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1 INTRODUCTION

1.1 Objectives of the analysis

This study explores the utiitof fuzzy performance indiceqi) combinedreliability-
vulnerability index, (ii) robustness irek, and (iii) resiliency index, for evaluating the
performance of a complex water supply system. Regional water supply system for the
City of London is used & the case studyThe two main components beingestigated

in this case study are; (i) the Lake Huron Primary Water Supply System (LHPWSS), and

(ii) the Elgin Area Primary Water Supply system (EAPWSS).

Computationatequirements for the implementatiohthe fuzzyperformancendicesare
investigated together withe sensitivity of these criteria to different shapesfuofzy

membership functions

1.2 Report organization

Chapter2 briefly introduces the Lake Huron Primary Water Supply System (LHPWSYS),
and the Elgin Area Primary Water Supply system (EAPWSGhapter 3presentghe
methodologyusedfor the analysis of both systems. The chapter starts by describing the
procedure for system representationhe description of themethod used to construct
membership functions for different system componéuitsws. The calculation process

of the fuzzy performance indices is presented in dettilse end



Chapters 4 and 5 present tlfiezzy performanceindices for LHPWSS and EAPWSS
systemsrespectively. In both chaptes, the sensitivity offuzzy indicesto the different
shapes of fuzzy membership functiassexplored first. The utility of thesmeasuresn
identifying critical system components is demonstratefierwards Finally, the
conclusions ofhe analysis performed in the previous two pikes are presented in

Chapter6.

1.3 Summary of the results

The analysis of the results revealed that LHPW&Stemis reliable andnot too
vulnerable to disruptionn service On the contrary, EAPWSSsystemis bund to be
highly unreliable and vulnerable ¢lisruption in service The results show that LHPWSS
system is morerobust than EAPWSS system, and therefore LHPWSS system can

accommodateossible change irequirementonditions.

Combined reliabilityvulnerability indexand robustnessdexare sensitive to change in
the shape of the membership function. The value of the resiliedeyxdoesnotdepend

on the shape of membership function.

The fuzzy performancendicesare capableof identifyingweak sysem componentghat

requireattentionin order to achievéuture improvement in system performance.



2 SYSTEM DESCRIPTION

The Gty of Londonregionalwater supply system consistst@fo main components; (i) the
Lake Huron Primary Water Supply System (LHPWS&hd (ii) the Elgin Area Primary
Water Supply system (EAPWSS)he LHPWSSsystemobtains raw water fronthe Lake
Huron Water istreatedand pumpedfrom the laketo theterminal reservoir in Arva as
shown in Figurel. Water from the Arva reservois pumped to the north of th€ity of
London where it enters the municipal distributisystem. The systemrovides water for
the City of London as well asa number of smallemeighboringmunicipalities(through a

secondary system

The EAPWSSsystemtreas raw water fronthe Lake Erie and pumps thieeatedwater to
the terminal reservoitocatedin St. Thomas. &ter from the reservoiris pumpedto the
south of theCity of London where it enters the municipal distribution systsnshown in
Figurel. Inthecase of emergengthe City of London can obtairadditionalwater from a

number of wells located inside the City and in the surrounding areas.

2.1 Lake Huron primary water supply system (LHPWSS)

The Lake Huron treatment facility has a treatment capatigbout 336 million liters per
day (336,400nt/day). The plant’s individual components are designed with a 35%
overload capacity resulting in the maximum capacity of 454,60fasn The current daily
production, based on the annual average, is 157,8@@ynwith a maximum production

value of 264,000 ffday in 2001.
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The water treatment system employs conventional and chemically assisted flocculation and
sedimentation syems, duaimedia filtration, and chlorationas the primary disinfection.
Both, the treatment system anithe water quality are continuously monitored using

computerized Supervisor Control and Data Acquisition (SCADA) system.

A brief description of thesystem’s works, from the intake throutifetreatment plant to the
terminal reservoir at Arva is provided in the following sectidrschematic representation

of the system is depicted in Figlze

2.1.1Intake system

Raw water flows by gravity from Lake Hurdimrough a reinforced concrete intake pipe to
the low lift pumping station. The intake pipe discharges raw water through mechanically
cleaned screens into the puinell of the low lift pumping station. The intake crib and the
intake pipe are designed fthre maximum capacity of 454,600°faiay. Chlorine can be
injectedin the intake crib through the screens or to the low lift pumping station for zebra
mussel control (prehlorination). The low lift pumping station is located on the shore of
Lake Huron athe treatment plant site. The loft pumping staibn consists of six pumps

with rated capacitpetweerl15,000and 100,000 rivday.
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2.1.2 Water treatment system

Water from theol lift pumping station is dischargedhto the treatment plant where it
bifurcates into two parallel streams designaethe North and the Southl'wo flash mix
chambes, onein each stream, consist of two cells and one mixer per cell. The water flows

by gravity from the flash mix chambers to the flocculation tanks.

In the first treatmenstep which takes place in the flash mix chambers, Alum is added (for
coagulation) together with Powdered Activated Carbon (PAC) (seasondkyl &or taste
and odorcontrol) andPolymer (as coagulant aidChlorine,which is usedor disinfection

is addedupstream of the flash mixers.

Mechanical flocculation process takes place in,dddrth and South treatment lines. Each
flocculation tank is divided into twaones, primary andecondary, with the capacity
ranging betweeB2,000 nydayand 170,000 rfiday. Waer flows through the two zones
where walking beams (or paddle mmgk perform the mixing, to thdadfiers/settlers.
Water flows into theedtlers fromone end, flows up through the parallel plate clarifiers and
is discharged at the opposite end. A scrapethe bottom of the tank, thickens the settled

solids and moves them to the central hopper.

Waste sludge pumps transfer settled solids to thid bowl centrifuges for dewatering.
The solid wastes are stored into a container fositéf disposal while the concentrate is

returned to the lake through the main plant drain.



Twelve high rate gravity filters perform the removal of particulate mdttam water
flowing from the clarifiers. Water flows to any of the twelve filters from both treatment
lines. Filtered water is then dischargetb the three cleamvells where Chlorine is added

for postchlorination.

2.1.3 Conveyance andstorage systemns

Finished water is pumped from the cleells through the transmission main to the
terminal reservoir at Arva by the high lift pumps. The high lift pumping station consists of
five high lift pumps rated at 1,158 L/s. Water flows through the primary transmissin,

a 1220 mm diameter concrete pipe, under pressure for about 47 km. A total of 21 km of the
primary transmission main is twined to maintain the capacity and increase the redundancy
in case of emergency. The primary transmission main is guagected during power
failure or transit pressure conditions (due to cyclofgthe high lift pumps). The terminal

reservoir at Arva consists of four individual cells, each of 27,8@8mnage capacity.

An intermediatereservoir and boostetasionare constcted inthe McGillivary township
The intermediate reservoir serves the userth@McGillivary township. Water from the
reservoir can be withdrawn back into thgimary transmissionmain during the high

demand periodsy four high lift pumps at thieooster statian



2.2 Elgin area primary water supply system EAPWSS)

The Elgin water treatment facility was constructed in 1969 to supply watertfreirake
Erie to theCity of London St. Thomas and a number of smaller municipalitigs 1994,
the faciity has been expanded to double its throughput to its curre®@0@ti/day
capacity. A series of upgrades took place from 1994 to &)@8d surge protection and
introduce fluoridation treatmentThe design capacity of the treatment facility is 91,000

nt/day, with an average daily flow of 52,358/day, whichserves about 94,400 persons.

The water treatmenh EAPWSS employs almost the same conventional treatment methods
usedin LHPWSS. The only exception is that the facility uses the fluoridationniesd
system to provide dental cavity control to the users. As in LHPWSS, the treatment system
and water quality are continuously monitored using computerized Supervisor Control and
Data Acquisition (SCADA) system. The finished treated water is pumptut terminal
reservoir locatedin St. Thomas. A short description of the EAPWS$® given in the

following section. A schematic of thessgm isshownin Figure3.
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2.2.1Intake system

Raw water, drawn fromthe Lake Erie, is pumped through a 1500 mm diametéake
conduit to thelow lift pumpingstation at the shore of the lake. The ultimate capacity of the
intake conduit is 182,000 Jfuay in case ofan emergency theplant drain serves as an
alternative intakewith almost the samenaximumcapacity. The low lift pumping station
houses two cleawells. Each well has two independent vertical turbine pumps that

discharge into a50 mm transmission main to thatertreatmenplant.

2.2.2 \Water treatment system

The raw water discharged from the low lift pumping station is metered and split evenly into
two parallel streams, as in the LHPWSS. The split continues from thewweksl to the
filtration process. The first treatment pegs is thélashmixing where Alum is added as a
coagulation agent together with PAC. There is one flash mixing chamber with two cells
and one mixer per cell in each treatment line. Water flows by gravity from the flash mix

chamber to the flocculationnés.

The focculationsystem consists of two bankiorth and Southef flocculation tanks, each
with a capacity 001,000 fiday. Each bank has two tanks that make a total of eight
flocculation tanks. Polymer can be addatchny point in the seriesf flocculation tanks.
Water flows directly from the flocculation tanks into the sedimentation sysidrare is
one gravity sedimentation tank in each process stream.chRyenation takes place after

the sedimentation process and before the filtration

11



Finally, the particulate matter is removed using four gravity filtetsring the filtration
process The treatment is no longer split into two parallel streams as the water can be
directed to any of the foufilters. The filtered water is collected ihe filtered water
conduit underlying the filters and flows intclear well and the esite reservoir. Post
chlorination takes placen the conduit leading from the esite reservoir to thehigh lift

pumpingstation.

2.2.3 Conveyance andstorage systens

The high lift pumpingstationdelivers finished water through the transmissiain to the
terminal reservoirin St. Thomas It also delivers water téthe secondary distribution
system. Thehigh lift pumping station houses fourhigh lift pumps each with a rated
capacity of 52,000nt/day. The treated water is discharged throube primary

transmission maifiLl4 km long 750mm diameter concrete pressure pipe

The surgefacility was constructed in 1994 to protect the transmission main from damage
due tothe systemtransit pressure conditiomuring cycling of thehigh lift pumps. Through

the valve chambeupstreamof the terminal reservoir,water from the transmission main is
directed @ one or both reservoirsat the ElgirMiddlesex facility. Both resevoirs have
equal capacity of 27,300°rand store water supply for Aylmer, St. Thomas and the Elgin
Middlesex (serving London) pumping systenwWater can byass theesevoirs and flow

directly to each of the secondgrympingstations.

12



3 METHODOLOGY FOR SYSTEM RELAIBILITY A NALYSIS

3.1 Multi -componentsystem representation

Water supply systens a typical example of a muttbomponent systerthat include a
collection of conveyance, treatmeahd storageomponentsThese componentreat risk
of failure dueto a wide range otauses In the sametime, hese elements are connected in

complicated networks thaffect the overall performance of the water supply system.

The key stepin the evaluation of system performancetise appropriaterepresentation of
different relationships betweesystemcomponents. This representatisimouldreflectthe
effect of the performanceof eachcomponenton the overall systemperformance For
example,the chemicaltreatmentof raw waterin a water supply systedepends oradding
different chemicalsat certain locations in the treatmemtocess This processrequiresthe
availability of chemicals inthe stoage facilityand the ability to transfer them to the
required locationon time. Storage and conveyandacilities, responsible fordelivering
these chemical® the mixing chambersre notpart of the raw water pathThe failure of
these facilities directly affects the water treatment process and might cause a totabffailure
the water treatment systemAs a result,it is importantto considetthese facilitieswhen

performinga system reliability analysis.

Figure 4 shows the layout of one part of the water treatment plant, where tis¢ored

chemicat are conveyed to the mixing location via fieed pump. It is evient thattaking

13



these omponents int@wonsideration ithe system reliability analysis is difficult becuade
the needto identify the functional relationshf§pbetween then and the other system
components.Similar relationships are required fall noncarrying watercomponents If
these components are not taken into consider#tti®chance of improper estimation of

system reliabilitymay increase

Chemical
Feed
Pump

Chemical | Chemical
== == == = Storage

Ghemicals

J

Raw water Pai Mixing Raw water Pai
Chamber

—

Figure (4 Water supply system layout.

Representing ault component systa asasystem oftomponents having differefdailure
relationshipscan be used as an effective mean to integrate wateying and ncrvater
carrying components into one systeffor example, any two components aansidered
serially connected if the fare of one component leads to the failure of the othiewno
components are consideréd have a parallel connection if the failure of one component
does not lead to the failure of the other. A clantificationof the failure relationship

between dilerent componentscilitates the calculation of the performarindices. Figure

14



5 shows the integrated layout for the previous example. In this figure, the system

representation integrates components carrgiregnicalsinto the pathof raw water.

Cdculation of the system’s performance indices based onirtegratedlayout will be
fairly difficult as there is no clear link between the failure of the comporeantying
chemicalsand the components carryingaw water. Note that perational componest
having redundancgre treatedas components withparallelconnection This reflects the

fact thatredundant elements reduce the possibility of sysédore.

SR
Mixing Chemical _
Raw water Path | Chambe Feed Chemical Raw water Path

Pump Storage

—

Figure ) System integrated layotr the reliability analyss calculation

3.2 Capacity and requirement of system components

System reliability analysis uses load and resistance as the fundamental concepts to define
the risk of system failure, (Simonovic, 1997). These two concepts are used in structural
engineeringto reflect the characteristic behavior of the system under external loading
conditions. In water supply systems, load and resistance are replaced by requirement and
capacity, respectively, to reflect the specific domain variables of the water supply.system

Hence, system requiremeistdefined as thevariable that reflects differentater demand

15



requirementshat may be imposed over the useful life of the system (Ang and Tang, 1984).
System capacity, on the other hamsddefined as the system charactiécivariablewhich

describes the capacity of the system to satisfy demamndrements.

The fuzzy reliability analysisusesmembership function§MFs) to express uncertainty in
both capacity andrequirementof each systemcomponent The general represtation of

membership functiors:

Re{(x, L)) xT R d [0y 1)

where:
Rt is the fuzzy membership function;
He(X) is the membership value of elemerib R and

R is the set of real numbers.

Membership functions are usually defined by theeircuts. Thea -cut is the ordinary set
of all the elements belonging to the fuzggtwhose value of membédrp is a or higher,

that is

X@)={x:pgx)3a;x Ra [01]} ... 2

where

X(a)is the ordinary set at theaut, and

16



a is themembership value

Another characteristic property of the fuzzy membership foma8 its support. The

support of the fuzzy membership function can be definddeasrdinary set thas:i

SH)=X)={x:p(x)>0} ... 3)

where

S(Xis the ordinary set at thecut=0.

The fuzzy membership functiosupportis the Ocut set and includes all the elements with

the membership value higher than 0, as showfigure 6. Construction of membership
function is based on the system design data and choice of the suitable shape. There are
many shapes of membership ftinos. However, the application context dictates the
choice of the suitable shape. For the problem domain addressed in this study, system
components have maximum and minimum capacity that cannot be exceeded. Therefore,
any candidate membership functishape should have two extreme bounds with zero
membership values. Triangular and trapezoidal shapes are the simplest MF shapes that

meet this requirement.

17



Membership Value

Figure @) Support and @ut of the 1zzy membership functiofafter Ganoulis, 1994).

In the presented case studiie following reportsare used asthe source of datafor

determining capacity and requirement éaich component

o

o

Earth Tech Canada Inc.,2000;

Earth Tech Canadinc.,2001;

American Water Services Canad&VSC, 2003a;
American Wagr Services CanadaWSC, 2003band

DeSousa and Simonovic, 2003

Some problems are experienced with the available data. miasty components have

single design capacitthat creates a problemm the development of membership function

The secongroblem is the use of different unifisr capaciy of different components. For

instance capacity ofstorage facilitiess expressed in volumetrianits cubic meters (f).

Capacity ofpumpsis measured using flow unitsubic meter per day ffday). Thus their

18



direct comparison may not be possibld@he third problem is the identification of the
requirementfor each system componentlost of theavailableinformationcorresponds to
the systemrequiremen(i.e., the requiremenbf the chlorination stem not thecapacity of

individual chlorinatoy.

3.2.1 System component capacity membership function

A triangular membership function, representinge capacityof a system componenis
constructedusing three design valuéise., the minimum,moda) andthe maximumvalue).

In manycases only one valus available For example in thease of reservoir®nly the
maximum capacity isavailable If there is no other source of information, the minimum
capacityis set tozero. The modal value can be subjectivetlectedwithin the range from
minimum to maximum capacity. In case of trapezoidembership functigriwo modal

points aresubjectivelyselected

In caseswhen the components are designed with awerload capacityi.e. maximum
design capacity highrethan the rated capacityhis value isused to build themembership
function Figure 7depictsa componentwith a maximumcapacity ofa units with ¢ (%)

overload capacityln casgl), a triangulaiTmembership functioms defined as follows

I 0, if Xx£(1- 2c)a
! x-(1- 2c)a A
_: T 0)aE 208 if xI [(1- 2c)a,l- c)a]
Mg X) = aex e 4

~ if xI [(1 c)a,a]

0, if x3 a
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where

(1-c)a is the modal value; and

(1-2c)a anda are the lower and upper bounds of the membefsimigtion

In casgll), a trapezoidammembership functiois defined as follows

i 0, if xE(- 2c)a

! X-(1- 2c)a PR

::: - 150)at 203 if xI [(1- 2c)a,- 1.5¢)a]
Mg(X) =1 1, if x1 [(1- 1.5c)a,¢- 0.5¢)a]

' a-x s

: 2 (@ 0504 if xI [(2 0.5c)a,a]

{ 0, if x3a
where

(1-1.5c)a and (20.5c)a arethe modal valug and

(1-2c)a anda are the lower and upper bounds of the membefshiion

The modal values in case (Il) (i.e. trapezoidal membership function) equally divide the

distance from the modal value (in theatrgular membership function) to the lower and

upper bounds, respectively. In both cases the maximum value corresponds to the design

capacity.

20
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Figure () Membership functiordevelopmenusing design capacity and overload caiyac

3.2.2 System component requirement membership function

The requirement membership function of a group of components performing the same
function is based on the assumption of equal foleevery unit. Forexample if a
collection of four chlorinatorssupply Y [kg/day of Chlorine, the maximum supply

requirement of each chlorinator ¢4) [kg/day. The yearly average and minimum

21



requirements are useddevelopthe requirement membership function of each component,

as shown in Figur8.

Modal value Modal value
(1) (2)
1.0 E
(] 1
=] 1
o .
> X
o 1
< \
o { a )
o) | '
= ,
(0] ]
= ,
i Requirement
Minimum Average Maximum

Figure @) Supply requiremenmembershigunction.

The two modal values of the trapezoidatembership functionn Figure 8 are the middle
points between the maximyrar minimum supply and the averagequirementvalue. In
casewhen yearly averagedata is not availablehé¢ modal value is considered to be the

average value of the maximum and minimum supply.

Proxy conversions are used to overcome the problem of dgfegent units for expressing
capacity andrequirement For exampe, the supply requiremenbf certain chemical is
usuallyexpressed ikilograms(kg) while the storage facility capacity expressed in cubic
meters (). In this case, theorrespondingchemical bulk density is used to convert the
supplyrequirementusing volumetric units.

3.2.3 Standardization of membership functions

22



In the process of calculating system fuzzy reliability indices, membership functions of
system components are aggregated using fuzzy operators. Therefore, all membership
functions must beexpressed in the same units. This can be achieved only through
standardization of the membership functions (i.e., division byutliemaximum capacity

value).

The membership function of each system component will have a maximum vabare of
For exanple, atriangular membership function representing a reservapacity (nt) is

defined as follows

i 0O if xEa
i
i X78 if xi [am]
u%(x):%?f .......... (6)
== if xT [m,b]
I'b-m
o, if x3 b
where

m is the modal value; and

aandb are the lower and upper bounds of the-nemo values of the membership.

This membership functioms standardized tahe following (dimensionless membership

function
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] 0, if x £ (a/b)
D oxealb) o
_:W(a/b) if xI [(a/b),(m/b)]
OOy o )
j_1-X o
i Tmy XTI
% 0, if x31
where

(m/b) is the modal value; and
(a/b) and 1 are the lower and upper bounds of theaan

values of the membérip.

The capacity and requirement membership functions are processed together as one
membership function representing the compomsgate membership function. The same
standardization method is applied to the requirement membership functidrise

membeship function values are divided by the maximum capacity of a system component.

3.3 Calculation of fuzzy performance indices

The membership functions representing systeate and acceptable levels of performance

are used in the calculation of the fuzzyabllity- vulnerability and robustness indices
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3.3.1 Systemstate membership function

Multi-component systems have severtamponentstate membershifunctions describing
each componendf the system Aggregation of these membersHimctionsresuls in the
systerpstate membership function for the whagstem(EFBaroudy and Simonovic, 2003

and 2004)

First, all parallel and redundant components are aggregatech intonber of serially

connected components. For a groupMfparallel (or redundant) compamts the mith
component has aomponenistate membership functiol® (u) defined on the universe of
discourse U. All the components states contribute towhele groupsystemstate

membership function Failure of the group occurs ifall components fail. Hence, the

systemstateis calculated as follows
& o

Ku=asiyy 0 )
m=1

where:
&4 (u)is the mth componenstatemembership functigrand

M is the total number of parallel (or redundant) comgnts.

Forthe system of N serially connectgobups where then-th group has a state membership
function &y , the weakest component controls the whole systae or causes the failure

of the whole system. Therefore, the systtateis calculated as follows
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In the presentcase study,all componerntstate membership functions are formulated in
terms of fuzzy margin of safetyusing the fuzzysubtraction operato(EFBaroudy and

Simonovic, 208 and 2004)

Mo=Ro(-)Y%  "E12..r . (10)

where:

MO is the fuzzy magin of safety of the-th component;
)%’ is the fuzzy capacity of theh component;

Y0 is the fuzzyrequirementof the ith component; and

n is the number ofystemcomponents.

Capacity andequiremenmembership functionare stored ithe spreadsheetvhere all the
necessary calculations are performedbtainthe final componenistateand component
failure membership functions Figure 9 shows a part of thespreadsheefior LHPWSS,

while Appendix (I) contains the fullength spreadsheefiles for both systemsunder
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investigation(LHWPSS and EAPWSS The fuzzy performance indices are then calculated
using the calculationscript that is developedto perform different calculation steps.

Appendix (1)) includes the source code of the scriptsfitler both LHPWSS and EAPWSS.

3.3.2 Acceptable level of performancemembership function

The acceptable level of performance is a fuzzy membership funittadns used to reflect
the decisioamakers ambiguous and imprecise perception of risk;Bg@Ebudy and
Simonovic, 2003 and 2004). The reliability reflected by the acceptable level of

performancas quantifiedby

lR=2% 11)
XX
where:

LR is thereliability measure of the acceptable level of performance; and

x, and x, are the bounds of the acceptable failure region, as shown in Egure

The calculation of the fuzzy reliabilityulnerability ad fuzzy robustness indices depends
on the calculation of the overlap area between the membership functions of both the

systemstate and the acceptable level of performance.
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Figure (LO) Fuzzy representation of the acceptable failure region.

3.3.3 Systemfailure membership function

The systenrfailure membership function is used in the calculationhefftizzy resiliency
index. This membership function represents the systeime of recovery from the failure
state For each type of failure the system might have a different recovery time. Therefore,
a series of fuzzy sets, each ftifferenttype of failure,are developed forhe systenunder
consideratior{E}lBaroudy and Simonovic, 2003 and 2004hen the maximum recovery
time is usedto representhe systertharacteristicecovery time as follows, (Kaufmann and

Gupta, 1985)

&
'iy()a )= énj}?x[t]i (@), (@)eeee-n t,, (@], ni}?xtzl (@),t, (@),....... 1, ()] : .......... (12)

g
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where:
Pa)is the system fuzzy maximum recovery timeaatcut
(as defined by Equati@®);
t, (a)is the lower bound of theth recovery time a& -cut
(as defined by Equatn?2);
t, (a)is the upper bound of theth recovery time aa -cut

(as defined by Equatid®); and

Jis total number of fuzzy recovery times.

Multi-component systems have severaltegsfailure membership functions representing
the systenfailure for each component. Aggregation of these membership functionsresult

in a systenfailure membership function for the whedgstem.

Parallel and redundant components are aggregateds@itd groups using the fuzzy

maximum operator For parallel system configuration composedwfomponents, thet

th component has a maximum recovery time membership funé%%ﬂ, defined on the
universe of discoursd. Therefore,the systerfailure membership function (i.e. the
membership function that represents the system recovery time) can be calculated as

follows, (EFBaroudy and Simonovic, 2003 and 2004)
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where:
Pt)is the whole systerfailure membership function; and
(Poro........ fA arerecovery time membership functions

for different @mponents.

The systenfailure membership function is theralculated for the N serially connected

components usingElBaroudy and Simonovic, 2003 and 2004)
Pey=TH 0 (14)

given

S(?{9=m3x(8(°19,8(?/20), ......... StY)
and 15

f{ql):mg(ﬁl),fgm), ......... T6))

where:
Pt)is the whole system recovery timeembership functign

‘?/Co(t) is the contolling recovery timemembership functign

S(%O) is the support of the controlling recovery timembership function

(as defined by EquaticB);
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(S(%’),S(??), ......... ,S]’S/?) are the support of the N components

recovery time membershipnctions(as defined by Equati);
‘f’/co(l)is the controlling recovery timmembership functioat thea -cut=1
(as defined by Equatid?); and

('?{0(1),’?’3(1), ......... Tﬁ@)) are the recovery timmembershigdunctions

at a -cut=1 of theN components (as defined Bquation 2).

3.3.4 Fuzzy reliability -vulnerability index

Figure 1 shows an example of a muthmponent system. The system ha® parallel
components connected serially tahérd component thabhasa redundanicomponent The
componenistate membership functiondor all five components are listed in Table 1,
together with thesystemstate membership functiondor the parallel and redundant

components.

Figure 2 illustrates he process of calculating the syststate membership function for the
given example. The membership functions of parallel and redundamcents are
summed to obtain thresystemstate membership functions for the serial componéerte
resulting membrship function isthen calculated using the fuzzy minimum operator,

represented by the shaded area in Fig@re 1
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A c Redundant Componel

Figure (1) Typical example o& multtcomponent system.

Table (1) MF calculations for a multomponent syem.

Parallel Redundant

Component MF SystemState MF

Summation | Summation
Componer 1 (1,2,3 (2.4.6) NA
Component 1,2,3 NA Min [ (2,4,6), (1,3,5),
Component (1,3,5 NA NA

(1,2,3)]

Component (0.5,1,15 NA (1.2,3)
Component (0.5,1,15 NA

The compatibility between the systatate and the acceptable level of performance is the
basis for thecalculation of the fuzzy combined reliabilityilnerability performance index

as shown in Figure3l
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Figure (12)Calculation of the systestate membership function for the mwakimponent

system.

The compatibility measure (CM) is calculatest

. Weigh I
CompatibilityMeasure (CM)=— eightedoverlaparea :
Weightedareaofsystem-statefuncti

and then used toalculate the combineidizzy reliability- vulnerability performace index
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max{CM,, CM,,,.......QM } xLR
Fuzz/Reliability-VulnerabilityIndex="
max{LR,LR,,......LR}

ilK

where:
LR, is the reliability measure of acceptable level of performéoicerhich
the systenstate has the maximum compatibility valO&f);
LR, is the reliabity measure of theth acceptable level of performance
(as defined by Equation 11) ;
CM, is the compatibility measure for syststate with the-th acceptable

level of performance; and

K is the total number of defined acceptalaieels of performance.

Acceptable level of performar
1L7
E
@
>
% Syster-state
2
£
[}
=
1 2 3 4 5 6 7 8
State Value

Figure (B) Overlap area between the syststiate membership functiométhe acceptable

level of performance.
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Figure 14 shows the flow chart for the calculation of the fuzzymbinedreliability-
vulnerability index;

o Step (1); reading input data from the spreadsheet file containing the component
state membership functions. Both types of membership functions, triangular and
trapezoidal, are constructed;

o Step (2); storing the input data in an approgri#ta format (i.e., structure array).

o Step (3); transforming input data into both, triangular and trapezoidaibership
function shapes. Appendix (Il) contains source code for transformation into
triangular and trapezoidal shapes;

o0 Step (4); all paralleand redundant components are augmented using the fuzzy
summation operator to calculate the membership functions representing the parallel
and the redundant groups, respectively. The system is turned into a group of
serially connected components, andrtibe maximum operator is used to calculate
the systenstate membership function. Appendix (II) contains the source code for
the fuzzy operator, specially designed for this case study; and

o Step (5); calculating the fuzzy combined reliabilityinerabilityindex based on the

overlap area between the syststiate and thacceptabldevel of performance.
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3.3.5Fuzzy robustness index

Robustness i@ measure of system performance that is concerned with the ability of the
system to adapt to a wide range of possible demand conditions, in the future, at little
additional cost (Hashimoto et al, 1982 The fuzzy form of change in future conditions
canbe reflected through thehange in thecceptable level of performance and, also, in the
change of the systeatate membership functiofitl Baroudy and Simonovic, 2003 and

2004) The change in overlap area is used to calcudgstem fuzzy robustness indas

follows:

FuzyRobustnesslndex=1— .......... (18)
M,-CM,

where:

CM, is the compatibility measure before the change in conditions; and

CM, is the reliability after the change in conditions.

Figure B shows thelow chart for the calculation of the fuzrgbustnessndex;
o Step (1); reading input data from the spreadsheet file containing the component
state membership functions. Both types of membership functions, triangular and

trapezoidal, are constructed,;
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Figure (B) Flow chart forthe fuzzy robustness indesalculation
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o0 Step (2); storing the input data in an appropriate data format (i.e., structure array).

o Step (3); transforming input data into both, triangular andemaidal shapes.
Appendix (Il) contains source code for transformation into triangular and
trapezoidal shapes;

o0 Step (4); all parallel and redundant components are augmented using the fuzzy
summation operator to calculate the membership functions refmgstie parallel
and the redundant groups, respectively. The systeérarisformednto a group of
serially connected components, and then the maximum operator is used to calculate
the systerstate membership function. Appendix (II) contains the sococke for
the fuzzy operator, specially designed for this case study; and

o Step (5);calculating the fuzzy robustnegsdex based on the overlap area between

the systenstate angbredefinedacceptabldevels ofperformance

3.3.6 Fuzzy resiliency index

Resilieng is a measure of system’s tinfier recovery from the failure stafglashimoto et
al, 1982a). The fuzzy resiliency index is calculated using the value of the center of gravity

of the systentfailure membership functio(EF Baroudy and Simonovic, 20@Gd D04):.

fuy

7

e

‘?ézt Yo\ dt
e t

e gftrdt

t

s
s

FuzzResiliencelndex

[« oy enlY anly ey ey e

where;
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Pt)is the system fuzzy maximum recovery timembership functign
t, is the lower bound of the support of the system recovery time

membership functiorfasdefined by Equation 3); and
t, is the upper bound of the support of the system recovery time

membership functiorfas defined by Equation 3).

The calculationscript allovs the use of both triangular and trapdabishapes, as shown

Figurel6.
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4  ANALYSIS OF THE LAKE HURON SYSTEM

4.1 LHPWSS system representationand data

The system representatigorovides theintegratedlayout that refleds the failure-driven
relationshig among different componentsFigure 17 shows LHPWSS with all major
components combined im antegratedlayout. Componentstate and componeiffdilure
membership functionsare constructed baseon the data from(Earth Teh Canada
Inc.,2000), (Earth Tech Canada Inc.,200Anérican Water Services Canad8VSC,
2003a), American Water Services Canad®/SC, 2003b), and (DeSousa and Simonovic,
2003)for the LHPWSS. Appendix () includesall the input dataused inthe calculéion of

the triangular antrapezoidaimembership functions

4.2 Results

4.2.1 Assessment of the fuzzy performance Indic ices

This section presents an assessment of the three fuzzy performance fodidhe
LHPWSS. Three acceptable levels of performance argaaybdefined on the universe of

the margin of safety; as (0.6,0.7,5.0,5.0), (0.6,1.2,5.0,5.0), and (0.6,5.0,5.0,5.0). They are
selected to reflect three different views of decisitakers as shown by the reliability
measure in Equation 11. Their religpimeasures are 4.20, 1.20 and 0.68, respectively.
Further, they are referred to as reliable level (level 1), neutral level (level 2), and unreliable

level (level 3), as shown in Figure 18.
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Figure (17) LHPWSS system integrated layetrart 2
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Figure (I7) LHPWSS system integrated layotrart 3
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The results show that the combined reliabiitynerability index for LHPWSS is 0.699.

This value reflects the compatibility of the system with ohthe three predefined levels of
performance as defined in Equation 17n this case it is the reliable level (level 1).
Therefore, the reliability of the system is relatively high, taking into account that the system
is almost 70% compatible with theglmest level of performanceThe fuzzy robustness

index for the LHPWSS is2.12. Taking into consideration, that this value is the inverse of
change in the overlap area, as defined in Equation 18, LHPWSS is considered to be highly
robust as the overlapea increase by more than 47%. The fuzzy resiliency index value for
the LHPWSS is 0.017, which means that it takes the system more than 58 days to return to
the full operation mode, as defined by Equation IEhis value is relatively high as it
means thesystem service is disrupted for about 2 months and large portion of the
population served by this system (estimated to be about 325 000 person) will be affected by

this disruption.

1.00 T T T T T T T T T T e =
.2 P
i \ -
- / Neutral level P 7~
g 0.75 : (level 2) —
: .
2o i Reliable level e
e : (level 1) P - N\__ Unreliable level
3 ] - (level3)
5 : P
= 0.25 7 =
a 7
g -
......... i~
0.00 T T T T
0.0 1.0 2.0 3.0 4.0 5.0
Margine of Safety

Figure (B) Acceptable levels of performance.
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4.2.2 Importance of different membership function shapes

The effect of the membership function shape is investigated by calculating the three fuzzy
performance indices using triangular and trapezoidal shapasle 2 shows thealculated
fuzzy performance indicedor triangular and trapezoidaimembership function shapes
respectively For the two shapeghe values of thereliability- vulnerability index are
relatively high (i.e. over 0.6Q)taking into consideration that the maximum value of the
index is 1 As shown in Figre 19, most of the systestate membership function overtap
with the reliable level of performance (level. 1Jhis indicates that LHWPSS is highly
reliable and less vulnerable to disruption in serviCBiis is expected because; (i) the
LHPWSS system raover 20 parallel groups ottomponentsand 6 redundant grou@s
shown in Figure 18and (ii) many individual components are designed with a 35 %
overload capacity (Earth Tech Canada Inc.,2001). Pbistively increasgethe capacity

andconsequently theeliability of the whole system

There is no significant difference in thezzy reliability-vulnerability indexvaluesfor the
triangular and trapezoidal membership function shafes the index value for the
trapezoidal shape is less than 9% of itdex value for thdriangular shapels shown in
Table 2. This is because tbleange in the ared the systemstate membership functios
not sgnificant and consequently the overlap amsshown inFigure19. Generally, tican
be concluded thatise of the trapezoidal shape leads to relatively lower reliability

vulnerability indexhan the triangular shape.
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The robustness index value for LHPWSS systisureasefrom-2.120 (triangular shape)

to -2.473 (trapezoidal shape). Thorresponds to theleterioration in the system
reliability- vulnerability index vale from 0.699 to 0.642This is clear for the first case
where the LHPWSS system is required to satisfy higher reliability conditions (represented
by the transition from the neutral level te tteliable level). The NA valuem table 2
indicate that there is no change in the overlap area and consequently the value of the

robustness index will approach infinity.

The resiliency index is not affected by the shape of the membership functioe, tieic
center of gravity for both systefailure membership functions coincide, as shown in

Figure 2.

Table (2) The LHPWSS system fuzzy performanceindices for different membership

function shapes

Fuzzy Performance Index Triangular MF Trapezoidal MF
Combined Reliability-Vulnerability 0.699 0.642
Robustness (leve? —level1) NA NA
Robustness (leve? —levell) -2.120 -2.473
Robustness (leveB —level2) -2.120 -2.473
Resiliency 0.017 0.017

NA" Not-available value as there is no change in lapearea.
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Figure Q) Systermfailure membership functions using triangular and trapezoidal shapes.
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4.2.3 Significance of system components

System reliability depends on the reliability of its componentsHowever, not all
components aref equal importace (different location; different rate;...etclror example
serial componentshavea more significanteffect onthe overall system relility than
parallel componentfecause the failure of any serial component leads to the faifuhe
whole system. Therefore, system’s performance can only be enhanced by improving the
performance ofritical components Critical component is the compaart that significantly
reduces thearea of thesystemstate membership function and accordingly the fuzzy

performancendices of the system.

The developeadomputationaprocedurecan be used talentify the citical components of

the system.As mentionel in Chapter 3, thealculationtransforms the multomponent
system into a system of serially connected components. The fuzzy summation operator is
used to turn parallel and redundant components into single entities with equivalent
componenistate membship functions. Then, the fuzzy minimum operator is used to sum

up all serial components and entitieso the systenstate membership function. Observing

thechangein the systemstate membership functiazan be used to identify criticeystem.

For tke triangular membership functioshape, the changesulting in thesysternstate
membership functionis shown in Figure2l. The systerstate membership function
changessignificantly with the addition othe PAC transfer pump This is the point where
the flash mix is introduced into the system The enhancement of flash mieystem

components will lead to the enhancement of the overall system performance. Looking into
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the components othe flash mix system, it is found that the PAC transfer pump thas

smallest componergtate membership function relative to other flash mix components.

If the capacity of the PAC transfer pump is increased, the area of the comptatent
membership function will increase. This will lead to a direct improvemenh@bverall

system performance. Table 3 summarizes the fuzzy performance indices for both cases
(i.e., before and after changing the PAC transfer pump’s compstaeet membership
function value). The combined reliabilityulnerability index has increasecdin 0.699 to

0.988, which means an increase of 41% of the original value. On the other hand, the fuzzy
robustness index hamcreasedfrom -2.120 to-1.127 indicatingan improvementof the

system robustness.

1.00
Q
=
€ 0.75
=3 /—\
< 0.50
v
g / \
] Tt ealll L
= 0.00 T T = T

0.00 0.20 0.40 0.60 0.80 1.00
Margin of Safety

Chlorinator (2) & Single Speed Pump (1) - = = PAC Storage (1) & PAC Transfer Pump

Figure Q1) Systemstate membership functiaangefor differentsystem components.
Table (3) System fuzzy performance indices change dutheéamprovement of PAC

transfer pumpapacity

Fuzzy performanceindex Before change After change
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Combined Reliability-Vulnerability 0.699 0.988
Robustnesglevel 2 —level 1) NA NA

Robustness (leveB —level 1) -2.120 -1.127
Robustness (leveB —level2) -2.120 -1.127

NA" Not-available value as there is no change in overlap area.

Table 4 shows three different changes in tieximumcapacityof the PAC transfer pump
and theirimpacton thesystemfuzzy performance indicesA 5% increase in thenaximum
capacity of thePAC transfer pump resulted ia more than 7% increase the combined

reliability- vulnerability indexwith almost no significanincreag in the robustness index

Chang in the maximum capacity of the critical component and consequently its
membership function resslin the appearancef new critical components that control the
overall system performance. Therefore, the optimumprovement ofsystem performance
can be achieved byn iterative procedurefor analysis of the system fuzzy performance

indices
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Table (4) Change in the system fuzzy performance indices due to changemaxineum

capacityof the PAC transfer pump.

Percentage bange of themaximum capacity
Fuzzy performance index
300% 20% 5%
Reliability -Vulnerability 0.988 0.921 0.749
Robustness (leveR —levell) | NA NA’ NA
Robustness (leveB —level ] -1.127 -1.607 -2.100
Robustness (level 3-level2) -1.127 -1.607 -2.100

NA™ Not-available value as there is no change in overlap area.

5 ANALYSIS OF THE ELGI N AREA SYSTEM

5.1 EAPWSSsystemrepresentation anddata

The system representatigorovides the integratedlayout that reflects the failudriven
relationship amng different components. Figur22 shows EAPWSS with all major
components combined im antegratedlayout. Componenstate and componeffdilure
membership functions are constructed based on the data frorfEdnd Tech Canada
Inc.,2000), (Earth TeclCanada Inc.,2001)Afknerican Water Services CanadsVSC,
2003a), American Water Services Canad®/SC, 2003b), and (DeSousa and Simonovic,
2003) Appendix(l) includesall the input dataused inthe calculation of the triangular and
trapezoidal membershijunctions representing componestate and componesiailure.

5.2 Results
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5.2.1 Assessment of the fuzzy performance Indic ices

The same acceptable levels of performance are used in the assessment process (i.e.,
(0.6,0.7,5.0,5.0), (0.6,1.2,5.0,5.0), and (0.6,500%60)). The combined reliability
vulnerability index for EAPWSS i8.042 This value is extremely low, taking into account

that the system is only 4% compatible with the highest level of performance. The fuzzy
robustness index for the system is 1.34laking into consideration, that this value is the
inverse of change in the overlap area, as defined in Equation 18, EAPASSSwW

robustessas the overlap area reducedy more tharv4%.

The fuzzy resiliency index value for the EAPWSS is 0.054ckvimeans that it takes the
system more than 18 days to return to the full operation mode, as defined by Equation 19.
This value is relatively low as it means the system service is disrupted for less than 3

weeks.

5.2.2 Importance of different membership function shapes

As performed in LHPWSS analysis, the effect of the systate membership function
shape is investigated using triangular and trapezoidal shapes. @ Table 5 shows values of

fuzzy performance indices for EAPWSS system.
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Table (5) The EAPWSS system fuzzy performance indices for differembership

functionshape.

Fuzzy performanceindex Triangular MF Trapezoidal MF
Combined Reliability-Vulnerability 0.042 0.017
Robustness (leve? —level 1) 1.347 3.314
Robustness (leveB —level 1) NA NA
Robustness (leveB —level2) -1.347 -3.314
Resiliency 0.054 0.054

NA™ Not-available value as there is no change in overlap area.

As shownin Table5, the reliability vulnerability index value hadecreas# from0.042 for
the triangular shape to 0.017 for the trapezoidal shape (i.e. more than 50 % defctiease
value for the triangular shape) This is similar to the behaviofor LHPWSS sydemas
shown in Figure 23 The robustness index valyedsg changes with different shapes of

membership functions.

For the triangularshape the robustness indexalue is1.347 while it is 3.314for the
trapezoidal shapelt has to be noted thatetlsign of the fuzzy robustness index indicates
the type of change in the overlap area with the corresponding acceptable levels of
performance. Therefore, it is more important to observe the absolute value of the fuzzy

robustness index rather than itsnsig
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Figure (B) Resulting EAPWSS systemstate membership functionsor triangular and

trapezoidainput membership functions

5.2.3 Significance of system components

The change of the systestate membership functiois observed toidentify the critical
system componentsTriangular membership functions are used and the resulting system
state membership function progressstsownin Figure 24. Figure 24 shows thatthe
systemstate membership functiosignificantly changestwice, after including the PAC
storageand afterincluding the PAC metering pump. Similar to LHPWSSsystem this is

the point where the flash mix system istroduced into the system Therefore,
improvement of the performancé thesecomponents wilkesult inthe improvement of the

owverall system performance.
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Figure (21) Systemstate membership function changeith introduction of system

components.

The PAC components have almost similar compoiséaite membership functions (i.e. for
the triangular shape they are (0.00,0.50,1.008s a result, the change @haximum
capacity of all PAC componentss mandatory to significantly change the systtate

membership function and consequently the system fuzzy performance indices.

Increasing the maximum capacity of the PAC systemawse achange of theomponent
state membership functiortsy 20% is usedto investigate the effect of the change the
fuzzy performance indicesThis change will be applieth the modal and the end vatuef
the membership function (i.e., the comporstate membership function will be
(0.00,0.60,1.20)). Table 6summarizes the fuzzy performance indides both cases (i.e.,

beforeand afterchanging the PAComponenistatemembership functiowalue.
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Table (6) System fuzzy performance

maximum capacity

indices change tdug¢he change in the PAC

Fuzzy performance index

Before change

After change

Combined Reliability-Vulnerability 0.042 0.047
Robustness (level *level 2) -1.347 -1.210
Robustness (level % level 3) NA NA

Robustness (level 2 levd 3) 1.347 1.210

NA" Not-available value as there is no change in overlap area.

The combined reliabilitywulnerability index increased by only 12 % (i.e., from 0.042 to
0.047), while the robustness index decreased by 1Q%anging the critical component

maximum capacityresults in the appearancef new critical components that control the

system performance.
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6 CONCLUSION S

The combined fuzzy reliabilityulnerability index, robustness index, and resiliency index
are used to asses the performancetlted Lake Huron Primary Water Supply System
(LHPWSS) and the Elgin Area Primary Water Supply system (EAPWZ&angular and
trapezoidal membership function shapme used to examine the sensitivity of these
performance indices. They are calculatedfor arbitrary selectedacceptable levels of
performance. Three different views of decisiomakersare assumeand referredo as
reliable, neutral and unreliable levels of performantae same levels of performanas
usedfor both LHPWSS and EAPWSSystemsto facilitate the comparison of thiizzy

performance indices.

Figures 25 (a) and (b) show the three fuzzy performance indices for the two sydteras.

be concluded that LHPWSS system is more reliable and less vulnerable than EAPWSS
system. The combinedeliability-vulnerability index for the LHPWSS system is higher
than that of the EAPWSS system for the both triangular and trapezoidal shapes of
membership functions (i.e. at least 10 times highéfhis is supported by the fact that
increasing the systemedundancy, by adding parallel and standby components, increases
the capacity of the overall systemhelTLHPWSS system has mgothan 20 parallel groups

and 7redundant components, while the EAPWSS system has less than 16 parallel groups
and 4 redundanti@ments. This increases the reliability of the LHPWSS systgm that

of the EAPWSS
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Additionally, the components of the LHPWSS system are designed with an overload
capacity of 35% that positively affects the reliability of the system. As a general
conclusion, the LHPWSS system is more reliable and less vulnerable to disruption in

service than the EAPWSS system.

Robustness index value showimilar behaviorfor the triangularmembership function
shape The difference in the robustness index values betwibentwo systems is not as
high as the difference in theombined reliabilityvulnerability index. LHPWSS is more
robust than EAPWSSor the two used shapes tiie membership function. Therefore,

EAPWSS system is more sensitive to any possible changienrand conditions than

LHPWSSsystemas evidenform thevalues of the robustness indekboth systems.

The combined reliabilityulnerability index is highly sensitive to the shape of the
membership functionChanging the membership function shape fribra triangularto the
trapezoidalin both systems, results in a significant decreaseliability. As an example

in EAPWSS, the value of the combined reliabilityinerability index decreases from 0.042
to 0.0/ for trapezoidal shapeln case ofrobugness index, the change in the value is not as

significant agn the case of the combined reliabHiylnerability index.

The recovery time for EAPWSS system components does not e3@ezys. Some of the
components in the LHPWSS system have a ragotene of more than 120 days.
Therefore, the fuzzy resiliency index for the EAPWSS system is 4 times higher than for the

LHPWSS system. However, lie resiliency index is not sensitive to the shape of the
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membership function.This is due to the fact th#tte resiliencyndex valueusesthe center
of gravity (COG) of thesysternfailure membership function, and the change in shapes does

not affect the value of the COG and consequethigyindexvalue

The developedtalculationscript can beused to identy critical system componentsFor

example, e PAC componentare found to be the critical componerits both systems.

Slight changes in themaximum capacitgignificantly affect system performance indices.
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APPENDIX I: INPUT DA TA
I-B ELGIN AREA PRIMARY WATER SUPPLY SYSTEM

(EAPWSS)
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APPENDIX II: MATLAB SOURCE CODE
Il -A LAKE HURON PRIMARY WATER SUPPLY SYSTEM

(LHPWSS)
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Il -B ELGIN AREA PRIMARY WATER SUPPLY SYSTEM (LHPWSS)
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II-C CUSTOM MATLAB FUZZ Y SCRIPTS
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