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Hierarchical Clustering Analysis of Water Main Leak Location Data
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Abstract

Rehabilitation projects for old water mains typically require considerable capital investments. One of
the economical ways of pursuing the rehabilitation projects is to focus on a specific area within the
entire region under management. In this paper the hierarchical clustering methods that analyze spatial
inter-relationship of location data are applied to about 8000 water leak location data recorded in a
case study area from 1992 to 1997. Among the hierarchical clustering methods Single, Complete, and
Average Linkage Methods are used to identify clusters of the water leak locations and to divide the
area according to the defined clusters. By comparing the clusters identified by the clustering methods,
the best clustering method for the case study area is suggested. Prioritization of the area for
maintenance is obtained based on the water leak incident intensity for the clustered area using the
suggested best clustering method.

keywords : old water main, rehabilitation, prioritization, water leak location, clustering, maintenance
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Fig. 4. Partitioned Region by SLM, NCL5

Table 1. TLI and TIO of Partitioned Region by SLM, NCL=5

CN 1 2 3 4 5
PRA (km”) 838.63 17.40 3.86 11.00 0.97

TNL 7,957 11 18 5 6
TLI 9.49 0.63 4.66 0.45 6.21

TIO 1 4 3 5 2
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Fig. 5. Partitioned Region by the SLM, NCL9 Fig. 6. Partitioned Region by the SLM, NCL=13

Table 2. TLI and TIO of partitioned region by SLM, NCL9

CN 1 2 3 4 ) 6 7 8 9
PRA 799.16 0.96 0.85 37.66 17.40 0.97 2.90 11.00 0.97
TNL 7,868 2 4 82 11 9 9 5 6
TLI 9.85 2.07 4.69 2.18 0.63 9.32 3.11 0.45 6.21
TIO 1 7 4 6 8 2 5 3
Table 3. TLI and TIO of partitioned region, NCL13
CN 1 2 3 4 B 6 7 8 9 10 11 12 13
PRA | 768.35| 4.35 290 | 2067 | 2.89 0.96 085 | 3766 | 1740 | 097 290 | 11.00 | 0.97
TNL | 7732 11 4 108 11 2 4 81 11 9 9 5 6
TLI | 10.06 | 2.53 1.38 5.23 3.80 2.07 4.69 2.15 0.63 9.32 3.11 0.45 6.21
TIO 1 8 11 4 6 10 5 9 12 2 7 13 3
a|ar |at E
|Tr |IE E
& 35} 8 ae) :
am|ar st 4
384 L L L L L an4 L ! L ! !
-90.6 -90.5 -a04 -90.3 -90.2 -90.6 905 -804 -90.3 -90.2
longitude longitude

Fig. 7. Partitioned Region by CLM, NCL5

Fig. 8. Partitioned Region by CLM, NCL9

Table 4. TLI and TIO of Partitioned Region by CLM, NCL5

182

CN 1 2 3 4 5
PRA (km”) 266.44 169.97 166.93 122.18 141.06
TNL 3,345 1,357 884 844 1,570
TLI 12.55 7.98 5.30 6.91 11.13
TIO 1 3 5 4 2
BEKBARBEERNE




Table 5. TL

and TIO of Partitioned Region by CLM, NCL9

CN 1 2 3 4 5 6 7 8 )
PRA 98.98 83.22 84.24 103.92 66.05 106.47 60.47 122.18 141.06
TNL 1,995 750 600 1,254 103 745 139 344 1,570
TLI 20.16 9.01 712 12.07 1.56 7.00 2.30 6.91 11.13
TIO 1 4 5 2 9 6 8 7 3

Table 6. TLI and TIO of Partitioned Region by CLM, NCL13

CN 1 2 3} 4 B 6 7 8 9 10 11 12 13
PRA | 9898 | 83.22 | 84.24 | 87.25 | 16.67 | 66.05 | 1064 | 60.47 | 87.83 | 3435 | 47.73 | 17.06 | 76.2
TNL | 1,995 | 750 600 934 320 103 745 139 648 196 731 304 | 535
TLI | 20.16 | 9.01 712 11071 | 1919 | 156 | 7.00 230 | 738 | 571 | 1531 | 17.82 | 7.01
TIO 1 6 8 5 2 13 10 12 7 11 4 3 9
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Fig. 9. Partitioned Region by CLM, NCL13
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Fig. 10. Partitioned Region by ALM, NCL5

Fig. 1085 Fig. 12 ALMo® #3td ZF 3o
o]+ F9& YElal QT Table 458 Table 6
wdE 959 FHUEH(PRA), F FAS(TNL),
T FIAE(TLD, ¥ FAEALATIONE YeRyar
ATk

Table 75-E Table 95 &34 ALMOZE &3¢

—=

rlo

Table 7. TLI and TIO of Partitioned Region by ALM, NCL5

CN 1 2 3 4 5
PRA 281.33 181.20 52.76 251.66 99.87
TNL 3,293 2,062 107 1,763 775
TLI 11.70 11.38 2.03 7.01 7.76
TIO 1 2 5 4 3
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Fig. 11. Partitioned Region by ALM, NCL9 Fig. 12. Partitioned Region by ALM, NCL13
Table 8. TLI and TIO of Partitioned Region by ALM, NCL9
CN 1 2 3 4 5 6 7 8 9
PRA 107.86 173.47 174.48 6.72 52.76 129.88 46.35 75.42 99.87
TNL 2,044 1,249 2,051 11 107 1,494 157 112 775
TWI 1895 7.20 11.75 1.64 2.03 11.50 3.39 1.48 7.76
TIO 1 5 2 8 7 3 6 9 4
Table 9. TLI and TIO of Partitioned Region by ALM, NCL13
CN 1 2 3 4 5 6 7 8 9 10 11 12 13
PRA | 59.39 | 4847 | 100.7 | 72,77 | 101.8 | 7264 | 6.72 | 52.76 | 91.32 | 3856 | 46.35 | 75.42 | 99.8
TNL | 1,451 593 801 448 1,088 963 11 107 1,223 271 157 112 775
TLI | 2443 | 1223 | 795 | 6.16 | 1068 | 13.26 | 1.64 2.03 | 13.39 | 7.03 3.39 148 | 7.76
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Table 10. Standard Deviation of Partitioned Region

Areas
NCL 5 9 13
SLM 371.4 263.6 211.0
CLM 55.6 25.9 29.7
ALM 97.2 57.2 28.3
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Table 11. CLM OC and CLI by CLM, NCL=5
CLM oC CLI
TIO CN 1993 1994 1995 1996 1997 1993 1994 1995 1996 1997

1 1 0 0 0 0 0 2.14 484 7.08 9.21 11.50

2 5 0 0 0 0 0 1.61 3.92 6.19 8.46 10.26

3 2 0 0 0 0 0 1.20 2.85 4.38 5.90 7.37

4 4 0 0 0 0 0 0.92 2.58 3.75 4.89 6.36

5 3 0 0 0 0 0 0.74 1.87 2.83 3.89 4.89
Table 12. CLM OC and CLI by CLM, NCL=9
CLM oC CLI

TIO CN 1993 1994 1995 1996 1997 1993 1994 1995 1996 1997

1 1 0 0 0 0 0 3.62 7.83 11.40 14.71 18.37

2 4 0 0 0 0 0 1.83 4.32 6.57 8.88 11.10

3 9 0 0 0 0 0 1.61 3.92 6.19 8.46 10.26

4 2 0 0 0 0 0 1.60 3.63 5.15 6.68 8.39

5 3 -1 -1 0 0 0 0.95 2.53 3.92 5.24 6.52

6 6 1 -1 -1 0 0 1.08 2.51 3.71 5.22 6.49

7 8 0 1 0 0 0.92 2.58 3.75 4.89 6.36

8 7 -1 0 0 0.15 0.76 1.27 1.55 2.08

9 5 1 0 0 0.21 0.55 0.94 1.21 1.50
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Table 13. CLM OC and CLI by CLM, NCL=13

CLM oC CLI
TIO CN 1993 1994 1995 1996 1997 1993 1994 1995 1996 1997
1 1 0 0 0 0 0 3.62 7.83 11.40 14.71 18.37
2 5 -1 -1 0 0 0 3.12 6.84 11.22 14.21 17.93
3 12 1 0 0 0 3.22 7.68 10.61 14.18 16.94
4 11 0 0 0 0 0 1.95 4.99 8.28 11.48 14.06
5 -1 0 0 0 0 1.58 3.84 5.69 7.86 9.80
6 2 1 0 0 0 0 1.60 3.63 515 6.68 8.39
7 9 -2 0 0 -3 0 0.99 2.17 3.93 5.06 6.76
3 3 -2 0 0 0 0 0.95 2.93 3.92 5.24 6.52
9 13 -1 0 2 0 1.04 241 3.89 5.28 6.49
10 7 3 1 0 1 0 1.08 2.51 3.71 5.22 6.39
11 10 0 0 0 0 0 0.73 2.10 3.29 4.45 5.33
12 8 -1 0 0 0 0 0.15 0.76 1.27 1.55 2.08
13 6 1 0 0 0 0 0.21 0.55 0.94 1.21 1.50
Table 14. ALM OC and CLI by ALM, NCL=5
ALM oC CLI
TIO CN 1993 1994 1995 1996 1997 1993 1994 1995 1996 1997
1 1 0 0 0 0 0 2.02 4.65 6.71 8.77 10.82
2 2 0 0 0 0 0 1.66 3.86 6.13 8.33 10.40
3 5 0 0 0 0 0 1.05 291 4.25 5.49 7.10
4 4 0 0 0 0 0 1.02 2.49 3.81 5.17 6.46
5 3 0 0 0 0 0 0.11 0.61 1.02 1.33 1.82

Table 15. ALM OC and CLI by ALM, NCL=9

ALM oC CLI

TIO CN 1993 1994 1995 1996 1997 1993 1994 1995 1996 1997

1 1 0 0 0 0 0 3.61 7.90 11.2 141 174

2 3 0 -1 0 0 0 1.72 3.99 6.33 8.60 10.7

3 6 0 1 0 0 0 172 4.13 6.23 8.51 10.5

4 9 0 0 0 0 0 1.05 291 4.25 5.49 7.10

5 2 0 0 0 0 0 1.04 2.62 3.89 541 6.72

6 7 0 0 0 0 0 0.41 1.10 1.81 2.39 3.19

7 5 -2 0 0 0 0 0.11 0.61 1.02 1.33 1.82

8 4 0 -1 -1 0 0 0.15 0.30 0.74 1.19 1.49

9 8 2 1 1 0 0 0.20 0.53 0.89 1.14 141
Table 172 1993d5-E 1996d7k41¢] CLMzF ALM ~ &A4o] "ojxit) whehy Mdws wwel Ao gkl
oz B3 75 AEUES tdes MEuE] Az 2&55E Frh Table 178 S84 ALMO
Ao} gro] 0xt} F R (Frequency of order change) 2 ey o] AdwlE Wkl o] AjH o
o} s A el Ht(Mean of order change)s Zhan o] A de] dad AS el & ¢
UERHAL Qlv e o] AdnlE Wes et Atk e ALMOR #3E 7959 TR
717V 2 A dad AR E A% 4 799 AL 1993%5-H 19973704 A8l frAel Aoz AL
FEA Dol ARbel] mEbA WstE R Ao A THth SLMe= 23d FEefA e 49 19 T
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Table 16. ALM OC and CLI by ALM, NCL=13

ALM OoC CLI
TIO CN 1993 1994 1995 1996 1997 1993 1994 1995 1996 1997
1 1 0 0 0 0 0 4.77 10.2 14.6 184 22.4
2 9 -1 -1 0 0 0 2.01 4.95 7.29 9.98 12.2
3 6 -1 -1 -1 0 0 1.87 4.64 7.10 9.84 12.1
4 2 2 2 1 0 0 2.19 5.01 7.14 8.95 11.2
5 5 0 0 0 0 0 1.61 3.53 5.78 7.72 9.72
6 3 0 0 0 0 0 1.24 2.96 4.29 6.07 7.41
7 13 0 0 0 0 0 1.05 291 4.25 5.49 7.10
8 10 0 0 0 0 0 1.01 2.18 3.71 5.03 6.48
9 4 0 0 0 0 0 0.76 2.16 3.33 451 5.77
10 11 0 0 0 0 0 0.41 1.10 1.81 2.39 3.19
11 8 -2 0 0 0 0 0.11 0.61 1.02 1.33 1.82
12 7 0 -1 -1 0 0 0.15 0.30 0.74 1.19 1.49
13 12 2 1 1 0 0 0.20 0.53 0.89 1.14 1.41
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CLM ALM
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Table 18. Coefficient of determination between

TNL and TLI
NCL SLM CLM ALM
5 0.574 0.747 0.757
9 0.351 0.916 0.874
13 0.358 0.274 0.812
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