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Modeling of the Failure Rates and Estimation of the Economical Replacement
Time of Water Mains Based on an Individual Pipe Identification Method

R ML e T
Park, Suwan / Lee, Hyeong Seok / Bae, Cheol Ho / Kim, Kyu Lee

Abstract

In this paper a heuristic method for identifying individual pipes in water pipe networks to determine
specific sections of the pipes that need to be replaced due to deterioration. An appropriate minimum
pipe length is determined by selecting the pipe length that has the greatest variance of the average
cumulative break number slopes among the various pipe lengths used. As a result, the minimum pipe
length for the case study water network is determined as 4 m and a total of 39 individual pipe IDs
are obtained. The economically optimal replacement times of the individual pipe IDs are estimated by
using the threshold break rate of an individual pipe ID and the pipe break trends models for which
the General Pipe Break Prediction Model(Park and Loganathan, 2002) that can incorporate the linear,
exponential, and in-between of the linear and exponetial failure trends and the ROCOFs based on the
modified time scale(Park et al., 2007) are used. The maximum log-likelihoods of the log-linear ROCOF
and Weibull ROCOF estimated for the break data of a pipe are compared and the ROCOF that has a
greater likelihood is selected for the pipe of interest. The effects of the social costs of a pipe break on
the optimal replacement time are also discussed.

keywords : deterioration, break rate, break trend, individual pipe, optimal replacement time, ROCOF

Mo ri
re
iE
=2
R
rlr
ox.
&
o
ol
=
>,
=
&
)
<
fr
kr
o
b
L
i
O

Jato] ko] Bad 73s ®Bo} FestA Esk] gl A
ST AolE AARY] Sldte] ol 7hA #E HAT
ke vlaske] TR 2 BAE UEhiE g AaAdE

] Fow #Z D= 370 FREHAHTE B FAA H A aA
 SAES I AR HEATFEYGE o) 8ste] A=, 2 RR ID| tieto] whme] AP v,

T =
A%5A ST EE A8 A58 Aold] Qi AT mFel 489 4 gl General Pipe Break Prediction

*

WAIAR, RS ARSI FA A 2R s
Corresponding Author, Associate Prof., Dept. of Civil & Env. Eng., Pusan National Univ., Busan 609-735, Korea
(e-mail: swanpark@pusan.ac.kr)
wk SRl Y FAL Dt
Miryang Dam Office, Korea Water Resources Corporation, Miryang 627-812, Korea
ek K-water AT
K-water Institute, Korea Water Resources Corporation, Deajeon 305-730 Korea
S LR PP L B
Master’s Course, Dept. of Civil & Env. Eng., Pusan National Univ., Busan 609-735, Korea

A2 HTHE 20094 7 505



bk #

i<

=

Ha} 9o
7z} B2 D ROCOFE A&

i

— A
fa

=

F ROCOF(Park et al., 2007)

i

ROCOF

kel

L

Q.

°|-8

=

Shep=
e A

Z_I

=

1424 A 7]l A

=

393th. ROCOF 283l 344 4

S

|t 21957}

o

°

Wl go] el

&

AA71E A B 24
=

2195 FAFE v
A3

a“}

E

o
R84

)

Model(Park and Loganathan, 2002)3} 4% A3t
&0

=

ao%mﬁaﬁfrwo %%%WMM&@M%%%% %ﬁ%%%gﬂ%%x;ﬂg
—_ T~ i Y To ™M o o -, % o B} ,‘ﬂv_Allo,.Z_.Tw_/HEEOH‘I
X = = o = = To Q o — 1| OC - = — ~o ©O
YR kTSI 7x%%x%m%m%ﬂo% = G "ER gy BT
o [T T .ALL.oay —~ — [ _— e = T <V = UGS
] & ﬂioxz_ ol XO of N %zﬁRMo%% Iﬂlﬂuw{dlﬁo E7E7nmold.ﬂ
ok ’&LEOAT mﬂﬂﬂuﬁo%%oﬁg. %‘WMIJML BoﬁLﬂﬂuﬁTﬂWMMMMﬂg_’T‘wi_
B T BT s E L R SRR N T - " g
gogrl EEEREN e oI B g gd O bt XMITra g
o = = M ;o X0 o Mooy =23 ac® ¢ S T H Tk m Y 5o
C}z?%ﬂﬂ %mnﬂ_xh% g e L LT o%moo_wzﬂh\mﬁﬂ%é@mfﬂ
o or == 3 Jl — lax
Ruuoﬁeﬂumrflumﬁﬁo Mﬂo#ﬂul,-mukwm Moga.mo_aﬂtﬂwm ..nud.%o Bﬁﬂ%dﬂﬂﬂ@qﬂﬂﬂlﬁil
sgwTan nEo falfergern & sforTa¥aa TN A
z . Wl o9 X TN R LR R = : © oy T 3
xﬂﬂﬂwﬂo_wmﬂ ?%Mﬂﬁﬂwo Hﬂ.ﬂﬁmﬁ .m.W@mﬂm%%%wﬂy«mﬂvﬁﬁﬁ%
g o X3 % N B F G A 3 9 X ~ Y
PEEEw p B gwwwy 80T S BT ZHETE ey
AT&0§ Aoﬂmadl‘_tmnnﬁollﬂ ol = 8 Dﬂﬁ]ﬁﬂﬁl]ﬂ%dﬂﬂlﬂ o
oo o T B LT R ol X BoaR = N R I S s
# wd pr e TR EWAEAR LB oy BTN R ®
m_m%%mmﬂwwﬁaﬂwoﬂﬂﬂﬁom Pw;zmo (o B S U S R Ll
TR @%m%@ﬂmﬂmyﬁgwt .%%ﬂﬂm:%ﬂ%@.i%mﬁ
T S RO G ~ 7 T E®TNT T W RO X T T
MXYHTRHF T YE T L LN TFT BT DB RTEE LR BN
T FCTEReTREieR RR e UTYE BN BRiftaRt
Fr TR Al N R R EERF T TR LT ST 0 oW
G Sa® °o A e R - B - = T QR
Moo T TR 2 HET g Mg X YaegmTH - G FWIIT IO
ET QPR s I N ERpp dag i dgpheide s n XMz w7
mﬂu’.ﬂ%%oommﬁﬂﬁ@ﬂ#%%%wﬂlﬁﬁoﬁ_@imb.m% z%ﬂﬂ%ﬂ%@
W =z 5™w 58T 2 F Wy tﬂnﬁxmﬂrmeg%m,ﬁaﬁax%ﬂ% o oo
@ﬂmﬁie.raﬂqaa%ﬂmwmwmoﬂ%.@%w.mmﬂa4g%ﬂﬁ%im
T 2N EdRitagl e B I E T eren T
= e ks T - - w o B —_ = ) =
1.MUW_W%W_%%M%%%i%%mﬂ%m%myw%mmmd%mnAE%@ﬂ%y
e Sar TR Yol e B g D2y g™ Ty
LR R R R R G A R RS B D R
o] X e]eﬁo#qi o i T~ — B ! JothL1NLo_L|a4_UJﬂd.
aomﬁw_%WELOT%%aoﬁ@Kﬂ_@ mmm,meﬁimmAU,x@%_ZﬂE%UX%E
mﬂw«.r%n_xﬂ%dMﬂr?%%W.:tu%%%.a @m(pyiguﬁ?fr%ﬂfr?
Bl Bt Rt T Emma o 5 S oXPTWERE S FTH o
o E s 4o R E TERFT TSP B 2ET T TN g w
e P T H g ERTRAES T Ry PETRETRTY T RR
<o)y T o W 7o " of oo ® T W B THEXN PR T R o T o o o) o
ME B M N O MYE YT TEDTHENNEDTE R AESBRT A MM R

BEKEREEHNE

13t

A

526



cumulative break number

Ny,

Pipe 4 Pipe 7

g

Pipe 1 Pipe 2 Pipe 3

Y
A

Pipe 5 IPipe 6

cumulative break number slope line

N
ol

y,
>

pipe length
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Variance
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0.00001686
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0.00000795
0.00000834
0.00000589
0.00000551
0.00000303
0.00000261
0.00000347

BEKEFLS

Length
200 m
400 m
600 m
800 m
1 km
2 km
4 km
6 km
8 km
10 km

Variance

0.00192565
0.00215915
0.00236236
0.00094996
0.00097303
0.00141023
0.00008812
0.00008830
0.00007119
0.00004701
0.00003454

Length
10 m
20 m
40 m
60 m
80 m
100 m

Table 1. Variances of the Cumulative Break Number Slope Lines for Various Minimum Pipe Lengths
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Fig. 5. The ROCOF Plots for Pipe ID-25

Table 2. Comparisons of the Maximum Log-likelihoods and the Estimated Parameters of the ROCOFs

Pipe ID Log-linear MLE Weibull MLE Chosen ROCOF Loor & Liory
1 -76.237 1.403 Weibull 0.147 9.577
3 -205.291 -7.449 Weibull 0.147 3.775
5 -391.786 -6.466 Weibull 0.143 2.574
8 691.322 -10.419 Log Linear 1.339 1.335
1 60.366 -7.853 Log Linear 2.235 0.133
13 297.107 -7.169 Log Linear 0.945 0.826
14 -23.173 -7.444 Weibull 0.150 2.074
16 -34.396 -8.102 Weibull 0.149 3.321
19 =765.776 -5.213 Weibull 0.143 1.293
23 524.903 -9.459 Log Linear 1.213 1.064
25 1431.507 -9.567 Log Linear -0.185 2.922
27 768.679 -8.236 Log Linear -1.248 4.050
31 -751.232 -5.340 Weibull 0.142 1.285
32 -929.303 -5.654 Weibull 0.140 1.732
34 -396.891 -5.825 Weibull 0.146 1.256
37 -806.663 -6.275 Weibull 0.141 2.585
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Table 3. Economically Optimal Replacement Times of the Individual Pipe IDs Based on ROCOF

Pipe ID msi?ﬂ;tm 5=0 s=1 s=5 =10 =50 =100 ROCOF
1 1975 19759 | 19770 | 19822 | 19892 | 20439 | 21000 Weibull
3 1976 19761 | 19761 | 19765 | 19770 | 19816 | 19875 Weibull
5 1976 19762 | 19764 | 19775 | 19790 | 19905 | 20023 Weibull
8 1964 206504 | 20282 | 19934 | 19745 | 19296 | 19121 | Log Linear
11 1977 24128 | 20889 | 15822 | 13098 | 6760 4376 | Log Linear
13 1977 19543 | 19328 | 19037 | 18906 | 18663 | 18585 | Log Lincar
14 1977 19788 | 19808 | 19836 | 19969 | 20335 | 20560 Weibull
16 1977 19786 | 19806 | 19836 | 19930 | 20472 | 20814 Weibull
19 1977 19798 | 19827 | 19915 | 19991 | 20254 | 20393 Weibull
23 1966 20791 | 20525 | 20107 | 198380 | 19336 | 19121 | Log Linear
% 1966 20419 | 20322 | 20168 | 20034 | 19875 | 19787 | Log Linear
27 1991 20039 | 20012 | 19970 | 19948 | 19900 | 19833 | Log Lincar
31 1974 19768 | 19795 | 19381 | 19954 | 20208 | 20342 Weibull
32 1974 19776 | 19813 | 19928 | 20027 | 20376 | 20562 Weibull
34 1974 19758 | 19778 | 19845 | 19907 | 20141 | 20271 Weibull
37 1974 19742 | 19743 | 19752 | 19764 | 19859 | 19959 Weibull

s © Social costs(100%)
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Table 4. The Threshold Break Rate of Pipe ID-14 for Various Social Costs
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5. General Pipe Break Prediction
Model(GPBM)2| HMEZ X ZZuHMA7]| L

5.1. GPBM2| &

Park and Loganathan(2002)9 ¢]&l 7i2¥ GPBM-2
Eq. (5)¢} #Zow Shamir and Howard(1979)¢l ]38 A}
S5oid Ay BEe] By F A5y mdo] A
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poll A% A8 5 e AES A ek,

B oo
I
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0

N(t) = (1= WF)(A_lin+ B_lin(t—t,)) 5)
+ WF - B_exp - exp(A_exp(t—t,))

o714, N(t)= ARE ol #Ee) FARESSF 1=
d & AyhdSs ¢ = B 98 7SS (A
EE AEE AT § e AS dR), WEE Fold
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Table 5. Curve Fitting Coefficients and Weighting Factors of the GPBM for the Pipe IDs

Pipe ID A_exp B_exp B_lin A_lin WF
1 0.1066 2.4125 1.1688 -2.5651 0
3 0.1131 0.8528 0.4478 -1.2649 0.21
5 0.0716 1.1993 0.2184 0.7088 0.96
8 0.0813 0.5356 0.3451 -3.6854 0
11 0.0923 1.2119 0.4378 -0.6372 0
13 0.0690 0.6834 0.1322 0.2466 1
14 0.1052 0.5481 0.2474 -0.6651 1
16 0.0855 1.0464 0.3505 -0.6465 0
19 0.2780 0.1119 0.4710 —-2.7227 1
23 0.1486 0.0837 0.4851 -8.1770 0
25 0.0899 0.1869 0.2332 -3.8320 0.04
27 0.6947 0.0007 2.7528 -29.2081 1
31 0.1769 0.2353 0.3013 -1.4816 1
32 0.2225 0.2121 0.4777 -2.5352 0.27
34 0.2038 0.1097 0.3685 -3.0772 0.26
37 0.1971 0.3297 0.5251 -2.3787 1
39 10.7506 1.5545E-64 18.0000 -245.0000 0
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Table 6. Economically optimal replacement times of the pipe IDs based on the GPBM

Pipe [p | "Stalaton 5=0 s=1 s=5 5=10 5=50 5100
1 1975 inf inf inf inf inf inf
3 1976 2020.7 20136 1997.8 imaginary | imaginary | imaginary
number number number
5 1976 2008.8 1999.1 1983.5 1974.7 1950.3 1935.1
8 1964 inf inf inf inf inf inf
11 1977 inf inf inf inf inf inf
13 1977 1976.1 1967.5 1955.8 1950.6 1940.9 1937.8
14 1977 1983.1 1976.9 1967.9 1963.6 1955.2 1952.5
16 1977 inf inf inf inf inf inf
19 1977 1977.6 19755 1972.7 19715 1969.3 1968.5
23 1966 inf inf inf inf inf inf
25 1966 2063.0 2054.7 2039.6 2027.9 fmagmary: - imagmary
number number
27 1991 2000.8 1999.8 1998.3 1997.5 1995.7 1995.1
31 1974 1974.4 1971 1966.5 1964.5 1960.7 1959.4
39 1974 imaginary imaginary imaginary imaginary imaginary imaginary
number number number number number number
Y 1974 imaginary imaginary imaginary imaginary imaginary imaginary
number number number number number number
37 1974 1988.2 1984.7 1979.2 1976.2 1969.3 1966.6
39 1968 inf inf inf inf inf inf
s Social costs(100%)
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