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Optimal Rehabilitation of Water Distribution Systems using a Cluster-21 

based Technique 22 

 23 

Abstract  24 

Optimal rehabilitation of large water distribution system (WDS) with many decision variables, 25 

is often time-consuming and computationally expensive. This paper presents a new optimal 26 

rehabilitation methodology for WDSs based on graph theory clustering concept. The methodology 27 

starts with partitioning the WDS based on its connectivity properties into a number of clusters (small 28 

sub-systems). Pipes which might have direct impact on system performance are identified and 29 

considered for rehabilitation problem. Three optimisation-based strategies are then considered for 30 

pipe rehabilitation in the clustered network: 1) rehabilitation of some of the pipes inside the clusters; 31 

2) rehabilitation of pipes in the path supplying water to the clusters; 3) combination of strategies 1 32 

and 2. In all optimisation strategies, the decision variables are the diameters of duplicated pipes; the 33 

objective functions are to minimise the total cost of duplicated pipes and to minimise the number of 34 

nodes with pressure deficiency.  35 

The performance of proposed strategies was demonstrated in a large WDS with pressure 36 

deficiencies. The performance of these strategies were also compared to the full search space 37 

optimisation strategy and engineering judgement based optimisation strategy in which all pipes or 38 

selection of pipes are considered as decision variables respectively. The results show that strategy 3 39 

is able to provide the best Pareto optimal front. The results also demonstrate that the cluster-based 40 

approach can significantly reduce the computational efforts for achieving optimum rehabilitation 41 

compared to the other optimization strategies.  42 

Keywords: Water distribution systems; optimal rehabilitation; graph theory, clustering  43 
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Introduction 44 

Growing water demand and ageing or inadequate infrastructure are some of the challenges that 45 

water distribution systems (WDS) are facing in a lot of countries. These challenges can lead in 46 

delivering water that does not satisfy some requirements such as minimum pressure, quality etc. or is 47 

delivered at high costs due to operational costs or water losses. Another challenges is financial 48 

constraints which do not allow major rehabilitations to be considered. Therefore a proper strategy for 49 

maintenance and rehabilitation needs to be developed to ensure an efficient and reliable operation. 50 

The strategy should be cost-effective while ensuring key WDS performance indicators (e.g. 51 

hydraulic, water quality and serviceability) are within required limits for current and future 52 

conditions. Due to the advancements in computer modelling tools and processing technologies, 53 

optimisation models have received a lot of attention for developing rehabilitation strategies in the 54 

recent decades (Deuerlein 2008). The key advantage of using optimisation models is their ability to 55 

consider a large number of decision variables for rehabilitation and efficiently search potential 56 

combinations of rehabilitation strategies (Savic and Banyard, 2011).  57 

A large number of optimal rehabilitation strategies have been developed for WDS by many 58 

researchers and practitioners in the recent decades, in which a wide range of decision variables have 59 

been considered in the optimal rehabilitation models such as pipe rehabilitation (Kim and Mays, 60 

1994; Giustolisi et al. 2006), tank sizing and sitting and pump operation schedules (Farmani et al. 61 

2005a). Usually the problem is set as a multi-objective optimisation problem considering objectives 62 

such as minimising total capital and operation cost, leakage and maximising reliability and resilience 63 

(Kim and Mays, 1994; Farmani et al. 2005a; Fu et al. 2012; Wang et al. 2014). A trade-off exists 64 

between conflicting objectives in these optimisation problems which can be obtained, using multi-65 

objective evolutionary algorithms (MOEAs), as a Pareto front of non-dominated solutions. Each 66 

solution in the Pareto front can represent an individual rehabilitation plan with specific objective 67 

values. Finding optimal Pareto front for a WDS with a large number of the potential pipes for 68 

rehabilitation is a major challenge due to a large size of decision space (Kadu et al. 2008). Different 69 
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techniques have been employed to alleviate the complexity and computational burden of optimal 70 

rehabilitation problem such as path method (Kadu et al. 2008), global sensitivity analysis (Fu et al. 71 

2012) and sequential multi-stage MOEAs (Rahmani et al. 2015). 72 

Cluster based analysis is another efficient technique for reducing the complexity of water 73 

distribution system analysis. It divides a network into a number of sub-systems (i.e. clusters) with 74 

vertices and edges (Schaeffer, 2007). The resulting cluster structure simplifies the network layout 75 

and hence more explicitly reveals the network structure and interactions between components. 76 

Several clustering techniques have been applied to WDSs. Tzatchkov (2006) applied a depth-first 77 

and breadth-first based graph algorithm for WDS decomposition. Perelman and Ostfeld (2011) used 78 

the same algorithms to divide the system into strongly and weakly connected subgraphs according to 79 

the flow directions in pipes. Deuerlein (2008) developed a graph decomposition model that 80 

simplifies a network into a graph consisting of two main elements, called forests (tree structure) and 81 

cores (looped structure). Diao (2012) used modularity-based approach (Clauset et al., 2004; 82 

Newman, 2006) for WDS segmentation. Giustolisi and Ridolfi (2014) modified modularity-based 83 

approach by developing a new modularity index which was used in multiobjective optimisation in 84 

order to generate a variation of decomposition results for a WDS. 85 

One of the main applications of the clustering-based decomposition is for district metered areas 86 

(DMAs) planning (Sempewo et al., 2008; Di Nardo and Di Natale, 2011a, 2011b; Fernandez, 2011; 87 

Scibetta et al., 2013; Ferrari et al., 2013; Diao et al., 2012). Swamee and Sharma (1990, 2008) 88 

developed a method for decomposing a multi-source WDS with predefined locations and influence 89 

zones of all water sources into single-source subsystems, which can be separately designed and then 90 

linked together. Using a similar approach, Zheng and Zecchin (2014) recently proposed an efficient 91 

network decomposition-based dual-stage multi-objective optimization method, in which each of 92 

decomposed independent subsystems is optimized individually and they are combined for an entire 93 

system optimization. Diao et al. (2015) proposed a twin-hierarchy decomposition to reformulate 94 
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optimization of the whole WDS into that of backbone mains and communities. In their work as 95 

communities are independent from each other, their optimal design could be carried out individually. 96 

Other applications of clustering in water distributions systems include: cluster-based hydraulic 97 

computation (Zecchin et al., 2012; Diao et al., 2013), analysis of water quality events (Mandel et al. 98 

2015), sensor placement (Perelman and Ostfeld, 2011), evaluation of redundancy (Yazdani and 99 

Jeffrey, 2010), vulnerability analysis (Kessler et al. 1990), and identification of the most critical 100 

pipes in a real-world WDS (Diao et al 2014). 101 

Despite a plethora of recent advances of different clustering-based approaches applied to 102 

WDSs, to the best of the authors’ knowledge, none of the previous works has been applied for 103 

optimum rehabilitation of WDSs. This paper presents a new methodology, based on the graph 104 

clustering and decomposition concepts (Schaeffer 2007; Fortunato 2010), for optimum rehabilitation 105 

of WDSs. The proposed methodology aims to substantially reduce the number of decision variables 106 

for optimisation by integrating hydraulic knowledge gained from each subsystem. The performance 107 

of a number of graph based optimisation strategies are analysed and compared in the rehabilitation of 108 

a water distribution system. Next sections present the proposed methodology and its application to a 109 

case study. The results are then presented and discussed. Finally, the key findings are summarized 110 

and future recommendations are made. 111 

 112 

Methodology 113 

The proposed methodology for rehabilitation of water distribution systems aims to include 114 

pipes which have direct impact on system performance as design variables in the optimisation 115 

process. This is deemed as a benefit in solving highly complex water distribution systems with large 116 

number of potential rehabilitation options. The methodology consists of two main stages. First, the 117 

network is partitioned based on its connectivity properties into a predefined number of clusters (sub-118 

systems). In the second step, pipes which might have direct impact on system performance are 119 
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identified and considered as design variables in the optimum rehabilitation of WDSs. Three different 120 

rehabilitation strategies are considered each with its own set of pipes as decision variables as 121 

described in the following section.  122 

 123 

Problem Formulation   124 

Pipe duplication is considered to be the only rehabilitation option here and thus the decision 125 

variables in the optimisation problem are pipe diameters. A two-objective optimisation problem is 126 

formulated for WDS rehabilitation where the objectives are: 1) minimisation of total capital cost of 127 

duplicated pipes (F1) and 2) minimisation of the total number of demand nodes with pressure below 128 

minimum pressure requirement (F2).  129 

Min (F1) = kkk k LRDC  ),(   k=1,..., number of duplicated pipes   (1) 130 

Min (F2) =
i

iN  i=1,…, number of demand nodes with pressure deficiency  (2) 131 

where ),( kk RDC  is the unit cost of pipe k which is function of diameter 
kD  and road type

kR  132 

(major or minor); 
kL is the length of pipe k; iN = Node i with pressure deficit (pressure below 133 

minimum pressure requirement). 134 

Pressure deficit in an individual node is calculated as follows: 135 

minmin PPifPPPD ii        (3) 136 

where PD  is the pressure deficit at node i; 
iP  is the pressure at node i, minP is the minimum 137 

pressure requirement. Note that pressure deficit is only calculated for demand nodes. In addition, in 138 

order to speed up the process of identifying hydraulically feasible rehabilitation solutions, a 139 

constraint is considered for nodes with negative pressures. 140 
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EPANET software (Rossman, 1999) is used for hydraulic simulation of the WDS.  A GANetXL 141 

(Savic et al. 2011) based multi-objective optimisation algorithm is used to carry out optimisation of 142 

the system. GANetXL is an Excel-based add-in of NSGA-II (Deb et al. 2000). NSGA-II is a non-143 

dominated sorting genetic algorithm which has been widely used to optimise large WDS.   144 

 145 

WDS Clustering  146 

A variety of approaches is available for network clustering. In this study, a modularity-based 147 

method (Clauset et al., 2004; Newman, 2006) is applied due to its competency for fast and reliable 148 

decomposition of large-scale complex systems. 149 

The WDS clustering is conducted in two steps in this paper: 1) Mapping WDS into graph: the 150 

WDS is mapped into an undirected graph in which the vertices represent the consumers, sources, and 151 

tanks and the edges represent the connecting pipes, pumps, and valves (Perelman and Ostfeld, 2011). 152 

2) Modularity-based clustering (Clauset et al., 2004; Newman, 2006) is used to divide the WDS 153 

graph into clusters with stronger internal connections than external connections (Figure 1). The 154 

modularity index, a metric to be maximised during clustering, is defined as: 155 
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where A  is an element of the adjacency matrix of the network;    Ak  is the sum of the 157 

number of edges connected to vertex  ; c  is the cluster to which vertex   belongs,    cc ,  is 1 if 158 

 cc  , and 0 otherwise and 


Am
2

1  is the number of edges in the graph. 159 

A summary of the general concepts of WDS clustering used in this paper is described here but 160 

further details of this method and WDS application can be found in Clauset et al (2004), Blondel et 161 

al. (2008), and Diao et al (2012). 162 
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The clustering method is implemented using “Gephi”, an open source and free software widely 163 

used for graph network visualization and manipulation (Gephi, 2014). First an input file of the WDS 164 

compatible with Gephi is generated. The level of decomposition, i.e. the number of clusters, is 165 

controlled by the “Resolution” parameter in the modularity settings. The default “Resolution” is set 166 

to one, higher values lead to fewer clusters and vice versa. The proper level of decomposition for any 167 

WDS analysis could be determined based on trial-and-error using different resolution values.  168 

 169 

Rehabilitation Strategies 170 

After clustering the network, a number of pipes are selected as potential pipes for 171 

rehabilitation. The pipes in the areas of the WDS which have no hydraulic performance issues, nor 172 

participate in water transmission to other areas, will have little contribution towards reducing or 173 

eliminating deficiency in the system. Hence, they are discarded from the pool of potential pipes for 174 

rehabilitation. As a result, the potential pipes for rehabilitation are selected from either inside a 175 

cluster with pressure deficiency, feed pipelines or pipes in the path between sources and those 176 

clusters. A feed pipeline is defined as a pipe which transports potable water between two clusters. 177 

The way that the potential pipes are selected for rehabilitation specifies one of the three strategies as 178 

described below. 179 

 180 

Strategy 1: Rehabilitation of pipes within clusters 181 

The aim of this strategy is to rehabilitate the potential pipes only located inside clusters with 182 

pressure deficiencies and inter-cluster water transmission. This is based on the assumption that if the 183 

pressure deficiency of the demand nodes is due to high pressure head loss of existing pipes (i.e. 184 

resulted from large pipe roughness or small pipe diameter) in close proximity, rehabilitation of those 185 

pipes will remove or alleviate pressure deficiencies. Hence, the pipes upstream of the nodes with 186 
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pressure deficiency are considered as decision variables for rehabilitation taking into account their 187 

flow direction, capacity and length (e.g. considering a pipe with high flow rate with short length). In 188 

addition, a pipe which is the only feasible feed pipeline for a number of pipes in a tree network, 189 

either within a cluster or between clusters, is considered as a decision variable (e.g. a pipe that is the 190 

only link between a cluster with deficiency and the rest of the system).  191 

 192 

Strategy 2: Rehabilitation of feed pipelines 193 

The second strategy explores potential for rehabilitation of pipes in the path between source(s) 194 

and the clusters or feed pipelines between the clusters with pressure deficiencies. The assumption is 195 

that if the bottlenecks, which are causing pressure deficiencies in clusters, originate from pipes in the 196 

path between source/s and deficient cluster, rehabilitation of small number of pipes can cost-197 

effectively address the problem. Note that the pipes in the path between a source and a cluster with 198 

deficiency is selected with respect to capacity and total length.  199 

 200 

Strategy 3: Combination of strategies one and two  201 

This strategy considers the impact of both aforementioned strategies. Thus, decision variables 202 

in this strategy are the potential pipes considered in strategies 1 and 2, i.e. pipes within the clusters 203 

with deficiency and the feed pipelines between these clusters and the source(s). Simultaneous 204 

consideration of rehabilitation of some paths and pipes within the clusters with performance 205 

deficiency may allow to identify the best combination of pipes that have the most contribution in 206 

reducing pressure deficiency in the system.  207 

 208 
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Case Study 209 

The proposed rehabilitation strategies are demonstrated here in EXNET water distribution 210 

system as shown in Figure 2 (Farmani et al. 2005b; CWS, 2016). The network serves an 211 

approximately 400,000 customers and needs to be rehabilitated to meet the projected demands in 212 

2020 and diminish pressure deficit. The network has 1891 nodes, 2462 pipes, two main reservoirs 213 

3001 and 3002, with total heads of 58.4 and 62.421 m respectively. It also has five nodes (3003, 214 

3004, 3005, 3006 and 3007) that supply water to the system from adjacent systems with base demand 215 

values of -63, -1388, -10.78, -926, -26.1 l/sec and elevation values of 11, 73.54, 30.5, 33 and 16 m 216 

respectively. The total system demand is 3245.81 l/sec. The main causes of deficiency in the network 217 

are relatively small pipe diameters; limited number of transmission mains; and high difference 218 

between elevations of demand nodes. Minimum nodal-pressure head has been set as 15m and the 219 

existing network has 534 nodes (28% of total demand nodes) with pressure deficiencies. The existing 220 

network is unable to satisfy future water demands (Farmani et al. 2005b). 221 

The proposed methodology is applied to the EXNET water distribution system to identify the 222 

optimal rehabilitation solutions (with a trade-off between cost and number of nodes with pressure 223 

deficiency) that can meet future water demand. 224 

 225 

Clustering EXNET WDS 226 

One of the main objectives of optimum rehabilitation in this work is to minimize the overall 227 

pressure deficiency at demand nodes. Hence, understanding interactions between pressure deficient 228 

nodes and other components is critical. Based on clustering, this can be simplified to analyse 229 

interactions between clusters with pressure deficiency and other components of the system. An 230 

undirected graph is used in this work which represents the network topology and connectivity, 231 

without considering edge direction as a function of flow direction at a given time step (i.e. directed 232 

graph) (Perelman and Ostfeld, 2011).  233 
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A proper level of clustering is case specific. In this work the level of clustering is identified by 234 

trial-and-error considering the following characteristics, where possible:  235 

1) clusters containing no nodes with deficiency, 236 

2) clusters containing nodes with pressure deficiency between 0 and 15 m,  237 

3) clusters containing nodes with pressure below zero,  238 

4) minimum number of deficient clusters,  239 

5) equal cluster sizes as much as possible (in terms of number of nodes).  240 

 241 

The appropriate level of clustering for EXNET was 16 with different levels of pressure deficiency in 242 

the clusters as shown in Figure 3. 243 

 244 

Setting of optimal rehabilitation problem    245 

For each pipe duplication ten pipe diameter options are available, each with a specific pipe 246 

roughness coefficient and unit cost based on road type (i.e. major and minor road) (Farmani et al. 247 

2005b). One additional option is defined as ‘do nothing if no duplication is required’. The total 248 

number of pipes which can potentially be considered as decision variables is 2462 and hence the size 249 

of full search space is equal to 112462 = 8.11×10 2563. A total of 248 pipes were selected for 250 

rehabilitation (decision variables) for strategy 1 from the clusters with pressure deficiencies (Figure 251 

4.  252 

In strategy 2, a total of 149 pipes in the paths between the source and the clusters with pressure 253 

deficiencies and feed pipelines between deficient clusters were identified as decision variables as 254 

shown in Figure 5. The number of decision variables for strategy 3, which combines strategies 1 and 255 
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2, is 349 pipes including 248 pipes in strategy 1 plus 149 pipes in strategy 2 minus 48 pipes which 256 

were similar for the two strategies. 257 

To carry out a fair comparison between the three strategies, a number of trial runs were 258 

conducted to identify the best parameter settings for the optimisation algorithm. Consequently, the 259 

following parameters were determined for all strategies: population size of 50; binary tournament 260 

selection operator; simple-by-gene mutation with the probability equal to the inverse of the length of 261 

decision variables corresponding to each strategy; and single-point crossover with the probability of 262 

0.95. The optimisation algorithm was allowed to run for 10,000 generations. 263 

 264 

Results and Discussion 265 

Characteristics of the clusters 266 

Table 1 summarizes the statistical and hydraulic characteristics (e.g. total number of nodes 267 

and pipes and initial percentage of deficiencies) of all the clusters. The number of decision variables 268 

considered for rehabilitation in the strategies is also shown. Percentage of deficiency in each cluster 269 

(column 5) was determined using the number of deficient nodes in the cluster (column 4) and the 270 

total number of nodes in the cluster. Clusters 0, 1, 4, 6, 13, and 14 are the most deficient clusters 271 

(percentage of deficiencies are more than 50%). Hence, as shown in Table 1, a high percentage of 272 

decision variables are considered for rehabilitation in those clusters for the strategy 1.  273 

 274 

Results of Strategies 1, 2 and 3 275 

Figure 6 shows the solutions on the Pareto-front generated for strategies 1, 2 and 3. It can be 276 

observed that although solutions on the Pareto-front for strategy 2 are generally dominating those for 277 

strategy 1, strategy 2 is unable to attain solutions with no pressure deficiency or with a small number 278 

of pressure deficiencies. Solutions on the Pareto-front for strategy 3 dominate solutions on the 279 
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Pareto-fronts for strategies 1 and 2. Comparison of the Pareto-fronts also shows that strategy 3 has 280 

the best performance in generating a solution with no pressure deficiency that has a very low cost.      281 

Details of the cost, number of deficient nodes in the clusters, and percentage of pipes 282 

rehabilitated for the generated best solutions in each strategy are given in Table 2. Solution 1 of 283 

strategy 1 (Figure 6) has a total cost of £5.650 million and no demand node with pressure deficiency. 284 

This solution has more pipes reinforced in comparison with the other two solutions in strategies 2 285 

and 3; 161 pipes (14 feed pipelines and 147 pipes inside the clusters) are duplicated which is 7% of 286 

the total pipes in the network. The six most deficient clusters, i.e. 0, 1, 4, 6, 13, and 14, contain larger 287 

number of rehabilitated pipes. Reinforcing feed pipelines between clusters demonstrates the 288 

hydraulic interaction between them. For instance, as shown in Figure 7, for this solution there is an 289 

interaction between clusters 8 and 14. Two feed pipelines have been reinforced (duplicated), 290 

indicating an increase in the capacity of pipes to transfer water from two water sources (e.g. reservoir 291 

3001 and adjacent system through node 3004) in cluster 8 to cluster 14.  292 

Solution 1 of strategy 2 (Figure 6) has a cost of £4.919 million with 13 nodes, in the cluster 293 

11, not satisfying the minimum pressure requirement. This solution has fewer rehabilitated pipes than 294 

solution 1 of strategy 1 which has 47 duplicated pipes (12 feed pipelines and 35 pipes in the path 295 

between sources and clusters) which is 2% of the total pipes in the network.   296 

Solution 1 of strategy 3 (Figure 6) is a solution with no pressure deficiency and has cost of 297 

£3.05 million which is cheaper than solutions 1 of strategies 1 and 2 by approximately 46% and 38% 298 

respectively. Figure 8 shows the pipe characteristics for this solution (i.e. pipe locations and 299 

diameters). A total of 76 pipes are duplicated including 6 feed pipelines between clusters and 70 300 

pipes inside clusters (3% of the total pipes in the network) which is 50% less than the pipes 301 

rehabilitated in solution 1 of strategy 1. Most of the duplicated pipes have small diameter sizes of 302 

110 mm (represented by least think lines in Figure 8). 303 
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It can be seen that clusters 13, 8 and 0 have a higher contribution (in terms of the number of 304 

duplicated pipes) 23, 10 and 10 pipes respectively towards reducing the level of deficiency in the 305 

network than other clusters. The cluster 13 has 23 nodes with pressure deficiency. This cluster is 306 

located at the downstream of the network at high elevation away from water sources and it is the 307 

only connection between the cluster 6 and the rest of network. Deficiencies of clusters 6 and 14 have 308 

been eliminated by reinforcing their adjacent clusters (i.e. clusters 13, and 8).  309 

Most of the pipes in the paths between sources and clusters or feed pipelines, which have 310 

been rehabilitated for solution 1 of strategy 3 are located in the clusters with water sources (e.g. 311 

cluster 8) or in the clusters between water sources and deficient clusters. For instance in the cluster 8 312 

there are two water sources, 3003 (reservoir) and 3004 (supplying water form adjacent systems) as 313 

shown in Figure 8. Two feed pipelines are reinforced, one for cluster 0 and another for cluster 1. One 314 

feed pipeline near the water source 3007 has been rehabilitated which increases system’s capacity 315 

towards the cluster 13.  316 

 317 

4.3 Comparison of Strategy 3 with other Methods 318 

In order to verify robustness of the performance of the strategy 3, two other methods were 319 

considered. The first methodology considers all the pipes as potential design variables for 320 

rehabilitation and second methodology considers a subset of the pipes (567 pipes represented by tick 321 

solid lines in figure 9) that were selected based on engineering judgement to address the network’s 322 

performance deficiency.   323 

Figure 10 shows Pareto fronts generated by both methodologies which are dominated by the 324 

Pareto-front generated by strategy 3. The figure also shows that the solutions with no pressure 325 

deficiency found for these two methodologies are more expensive than the one identified in strategy 326 

3. This demonstrates that the efficiency of the proposed methodology in identifying the optimum 327 
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rehabilitation plans for large WDSs problem by reducing the size of the search space and therefore 328 

extensive computational efforts.   329 

 330 

Conclusions 331 

A new methodology for optimum rehabilitation of WDS, based on graph theory clustering, was 332 

proposed. The methodology uses the graph theory principles and algorithms for clustering the 333 

network into a predefined number of clusters (subsystems). The problem was posed as a multi-334 

objective optimization problem with minimizing total cost and the number of demand nodes with 335 

pressure deficiency as the two main objective. The design variables were the diameter of duplicated 336 

pipes. Three optimisation-based strategies were considered for pipe rehabilitation in the clustered 337 

network: 1) rehabilitation of some of the pipes inside the clusters; 2) rehabilitation of pipes in the 338 

paths supplying water to the clusters; 3) combination of the strategies one and two 339 

The results show that the methodology is able to identify the payoff characteristics between the 340 

total cost and the number of demand nodes with pressure deficiency. The strategy 3 generated a 341 

solution with minimum cost and no pressure deficiency in comparison with the other two strategies. 342 

The performance of the strategy 3 was assessed in comparison with two additional methodologies 343 

(i.e. whole search space and engineering judgement based optimisation strategies). The results 344 

indicate that the strategy 3 outperformed these two methodologies as well. 345 

It can be concluded that using the cluster-based method helps to identify the most problematic 346 

areas in complex water networks, and reduce the complexity of redesign and rehabilitation problem. 347 

The methodology is most efficient in finding optimal solutions. Future improvement of the 348 

methodology could include considering various purposes of clustering of WDS (e.g. installing flow 349 

devices to measures and control flow) in modularity analysis before performing the rehabilitation 350 

strategies. 351 
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Table 1. Characteristics of clusters and pipes considered for rehabilitation for strategies 1 and 2 
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C0 173 226 112 64 4 55 26 3 5 4 

C1 61 75 40 65 4 13 23 3 2 7 

C2 70 95 13 18 1 5 6 4 3 7 

C3 134 172 0 0 1 0 0.6 1 10 6 

C4 100 146 89 89 5 40 31 5 1 4 

C5 191 256 2 1 1 0 0.4 5 10 6 

C6 49 56 34 69 1 17 32 1 0 2 

C7 66 92 7 10 1 6 8 3 2 5 

C8 232 313 35 15 5 11 5 7 34 13 

C9 89 118 0 0 0 0 0 0 0 0 

C10 115 154 0 0 0 0 0 2 8 7 

C11 111 149 15 13 2 12 9 2 2 3 

C12 80 102 30 37 4 7 11 6 5 11 

C13 104 79 67 64 3 35 48 3 9 15 

C14 86 117 57 66 3 12 13 4 7 9 

C15 232 315 33 14 5 17 7 6 19 8 

Total 1893 2465 534 28    
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     Table 2. Solutions with minimum costs for strategies 1, 2 and 3 
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Figure 1. An example of modularity-based clustering (Reproduced from Fortunato (2010)). 
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Figure 2. EXNET Water Distribution System 
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Figure 3. EXNET clusters and their pressure deficiencies 
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Figure 4. Pipes considered for rehabilitation in strategy 1  
 

C7

C9

C8

C7

C6

C5

C4

C3

C2

C1C0

C15

C14

C13

C12

C11

C10

C6

C13

Cluster Boundary

Nodal pressure

Below zero

Between 0-15

Equal and greater than 15

Pipe

Pipe not Selected

Pipe Selected

Figure Click here to download Figure Fig 4.pdf 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=173732&guid=76549167-b1ff-4dc1-9a8e-87ead4a04c82&scheme=1
http://www.editorialmanager.com/jrnwreng/download.aspx?id=173732&guid=76549167-b1ff-4dc1-9a8e-87ead4a04c82&scheme=1


 

Figure 5. Pipes considered for rehabilitation in strategy 2 
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Figure 6. Pareto-fronts of strategies 1, 2 and 3 
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Figure 7. Duplicated feed pipelines between clusters 8 and 14 (Solution 1, Strategy 1) 
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Figure 8. Layout of solution 1 of strategy 3 
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Figure 9.  Pipes selected for rehabilitation based on engineering judgement  
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Figure 10. Pareto-fronts of strategy 3, engineering judgement based strategy and full 

search strategy 
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Fig. 1. An example of modularity-based clustering (Reproduced from Fortunato (2010)). 
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