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Abstract
Having a reliable rehabilitation plan with sufficient operational data is crucially

important for the operation and maintenance of a water distribution systems. This
research was conducted to develop a prioritization model for planning the rehabilitation
of pipes in water networks when minimum structural data is available. To accomplish
the main objective of the study, WDSR-Min model with Fuzzy TOPSIS technique
capability was used to prioritize the pipes rehabilitation. The proposed model was used
for the prioritization of pipes rehabilitation in a two-loop water distribution system. The
prioritization of pipes rehabilitation were evaluated under two methods by using: 1) the
pre-defined template of the WDSR-Min model, and 2) the template consistent with the
conditions of the study area. The results showed that the rehabilitation plan obtained
from WDSR-Min was aligned with the real needs for rehabilitation in the water network
pipes. Furthermore, it was found that to prioritize the pipes rehabilitation it was
preferred to localize the model criteria for the conditions of the study area, while to
determine the pipes rehabilitation strategies the use of the pre-defined template of the
WDSR-Min model was preferred. Using the proposed model in this work makes it
possible to determine the prioritization/strategies of pipes rehabilitation using the
minimum structural data of water distribution networks and independent of operational
data.

Keywords: Water Distribution Systems, Rehabilitation, Prioritization, WDSR-Min,
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Table 1. The pre-defined template layer of WDSR-Min model with relevant references

The pipe importance for rehabilitation according to each criteria
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Length (m) 10> 500 < MPO 2005
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: ) 500 > 403 > 306 > 209 > 112> VPSPS 2013
Diameter (Stiffness) (mm) 500 < 15>
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(mm) - 15< 112< 209 < 306 < 403 < MPO 2005
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Table 3. The effects of the criteria on FPI and FCI in WDSR-Min model
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Fig. 2. Determination of pipe rehabilitation strategies using combined effect of FPI and FCI (AWWA 2014)
in WDSR-Min model
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Table 5. The basic data and the hydraulic analysis results for the nodes of the two-loop network using EPANET

Parameter Determined by N1 N2 N3 N4 N5 N6 N7
Elevation (m) Basic data 210 150 160 155 150 165 160
Demand (m?/hr) Basic data -- 100 100 120 270 330 200
Pressure (m) EPANET 0 53.25 30.46 43.45 33.81 30.44 30.55
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Table 6. The basic data and the hydraulic analysis results for the pipes of the two-loop network using EPANET

Parameter  Determined by P1 P2 P3 P4 P5 P6 P7 P8
Cuw Basic data 130 130 130 130 130 130 130 130
Diameter (mm) Basic data 457.2 254 406.4 101.6 406.4 254 254 254
Length (m) Basic data 1000 1000 1000 1000 1000 1000 1000 1000
Velocity (m/s) EPANET 1.9 1.85 1.46 1.12 1.14 1.1 1.3 0.32
Flow (1/s) EPANET 311.1 93.6 189.8 9 147.4 55.7 65.8 0.2
Pressure (m) EPANET 26.6 41.8 48.3 38.6 36.9 30.5 32.1 322
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Table 7. The Pipes’ RPI/Priorities in the two-loop network using pre-defined template of WDSR-Min model

Parameter P1 P2 P3 P4 P5 P6 P7 P8
RPI 0.5939 0.5677 0.6572 0.3515 0.5055 0.2882 0.3522  0.4466
Rehabilitation priority 2 3 1 7 4 8 6 5
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Table 9. The Pipes’ RPI/Priorities in two-loop network using template layer consistent with the problem data

Parameter P1 P2 P3 P4 P5 P6 P7 P8
RPI o 0.7017 0.5773 0.6081 0.3888  0.4206 0.3261 0.3906 0.4280
ll}e.hab%htatlon 1 3 2 7 5 8 6 4
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Table 10. FPI/FCI of pipes in the two-loop water distribution system in WDSR-Min model

Parameter P1 P2 P3 P4 P5 Po6 P7 P8
FPI 0.5939 0.5677 0.6572 0.3515 0.5055 0.2882 0.3522 0.4466
FCI 0.4826 0.5263 0.6122 0.3162 0.6733 0.3465 0.3865 0.297.8
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. ; . on Monitor . on
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Failure Failure

sacal Cewsas FCIL 5 FPIL sl a3 s Vo Jgun 55 .5 gas 31551
63wt slacauln 5 Glails 53 3 sladl ) 51 o (6l
el s o3l oyl T

S g Cib -¥
by bl iy sl -\-F
2 b 55l amy ol 5l saal csey b 5L

1255) Cesstr ) 5 B Ol S 90

Jsl <o oyl
slaca dolioml jania sl Cusay ol 5> S shiles
» Sl S ol pladd g by e g5lsl 2
s s (YUY slaads)) aols andllas 550 S Sl ]
Sl L S i 58 oo 4,385 by ) 51 s S clad
Glacey 5l Sd  (SUs Lyl 3 WDSR-Min 5 )
ol b ol ) st I Sas 5 oad e bk
355 ol S sdol  FYL 58 (o e &S5 9l i85
Cos ol sl s 53 &S ol Il s ol ool sl olazs|
3 les Sa e i izl S8 053 s s gl

W3l el Fane 90 s 0 J

P30 3093 S sl
Lodlyd S oSy a5 sbad ) sV 4yl 51 ¥ 5 ¥ slady)
Ll Sulse 5 Sy o Olasie 11 azil o s sls S
(b iy s e S Cib g wl (Sl 5 Sl

Journal of Water and Wastewater

e sl €18 a3 s ol 4 sl Cewsas gWRPI

il 93 4 LA JFCI 5 FPI (puans - Y-V
S by a3 5 (FPT) Sy Jlozo) Gas s s (612
o L 6550 plas 3l gl 55 Kot o) s (FCT)
s Y ks |5 5() Jsiz) ad esliz WDSR-Min Jus
S bl i b dy) o RPT bl oo 4z ST alies Lyl b Jas
3Lk slacals s Wl sl e ), S0 4
e 8l bl ol 5 oS oo d 55 (6l sl
vt LI RPT i ) 45 4l 4Lt ) 2 FCI , FPI
L (0 dsaz) bl 51 o glaslns (g ool Cnnsgy 0l
gead amlie e s b ) Jguz sad i ;a5 (glaes gu e
sloasli 51 L e s Jol e (b g 6Blar & 500
o] Cenwss ) 51 5 s gl FCI 4 FPI

b slas 531G o (60138550 s 2 5 L ols ) o
Jid sCeul RPI asls o Ll (6,158 5 4w FPI Lasls
FCI a3 L s 5o oS el oty [0S ailie T lutie
o2l ol sl 53 658 0l o Sl ST w5 L
o2 d ol gl sl s lacia 11 (Y Jsaz) 55l
A O glane

s e s ;a3 SFCI 4FPI glojasl 5,5
Sl byl samsolis il ) sue 4 5zl Cesse
JS2) Ll S5 3l am i b ool (55,0 S ol T 61
Lol o Lo e sl sl 53 m 53Lesb slacanlo (Y

MGG 5 OF dlons O

Vol. 29, No. 6, 2019

VFAY Jlo o8 o led Y4 550



dx.doi.org/10.22093/wwj.2017.91467.2447

b syl Jto G dngs

byl (55l Caslows (s -¥-¥
L slaadyd aS cls oledl ol g5 oo sl oy 2k bl
bl aoss A (A0 XY D glac ) sV, e ol
3 st gl sl s’ Gy 55 Sl sl
Laed g ol ol 51 ol o sl "l Sty 25T
Conl ol 5 65lash Loy sl s (250 53 S5l
3 5> WDSR-Min o 5 Slos o oo i 4 13 s oL
el Dllas 5055 o b nl 1 placaln iz
sl 48 8 ) o sy
378 Ly gl canse 3kl gbcalbn 4 25 L
3 A g g en) il s s 8 Sl 2 S
oy Sl (5 S (Sl a3l g ol (TS oL
el sy n A 50 XY ey 5lasl slacl
Codd s Llacaaln ool pums o s 0 (6 Sens
Joo 055 o ,Sos glodJ b i o ol 50l
e sl sl gl ol il 5 2,5 © WDSR-Min
3550 8 s 1y St 3k el 55 S0l
e &S ol g Lt sl #5385 Sy < shiles
St GRalsl e sete bl Ld J S5 e 5Ll gl
Jaco SN Y ki i il e ) o (sl Gl slas
W15 e o Casl 352 50 gl slusleal 5w Sy «S WDSR-Min
id s s Laad g (g5l glacaln gl (Ll s 4 e
e bd J 55lsl sl s oyl gen ol (555,02
2l Oy 50 WDSR-Min 5% i s S

S S -0
5l 51 aslinad U sl 5 e 45 s )] e 2oy ol o
S S e S ol 35 slasmd ksl S|
Ll 3k Lol nizas 5 b 5Lk sy sl
j‘g_lsn\)4_.’.'335&Q‘Pw&jjw‘j\mu}_a“{..x&>ﬂb\
(=i g Ol SO Ol st 53 5e0 s 5Lk slac e
PO PR YT I RGN JRSPYE RN N PN T B W PSS
WDSR-Min Jus 3l 48 ool laslanal U oo Seslanul 50

Laad o) 55l sl ol et (5 Sl sl ] sy

Journal of Water and Wastewater

Vol. 29, No. 6, 2019

ALY g6 o VL g5lesh S 1Y )
s 250l e o S Lid Sl eIV ) Dlasits
By gl ) Coma )l pl S Ol 0 Y A L o) ey lis
3V dsd gl ssbasl s S ol o (e Joe sl 1
A o o553 0 00 Y 6l e s S o) ries

-M)(-;Q

0 9 poler Su gl

QC«..:‘/\_QO n)ududﬂqdmkﬁ_q)j)ﬁ))lhﬁijjj\o{‘
djjrjbu;bjjjéjaOJLHid)JJJ‘LﬁjJJ)JQjLEaH{
o (S led Ll S il 4 ol A sl
IS ol esle St ol GLaS Ll i s 4yl 5
‘Hu@wﬁ\)dj‘ngfmd)an)u

Lyl sy ol 6,8 s ghyls A sylect oJ g oS ol clews
AL sl ess Gias oo easls ol e e i1 g slhaals
Loyl 5 s S Cuils 4 55 b andl o o3 e gy O 55l o) 5
O P . DU N[ S SV TP AU W
258 a5 ol Mas 15 ) 5 ol 5kl

r’f.fi& 9 r&‘.@.& 4(...2«.:: h:w.l)-’}‘
YV sbadsl o o sa ey sl ) 0305 ds) oy 50 200
o) 310 e Slatitn G o Ul il olazs!§
LAY G (227 5V d g 55 o 558 0 pasin bbd )
S F oS el o S 0T 4 5 b S i gr il
Sl 3ol (s S S5 3 T ) izpen 5
dsr B Sl B YV dJ o0 bd )l gl
sl o)}zsik.’.»}:i 03 94w C}i‘)) J.M bjﬂ&.ﬂ

3l Slkes gancy Pyl 5lsaal sy eheest
55 WDSR-Min Jas il 55 6 5505 0ol 05 o Lol
3 adbaie bl 3 o date Jace (53 i SIS AL
I B S PTRGIC L | IVGINA PP |V S99

e 5l WDSR-Min Juo 51 sslizal | shatess Uia ol
e eSOV ol sen el 2 od ) (5Ll sl )
.)).;:' bb\bé:.:.kj 4&]&9 bJ}A@J) LQJL.AAJ‘JEA wLw‘

VWWAY Jlu o8 ol Y4 o5



ayr

dx.doi.org/10.22093/ww;j.2017.91467.2447

ohlKes 5 2o law

Blas ol 55 o s28ly Sladllas g sad 55 Jue ol 51 eslizal
o 33 355 50 SLedbI L muliza | i g sl Dl
S Oy go il 4 3ol Gl 6355m sbay O B35 &S
w55 axllas 5 ) 3o ailate b slize |, WDSR-MinJue Ll

..5‘.5

St sl Censas DML L Jse ol (25 i 5550 &Y
Sl il pl S cib g Ll bal) e 55 058 e
Yl il gys,0 bdd g5lsl gl
33k Sl et 5l WDSR-Min (5,5 iy ¢S
St S el S5 4y 05V s 5 wolinad aalllas 5 50 3 slad

References
Alperovits, E. & Shamir, U. 1977. Design of optimal water distribution systems. Water Resources Research, 13

(6), 885-900.

Alvisi, S. & Franchini, M. 2009. Multiobjective optimization of rehabilitation and leakage detection scheduling
in water distribution systems. Journal of Water Resources Planning and Management, 135 (6), 426-439.

Asgari, M.R., Sarabi, A., Akhavan Leil Abadi, M.R. & Tahouni, S. 2005. Water transmission line engineering,
University of Tehran Press, Tehran, Iran. (In Persian)

Asgarpour, M.J. 2012. Multiple criteria decision making, University of Tehran Press, Tehran, Iran. (In Persian)

Ataei, M. 2011. Fuzzy multi-criteria decision making, Shahroud University of Technology Press, Shahroud, Iran.
(In Persian)

AWWA. 2014. Rehabilitation of water mains-m28, 3" Ed., American Water Works Association, USA.

Azar, A. & Faraji, H. 2009. Fuzzy management science, Iran Management and Productivity Study Center,
Tarbiat Modares University, Tabriz, Iran. (In Persian)

Bazargan-Lari, M.R. 2014. An evidential reasoning approach to optimal monitoring of drinking water
distribution systems for detecting deliberate contamination events. Journal of Cleaner Production, 78, 1-14.

Bhave, P.R. & Gupta, R. 2006. Analysis of water distribution networks, Alpha Science Int'l Ltd., UK.

Carrico, N., Covas, D., Almeida, M.C., Leitdo, J. & Alegre, H. 2012. Prioritization of rehabilitation interventions
for urban water assets using multiple criteria decision-aid methods. Water Science and Technology, 66 (5),
1007-1014.

Chandramouli, S. & Malleswararao, P. 2011. Reliability based optimal design of a water distribution network for
municipal water supply. International Journal of Engineering and Technology, 3 (1), 13-19.

Choi, T., Han, J. & Koo, J. 2015. Decision method for rehabilitation priority of water distribution system using
electre method. Desalination and Water Treatment, 53 (9), 2369-2377.

Cioc, D. & Anton, A. 2004. Can the water supply rehabilitation process be prioritized on technical grounds.
Transactions on Mechanics, Scientific Bulletin “Politehnica” University of Timisoara, 49 (63), 21-22.

Ekinci, O. & Konak, H. 2009. An optimization strategy for water distribution networks. Water Resources
Management, 23 (1), 169-185.

Engelhardt, M., Skipworth, P., Savic, D., Saul, A. & Walters, G. 2000. Rehabilitation strategies for water
distribution networks: A literature review with a UK perspective. Urban Water, 2 (2), 153-170.

Farley, M. 2001. Leakage management and control, A best practice training manual, WHO, Geneva,
Switzerland.

Farley, M. & Trow, S. 2003. Losses in water distribution networks: A practitioner's guide to assessment,
monitoring and control, IWA Publishing, London.

Gomes, H.P., Bezerra, S.D.T.M. & Srinivasan, V.S. 2008. An iterative optimisation procedure for the
rehabilitation of water-supply pipe networks. Water, 34 (2), 225-235.

Hibbeler, R.C., Tan, K.-H. & Nolan, B. 2006. Structural analysis, Pearson Prentice Hall, N.Y.

Journal of Water and Wastewater oML yT e o
Vol. 29, No. 6, 2019 YAV Jlo & o b Y4 o9



dx.doi.org/10.22093/wwj.2017.91467.2447 Wl sy glyl Jdo 5 dawsl

) g

Ho, C.-I., Lin, M.-D. & Lo, S.-L. 2010. Use of a gis-based hybrid artificial neural network to prioritize the order
of pipe replacement in a water distribution network. Environmental Monitoring and Assessment, 166 (1-4),
177-189.

Jarquio, R.V. 2007. Structural analysis: The analytical method, CRC Press, USA.

Kabir, G., Sadigq, R. & Tesfamariam, S. 2014. A review of multi-criteria decision-making methods for
infrastructure management. Structure and Infrastructure Engineering, 10 (9), 1176-1210.

Kabir, G., Tesfamariam, S., Francisque, A. & Sadiq, R. 2015. Evaluating risk of water mains failure using a
bayesian belief network model. European Journal of Operational Research, 240 (1), 220-234.

Kahraman, C. 2008. Fuzzy multi-criteria decision making: Theory and applications with recent developments:
Springer Science & Business Media.

Li, F., Ma, L., Sun, Y. & Mathew, J. 2015. Optimized group replacement scheduling for water pipeline network.
Journal of Water Resources Planning and Management, 142 (1), Article ID: 04015035.

Marzouk, M., Hamid, S.A. & El-Said, M. 2015. A methodology for prioritizing water mains rehabilitation in
Egypt. HBRC Journal, 11 (1), 114-128.

Marzouk, M. & Osama, A. 2015. Fuzzy approach for optimum replacement time of mixed infrastructures. Civil
Engineering and Environmental Systems, 32 (3), 269-280.

Moser, A.P. 1990. Buried pipe design, McGraw-Hill, New York.

MPO. 2005. General technical specification for urban water pipelines and sewage systems, Management and
Planning Organization, Tehran, Iran. (In Persian)

Punmia, B., Jain, A.K. & Jain, A.K. 1995. Water supply engineering, Firewall Media.

Rahmani, F., Behzadian, K. & Ardeshir, A. 2015. Rehabilitation of a water distribution system using sequential
multiobjective optimization models. Journal of Water Resources Planning and Management, 142 (5), Article
ID: C4015003.

Salehi, S., Jalili Ghazizadeh, M. & Tabesh, M. 2017. A comprehensive criteria-based multi-attribute decision-
making model for rehabilitation of water distribution systems. Structure and Infrastructure Engineering.
Accepted paper with DOI: 10.1080/15732479.2017.1359633.

Salehi, S., Tabesh, M., Jalili Ghazizadeh, M.R. 2018. HRDM method for rehabilitaion of pipes in water
distribution networks with inaccurate operational failure data. Journal of Water Resources Planing and
Management, Accepted paper, doi: 10.1061. ASCE.WR.1943-5452.0000943.

Scholten, L., Scheidegger, A., Reichert, P., Mauer, M. & Lienert, J. 2014. Strategic rehabilitation planning of
piped water networks using multi-criteria decision analysis. Water Research, 49, 124-143.

Shakib, H. & Emadi, A. 2012. Buried pipes: Analysis and design, Azadeh Press, Tehran, Iran. (In Persian)

Shammas, N.K. & Wang, L.K. 2011. Water supply and wastewater removal, John Wiley & Sons, N.Y.

Siew, C., Tanyimboh, T.T. & Seyoum, A.G. 2014. Assessment of penalty-free multi-objective evolutionary
optimization approach for the design and rehabilitation of water distribution systems. Water Resources
Management, 28 (2), 373-389.

Sil, B.S., Banerjee, P., Kumar, A., Bui, P.J. & Saikia, P. 2013. Use of excel-solver as an optimization tool in
design of pipe network. International Journal of Hydraulic Engineering, 2 (4), 59-63.

Swamee, P.K. & Sharma, A.K. 2008. Design of water supply pipe networks, John Wiley & Sons, N.Y.

Tabesh, M. & Saber, H. 2012. A prioritization model for rehabilitation of water distribution networks using GIS.
Water Resources Management, 26 (1), 225-241.

Tee, K.F., Khan, L.R., Chen, H.P. & Alani, A.M. 2014. Reliability based life cycle cost optimization for
underground pipeline networks. Tunnelling and Underground Space Technology, 43, 32-40.

Journal of Water and Wastewater ML ,J o

Vol. 29, No. 6, 2019 WY Jlo & ol YA 590



dx.doi.org/10.22093/wwj.2017.91467.2447 ohlKes 5 2o jlaw

Thornton, J., Sturm, R. & Kunkel, G. 2008. Water loss control, McGraw-Hill, New York.

Trifunovic, N. 2006. Introduction to urban water distribution: Unesco-ihe lecture note series, CRC Press, USA.

Tscheikner-Gratl, F., Egger, P., Rauch, W. & Kleidorfer, M. 2017. Comparison of multi-criteria decision support
methods for integrated rehabilitation prioritization. Water, 9 (2), 68, doi : 10.3390/w9020068.

Tscheikner-Gratl, F., Sitzenfrei, R., Rauch, W. & Kleidorfer, M. 2016. Integrated rchabilitation planning of
urban infrastructure systems using a street section priority model. Urban Water Journal, 13 (1), 28-40.

Tzeng, G.-H. & Huang, J.-J. 2011. Multiple attribute decision making: Methods and applications, CRC Press,
USA.

Vommi, V. 2017. Topsis with statistical distances: A new approach to MADM. Decision Science Letters, 6 (1),
49-66.

VPSPS. 2013. Design criteria of urban and rural water supply and distribution systems, Vice Presidency for
Strategic Planning and Supervision, Tehran, Iran. (In Persian)

Walski, T.M. Chase, D.V. Savic, D.A., Grayman, W.M., Beckwith, S. & Koelle, E. 2003. Advanced water
distribution modeling and management, Haestad Press, Water bury, CT.

Wang, H. & Chen, X. 2015. Optimization of maintenance planning for water distribution networks under
random failures. Journal of Water Resources Planning and Management, 142 (2), Aricle ID: 04015063.

Watkins, R.K. & Anderson, L.R. 2010. Structural mechanics of buried pipes, CRC Press, USA.

Journal of Water and Wastewater ) W s,JT e

Vol. 29, No. 6, 2019 VYAY Jlo 8 o5led ¥4 5,93

Q



