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Abstract

Water distribution networks (WDNs) should supply safe, stable, and high quality
water to consumers. During the distribution, pipeline breaks in a WDN could
deteriorate the water quality, cause insufficient water pressure at demand nodes, and
subsequently reduce its ability to deliver water. Therefore, vulnerability analysis
should be implemented to determine proper maintenance strategies, such as pipeline
replacement, remedial actions for a pipe break, and installation of a water quality
monitoring network, to improve the performance of a WDN.

This study used the valve-enclosed segment as the basic unit to simplify a
complex WDN and proposed two depth-first search based algorithms to efficiently
identify segments and the critical segments that can shut off water supply to
downstream segments when closed. Two failure.analysis procedures based on the
connectivity among segment§ and the - hydraulic simulation procedure with
consideration of insufficient pressure at-demand nodes were implemented to evaluate
the impact of a failure event for. determining proper maintenance strategies. The
failure analysis procedures were then applied to simulate the shortage impact caused
by shutting off one or more segments, and the results were used to determine effective
pipe replacement decisions by a previously developed optimization model.

The valve-enclosed segment was also treated as a basic unit for developing the
analysis procedure to evaluate the valve criticality, with consideration of the potential
shortage impact expansion caused by a failed valve. A search algorithm was
developed to identify all possible failure paths which might reach the failed valve.
The criticality of a valve is determined based on the summation of potential shortage
impacts multiplied by their failure probabilities for all possible failure paths. The
valve criticality information can be used to develop an efficient valve maintenance

plan.



A monitoring network is essential to ensure the quality of water in a WDN. To
avoid the tedious trial-and-error procedure proposed in a previous study, a
mixed-integer programming model was developed in this study to determine an
optimal monitoring network directly. Two additional alternative models were also
proposed to provide extra information for making a good decision.

A web-based decision support system was developed based on the proposed
WDN vulnerability and maintenance analysis procedure and models. Vulnerability
analysis related modules, a shut-off analysis module, and a valve failure impact
expansion tree analysis module were developed and integrated into the system to
facilitate related decision analyses. A connectivity based method was also proposed to
define the criticality of a value according to the potential impact expansion of a valve
failure.

The proposed vulnerability -analysis, procedure and maintenance models were
applied to several WDNSs for evaluating and-demonstrating their applicability. The
results show that the proposed procedures-and models could effectively facilitate
related decision analyses.

Keywords: water distribution network, valve, failure analysis, monitoring, decision

support system, linear programming.
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PR FAa 2 2RI AR BB Ak ARA
MR TE S R AP AR IR T N Bk AT e ok
RokE S o Tt o § AT R R R B RAITRHT 2 BN ﬁ%‘u? B
FREFETE > d BRI PR Y Bl KR i S g R g
RPFALAAT o @ g d BFFPRR A2, % b | 3 R FIR Tk 5
#1-k ® ~ % (segment) (Walski, 1987) - Bouchart and Goulter (1991) F]@ 1245
Walski #74% &1 e K R » ® 38 (7§ 7 LR o E X3t awm 1 0 ARa FriEk
FAEE M e BB FIRR o AF R AOFG{ T I REFER

HIS L IF 0 A e ke P ATH A KR 1 SR e Bk

& &) o Walski (1993) #: ¥ ¥+ Bouchart and Goulter(1991) s#= 3 #% !

Fit o XM AT RoE e Y 5 ) 4 16%0E M AR A 30K
FHPRR o AT AR REE N FRER PFRTRE ALY K- &

¥
e

T*

Peend RAFH O BT E M PR R O RR SR Bk
T4 F g Bk A 4T o Walski (1987) of T AFIKR B B #7ip 2 I ehg st
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o ghehgo ] 0 R A KR A F (segment) fh o ERZAIRR A E A R E R R
e PR A R~ BT 0 B AR EEFKR A F 5 M Ak R A T (critical
segment) > i 2= 3% ¥ 11 ¢ * breadth-first search (BFS) & & 42 & 2| #83% 57 8%
B B AEFRR A F oo B2 2R Walski 4~ #3041 K R A H &7 4 5 IF
HoRADZRFHRI- BAFIBOTFEARSE > A A0 A 1D NEEF

T FH T AL NBETFL RO TR TRE F ADBRaEE

a7

AP AL F B0 RARRARF RN e X 5 A X 1 KR i ok
FAE o AR - BHEA FAOREARS > R FIKRA TR b

TR E e F ok e gX Walski 4t 212 BFS ehifi £ A5 & 7 M 4EA T i)
;"é_l T &g T /)‘7»4 3 ori * g B AR5 3@?’?;1““""”/”;"-»59 »m BFS &_

OB Bl g KRR TN F RS ER TR P

g2 % Deb et al. (2007);-Jun et al. (2007a), and Jun and Loganathan (2007)
fe gl B kA om p PR BB EELE G a5 o 4% ) depth-first
search 2 R #H e KK A % 23585 42k o & 3% 01— H3MeEL R auF
BE R E-MPEREY DFRR AR T 7Rk &SRR
AR B AedEE 0 B DE DM P KR A RR B AT R > AP
EiRA (S Aok f" GHPFARR A B2 B BB BB HREFS

Pl R ETEHFRRA ® ZMEFKRA T - Ao @ B2/ > %
LEfpasr- BAEL > § LAJLR AT E R R LA L ARy

HRe B TR 0 DR g MR o @ R MAETIKR A FonZ o B
FILFMPE - B SRR A R TS RSB RR A T

Ei‘_ﬁﬁf:’ s ﬂ%?:%ﬂ’ﬁ'&g E‘h/ﬁﬁrpé':ﬁ"& °
AN P 1 PR P N N

Fm $ d1 o depth-first search 5 A # Gec L eng kR & R 2| BF B A2A > &2



T BRI T LR R MR TR AR e
FUR R A T | 35 o o

22 F RIpHEL AT

BT R BRI B E AR R VDR e i il g2 v
TR R AYK S R e Tt o g iR RdER R A T AR
ey gl B B ETT FERFDRR A E o R T R
AR T g ek R 0 M EIRnA T R B R TEF o d by
PARBAGRIRT o BT R R L SRS R 3 S R S ETR
AAEARERIBUERGT R REBAPRS R BRI
L & B3 -k £ (Bhave, 1991; Bhave, 1981) > 124 Rog e @ R 4 4 5 &K
ok s Ao (R g e R B 50378 EPANET2 (Rossman, 2000) - 2%
AL AR B A o ke B T R el R4 ¢ 2 XA BB
g 8heng ok o Ft o Goulter and Coals(1986) and Su et al. (1987) + & &
B w FRA RN F AT EFLURIERAIN R - R FARY RTR
2B E 0 F2ZRRG Bk e A BAEF ESEAY > GBI RT T 7
B4 i A G ok I F ok E kR o F > Bhave (1981),
Germanopoulos (1985), Wagner et al. (1988) 1 2 Chandapillai (1991)# !
GEAFRT FKE PRI - BINA R DR R ok R IE 2
GELT ERA R - B FREA  RRIRT Bk AT s R
PoRT Rk B s F 2 BT ERARET > SRR
3% 4 % &_- Gupta and Bhave (1996) ' 3% 21— F B 425 » ¥ R BI0A
FokBLERRS RN G R RS AR ET L S RE
A AGETEEKE c RBFERAECF D FEHERF O k4 i

AR F B ARG B4 FM A7 E Y EPANET2 TOOLKIT #7



# Bk 4 a3t > 2 & Guptaand Bhave (1996) :3% 1) etk 42 5 0 B B

FRIFACKA BRI L > UG B AT RE LR RFHLS AL
2.3 #1-K R B &AL 47

BORORERARELAFREY TR LIS F A H BT
o g REGRD MBF R R iR R ETEE F ik e
i3 1 iFeRml kREB L pR-REp?d DFd-F P EEFRER
R b 4o BT Reni B o Ft o R FHEFDR R B AL A 4T 0 i
R & e R R AE R R KRR DR SR o

F1#t Jun et al. (2007a, b)# ' Valve Importance Index (VII) £ Valve
Failure Impact Index (VFII)= B 4p 1% > €& 417k R 782 FBen® = dcd &
B2 et b G g o ARE IR D il KRB AR 0 A S 2 5
Flg M PE D 7o - AME ST RS GRS By i il Y
% o . Junetal (2007a, b)#73 MeF AR/ £ v% T B B G > @ T 474
KR EERER DS BFRRDRPLAFE T * 2 Hede 5 FZFRR g
BRirF A E RN o

#2 7% Jun and Loganathan (2007)#& 1 — 21| %7 %4 -k B 45 5 3% 58 #73¢ = en
PR PFRFROFERS > RAa X ARBEY DR RB RS

P i W aF AR 0 AR R T S
P kR A RE IO MP RE T HIPF R A E R Sk

AACE S AAIEYROE R AP FRE OEBHE FeER o

\lf/r:_o

(g

ELEE 0 T F R R R i

3

FrAPRRT R TS Y FRBHJ/AZ A &% B FRE o P2
KR PR AR R EE 0 T AR AR AT R Y B 85 o Junet
al. (2007a) ¥ Trietsch and Mesman (2006) 4 47 #41-k B 45 3% 7 a0 $3° ¢
GRS R RO BRERL AR AE > R RS
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AT E o IR RS o BN P AR A g
PADKR A D K E T AR Rk e K R AR R o
A2 A L& BB SR B > A R 2 R BB R R e
Mo P ZRMGFPG RIS > BRI RS E R o d
I3 ® b @ =R (Trietsch and Mesman, 2006) » F]pt » 2 & #9134 e b
HAARE Y DIERFRRPEAPFERT L BFRTF A EE
PR R TR DIE ARG R AT L L o Bl AP A EE A
WAL A s J NGRS R R AT E 2SR M P RRBIR Y A
B J 3B P Bedk KRR L AR KRIPAGEE R - B 6 3
M FPRR I FABFET 2 PR AT 0 AR R B A AT AR

Bk E R ek BEeniE L Rl {295 Lee and Deininger(1991) ¥ & 3 7
W B A 0 USEPA & R E BlebBhardi R4 & L 4 10§ e e kS
Bg B m pIHEOR ER A Ay e TG wr ERABLER
Al > 22 @ 5 American Water Works Association 57333 & » ¢ ¢ B ¥ ALK E
R BB EAE N A A P A LRI EY = EH o AT £
% A EhBenv 3 % jE(access) 2 W FIEAF EME SR Z AT UKE 24
PER Y AR 0 @ IR G € AE R 1T S pl=k2E(Lee and Deininger
1991) » 3 E P hE Rk = R 2 (@) ZOkE SRR RS H
FdE Ao (D) AAP oK B R pump A B e 3o (C) L ERsUR
B AR AR R A RROFEREF IR AT R RS
RRAB VPR ALY L A AaE R FITATIEFR(RL 79
WoW“AW@%’@%@Pﬂ%*iﬂ%%ﬁaﬁ%%&mwﬁﬁm
Foo @ B B FERE AL b g N A IS A & ik T

11



F oo REIRMRA TG - BAY ERS T Ronsb BT S SR F 2
koo I IpEd R BEATIE 2 T P EAR K IR RE Ak R
R % 2@ o FI > FE- BT A LR S T BTG 0 1k
TEG A AP B N SIRA A R R FEF AR OB
W ALTH R 2 g oK FE Rsb 05 0 7 4e Lee and Deininger (1992)
i & 25 1573 1 (non-conservative) £+ & 2. % (decay) 4542 0 A 47 p KRk
B o M RS BLR S S P PFEEE T RS BT 2 R T A
PR o PR E T R F AL IS A 0 PV S ETH P ES B
MAKLINE R o DA p Rk B R R DB ST T R P
FARTFAOERIEZEEE S H P AROFRBER > B 7L AT o
Kumar et al.(1997):% % Lee and Deininger (1992)#1#& 1 efic;V » 7 5¢ B %
SAlE R AR A E S AR B P ERAE S R Fph g I K
oS e/ 7 (pathway) 8 & Jiau R E 2.3 4e 8 (water fraction matrix) i
(7E R BA KRR TIs AL G R E TR R o XA 0 2
AP FL2LREFEAERT L 57

e

FAN T VR AT i

9

N+
E-D)

IR 35 I :T % F 4 (Minocha and Prasad,
1999) « Flm » Py FoEE FEATA R DL BBl 3 RE KT o
Kessler et al.(1998) R 4 4 # e & *P1Li5 L Fplxb R B Ty - H R
DR ERTRALERFERY - T RSO PIT2 wm i
375 Aok & o PR #dg ) = 5 4 4EL (pollution matrix) 5 1z gt R B
E B BE & £ (minimum covering set)z. & jplzbgE o b 3 FNER T B E
RIFAERRET 27 FERIBE LHApR P o 7 a0 is L7 e
BAKE 0 PR R R A RS 4k E - Ostfeld et al. (2004):&
- HEEF L g BES kRS e L Kessler et al. (1998)
e dien k> TR - B E RIS A E G B RIS
ARREE R RF TR BB TS A ek APE s RS e
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Kb BEA R B2 R A 0 3 S R fE L PFEE 0 T Ok KPR R s
FrU) T ek i f# o Ostfeld and Saolomons (2004) s vt 3 ¥ > % E
- BEESLAERFEORIAT RS > TR AFIFE 2 kAR fEE G
TOREEEEE > A ATIFE BT 3 AR T D] 2B B fR 0 Foer
RANT PR a0 BEIIEHS LT BT e T A & o2 2% Berry et
al. (2004)2s Berry et al. (2006)*74% 1) ch gl =k 4 i E B0 7 i HL R
RGBT REZ RBRAB TR FLEFE T ek TR
Ko Flgt o AT Y WELE PR AR PR R 3 ) B B e 0

rree g ffEamed B HREBERE S R WA RF A FI ] P s

SEEE R SRR Y S
25 ¥R AIE LR

BE ARG E A B AT LR AR R RTAE IR N PV T D iRE B SR

z—-

o iR zl—giiﬁjé sz & * (Goulter, 1992) - i /182285 7 ?«ﬁ%}\&%?{@ H e
Pt st & e 12

31 ¥ B 4e Huang et al.(1995)£r Taher and Labadie (1996) < & & ¢ -k

WFR LRI AR 5 e g gk E el

SRR BT AR F R RES  RET kR A
¢hif 41 4 & -Makropoulos et al. (2003) R % & Fuzzy B 78 fter ¥ 4
PO PR E R R R L FRAPFEEERAE RR
dooRd N EF R R EE ek BEREGY O Pt R H R BB
RER Y B - BT R RSP R ERAR

% £ 3 % ¥ (Berardi et al., 2008; Giustolisi, 2006) > #X ¥ A ¥ & B B % §] )

k-

NN

;}ﬁ? [Nz S

SCEEEEC VLR P - R ST

C
AN

FERERELDRELRE o P BATFREDEA AR LE R
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mE Ak S HNE R TR RIF o B2 G TSR R A T8
PERE AR FAFERESAA RO PR NPREEREE R L R
SRR W F AT A KRS o F o AP R A B A
WA AT EBRAR R > ot 1 e cnfieR P AR TR A kR
i,‘i;‘f’f# » T4H e g6 Suend e o BB A RGN e B A TV AE I R S "f; BL o
RO RN 0 F o AR LR S @ B R S ko

e

Ae ©

2.6 /] 3

iF

B wAREAARMAT L 2 ko TR LR
(1) 41kRAF @ F R TR EHRR A B ORE > 828 p b2 5
TR T FAROFEARBRED R FEEFRS D EATR

-

BRERR G TS B LB MEAEER A Rt > 2R E
AT 2k SR RS D TR o o FI 0 R B G o
S B AR R 2 Rkt KR A B AR A R
DEEUE-E = ¢ PSR

(2) FRdpmAtr i BAREL A RSP AFEARAE S JFIOFTHR
B DR A RFHRARA L > U Y F R EFFEFTEAR
BEHGCRER  FERPREDOFBEFE S ¥ RT G EE POHORYS
3 AR WA IR EFAFIS T Sy EIEAPM KA AT o T
o BT B EE* o EPANET2 -k 4 O H5 » # B B e A 2
R S B S - S OO T

Q) HIkRMaEE 7 A AFIRRMEE ST R PR ifien 7 48
TEAATALR O FAFRISFERT 22 F AR BRIk R
PR A Tt G5 s PRI RR 2 A B B F LA AR o
A AR R B A AT S I o
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(4)

()

3 /? "LLBil[ZL.J'E-»éJ

o A IRk & U= S Bl

FIT AR TR TR R R - B ok

AR RERAFEREREF AT FR S D
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FEIE EREZALSFRAEZ

BRG-AFRDIN U T FRAD) IR EFRNE H B F o)
KRBT Ft g Ok E RS AALS TR R AR VR I D
FREFA > FEEX V-5 FRAEIRI P AT BN poupd
Flhem B Rop RRFRLFEF FLELZELTRRKRE SRR
A R A E R AUFRRE > B A F AT TFEL AP FlA R E
ATE R KR A R B BT RR A B 2IFE AR > AR M P
Blg (T8 a4 o g ok i E RS IR R 0 JI AT eeh
A o FRATF B R B ARR B DR R RS 2B 2 K
WOBEGENE A~ 47 b o e F R IEHIL IR A

%%ﬁ%ﬁ@%ﬂg%%iﬁwﬁﬁﬁmﬁﬁéiﬂ’ﬁgﬂéﬁ%
Sl E e FRenBRE s otw AR e b et 2 JUE o e RO
AT E B EER R FEAEGRSER > T AT RN RL
EPANET2 #74 - evk 4 fikifice » 3B B K| P B 19425 » T &K
ok B R £ RIEE R R E

i E AR N Bk > PR EMPFORRA S - BHPF DR
KREHF A R EFEREB 10T FRL KRR OT LR RP R E R I%
WA AT i g A iR R s T R R RAF T A i 2 hdk oKk i
T s 5K R R AR HiR Rt SR o

DAL S BN R A A B cE e - 0 A P i v A R

— P2 o
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3.1 #I- kR4~ %

Walski (1987) 45 1 p %k § Sedf s s 3 b B % BIH0RR 2 0k
ERR ok R ERR AR o T F A R DR R TR B
FELAASPFHE T2 SAPRRA® o FAKR A BRI E M FH
BADRRA Tk o P FERER AT B RS > B A AL B4
KR A % o B2 ZRWalski (1993) % i 3% 12 breath-first search (Horowitz et al.,
1993) 7 & 2| ¥4 K R A % 27 M 424 % 0 12 12 breath-first search g & & %

FoEFRBEORAM G FRRIAPETR DHEIAFEE RN

N

i 5 = o Deb etal. (2007), Jun and Loganathan (2007)£2 Jun et al. (2007) F1

* apriaE 2 p e LA B F T3 2 breath-first searchi (Horowitz et al., 1993)

\

PR Rmd AR R BT AR R R S R BT R 0 E A
éﬁﬁﬂﬁﬁﬁ’%%£%%$9%Z%%ﬁﬁﬁ%$%%ﬁ§ﬁﬁ’%

FARG AR EER > B2 RS L AR R oL R o A
3 @ % % (2002)#% 21 2 depth-first.search (Horowitz et al., 1993) 3 A&
AHAFHARR > FIERFE AR PR LR DT RIFE S
KR A F 2 EE B px g (Kao and Li, 2007; Li and Kao, 2008) » #-f 48 4

B G AR R A % G H g e R > i ST R o
311 FI-RR A % 2|3

A7 s * depth-first searchiiw & A2 5 74 B 2 41-K R & % 2|3 T %
BAe Ao 31 oo W EARA KT - Bl 0F E oy 8 B ¥ AL
H ek & BB hedEF o Tk e TraverseANode ¢ )RR )RR A
Feoo ZVIOH PR EBEATRBANTG F R Aok FRITRE DY - 5
FIORR o BBk f0F > BRI R (recursively) = x? TraverseANode - I

PUE T - B L AT F AT BB AL LT 0F o S RIEF LA Y
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Algorithm: Depth-first search identification for valve-enclosed segment
Select an arbitrary node, s, that is not traversed.
Create an empty stack to store nodes in the new segment to be identified.
Call TraverseANode (node s).
All nodes stored in the stack form a newly identified segment.
Repeat the above procedure until all nodes are traversed, i.e. all segments are identified.

Function TraverseANode (node c)
mark node c being traversed,;
store node c into the stack for the current segment to be identified;
for each pipe connected to node ¢
if the object connected to the other side of the pipe is a valve then
the valve is marked as the boundary of the current segment;
else if the object is an end node then
mark the end node being traversed;
store the end node into the stack;
else (the object is an unvisited:node; v)
Call TraveseANode(node V) recursively;
endfor
endFunction

B 3.1 -k R A F I BALS
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22— v

Pl#rg ored et e TraverseANode 30k 38F 5 0k > Rt EEATRE T3 0T H0F
Plehg FR G - BAPRR A % o FF RS DFRR & ZEF 40 £45 0
R R A T 2R 0 BT F R g AR RIS BIR - SRR
A E T Gk o Bl Rdeih e kT R S DR R A R S H g et
J2 o

W32 v - B ABERFHT P ETE AR o BIRCE BNLE e
FOoL R FERPLATIF > d 0 - BE B FIRRVL Fpt ik j0F
TR FRENGOT - FAPAALTIOF > d N - = LG RRV2 > T i
L FOF o T IERAFURR A RAC B FRLIBAILR A BB L iR
WEH K RVIBE 4 0 05 F ¥ AP IR R V3@ Bk o 18T 10 R R
B H PR R A ®re g 2o T ARRNGIER A FC e dok FIKR
AT EROERRR ORI - BRER KA T FRR A T2 B o
B G X UFPRRA T a8 B Bl R de g ek S 4 [B]3.2

§ g,ﬁ-pl, FPIP‘ ]3’5‘]’1

3.1.2 MAEFI KR A ¥ 3

MEEFI KR A F 2 P HRMBP R BHPFTHERFRDFERAS®
MR RR 2 R E R - SRR A RER - 3 R XD M
FIRRA T o FHT - ] otk e kR A T § FHL F0KR A ®
Berid b R A T 0 BT EE KR A T L E renif p R > §
YU B ETRRAE SRR A T o Sed B ARSR R A H HIBH B R AR A o
BI3.397TT o LT E KAV F R4 E > T e 7 E LSRG B AR A
%o THE BAIRR A FR TS B~ ®IFA Bic(Segment level, SLn) s 2
i i B #ic(connection, Cn) » H @ & RFF A i T RS O FOER > A
BB 274l kR ®@aid B e - Bheors ad kR~ & &2
KT BES-Le
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C—  valve segment
— pipe
O node —_— link between segments

Include:

—— v3 v1 *

p3 p1

p6 upSU p4
n2 v2 n1

Include: Include:
pipes p3, p5, pb pipes p1, p4

Bl 3.2 41KWA B HBERT %0

20



Algorithm: Identification of critical segments

Start from the root segment with the water supply source node.

Set a global level number (GLnum) to be initially 0.

Assign two numbers to each segment: Segment level number (SLn) and Connection
number (Cn) and both are initially set to be -1 (not traversed).

Call TraverseAndAssignNumber (the root segment, null).

Any segment whose SLn less than or equal to the Cn of any child segment, traversed
immediately after the segment in the depth-first searching sequence, then it is a

critical segment.

Function TraverseAndAssignNumber (segment u, parent segment v)
set both SLn(u) and Cn(u) to be GLnum; and
increase GLnum by one;
for each segment w adjacent to segment u and is not the parent segment v
if segment w has not been visited then
call TraverseAndAssignNumber(segment w, segment u) recursively;
set Cn(u) to be the minimum-of:current Cn(u) and Cn(w);
else
set Cn(u) to be the minimum of Cn(u) and SLn(w);
endfor
endFunction

Bl 3.3 B 44 KR A % 2 @A
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£ 4 = 1 TraverseAndAssignNumber 3 3¢ 12 2% %_ SLn and Cn %
GLnum & > GLnum &% = TraverseAndAssignNumber 3 3% 44 3% 7 & 3% ¢
Bioe 1o d0&F A R FIN > EF P B A T S BAPAEA
BMITHFHL ® a8 - DG PR A SRR FTEL S o B F
B AL w2 v J0F DIl % & BER 400870 do ke & F @ BRI B T
PR HOF DA F S BIVRIEFE T 0 PIEA RSB Cn gARERE B
Pl % a BB B B % & BT B 0N oo ek Pow A TR A
T B SARREHRE MR GEA HEEDCn A FSEP wCN E
L% RS FEE SLn Eado] B o P aF E AR FFHFE PTG
PR A % & BEERROF F 0 2 47 hCn & SLn EERALR TG 0 e

= PEARR S MEES FA G RERY chEP A F2 Sn & E
WG A H RN P54 B Cnofe o Flg Skn B A3 ECn BEpF 0 A7
EADKR A % T E s E @B ¥ g R T @ P Fend KR A
oo FP R A RFARMLA QMP R ESTRR A F S Tl &
MAaEdl kR A~ % » F 2 P MR RAF -

W34 20— BEEEGTEEORES T HBER - P T
R~ % A& Ce SLn(A) & SLn(C) & % | * T %4 %B& D Cn(B) £
Cn(D) » FlFI-kR = RAEBY 5 BMaEt) kR4~ % o ¥ $ KR~ %B
& MgEs %A FH SLnB) « T A FCHECNC) A7 2 A B

M ERg R Ui DA RB L e BAC
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Cn A
EU] segment Description
. Cn |SLn| Cn [SLn| Cn |SLn| Cn [SLn

O critical segment 0

) —_ 0olo0 Start from the root segment
. e L 1 Traverse link A-B, GLn=1
— un-traversed link 1/1 _ o

212 Traverse link B-C, GLn=2

3 | 3 |[Traverse link C-D, GLn=3

33 Parent node: C
No adjacent node, no change

3
3 root Parent node: B
rd ol 2 Adjacent node: A
(via. untraversed link A-C)
SLn(A)=0 = set Cn(C)=0

Parent node: A
0|1 Adjacent node: C
Cn(C)=0=»set Cn(B)=0

SLn(A) (=0) < Cn(B) (=0) =» A s a critical segment
SLn(B) (=1) > Cn(C) (=0) = B is not a critical segment
SLn(C) (=2) < Cn(D) (=3) =» Cis acritical segment

B 3.4 MaEdl kR A T U R EE T % 0
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3.2 B-k% B HBER

B ARV R EAERSAE S FHPRERERL AR
T AR Flpt P AETT M BFARE R BADRR 0 Rp e kg
Mirgse 2 g AR FRRAF > FHPIPORREP B > 41 573
PAF O DRGPFERAE Bl 5 oo BN ET IR ORI T R R R
o R B > T AT s B iR R R O RR o i1
FRREAERERTERE > AL MR A B HRBIFE SN
o F BB R T L ETARS 0 4oB) 35 AT o SWEARR BHKR A
HBGFE A e S e ALREE T o

FAAREZ MR N - B REF - BFRBREEDERAP R
RFHBHEFE > HRERE AR T EHRR A B IR R o AR E R
e BE R AeIOF o AR E B Pl S B g gk H 4R G L 0 R
FEI ST LR LR adE BLOF KR T ERMPESRR -

FAFRBLTRE G - BHETLRRAS % > RZRE DM PR T
PR ok ®E o d FERBKMP RE > PP TNRS S DM
B % & (unintended isolation)(Jun and Loganathan, 2007) - & #% Jun and
Loganathan (2007) % # ) 2 breath-firstsearch = A# F & 25 A m H g &
WA Bie-RMP R T 78N RSREEFR 40F > L7 R HF Flen
FEALNTLATFOMPERE - FR AT RERELPBE RS AT
T b e B AR > AR F AR A R B e PRI 4 H E P
o2 fiadufpgatis f g PERFI LI FRY -
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Algorithm: Depth-first search identification for shut-off areas and valves

Create an empty stack stack_n to store nodes
Create an empty stack stack_v to store valves
for each failed pipe, p

Select an end node of p, s, which is not a valve.
if node s is not traversed,
Call TraverseToValves (node s)
endfor
All nodes stored in the stack_n form shut-off areas.
All valves stored in the stack_v are boundary valves required to be closed.

Function TraverseToValves (node c)
mark node c being traversed,
store node c into the stack_n for the shut-off areas to be identified;
for each pipe connected to node ¢
if the object connected to the other side of the pipe is a valve then
store the valve into theistack v;

else if the object is an end node then
mark the end node-being traversed;
store the end node-into the stack n;
else (the object is an unvisited'node, V)
Call TraveseToValves(nadev)recursively;
endfor
endFunction

Bl 3.5 Bk T B2 ¥ FlGDKR2RH Y AR
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-

IR aEF KR A~ %@ B AR G p > dodk 5 B4 KR A~ % Cn

B4 KR A T SLn 0 Bl R ARk R A Bz 2 e

WAL AT LB AR A R L AR R e W o FIR SRR IR A

Toa RS FIE L R arE- Wi o d 3 Cn & SLn EadF w8
§ 5 ERBLAF KRR A BB AT E Cn Bl P A vl Fl B
TR RBENTRE o Tt > {0 E- ML T F TS FERABU B K
Cn> £ 7% iBMigEsr R B 23U TEE R TFL2TFHHPF RE

U b ko > AT T BT M P R BRI A24o B 3.6 -
H3E - e FHEMERDOMYEES T o B - HEHIMEFRR A F 0 Aok
T%AELCn%%ﬁﬁi%ﬁwﬁﬁﬁ\SMﬂuﬂ?ﬂwmﬂwmmt
ds,segmentcs) > AT HF AL FFET F 5 MEFTRKR A R DERES
FREL O WEFFE LR ESET RTTRGIRRATTLIAIFDIRP ®
Boood Nt Ae A W S S T s B B e 0F o T G piER
B 3 L ES SRS GUF ¥EY. X

VLR 34 e AR BT g B MR CHEREFIKR A% DS
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Algorithm: Identification of unintended isolation for each critical segment

for each critical segment, cs, identified in the auxiliary network
Create a new stack to store unintended isolated downstream segments of cs
for each immediate children segment of cs, ds,
if connection number (Cn) of ds larger than or equal to segment level number (SLn)
of cs,
Call Traverse(segment ds, segment cs).
endfor
All segments stored in the stack are the unintended isolation of cs.
endfor

Function Traverse (segment ds, segment cs)
mark segment ds being traversed,
store segment ds into the stack for the unintended isolation to be identified,;
for each segment ns connected to segment ds
if the segment ns is unvisited and is not cs
Call Traverse(segment ns, segment ¢s)recursively.
endfor
endFunction

Bl 3.6 B4t O A% T AFREE R S 1T B ARR
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3.3 § ST A KR
I Bl A By B S R L S o 2 &
FIMBPRBN T LKAk PRMPRLEEREE PRk &

Mood BEIF A B FEY RS W ERE o FL BSR4 RS
PO B TR AR Rk A R PR o B AR E LI (3 0 2002) F 444

BRI I EPANET2 ¢ -k 4 ORIG IR RIS RS 0 A&
fOH R A TS AR S AR - RS RS R FIHEAA S
A7e EPANET2 060m ~ #h 0 RAF M B A % P g SUGERA  #%
Ao RS A KR A R SE A B R Eg2 > F B EPANET2 #-7) 5 B
GERIRIR A ® P g RBE 0 AT MRk R A 2 2 Bk gk e
RN SEELRCE -, ﬁﬁﬂiﬁﬁﬁiﬁ’x,fg:%»:%ﬂ EERHET R
2 )5 #-EPANET2 3 1% i3 Bl %o, 3F = Hog s 50 L o

AP G A4 R ek ASEE R L B 32 %8 EPANET2 « TOOLKIT
(Rossman, 2000)% & ¢ % % RIPIEBHBEAZS 000 2 2 By o ¥ - 3 @ o
d 3> EPANET2 #58 FE3% ¢ % RABORETE X 7k £ > Flt #rRBd &
RS R 0 TR A STE R A TR M B i SRR KR B AT
T 7 4% B AP 483 ¢ Gupta and Bhave (1996) % & 42 5 » Jis * EPANET2
TOOLKIT 3 B -k 4 {442 B > 11 £ 03 & F f4f 3% cnifedf o

g3 F SRR R RBRA TR ek R - B RBRERR
PEBPEEK S FEAN SR RORRAT LR 2K hied BB
2. e K BSEER A g it @ > Flm £ * Wagner etal. (1988 ) %13
iR 2} LTINS - R

1/2
H _Hm
=] e 3-1
Q [Hs_HmJ ‘ ( )
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9 QBT BEai-kE 5 HEMPARATIKRA T2 fRH
A g S BER R § H, S S BheEo ] oRR 4 (BK ] AN LR 4 iR
KO H RIS BT = 2RO E 0 FH>HPFR® H 5 cRI G &

LrePoKEE o

(1996) #rixhenfp (N2 2 EBOKE » % - Zche @Y 1 ¥ FA,T g

LB I B K S R e 37 S o 0 E - B2
DU A T RS § RIS M 0 B R B AR R TR

2 APk E RS AR AT ERESE S NGNS L

BN
BN

=)-

HEgniiat R E o T 5 BRIFERRA TR M P o @ S ko kiR -
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> For each segment, s

v

Retrieve the pipes included in the
segment s

v

Set the status of these pipes as
“CLOSE”

}

Execute the failure simulation by the
procedure proposed by Gupta and
Bhave (1996) with EPANET2 Toolkit

y

Retrieve all the pressure of
demand nodes

I

Estimate shortage at demand
nodes

I

Let the total shortage be the
impact caused by failure of
segment s

NO

Are all segment

simulated ?

YES

Stop

Bl 3.7 454 i Bk 4 oA A
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3.4 FI-RR A %A HA F

FRT A FIE R M A BN R R FRT 2
Fo X ARG FEgn s i 2 g4 M (Su et al,
1987) o Bl o g ST L R L R 0 2Rk RIS TR B A0
KR A R id S IR AR 0 TS AR B S PR Pt e
W2 7 (%202002) 0 4R * Walski et al. (1982) 4#-%t+9 iz &
BrorE Rk FIRASFERS O REERFERT ML d N
CEE R I R A PRI BB TR mLg S R

MR AR RO Gl e TR Y g SUE R T B o 3N e

L

N(t) =0.02577p g7t (3-2)

HYNHRZ EERUERIPREF EZ BT A2 g Tl b
Fle? b die~ | SR RREERE A5 > ks FREXRER -

FOF S H RIS - MRS IR E R N g AR T R
$ ¥ 12 Poisson distribution ki #s it H AFH e g > FptE R H o F
Py E R4S (Suetal, 1987) o H gk o N4

Pj=1-¢ 7| (3-3A)
ﬂj :7j|_nj (3-38)

Heop 2 PRJAIHPF S pER]EET NP 2L TR
y 2 ERGIFWE EEE R RS A iR T 5 (32)2

N@t) + Ln; » F RjeE R o
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FURRA Fd pIare g MRS > Fp HAFR S G
~Fd TG E (Wuetal., 1993) ¢

R, = sz SIPAP ]+ # (DT PiN e NP (3-4)

i<
BY R e AR KPR BPF o p i 7 a4l kRA® kP hp M
jAT R A RRARTN AT EF AN FE R

#% the principle of inclusion and exclusion (Ross, 1985) £ #1-k K 4~
FBPOERPEFRERBF AP IR A R 7o MDA pTF

E(Spy ) AAFIKRA T4 RF e g 0 18 LF 5 F A BT
j=1

2,

i Sy ol T e 208

5 4ok £

BOEILEG P AR RER K SR O o 0 A PR T
B o R EE R 2 b R BRI S > T R R R ER
oo Z BRI EMREFRR A FERAL DT o FFARR o KK 2B

e
LR;=P;*SS; (3'5)

B¢ 0 R R F AR BB 0 PR F R IR S 0 sS4 F AR
jorr e FURR A R i B R R o o 0 SRR BT
KRS T o FIS AT AR OA T M ORER T R Bk

£

ﬁ"ﬁfLR;fE.ﬁ"‘F%’%‘TM?ﬁ, * ¥ fe—’. ‘:Hbéi'? ek BLig SR

“\

SRR o ko2 ’%’;ﬁfj‘ﬂlj T ‘ﬁ Foo d%“g?ﬁ;}ﬁi&mpﬁruﬁc,
BH b nfl K RA R T A BB AR RA B



A HAPRR A BT LR ACT
SRi=R;*SS; (3-6)

HY b SR ##1 kR A ®ichix L EES R & #1 KR A % i codg s 5 -
SSi » #IKMA T i L ARE Pk L o § SRy B4 AP AT HIRR
f‘v\?v, 7"“1-’. Fﬂbﬁ"ﬁ? }l‘/: «ule‘g\'ﬁ*“miﬁ'j’& W°Fi’%‘,€}’l‘
Pl g7 & -

3.6 #I-k IR B i 47

FRFRAR N Rkl T MBPEFRR G ARF o FHARE
E I FE T MR AR O E e LA R R 0 TE%
Shea (1991) + %3 5%d |- KR &2 T % & 1% > Flpb-R @ L% K F pedp
Bt & chis R EE o BT A 7 IR onh 421 - RG] G ik
Rk iv o "% Mk RAR T S b -

BRAR LS G AR R AT § Bl SR R 413 (AT 3 o 4o Jun et al.
(2007a)# Jun et al. (2007b)# 1. Valve Importance Index (VII) ¥ Valve

Failure Impact Index (VFIl)= @ dp 4% o # @ VI 35 4F4c™ 34 9757

Vilalve;) = 12 (3-7)

Tot

BPvD & FIFIRR 0 AR P TR B Crg e B RT DR 2
Bo Rom irif o Hﬁf%l’ﬁ%@“f VRSP RS ok > R a0 G R4
FIRRAF > m - AP THERRE o T BEFEOPRRAT > 3 5 B
GLF > TFRFISREMF A UG DR E SR A B
- R A E > AFRRAEED BN PR ST L R DR
KA o - P TR 2 kA HERPEFF o 7 Jun et al
(2007, b)*r4 h eF EARR £0E 0 E B  RAFFIRR 2 R ER D
BBAPRR A BT T S RSP ROFREE L & -
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B2 #% Jun and Loganathan (2007)4% ) c2E3F 8 M4 BE B % 58 e 475% 8 A2
Boo #Rm 3 AR * DI KRB S » 2R E R 0 AR
B Tt AR e R A R B SRR P R
TEM s EE L A AT AR B R A FRRS e
i LR s g SLT R i R
E4RR At AR B RAB B IRE 7 3 KRB PR I P
AR R OB AR IRE o FI DK R B AR AT “f)f%-jfi_ U2k ¥
HypRBE S > R E @ 5 - Jun et al. (2007a) ¥ Trietsch and
Mesman (2006) &4 47 41 -k R 3 7 v $50 ¢ 8 % SLIF|krid & P R
P 8 3 DA dhg M KR AR S A TR
Step 1. &4 W ¥ SAEH o 45 D% F RAT AT RR A ® 0 2 B3
BRI FRRR

Step2: A& 2 Sgid ¥l 2 AR AR BFLERRK £ F 4% -

Step 3: 4r¥% F - ¥ Bk RAEE B S FRIFFM P R W R
BMEFIKR > Pl Step 20 B FIE R T T USSP S

oo

Step 4: F:EF FARASYT > RIw I] Step 1 E 3|+ B g ST A 175

ak oo
PR ATARS 0 BB R G A TR A E o P R i
Bt B o e 0 AR N4 BuE ROITHEE 53 bR
B SR RO AE A I B o SRAR A AR AR A S R RO R AR
BE o FE RS FTOE ST R T AT R R T 5

B )T RSk 2R A RREAS > 3R b FSHR

7 3] & 33 «h#cd (Trietsch and Mesman, 2006) o F]pt > F & #9173 11 et
HATARE Y DIERFRREEAFTERT L BFRTF A EE

RER 0 A Y B E R F I M T o T b E ST AT
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WLy gl AR A X AL BIMP RS SH 6 A

F¥E AN L o FDUFRR A % 2 41T EH 2t IR B
FERBFEAL > R ZE rﬂjﬁ'fl&ﬁﬂ RHCEE L | AR AaRTEG J\FQ#F*’ZU%'"
B L FREFURRAFRAPFE T 2 FREITA T 0 S IFKR B

EH A AR 0 A AR R AT & AR

3.6.1 FI-k R B &L 47425

AR R A R R M AR S T AR 4o B] 3.8 AT o B A4 41 Bk
|2ENE T N
H Ay FlHRR A R AR P

Stepl. #3t ¢ ¥ & - BHIKR > 7 L
m#%fng xﬁ; J\ﬂgmhﬁ’p g;_&g_g /{:—’

Step2. e % ¥ 2| 7 A1 B T crlfl R AR e B S E Pso Rl 2 R
_7;0};_7;, fgﬁﬁ)é/{ 7)7?4%&-%“4’\PSEJ%?%'E_7;°

Step3. fikt & ¥ RS MBI AL A u Y Bk RAT R o
FFEHRT > BRI |MBEIHEM P g Sk rF LR E o

Stepd. B NI 41k M2 B GEE T 0L B BT RS S B 2
FLBR 2 fA R A AT o 7 TR AR T S Tk
PEH R

Steps. 4r % B F A AP HIRR 0 PIAH E - B A SRR E AR
(7 Stepl ehA AR 0 B FI9TF 41K M B GER F AR A T8 5 0k o

S S B B B P 2
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——— For each valve vin a WDN

v

Identify all possible failure paths
to the valve with occurrence
probability larger than Ps

!

Estimate the difference between
shortage impact for each failure path
with valve v failed and with valve v

not failed by hydraulic simulation

'

Set the criticality of valve v as the
summation of the product of failure
probability and shortage impact
difference for each path

Are all valves

determined?

NO

S

Bl 3.8 F1-k R B &Ei2 o 47425
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3.6.2 4K * K

Fad e o dURRE TR IRG > MEFRE I IR R
A M LIS ) R € B BT T KR B AR A 45 Y B AR
Rk ke ¥ Bk o

R AR AR A ALK A AT 0 ¢ % Pl A TR
R A BT 0 B AP A R et FIR R I
4Og TR E IR A KR A T o B @ % PR o FB > Sk R e
SR SR A S FIK R A R AR S AN 0 B R A R
SRR HR A e B A R R R B ST 2 F AR T AR B -

B EALRRR Y S > AF RN T AR T E
A ]k R A BT i B AR 3k MR A T 22 i K R AT T
RS 2 B S REAT e RATSEL T 2 QR R

+ 2 ? EAR RS S AR B A KR 20 38 T o
A TR AFHRBIEFE R

207 P A PR R IR 0 F B BB A R
moH et R 2 KRR BRI T g T HIRR - T
AT RAPRR R A ST o A AZ RS NG VA T FEIE R
I FURR A T 4 HRB T o B I AR A R BT
AHREAPRRGM T B2 FFE BT P HRR o FIH AR
TR T E R e R KR i s .

A&7 3 12 depth-first search 5 A A # 11 30&F 23 2 4 ¢ £ 24k
T dF MBS F B ARR > 4o 3.9 7T o ¥ E - B AE R0 gk
Mo R EERBEDTF A ARAFZALRET AR SR

SearchFailurePaths F¥ 4:3% » #3% A F 22 P25 A F end] K W i 4%
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F B IR ERE S cp Y o TP W A Cp SIS FERRE T S
- FREN AT R BRI F C HN R BE AR LD
FAWFEPs Pl AT S TR P E S AR R a8 o 2Ly s
FIE AR R D DA 1 F kR epis e 2 X7 5 0 PIRLL AT ROF - 1Y
RO HETN R B S S A T f E  FRSZFRBIF
PIEEFHE - BREZIRRA B9 ARATIEE > 4ok T - B A

T BEE A AP R RS Y 0 P 3 R BRAEA AR R AR EA

T o R E4F ¢ i enfR B vfie o of (recursively) SearchFailurePaths 44 /1

OEFH LR LD PR DA RESRTRe 7 AIEFRLY T
Jz'._, x|t /é]if' ‘ml‘@ik\?\: FELY - BRBETIHEL RATIE

T EAF LI BRIy Gt R ROT ERT RS R T

B OTHOEABLIOE O 5 0 o gk B b allpaths ¢ et RS T L F R
BRG] RR DB - RFE S Ao RRA T i F e
B oo

Aw B ARG g 1T S0 5N B R L pass-by-value s e 70 1 Te ke
PIEHEEF D DFPRR A T 2w TS R WL SRR ST EH B K
R A T T H B2

F B 310 ] AR A R R R R B § AT FliE I3
FPRRBRTH 7 2B EE T RBEASFT CREF AT 5
WIAFEBA® BEEILINEZAL T BEFTSETF BRIEY 57
o P IREL AT 0 d N E 12 BFE Y - BE R ETRRES B e
T D F LB REE cEFRCAFNT - BAEAFEALTOH > Y
P ehfe B 40X HETH ¥ 2 FREBIE - BFHRLS T DR RER PR
HoF o BfS LR T 2 RGBS 4o ] 3.10 4 ArT o
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Algorithm: Identification of all possible failure paths for each valve
Convert the original water distribution network into a segment-node auxiliary network
for each valve v in the WDN
Create an empty stack allpaths to store all possible failure paths to be identified.
for each segment s directly connected by v
Create an empty stack cp to store current failure path
SearchFailurePaths(segment s, link null, current path cp)
endfor
All paths stored in the allpaths are the all possible failure paths which might reach valve
v for a series of malfunctions of valves in the paths
endfor

Function SearchFailurePaths(segment s, link I, current path cp)
Store | into cp
Store s into cp
if the failure probability of cp is smaller than an predefined minimum probability Ps

Stop;
Store current path cp into the stack allpaths.for-all’possible failure paths to be identified

for each link I connected to s
if the next segment ns through T'is not.in cp and
ns is not one of the segments directlyconnected to valve v
SearchFailurePaths(ns, |, cp)
endfor
endFunction

Bl 3.9 7 2 kBT X BH B AR
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segment

ID All possible failure paths
link between segments

C

C-14-B
C-14-B-11-A
C-I5-E
C-15-E-16-F
D

D-12-A
D-12-A-11-B
D-I7-E
D-I7-E-16-F

I3

B 310 A 4741k MR A 13 2 95 7 2 JFHE L2 b
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B. #I-kR A % 4f & 5

AEL R NPT EARE > kR A R A RFIE A B
?ﬁﬂﬁ A i B n‘”g e AR SRR o FIPRKR A W TR R4S
FREART Ao 34 Gotm A a2 o AT AT B BRI Y
Fenffp e o
C. #I-K WA T I i SUIF 4 5

AR A ® SRR R TR L AR T 5§ B 2 R 0 F
EAPKRA TR £ b @ B30k R o Bl - ERERRLAFAFF il
B o) 3.2 ¢ LRI o d ARESEIKR A RRET A A L - B
FURR > B DR R A F B RS S o 2 FE Y SRR AR
S § BRIk RAF A € fEE A R SR K MF o F

oA

WA 5 5ol RIS 1% b R e

34 4T #757 (Ross, 2006) :

P(U._1VF)—ZP(VF) >PWVFEiNVF)+ Y PWVF NVE;NVF) —...(3-8)

i<j i<j<k

LAV RS IR AR S T AN VAR IR B EE £ R e R
Fasd & BHOkRied > BokFPkRIFH| S ket bz hE 25 plizd s
AT T LT N 2

PWVF1VVF,) = P(VF) + PVF2) - PVFLNVF,) (3-9)
=P(VF) + PVF2) - P(VF)P(VF2)

BYVREAVE, 4 kR1E 22 8% -

d 30 AB-E RN - )k R AT e e R R B A
B peori SRS S o & 31 5 BRI AR v P 2 2 F1 kA
BB F Gk SR P S E -
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231 FIKRATHAS T 0%

A SRR R DR A R

Shea (1991) 4.3%

Rosenthal and de Koning

.09 fail k
(2001) 0.09 failures/km/year

Trietsch and Mesman <=15%
(2006)
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D. ¥ 2 BT 2 WX

d 2 EFHAFED A AT HRR 07T 2 PIHERID 0 5 d BRI R
AHRFAFHREEEL PR o RRA ST AR ¢ FIE A
KRR o TN EET R RSB ER DI AR R T 2 5 d Bady
FIRR A T AE B 500 2 B G o] R R G S R o BR
LAPKR A B LR RIEIRE 2 L P PIFIERELET 2 )
KRBT TN

P(FP;) = P(FSi "VLi1 M ---VLim)
=P(FS)PWVLD--PVLm)

(3-10)
HY pp; A RS Hp B E 2 P(FP)) 5 RS2 R T 5 FSy 5 4F
BB Z T BB Od KRR A RARE B0 P(FS) & 724 % 2RSS vy
P AR AT ] AR RS P (VL) & f2 0k R A2 AR
P M G 2R Ik R S B 2 do )t B] 3.10 el R A T
Beh b0 ZH P e T CI4-B & EFCo ¢ ¥ £ B A Tl RS
ool |4 e A S o Fl T A FREBE ST 2 55

P(FP1) = P(FSg VL |4)

3-11
= P(FSePWLy |, (3-11)

Fa A ATk R i k0 F YR T R R RS i ad

P(ULFPi)=2P(FP)- XP(FPinFP))+ X P(FPiNFP;NFPy)—... (3-12)

i<j i<j<k
Hdon 5w 2 qRE T il o d SN IT PR F TR E A R T
BFAHADEIRT 0 A T oA Tl 0 Tt B R SR F SAE il o
el TR AR W IPRERARE ] 0 FIRG1)N e n LT L

[EESUPE TRLVAR S8 -
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Algorithm: Identification of unintended isolation for shut-off failed segments
Convert the original water distribution network into a segment-node auxiliary network

Mark the status of all shut-off segments as “CLOSED”

for each source segment, ss, which contains supply node
TraverseConnectedSegments(segment ss, null)

endfor

All unvisited segments in the segment-node auxiliary network are unintended isolation
caused by shutting off failed segments

Function TraverseConnectedSegmens (current segment us, parent segment vs)
Mark segment us being visited:;
for each segment ws connected to segment us
if the status of segment ws is not “CLOSED”
if segment ws is unvisited and is not vs

Call TraverseConnectedSegments(segment ws, segment us) recursively.
endfor

endFunction

B 3.11 L3y B BF A8k eld 2w B AR S
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o 4y

P g entr f AR S TCLOSET » U AR K HRRAR A 1 B 2
WS R 2R R T L DR AT AR R R Pk R

3.6.4 -k R MLt

R R BRFDRR TR BARR > A BER F AR R A
REMP L FIRRE F PR F BT TR AR P g
S AR R s o e

ASIFPi :SIFFPi_SINFPi (3_13)

B ¥ SIFpp, & 2R RAFRPF » 7 & JREAT 1 BB Tid & o SR R e

FE > SINgp, » 24K RE ¥ FEpe o 7 2 FIREJT 0B P o7ig & 5

WORGEL 0 ASIgp, » P A B ERERL B £om AUk R e AR
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BBl F kR E NIRRT LEAeT
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# 32 R0 g ez KR ML, 175 %

-k W B 414 1 F K R

0.0~0.2 7962

0.2~0.4

0.4~0.6

0.6~0.8

0.8~1.0

1.0~1.2

1.2~1.4

1.4~1.6

1.6~1.8

1.8~2.0

2.0~2.2

2.2~2.4

2.4~2.6

2.6~2.8

2.8~3.0

3.0~3.2

3.2~3.4

RIPOMO OO0 0O/ 0ol w|Oo(kr|lw|lw

3.4~3.6
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# 33 F b R RIS FIRR A

MatR R | F1 KR MaEEdpiRE #1-k R 1D
1 3.507298 v14787
2 3.293601 v15128
3 1.132361 v13922
4 1.120376 v13755
) 1.089105 v14786
6 0.645653 v13754
7 0.574182 v11781
8 0.452713 v14782
9 0.424607 v14781
10 0.306817 v15016
11 0.247428 v14780
12 0.214417 v13936
13 0.184192 v13890
14 0.176398 v15127
15 0.138159 v13893
16 0.114646 v14033
17 0.083231 v13878
18 0.022886 v17883
19 0.022774 v13766

20 0.022538 v10967
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Yrd F Ry st

PPOREMERFRFEFIPI oK S p AR R R ER
%%ﬂ%ﬁﬁ@ﬁﬁﬁ%ﬁ%i&g#wﬁﬁ%@,ip;%%%%mﬁ
B kP41 B PIE AT B DA FIRR A R 2 g A
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B H- BEUFRRATLEE S BENFRIEE 0T - -

E

B AR A F

Max Z( old finew)ssi (4—18.)
i=1
S.T.
p;=P}*"zj+P{*(1-2)) Vi (4-1b)
fIneW z pJ VI’VJ (4_10)
JEU|
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MP
2.Cjz;<TC (4-1d)
j=1

e[0,1] integer variables (4-1e)

He PO S AR A R 0 RS Y SR E R BR A
Tl AP SSS A AIKR A ® 0 AR ATE i 2 ek R E NS E A
KR A F RS p s BRI ERIPM SER ] AHEE DR
FWIFPI LER] SHFEAREHET IOMP L FRLE 25 [01]
Fha®BE o wr B E5 12788 | 8% 25 ORI A7 AREL T
HHOFHR U GHRRA® (978 FERMELoCy FLHER | o
Lk ATCAHERET P IUE -

PR (4-1a) #p @ frid- L Rm ee i B f endk R EESR H Y
ok EER LR T PR R ARk B R % Sl B2 B

& 5 LI (4-1b) A ] E MRS S FHA O B 2ATEMR
SRR S 0 TR R AT S PRI (4-1c) AR BHAIER A
T i AR S > S H e Z0TG o RS I Ao R (4-1d)
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Ar H e E Al L ARR o T e AR AT B ] E A2 e A
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F oo A3 E R BER AT T
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Max le( pold pj)SPj (4-2a)

S.T.
m—PW“+PW@—a) V] (4-2b)
_ZlcjzngC (4—20)
j=

e[0,1] integer variable (4-2d)
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FREH G LMD KRR RO A B 41 T 0 B RERE
5834,5672 = % s X 384,618 43+ 124712 & en* ok s p Tk kR
128,850CMD > ¢ 3 6,040 % & s 2 % 8550 i &g H 7 FF U7 & 23
2,766 1 o

dONR O e kBT e Foeng B R i B AR - &
PTIP R B ARR G B[R A B M AR A F 0 ERERE R
GBS A IR A R B H g et R ki 2 H Y R E B enRi 4t

T TE R H X K Ao 4.2 Ao o
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segment with pump station

segment with shortage > 100,000 CMD
segment with shortage > 1,000 CMD
segment with shortage < 1,000 CMD
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628( 165.

Improved water shortage, CMD-% (kgpd-%)

488(128.

Bl 4.4 At e Ao d R A e

g

NS
S

608( 160.

588( 155.

568(150.

548( 144.

528(139.

508( 134.

Segment-based —os— |
Pipe-based —

260

300 340 380 420 460

500 540 580 620 660 700 740

Costlimit, $1,000

B ik
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(@ WRFSAKE: ZALSHGFINEFIETREILET > 215 40D
Bk B o blded HBLa T EBE D BRI LkEL C2 SR g
LA kS al#d 2 §8 by 2 gL ez 2 g kok
s

(b) @iplis 4 -k E & & (level of service) @ p* 5 4F 55 L3¢ =77 LA48 T B
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S
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(b) ¥ & GEFRF RS BWF A FRTNFH > 3 FF 4 AkR
C HFHAFAGFTFRBRIEAL G THERAPR o
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() iRk v TRFMehgy (7 K L 1F o

() 77 SBF2FPRAPYIPF 2 FXTT o b - BIFFSF KR
4.2.2 Kessler et al. (1998)* 2

AT E AR 22 Kessleretal (1998)#7 @ * 4pfe e i > LB8p &
KE - Bk - B R R BRSA KT X RFE PR
NN PR AR AR AL N R R > U B AT AR D i

i {700 A 47 o Kessler et al.(1998) 3 % s i ff i 4e ™
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HA- 1 F Rk R

B £ 1% EPANET2(Rossman, 2000)34 {7 p &k K ¢ vk 4 i85 o KB~

¥ h7 gk B35 (demand pattern) T 0 A kokokim AR H S grkon

2= CHEE R

P

g3 RoRERL-AFRBESD LR L& HTF Y A4
Kessler et al.(1998)%+ p & -k fg e ki 3i? @ F R g8 7 EILFH L o 11 B
FoORRAEREA D KRR E S e PR E R NE - FET S e
@%’Buﬁ w2 BN R 2 o FORIRERER g A S e
A RS w2 T{TERE T o TR A T DB EERF G
BB ARE R BE By BT Rl B g e o I S
FiEn a7 o

HA= L 2EERE (All shortest path)-(Sedgewick, 1990)
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SR AL REE A 3 BRIBEH 0 R 2 A B Diff, 0 X

L

Kt Dn X Diff jn * Bfsbeihm HhE B qpéfgﬂ‘at’f—';\,hj AF QE—LE/P'JL\?P;&-I

ERTIF A Aok B s RAS RIS BRI F SRR A RE S
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X
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Min g, (4-3a)
ST.

Sy, <M y, e10.1] (4-3b)

i=1

hji <Y, Vi,Vj € G; (4-3c)

2 h;=1 V] (4-3d)

ieD)

ieZD_hjiVji<tj Vi (4-3e)
‘]5[0,1] integer variable
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A4kEINQ 9 F P A RS L O REKy FA a0 AT
ME L TR [0, 1] il K 3 VALE 5 TRl Bhnid G iE =
B M 2 F ALK E DR B hy & - &% B (dummy

variable) % 7+ & 8k ] £ F ALK A& B0 nT RIEETE F TR G AR A
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j=1

ST.
<L (4-5b)
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Bl 45 TRl BEBRIEEE %6 (Walskietal., 1987)
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1.8

50 (a0
Traveling time 1.5 0.9
(unit: hour) .
35 1.4
3.8 9.6
a7y
3.7
49.5
2.2
130
295
2.8

@ 0.9 0.8

Bl 4.6 37 FER BEEA R ek D)
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Number of Monitoring Stations
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Number of max. overlapping sets
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Core WDN Database for
Object-oriented Operation

WDN object
model

Core WDN
Database

EPANET?2 Input
file

A
Y

Segment-based Analysis and Management Module

Structure Analysis

Failure Analysis

Segment
Idetification

Peripheral Valve
Identification

Failure Management

Shut-off Impact
Analysis

Web-GIS Decision Support

User Interface

GIS-based
Presentation/
Operation Module

Report
Module

Failure Expansion
Identification

Critical Segment Impacted Area

Identification Identification

Valve Criticality
Analysis

v

Decision Support
Analysis Server

Shortage Simulation
for All Segments

Single/Multiple
Failure Simulation
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Simulation
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. Junction
. Reservoir

Segment-based Vulnerabjlity

Analysis System
for|Water Distribution Network

Pipe | Junction | Tank |

Pipes  [p7 B
Head Junc. J26

EA P

pipem[f7 |
Head Junc. ,ﬂﬁi
End Junc. ’.Jz?i
Length (m) |76.76
Diameter (mm) [200.0
Roughness W
Buitvr. [fa50 |

I status
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Locate the failed pipe
for a failure event

v

Identify the failed segment
which includes failed pipe

v

—— | Add into the failed area

v

Identify the shut-off impact
of the failed area

v

Identify the expanded Locate the peripheral
segment valves of the failed area

YES

S there any malfunctio
of peripheral valves?

Stop

B 5.4 F R4 Bk 47 F LA A
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For each valve vin a

WDN

v

|dentify segments adjacent
tov

v

Evaluate the shut-off impact Er
when all adjacent segments are
closed simultaneously

I

For each adjacent
segment si

L]

Evaluate the shut-off impact
ei of si

Are all adjacent
segments evaluated?

v

Set the criticality of v as

n
ve=(X Er—ej)/n
=

Are all valves in the

VWDN evaluated?

NO

Stop
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