls

o D0 : the event that a day *'ith exactly one DD occuts

o DI : the event that a day s,ith exactly one DI( occrus

o DlA : the event that a day with oue oÌ more DI( occur.s
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In orclel to get these ;:atios (clistlibutions) the lange of rvays il rvhich days rvith

exactly 0, 1, 2, 3 etc. bleaks coulcl occur as combinations of the si¡rple eve¡ts listecl

al¡ove uust fir'st l¡e enurnelated. Plobabilities of these coml¡ilatjons of sinple events

thel ate definecl symbolically. Fìnall¡,, rnathernatical expressions ale forrnulatecl l¡ased

on the chalactelistics of each tet'rr in the syn.rbolic plobability expressiol. Thus, four.

equations ale derivecl fol the plobability clistr.ibutions of days rvith m : 0, 1,2,3,

etc. l¡r'eaks. These equations for. the plobaì:ility of occurLence of clays rvith exactly

0, 1,2,3, etc. bleaks constitute the ntodifiecl Poissol model. It shoulcl l¡e uoted that

the eve'ts in IA ancl D1A ale not assumed to be indepe'clent because the uncler.lying

CIL and DI( events are not inclepenclent. Events in D1A ale, horveveL, assumecl to

be indepenclelt of events in D0 because because the undellying DD ancl Dl( events

ale assunlecl to irrrlepencleni.

6.4.L Probability Distrit¡utions for Basic Events

A mathematical exP'ession ca. be folrnulated for each of these sirnple events. These

expressions lequile the estimation of a numbel of pararnetels fi'or¡ the dat¿ il L4F014.

(The actual rnethocls usecl to estirnate these palarnetels are describecì in section 6.b.)

As was pleviously rnentioned it is assutnecl that the inclepenilent events I ancl IA

follou' a Poisson clistribution. Thus LBI is the Poisson paranetel fol this distril¡utiol

fol a 1 km length of pipe ancl LBIx is the Poisson par.arneter for an x km of pipe

length. Note tliat like LB, LBI is the palarneter.of bleaks per.da¡, 1>e.- kilor-¡reter'.

The genelal expression fol the pr.obabiìity of occur.rence of a clay l,ith m : 0, l,
2, 3, etc. inclepenclent breaks is thus given ì:y:

Dt Í \ ( LB I t¡^"-rcr'r \ J 
'¡t,/ - ,rrl

whele
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. n¿ is the rìulÌtber of inclependent bleaks that occur. in a clay

o 1,, is the event that a day $¡ith rn iuclepenclent br.ealts occurs

ln palticular', lìote tlìat the event 77 is equivalelt to the event that a day iu rvhicll

no inclepelclent break occuls. The equation for. this event is:

P(16) : ¿-Lat" (6.5 )

wheì'e 10 is tlle event that a clay rvith no inrlependent bleaks occur.s

A palarneter I(0 is usecl to clenote the probability of occunence of D0 events

given that ¿ CIL event has occutrecl. Thus the conclitional plobability events can l¡e

ex¡:r'essed as:

P(D0 I I): I(0 (6.6)

aDcl

P(D1lr):t-r{o (6.7)

It shoulcl l¡e notecl that uo event is inclucled rvhich involves rnultiple DD events

rvith a cour.on CIL event is incluclecl in this event as it is assunecl that the pr.obability

of a clay rvith two ol'lÌrole DD events with a comrnoìl cll event is zelo. The basis of

this assumptiotl is that the occulrence of two or lnore DD events lecluiles trvo lepair.s

be perfo.'recl a'cl th.ee b.eaks (a CIL, ancl 2 DD's) to occur withir 1 clay a'd ir less

than 20 rn of watel main. such an event, rvhile possible, is extlemely inplobaì:le.

A pararnetel I{1 is used to estirnate Dl and DIA events. Note tllat D1 and D1A

events are definecl as clays in ivhich Dl( bleaks occur. It is assur¡ed that D1 ald D1A

events follow a Poisson pr.ocess rvith pararleter. l(1x fol a pipe length of x km. The

genelal explession for plobability of occulrence of days rvith Di( events is tltus:
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(6.8)

lvhele

c m is the numbel'of DI( bleaks that occnl'in a clav

c D I{,,, is the event that a day rvith m DI( br.eaks occur.s

Il particular', note that the event D1A is equivalent to the event that a day rvith

no DI( bleaks occuls. The equation {or.this event is:

P(DIç) = "-t(tt (6.e)

rvhere D1(6 is the er¡ent that a day rvith no Dl( breaks occur.s

A final palar.netel' I(2 is an ernpir.ically basecl acljustnent factor'. The ¡rleviously

clefined palarnetels LBI, I(0, alcl I(1 are clefinecl using the assumption that the ptob-

ability of occullelìce of a pipe break is unifor.n fol all clays of tlie year.. Anecclotal

eviclence (Alrtold, 1960) ald sotre gereral statistical evidence (Goultel and I(azeni,

1988) suggest tliat the this assr:m1>tion is rlot entir.el¡, justifiecl. These papels suggest

that envit'ouurental and opelating factors tencl to rnake the occullence of breaks mor.e

likely on some clays of the year'. The clata base o. ivhich this stucly is based cloes 'ot
contail sufÊcient data to cou'elate days rvith pipe bleaks with these envilournental

ancl opelating factors.

The pulpose of tlte palametel I(2 is to tahe illto account to soule exte¡t the ¡o¡-

unifolm clistlibution of breahs ovel the clays of the year'. I(2 is calculatecl as the latio

of ol¡selvecl to pledicted clays u'ith exactly one inclependent bleak. Details of hoiv I(2

is used ale clesclil¡ed in Section 6.4.2 rvhile the methocl usecl to calculate l(2 is given

in Section 6.5.4.
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Nnmì¡er of Ilclependent

Bleaks m

Pledicted Plobability of

OccuLlelce

1 .025134

2 .000:J242

ù .000002?

4 .000000018

Table 6.2: Pleclicted nurnl¡el of clays ri'ith rn indepenclent bleaks for 35 km of 150

rnrl cast irou pipe olclel tllan 30 year.s

An aclditional simplifying assumption can be usecl on the l¡asis of the infolr¡ation

shorvn in Table 6.2. It can be seen in this table that fol the lengths of pi¡re usecl in

this stucly that the pleclicted probability of a day rvith 2 or more inclepenclent br.eaks

is quite srnall. This plediction is basecl on a "sanple" length of 35 krn of pi¡le and the

pipe categoly rvith the highest pipe bleakage r.ate, 150 mm cast ir.on pipe older than

30 yeals. Basecl on these low failule probabilities all events involving clays rvith tu'o

ol more indepenclelt bleaks are assumecl to have a zelo probability of occur.reuce.

As lvas pleviously rneltionecl the first step il the cler.ivation of expr.essions to

preclict the plobability of occurlence of clays rvitli m : 0, 1, 2, 3 etc. breaks is

the fol'mulatiou of syrnbolic explessions fo. these probability distributio's. These

symbolic expt'essions are folrnulatecl as courbinations of the simple everits I, IA, D0,

Dl, and D1A. The fol'rlulas il trqs. 6.4 - 6.9 and the colstant K2 ar.e usecl to convelt

these syrnbolic sirnple events ilto nathernatical expressions ivhich are use to calculate

the plobability of occulrence of clays u'ith m : 0, 1, 2, and 3 breaks in the follou,ing

sections.
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6.4.2 Probability model for days with m-0 breaks

The equation fol the plobability of occur.r.ence of a day rvith exactly 0 br.eaks is

cleveloPed first.

The events uecessaÌy to clefine a day rvith zer.o l¡r'eal<s occLlrs are:

2.

1. A clay rvithout 1 ol rroLe indepenclent bLeaks (CJIL)

A clay rr'ithout 1 ot'mole rlependent bleaks (DI() that occul on dal's 5ul¡s€',,r.u¡

to the CilL

Note tllat the event (DD), clays rvith depelclent l¡reaks that occul orì the same

clay as al inclepenclent bLeak (CIL) has no effect on the nulnbel' of days with zero

breaks. Syrnbolically, this rnodeÌ is given as:

(Eo): QÃIDTA) (6.10)

rvhele E6 is the event, that a clay rvith zero br.eaks occurs

As rrentiouecl previously, the events IA ancl D1A ar.e assurlecl lot to be ilcle-

penclent. No a plioli infottnation exists on the lelationship betlveen these eve¡ts. It

slloulcl be noted that the unclellyilg br.eaks fol an IA event ar.e CIL,s and the ull-

dell¡,ing bleaks fol a DlA evelt are DI('s. In terrns of systern reliability the most

conselvative assu¡rption rvoukl l¡e that DI( bleaks alrvays occul on a clay rvitli CIL
'breaks 

l¡ecause tltis situation ensules that at least til'o breaks have occur.r.ecl ol the

sa're day. The assurnptior tllat DI( breaks only occul on clays in which cll br.eaks

have aheady oculrecl is thus equivalent to the assumption that DlA is a subset of IA.

Thele ale some phS,sical factol's rvhich suppolt this conselvative assunption.

It shoulcl be notetl tllat DI( bteaks ale limited by clefinition to occuL rvithin 20 m

and 90 clays of a plevious CIL. Thus, the effective length o{ pipe rvhich cau coutribute

to a Dl( breah is small co'rpalecl to the length of pipe ivhich car contlib'te to a CIL
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l¡r'eak. Since the CIL ancl DI( bleaks unclelly the IA ancl D1A events, r'espectively,

it thel follori's that on any given day a much greater. lelgth of pipe contlibutes to

IA eveuts than to D1A events. ll aclclition, it cau r.easonably assumecl that a set

of pìr¡,siç¿l causes clelived fiom clirlatic conclitions act to stt'ess the ç'hole netrvork

simultaneously. Fol'a D1A event to occut otì a clay il rvltich no l1A event occur.s it

rvould l:e rìecessäry fol these stlesses to be great enough to cause a DI( br.eak but

not gleat elough to cause a CIL anyrvhele else in the netrvork. While this scenar.io

is possible it is leasonable to assulne that it is unlikely given the uuch longet. length

of pipe rvhich on an¡' giveu day can contlibute to IA events. It should be notecl that

in tellns of systeu leliability tliis assunption is conselvative because it iuplies that

all events in D1,4 contlil¡ute to failule events involving tu'o oL r'¡loLe pipes. In spite

of being sorlewhat of an ovelsirnplification this corservative assumption is usecl to

calculated the plobability of occuLLence of clays rvith no failur.es.

Usirrg the sul¡set relationship betrveen DIA a.lrl 1,4 ancl con'er.ting Eq. 6.10 into

probabilities gives:

P (Eo) : P (7Ã nDTÃ¡ : P (TA) (6.1 1)

Eq. 6.5 can tltel l¡e usecl clirectl¡, to exPress Eq. 6.11 in ter.ms of LBI. The

equation to pleclict the plobability of a dav rvith no breaks becomes:

P(86) : e-LBI"

6.4.3 Probability model for days with m:l break

(6. 12)

The plobability distlibution of days rvith exactly oue l¡::eak is delivecl ir a si¡rilar

fashiol to the nlethocl used to clelive tlie distril¡ution of davs rvith zelo l¡r'eaks. The

$'âys in which one bleak can occur in a clay ale:

1. A clay rvith l independent bleak (CIL) ancl no clepentlent breaks (DD or DI()
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2. A clay rvith 1 clepenclelt br.eak (DK) that occur.s orì a day subsequerìt to tlìe

CIL and no inclependent br.eaks (CIL)

SJ'rlbolically these assumptions carì be expressed as:

ù : ((r n (D0 n DTÃ)) u (iA n Dr))

Convelting Eq. 6.13 into plobabilities gives:

(6.13)

P(81) : P((r ì (D0 nDTÃ)) u (1á- n ,1)) (6.14)

The assutnptiotl used in the plevious section tlìat tlle events il D1,4 folrn a sul¡set

of the events in 1A inrplies that the plobability of occullence of the seconcl term i¡
trq. 6.14 is zet'o. This assurnption cloes not r.ecluce the tìurnbeÌ of Di{ l¡r.eaks but

implies that the DI( breaks occur orì clays u'ith CIL. since these DI( breaks occu.

on days rvith cIL they contlibute clilectly to the number of clays with tlo or.moLe

breaks. It can be expected that this contlil¡ution is in aclclition to the nun'rber.of clays

with 
'rultiple l¡r'eaks that rvoulcl othelrvise be pledictecl. No a plioli ¡ ethod exists

to apportion these extra clays il'ith rnultiple br.eahs to days rvith 2, 3, etc. breaks.

Sevel'al t.ials rvele co.cluctecl ancl it rvas fo'ld that appo.tioning 40% of these days

to clays rvith 2 b.eahs,30% to clays rvith 3l¡reaks ard 30% to clays with more thar 3

bleaks providecl a leasonal¡le fit.

In adtlitio', the use of Ðq. 6.12 to estirnate the probability of a clay rvith 
'o 

breaks

only plovicles infoltuation ol the total numbel of clays in which uo b¡eaks occur a¡{

1:r'ovicles no infolrnation rl'ith lespect to the plobability distlibutions of days rvith

exactly 1, 2, 3, etc. bleaks. It tvas, holever', assumerl pleviously that a physical cause

acting ove' tlle rdrole netrvolk causes the occrr'r'e'ce of greate. .umbers of c1tr events

olì sonle clays of the year'. The assumption of the clusteling of indepeldent failure

everlts otl sorne clays of the year is conselvative frorn the poirrt of vierv of reliability

99



l¡ecause it irnplies that more intlependent events conttibute to the occulrence of days

rvith mole than ole failure.

To take into ¿ccouut this temporal cluster.ing effect fol CIL et,ents a constant

1(2 s'hicll lelates tlle ol¡selved lurnber of days rvith exactly one C1l event to the

pleclictecl uurnber is assumecl. Tlie r.ecluction in the liunl¡er. of clays rvith exactly 1

CIL b¡' a f¿ç¡et I{2 caruot l¡e assumecl to lecluce the total uurrl¡el of days rvith br.eaks.

These CjlL are ir'ìstead ledistlibutecl to days rvith multiple bleaks ancl so contlibute

tlilectly to the nurrl¡er of cla5's rvith tu'o or mole bleaks. It can be expected that this

contlil¡ution is in aclclitiol to the nurnl¡el'of days that s'ould othenvise be pr.eclictecl.

As rvith the DI( bleaks no a prioli methocl exists to appoltiou these extla days rvith

rnultiple bleaks to days with 2, 3, etc, l¡reaks. Sevelal trials rver.e conclucted and it

rvas again founcl th¿t appoltioling 40% o{ these days to days with 2 br.eaks, 30% to

days ivith 3 l¡r'eaks an(l 30% to clays ivith more than 3 breaks provided a leasolable

fit.

This ledistlibutiorl of the probability of clays rvith orìe bleak to days rvith rÌrultiple
'Lrleaks 

is aclmittedl¡r au iuexact uethocl of taking ilto account the tenclency of bleaks

to be no.-urifolrlly clistributed ove. the clays of the year'. The lecog'ition of this

nou-unifolm distlibution has, horvever', beel lecognizecl ir the litelature only il au

anecclolal fashion (see Arnolcl, 1960) or using vely broarl statistical rneasures such as

the va.iatio. of the numbe. of bleaks pe-,- rnonth ove. the rnonths of the year. (Goultel

ancl I(azeni, 1988).

Noting that the seconcl telm of Eq. 6.14 is zer.o and explessiug D0 in ter.r¡s of

conclitioral probabilities Eq. 6.14 l¡ecomes:

P(Et): P(r nDlÃ)P(D1l (1nDl7))

Recall that D0 is assunecl to ilclependent of D1A so Eq. 6.15 becornes:

(6.15)

(6.16)P(81) - P(r ìDTÃ)P(Do I r)
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Eqs. 6.4 - 6.9 ancl the constant l(2 can lorv be usecl to expless Eq. 6.16 ìn

rlathenratical telms:

P(Et): LBI.te-LBIÌe-Kl,0 - K0)K2 (6.17)

6.4.4 Probability model for days with m-2 breaks

The cleveloprnerrt of the plobability distlibution for the rlays rvith 2 bleaks is similar

to the rnethod usecl fol days rvitìr m : 0 and 1 bleaks. The rvays consiclel'ecl in this

thesis in rvhich a clay rvith trvo bleaks calr occul aÌe:

A day rvith 2 inclependent bleaks (CiL) and no clepenclent br.eaks (DD or.DI()

A clay rvith l ilclependelt br.eak (CIL) an<l no clepenclent bleaks (DD) ald 1

clependent bleak (DI()

3. A day u'ith 2 dependent l¡r'eaks (DI() and uo inclependent breaks (OIL)

4. A day rvith l irdepelclent ]¡r'eak (CIL), I clepenclent break (DD), ancl no cle-

peuclent breal<s (DI()

5. A clay rvith 2 rlepencleut bleaks (DD), no clepenclent br.eaks (DI() ancl no incle-

peuclent bleaks (ClL)

It shoulcl be notecl that iterr. 5 r.equiles the occur.rence of a clay ivith trvo DD

events. It is assurnecl that the pr.obability of occurrence of a day rvith two ol' rnore

DD events is zelo. By definition ol a DD event a CIL rnust occuL on the sarne clay

ancl ivitlrin 20 n of trte DD eve't. TIle occulrence of2 DD's requir.'es at least oue

CIL to occur'. Thelefole, the occuu'ence of trvo ol rrore DD events r.equir.es ttvo

lepails be pelfolrnecl and three bleaks (a cIL, ancl 2 DD's) occul rvithin 24 hour.s

ancl in less than 20 m of rvatel main. Such an errent, rvhile possible, is extremelS,

1.

2.
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intprobable. No term fol iteur 5 is incluclecl in the follou'ing equation rvhich ex1>resses

tltese assumptions syrnbolically.

(8,) : (r n (Do= n DTÃ) n (1n (D0 n Dl7)) u

(1 n (D0 n ,1)) u

(14 n Dr) ì (TÃ t Dr) u

(/ n (ro nDTÃ)) (6.18)

Convelting Eq. 6,18 into probabilities gives:

P(4'z) : P(1 n (D0 n DTã) n

1n (r0nDl7)) +

P(1n (D0 n 
'1)) 

+

p(TÃ ît Dr) Ã (iA n Dr) +

P(1n (r0 n Dú))

The fir'st tenn of Eq. 6.19 can be simplified by noting that

(6. 1e)

(r î (D0 ìDTÃ) c r

As a result of trq. 6.20 the follou'ing lelationship holds:

(6.20)

Q n(DõnDTÃ)n (1n (DõnDl7) c (1n 1)

Convelting Eq. 6.21 to plobabilities gives:

(6.21)

p(r ì (D0 nDTÃ) n (1n (D0 n DTÃ)) < p(I n 1) (6.22)

Basecl on the values in Table 6.2 it cal be seen tliat the r.ight hand sicle of Ec1.

6.22 is apploxirnately zero and, therefore, the filst ter.m of Eq. 6.1g can be neglectecl.
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It shoulcl be ful'thel rtotecl that the sul¡set lelationship Lretrveen D1A ancl I irrplies

that:

TÃì u:A (6.23)

Since the plobability of occur.rence of Ø is zeto this lelationship irnplies that the

thilcl telm of Bq. 6.19 is zelo. Applyilg these sinplifications to Eq. 6.1g r.epr.eserìted

by these intelpretations of Eq. 6.22 and 6.23 gives:

P(Eù -_ P(In (D0n 
'1)) 

+

P(t ì(D0 nDü)) (6.24)

Explessing D0 and D0 il telms of conditional pr.obabilities gives Ðq. 6.25:

P(Eù : P(r ì Dr)P(D6 | (1n 11)) +

P(r îtDTÃ)P(D0 | (1n 
'1A))

(6.25)

Recall that D0 is assumecl to be indepenclent of DiA arrd so Eq. 6.25 l¡ecomes:

p(8,) : p(r ì Dt)p(Do I r) + p(r nDTÃ)p(Do I r) (6.26)

Eq. 6.26 can rìow be convel'tecl to a tnatherlatical folln on a teLlll by tel¡r basis

using Eqs. 6.4- 6.9 the constart I{2 givilg:

P(8,): ((LBIr)e-LBI")(I{tr)e-In'(t - 1r0) +

((L B I r)e-LB I")(e-rl")K0 +

0.4(LBrte-181")(1 - 1(0X1 - K2)(e-K1') +

o.4(e- LB 1')(I{ 1,x)e-t<'t" (6.27)

Note that the last trvo telrns of Ecy. 6.27 ar.e not listed in Eq. 6.26. These telrns

come fLorn the probabilities transfelred from days rvith 1 break cliscussecl pr.eviousl),.
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6.4.5 Probability model for days with m-3 breaks

The delivation of the plobability distibution for. da5,s rvith n.r:3 bleaks follori,s the

rnethod usecl fol days rvith til'o bleaks. The rvays consiclelecl in this thesis in rvhicll

thlee l¡r'eaks carì occLu'iu one clay ale:

1. A day ri'ith 3 inclepenrlelt bleaks (CIL) ancl no clepenclent bleaks (DD ol DI()

2. A day *'ith 2 irdependelt l¡reaks (CJIL) and 1 depelclent break (DI{) and no

clepelclent bleaks (DD)

3. A day ivith 2 indepenclent breaks (CIL) ancl 1 clependent bleak (DD) and no

clependent bleaks (DI{)

4. A clay with l independent bleak (CIL) ancl 2 dependert br.eaks (DI()

5. A clay ivith l independent break (CIL), 1 clependent bLeak (DD), ancl 1 clepen-

clent bleak (DI{)

Note that cases involving more th¿n 1 depenclent l¡r.eak on the same day (D0) or

cases irrvolving (14 ì Dl) have not been includecl because of the assurnption that t,he

plobability o{ occurlence of these events is zero.

Symi:olically this co¡rl¡inatiol of the rvay in rvhich three br.eaks carl occur. is give¡

h : (I n (D0 n D17)) n (1 n (Dõ n DtÃ)) n

(1 n (D0 n Dl7)) u

(1 n D0) n (1 n D0) ît (TÃ1\ D1.) u

(1nD0n11nD1)u

(In 
'0 

n ,1) (6.28)

Corrverting Eq. 6.28 into probabilities gives:
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P(EÐ : P((1 n (D0 n DTA)) n (1 n (D0 n rlA-)) n

(1n (D0 nDtÃD +

P((1 n D0) n (1 n D0 n ,1)) +

P(Inrõn ,1ìDt)+
P(r ì D0 n DI) (6.2e)

Based on the lelationship given in Eq. 6.20 the folloiving relationship holds:

U 1, (Dd ìDTÃ)) n (1 n (D0 n Di7)) n

(1n(D0nDTÃ¡¡c(1nrn1) (6.J0)

Converting Eq. 6.30 to probabilities gives:

P((t 1, (Dõ ìDTÃ)) n (1 n (Dd nDlÃ¡¡ n

(I n (Do ìDTA))) < P(1 n 1n 1) (6.31)

It can thus be seen tliat based on Eq. 6.31 and the values in Table 6.2 the fir.st

telm of Eq. 6.29 can again be neglectecl. Next consicler. the seconcl ter.ln of Eq. 6.29.

Again basecl Eq. 6.20 the follorving relationship holds:

(1 n D0) n (1 n t0) n ,1) c (1n 1) (6.32)

Couvelting Eq. 6.32 into plobabilities gives:

P((1n D0) n (1 n D0') n 
'1) 

c P(I n 1) (6.33)

Thus, basecl on the values in Table 6.2 ancl Eq. 6.33 the secolcl teul of Eq. 6.2g

can also be neglectecl giving:
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p(8") : p((1n D0) n ,1 n ,1) + p(I n D0 t Dr) (6.34)

Ex¡:r'essing D0 in telrns of conclitional plobabilities Eq. 6.34 l¡ecomes:

P(h) = P(r o Dr î Dr)P(Dd | (1n 
'1 

n ,1)) +

P(r î Dt)P(Do I (1n 
'1))

IJsing the incle¡:enclence of D1 and D0 Ðq. 6.35 becomes:

(6.35)

P(8") : P(r r\ DI ì Dr)p(D0 | r) + pu n ,1)p(r0 | 1)

Expressing Eq. 6.36 using Eqs. 6.4-6.9 ¿nd the constant l(2 gives:

(6.36)

p (h) : ((L B r t)e- LB r' (n Lr) e- t<1')2 (1 _ 1(0) +

(LBIæ-LBr')K1(ro) +

0.3(LBIæ-LBr')(1 - 1r0)(1 - It2)(e-K1") + 0.3(e-¿81")(1lrr)e-|<'t" (6.87)

Note that the last trvo terrrs of trq. 6.37 ale not listecl in Eq. 6.36. These telms

cone fLotll the plobabilities ttansfelted ftom clays il'ith 1 l¡reak cliscusseil previously.

Siurilal expressions coulcl l¡e clerived fol the rnodifiecl Poissol clistlil¡utiou fol

greater values of m, in a rÌaÌtlter sirnilar. to that usecl for.m:2 ancl rl:3 bleaks

al¡ove. Horvevel, it rvas found that three breaks at a tirne plovicle sufficient accur.acy

for the 1;ulposes of this stu<ly.

6.5 Fitting the Modified Poisson Distribution

The use of the N4odifiecl Poisso' clistr.ibution clesc.il¡ecl in Eqs. 6.12, 6.17, 6.27, ancl

6.37 requi.es the estimatio' of the fou' par.arneters, LBI, I(0, I(1, ancl I(2 in orcler..
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The lnethocls of estin.rating the values of these four palar.netels are clescr-ibed in this

sect ion.

6.S.L Estimation of LBI

LBI is estinlated fron the sarnplecl numbe. of clays rvith inclependent br.eaks. Recall

that an inclependent b.eak *'as clefinecl as a l¡r'eak locatecl mo.e than 20 'r ancl/or.

occulling mole than 90 clays after any plevious break. The nurnbel of clays in ivhich 0,

1, 2, ll, etc. ildepenclent breal<s rvas sampled dir.ectly ft.on the br.eak clata base. The

assumption that indepenclent l¡r'eaks ale distlibuted as a Poisson distlibution is tlten

usecl to estimate LBI as a regression coefÊcient. Note that, fol a Poisson clistr.ibution

P(ls) = ¿-ßt' (6.38)

rvhe¡'e

o P0 is the probability function

r 16 is the eveut that a clay occur.s il'ith rro inclepenclent bleaks

o x is the length of pipe in kilometer.s

Invelting both sides of Eq. 6.38, ancl taking natural logar.itluns gives:

1

'n 
"(ro) 

: LB I t (6.3e)

The q'a'tity P(1s) is estirnatecl fro'r the sanpled data as the ratio of the 
'urnbe.

of clays rvith no inclepeuclelt bleaks to the nurnbel of days in a year'. The coefficient

LBI il trq 6.39 can be estilnatecl by pelfolnilg linear leglession of the left ha¡cl sicle

of Ðq. 6.39 on pipe length. Recogrizing the fact that l¡r.eaks are irnpossible in a zelo

length of pipe (lo pipe) the leglession liue rvas forcecl to pass thr.ough the origin.
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This leglession analysis plovicles a sufficiently good fit for.the estir.nation of LBI

{ol all pipe categot ies. Fol each of the cases exaurined the coefficients used to estirnate

LBI, the associatecl coefficieut of valiation, and the stalclalcl tleviation of LBI fo¡ each

pipe categoly ale shown in Tal¡le 6.3. These values ale cler.ivecl fr.or¡r the regr.ession

alal¡,sis.

Netet'et al. (1985) gii'e the stanclat'tl cleviation of the leglession coeffcielt ö1 fol

uùivâriate liueat t'egtession in rvhich the leglession line must pass thlough the or.igin

as:

,s(ö1) = (6.40)

wlìele

o ,9(ö1) : stanclald cleviation of the reglession palauetel ô1

. 11 : ith obselved value of the depeudent valial¡le.

r Ú1 : sslil¡¿1scl leglession coefÊcient.

o Xi : ith obselvecl value of the independent variable.

. ?¿ : nutnber of ol¡servations.

Eq. 6.40 is used to calculate the stanclaril deviatiol of the palarnetels estirnated

using leglession aralysis on the clata in file L4F014. The file L4F014 contains pipe

chalactelistics and bleak histoly for each pipe segmerìt in the stucly alea.

6,5.2 Estimation of Parameter K0

i(0 is estirnated as the ratio betiveen the expectecl nunbel of days that clependent

breaks (DD) occur orÌ the same day as the CIL alcl the expectecl nurlber. of clays

D(Y - hxt)2
(n - 1)!(x¿),
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Pipe Categor'5'

Pipe rratelial, diameter', age

(nm)(yr')

Reglession Pararreters

L B I" 7'2 Standalcl

Deviation o1 LB I'
Cast Iron Pil:e 150 mm, 0-19 yr'

150 mrn, 20-30 yrs

150 rnni, over' 30 y-,-s

200 rnrn, 0-30 yls

200 rr. m, over' 30 yls

250 mm, 0-30 yls

250 urm, over' 30 yls

300 rnrn, 0-30 yls

300 rnrn, over 30 yls

360 .9542

549 .9609

737 .8483

516 .8401

597 .8541

478 .9022

603 .9138

479 .8205

352 .7549

16.5

19.04

41.49

2.51

3.28

2t.7

24.8

25.4

30.1

Asbestos Cement Pi 150 mrn, 0-30 yls

150 rnrn, over' 30 yls

200 rnrn, 0-30 yls

200 rnm, over' 30 yls

250 mrn, all ages

300 rnn, all ages

79.6 .6386 5.43

104 .6608 8.61

181 .3478 25.29

699 .9742 29.69

46.5 .5447 16.28

58.2 .7352 6.13

Ductile Steel Pipe 150 mm, all ages

200 mrn, all ages

250 n.rn, all ages

91.8 ,8658 5.41

40.8 .5432 6.21

91.8 .7822 6.r l

PVC Pipe 150 nm, 0-30 yLs 26.8 .9542 1 1.3

a. Values shorvn incleasecl by a factol of 106

Table 6.3: Ðstirnatiol of palarretel LBI
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ri'ith inclepenclent l¡r'eaks (CIL). It is assu¡recl that the days ir'ith clepenclent bleahs

(DD) ale clistlibuted using a Poisson clist'-ibution rvith palametel I(DD, but ale

ruot inclepenclent of the days ri'ith CIL. The actual nurnl¡el of days rvith clePenclent

bleaks(DD) is cleteltlirled fro¡r data sarnplecl from the combinecl l¡r'eak clata l¡ase.

The expectecl nutnbet of days rvith depenclent l¡r'eaks is estinatecl usiug an ecluation

rvith the sarne fon:l as Ðq. 6.38.

The Poissol explession fol the plobability of occullence of a clay rvith no DD

breaks fol a pipe length of x km is:

P(DDo): e-KDD:r (6.41)

rvhele

o P0 is the plobability functiol

c D Ds is the event that a clay occuls rvith no clepenclent br.eal<s oll the same day

as the CIL

c I(DD is the Poisson palaureter {ol clays rvith these depenclent bleaks

¡ x is the length of pipe in kilometers

Then invelting 1¡oth sides of Eq. 6.41 ancl takilg uatulal logar.ithrns gives:

,'qÁ: I(DDx (6.42)

Tlre quantity P(DD¡) is estimatecl fi'orn the sarnplecl data as the ratio of the

rrrml¡el of days t'ith no clepenclent bleaks (DD) to the nutnbe,-' of clays in a year.. The

coefficient I{DD in Eq. 6.42 can be estimated by per.for.ming linear. r.egression of the

left hancl side of Eq. 6.42 on pipe length. The regression line rvas again for.ced to

pass thlough the origil because breaks cannot occut 01ì a zero length of pipe.
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Fol e¿ch of tlie cases examinecl, the coefficielts used to estimate I(DD, the asso-

ciated coefficient of valiation, alcl the stancla.rtl eLr.ol fol each pipe categoly cler.ivecl

fiotn the legtessiou ar)alysis ale shorvn in Table 6.4. It can be seen fiorn the lesults in

this table tllat the leglession analysis plovirles a r.easonably good fit fol the estina-

tion of I(DD fot tnost pipe categolies. It shoulcl be notecl that r2 r'alues rvele found to

be statistically significant orìly foÌ asbestos pipe in the 200 rr m over.30 year.s okì ancl

250 mm all age categolies. It is possible that the failule plocess in asl¡estos cernelt

pipe is quite cliffelent frotn the plocess rvhich occuls in cast ilon ol cluctile steel pipe.

No in{e'e'ces can l¡e rracle al¡out the value of 1(0 for these pipe categories ancl rl0

is shorvn u'ith a nominal value o{ zero foÌ these pipe ca,tegor.ies. Caution should be

usecl in applying this rnodel to estirnate conponent failule plobabilities for. asl¡estos

cenìeut piì)e.

It is also intelestilg to note th¿t rvhile cluctile steel, ancl palticular.ly PVC pipe

categories have quite low probabilities of clays witlì inclepenclent breaks the plobaì:ility

of a seconcl bleak occulling on the sarne clay ancl in close ploxinity is quite high. The

palarnetel I(0 can thel be estirnatecl using:

-- I( DD¿1(o: LBIr
A surlmaly of the values of I(DD, LBI,

ale sholll in Table 6.5.

I{ DD
LBI (6.43)

and I(0 obtaine<l fol each pipe categor.v

6.5.3 Estimation of Parameter Kl
l(l is estimatecl flo¡r the samplecl n.'rber of days rvith depenclent bleaks (Dl() that

occul on da¡,s s,r1r."Or"nt to the CIL. The nurnber of days ivith 0, I , 2, J, etc. depen-

deut l¡r'eaks (DI() u'as san-rplecl clirectly fi'or.n the bleak tlata base. The assurrption

that these btealts are distlil¡utecl as a Poisson clistril¡ution is then usecl to estinrate
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Pipe Categoly

Pipe matelial, cliameter', age

(mm) (vr)

Reglession Pararneters

I( D D' Ì'2 Stalclalcl

Deviation of I(DD'

Cast hon Pipe 150 nrn, 0- 19 yls

150 mrr, 20-30 yls

150 nm, over' 30 y-,-s

200 mrn, 0-30 yls

200 rnm, over 30 yrs

250 mm, 0-30 yls

250 rnrn, over 30 yls

300 rnm, 0-30 yls

300 mm, over' 30 yls

54.3 .749i)

88.4 .8977

57.5 .7000

69.2 .7936

56.8 .7968

73.6 .8468

67.2 .7288

24.8 .6944

72.4 .4676

6.87

5. 18

4.90

1.r7

1.29

2.16

2.31

.818

.341

Asl¡estos Cement Pi 150 mm, 0-30 yls

150 mrn, over' 30 yrs

200 mr.r.r, 0-30 yls

200 r'nm, over' 30 yls

250 mrn, all ages

300 mn.r, all ages

0 .2071 2.85

0 .0000

0 .1114 1.53

22.8 .7643 3.35

7.8 .3384 4.31

0 .0000

Ductile Steel Pipe 150 llm, all ages

200 rnm, all ages

250 rnm, all ages

22.0 .6891

29.0 .6648

31.6 .8021

2.20

3.49

2.13

PVC Pipe 150 mm, 0-30 yr.s 22.5 .5505 11.34

a, Values shotvn incleased bv a factor of 106

Table 6.4: Estin'ration of palameter KDD
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Pipe Categoly

Pipe natelial, diameter', age

(mm) (yr')

I{ D D" LB I' I(O

Oast Iron Pipe 150 r.nrn,0-19 yls

150 rnrr, 20-30 yls

150 urr, over' 30 yrs

200 mn, 0-30 yls

200 mm, over' 30 yls

250 rnrn, 0-30 yrs

250 nrn, over' 30 yls

300 mm, 0-30 yls

300 mrr, over' 30 yls

54.3 ;160 .151

88.4 549 .161

57.5 737 .078

69.2 516 .134

56.8 597 .095

73.6 478 .154

67 .2 603 .1 11

24.8 419 .059

12.4 352 .035

Asbestos Cemeut Pipe 150 mm, 0-30 yrs

150 rnm, over' 30 yls

200 rnm, 0-30 yls

200 mrn, over 30 yls

250 rrm, all ages

300 mrn, all ages

0 79.6 0

0 104 0

0181 0

22.8 699 .033

7.8 46.5 .168

0 58.2 0

Ductile Steel Pipe 150 mm, all ages

200 urrr.r, all ages

250 nm, all ages

22.0 91.8 .240

29.0 40.8 .711

31.6 91.8 .344

PVC Pipe 150 mrn, 0-30 5,¡g 22.5 26.8 .839

a. \/alues shoir'l incleased by a factor of i06

Table 6.5: Summaly of value of I(DD, LBI, and I(0
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I{1 as a leglession coefficient. The actual estir¡ation of the value of l(1 is pelfolrnecl

using an equatiou of the sa¡re folm as Eqs. 6.38 and 6.41, namely,

P(DKo) '= ¿-|{tt (6.44)

lr'h ele

o P0 is the probability function

o DI(6is the event that a day occuls *'ith no depenclent br.eaks on a clay sullse-

quent to the CjlL

r x is the length of pipe in kilometer.s

Invelting both sides of Eq. 6.44 ancl taking natural logarithms gives:

n,ffi:m, (6.45)

Fol each of the cases exarninecl the coefficients usecl to estirnate I( 1 , the associatecl

coefficient of valiation, ancl the stancla'-cl er.ror for. each pipe category ar-e shown il
Table 6.6. It can be seen fi'otn the lesults in this tal¡le that the leglession analysis

plovicles a sufficiently good fit fol. the estimation of l(1 for most pil>e categories.

It shoulcl be noted that 12 values rver-e founcl to l¡e statistically significant only for

asbestos pipe in the 200 rnur, over 30 year.s olcl categor.y alcl for tlle cluctile steeì, 1b0

urn all ages and 250 mm diarneter.all ages pipe categolies.

It is possible that the failure process iu asbestos cement pipe is cluite cliffer.ent

fiom the plocess rvhich occu.s in cast i.on or' <luctile steel pipe. No ilferences can

l¡e made about the value of 1f1 fol these pipe categolies ald 111 is sliorvn *,ith a

nominal value of zelo fol these pipe categolies. Caution should l¡e used in applying

this model to estirnate componelt failur.e plobabilities for asbestos cetrent pipe.
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No ex¡;lanation l'as founcl fol the lorv l'2 value found for.the 200 urm all ages cluctile

steel pipe categoly. It is speculated that this pipe was installecl rvitli a concr.ete coating

attd, tlìus, rnight be expected to behave clifeleltly fi'om othel cluctile steel a¡cl cast

ilon Pipe (Pels. Comm. Glen Chambels, Cit5' of WiruriPeg, 1992). Again a noùìiral

value of 111 : 0 is a.ssullled.

6.5.4 Estimation of Parametet K2

I{2 is estirnated fiorl the ol¡servecl plobability of occuLLence of days rvith l CjlL ancl

the Poisson clistlibution fol days l'ith exactly ole independent break. The Poisson

palametel for clays rvith exactly ole CIL is taken to be LBL Consisteut rvith the

concepts usecl to clelive the values of I(0 the expression for the disttibution of days

rvith exactly one ilclepenclent break as given by Ðq. 6.4, rvith rn : 1, is given by:

P(1r): (LBIr)eLBt" (6.46)

rvh ele

t P(11) is the samplecl latio of days rvitìr exactly I C I L to the nurnl¡er.of clays ir
a yeat'

o LBI is the Poisson parauretel estitnatecl in Eq. 6.39

r ¿ : the sarlplecl length of piPe

If the plobability of occulleuce of pipe bleaks is equal for. all days of the year.Eq.

6.46 shoulcl be a goocl pleclictol of the plobability of occur.r.ence of clays ivith exactly

one clL. A' inclicatio. of the exte't to *'hich the p.obability of occu''e.ce of pipe

l¡reaks is unequally distributecl ovel the days of t,he year', i. e., the extelt to ivhiclr
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Pipe Categoly

Pil;e nratelial, cliarneter', age

(mrr) (yl)

Reglession Palarleters

KI' ?'2 Stanclalrl

Deviation of I( I

Cast L'on Pipe 150 rnm, 0-19 yls

150 rnu, 20-30 ),r's

150 rnrl, over' 30 yls

200 rnm, 0-30 yls

200 rrm, over' 30 yrs

250 rnm, 0-30 yls

250 mrn, over 30 yls

300 mm, 0-30 yrs

300 rnrn, over 30 yls

50.4 .8535

51.6 .9001

7t.7 .7rr2

101.0 .6764

72.9 .7595

97.4 .8719

67.2 .8539

40.8 .6991

), \ LOOT

4.53

t oR

6.18

7.80

Ð.4 /

4.98

4.13

D.Ur)

,t.,tt,

Asbestos Cement Pi 150 rnrr, 0-30 yls

150 rrr.n, over' 30 ¡,r's

200 mm, 0-30 yrs

200 rrrr , over 30 yls

250 rnrn, all ages

300 mrn, all ages

0 .2330 .95

0 .0819 .86

0 .1724 3.83

93.1 .9133 7.66

0 .0000 0

0 .2207 1.06

Ductile Steel Pipe 150 mrn, all ages

200 mm, all ages

250 nm, all ages

r2.4 .5616 1,69

0 .1184 1.94

27 .3 .7483 2.13

PVC Pipe 150 rnrn, 0-30 yr.s 0 .0000 0

a. Values shorvn increasecl bv a factol of 106

Table 6.6: Ðstirnation of Parameter I{1
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tlte indepenclent bleaks ale

colstant, I(2, to Eq. 6.46.

clusterecl on celtain days can be

P(lt): I{2(LBIx)eLBI"

ol¡tainecl by addìng a

(6.47)

's']rele

e I(2 is a coustalrt usecl to rleasule the extent of concentl'aliol of iudepenclent

l¡r'eaks ou palticulal clays

If the plobabilitJ, of occurrence of pipe bteaks is equal fol' all days of the year:

I(2 can l¡e expectetl to be close to one. On the other hancl if thele is a coltr.ibuting

cause rvhich makes pipe bleaks mole likely to occuL 01ì ceÌtain cla)¡s of the year. I(2

shoulcl be less tllan o.e. I{2 is estir¡ratecl by pe.founing linea' reglession of P(I1) o'
LBIre-LBtî. The estiniated values of I(2 ar.e shorvn in Tal¡le 6.7. For.the 200 mu

arcl 250 mln ductile steel ancl the 150 mm PVC pipe categor.ies the 12 values ar.e too

small to be statistically sigrrificant. Fol these categor.ies it rvas assur.necl that 112 : l,

6.5.5 Comparison of predicted to sampled probabilities

once all foul palametels have beel estinated fol all pipe categolies, the esti¡ratecl

palarnetel values are sul¡stitutecl into Eqs. 6.12,6.77,6.27, ancl 6.37 to gener.ate the

probability distributions fol days rvith rn : 0, 1, 2, alcl 3 breaks. The preclicted

plobabilities are compare<l rvith sattplecl fi'equencies fol clays rvith exactly 0, 1, 2,

ancl 3 breaks. The cornpalisou for clays rvith no br.eaks is shorvn in Figs. B.28-8.46.

Fol clays u'ith exactly I bleak the conpar.ison is shorvn in Figs. 8.47-8.6b. For.clays

rvith exactly tu'o bleaks the lesults are shol,n in Figs. 8.66-8.84. The days rvith

exactly tlu'ee i:r'eahs the lesults ale shon'n in Figs. 8.85-8.103. \\¡hile not ¡rer.fect the

agleement is still quite close fol' all cases.
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Pipe Categor'¡,

Pipe matelial, cliameter', age

(rnm) (yr)

Regression Pararnetels

K2 '¡'2 Standalcl

Deviation of 112

Cast hon Pipe 150 mrn, 0-19 yls

150 rrm, 20-30 yls

150 rnrl, over' 30 yls

200 mm, 0-30 yls

200 mm, over 30 yrs

250 rnm, 0-30 yls

250 mrn, over' 30 yrs

300 un, 0-30 yls

300 rnrn, over' 30 yls

.454 .7660 .0000195

.546 .8829 0.0000186

.382 .4619 0.0000402

.736 .7954 .0000214

.454 .6628 .0000255

,613 .7945 .0000202

,490 .6905 .0000261

,362 .5843 .0000165

,183 .4178 .000779

Asbestos Cement Pipe150 mm,0-30 yrs

150 mm, over' 30 yls

200 rt. m, 0-30 yr.s

200 rnm, over 30 yrs

250 rnrn, all ages

300 mm, all ages

.763 .5427 0.0000050r

.690 .4667 0.0000091

.565 .4273 0.0000126

.236 .4710 0.0000454

.420 .3306 0.0000105

.753 ,6508 0.0000057

Ductile Steel Pipe 150 mrn, all ages

200 rnm, all ages

250 rnrn, all ages

.825 .8619 .0000045

r.000 .2847 .0000062

1.000 .1766 .0000045

PVC Pipe 150 mrn,0-30 yrs 1.000 .157r 0.0000011

Table 6.7: Ðstintatiou of Parametel l(2
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6.6 Confidence Limits for the Parameters LBI,

KO, Kl, and K2

The 1>r.lr'pose of estiuatilg these conficlence limits is to cleten¡rine lirrits on t[e yal¡es

of exactly m bleaks in a clay. To clete'-nine lhese bounds, conficlence lirnits ar.e

calculated ot LBI, I(0, I(1, al<l I{2, fol e¿ch pipe categor.y. Bonfelt'oni colfidence

liurits al'e usecl because, fol each pipe categoly, multiple inferences (for each categor.y,

]¡ets'een 1 and 4 pat ametels r.¡rust l¡e estimated) ar.e nacle fr.om the sane data. It

shoulcl l¡e notecl that these confdence limits also ale basecl ol the length of pipe in

each categoly. In adclition to the estimation of the probability that exactly rr pipes

fail in a clay, r'ecall that the use of Eq. 5.6 to estimate netrvork reliability r.equiles lhe

estination of the probability of retwork failule given that m links frorn a pipe categor.y

have failed simultaneously. This conditional failur.e pr.obability is estiruated by a

siugle palarneter'¡) fol each failule case. As a lesult, separate Bonfen'oli conficlence

intelvals rnust be detelrnilled for each netrvork consicìered. These confiilence intervals

ale plesentecl iu Chaptels I and 10 for eacli netu'or.k consiclelecl.

6.7 Confidence Limits for Total Probabilities

As outlinecl in section 5.2, colfiderce linits can be calculatecl for both the covelage

alcl the cumulative plobability of netrvolk failure. The Bonfelroni confirlerce limits

ancl Eqs. 5.9 - 5.11 cau l¡e usecl to calculate the variances of both the covelage ancl the

cuuulative plobabilities of nervot'k failule. The t-clistlibution can be used calculate

conficlence liuits and fol hypothesis testing.
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6.8 Limitations of this Method

This nlethocl of estintating exactly m bleaks in a clay gives r.easonable lesults. The

concept of inclepencleut bleaks that ale clistl'il¡uted as a Poisson clistlibution gives

quite good lesults, especially fot' cast ilon 1tipe. The concept that clepenclent bteaks

ri'hich occulon the saure and subsequent days follou' the Poisson distr.ibution is also

*'ell suppoltecl. The use of a colstant 1>ar.ameter., I(2, to take into account the

clustering of failule events in tinte is lecoguised as being sornervhat simplìstic. This

aspect is ¿n aLea in rvhiclt fulther r.esear.ch is neeclecl.
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Chapter 7

Description of Model Networks

In the 1>revious chal>ters, a urethocl to estiuate netrvork leliability rvas clevelopecl. In

this chaptel the methocl is applied to the netwolk detailed in Walski et al. (1987).

This netivork rvas chosen because it has becorne r.ecognizecl in the litelature as a test

case for leliable rvatel clistribution netrvolks and because sevelal solutions ale available

inWalskietal. (1987). (The detailed specifications ofeach netrvork solutiol are given

in this chapter'.) It shoulcl be noted that the solutions in Walski et al. (1987) r'er.e

develoPecl using heulistic r¡etho<ìs to ensule sufÊcient letrvolk leliabilitJ'. hl tliis

thesis, probability basecl leliability estilnates ale made fol each network.

Fot convenience, the oliginal letrvolk specifications ale leproclucecl fi'ou \4/alski et

al. (1987). The netrvolk layout is sholn in Fig. 7.1 rvith the fixed pipe cha'-actelistics

being shorvl in Table 7.1 ancl the node characteristics being shorvn in Table 7.2. Note

that it has l¡eeu assumecl that all pipe in the netl'ot l< is cast iron because only cast ir.on

pipe rvas usecl in the netrvolk il \Valski et al. (1987). The var.iable pipe chalactelistics

for the oliginal netlvot'k ale shorvn in Tal¡le 7.3. Note that pipes 68 thlough T6 have

ttot l:een specified because tlte¡' u's.. not par-t of the oliginal netç'ork in Walski et al.

(1987) but rvere links to be designecl in cleveloping the netrvor.k solution. The claily

tlernancl pattet'n is shou'n il Table 7.4. The netl'ork pelformance criteria specified in
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Walski et al. (1987) inclucle tlie plovision of suffcient flou' ancl plessure fol nolnral

opelating conclitions, instantaneous peak clemancl, and fir-e flolvs. All critelia a1:pl¡'

to both 1985 clemands ancl plojectecl clemands for 2005. It sliould l¡e notecl that no

clulation is sPecified fo. eithel the i'stantaneous peah florvs ol the fir'e florvs. Since tlle

iustantaneous peak florvs ancl fir'e flol's aLe llot rvell definecl, o.ly.o.mal oper.ating

conclitions, u,ith the plojectecl deruands in 2005, ar.e consiclerecl in this thesis. Mor.e

specifically, the clenancl levels fi'om the highest rlaily demand peliocl ar.e usecl. lt
shoulcl be notecl that this rrethocl of estimating leliability can l¡e usecl for fir'e flou's

ancl instant¿neous 1>eak clemancl, by using the applopliate noclal demands

ProÞÒsed l illks

Figule 7.1: Oliginal Netrvorl< Layout fi.om Walski, 1987

7.L Assumed daily system

The claily clemand patter.n, shou'n in Table 7.4,

eight time peliocls, each of tlrree hours dulation.

operation plan

divides the daily clemald culve ilto

Seven cliferent clemancl levels ralg-
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Link

Nrr llber'

Flom

Nocle

To

Nocle

Link

Length

(feet)

Lilk

Numl¡el

Flom

Node

To

Node

Link

LengtÌr

(feet)

1 10 20 100 42 140 150 6000

¿ 20 70 12000 44 150 160 6000

4 20 30 12000 +6 100 160 6000

6 20 110 12000 48 100 1i0 6000

8 30 70 9000 50 110 160 6000

r0 70 100 6000 52 110 120 6000

12 70 90 6000 54 120 160 9000

t4 60 70 6000 56 120 130 6000

16 60 90 6000 58 130 160 6000

1B 60 80 6000 60 130 r70 6000

20 80 90 6000 62 140 160 6000

22 90 150 6000 64 140 170 12000

24 90 100 6000 t)o 50 140 t2000

26 100 150 6000 68 115 140 6000

28 80 150 6000 70 75 140 6000

30 30 60 6000 72 75 i15 6000

.)o
30 40 6000 74 50 6000

34 30 50 9000 76 75 6000

,Jt) +0 50 6000 7B 60 65 100

38 50 80 6000 80 160 165 100

40 80 140 6000

Tal¡le 7.1: Fixed clata for links fol all netrvolks
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Nocle Elevation

(fr)

Requirecl

Plessure

(psi)

Requiled

Flos'

(epn.')

Norle Elevatiorr

(ft)

Requiled

P.-essure

(p'i)

Requilecl

Florv

(sp'")

10 280 puml) 90 50 40 1000

20 20 40 500 100 50 40 500

30 50 40 200 110 50 40 500

40 50 40 200 115 80 40 600

50 50 40 600 120 r20 40 400

:)l) 80 40 600 130 r20 40 400

60 50 40 500 140 80 40 400

65 tank 150 120 40 400

70 50 40 500 160 r20 40 1000

75 80 40 600 165 225 talk

80 50 40 500 170 r20 40 400

Ta,!¡le 7.2: Node chalacteristics tal¡le
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Link

Numl¡el'

Link

Diar¡eter'

(inches)

Pipe

Ag"

(yeals)

Chezy's

o

Link

Nulnbel'

Link

Diameter'

(inches)

Pipe

Ag"

(yeals)

Chezy's

(:

20 50 120 42 B 50 120

2 16 50 70 44 B 50 120

4 12 50 120 4u 8 50 120

6 t2 50 70 48 8 50 120

8 T2 50 70 50 10 50 120

l0 L2 50 70 8 50 120

12 LO 50 70 54 8 50 120

14 t2 50 70 56 8 50 720

tt) 10 50 70 58 10 50 120

18 t2 l)1, 70 60 8 50 120

20 10 50 70 62 8 50 120

l0 50 70 64 8 50 120

24 l0 50 70 66 8 50 t20

26 t.) 50 70 6B

28 10 50 70 70

30 10 50 120 72

,sz 10 50 120

34 10 50 t20 It)

.l t) 10 50 t20 78 I2 50 r20

38 10 50 720 80 T2 20 120

40 l0 50 120

Table 7.3: Link clata fol oliginal netrvork



Tirne Period Demalcl as a Plopoltion of

Avelage Daily Florv

24:00 - 0:l:00 0.6

03:00 - 06:00 0.7

06:00 - 09:00 1.1

09:00 - 12:00 1.2

l2:00 - 15:00

l5:00 - 18:00 1.2

l8:00 - 21:00 1.0

21,:00 - 24:00 0.9

Table 7.4: Daily denand patter.n (avelage : 1.0)

ing frortr 60% of avelage claily clemand to 130% of avelage claily dernancl ale iclentifiecl

in this taì¡le. The loclal clemancls, fol each dernalcl level, are cleterminecl by multi-

plying tlre avelage demancl, given iu Table 7 .2, by the appropliate factor', from Table

7.4.

Demancls vary significantly duling eaclì day. The var.iatior in dernand levels has

a sìgnificalt irnpact on system opelatiotì, Duri g pet'iods of lorv deman<1, sulplus

hydlaulic capacity can be used to fiÌl the system stolage tanks. The ivatel stoled in

the stolage tanhs cal then be usecl to meet florv and ptessule r.equirerlents at peak

delrand Ievels.

This use of storage facilities complicates the task of sirlulating letrvork 1:er.for-

ttlance ancl gteatly incleases the cotnputational l¡ulclel associatecl rvith the si¡.r¡lation.

The apploach to net*'olk sirrulatior r¡rentioned in Walski et al. (1g87), involves the

sirlulatiol of the netrvolk over a 24 hour peliocl. The time interval usecl for the

sir¡ulation is not given, but because of the highly non-linear relationship, betrveen
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rvithclrarvals fiour the stolage tarks a d flolvs in the netwolk, the use of a sr¡rall tirne

itrtelval seer¡s leasonable. The use of a small tirne inter.val, hou'evel', implies a lar.ge

inclease in the computational bur.clen associatecl rvith the calculation. Fol exarlpìe,

the use of a 15 rrinute tilne intelval lather than a single iter.ation per. tlay ilcreases

the nurnbel of times t,h¿t the netrvor.k must l¡e solvecl, fol each simulation b5, o 1u..to,'

of 96. As a lesult of tllese cousicìelations, the following sirnplifiecl proceclure, using

the daily clernand cuLve ancl total stolage capacity, is clevelopecl.

It should l¡e notecl that the stolage capacity is lirnitecl. The stolage tanks have a

capacity of 250,000 gallons (US) for the base case. Walski et al. (1987) specify that

fite florvs must be met lvith the tanks 25% ltirL This r.equirernent is takel to rnean

tlrat tlre systern is lun *'ith a Ìeselve of 25% or 62,500 gallons (US) in each tank.

If no a<lclitional storage is proviclecl, the rernaining 187,500 gallons U.S. storage cal

plovicle a maximurn withchawâl of 1041.7 gallols per minute (gpm) for.the three hour

peah demancl per-iod. This rvithdlarval level has been leduced to 800 gprn in olclel to

maintain stolage capacity for withch.awals dur.ing the periods rvith elevatecl, but less

than peak dernancls of 1.1 and 1.2 times average claily demancl. It rvas assumecl that

withcll'a*'als fiour stolage at'e requiled in those peliocls rvhen denalcl is greatel than

the avelage claily clemand.

Horvever', it is assumed that the peak clernancl peÌiod is cr.itical, ancl hence it is

the only case colsicleÌed cluling the Monte Callo siuulation o{ retrvolk pelfor.mance.

7.2 Example Networks

Foul solutiou netrvolks ale considerecl. These solutions ale:

1. rron-o¡rtinral sys l,ell ex¡.rarrsioir
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2, the solution proposecl by Gesslel in \4/alski et al. (1987)

3. the solution ploposecl by Lee et al. in \\¡alski et al. (1987)

4. the solution ploposecl by l4olgal and Goulter.in Walski et al. (1987)

7.3 rNon-Optimal' system expansion specifica-

tion

The first netrvolk collsidelecl is a systeu expanclecl on a trial ancl en'oL basis. A

netrvolk solvel rvas usecl to check the hychaulic aclequacy of the netlvork. It is assurnecl

that pipes to the south ancl east of link 28 (specified as the older. part of the city in

Walski et al., 1987) ale leplaced. This assumption was r'¡lade l¡ecause most o{ these

pipes rvoulcl be over'70 yeats olcl in the ¡,s¿¡ 2995.

The netrvolk layout for this non-optirnal systeu expansion is shorvu in Fig. 7.2.

The specificatiors of the nerv and replacecl pipes in this netlvo'k a.e given i' Table

7.7 rvhile the specifications of tlle tanks ald pumps il this netrvolk fol all clemancl

levels ate given in Table 7.8. Nodal plessules ancl florvs rvere checkecl against r.equir.ecl

plessures alcl florvs, fol all rleur¿nd leveìs, and the colresponcling rvithclrail'al (fill)

levels ale given in Tal¡le 7.8. Nodal pr.essures alcl florvs rvere founcì to be aclequate.

It cau thus be seen that this netu'ork has sufficient hydraulic caPacity if no lirks have

been bloken.
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Link

Numbel

Link

Diameter

(irches)

Pipe

Ag"

(yeals)

Chezy's

C

Link

Nunrì.¡er

Link

Dialneter

(inches)

Pipe

Ag"

(yeals)

Chezy's

C)

2 20 20 130 ,t t2 20 130

4 18 20 130 l0 2{J 130

6 18 20 130 26 12 20 130

8 L2 20 130 28 l0 20 130

10 16 20 130 68 t0 20 130

12 12 20 130 70 8 20 130

t4 12 tn 130 72 8 20 r30

16 10 20 r30 74 8 20 130

l8 T2 20 r30 iU 10 20 130

20 10 20 130

Table 7,5: Data fol charrged links in the non-optimal uetwor'l,i
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De¡rancl

Level

Node Nurnì:el

10 65 165

Node Type

Purnp

Head

(fr )

Tank

Witltdrawals

(rill)(gpm)

Tanlr

Withrlrarvals

(Fill)(gpn)

.6 280 (8oo) (8oo)

7 280 (8oo) (800)

o 280 (100) ( 100)

1.0 280 0 0

1.1 280 100 100

r.2 280 I00 100

1.3 300 800 800

Table 7.6: Specification of talks aud purnps - non-optinaÌ netrvolk
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Ne!' links

Figure 7.2: Nou-Optimal Netrvor.k Layout

7.4 The Gessler network specification

The thilcl netrvolk consi<lelecl is a system expansion proposecl by Gesslel in Walski et

al. (1987). A netrvolk solver rvas again usecl to check the hych.aulic adequacy of the

netrvolk. This netrvorl< is not hych aulically sufficient, if florvs are limitecl to prevent

aly of the stolage tanks fi'on being emptiecl. However., as the netu'ol'k rvas quite

close to hych'au1ic sufÊcielcy, 'increased' florvs rve.e assumed to pro.i,ide the r.equiled

Itych'aulic capacity. Tltese incleasecl florvs ale equivalent to the assurnption tliat the

a¡rount of ovelhead stolage is gleatel thall that specified by Gessler. The larger sizecl

tank assumed, fol this lletrvolk, at lode 150 rnakes significantly lalger rvilhclrarvals

fi'o¡r the tauh possible. \4/hile the specification of a larger sizecl tank does rot violate

any of the netrvolk lequilenents as specifiecl in Walski et al. (1g82), the lesulting

i'lcteased cost of the netrvolk rvas not leflectecl il Cìessler's solution. In aclclition, it

sìrould be notecl that the clesign of a tank l'ith ilsufficient capacity can be a ser.ions
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elloL because aftel a tank has l¡een built incleasilg its capacity can be quite difficult.

The nets'o'-k layout fol this case is shorvn in lrig. 7.3. Note that an extra locle,

175, ancl an extla link, nurlber' 82, fi'out uode 175 to node 150, have l¡eel addecl

to tlte ttetrvolk, to take into accorurt the adtlition of an ovelheacl tauk, colnectecl to

node 150. The specifications of the pipes, in this netrvor.lt, ale given in Tal¡le 7.g. The

specifications of the tanks aucl pur.nps in this net*'ol'k fol all clerrand levels ale given

itl Table 7.10. Nodal pressures ancl florvs rvele checkecl against lecluilecl plessules ancl

florvs fol all de¡rancl levels anc[ the collesponding rvithdlarval (fill) levels ale given in

Table 7.10. Noclal plessrrres aud florvs rver.e founcl to be aclequate. It can thus be seen

tliat tìre Gesslel solution, s'ith the assumecl extr.a storage, has sufficient hydr.aulic

capacitv if no links have been broken.

- 

Nen links

Figule 7.3: Gessler Netivolk Layout
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Link

Nurnber'

Link

Diameter'

(inch es)

Pipe

Ag"

(yeals)

Chezy's

c

Link

Numl¡er

Link

Diameter

(inches)

Pipe

Ag"

(yeals)

Chezy's

C)

4 T4 20 130 60 I4 20 130

6 l4 20 130 68 12 20 130

30 l0 20 130 70 12 20 130

42 l4 20 130 72 6 t5 130

+4 18 20 130 74 l4 20 i30

50 24 20 130 /h 6 i5 130

54 8 20 130 82 to 20 130

58 16 20 r30

Table 7.7: Data for changed links in the Gessler. network

7.5 Lee et

The foulth letrvork

(1987). A netrvork

netrvolk.

al. solution specifications

is a systeu expansion proposed by Lee et al. in \4¡alski et al.

solvel was again usecl to check the hydraulic aclequacy of the

The netrvor'k layout is sìrorvn in Fig. 7.4. Note that arl extLa nocle, 17b, ancl an

extra link, 175-140, have been aclcled to the net*'ork to take iuto account the specifica-

tion of an aclditional overheacl tank connectecl to node 140. The specificatiors of tlle

pipes acldecl to or changecl in this netrvor.k ale given in Table 7.11. The specifications

of the tanks and purnps in this netrvolk for all clernancl levels ale given il Table 7.12.

It should be notecl that the tanh Proposed by Lee et al. at nocle 140 is 100,000 gallous

smallet thau that ploposecl by Clessler'. The maximum *'ithdlarval late fi'orl the talh

is thus smallel than in the solution proposed by Gesslel ancl is listecl i' Table 2.12,

Nodal pr-essules ancl florvs rvere again checked against lequilecl p.essules ¿ncl flo*,s,
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Demancl Level

asa

Ploportion of

Avelage Daily

D er.n an cl

Node Nurnbel

10 65 175 165

Nocle Type

Pumlr

Head

(ft )

Talk

Withdrau'aìs

(Fill)(gpm)

Tank

Withdrarvals

(Fill)(gpm)

Talk

Witlidlarvals

(Fill)(gpni)

.6 280 (8oo) (2200) (800)

.7 280 (8oo) (2200) (8oo)

.9 280 (100) (400) (100)

1.0 280 0 0 0

1.1 280 100 450 100

1.2 280 100 450 100

1.3 3i0 1200 4400 1350

Tal¡le 7.8: Specification of tanks ancl pumps - Cìessler.¡retrvolk



for all denand levels fol this netu'olk ancl the collesponclilg rvithdrau'al (fill) levels

are given in Table 7.12. Nodal pressuÌes and flou's u'ele founcl to be aclequate. It can,

thus, be seen that this netu'olk also has sufficient hydlaulic capacity if no lilks have

beer l¡loken.

r Netr I inks

Figure 7.4: Lee et al. Networ.k Layout

7.6 Morgan and Goulter network speciflcations

The last network consiclelecl is a systern expansion ploposecl by Molgal and Goultel

in Walski (1987) The netrvolk layout is shorvn in Fig. 7.5. Note that extla nocles,

175 ancl 185, ancl extla links, 175-75 and 185-170, have 1¡een aclcled to the letrvork to

take into account the provision of additional overheacl tanks. The specifications of the

pipes in this lletrvork ale given in T¿ble 7.13 rvhile the s¡recifications of the tanks aucl

¡rumps in this netrvolk fol all der.r.ran cl levels, ale gir.en in Table 7.14. These rvithch.arval

values, collespondilg to the sizes of these talks, ale listed in Table 7.14. A netlork
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Link

Nunrber

Lilk

Diameter

(inclies)

Pipe

Ag"

(yeals)

Chezy's

C

Link

Num l¡er'

Lirk

Diametel

(inches)

Pipe

Ag"

(yeals)

Chezy's

C

') t7 20 r30 12 20 130

4 15 20 130 54 6 20 130

6 19 20 130 58 72 20 130

t2 15 20 130 60 I2 20 r30

18 8 )('l 130 68 12 20 130

30 l0 20 130 70 1.2 20 130

34 l4 20 130 72 6 l5 130

42 L4 20 130 12 20 130

44 1B 20 130 76 t) 15 130

50 t2 20 130 80 I2 )ñ 130

Table 7.9: Data for changed linhs in the Lee et al. netu'ork



Denand Level

as a Propoltion

of Avelage Daily

Demancl

Nocle Nurlbel

10 65 175 165

Node Type

Pump

Head

(fr)

Tank

Withch'arvals

(Fill)(spm)

Tank

Withcharvals

(Fill)(gprn)

Tank

Withclrarvals

(Fill)(gprn )

.6 280 (8oo) (2000) (800)

.7 280 (800) (2000) (8oo)

lt 280 (100) (400) ( 100)

1.0 280 0 0 0

1.1 280 100 450 100

1.2 280 100 450 100

1.3 300 800 2600 800

Table 7.10: Specification of tanks ancl purnps - Lee et al. netrvork



solvel's¡as used to check the hydr.aulic adequacy of the netrvork. Noclal pr.essules aucl

florvs obtainecl b5' rr;na the netrvolk solvel wer.e checked agairìst required pr.essures

aud flou's fol all clemanil levels and the collesponclirìg rvithcha\\'al (fill) levels are gi\¡en

ill Tal:le 7.14. Nodal ptessuÌes ancl florvs 1\'eÌe found to be aclequate. lt can l:e seen

thelefote that this netrvolk also has sufficient hyclraulic capacity if no links have been

broken.

- 

Ner.r ljnks

Figr.rle 7.5: Molgan ancl Goultel Netl'ork Layout

7.7 Determining covering sets for pipe removal

set probabilities

As iliscussecl pteviously, iu ot clel to cleteunine the leliability of a uetrvolk, containìng

sevelal cliffeleut ty¡:es of pipes, it is necessaly to detel'mine a co\¡erilìg set flom among

all possible combinations of pipe removal sets. The sane pr.ocedure is used fol all
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Link

Nurnber'

Link

Diarneter

(inches)

Pipe

Ag"

(yeals)

Chezy's

C

Link

Nurr.l¡er

Link

Diarneter'

(inches)

Pipe

Ag"

(yeals)

Chezy's

C

2 72 20 130 68 t0 20 130

4 8 20 130 70 10 20 130

h 20 20 r30 72 8 20 130

12 10 20 130 t4 8 20 130

50 i8 20 130 76 10 20 r30

JZ 6 15 r30 80 t2 20 r30

54 l) l5 130 82 12 20 130

58 10 50 130 84 1.2 20 130

62 T'2 20 130

T¿ble 7.11: Data fol changecl links in the Molgan and Goulter. net*'olk

netrvolks desclibed in the plevious section. The steps that ar.e follorvecl ar.e:

3.

Detelmine the length of pipe J:y pipe categoly.

Cialculate the estilrated probability of cla5,s 1fi1¡ exactly 0, 1, 2, and 3 br.eaks.

Bonferroni lirnits ancl expected values aLe calculated for. these pr.obabilities.

Choose pipe breakage events consisting of the reuroval of cornbinations of links

from the valious pipe categories. A sufficient nurnber of co¡rbinations are chosen

to elsule th¿t almost all plobable failule cases iucluclecl.

The pipe length fol each netu'ork is calculated using the pipe lengths given in

Table 7.1. The pipe categories shou'n in Table 7.15 are <letelmined using the or.iginal

pipe charactelistics data il Table 7.3 ancl the updatecl pipe char.acteristics in Tables

7.7,7.9,7.11, or 7.13 fol the pipes itr each proposed lletrvork, Fr.oti the lengths of the
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Demancl

Level

Nocle Nun.rbel

10 t)l) 175 165

Node Type

Purnp

Head

(ft )

Tank

Withclratvals

(Fill)(gprn)

Tank

Withclra*'als

(Fill)(gpm)

Tank

Withdraivals

(Fill) (gprn)

6 280 (800) (2000) (800)

.7 280 (8oo) (2000) (8oo)

.9 280 (1oo) (400) (100)

1.0 280 0 0 0

1.1 280 100 450 100

1.2 280 100 450 100

r.3 300 800 2600 800

Table 7.12: Specification of tanks and 1:urnps - Mor.gan ancl Goulter. netrvor.k
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Pipe Categoly Pipe Categoly Description

6 0-19

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

Cast ilon piPe,6 in. diarleter',0-19 5's¿¡r.1¿

Cast ilon pipe, B in. cliameter',0-30 year.s old

Cast ilol pipe, B in. cliameter, mole thau 30 yeals old

Oast ilon pipe, 10 in. diarreter',0-30 year.s old

Cast ilort pipe, 10 in. clianteter', mole than 30 year.s old

Cast iron pipe, 12 iu. clianreter., 0-30 year.s old

Cjast iron pipe, 12 il. cliarneter', rlole than 30 years old

Table 7.13: Pipe categories ancl abbreviations

incliviclual pi¡res in the pipe categolJ¡ the total pipe length fot each pipe category is

therl cletermined. The summalizecl pipe lengths for all categories ale shorvl fol each

Ìret$'olk in Tal¡les 7 .14,, 7 .15, 7.16 and 7.17.

The plobability of days rvith exactly 0, i, 2, ancl 3 l¡r.eaks are tlìen estiuatecl usiug

Ðqs. 6.12, 6.17 , 6.27 , alìd 6.37. These equations r.equile the pipe length in Tables

7'I4 - 7.17. ll atlclition, the use of these ec¡rations requiles estiuation of the four.

palarnetels LBI,I(0,111, ancl I{2. The nìean anrl standard ellol of these palarneteLs

LBI, I{0, 111, aud 1(2 based on the City of Winnipeg rlata are given in Tables 6.3

- 6.7. Bouferloni conficlence limits ale calculatecl for each of the pararletels for each

lletwork because these estirnates tecluir-e the sirnultaneous estimation of palameters

fol all pipe categories ancl fol all failur.e cases in the covering set. The lirr.rits valy

frorn netlvork to netrvolk because the leugth of pipe, the uumbel of pipe categolies,

and the nurì1beì' of failu.e cases to fo.m a cove.i.g set can vary. upper. ald lorve.

limits ale calculatecl fol the plobability of clays rvith exactl¡, 0, 1, 2, ancl 3 failur.es

for all letwolks. in additiol, the expectecl values of the plobabilities of clays ri'ith

exactly 0, 1,2, ancl 3 failures are calculatecl fol all netil'olks. These plobabilities al.e

sliorvr in Tables 7.18,7.19,7.20, a:r'd 7.21.
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Pipe Categoly

Pipe rnatelial, cliarneter', age

Length

(fr) (km)

Cast irol,8 in, 0-30 yeals 18,000 5.49

8 iu, over' 30 5,s¿¡. 33,000 l0.06

10 il, 0-30 years 36,000 10.97

10 iu, over 30 years 51,000 r 5.54

12 in, 0-30 year 81,100 24.69

12 il, over iiO yeals 48,200 14.69

Tal¡le 7.14: Pipe length by pipe categoly - non-optirnal netivoll

Table 7.15: Pipe length by pipe categoly - Gessler. netrvork

Pipe Categoly

Pipe n.raterial, diatleter, age

Length

(ft ) (km)

Cast ilon, 6 in,0-19 yeals 12,000 3.66

I ir, 0-30 years 9,000 2.74

8 in, over 30 years 54,000 16.46

10 in, 0-30 yeals 6,000 1.82

10 in, over' 30 yeals 69,000 21.03

12 in,0-30 year 72.,r00 21.98

12 in, over' 30 yeals 45,300 13.81



Pipe Categoly

Pipe rnatelial, diaureter', age

Length

(ft ) (k'')

Cast ilon, 6 in, 0-19 yeals 21,000 6.40

8 in,0-30 yeals 6,000 1.83

8 in, over' 30 yeals 48,000 14.63

l0 in, 0-30 veals 6,000 1.83

10 iu, over' 30 yeals 54,000 16.46

12 in, 0-30 year' 105,200

12 in, over' 30 veals 27,200 7.29

Tal¡le 7.16: Pipe length by pipe categoly - Lee et al. netrvor.k

Pipe Categoly

Pipe rlatelial, cliartreter', age

Lelgth

(fr) (km)

Cast ilon, 6 in,0-19 years 15,000 4.57

8 in, 0-30 yeals 24,000

8 in, over' 30 yeat's 54,000 16.46

10 in, 0-30 yeals 24,000 7.315

i0 in, over' 30 years 75,000 22.86

12 in, 0-30 year' 36,300 1 1.06

12 il, over 30 yeals 39,000 11.89

Table 7.17: Pipe lelgth by pipe category

143

- tr4organ ancl Goulter netrvork



Pipe CJategoly

Diarnetel Age

(in)(yL)

Plobability of a Day rvith Exactl¡' rn Breaks

rn =0 tn:1

Lorver'

Limit

Upper'

Lir¡it

Expected

Value

Lorvel

Linit

Upper'

Linit

Expectecl

Value

8 0-30 .997126 .997227 997177 .001768 .001.822 .001795

8 ovel il() .993892 .994132 994012 .002406 .002495 .002451

10 0-30 .993907 .995634 .99477 .002314 .003035 .002702

10 ovel ll0 .989282 .992066 .990673 .003492 .004537 .004038

12 0-30 .987443 .991978 .989708 .002749 .00417 .003484

12 over' 30 .993239 .996449 .994842 -.0000084E 0000208 .00000203

Pipe Categoly

Diarnetel Age

(in)(yL)

Probaì:ility of a Day v'ith Exactly rn Breaks

m:2 rn:3

Lorver'

Limit

Upper'

Limit

Expectecl

Value

Lorver

Limit

Upper'

Limit

Ex¡rectecl

Value

8 0-30 .000795 .000929 000862 .000312 .000412 ,000362

8 over' 30 .001953 .002161 .002057 .001041 .001194 .001117

10 0-30 .001741 .002095 .00 i 925 .000704 .000966 .00084

l0 over' 30 .002837 .003489 .003172 001356 .00184 .001605

l2 0-30 .002846 ,004159 .003517 .001684 .002669 .002188

[2 over' 30 .001623 00297r .00231 .001083 .002095 .001599

Table 7.18: Bonfertoni conficlence li'rits fol cornponent failules - non-optinal netrvor.k
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Pipe Categoly

Diarnetel Age

(in) (yL)

Plobability of a Da1, ¡'ith Exactly r¡ B¡eaks

ur:0 tn=l

Lon'er'

Limit

[Jpper'

Limit

Expectecl

Value

Lorvel

Linit

IJpper'

Limit

Expectecl

Value

6 0-19 .998462 .998905 998683 .000403 .00063 .000507

B 0-30 998565 998615 .99859 .000876 .00092 .000898

8 ovel ilO .990026 .990417 a 0nttt .003888 .004099 003993

10 0-30 .998986 .999275 .99913 .000379 .000519 .000451

10 over' 30 .985518 .989284 .987399 .004641 .006227 .005444

12 0-30 .988808 .992861 .990833 .002433 .003755 .003105

12 over' 30 .993642 .996662 .995151 .000583 .001123 .000854

Pipe Categoly

Diarnetel Age

(in)(yL)

Plobability of a Day u'ith Exactly m Bleaks

tn:2 tlì =.t

Lolver

Lirnit

Upper'

Linrit

Expected

\ialue

Lower

Limit

Uppel

Lirnit

Expectecl

Value

6 0-19 .00035 .000693 000517 .000183 .000302 .000239

8 0-30 .000383 .000476 .00043 .000154 .000206 00018

8 over' 30 003106 .003638 .003371 .001697 .001975 001836

10 0-30 .000273 .000364 .000319 .000115 .000162 .000139

10 over' 30 .003642 .004952 .004297 .0018i9 .002541 .0021 81

12 0-30 .002456 003 793 .003129 .001488 .002395 .001945

12 over 30 .001269 .002382 .00i831 .000838 .001648 .001247

Tal¡le 7.19: Bonferl'oni conficlence limits fol'component failures - Gessler. netrvol k
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Pipe Oategoly

Dianieter Age

(in)(yL)

Plol:abilitl, of a Day s,ith Exactly r. B'eaks

ll:0 ur: I

Lorver'

Limit

Uppel

Lirnit

Ðxpected

Value

Lorr'er'

Lirnit

Upper'

Lirnit

Expectecl

Value

6 0-19 .997312 .998086 .997699 000704 .0011 .000886

8 0-30 .999041 999075 ,999058 .000585 .000615 .0006

I over' 30 99113 991478 .991304 .00346 .003648 .003553

r0 0-30 .998986 .999275 .99913 .000379 .000519 .000451

10 over 30 .988647 .991603 .990124 .003647 004891 .00427 4

l2 0-30 .988793 .992851 .99082 .002437 00376 .003109

12 over' 30 .996178 .997995 997086 .00035 .000676 .000514

Pipe Categoly

Diarnetel Age

(in) (yL)

Plobability of a Day rvith Exactly rn Bleal<s

lÌ:2 n:3
Lower'

Limit

Upper'

Linit

Expected

Value

Lorvel

Limit

Upper'

Lirnit

Expected

Valrre

6 0-19 ,000613 00121 1 .000904 .00032 .000528 .000418

8 0-30 ,000256 .000318 .00028? .000103 ,000138 00012

8 over' 30 .00276 .003231 .002995 001507 .00i 754 .00163

10 0-30 .000273 000364 .000319 .0001 15 .000162 .000i39

10 over 30 002849 .00387 .00336 .00142 .001981 .001701

t2 0-30 .002459 .003798 ,003134 00149 .002398 .001948

12 over 30 .000762 .001428 001099 .000502 .000987 .000748

Table 7.20: Bonfell'oni colficlelce ìirnits fol' conponent failules - Lee et al. retrvor.k
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Pipe Categoly

Dianetel Age

(in) (yL)

Plobability of a Day rvith Exactly rn Bleaks

In:0 ìn:1

Loq,er'

Limit

Upper'

Limit

Expectecl

Value

Lorver'

Limit

Upper'

Lirnit

Expectecl

Value

6 0-19 .99808 .998633 .998356 .000503 .000786 .000633

8 0-30 ,99617 .996304 .996237 .002333 .00245 .00239i

8 over' 30 990026 990417 .990222 .003888 .004099 .003993

i0 0-30 995931 .997088 .99651 .001521 .002077 .001806

10 over' 30 .984268 .988356 .98631 .005046 .00676 00591

12 0-30 .994353 .996401 .995377 001229 .001901 .00157

12 ovel ll0 .994523 .997125 .995823 000502 .000968 .000736

Pipe Categoly

Diarnetel Age

(in)(yL)

Probability of a Day rvith Exactly m Breaks

tn=2 Ìr:3
Lorver'

Linrit

Upper'

Lirnit

Expected

Value

Lorver'

Lirnii

Uppel

Limit

Expectecl

Value

6 0-19 .000437 000865 .000646 .000228 .000377 .000298

8 0-30 001026 .001275 .00115 .000414 .000553 000483

8 over' 30 .003106 .003638 .003371 .001697 .001975 .001836

10 0-30 .001098 .001465 .001283 .000464 .000652 .000559

10 ovel ilO .003959 .005386 .004673 .001979 .002767 .002374

12 0-30 .001234 .001902 .001571 .000746 .00119B .000974

12 over' 30 .001092 .00205 .001576 .000721 ,001418 .001073

Table 7.21: Boufeu'olli confidence lirnits fol cornpolelt failures - Molgan ancl Goultel

netr,ol'k
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A covetìng set, {ol estirnation of pi¡;e failule plobabilities, can theu be cletelmined,

as outlinecl in Chapter 5. A coveling set $'as choser for. each of the netrvor.ks. The

sattte 1>r'ocetlule s'as used fol all foul rìet\\,olks to choose {ailule et elts to be included

in the covet iug set. The first failule cases chosen inclucled er,euts complisecl of all days

u'ith 0 ancl/or' 1 l¡r'eak. Next clays rvith exactly 2 br.eaks lvere clìosel. Finally, clays

rvith exactly 3 bleaks $'eLe choserì. The coveling set for. tlle non-optirnal netrvol.k is

shorvn in Tal>Ies 7.22, 7.23, ancl 7.24. The curnulative pr.obability of all failule cases

incluclecl in the coveling set fol the nolt-optimal netrvolk was calculated aftel'each

step by sunrning the expectecl value of the plobability of occurLence ovel. all failute

cases. FoL exarnple the c-umulative plobability covelecl in Table 7.23 iucludes the sum

of expected values fol failule cases I through l2 ancl the 'no bteak' case. Days l'ith
exactly one bleak fi'orl trvo clifferelt pipe categories rveLe exarninecl, but not incluclecl

in the coveling set because under the assurnption of iudepenclence of f¿ilure events

involving cliffelent tyltes of pipe the probability of such evelts rvas sevelal or.clel.s of

maguitutle less thal the tetnoval evelts consiclered. The coverir'ìg set fol the Cìesslel'

netrvork is sholn in T¿bles 7.25, 7.26, a.lrl 7.27. The covering set for the Lee et al.

rìetwork is shorvn in Tables 7.28,7.29, and 7.30. The covering set fol. the Molgal ancl

Gonlter net\\'otk is sholvn in Tal¡les 7 .31, 7 .32, ancl 7.33.

It is iltelesting to note that tllat the expected curnulative pr.obabilities (shou'n

in Tal¡les 7.24, 7.27,7.30, ancl 7.33) ale ver.y close to i fol all four netrvolks shori'iug

that the covering sets clo inclucle almost all probable contponent failur.e events. TIle

valiance of the curnulative plobabilities founcl using Eq. 5.9, rvas calculated for. all

fout netrvolks ancl conficlence lirnits rvele also detelminecl. The stanclar.d cleviation ancl

conficlelce intelvals ale shown fol all foul netrvolks in Table 7.34. The lorver.bouncls

of these conficleuce iutet'r'als shorv that over'99.0% of cornponent failule plobabililies

for each net\\'otk ale accouttecl fol by the tespective co\¡et.iug sets, Fl oln Eq. 5.7 the
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Failule

C.la se

Failure Pattem Ciousists of

1 Pipe Removecl Flonr Each

Pipe Categoly Shorl'l

Plobability of Occul'r'ence

Lorvel

Limit

Uppel

Limit

Expectecl

Valrre

rìo bì'eak

1

2

4

5

6

8 0-30

8 over liO

10 0-30

10 over' 30

12 0-30

12 over' 30

.955699

.001695

.002314

.002225

.003373

.002661

.0000081

.9679t2

.001769

.002429

.002951

.004426

.004069

0000202

.961786

.001732

.002371

.002613

.00392

.003385

.00000197

Cumulative p;:obability covelecl .9758089

Ta"l¡le 7.22 Coveling set - days \vit1ì exâctly 0 or. 1 l¡r.eak: non-optimal networ.k

Failule

Case

Failule Pattern Consists of

1 Pipe Rer:tovecl Flom Each

Pipe Categoly Sho*'n

Plobability of Occullence

Lolvel

Lirnit

Upper

Lirnit

Expectecl

Value

7

8

9

10

11

t2

8 0-30, 8 0-30

8 over' 30, 8 over' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 ovel ll0, 12 over'30

.000762

.001878

.001674

.0027 4

.002754

.001562

.000902

.002104

.002037

.003404

.004058

.002885

.000831

.00199

.001861

.003079

.003418

.002234

Curnulative plobability coveled 989222

Table 7.23: Coveling set - clays rvith exactly 2 br.eaks: non-optimal letlvolk
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Failule

Ciase

Failule Patteln Colsists of

1 Pipe Rerrovecl Flom Each

Pipe Categoly Shorvn

Plobability of Occun'ence

Lorver'

Lirnit

Upper'

Limit

Expecte<ì

Value

11

12

l3

14

15

i6

8 0-30, B 0-30, 8 0-30

8 over' 30,8 over 30,8 over'30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, 10 over 30

t2 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over' 30

.000299

.001001

.000677

.00131

.00163

.001042

.0004

.001 162

.000939

.001795

.002604

.002035

.000349

.001081

.000812

.001558

.002126

.001546

Cunrulative plobability coveled .996695

T¿ble 7.24: Coveling set - clays with exactly 3 b'.'eaks: uoll-optimal netwolk

Failure

Case

Failure Patteln Consists of

1 Pipe Ren.roved Flom Each

Pipe Categoly Shorvl

Probability of Occun'ence

Lower'

Lirnit

Upper'

Lirnit

Expectecl

Value

no bleak

1

2

3

4

5

6

7

6 0-19

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.954817

.000385

.000837

.00375

.000363

.004502

.00235

.00056

.966457

.000609

.00089

.004

.000502

.006084

.003655

.001089

.960619

.000488

.000863

.003873

.000433

.005296

.00301

.000824

Cumulative plobability coveled 975406

Table 7.25: Coveling set - clays rvith exactly 0 or 1 l¡r'eak: Cìessler. netl'olk
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Failule

Case

Failule Patteln Consists of

1 Pipe Rernoved Florr Each

Pipe Categoly Shos,n

Plobability of Occullence

Lorver'

Lirnit

Upper'

Lirnit

Ðxpected

Value

8

I
10

11

t2

13

14

6 0-19,6 0-19

8 0-30, 8 0-30

8 ovel lì0, 8 over 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over 30, 12 over'30

.000335

.000367

.002996

.000261

.003528

.002372

.001213

.00067

.000461

.00355

.000352

.004837

.003692

.002304

000497

000413

.00327

000307

004181

003034

001761

Cumulative probability covelecl ,9BBB69

Table 7.26: Covelilg set - days ivith exactly 2 bleaks: Gesslel netrvor.k

Failule

Case

Failure Patteln Consists of

1 Pipe Removecl Florr Each

Pipe Categoly Shorvn

Probability of Occurlence

Lou'er'

Limit

Uppel

Lirnit

Expected

Value

15

16

77

i8

19

20

2T

6 0-19,6 0-i9,6 0-19

8 0-30, 8 0-30, 8 0-30

8 over 30, 8 over' 30, 8 over 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'30

.000175

.000148

.001637

.00011

.001762

.001437

.000805

.000292

.0002

.001927

.000156

.002483

.002331

.001598

.00023

.000173

.001781

.000133

.002r22

.001886

.001204

C'uuluìative probability covelecl .99640l

Table 7,27: Covelilg set - clays rvith exactly 3 bleaks: Gessler netrvorl<
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Failule

Case

Failule Patteln Con sists of

1 Pipe Rernoved Florn Each

Pipe Cjategor')' Shorvn

Plobability of Occurlence

Lou'el

Li¡rit

Uppel

Limit

Ðxpected

Value

no l¡l'eak

1

2

ô

4

5

6

7

6 0-r9

B 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.96070 i

.000678

.000563

.003353

.000365

.003544

.002367

.000338

970698

.00107

000597

003572

000504

004788

003676

000658

965686

000857

.00058

003461

000436

004i 69

.00303

000497

Cunmlative probability covelecl 978716

Tal¡Ìe 7.28: Coveling set - days rvith exactly 0 or. 1 break: Lee et al. netivolk

F¿ilule

Case

Failure Patteln Consists of

1 Pipe Renrovecl Flou Eacli

Pipe Categolv Sliorvn

Plobability of Occun'ence

Lorvel

Limit

Uppel

Lirrif

Ðxpectecl

Value

8

I
10

11

12

13

14

6 0-19,6 0-19

8 0-30, 8 0-30

8 over 30, 8 over' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.00059

.000246

.002675

.000263

.002768

.002389

.000734

.001178

.000309

.003164

.000353

.003789

.003713

.001389

.000875

.000277

.002918

.000308

.003277

.003054

.001064

Curnulative plobability covelecl .990489

Tal¡le 7.29: Coveling set - clays rvith exactly 2 br.eaks: Lee et al. netrvork
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Faihue

( -lase

Failure Patteln C.lon sists of

1 Pipe Reuovecl Flonr Eaclr

Pipe (Jategoly Shorvn

Plobability of Occulrence

Lorvel

Limit

Uppel

Lirnit

Ðxpectecl

Valrre

15

16

1.7

18

19

20

2I

6 0-19,6 0-19,6 0-19

8 0-30, I 0-30, 8 0-30

8 over' 30, 8 over 30, 8 over'30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'30

.000308

.000099

.00146

.00011 1

.00138

.001448

.000484

.000514

.000134

.001 717

.000157

.00194

.002345

.00096

.000405

.0001 16

.001588

.000134

.001 659

.001899

.000724

Cumulative plobability covelecl .997015

Table 7.30: Coveling set - clays rvith exactly 3 breaks Lee et al. uetwoÌk

Failule

Ciase

Failure Patteln Consists of

1 Pipe Rernovecl Flort Ðach

Pipe Categoly Shorvn

Plobability of Occullelce

Lowel

Limit

Upper'

Limit

Expectecl

Value

no break

1

2

,)

4

5

6

7

6 0-19

B 0-30

8 over 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.954209

.000481

.002235

.003747

.001457

.004892

.00118

.000481

.964822

.000759

.002373

.003993

.00201

.006599

.001841

.000937

.959501

.000608

.002303

.003869

.001739

.00575

.001514

.000709

Cjumulative plobabili ty coverecl 975993

Tal¡le 7.31: Coveling set - clays ri,ith exactly 0 or. 1 br.eak: Morgan ancl Cloulter.

nett'ol'l<
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Failule

Case

Failule Patteln Consists of

1 Pipe Rerr.rovecl Flom Bach

Pipe Categoly Shorvl

Plobability o{ Occulrence

Lorver'

Lin-rit

Upper'

Lirnit

Ex¡>ectecl

Value

8

9

10

11

1.2

13

14

6 0-19,6 0-19

B 0-30, 8 0-30

8 over' 30, 8 over 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over 30, 12 over 30

.000418

.000982

.002994

.001052

,003838

,001185

,001042

.000836

.001234

.003544

.001417

.005257

.001842

.001978

.00062

.001 108

.003266

.001235

.004546

.001514

.001512

Curnulative plobability coveled .989794

Table 7.32: Covelilg set - days u'ith exactly 2 breaks: Molgal ancl Goulter. netrvork

Failule

Case

Failule Patteln Consists of

1 Pipe Removecl Frorn Each

Pipe Categoly Shorvn

Plobability of Occullence

Los'el

Limit

Up¡:er'

Limit

Expected

Value

15

16

T7

18

19

20

21

6 0-19, 6 0-19, 6 0-19

8 0-30, 8 0-30, 8 0-30

8 over 30, 8 over' 30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'30

.000218

.000397

.001636

.000445

.001919

.000716

.000692

.000364

.000535

.001924

.000631

.002701

.00116

.001.372

.000287

.000466

.001779

.000538

.002309

.000939

.001034

Cumulative plobability coveled 997r47

Table 7.33: Covelilg set - clays rvitli exactly 3l¡r'eaks Morgan and Goultel. netu'or.k
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Netrvolk Standalcl

Deviation

Los,el

Limit

IJpper'

Limit

Maxirnurl Uncounted

Failule Probability

Non-optirral

Gessler'

Lee et al.

Nlolgan ancl Cìoultel

.002447

.002355

.002025

.002145

.990390

.990334

.991800

.991622

1.002999

1.002468

1.00223

1.002671

.00961

.009666

.008200

.008378

Table 7.34: Conficlence liurits for cumulative plobabilities - all netrvolks

nlaxit¡urlr uncountecl failule probability fol each netrvork, found by subtr.acting the

lower'lirrit frorn ole, is an u¡rper. l¡ound on the plobability of systeru failure.

Il Chapter 8, Monte Callo sampling fi'otn these coveling sets is usecl to detelni¡e

retrvo'k 
'eliability, 

based on connectivity for all four networks rvhile iu Chapter.g,

Mo.te Carlo sarlpli'g is 
'sed 

to cleter.rline nettyorÌ< teliability, basecl on adequacy of

floiv ancl ì)r'essuÌe at all nocles.
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Chapter 8

Estirnation of Reliability

Performance of Networks Using

the Connectivity Criterion

ln this chapter', the pelfolmance of the test netrvorks clescr.il¡ed in Chapter. 7 in tel'rns

of connectivity is cliscussecl. When using the connectivity clitelion a node is assurned

to be connectecl, if an unbloken path exists flom the uode, to the soul'ce nocle. Fol the

pulposes of this stucly, it rvas assumecl that any node discolnectecl, fr.orn the sour.ce

pumps at node 10 rvas discolnected fi'orn the netl'ork.

Monte Carlo sirlulation is used to estir.nate the probability that tlle network be-

corles cliscollectecl given that links have l¡een removed. The simulation plogr-.aul

rvorks as follorvs:

1. A failule case u'hich specifies the pipe categorìes in rvhiclt pipe br.eaks ale to

occur is selectecl.

2, A pipe is selectecì r'anclomly fol each pipe category specifiecl il the failule case.

In this process the pipe selections are *'eighted by the length of the pipe I'ith
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lespect to the total length of pipe, in the pipe categoly. For example if a pipe

category contains 10 km of pipe and a palticula'- pipe has a length of 1 krn then

that pipe l,ould l¡e choseu rvith a plobability of .10.

lJ. The selectecl pipes ale lerloved fi'om the netrvolk.

4. The le¡raining net*'olk is clieckecl fol clisconnected nodes.

5. The plopoltion of l ernoval sets rvhich cause disconnection is estilnatecl by le-

1:eatecl tlials. The ellot'in the estimate is cletelmi¡iecl then using Ðc¡. 4.22.

6. Tlials ale lepeatecl until the ellol is leclucecl to a pteset level.

The plobability,of one ot tlole nocles being disconrrected rvill be calculatecl for'

each of the foul enhancecl tretrvolhs discussed in Chapter' 7. Confidence lirrits ar.e

developecl fol each netrvolk.

8.1 Estimating the Probability of Node Discon-

nection

The Bonfeu'oni confidence limits fol the probability of occullence rver.e presented

in Tables 7.22,7.23, arxl 7.24 for each case in the coveling set of the non-optitnal

netrvork. The estimatecl plobability of failule as given by Eq. 4.18, given that a

lemoval event has occulred in the nol-optirnal netrvolk, is shorvn in Tables 8.1,8.2,

ancl 8.3. Thlee tables are usecl fol each covering set to match Tables 7.22, 7.23, ancl

7.24. Of particulal intelest in Tables 8.1, 8.2, ancl 8.3 a;:e the categor.ies for rvhich the

corlditional plobability of failule is .00. Fol these categories none of the coml¡inations

selectecl cluling the Monte Callo sitrulation causecl system failule. This result shoulil

not be surptising, especially in the cases iu rvhich only a single link is lemovecl fiom
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Faihue

Case

Failule Pattell Consists of

1 Pipe Renroved Florn Eacll

Pipe CJategoly Shou'n

Conclitional Probability

of System Failure

Cliven Rernoval (l)

Ellor'

Estimate

for' 7i

no bleak

1

2

3

4

5

6

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.00

.00

.00

.00

.00

.088916

.185512

.00

.00

.00

.00

.00

.037738

.1 19848

Table 8.1: Conditiolal failure pr.obabilities - days rvith exactly 0 or. 1 bleak: non-

optiùlal netrvolk

the netrvolh l¡ecause one the design cr.iteria given in Walski et al. (1g88) is that the

lernoval of a single lillk fronr the netrvork does lìot cause system failure.

The uppel arìd lower bouncls for the pr.obability of failure, defined as tlre occur'-

lence of nocle discorurection, fol each case ar.e calculated using Ec¡s. 5.9 ancl 5.10.

Uppel bouncls, fol estimatecl en'ot', rvith r.espect to these estimates is calculated, us-

ing Bq. 5.12. These lesults ale shorvn in Tables 8.4, 8.5, and 8.6 rvhich also contaiu

the expectecl sJ'stem failure probabilities.

A sirnilal approaclt is usecl to calculate the estirnatetl probability of netrvor.k failule

fol the othel' three netivorks. The .esults fo. the Cìessler, Lee et al., a.cl Mor.gan ancl

Goultel net*'olks ale presented in Tal¡les 8.7-8.12, Tables B.1S-8.18, ancl Tables 8.1g-

8.24 r'espectively.

158



Failule

(ia se

Failule Patteln Consists of

1 Pipe Removed Florn Ðach

Pipe Categoly Shorvn

Conclitional Plobability

of SSrsf€'¡1r P.11t..

Givel Removal (1.r)

Erlol

Estirnate

for' 2

7

8

(ì

10

11

T2

8 0-30, 8 0-30

I ovel ll0, 8 over' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, i2 0-30

12 over 30, 12 ovet'30

.00

.00

.00

.00

.171472

.343602

.00

.00

.00

.00

.039141

.1 19909

Table 8.2: Conditional failure probabilities - clays with exactly 2 br.eaks: nou-o1>timal

lletrvolk

Failure

Case

Failule Pattern Consists of

1 Pipe Rernoved From Each

Pipe Categoly Shorvn

Colclitional Plobability

of System Failule

Gir.el Removal (¡.r)

Ellor'

Estinate

1o,- þ

i3

I4

15

16

17

18

B 0-30, 8 0-30, 8 0-30

8 over' 30, B over' 30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over 30, 12 over 30, 12 over'30

.094252

.00

.00

.00

.250134

.492505

.029973

.00

.00

.00

,043668

, I 19994

Table 8.3: Conclitiolal failule probabilities - days u'ith exactly 3 bleaks: uon-optiual

netu,ork
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Failure

Case

Failure Patteln Consists of

1 Pipe Rernoved Flon.r Dach

Pipe Categoly Shorvn

Systen Faìlule Plobabilit¡'

Lou'er'

Limit

Upper'

Linrit

Ðxpectecl

Value

no l¡reak

1

2

4

5

6

8 0-30

8 over' 30

10 0-30

10 over 30

12 0-30

12 over' 30

.00

.00

.00

.00

.00

.00018B

.000001

.00

.00

.00

.00

.00

.000437

.00000494

.00

.00

.00

.00

.00

.000301

.000000365

Table 8.4: Syster.r.r failule probabilities - clays rvith exactly 0 o;: I bl.eak: lon-optimal

netwol'k

Failule

Case

Faihue Pattern Colsists of

1 Pipe Removecl Fl'om Each

Pipe Categoly Shorvn

Systeu Failule Probability

Lou'el

Lirnit

Upper'

Lilrit

Ðxpected

Value

7

8

o

10

11

12

8 0-30, 8 0-30

8 over' 30, 8 over 30

10 0-30, 10 0-30

10 over' 30, 10 over 30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.00

.00

.00

.00

.000442

.000445

.00

.00

.00

.00

,000773

.001 160

.00

.00

.00

.00

.000586

.000768

Table 8.5: System failule probabilities - clays rvith exactly 2 breahs: non-optirnal

netrvork
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Failule

Case

Failule Patteln Cionsists of

I Pipe Removecl Fl'om Ðach

Pipe Categoly Shorvn

Systern Faìlule Plobabilitl,

Lorr'er'

Limit

Upper'

Lir.nit

Bx¡rectecl

Value

tl
12

13

1.4

l5

16

8 0-30, 8 0-30, 8 0-30

8 ovel lì0,8 over 30, 8 over'30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, l0 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 ovei- 3 0

.0000238

.00

,00

.00

.000373

.000452

.0000435

.00

.00

.00

.000707

.001121

.0000329

.00

.00

.00

.000532

.00076i

Table 8.6: System failule plobabilities - days rvith exactly 3 br.eaks: non-optimal

letrvolk

Failule

Case

Failule Patteln Corsists of

1 Pipe Reurovecl Flom Ðach

Pipe Category Shoivn

Conditional Plobability

of Systern Failule

Given Rernoval (p)

Elror

Estimate

for p

no bleal<

72

3

4

5

6

7

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over 30

.00

.00

.00

.00

.00

.00

.179577

.00

.00

.00

.00

.00

.00

.096458

Tal¡le 8.7: Conditio'al failule pr.obabilities - clays ivith exactly 0 or I l¡r'eak: Gessler

netli'olk
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Failule

Case

Failure Pattern Consists of

1 Pipe Rernovecl Flonr Each

Pipe CJategoly Slrorvn

Cjonrlitional Plobability

of Systen.r Failule

(ìivel Rernoval (p)

Ðr'r'ol

Estimate

for. p

B

I
10

11

72

13

14

6 0-19,6 0-19

8 0-30, 8 0-30

B over' 30, 8 over' 30

i0 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over'30, 12 over' 30

.00

.00

.00

.00

.014184

.00

.320639

.00

.00

.00

.00

.028403

.00

.1 1 9994

Table 8.8: Conditional failure probabilities - clays rvith exactly 2 br.eaks: Cìessler.

netrvoll<

Faiìule

Case

Failul'e Pattern Consists of

1 Pipe Rernovecl Florn Ðach

Pipe Categoly Shorvn

Conclitioral Probability

of System Failule

Given Removal (Þ)

Erlor'

Estirnate

fol p

15

16

17

18

lo

20

2I

6 0-19,6 0-19,6 0-19

8 0-30, 8 0-30, I 0-30

8 over' 30, B ovel 30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over' 30, 12 over'30, 12 over. 30

.00

.00

.00

.00

.035408

.00

.452484

.00

.00

.00

.00

.044404

.00

.1 19979

Table 8.9: Conclitional failure plobabilities - days rvith exactly 3 br.eaks: Clessler.

netrvork
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Faiìule

Clase

Failule Patteni Consists of

1 Pipe Rer.novecl Flonl Bach

Pil;e Categor'1' Shorvn

Systern Failule Plobability

Lou'er'

Lirnit

Uppel

Limit

Ðxpectecl

Value

Do break

I2
3

4

5

6

7

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.00

.00

.00

.00

.00

.00

.0000742

.00

.00

.00

.00

.00

.00

.000247

.00

.00

.00

.00

.00

.00

.000148

Table 8.10: System failure plobabilities - clays rvith exactly 0 or. 1 break: Gessler

network

Failul'e

Ci ase

Failule Pattern Consists of

1 Pipe Rernovecl Flom Each

Pipe Categoly Shorvn

Systerl Failule Probability

Lower'

Lir¡it

Upper

Limit

Ðxpectecl

Value

8

I
10

11

t2

13

14

6 0-19,6 0-19

8 0-30, 8 0-30

8 over' 30, 8 over'30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.00

.00

.00

.00

.000001 i 1

.00

.0003i8

.00

.00

.00

.00

.000136

.00

.000874

.00

.00

.00

.00

.0000593

.00

.000565

Tal¡le 8.11: System failule plobabilities - days rvith exactly 2 breaks: Gessler. netrvor.k
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Failule

Ciase

Failule Pattem Consists of

1 Pi1;e Removed Flom Each

Pipe Categoly Shori'n

Systern Faìlute Plol:abilìt¡'

Lolver'

Lirnit

Upper

Lirnit

Expectecl

Value

15

16

I7

18

19

20

21

6 0-19,6 0-19,6 0-19

8 0-30, 8 0-30, 8 0-30

8 ovel ll0, 8 over' 30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over' 30, 10 over 30

12 0-30, i2 0-30, 12 0-30

12 over'30, 12 ovel lj0, 12 over'3 0

.00

.00

.00

.00

.0000242

.00

.000318

.00

.00

.00

.00

,000142

.00

,000817

.0000751

.00

.0001-r45

.00

.00

Table 8.12: systeu failure plobabilities - clays rvith exactly 3 l¡r'eaks: Gessler. netlvork

Failule

Clase

Failule Patteln Consists of

1 Pipe Removecl Florr- Eacli

Pipe Categoly Shou'n

Conditional Plobability

of System Failure

Givel Renioval (p)

Ellor'

Ðstimate

tor þ

no break

i
2

3

4

5

6

7

6 0-19

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.00

.00

.00

.00

.00

.00

156391

.00

.00

.00

.00

.00

.00

.00

r 06057

.00

Table 8.13: Conclitional failure p'obabilities - clays rvith exactly 0 or 1 break: Lee et

al. netn'oll<
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Table 8.14: Conclitional failure plobabilities - days rvith exactly 2 breaks: Lee et al.

netrvoÌk

Failule

Case

Failule Pattet n Consists of

1 Pipe Rer:rovecl Flom Each

Pipe Categoly Sliorvn

Conclitioral Plobability

of Systeu Failule

Ciiven Removal (p)

Ðr'ror

Estirnate

for. p

8

I
10

11

12

13

I4

6 0-19,6 0-19

8 0-30, 8 0-30

8 over 30, 8 over' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over'30, 12 over 30

.00

.00

.00

.00

.00

.237027

.502538

.00

.00

.00

.00

.00

1 19918

119956

Failule

Case

Failule Patteln Consists of

1 Pipe Ren.rovecl Froln Each

Pipe C)ategoly Shorvn

Conclitional Probability

of System Failure

Given Rernoval (l)

Erlor'

Esti¡rate

for p

15

16

I7

1B

19

20

27

6 0-19,6 0-19

8 0-30, 8 0-30, 8 0-30

8 over' 30, 8 over' 30, 8 over 30

10 0-30, l0 0-30, 10 0-30

10 ovel iiO, 10 over'30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, i2 over' 30, 12 over' 30

.00

.00

.00

.00

.056604

.00

.634573

.00

.00

.00

.00

.084501

.00

.1 19934

Table 8.15: Corditional failure plobabilities - clays rvith exactly 3 breaks: Lee et al.

retrvoll<

165



Failule

Case

Failule Pattern Cionsists of

1 Pipe Rerrovecl Fron Eaclr

Pipe Categor)' Shorvl

System Failule Plol¡ability

Lorvel

Lir¡rit

Upper

Limit

Ðxpected

Value

no l¡r'ealr

I

2

3

4

5

6

7

6 0-19

8 0-30

8 over 30

10 0-30

10 over' 30

12 0-30

12 over 30

.00

,oo

.00

.00

.00

.00

.000248

.00

.00

.00

.00

.00

.00

.00

.000765

.00

.00

.00

.00

.00

.00

.00

000474

.00

Table 8,16: Systeu failule probabilities - clays rvith exactly 0 or. 1 br.eak: Lee et al

nets'ork

Failut'e

Clase

Failule Patteln Consists of

1 Pipe Ren'rovecl Fron Each

Pipe Category Shoil'n

Systerr Failule Probability

Lorvel

Lirnit

Upper'

Limit

Expectecl

Value

8

9

10

11

12

13

14

8 0-30, 8 0-30

I 0-30, 8 o-30

8 over 30, 8 over' 30

10 0-30, 10 0-30

10 over'30, 10 over 30

12 0-30, 12 0-30

12 over'30, 12 over 30

.00

.00

.00

.00

.00

.000426

.000326

.00

.00

.00

.00

.00

.001097

,000779

.00

.00

.00

.00

.00

.000724

.000535

Table 8.17: Systern failure ploba'bilities - clays rvith exactly 2 bleaks: Lee et al.

netrr'oll<
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Failule

Case

Failule Pattem Consists of

1 Pipe Rernoved Flom Each

Pipe Category Shown

System Failule Plobability

Lo*'el

Lirnit

Upper

Lirnit

Ðxpected

Value

15

r6

17

18

19

20

21

6 0-i9,6 0-19,6 0-19

8 0-30, 8 0-30, 8 0-30

8 over' 30, 8 over 30, 8 ovet' 30

10 0-30, r0 0-30, 10 0-30

10 over'30, 10 over'30, 10 over 30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over 30, 12 over'3 0

.00

.00

.00

.00

.0000212

.00

.000279

.00

.00

.00

.00

.00019

.00

.000666

.00

.00

.00

.00

.0000939

.00

.000459

Table 8.18: Systern failule plobabilities - clays ivith exactly 3 l¡reaks: Lee et al.

netir'ork



8.2 Rating the Solutions

In the plevious sections of this chal:ter, Bonfelloli confideuce intetvals fol the pt.ob-

ability of systern failure solution rvele clelivecl for each failule case in each uetrvolk.

The starlclalcl cleviation aud conficlence limits at the .99 significance level ale estirnat-

ecl usilg Eq. 5.9 fol the curnulative plol¡ability of system failut.e fol each netrvotk.

The stanclald deviatiol of the curnulative plobability of systern failule is calculatecl

{rol¡ the valiance fol each networh. These conficlence intelvals ancl the staudar'd cle-

viatiolls ale surruralizecl il Table 8.25. In aclditiol, Ieast scluare, poilt estiruates for.

the plobability of systern failule are also plesented.

Table 8.25 shorvs tliat all netrvorks a'.'e quite lelial¡le rvith lespect to the counec-

tivity clite'-ion. Fot'all netrvolks the confidence intelvals clo not overlap zelo, theleb5'

iurplying a norÌ-zero failule pt'obability. The plobability of failure for. all netrvor.ks is,

holvever', c¡rite low and coul<l be as loq' as 0.001051 at the .99 level of significance fot

the Molgan and Goultel letrvorh. On an intuitive basis, all solutions appear. to be

satisfactoly, il'ith lespect to the connectivity clitelion.

The trtlolgan and Gouìtel net*'olk, holeveL, Ilas a lorvel expectecl probability of

failule thal the othel netlvolks. The liypothesis that the Molgan ald Goultel netl'olk

is mole reliable than tlie other netrvol'ks is tested by cornpalilg clifferences betrveen

the ex1;ectecl value of system failure fol the X,folgan anrl Cìoultel. uetwork rvith the

expectecl value for each of the othel netrvorks. Sitce siurultaleous compaLisons aLe

rnacle Bonfelloli techniques ale usecl. The test statistic fol. these tests is:

_ T F^n* - T Fu-.n.,,"--r-ã;:
\,f ¿other -f D Morsatt

(8.1)

ç']rele

t TFotno.: exPected curnulative failule plobability over all failure cases foL oue
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Failule

Case

Failule Patteln Consists of

1 P\re Renroved Rorl Each

Pipe Categoly Sholvn

Conclitional Plobability

of System Failule

Given Rernoval (É)

Ðr'ror'

Ðstimate

for f
no l-rleak

1

2

3

4

5

6

7

6 0-19

B 0-30

8 ovel liO

i0 0-30

10 over' 30

12 0-30

12 over' 30

.00

.00

.00

.00

.00

.00

.00

.316916

.00

.00

.00

.00

.00

.00

.00

r 11673

F¿ilule

Case

Failule Pattell Consists of

1 Pipe Removecl Frorr. Each

Pipe Categor'5, $[61"'¡

Corclitional Probability

of Systeu Failure

Given Removal (p)

Erlor'

Estirn ate

fol p

8

I
10

l1

l2

l3

1.4

6 0-19,6 0-19

8 0-30, 8 0-30

8 over' 30, 8 ovel lJO

10 0-30, 10 0-30

10 over 30, 10 over'30

12 0-30, 12 0-30

12 over 30, 12 over 30

.00

.00

.018405

.00

.00

.00

.558568

.00

.00

.079271

.00

.00

.00

.1 19954

Tal:le 8.19: Conditional failule probabilities - clays rvith exactly 0 or' 1 bleak: Mor.gau

ancl Goultel netrvor'l<

Table 8.20: Colclitional failule plobabilities - days *'ith exactl)' 2 l¡r'eaks: N4olgan

and (;oultel network
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Failure

(iase

Failule Patteln Consists of

1 Pipe Rernor.ecl Flom Eaclr

Pìpe Category Shol'l

Conditional Plobability

of System Failule

Given Rernoval (Þ)

Ellor'

Ðstimate

for' p

15

16

T7

18

to

20

27

6 0-19,6 0-19,6 0-19

8 0-30, 8 0-30, 8 0-30

8 over'30, 8 over'30, 8 over'30

10 0-30, 10 0-30, 10 0-30

10 over' 30, 10 over'30, l0 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'30

.00

.00

.080392

.00

.00

.00

,697085

.00

.00

.088315

.00

.00

.00

. 1 19999

Tal¡le 8.21: Colclitional failule plobabilities - days rvith exactl)' 3 bleaks: N4olgan

an cl Cloultel netrvolk

Failule

Case

Failule Pattern Consists of

1 Pipe Renoved Fron.r Each

Pipe Categoly Shorvn

System Failule Plobabìli ty

Lorver'

T,inrit

Uppel

Limit

Expected

Value

llo bleak

1

2

3

4

5

6

7

6 0-19

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

,00

.00

.00

.00

.00

.00

.00

.000126

.00

.00

.00

.00

.00

.00

.00

.000348

.00

.00

.00

.00

.00

.00

.00

.000225

Table 8.22: Systern failule plobabilities - clays s'ith exactly 0 or 1 break: Molgan ancl

Cìoultel netrr'oll<
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Table 8.23: Systenr failr:r'e plobabilities - <lays rvith exactly 2 br.eaks: Mor.gan ancl

Goultel netivork

Failu le

Cla se

Failure Patteln Consists of

1 Pipe Removecl Flom Each

Pipe Oategoly Slro*'n

System Failule Plobability

Los'el

Limit

LIppel

Limit

Expectecl

Value

B

I
10

11

12

13

14

6 0-19,6 0-19

8 0-30, 8 0-30

8 over' 30, 8 over' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.00

.00

.00

.00

.00

.00

.000521

.00

.00

.000202

.00

.00

.00

.00112

.00

.00

.00000601

.00

.00

.00

.00084s

Failule

Case

Failule Patteln Consists of

I Pipe Removed Flom Eaclr

Pipe Categoly Shori'n

Systern Failure Plobability

Lorver'

Linit

Upper'

Limit

Expected

Value

ll)

16

17

18

19

20

2I

6 0-19,6 0-19,6 0-19

8 0-30, 8 0-30, B 0-30

8 over' 30, 8 over' 30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, i0 over' 30

12 0-30, 12 0-30, 12 0-30

12 over'30, i2 over'30, 12 over'3 0

.00

.00

.000061

.00

.00

.00

.000442

.00

.00

.000238

.00

.00

.00

.001037

.00

.00

.000143

.00

.00

.00

.000721

Table 8.24: Systern failule plobabilities - days t'ith exactly 3 bleaks: 4olgan ancì

Goultel lletrvorl<



N etrvolk

Bounds

Expectecl

Value

S t an clalcl

Deviation

S

Numbel of

Ol¡selvationsLorver'

Linit

Upper'

Limit

Non- Optiural .00167 007632 .00298l .001806 19

Clessler' .000998 .001786 .001392 .000153 22

Lee et al .001761 0.002811 0.002286 0.000204 22

l4olgan and (]oulter' .00077 4 .001771 .001273 0.000193 zz

Table 8.25: Colfidence intelvals fol cumulative plobability of systeu failule

Compalison

Netivork

Diffelence Betiveen

Expected Failule

Probabilities

Coml¡ined

S t anclar-cì

Deviation

Test

S t atisti c

z

Non-Optimal .00171 .001816 9415

Clessler' .00012 .000246 4872

Lee et, al. .00101 .00028I 3.5965

Table 8.26: Compalisou of Morgan and Goulter netrvorl< to othel netrvor.ks

of the other thlee letrvol'ks

c T F¡í o,gnu : expected cuurulative failule plobability ovel all failule cases for the

Morgan and Gorrlter letlvolk

o ,9otner : stanclalcl cleviation of the cumulative plobability of failule for ole of

the othel thlee netwolks

. ,9¡4o,sn,,: stanclarcl cleviation of the cumulative plobability of failule fol. the

Morgan ancl Cìoultel' retworh
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The lesults fot the thlee compalisons ale shorvn in Table 8.26. Ttre clitical value

fol all tests is 2.807. Exarnination of Table 8.26 sllorvs that the test statistic is

gleatel than the clitical value fol orìlJ/ Lee et al. netrvolk. The test statistic for. the

tlte rrol-optimal ancl Gesslel netrvolks ale less tlìan the critical value. Thus, in spite

of the snrall al¡solute cliferences iu netrvor'ì< reliability shown in Table 8.25, u'hen

the coruectivitJ¡ cÌiteÌion is used the conclusion can be dl-âwn that the N4organ ancl

Cloultel netrvolk is mole leÌi¿ble than Lee et al. netrvork. The r.eliability levels of

both the uon-optirnal and the (ìesslel netrvorl<s in tern.rs of the courectivity clitelion

is inclistilguishable fi'orn that of the Morgal ancl Goultel netrvor.k.

It shoultl be notecl, hou'ever', that the evaluation of a netlvolk's connectivity is

a necessaly ste¡r in cletelurining the letrvork's hyclraulic per.fotrnance. In orcler. to

cotìsider the hydlaulic perfolmance aspects, the computer'1'ulìs usecl to cletermine

rìetwolk leliability il'ith lespect to corìnectivity were co¡ubinecl rvith the computel luns

to evaluate letrvork perfoLrnarìce, l¡ased ou hyclraulic perfor.rnalce. The leliability of

these netrvorks, based on hych aulic performance, is cliscussed in the next chapter'.



Chapter I

Estimation of Reliability

Performar¡.ce of Networks using

Hydraulic Criteria

In this cltapter', the pet'fot urance of the test netu'olks rvith respect to hyclraulic pelfor-

rlauce is cliscussecl. Satisfactoly hyclraulic pelfolrnance of the net*'ol'k is clefinecl as

the plovisiol of specified florvs to each node at, or. above, specified pr.essule leveìs. A

systern failule is cleemed to have occuuecl tvhet the sJ'steur fails to meet the specifiecl

florvs and pressules at auy no<le. This hydlaulic failule cliterion is fal rnole stringent

than tlie connectivity clitelion usecl il the previons chapter.

The requiled nodal florvs ale specifiecl as 1.3 times the avelage daily clemalcl as

specified in Table 7.2, The lequilecl pressure levels ar.e also specifiecl in Tal¡le 7.2.

These flori's cortesporrcl to the peliod of the higliest avelage claily denanc[ level. This

detnancl level is cllosen because it is the highest avelage claily clemand level rvhich can

be Inoclelecl based of the infolmation specifiecl in Walski et al. (1987) and because it

is tlie highest level of clemancl that can be expectecl to occur.on a claily basis. Thus,



assullìing that 24 houls is lequirecl to fix pipe bleaks, this clemand level is likely to

occul cluring any pipe bleakage event. It shoulrl be notecl that liighel clernancl levels

s'ltich occut less fi ecluentl¡' r'equire tlte simultaneous occuÌrence of a lorv plobai:ility

pipe failure event ancl a lol' plobabilitl, high demancì event. The combinecl plobability

of trvo sucli events tencls to be quite srnall leflectilg the gelelal lality of the eveut.

In Table 7.4, the dulation of this demantl is assumed to be thlee houls. Since tliis

cleurancl level lasts fol thlee ltor:r's, the possibility exists that over'heacl stolage tauks

coulcl be enrptiecl. As discussecl il Chapter' 8, flori, constraints are irnposecl on the

florv, frorn each over'heacl tank, to plevelt the talks fiom being emptiecl.

The basic metltocl, fol estirnatilg netrvorl< reliability, is the same as the methocl

usecl in Chaptel B. The use of hychaulic pelfolrlance clitelia, r'athel'thal connectiv-

ity, makes the estimation of the conclitional plobability telm, P(F I r?8,), in Eq. 5.6

rnole complex ancl rnoLe conputationally intensive.

9.1 Changes to the Monte Carlo Simulation Al-

gorithm

N4onte C¿r'lo sirnulation is used to estimate the plobability that the netrvolk fails

ivhen links aLe lenlovecl. Fol hydlaulic pe'-folrnance clitelia, the siruulation plograrl

u'olks as follorvs:

2.

1. A failul'e case ri,hich specifies the pipe categolies in rvhich piPe bleahs are to

occur is selected.

A pipe is selectecl lanrlomly for each pipe category in the failule case. The

pipe selections ale n'eighted by the length of the pipe, ivith lespect to the total

length of pipe, in the pipe categoly. If a pipe categorl, contains 10 km of pipe

I /l)



5.

4.

alcl a particular' ¡ri1;e has a lengtli of 1 km tllen that pipe rvould be chosen by

the ploglam l'ith a plobability of.10.

The selectetl pipes ale lernoved fiom the netu'ork.

The net*'olk is checkecl fol clisconlectecl nocles. It is assurnecl that if a clenand

node is cliscolnected fi'orn the soulce nocle then the clernallcl nocle leceives no

floiv and, thus, a systeln faihu'e has occunecl. Il this case no hych.ar,rlic arìalysis

of the netuolk is pelfolnrerl.

If the netrvolk is connectecl, it is solved hyclraulically (using the linear. theor.y

technique).

Florv ancl pÌessule levels at eaclì node ale checked against lequilecl pr.essur.es

ancl florvs.

Tlte propoltion of rentoval sets l'Ìrich cause clisconnectiol ancl/or. letli'ork failule

rvith lespect to plessure and flow corrditiorìs is deter.mirecl by lepeatecl tr.ials.

Tlre elrol in the estimate is then cletelrnilecl, using Eq. 4.22,

Tlials al'e lepeatecl until the elrol is leclucecl to a pleset level.

Iu gettet al, this algolithrr is quite sirrilar to the one plesented fol the co¡nectiyity

failule clitelion in Chapter'8. A nurll¡er.of technical dificuÌties must, horvever., be

faced in inplenrenting the algolithrn using hydr.aulic perfolnance cliteria. The first

clifficulty is that solving a hyclraulic letrvor.k is a non-li¡leal ploblem. This non-

lineality catì acld gleatly to the requir.ed cornputational effor.t.

Tlie secortcl difficulty arises because tlie solution of a hychaulic netrvolh requir.es

that a set of simultaneous equations be set up and solved. These equations deì)encl

on the ph5r5iç¿l layout of the net*'ol'k. Specilcally, equatious must be for'¡mlatecl to

l epresent the hydlaulic head loss alountl loops in the netrvork. FoI consisteÛcy, these

t76



equations l'equiÌe tlìa,t a tigid, ancl solnel'hat albitlar.y, sign convention be follorved.

Pipes in a loop, in rvhich florv is assumed to tlavel in a clockrvise clirectio¡ arou¡d

the loop, are assignetl a positive sign. The pr.actice clescr.ibecl ir the liter.ature (Epp

arì(l Fo$'leì', 1970; \4rood ancl Challes, 1972; Jeppson and Tavallee, 1975; and Je¡rpsol

ancl Davis, 1976) is to specify the loop equations as input to the netrvork soli'er.

This practice is sensible because, using a netrvolk layout cliagr.am, it is lelativelv

easy to identify loops ancl to identify the clockri,ise clirection, for.each loop. Unfor.tu-

natel¡', ri'hen linl<s ale lemovecl flom a netrvolk, at Laudorn, clur.ilg the Ì\4onte Car.lo

sinulation process, the netrvolk colfigulation is also changecl. For. this teasolì, it is

necessal.'y to lecoufigule the uetivolk each time a set of links is leurovecl. Forvler atid

Epp (1970) pÌesent an algorithm to identify loops in a netrvolk. This algolithr-n is not

sufÊciently genelal to iclentify all necessaly loops il the net*'olk usecl fol this study.

The algolithrn thet'efore rvas extenclecl, alcl cornputel cocle clevelol¡ed, to im¡rlement

the lequilecl sign convention. This cornputer.cocle makes it possible to clynarnicall¡'

set up a systern of equations, fol each ralclomly geler.ated ltetwol.k confgur.ation.

Thlee plimat'y trethods of soh,ing the ecluations ale ¡rlesentecl in the literatule.

The Hardy-Cross methocl, the Nervton-Raphsoli method (Forvler.and Epp, 1g70), antl

the lineal theoly method (\4iood ancl Challes, 1972). Both the Har.dy-Cross urethocl

and tlìe Nervtol-Raphson rnethorl tequile good estiùla,tes of tÌre florvs in each pipe in

the retivork to ensure rapicl conver.gence. Wood ancl Charles (1972) point out that

vely bad initial estirnates of these flows can leacl to vet.y slorv conver.gence ol evetì

rìon- convelgelÌce. The lequilerrent of goocl initi¿l estimates of pipe florvs is a ser.ious

cLarvback fol use in N4onte Car'Ìo sirr. ulation as it is difficult to clevelop algolithrl s

u'hich gualantee goocl ilitial estinlâtes of pipe florvs.

The thild rnethod of Wood ancl Challes (1972) is basecl or linear.theory ancl cloes

not lequilegoocl initial estimatesof linkflorvs, TIte only clisaclvattage, of this method,
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is that it lequiles rnore corn¡;uter meuroly than either the Har.dy-Cr.oss or tìre Nervton-

Raphson r:rethocls. Ho*'ever', this neecl fo-,-. gleatel cor:rltutel nìemoly is not a ser.ious

issue as the plogram rvas inpletnentecl on a Sun u'olkstatiou in a IJNIX envilonmelt

an(l used fat less urer:rot'y than the nlaxinìunl availal¡le on that system. Fulthelrlole,

using this tnethocl, solutions ri'ele ol¡tained fol all netrvolk configuÌatiorìs gelet ated

by the N4onte Callo sir:rulatiorì is less than 50 itelations.

The plobabilities of netrvolk failure l¡asecl on hydlaulic sufficienc)' ancl tlte confi-

clence lirrits on the plobability of systern failule ryele then calculatecl for each of the

foul netrvorks discussed iu Chapter' 7. The lesults of these calculatiorìs of probabilitS,

of failure allcl the associatecl corìfiderìce limits ale cliscussecl in the folloiving sectiol.

9.2 The Non-Optimal Network

The Bonfelloni conficlence lilnits for the plobability of occun'ence fol each failule case

in the coveling set fol this netwolk are unchanged from those presented in Tables 7.22,

7.23, ancl 7.24. The estimatecl plobability of hydraulic netrvork failure, given that a

lemoval event has occullecl, is shoil'n fol each failur.e case in Tables 9.1,9.2, anct

9.3. The estimated elt'ol associated rvith the plobability estimates is also shorvn in

these tal¡les. Uppel bounds fol the plobability of netrvor.k failure, basecl on hydlaulic

cliteria, for each case ate calcrLlated using Eq. 5.9. Lorver bouncls fol the pr.obability

of failule, fol' each case ate calculatecl usilg Eq. 5.10. Upper. bouncls for estimatecl

erlor rvith respect to these estirnates ale calculated using Eq. 5.12. These results are

shoivn in Tables 9.4,9.5, ancl 9.6.
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Failule

0ase

Failule Pattern Consists of

1 Pipe Renroved Florn Each

Pipe CategolJ' Shorvn

Conditional Plobability

of System Failule

Cìiven Removal (p)

Ellol

Estirlate

fol p

rìo break

1

2

3

4

5

6

I 0-30

8 over' 30

10 0-30

10 over 30

12 0-30

12 over' 30

.00

.256729

.00

.00

.00

,171658

.89576

.00

.049996

.00

.00

.00

.049998

.094214

Table 9.1: Colclitional failule plobabilities - clays rvith exactly 0 or 1 br.eal<:

optirnal network

Failule

Case

Failule Patteln Consists of

1 Pipe Renoved From Each

Pipe Category Shorvn

Colditional Probability

of Systetn Failule

Given Renroval (p)

Ðrlol

Estimate

fol f
7

8

I
10

11

72

8 0-30, I 0-30

8 over' 30, 8 over ll0

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.303137

.00

.113199

.00

.366181

.898104

.049992

.00

.049983

.00

.049997

.07638

Table 9.2: Conclitional failule plobabilities - clays s'ith exactly 2 l¡l'eaks: nol-optinal

rlet\\¡oÌk

r79



Fa ihu'e

Clase

Failule Patteln Consists of

1 Pipe Rer.rovecl Florn Ðaclr

Pipe Categoly Shorvn

Colditional Probability

of Systen Failule

Given Rernoval (Þ)

Ðr'r'or

Estimate

fol f
13

t,4

15

16

I7

18

8 0-30, 8 0-30, 8 0-30

8 over' 30, 8 over' 30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over 30, 10 over 30, i0 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'30

.388283

.00

.188164

.00

.564185

.944471

.049995

.00

.049988

.00

.049997

.055529

Table 9.3: Colditional failure plobabilities - days with exactly 3 breaks: non-optimal

lìetwoÌk

Failule

(-jase

Failule Patteln Consists of

1 Pipe Rerrovecl Florl Ðach

Pipe Categoly Shorvn

System Failure Plobability

Lorvel

Limit

Uppel

Lirnit

Expectecl

Va lue

no l¡r'eak

1

2

,l

4

5

t)

8 0-30

8 over' 30

10 0-30

10 or.er' 30

12 0-30

12 over' 30

.00

.000394

.00

.00

.00

.00039

-.0000069

.00

.000497

.00

.00

.00

.00080

.0000191

.00

.000445

.00

.00

.00

.000581

.00000176

Table 9.4: System failule plobabilities - clays l'ith exactly 0 or. 1 br.eak: uol-o¡rtimal

netrvor'l<

180



Failule

Case

F¿ilule Pattern Consists of

1 Pipe Reniovecl Flom Each

Pipe Categoly Shori'n

Systern Failule Plobability

Lorvel

Lin¡it

Uppel

Lirnit

Expectecl

Value

7

8

I
t0

l1

t2

I 0-30, 8 0-30

B over 30, 8 over'30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over'30, 12 over 30

000212

.00

000148

.00

.00094

001343

000296

.00

000281

.00

001588

002702

.000252

.00

.000211

.00

.001252

.002006

Tal¡le 9.5: Systenr failule plobabilities - days rvith exactly 2 bleaks: non-optimaì

netrvoll<

Failule

Case

Failure Patteln Consists of

1 Pipe Removecl Florn Each

Pipe Category Shos,n

System Failule Plobability

Lorver'

Lirnit

Uppel

Limit

Expected

Value

13

I4

15

i6

t7

18

8 0-30, I 0-30, B 0-30

B over' 30, 8 ovel ll0, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over' 30, 10 over' 30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'3 0

.000124

.00

.000144

.00

.000879

.000955

,000145

.00

,000153

.00

,001534

001978

000136

.00

000153

.00

001199

001460

Table 9.6: System failule probabilities - days rvith exactly 3 bleahs: lol-optirnal

netrvork
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Failule

Clase

Failule Patteln Consists of

1 Pipe Removecl Fl'ol.n Each

Pipe Categoly Shoü,1

Conclitional Plobability

of Systen Failule

Given Removal (p)

Ellol

Estiurate

for.þ

no Ì:¡¡eak

I

2

3

4

5

6

7

6 0-19

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

,00

.00

.00

.00

.00

.480769

.00

.64906l

.00

.00

.00

.00

.00

.1r9947

.00

0.1 19936

Table 9.7: Conclitional failure probabilities - da)'s rvith exactly 0 or 1 bleak: Ciessler.

ììet$'oÌk

9.3 The Gessler Network

The analysis fol the Gesslel solution is sirnilal' to tllat used for tlie non-optimal

netu'olk. The estimatecl probability of netlvolk failule, given that a retnoval event

has occullecl, is shorvn fol each failur.e case in Tables 9.7, 9.8, ancl g.g rvith the bouucls

for the probability of systern failule being sho*'n il Tables g.10, g.11, ancl g.12.

9.4 The Lee et al. Network

The a'alysis for the Lee et al. solution is, again, silnila. to that 
'sed 

for the uo.-

optimal rlets'ork. The estimated plobability of letu'olk failule, given that a lemoval

er.ent has occurLecl, is shorvn for each failure case in Tal¡les 9.13, 9.14, and 9.1b u,ith

the bouncls fol the plobability of system failure being shol'n in Tables g.16, g.17, ancl
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Faihu'e

Case

Failule Patteln Consists of

1 Pipe Rernoved Florn Each

Pipe Categoly Shorvn

Conclitional Plobability

of System Failule

Givel Removal (p)

Ellol'

Ðstirnate

for'þ

8

I
10

11

12

I4

6 0-19,6 0-19

8 0-30, I 0-30

8 over' 30, 8 over' 30

10 0-30, 10 0-30

10 over'30, 10 over 30

12 0-30, 12 0-30

12 over'30, 12 over 30

.00

.00

.00

.00

.47923

.00

.73710r

.00

.00

.00

.00

119993

.00

rr3177

Tal¡le 9.8: Conclitional failure plobabilities - days with exactly 2 bleaks: Gesslel

netrl'olk

Failure

Case

Failule Patteln Colsists of

1 Pipe Ren.rovecl Flom Each

Pipe Categoly Shorvn

Conditional Probability

of Systern Failule

Given Removal (/)

Erlor'

Ðstir¡. ate

for. I
15

16

I7

18

19

20

27

6 0-19,6 0-19,6 0-19

8 0-30, 8 0-30, I 0-30

8 over' 30, 8 over' 30, 8 over 30

10 0-30, 10 0-30, 10 0-30

10 or.er 30, 10 over'30, 10 over'30

12 0,30, 12 0-30, 12 0-30

12 over' 30, 12 over 30, 12 over 30

.00

.00

.00

.00

473176

.00

817495

.00

.00

.00

.00

.1 19963

.00

.093108

Table 9.9: Conditional failule plobaì:ilities - days rvith exactl¡' 3 br.eaks: Clessler.

netrvolk



Table 9.10: Systern failule probabilities - clays rvith exactly 0 or' 1 bleak: Gessler.

netrvolk

Failule

Oase

Failule Pattern Consists of

1 Pi1:e Removecl Florn Each

Pipe Categor')' Shot'n

Systern Failule Plobability

Lorver'

Lirrit

Upper'

Lin-rit

Ex1>ected

Value

no bleak

1

2

3

4

5

t)

7

6 0-19

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.00

.00

.00

.00

.00

.00190 i
.00

.000331

.00

.00

.00

.00

.00

.003281

.00

.000771

.00

.00

.00

.00

.00

.002546

.00

.000535

Failule

Case

Failure Patteln Consists of

1 Pipe Removecl Florn Eacll

Pipe Category Shorvn

System Failule Plobability

Lorvel

Limit

Upper'

Limit

Expected

Value

8

9

10

11

I2

13

14

6 0-19,6 0-19

8 0-30, 8 0-30

8 over' 30, 8 ovel' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over'30, 12 over 30

.00

.00

.00

.00

,001484

.00

,000827

.00

.00

.00

.00

.002602

.00

.001826

.00

.00

.00

.00

.002004

.00

.001298

Table 9.11: System failule pr:obabilities - clays rvith exactly 2 l¡reaks: Gessler netl,olk
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Failule

Case

Faiìule Patteln Cionsists of

1 Pi1;e Rerlovecl From Each

Pipe Categoly Shori'n

Systeti Failule Plobability

Lorvel

Lirnit

Uppel

Limit

Ðxpectecl

Value

15

16

17

18

19

20

21.

6 0-19,6 0-19,6 0-19

I 0-30, 8 0-30, B 0-30

8 over' 30, 8 over'30, 8 ovet 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over 30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'3 0

.00

.00

.00

.00

.000731

.00

.000621

.00

.00

.00

.00

.00132

.00

001379

.00

.00

.00

.00

.001004

.00

.000984

Tal¡le 9.12: Systeru failure plobabilities - clays rvith exactly 3 bleaks: Gessler netu,olk

9.18.

9.5 The Morgan and Goulter Network

The aualysis fol the X4olgan anc[ Cìoultel solutiou is, again, sirlilar.to that used for

the non-optimal netrvork. The estirn¿ted pr.obability of network failur.e, git'en that a

removal event has occun'ecl, is shorvn for each failule case ili TaÌ:les g.1g, g.20, and

9.21 rvith the bouncls fol the plobability of system failule being shown il Tables g.22,

9.23, ancl 9.24.

Conficlence inte-,-r'als fol these four solutions ar.e pr.esented in Tal¡le g.25.

9.6 Discussion of Results

The expectecl ploi:ability of netu'olk failure shorvn in Table 9.25 is highel fol all let-

u'olks thar the expected plobability of netrvolk failure shorvr in Table 8.2b. The
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Failule

Case

Failure Pattern Consists of

1 Pìpe Removecl Florn Each

Pipe Categoly Shorvn

Corclitional Plobability

of System Faihu e

Given Removal (l)

Ðr'r'ol

Ðstilnate

fol I
luo bleak

I

2

3

4

5

6

7

6 0-19

8 0-30

8 over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.00

.00

.00

.00

.00

.00

784962

.00

.00

.00

.00

.00

.00

.00

119962

.00

Table 9.13: Conditional failule plobabilities - days rvith exactly 0 or 1 bleak: Lee et

al. netx'o¡'l<

Failure

Clase

Failul'e Pattetn Consists of

1 Pipe Ren.rovecl From Each

Pipe Categoly Shorvn

Conclitional Plobability

of Systern Failure

Given Removal (f)

El't ol'

Estimate

for p

8

o

10

11

12

13

I4

6 0-19,6 0-19

8 0-30, 8 0-30

8 over' 30, B over' 30

10 0-30, 10 0-30

10 or.er' 30, 10 over 30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.00

.00

.00

.00

.00

.908836

.782741

.00

.00

.081168

.098936

.00

.00

.00

Table 9.14: Conclition¿l failule plobabilities - days rvith exactly 2 breaks: Lee et al.

netrr'oll<
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Failul'e

Ci ase

Failule Patteln Consists of

1 Pipe Removecl Flom Each

Pipe Category Shorvn

Conclitional Plobability

of System Failule

(ìiven Removal (f )

Elror'

Estirnate

fol p

15

16

T7

1B

19

20

21.

6 0-19,6 0-i9,6 0-19

8 0-30, B 0-30, 8 0-30

8 over 30,8 ovel iì0, B over'30

10 0-30, 10 0-30, 10 0-30

10 over 30, 10 ovet 30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over'30

.00

.00

.00

.00

.122642

.00

.869803

.00

.00

.00

.00

. 1 1995

.00

083813

Tal¡le 9.15: Conditional failule probabilities - clays lvitlì exactly 3 bleaks: Lee et ¿1.

retlvoÌl(

Fai hu'e

Ciase

Failure Patteln Consists of

1 Pipe Rernovecl Flom Each

Pipe Categoly Shorvn

System Failule Plobabili ty

Lorver'

Linrit

Uppel

Limit

Expected

Value

no break

1

2

3

4

5

6

7

6 0-19

I 0-30

B over' 30

10 0-30

10 over' 30

12 0-30

12 over' 30

.00

.00

,00

.00

.00

.00

00172

.00

.00

.00

.00

.00

.00

.00

.003101

.00

.00

.00

.00

.00

.00

.00

.002379

.00

Table 9.16: Systern failule plobabilities - days ivith exactly 0 or. 1 br.eak: Lee et al

rìetwork
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Tal¡le 9.17: System failure plobabilities - days rvith exactly 2 bleaks: Lee et al.

netrvoll<

FaiÌule

Ci ase

Failule Pattern Consists of

1 Pipe Reuovecl Florn Each

Pipe Category Shorvn

Systern Failule Plobability

Lorver'

Lirnit

Uppel

Lirnit

Expectecl

Value

8

I
10

11

12

13

14

6 0-19,6 0-19

8 0-30, 8 0-30

8 over' 30, 8 over' 30

10 0-30, 10 0-30

10 over'30, 10 over 30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.00

.00

.00

.00

.00

.002077

.000539

.00

.00

.00

.00

.00

003522

001154

.00

.00

.00

.00

.00

.002776

.000833

Faihu'e

C.lase

F¿ilure Patteln Consists of

1 Pipe Removed Flom Ðach

Pipe Category Shorvl

System Failule Probability

Lou'er'

Limit

Upper'

Linit

Expectecl

Value

15

16

I7

18

19

20

2l

6 0-19,6 0-19,6 0-19

8 0-30, 8 0-30, 8 0-30

8 over' 30, 8 over 30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, i0 over'30

12 0-30, 12 0-30, 12 0-30

12 over 30, 12 over'30, 12 over'3 0

.00

.00

.00

.00

.0000884

.00

.000402

.00

.00

.00

.00

.000351

.00

.000875

.00

.00

.00

.00

.000204

.00

.000630

TabÌe 9.18: Systen failure plobabilities - days rvitli exactly 3 breaks: Lee et al.

lett'oll<
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Fail u le

Case

Failule Pattem Colsists of

1 Pipe Rernovecl Fl'or:r Each

Pipe Categoly Shorvl

Cjonclitional Plobability

of Systern Failule

Given Renioval (p)

Ellol'

Estirnate

foL p

no l¡r'eak

1

,2

3

4

5

6

7

6 0-19

8 0-30

I over' 30

10 0-30

10 over 30

r2 0-30

12 over' 30

.00

.00

.00

.00

.00

.00

.00

.510707

.00

,00

.00

.00

.00

.00

.00

0.1 1998

Failule

Case

Failure Patteln Colsists of

I Pipe Rernovecl Fror¡r Each

Pipe Category Shorvn

Conclitional Probability

of System Failure

Given Removal (l)

Eu'or'

Estimate

fol p

8

I
10

t1

I2

13

T4

6 0-19,0-19

8 0-30, 8 0-30

8 over' 30, 8 over' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over 30, 12 over'30

.00

.00

.042945

.00

.00

.00

.755965

.00

.00

.119565

.00

.00

.00

. 103758

Tal¡le 9.19: Conditional failule ploÌ:abilities - days rvith exactly 0 or' 1 br.eak: Molgau

ancl Goultel netrvork

Table 9.20: Conditional failule plobabilities - clays rvith exactly 2 bleaks: Molgan

and Goultel netrvolk
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Failule

Case

Faiìrrle Patteln Consists of

1 Pil>e Removed Flou Each

Pipe Categoly Shorvn

Conditional P::oìraÌ:ility

of Systern Failule

Cliven Rernoval (p)

Ðr'r'or'

Estirnate

for' 7ì

15

16

I7

18

19

20

21.

6 0-19, 6 0-19,6 0-19

8 0-30, 8 0-30, B 0-30

8 over' 30, 8 over'30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over' 30, 10 over' 30, 10 over'30

12 0-30, 12 0-30, 12 0-30

12 over'30, 12 over'30, 12 over' 30

.00

.00

.1.627 45

.00

.00

.00

,885932

.00

.00

.1 1 9897

.00

.00

.00

.083015

Table 9.21: Conclitional failule plobabilities - clays rvith exactly 3 breaks: Molgan

ancl Goultel netrvolk

Failule

Case

Failure Pattelr Colsists of

1 Pipe Rentoved Flom Each

Pipe Categoly Shorvn

System Failule Probability

Lorver'

Lirnit

Upper'

Lirnit

Ðxpected

Value

no ì:l'eak

i
')

3

A

5

6

7

6 0-19

B 0-30

8 over' 30

10 0-30

10 ovel lJO

12 0-30

12 over 30

.00

.00

.00

.00

.00

.00

.00

.000218

.00

.00

.00

.00

.00

.00

.00

.000533

.00

.00

.00

.00

.00

.00

.00

.000362

Table 9.22: System faihue plobabilities - clays ri,ith exactly 0 or 1 bleak: Morgan and

(loultel lletrvolk
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Failule

Ciase

Failule Pattern Consists of

1 Pipe Removed From Each

Pi¡re Categoly Shorvn

Systenr Failule Plol¡al¡ility

Lorver'

Limit

IJppel

Li¡rit

Ðxpectecl

Value

8

I
10

11

12

13

14

6 0-19,6 0-19

8 0-30, I 0-30

8 over' 30, B over' 30

10 0-30, 10 0-30

10 over' 30, 10 over'30

12 0-30, 12 0-30

12 over' 30, 12 over'30

.00

.00

-.000046

.00

.00

.00

.000735

.00

.00

.000359

.00

.00

.00

.001595

.00

.00

.000140

.00

.00

.00

.001143

Table 9.23: Systern failule plobabilities - days with exactly 2 breaks: Molgan and

Goulter netrvor'l<

Failule

Case

Failule Patteln Consists of

1 Pipe Rernovecl Flom Each

Pipe Category Shorvn

System Failule Plobability

Lower'

Lir¡it

Upper

Lirnit

Expectecl

Value

15

16

17

18

19

20

21

6 0-19,6 0-19,6 0-19

8 0-30, 8 0-30, 8 0-30

B over'30, 8 over'30, 8 over' 30

10 0-30, 10 0-30, 10 0-30

10 over'30, 10 over'30, 10 over'30

i2 0-30, 12 0-30, 12 0-30

12 over'30, 12 over 30, 12 over'3 0

.00

.00

,00017

.00

.00

.00

.000585

.00

.00

.000426

.00

.00

.00

.00127r

.00

.00

.000289

.00

,00

.00

.000916

Table 9.24: System failule plobabilities - clays with exactly 3 bleaks: Nlorgan and

Goulter letryork
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Netu'olk

Bouncls

Ðxpectecl

Value

Stanclald

Deviation

Numbel of

Ol¡selvationsLorr er'

Limit

Upper'

Lirnit

Non-Optirnal -.018900 0.017282 0.007695 .00372 19

(l essler 0.003402 0.00569? 0.00455 .000445 22

Lee et al. 0.005740 0.007901 0.00682 .000419 22

Iolgan alcl Cloulter .001315 0.002556 0.00 i 935 .000241 ¿¿

Table 9.25: Oonficlence intelvals fol cumulative plobability of system failur.e

highel failule plobabilities occul l¡ecause Table g.25 is basecl on hych.aulic failule

clitelia lather than the connectivity failule clitelion. It is possible for. a node to be

connected rvhile leceiving iuaclequate flou'at iladequate pressur.e levels. On the other.

h¿ud if a node is cliscolnectecl fi'om the letil'olh it leceives tìo flow. Thus the use of

hydlaulic failule cl'itelia is more consen'ative thau the use of the coulectivity crite-

lior. It shoulcl be loted that because the plobabilities given in Tal¡le g.25 are daily

failure plobabilities the expected nu¡nbel of days il a yeaÌ in which ol inacleqr.rate

selvice levels clelivelecl va'-ies from .7 clays for the l\4organ ancl Goultel' netivork to

2.8 clays for the lorr-optimal netrvolh. Horvever., by the non-optimal natru.e of the

tnauler in rvhich the 'lon-optimal'letrvolh was designed the lol-optimal netrvor.k is

also rlole expeusive to irnplement than the lVlolgan alcl Goulter. solution.

Ou an intuitive basis, the 1'esults in Tal¡le 9.25 suggest that, based on hyclraulic

cl'iteliâ, the Molgan ancl Goultet' netrvolk is again the most r.eliable solutiou. The

hypothesis that the Motgan alcl Goulter netrvot'k is rror.e leliable than the other.

rìetlvolks rvas testecl in a similal fashion to the methocl used in Chapter.8. Table

9.26 contains the lesults of the hypothesis testing used to compale the Molgan ancl

Cìoultel netrvolk to the othel netrvorks. The cr.itical value foÌ all tests is 2.807.

Exarnilation of Table 9.26 shog's that the test statistic is greatel than the critical
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Cornparison

Netrr'olk

Diffel'ence Betrveeu

Expectecl Failule

Probabilities

Combinecl

Stardalcl

Deviation

Test

Statistic

z

Non-Optimal .00576 00373 1.545

Gessler .00262 000506 5.178

Lee et al. .00489 .000483 10.117

Table 9.26: Cornpalison of Morgal alcl Goulter netrvor.k to otller. netrvorks

value fol the Gesslel arlcl Lee et al. netrvolks. The test statistic fol the nol-optit:ral

network is uot significant. It is interestilg to note that rvhile the test statistic fol the

Gesslel netrvolk is less than the clitical value rvhen the connectivity clitelion is userl,

the colrespottcling test statistic for hychaulic failule critelia is statistically significaut.

Thus, the conclltsion can be clrarvn basecl or hydlaulic failule cliteria that the Morgal

and Goultel network is more reliable than the (ìessler and Lee et al. netrvorks, but

is not distinguishable fiom the lol-optimal netrvork. These r.esults shorv that it is

possible to lank the netrvorks accolding to leliability.

9.7 Computational Requirements

Since, as uoted ealliet, the exact calculatiou of reliablity i¡r netrvor.ks is NP barcl it

is useful to leview cornputational requilernents of this appr.oximate method. The

cotnputer tuns, to estimate tlie leliabilit¡, of the foul solutions, s'ere all rnacle on Sun

SPARC-2 rvoll< stations, r'unning unclel UNIX. Tliese rvorl< stations ale capable of

lunning several jobs sirnultaleously. Dulilg the luns, the plogralll, rvhich estirnatecl

leliabilit5', typically used 30 - 50% of the rnachine capacity. The run times, for the

foul netrvolks, ale presentecl in Table 9.27. Trvo ruus are shorvn fol the non-optirnal

rrett'olk. The fil'st lun 1\'as rnade usilg a small simulation errol for the conclitional
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SohLtion Run Tiure (rnin) Sitnulation ellol

Non-optimal(.005) 3848 .005

Non-optimal (.12) 642 T2

Gessler' 287 t2

Lee et al. 414 12

N4olgan ancl Goulter 6l 1.2

Table 9.27: Elapsecl tuluilg tiures ancl associated ellols fol Monte Callo Simulation

Runs

plobality of netrvolk failule given the lemoval of a set of links (.005). The seconcl

ruÌl \\¡as r.nacle using a lalgeÌ allorvable sirnulation elr.or. (.12). The lar.gel sirnula-

tiorr elrol was still fouud to plocluce acceptable r.esults. No trials rver.e macle fol the

othel netrvolks for the smallet ellor because of the excessive computational elTort

requilecl (3848 minutes is 2.67 days). It shoulcl be noted that, the computational

efolt lecluirecl to determile netrvolk leliability is cletelmined by the lequirements

of the Monte Carlo simulation step. This issue is an impoltant coltr.ibution to the

cotnputational lequilernents of the rnethoclology. The estimation of couponelt leli-

abilities is pelfolnrecl only once fol a given net$'ork, rvhile the sirnulation step must

be ¡:elfornecl for each possible netlvolk configur.atiou.

It cau be seen fi'om Eq. 5,6 that sevelal factols affect the computatioual lequile-

ulettts fol estiuatirrg netrvoll< r'eliability. The most irnpoltant of these factols ale the

leveì of lequiled plecision, the size of the conclitio¡al reliability telms, the complexity

of tlte netrvolk, and the size of the netrvolk.

The iutportauce of the lequired plecision level is illustlated by the excessive run-

rÌilg tirnes, used foÌ the nou-optimal netrvork rvhen the I'equil.ed pÌecisiotÌtvas 0.005.

TIte t unning time fot' the 'nol-optimal' netrvolk rvas rruch lorver s'hen a requirecl

precisiolÌ of 0.12 ti'as usecl.
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The size of the conclitional lelia'bility telms affects the lunning times because tlle

sirnulation st,ep estinates a propor.tion using a binomial plocess. The el'rol. in the

estirrate of a plopoltion is clependent ol the var.iance of the pr.oportion as giveu by

trq. 4.21. The nurneratol of the val'iance is, iu tuur, clepenclent oll the value of the

ploPoltiol. The valiance has a rnaxi¡rum at p: 0.50 and minima at l: Q ancl 1.0.

The lelatively Ìorv computational lecluilenent fol the Mor.gan ancl Goulter solution

is, il lat'ge palt, clue to the lou' values fol the conclitional failule plobabilities for.all

cases tested.

The conrplexity of the netrvol'k clepeucls on the lurnber. of clifer.ent pipe cate-

golies ircluded in a ¡:articulal solution. The corr¡rlexity of the netrvor.k afects the

Zp¡2 valte, Á Eq. 4.22, because a urore cornplex netwolk lequiles the simultaneous

estimation of rnole Palarnetels. Recall that Bonfelloni techniques requile that the

requireil significalce level irrcleases as the number of palameters that must estimated

sirlultatteously iucleases. The increasecl significance level lequiles an incleased v¿lue

of ZB¡2. As the complexity of the solution netrvor.ks dicl not valy gr.eatly, this factol

hacl only a uinimal efect on the relative computatiolal lequilements fol tlte netrvorks

consiclelecl in this thesis.

Finally, the size of the netrvor.k afects both the nurnl¡er. of failule cases, that rnust

be coüsiderecl, ancl tlìe time necessaly to solve the network at each iter.ation.
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Chapter 10

Discussion of Results

1-0.1 Evaluation of Solution Performance

In this thesis a tlethocl rvas presentecl to estirnate rvatet supply clistribution netu'or.k

leliability. This methocl is l¡asecl on the separate estimation of pipe failule proba-

l¡ilities and sJ'stern failule probabilities given that cornbinations of pipes have failecl.

The methocl is cliffelent from methocls plesentecl il the litelatule in that pipe failur.e

probabilities ale not assurnecl, but ale estirnatecl using statistical techniques. The co¡-

clitiollal proì:abilities of system failule given that var.ious combinations of pipes have

beeu t emoverl is also estimatecl statistically using N4onte Callo sirnulation techliques.

Although the methocl only estimates leliability, acceptable r-esults tvele pr.oducecl fol

all test cases. The elt'ol in the systerl leliability estirnates is less tllan .01 {or. all test

cases. lt l'as l¡ossible to clistinguish bettveet the levels of r.eliability fot' l.rost of the

test netrvolks using hypothesis testing at high levels of statistical significance.

Plirnaly consideratiols il the application of this uethodology ale the contputa-

tional effort lequiled ancl the eltol il the r.eliability estimates pr.ocluced. The factols

tvhich irlfluence the conputatiollal efort ¿ncl the erlol in the leliability estiuates ale

cliscussed in the follorving sections of this cha.pter..
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LO.z Failure Criteria

Tl'o clitelia fol uetrvolk failule rvele examinecl in t]ris thesis: connectivity antl hy-

cltaulic ¡relfolmance. All of the netri,ot'ks appearecl to be quite r.eliable ri'ith r.espect

to the cotlnectivity failule ctitelion. In telms of tliis failute clitelion the N4orgal

¿ncl Goultel tletrvotk rvas founcl to be significantly mole leliable than the Lee et al.

letrvol'k. The non-optiuizecl uetrvolk ancl the Gesslel netrvolk *'eLe not founcl to l¡e

significatitly clifet'ent fi'om the N4olgan ancl (ìoultel netil'olk usilg the connectivity

cliteria.

A ¡:lirnaly atlvantage of the connectivity criter.ion, ovel hydraulic per.fo¡¡a¡ce

clitelia, is the sr¡aller conputational burclen associatecl u'ith the connectivity cr.ite-

tion. Trvo factots make the estination of lletrvork leliability using the connectivity

cliteliort less cotn¡rutationally intensive thal tlle estirnation of leliability using the

hychaulic clitelia. The fil'st is that the evaluation of netu'or.k connectivity requir.es

less effo.t than solvi'g the netrvolk hychaulically. The second facto. is the high degr.ee

of leliability of these netrvolks rvith respect to corurectivity. As discussecl pr.eviousll,,

the lequilecl numl¡er of iterations, to achieve a given cleglee of plecision, is clepenclelt

on thevalueof p, rvith lninirna at 0 ancl 1,0. Since probability of nocle clisconnectio¡ is

close to 0 fol all cases vely feiv iterations are requilecl. Horvever', the main weakness

of the use of connectivit¡' as a failur.e criteriol is that it is lon-conservative. The

existence of au unbroken patìi florn the soulce pumps to a useL's rvater illtal<e does

'ot ensuLe delivel'y of rvatel to the user.. As a result, despite its relative sirnplicity,

conllectivity has selious ch'arvbacks as a tìteasut'e of netrvolk leliability.

TIle seconcl failule clitelia, narnely, the ability of the netrvolk to ¡l'ovicle adequate

pìessLlÌe ancl flolv levels at all nocles duling peak clemand peliocls is rnore lealistic.

As a lesult, the hydlaulic perfolmalce clitelion, used ill this thesis, is a mor.e valifl

nìeasule of system Perfolmance. The leliability of the solutions, rvith lespect to
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the hyih'aulic clitelia, varies rvidel)¡. In palticular', tlte nol-optimal ancl the Lee et

al. netrvolks coulcl be expectecl to provide inadequate levels of sel.vice .77% arì(l

.68t/a (2.8 ancl 2.5 days) of tlìe da),s in the yeat, r'espectivel5'. Fulthel investigation

to deteluritre the nocles that ate inadecluately servecl and possible leueclial action

seetlls leasollable fol these letu'olks. The lesults in Table 9.26 sholv that the lVfor.gan

ancl Goultel solution is nrole l'eliable than the Lee et al. alcl the Gesslel netrvor.ks.

The t-value fol the Non-optimal retrvolk is not statistically significalt. As a t.esult

the leliability of the Non-optirral netrvolh canÌrot be clistilguishecl fioIr that of the

N4otgan arlcl floultel Netrvork. Horvever, the gleatel cost inherent il its clesign shorvs

that a 'nol-optir.nal' r'eplacetrent of pipe in large aleas of a netlvor.k at gleat cost is

lot necessarily a goocì rnethocl to achieve lequilecl leliability levels.

It shoulcl l¡e notecl that other opelationaÌ colìclitioììs may be critical. These con-

ditions include fite florvs, ilstantaneous peak cleuands, ancl the filling of ovelheacl

stolage tanks cluring off peak hours.

10.3 Sources of Error

Flom Eq. 5.13, tu'o soulces of erlor, in the estirnate of systerr.r ,-eliability, can be

cletelmined. The fit'st soulce is the ellol that occurs due to lack of kuowleclge or.

valiability of the failule behaviour of rets'olk components. The secolcl soulce is the

ertor iu the simulatiorl plocess. It should be notecl that the elrol clue to simulation is

rnucll snallel'than the total erlor fot all cases. In all cases, rrost of the ellor is due to

uucet'tainty rvith lespect to compouent failule behavioul. Ilt vieu'of this ¡esult, ancl

the rathel lar:ge cotlputatiolal cost associatecl rvith decleasing the level o{ sirnulation

et t'ot', thele is little justificatiol fol the extla effolt lecluiled to reduce the simulation

eIl'of .

As notecl ¿bove the er.ror level in tlie estilnate of system reliability is, to a lar.ge
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extent, cletennilecl by factols suclÌ as tlìe valiability of the leliability of systen con-

poÌrerìts, and the plobability of systerÌt failule, giveu tllat some systeûl corÌl)onents

have failed. Fol a given r'ìet$¡ol'k configulation, these soulces of ellol ale, to a lalge

extent, uucontloIIaì:le.

Florn a resealch l;elspective, the rleveloltment of a simplel rloclel, to pledict failule

beltaviout', could gleatly lecluce the ellol associated ivith net*'olk failule plobability

estiuates. The uoclel developed in this thesis clepencls on pipe uratelial, pipe age, ancl

pipe cliameter'. The lesults suggest that there is ¿ r'elationship betrveen pipe cliarnetel

ancl failule plobability. Horvever', malkeclly diffet'ent failule lates rvere foulcl for.pipes

rr'ith iclentical pipe rnatelial and cliametel but clifelent pipe ages. The existence of a

sucltleu lalge chauge in failule late for'pipes of clifeling pipe ages is not causecl only

by a continuous aging plocess. The change in failule rate is in palt clue to changes in

1>i1>e constluction. In pa'-ticular', conponent failure plobabilities rvele founcl to valy

fol fol cast irou pipes of the sal're cliametel because the rl'all thickliess of cast ilon 1:ipe

has been clecreasecl iu the nerver pipe. If a moclel using pipe *'all thickless, r.ather.

than pipe diameter', as al ilclepeldeut valial:le coulcl be clevelopecl it rright be rnole

acculate and less complex than the tloclel cleveloped in this rvolk. The lecluctiou in

cornplexity rvoukl come fi'om the use of a single valiable, nan'rely, pipe rvalì thickness,

lather rr. ultiple valiables, to lepresent evely pipe cliametel'. The reduction in the

nurnl¡el of val'ial¡les would, in tum, r'ecluce Bonfelroni's g. Tlie srnaller. Bonfe-,.'r.oni's

g t'oulcl ma[<e the size of tlte confidence iltelvals snaller', ancl thus I'educe the elr.ol

in the estir.nate of netl'olk failule plobability.

The nethocl used to estir¡rate cornponeut lelial¡ilities is quite complex ancl involves

a lalge nurnbel of assuruptious. Tlie rnethocl is, horvever', accurate enough to clernol-

strate that system leliabilit), can be estimaterl rvith reasonal¡le levels of acculacy if

the plobability clistlibution for cornpolent relial:ilities is klorvu. Iu effect the urethocl
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fol estirnating systern reliability fol s'atel distll¡ution systems plesented in this thesis

has t'educecl the systen leliabilit¡, ¡:r'oblem to the less cornplex plol:lem of estimation

of corìrponerìt lelia'l¡ilities.

LO.4 Effects of System Size and Complexity

The cornputational efolt associatecl il'ith tlie techliclue incteases rl'ith system size

fol tlo leasols. The filst leason is that a biggel systern has mor.e pipes ancl takes

longel to solve. As a lesult, each itelatioli takes longer for. a largel system than for.

a st:rallel system. It shoul<1 be notecl that the netrvolk usecl in this stucly contains

apploxirnately 81 krn of pipe, and so is a failly large netrvork. Walski (1987) states

that this netrvorh is designecl to irclude most of the charactetistics of ¿ rneclium sizecl

cit¡,, rvithout the cletailecl clistributiot glicl. The ¡rr.ocessing tirnes fol all netwolks ar.e

leasorable. Lalgel netwolks coulcl I¡e hanclled as long as the rumbel of failure cases

to be plocessed does not ilcLease substantially.

The secoucl leasol that computational effort increases rvith system size is that

¡nore sirnultaneous failures ale likely to occur in a larger. netu'olk. This effect, in

tuln, incleases the numbel of failule cases to be colsiclel.e<ì. It should l¡e noted that

the numbel of simultaneous failures that is likely to occul in 24 houls does not inclease

vely rapiclly. Jacobs ancl Cìoulter' (1991) shorv that for. the eutire City of Winrripeg,

rvhich contails 2259 km of pipe, even rvith the signiflcant cluster.ing of br.eaks r.eported

in that city by Goultel alcl I(azemi (1988)(1989) ther.e is less than a 0.01 pr.obability

of lnole than 20 bl'eaks occuning in a single clay. This result suggests tllat the nurnbet.

of sirnultaleous l¡leaks that must be consiiler.ecl iucleases quite slorvly, rvith systenr

size.

As a lesult of the above considelations, it should be leasonable to estirtrate ltetrvotk

reliability for systerns trvo or three tin.res biggel than the ones usecl in this str.rcly, if
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hychaulic pelformance is usecl as the netrvolk failule clitel'ion. If connectivity is

usecl as the netrvolk failule conclition, then the estimation of failule plobabilities for.

netwolks tllat ale ten times the size of the one usecl in this stud1, ar.e possil:le.

It shoulcl be roted that the netrvolk clesclibed in Walski et al. (1987) has one

feature that is quite ullealistic. The netrvor'ì< uses only cast ir.on pipe. The City of

Winnipeg system contains cast ilon, asbestos cernent, PVC, ancl cluctile steel pipe, in

lelatively lalge qualtities. In this sense, clistributiorr netrvolks founcl in 1;r'actice ale

rnole complex tllan the oue usecl in this stucly. The effect of a mo'-e cornplex uetrvor.k

is tllat mole palameters ultst l¡e estimatecl. The increasecl nurnbel of palarnetels

to be estinratecl, iucleases tlre unceltainty of the estirnate. The rnethocl used, in

this stucly, is based on the statistical estimatioll of a latge nurnl¡eL of palametels.

An ilclease in netivork cornplexity could clec,-ease the level of statistical acculacy

to unacceptable levels. Futule lesearch should investigate rlethocls of lirniting the

uumbet of palarneters used to clesclibe failule behaviour'. In aclclition, future research

conceming mole eficient statistical methods of estirnating errol rvoulcl be valuable.

10.5 Mean Time to Repair

Tlie assumption rvas macle that the tirne to lepail pipe breaks in the City of Winnipeg

is less than 24 houl's. This assumption is leasonable fol cul'r'ent opelational conclitiols

in the CJity of Winuipeg. The rnean tirne to lepair a pipe br.eal< clilectly affects systerr

reliability because it detelrniles the clulation that a pipe r.ellaius out of service. Ll

an icleal netrvolk, il rvhich aLl bleaks ale inclepenclent, a cloubling of the mean tirne

to lepail a bleak rvoulcl also doul¡le the expectecl nurnber. of breaks that occul befole

the l¡r'oken pipe is lepailecl. In a net*'olk irr l'hicli ltipe breal<s tencl to cluster in

tirne and space the effects of cloubling the rnean tirue to lepair rvoulcl be evel larger.

The effects of incleasing mean tirne to lepair. have not been explorecl ilt this thesis.
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Fulthel resealch into this questiou is necessar'¡,.
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Chapter l-1

Sumrnary and Conclusions

TIle calculation of netrvolk leliability for u'ater supply distlibution systerns is <liffi-

cult. Tltis mahes it halcl to evaluate the relative rrerits of proposed desigls. It has

been shown that the exact calculation of netrvor.k reliability is so-callecl NP-hard.

This means that the tiure requilecl to perfolm exact leliability calculations fol lar.ge

netrvolks is rneasul'ecl iu yeals. Fol this reason the methods cullently used il the

design of leliable rvater supply netlvorks ale basecl on heur.istic, sur.r.ogate nìeasuLes

of leliability. They have the aclvantage that they requir.e far. less conputational efor.t

than the exact calculation of netrvolk leliability, l¡ut the clisaclvantage that solutions

basecl on each sullogate lneasule clifer.ancl that no methocl exists to compale the

cliffelent lesuìts-

A rlethocl has beeu presentecl which uses sarnpling by Molte Car.lo techriques

to estitrate netrvork leliability. This nethocl decomposes netrvolk leliability into the

plobability of con¡ronent failule and the conclitional plobability of system failule

givel that a set of conponents has failecl. The probability of cornponent faihu'e is

estimatecl based on failule histoly lecolcls. The conclitiolal pi'obability of systenr

failule givel that cornponents have failecl is estiuated usilg Monte Carlo simulatio¡,

This nethod u'as appliecl to foul existing solutions to the problern of designing
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a least cost, r'eliaÌ:le pipe netrvotk fot' a pa'-ticulal pipe net*'olk. Thlee of these

solutions rvele cletelninecl so as to meet sullogate llleasures of reliability. The foulth

solutiol rvas founcl using tlial alcl eLLoL ancl involvecl the leplaceuent of almost aÌl

pi¡res over' 50 yeals oìil. Netrvolk leliability tvas estiurated to ri'ithin 1% fol all four.

solutions using trvo clitelia to cleteln'rine uetrvol'k failule: connectivity and hydlaulic

aclequacy. Thus, it rvas 1>ossible to cornpale the leliabilityof the four. nets,or.ks. Highly

statistically significant cliffelences s'ele founcl l¡etrveel the comparison of the tr4olgan-

Goultel netl'olk and both the Gesslel ancl Lee et al. netrvolks using the hydlaulic

aclecluacy ct'iterion. It rvas not possible to clistinguish betrveen the leliability of the

Non-o¡:tinal letrvork ancl the Molgan-Goultel Netrvotk. It should be noted that tlle

gt'eatel cost ilhelent in the Non-optirnal netrvolk makes it unattractive.

The couputatiollal effolt requirecl to estirnate leliability by samplirg q'as fouucl

to be lalge, but lot excessive. It rvoultl not be feasil¡le to inclucle this urethocl within

an optirnization rnethoc[ that lequires the evaluation of netrvolk re]iability a lalge

nurnl¡el o{ tirnes. The metllod can be used, horvevel, to evaluate sur.r.ogate lleasur.es

of reliability. In aclclition, the nrethocl coulcl be usecl to check the reliability of any

existiug rvatel distribrrtion netrvork clesign. As such this methocl can be a valuable

clesigl ancl lesealch tool.

Fulthel lesearch sltoukl be aimed at leclucing the lequilecl courputational effolt

ancl imploving the acculacy of ellol estimates. Plorlising ar.eas of resealch ale esti-

ruatiorl of the conclitional failure plobabilities using Monte Carlo simulation ancl tlle

failule plocess of the pipes in rvater srqrply distlibution netwolks. Lt adclition, the

effect of the time tequirecl to lepail pipe breaks requir.es fulther.stucly.
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Appendix A

Data Tlansformation and
'Verification

4.1 Description of the Pipe Break and Pipe In-

ventory Data

Tl'o types of clata ale usecl in the rnodel plesentecl in Chapter' 5. These clata types

ale pipe failule histoly and pipe inventoly data. As lotetl previously the pipe failule

histoly data al'e cottainecl in a clata base gathelecl by the Watelu'or.ks, Waste and

Disposal Departmelt of the City of Wiruripeg. This is a computer.ized data Lrase

that contains one failure lecold fol each ¡ripe l¡l.eak that occur.recl in the year.s 1g75

through 1989. In aclclition, the clata base coltaius locafion lecorcls fol a latge nurnbe¡

of physical features founcl in the city. Over. 30,000 l¡reaks are r.ecorcled in this data

base.

The locatiou lecolcls il this data base contain the x-y coorclilates of every signif-

icant feature of the I'oad system *'ithin the City of Winnipeg rvhen the r.oacl systenr

ri'as cligitizecl iu 1975. Significant featules of the roacl systen include intelsections



*'ith othel loacls, iutelsections *'ith physical featules such as livels ancl taihoacls, aucl

places rvhele toacls cltauge clilection. These location lecolds aLe stolecl alphabetically

ì:¡, strt"", uatue. It should be notecl that the location l'ecolcls clo not contain any pipe

ilventoly data clesclibing the pipe chatactelistics at the location. Of Palticular con-

seqüetlce fol this study is the fact that location lecolcls clo not coltain pipe cliarneter',

niatelial, ol installatiol clate.

The failule lecoltls ale iltets¡relsed arnong the location lecolcls arrd contain x-¡'

cool'clinates of the l¡r'eak location u'hich ale accul ate to the nealest rueter'. These bleak

records contain failure date, pipe iustallation date, pipe cliameter., pipe mater.ial, ancl

other parameters rvhich ale usecl by this stucly.

This clata base proved to be extlernely valuable fol the ty1;e of analysis clescr.ibecl

in Chapter' 5, but has a numbel of rveaknesses lvhich should be recoglized. One

1;t'obleui is that the cìata base cloes not contain start ancl encl times fol failure eve¡ts.

This shortcornilg makes it impossible to l¡e certain rvliethel ol not failule eveuts ale

simultaneous. It is possible fol tivo l¡r'eaks to occur. on the same clay, but fol the

first break to be repai;:ecl befole the seconcl br.eak occuls. On the other hand, it is

possible for a bleak to start on ole day artd not be repailecl before the next clay.

This situation is almost celtain fol breaks rvhich start late in the evening, but can

also occul if repair clews àre ah'eacly busy rvhet a l¡r'eak occuls. ]f the rvor.k cr.ews

ale busy it is possible tltat bleaks rvith less serious consequences rvoulcl be left rvhile

lnore selious bl'eaks ale lepailecl. Due to this lirnitation ol the acculacy of the data,

breahs u'hich occul on the same clay ale assuued to l¡e sirnultaneous and all bl'eaks

ale assunlecl to l¡e fixeil on the day of occurLence.

A secolcl u'eakness of the clata base is that it contains the location of stleet

centl'e lirles lathel' than the location of the rvatel' rnains themselves. As l'atel utains

ale typically laicl beside a t oadl'ay rathel than ulclel the centle line, this rveakness
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introduces a sr.uaìl locatioual ellor'. Fol the purposes of this stucly, this etror.was

iguoled.

A thilcl ri'eakless of this rlata base is that pipe inventor.y data ar.e stor.ecl in the

break lecolcls. As a lesult, if tllele is no l¡r'eak l'ecor.cl for a stleet, thele is no pipe

inventoly data fol that stleet. Florn the point of vierv of this stucly the effect of this

tt'eakness in the data base olganization lesults in thele being no location recorcls for.

stleets u'hich ale not selvicecl by ri,atel rlains. Fur.ther.rnole, str.eets not selvicecl by

wateÌ maiìrs al e storecl in exactly the sarne lvay as selvicecl streets orr rvhich no br.eaks

have occun'ed in the petiocl of lecorcl. As a lesult it is not possible to clistiuguish

betrveel stleets rvith no pipes and streets rvith no l¡r'eaks. This is not an insignificant

ploblem as approximately 1200, ol slightly mor.e than one thilcl, of the appr.oxirnately

3500 stleets in the City of Wiunipeg have never. had a break ancl possibly have no

waterlìrains.

A fourth weakrìess of tlle clata base is that the information in it is gather.ecl, but

not dilectly usecl, by opeÌa,tional personnel. Undel these colìditioÌtsr velification of

the clata, cortainecl ill the data base, is extrernely cliffcult. As a result even l,heu

failure lecolcls h¿ve l¡een acldecl for a street thele may be erlols in Pipe character.istics

ir the data base.

Assuming that the break clata l¡ase rvithout suppor.t frour other.data bases, is usecl

the efects, of the tliild antl foulth of these rveakuesses ale tliat no pipe irlventor.y

clata exists fol apploxirlately ole third of all streets in the City of Winlipeg. It rvas

thelefole necessal'y to tlansfolm, augrnett, ancl velify the bteak data base before it

could be usecl in the stucly.

The fir'st step in ttansfot'uring the data into a rnole useful folm is conceptual. Llthe

City of Winnipeg bleak clata base infor.rtration is stol.ecl as a selies of nocles. Trvo types

of nocles are usecl: locational nocles ancl failure nocles. The locational nodes contain
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sorne infoÌ'mation about the type of physical featur.e that they r.epr.eselt. Fol example,

nocles that lepresent a t'ail road at'e cocled, 'Rx', indicating theil function, and lìo(les

representing stleets cal l;e sìmilally distiuguishecl from othel ty1;es of ltodes. The

locational lìocles do lìot] ho$'ever', colìtain any ilfolmatiou conceÌnirìg chalactelistics

of pipe rvith rvhich they ale related. The acìclition of pipe chalactelistics to locatiollal

nocles leacls to a clata olganization that is arvhri'alcl and clifficult to use because each

rode is tlìe Iloulclaly betrveen pipe segments. lf pipe chalactelistics diffel ar.noug

the pipe seg¡uelÌts attached to a nocle, it is necessaly to inclucle both sets of pipe

charactelistics in the nocle tecord âDd to iudicate which chalacteristics apply to each

pipe segment. In aclclition, if pipe cha'-actet istics ar.e applied to tìode lecolds) then it is

also necessary to assurne that pipe chalactelistics Lemâilt constart l¡etrveen acljoining

nodes.

A rnole siu¡rle rnethod of clata or.gariization is to cleate pipe segment r.ecolcls.

In this situation pipe characteristics can be attachecl to pipe segment r.ecolds. In

adclition, by using variable length pipe segllìelìts, the pipe segmeuts can be set up

so that only ole set of pipe chalactelistics is lecessar.y fol each pipe segrnent. The

choice of an applopr'ìate ulit {or pipe segrnents is facilitatecl by the usual practice,

fol ulbau rvatel clistlibutiou systerns, of laying watel rlains fol a r.¡rinirlum length ol

a full city l¡lock at a tilne. As a lesult of this pr.actice, pipe character.istics call be

leasonably expected to lernain constant over the length of a city block.

Stolage of pi1>e chalacteristics using pipe segrneut lecolcls also facilitates the s-

tolage of failure lecolcls. By clefinition, pipe failur.es occlu at a par.ticular location

in a pipe segment. As a lesult, fajlure call alrvays be assigned to a par.ticular. pipe

segnent by its physical location. This lelationship r.nakes it possible to stole pipe

failure records fol a patticular pipe segment r.ecor.cl as a group ald to access these

failule l'ecords using a pointeì' from the pipe segùletìt Ìecotcl. This storage method
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has the aclvantage tlìat the pipe chalactelistics can be stoÌed on the pipe segmelìt

lecolcls. OIrce such chat actel'istics have been aclclecl to the pipe segrnent recolcls, it

is therr unuecessaly to stole thenl ou the pipe failule r.ecor.cls. A fur.thel pr.actical

belefit of this stolage ùrethod is that opelational personnel do not have to captule

pipe chalactet'istics fol evely break lhat occuls as this infollnation can l¡e letrieve{

fiorn the pi¡re inventoly lecolds. Basecl on these consicler.ations, the City of Winnipeg

bleak clata base n'as tlalsfolmed to the stolage forrnat clescribed al¡ove usilg a PL1

pÌogIatìl.

The seconcl step in tlalsfolming the clata base is to aclcl rnissing clata ald to

velify the existing clata. Since no cornputelizecl pipe chat'actelistics clata existecl

fol a lalge proportion of the City of Winnipeg netrvolk it was necessary to aclcl tlie

pipe characteristics to the clata base fiou paper r.ecorcls. Aclcling these clata fol the

u'hole City of Winnipeg, rvoulcl tequile a lalge amount of r.epetitive efor.t. To limit

the amount of lepetitive efolt, the scope of this stutly rvas limitecl to one (of six)

operating distlicts il the City of Winnipeg, District 4. The auount of data incluclecl

in tlie study area is still relatively lalge. The study inclucles 394 krn of water rDâirìs!

3853 breaks, ancl 3126 pipe segments, over' 15 years of r.ecor.d.

The oL¡vious difÊculty of this task is fulthel contpounclecl by the char.acter.istics

of the paper recolcls used to stol'e rvater. rnain clata and the neecl to captule tlte

geoglaphical position of clata cornponents. The complete pipe inventoly is stor.ecl

on a valiety of media including: lalge scale dlarvings, kar.clex, rnicrofiche, ancl rvorcl

plocessor files. Although the clata in the pipe inventory al'e or.ganized geogr¿plìicâlly,

fot'the rrost palt explicit coolclirates are not identified rvith objects coltained in the

ch arvings. Whele the clrau'ilgs ale to scale, extracting coordinates is a cuubersone

plocess at best. In trtany cases, hou'ever', the data ale storecl as 
(not to scale' sketclles.

Fol this'not to scale' clata, it is not possible to rneasuLe coor.clinates dilectly.
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To aicl in the data captule task computel graphics tecluriques rvele usecl. These

techniques weÌe irÌlplerlerìted by clisplayilìg a map of the street gr.icl in a palt of

tlte at'ea to be ¡locessecl usilìg the AUTOCAD pl'ograrn. Sever.al snlall pr.oglauls ol

cornmalcls, *'ritten in LISP, allos'ed the rnanipulation of the elemelts in the stleet

net\\'oì'k.

These conrputel glaphics techniclues have a nurnbel of aclvantages. When compar.-

ing a stleet layout fol a srlall area to a map of the same ar.ea, it is easy to cletelmine

wlìere a palticular block is locatecl in the stleet layout, even if str.eet uames aLe not

displayed. The shape, olientation, size, and relative positiol rvith respect to aly

landmalks clisplayerl, all plovide easy-to-use visual clues. As a backup to these visual

clues, a commalcl in LISP u'as rvlitten to clispìay tlte stleet narne for. a selectecl city

l¡lock. To identify a city block it is necessay only to specify the stleet naùtes at each

end. Tllese stleet larles at each encÌ of the block tnust be idettifiecl precisely in the

clata base. The location of the city block is then clefined rvith cer.tailìty ancl, because

AUTOCAD stotes the coordinates of the block, the coorclilates are also icleltifiecl

rvith celtainty.

The above lrethod niakes it possible to augment and velify the data contailed il
the bleak clata base rvith infolmation fr.om both'to-scale'rlaps alcl other. 'not-to-

scale' infollnatiotì sour-ces such as kalclex ancl miclofiche. Implementing this uethod

lequired the development of computer glaphics methodology. The corr putel glaphics

techniques requilecl to implernent this urethocl is desclibecl il the next section.

4.2 Techniques to Create the Pipe Inventory

Tlie compr:tel systeru clevelopecl to verify the pipe inventory usecl botll a lalge main-

fi anle ancl pelsonal conputels. The methoclology incluclecl computer. pr.oglaurs rvr.it-

ten in LISP, C, alcl PL1. The steps follorved in this ploceclule are shorvn schematically
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in Fig. 4.1 ancl ale as follol's.

1. ca2ture the plrysical position of the pipe in the l,atet clistlibution netu'or.k

2. acltl stleet names to each litk in the netrvolk

3. loacl the pipe chalactetistics fiorn the l¡r'eak recolcls

4. use glaphical techniques to velify pipe chalactelistics loaclecl fr.om the l¡r.eak cla-

ta ancl to add data rvhele they al'e rììissirìg. The results of this step ar.e stoÌed

in interrnedialy recolds.

5. use the intelmecliate tlansactions generatecl in step 4 to rnoclify alcl/or. velify

the cìata for the netrvolk geuerated in steps 1, 2, and 3.

The location of the centle lines of alntost all stleets in existence in the Cit), of

Wiuripeg is containecl it the locatior lecolcls in the City of Wilnipeg break data

base. (Not all streets ale includecl in the bteak clata base, horvever., because the clata

base rvas createcl in 1975. Stleets have been adclecl to tlie netrvork siuce 1975. If tlle

rvatel mains on the nervly addecl streets have not experiencecl a bleak, the streets

have ¡rlobably tìot beerì aclded to tlle bleak clata base.)

A copy of the City of Winnipeg 'l¡r'eak clata l¡ase is stolecl on the mainfr.ame

computel at the Ulivelsity of N4anitoba. A PL1 prograrn was cleveloped to extract

infounation fron this clata base. This plogram is iclentified as'Extract fi.om Main-

fi'aue' in Fig. 4.1 ancl procluces the Link File L4F007. In this file one r.ecor.d is

cleated fol each city block or pipe segnent ivith each lecolcl of file L4F007 containing

stl'eet narnes ancl, rvhere a,vailable) pipe chalacterist ics. To iurprove the lesl>onse time

plovidecl by AUTOCAD, ancl to facilitate tlansfel of tlte data fi'orn the ¡rain fi'a¡re

corlputer, the study area was bl'olçen into thlee r.ectangulal areas ryith one file being

extlacted for eac.h alea.
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Figure A.1 Schematic of Computerized Map Correction System
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The ploglam D4CR (rvlitten in C) shorvn ìn Fig. 4.1 rvas usecl to change the

folmat of each of these files to the standarcl AUTOCAD DXF format. This progr.anr

also acltled cotles to the file to valy the colol of 1;ipe seglnerìts to cliffelieltiate betrveen

the diffelent types of inforuration available fol the pipe il the segements rl'hen they

rvele clisplayed. Pipe segrnents rvith nissing, ol incomplete, pipe charactelistics data

l'el'e cololetl led. Pipe segmelts containing corn¡rlete pipe chalacteristics rvele cololecl

gleerì. Tlìe use of cliffelent colol's makes it easy to cletelmine rvhicli pipe segrnents aì.e

rìlissing clâta.

Once the files rvele lefo'-¡ratted into DXF folmat, the built-in AUTOCAD com-

mard DXFIN was used to loacl them to the AUTOCAD rvorkspace. The files coulcl

thell l¡e clisplayecl as a cornputelized r:. ap. The clata contailled in this rnap ar.e still

in a relatively larv folm l¡ecause they have not l¡eel augmentecl or verified. Fig. 4.2

shorvs a section of a conputerizecl rnap at this stage of pr.ocessing. For. ease of plint-

ing, diffelent line folrnats, r'athel than colors, aLe usecl to distinguish pipe segments

that have pipe characteristic clata fiom those that do rot.

Before these larv clata can be usecl as a pipe inventor.y, a tuml¡el of plocessing

tasks must be perfolrnecl. These tasks include

1. The lemoval of pipe segrnents not in Distlict 4. Disttict 4 does not have r.ectan-

gulal boundaries. Tlie use of lectaugulal boulclar.ies, in the extr.action pr.ocess,

lesultecl in the initial inclusion of pipe segments fi.oll othel operating distr.icts

2, The lemoval of street segmelts ivhich do not contain rnains. Since the City of

\\¡innipeg bleak clata base cloes not clistinguish betu'een pipe segments tvhich

have nevel experiencecl a breah aucl stleets rvith no watel mains, it is necessar.y

to lenove the lattel rlanuallv

3. The addition of pipe segrnents that l'er.e lot included duling the cr.eation of the

City of lVinlipeg breâk clata base
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4. The moclificatiou of pipe segments rvhele pipe renewals have taken place

5. The addition of pipe chalactelistics rvhele they are rnissiug

6. The velification ofpipe chalactelistics rvhele they exist. Fol those ¡ripe segments

iu rvhich the pipe chalactelistics in the l¡r'eak data base clifel fi'om those in the

opelational clata, it rvas assuurecl that the opelatiouaì clata rvet'e collect. The

l'eason fol choosing opetational lathel'than i¡r'eak rlata rvhel thele is a couflict

lelates to the gleatel likelihood of the opei'atiolal clata being collect because

it is usecl ancl leviervecl more often (Goultel aucl Jacobs, 1992).

To facilitate these tasks, a number of LISP proglams rvele rvlitten. The LISP

Ianguage runs as a palt of the AUTOCAD computel package ancl is integlatecl rvith

AUTOCAD to make use of the computer graphics capabilities of AUTOCAD, in

palticular', those facilities rvhich allorv a useL to graphically point to and select an

object that is displayecl.

LISP proglarns that make use of this point and select facility wele rvlitten. The

LISP ploglams make it possible to glaphically poiut to aucl select a pipe segment.

Olce the pipe segment is selectecl the clata associatecl ivith the pipe segmeut can be

rnanipulatecl. These clata inclucle street narle, pipe chalacteli sti cs, ancl x-y coor.cli-

nates. Finally, 'intelrnediate' tlansactions can be written using the LISP ploglams

to recol'cl changes to the computelized rlap. The fullction of each of these pr.ograrns

alcl their lelationship to eacli othel is listecl in Table 4.1 and discussed in cletail

belorv. Fol' the salte of colsistency, r.r'hen a ploglam genelates an intelmediate trans-

actiou, tlre progtaln narue and the tlalsaction cocle ale ar.e desiglated by the sante

telms. Fol exarnple, the add plograrr is namecl AD and geler.ates an intermecliate

tlansactiol rvith tlansaction code AD.

Adcl Ploglarn (AD):



Ploglam Narne Ploglam Functiol

AD Acld a pipe segnent to the netri'olk

C,JH Chalge pipe chalactelistic fol a pipe segrnent

BA Delete a pipe segrlent fi'ort the netrvolk

EP Delete palt of a pipe segtÌtent fi'orn the netrvolk

siD Display stleet narne for a pipe segrnent

( l\t Display stleet name and pipe chalactelistics

SP Split a pipe segment into several slraller seglnerìts

Table 4.1: LISP Maclos ald Their. Furctions

The aclcl plograln is used to add nelv pi¡re segrnents au(l cteates inter.rnediar.y adcl

tralsactions (Tlansactiol type AD in Fig. 4.1). Acld tlansactions are necessaly if the

ltìap cloes not contaiu a stleet ancl/ol *'hele lenerval has been pel'foÌtìed. The corn-

puterized lr ap for the City of Winnipeg is generally colnplete as originally gelìel.atecl.

Horvever', as uoted pleviously it is necessaly to aclcl sone streets in sul¡clivisious built

after' 1975, as those stleets clid uot exist when tlìe bleak systern rvas set up. Since the

pipe iti such subdivisions is, il geuelal, r.elatively ltew) lto br.eaks have occuLLecl on a

lalge plopoltion of these pipe segmerìts and there has l¡een no teason to acld thetr to

the City of Wirrnipeg l¡r'eal< clata base.

Lr cases u'here lelerval wolk was perfornrecl in the per.iocl 1975-1989, it tvas nec-

essary to aclcl lirks to specify the chalactelistics of the new pipe segmerìts aclded. It

should l¡e notecl that adclition of tllese links Ilas the irnplicatiol that lnole than one

pipe segmerìt can exist fol a given geoglaphical location. It is, horvever., possible to

distinguish in tvllich of these rrultiple pipe segrnents a bleaÌ< occun'ecl because the

date of installation of the pipe is included in tlie pipe char.actelistics. By checking

the pipe installatiou clate against the clate rvhen a break occuLrecl, it is possible to

specify, uniquely, rvhicli ìink recold should be used.
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Change Plogram (CH)

The change proglam is used to collect the pipe chalactelistics fol a ltipe segruent

attcl geuet'ates the CjH tlansaction. This plograrr is used u'hen no pipe chalactelistics

ale captuled fl'orn the City of \Vinnipeg bleak clat¿base ol t,hel the captur.ecl char'-

actelistics ale in ellor'. For the City of Winnipeg the t¡ost comrnonly usecl soulces

of clata ate kalclex alcl scale drarvings of the pipe layout. These clata soulces ar.e

olganizecl in a fashioli that rnal<es it easy to velify contiguous links for. a str.eet. In

adclitiort, it is cornrnon fol pipe chalactelistics to lelnain constant ovel a nurnber of

contiguous pipe seguents. To take advantage of this patteln an option rvas incluclecl

in the Change ptoglalu to copy pipe chalacteristics to the cut.leut pipe segrnent fi'our

an acljacent pipe segrrieut processed pleviously. Due to tlle large number of pipe seg-

ments in rvllich a l¡l'eak has not occurrecl in the peliocl of r.ecor'd this plogr.am is by fal

the lnost commonly usecl pt'ogtaur ancl the Change transaction is the ntost conutolt

intel'mecliate transaction.

Elase Whole Link Ploglam (EA)

The Elase Whole Lilk Progtanr genelates tlansaction type EA rvhich is usecl to

remo\¡e a pipe segment fiorn tlie pipe netil'olk. It is necessaly to remove lirks fi'our

the ¡etrvoll< l¡ecause not all city l¡locks ale selvecl by rvater. uains. In aclclition, as

clescribecl pleviously, il'hen the rar,r' clata rvele extlacted ft.orl the City of Wilnipeg

bl'eak data base, not all of the pipe segmelts extr.actecl rveLe fi or.n the stucly alea,

District 4. This ploglam is usecl to reltove these sqrerfluous links.

Ðr'ase Part Link Proglani(EP)

The Elase Patt Link plogÌatìl is usecl to geuer.ate the EP ttansaction. The EP

tlansactioll Lerno\¡es palt of a pipe segrlent fiom the letrvork. This proglarn is used

rvheu a rvatel ltain is telrlinatecl in the rnidclle of a pilte segruent. This is a rar.ely

usecl ploglau, r'eflecting the lelative ilfiequeucy of this situ¿tion,
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Shoiv Stleet Narne Proglarn (SD)

The Sllori' Stleet Narle plograrìì is usecl select a pipe seguent and to displa.J, the

associatecl stleet nalre. To save le-display alcl legenelate tinie, ancl to rnake the

niap less clutteletl, the display of stleet narnes aud pi¡re character.istics is genelally

supplessecl. This proglam is usecl to aid the opelatol in locating pipe segments on

the corlputel rrap. This l)roglam can be usecl to positively identify a pipe segrnent

by using it to display the lames of stleets at the pipe segment enrls.

Show Stleet Chalactelistics Ploglam (SN)

The Shorv Street Chalactelistics ploglarn is used to select a pipe segment ancl

to clisplay the stleet larle ancl pipe chalactelisti cs. This pl.'ograt¡l is used to ver.ify

1>ipe chalactelistics of pipe segments fol' rvhich the pipe cha'-acteristics rvele captulecl

flom the City of Winnipeg bleak clata base. In aclclition, the street name and pipe

chalactelistics are also stolecl fot use, if the next pl'ograrn lun is a Change ptogram.

Tliis featule is particularly use{ul if a stleet has one pipe segment rvith cor.r.ect pipe

chatactetistics iu the cornputelized rnap ancl sevelal othel pipe segments rvhich shoulcl

have the pipe chalacter:istics but fol rvhich no pipe char.actelistics rvele captuled. In

this case, it is possible to ttansfel the collect pipe chalacter.istics from pipe segment

to pipe segrnent by lururing the SD, proglarn follolvecl by uultiple r.uns of the Change

prograln.

The data collection systen as outlined iu this chapter'\t¡as lun thlough sever.al

itelations until all street segments rvele labellecl as verifiecl. The segment of the

cornputelized rnap sholn in Fig 4.2 (uncolrected) is sliown aftet cot'r'ection il Fig.

4.3.
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