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The design of water distribution network is a 

combinatorial problem, which permits the 

heuristic and meta-heuristic algorithm to explore 

the solution in less computational time. The 

present study deals with proposing a model for 

the expansion work of an existing water 

distribution network of Bodinayakanur 

Municipality in Tamil Nadu State. In the proposed 

model EPANET is used for the hydraulic analysis 

and GA is used for the optimization of the water 

distribution network. The concept of resilience is 

used to generate skeletonized models of Water 

Distribution Networks (WDN). The network is 

skeletonized by removing from it those pipes with 

the minimum impact on the Resilience Index, 

assuring that all consumption nodes are still 

connected. The proposed methodology was 

applied to the case study WDN and the results 

obtained are satisfactory: the skeletonized models 

are able to reproduce the hydraulic behavior of 

the entire WDN with high accuracy. 
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INTRODUCTION  
 Nowadays, cities are growing rapidly, generating a constant increment 

in potable water demand, which produces an increase in the flow through the 

existing water distribution networks (WDN). The provisioning of water supply 

facilities is not sufficient to meet the increasing water demand with rapid 

population growth and the advance of commerce and industry. Developing 

countries are confronted by two main problems relating to the water supply 

system, namely, how to optimize the distribution network for achieving cost-

effectiveness and at the same time how to meet increasing water demand 

(Vairavamoorthy, 2008). In many cases, the pipelines are being installed to meet 

the water demand in conformity with a standard target year of projects 

(normally, 10-15 year target). It is often the case that the diameter of the pipes 

installed is no longer sufficient after the project and needs to be replaced.  

 
THEORETICAL REVIEW 
Simulation Tool -EPANET.2 

With the advancement in information technology, many alternative 

options have emerged up wherein it is possible to simulate pipe network 

operation conditions using network software packages. In many cases, these 

packages have been integrated with standard computer aided 

drawing/drafting packages like AutoCAD etc. United State’s Environmental 

Protection Agency’s EPANET (Rossman 2000) model is one such package which 

is widely used for pipe network related water quantity and water quality 

studies. 

EPANET is a computer program that performs extended period 

simulation of hydraulic and water quality behaviour within pressurized pipe 

networks. A network consists of pipe, node, pump, storage tank or reservoir. 

EPANET tracks the flow of water in each pipe, the pressure at each node, the 

height of water in each tank. EPANET is designed to be used for many different 

kinds of application in distribution system analysis. 

 
Reduced Model – Skeletonization 

 In order to reduce the computational time of the water distribution 

network a simplification model is required. Skeletonization is one such 

technique which is used to reduce the network model by which the 

computation time gets reduced. 

Skeletonized models of Water Distribution Networks (WDN) are 

generated by selecting and eliminating a certain number of pipes in such a way 

that the new model can still reproduce the prototype adequately (Grayman 

et.al., (2000), Saldarriaga et.al., (2008), Hellbach et.al., (2011)). These simplified 

models are very useful, and even necessary, for operational purposes, such as 
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management in real time, water quality monitoring, coordination of 

maintenance operations, and emergency attention. At the moment, different 

methodologies to reduce models have been proposed around the world; 

nevertheless, all previous works have concluded that it is possible to have a 

reduced model that can reproduce the hydraulics of the prototype. 

 
Need for Study 

Planning water supply system is a complex and difficult task because 

decisions are to be made under lot of uncertainties such as variation in demand, 

multi-purpose nature of demand, pressure, availability of water through 

various sources etc. It is certainly difficult for decision makers/policy makers to 

optimize all the parameters in the operation of the pipe network system under a 

given condition. In most situations, decisions are taken based on either past 

experiences or through certain routine schedule. The inherent problem 

associated with the expansion of water distribution networks is due to the 

nonlinear relationship between flow and head loss and availability of the 

discrete nature of pipe sizes. The importance and huge capital cost of the 

system leads to considerable attention on seeking the less computed expansion 

of water distribution network. 

The present work is focused on the simulation and skeletonization 

process to achieve the goal of a specified objective. A simplification model is 

developed in which the reduction of network is done by skeletonization. A 

benchmark network and a real world problem were taken for the application of 

the Skeletonization algorithm to reduce the network size and the results prove 

that the algorithm can perform satisfactorily.  

 
Objectives of The Study 

The primary objectives of the study are as mentioned below: 

• To simulate the original water distribution network using EPANET 

software. 

• To make a reduced model of the expanded water distribution network 

by using skeletonization technique. 

 
METHODOLOGY   
General 

The design of WDN when defined in a mathematical form leads to a 

non-linear, non-convex and multi-modal problem classified as an NP-hard 

combinatorial problem. The original model to be expanded is hydraulically 

analysed using Epanet software. In the present study, Skeletonization algorithm 

is used to reduce the original model by removing the pipes from the network 

which does not let any consumption node get disconnected from the network. 
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The reduced model is get calibrated by the resilence index (Ir). The resilience 

index (Ir) is an indicator of the network resilience; it is a measurement of the 

system vulnerability of letting some nodes without service in the occurrence of 

a failure (Romero, 2007).  If the Ir value of the network becomes negative the 

removal of pipe gets stopped.  

 

Resilience Index 

In order to describe the concept of network resilience, Todini (2000) 

introduced the concept of power. The total power of the system can also be 

expressed as the sum of the power that is dissipated by means of friction and 

because of the existence of leaks (Pint) plus the power that is delivered at 

demand nodes (Pout), as shown in equation 1:  
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Where Qi  = flow in each node 

  Hi = real pressure in each node. 

  Qj = flow in each node (reduced model). 

  Himin = minimum required pressure in each node (reduced model) 

From equation 1 
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From this equation and given Pint and Pout, it is possible to define formulas to 

estimate the optimum and real dissipated power: 
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The Ir of a WDN is defined as a function of the relationship between the 

objective dissipated power (Pint) and the real dissipated power (𝑃𝑖𝑛𝑡
𝑚𝑎𝑥): 
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A general formula for the Ir obtained is; 
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Flow Continuity Constraint 

The continuity principle states that the quantity of flow into the node 

must be equal to the quantity of flow leaving that node. Mathematically it is 

expressed as 

 

 

 

Where   Qin= flow into junction 

             Qout= Flow out of junction 

             Qe= Demand at junction node 

 

Energy Conservation Constraint 

The total head loss around the closed path (loop) should be equal to zero 

or the head loss along a path between the two fixed head nodes should be equal 

to the 

difference in elevation. 

 

 

where hfi= head loss due to friction in pipe i. 

∆H= difference between nodal heads at both ends and 

∆H=0 , if the path is closed. 

 

Minimum Head Constraint 

The pressure head in all nodes should be greater than the prescribed minimum 

pressure head 

                                       Hj avl≥ Hjmin     

Where     Hjavl = pressure head at node 

 =− eoutin QQQ

 =
loopli

i Hhf




Dhivakar, Karthik 

484 

               Hjmin = minimum pressure head 

 

Skeletonization Algorithm 

The steps that make up this skeletonization algorithm are the following:  

1. The system is analyzed hydraulically, the Ir is estimated and the pipes 

that can be removed without letting any consumption node disconnected 

are identified. From now on, these pipes will be referred to as 

“removable pipes”.  

2. One of the removable pipes is eliminated from the model.  

3. The system hydraulics and the Ir of the reduced model (i. e. the model 

without the pipe that was removed in step 2) are calculated.  

4. The difference between the Ir of the original model (estimated in step 1) 

and the Ir of the reduced model (estimated in step 3) is calculated.  

5. Initial conditions are re-established; the pipe that was removed in step 2 

is placed back to where it was.  

6. Steps 2 to 5 are repeated for each of the removable pipes identified in 

step 1.  

7. The pipe that, when removed from the model, generates the minimum 

impact or decrease on the Ir (i. e. the minimum difference calculated in 

step 4) is selected to be permanently eliminated from the prototype.  

8. The model without the pipe that was removed in step 7 becomes the new 

prototype and steps 1 to 7 are repeated until no more pipes can be 

removed.  

With this algorithm, a reduced model that can accurately reproduce the 

hydraulics of the real system is achieved. 

 

Input Parameters 

The following are the required input parameters to run the simulation model.  

 1. Diameter of the pipe 

 2. Length of the pipe 

 3. Node demand 

 4. Elevation of the node 

 5. Reservoir/tank water level 

 6. Roughness 

 

 Case Study 

Validation of the developed reduction model is carried out using a case 

study problem (Bodinayakanur water distribution network) after calibrating the 

developed model with a bench mark network (New York Water Supply 

System). 

Bodinayakanur Municipality 
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 Bodinayakanur is a first grade Municipality in Theni District and it is 

one of the oldest Municipality nearing 100 years old in Tamilnadu state. The 

town is situated 15 km west of Theni and it is located at 10º 01’ N Latitude and 

77º 21’ E Longitude. The Town is well connected with Madurai-Kochi NH49 

road. The population as per 2001 census is73410 and 2011 census is 75675. 

The Municipality has decided to provide distribution system for the 

uncovered areas and also improvements to the existing distribution system to 

ensure daily and equitable water supply for the entire municipality area. The 

study area is a part of Bodinayakanur Municipal (zone 2) area and the scope of 

work is to expand this water distribution system shown in Figure 2.1.  

 
Figure 2.1 Layout of Zone 2  

 
RESULTS AND DISCUSSION 

Initially, a sensibility analysis was carried out in order to determine the 
correlation between the change on the resilience index caused when removing a 
certain pipe from the network and the capacity of the reduced model to 
reproduce the hydraulics of the prototype. 

 
Zone 2 

In this network, 48 of the total of 89 pipes were identified as removable 

ones. It is worth mentioning that when removing one of these pipes, not a 

single one of the discharge in the demand nodes is geographically changed. 

Various permutation combinations can be made to identify the group of pipes 

that can be removed to obtain a reduced model. In Table 3.1 the pipes identified 

for removal are listed. Out of these, three trials that can remove 14 pipes from 

zone 2 are presented below. 
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Table 3.1. Pipes Identified for Removal in Zone 2 

Removable Pipes 

1 2 3 4 5 10 13 14 

15 16 17 18 24 25 26 27 

28 29 30 32 33 34 36 38 

39 40 41 42 44 45 46 48 

49 50 53 58 59 60 61 63 

66 67 72 73 75 85 88 89 

  

3 Trial 1 

The combination of pipes that can be removed from zone 2 in 1st trials is 

listed in Table 3.2. From the results presented in Table 3.2, it can be observed 

that the skeletonization process is stopped when 14 pipes (15.73%) have been 

removed because, after this point, the reduced model cannot adequately 

simulate the prototype. 

 

Table 3.2 Skeletonization of Zone 2 -Trial 1 

Pipe no Ir Pipe no Ir 

36 0.985 50 0.984 

39 0.984 53 0.984 

42 0.984 66 0.984 

44 0.984 73 0.984 

46 0.984 88 0.984 

48 0.984 24 0.984 

49 0.984 27 0.984 

 

The layout of Zone 2 before skeletonization (original model) and after 

skeletonization (simplified model) is shown in Fig. 3.1.  
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Figure  3.1 Layout of Zone 2 Before and After Skeletonization – Trial 1 

 

Pressure Variation 

The pressure variation for trial 1 after skeletonization process is 

represented in below Figure 3.2.  From the figure we can see that the pressure 

does not vary too much so that the system can perform well after simplification 

also. 

 
Fig 3.2 Pressure Variation - Trial 1 

The percentage of pressure variation after the removal of 14 pipes from the 

network was 1.56%. 

 

Cost Comparison  

The pipe cost of the original model compared with the reduced model 

for the 1st trial run is given in Table 3.3 

 

Table 3.3 Cost Comparison of Original and Reduced Model – Trial 1 

Parameters Original Model Reduced Model 

Ir 0.985 0.956 

Cost (Rs.) 30,15, 152 29,37,177 

Percentage Reduction in Cost 1.03% 
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Trial 2 

The combination of pipes that can be removed from zone 2 in the 2nd 

trial is listed in Table 3.4. From the results presented in Table 3.4, it can be 

observed that the skeletonization process should be stopped when 14 pipes 

have been removed because, after this point, the reduced model cannot 

adequately simulate the prototype. 

 

Table 3.4 Skeletonization of Zone 2 -Trial 2 

Pipe no Ir Pipe no Ir 

5 0.982 33 0.668 

10 0.981 36 0.667 

13 0.981 39 0.667 

14 0.971 46 0.667 

15 0.971 48 0.666 

20 0.962 49 0.666 

21 0.668 50 0.666 

 

The layout of Zone 2 before skeletonization (original model) and after 

skeletonization (simplified model) is shown in Fig. 3.4 

 
 

        
 

Figure 3.3 Layout of Zone 2 Before and After Skeletonization – Trial 2 

 

Pressure Variation 

The pressure variation for trial 2 after skeletonization process is 

represented in Fig 3.4. From the figure, we can see that the pressure does not 

vary too much so that the system can perform well after simplification also. 
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Figre 3.4 Pressure Variation - Trial 2 

The percentage of pressure variation after the removal of 14 pipes from the 

network was 17.44%. 

 

Cost Comparison  

The pipe cost of the original model is compared with the reduced model 

for the 2nd trial run is listed in Table 3.5 

 

Table 3.5 Cost Comparison of Original and Reduced Model – Trial 2 

Parameters Original Model Reduced Model 

Ir 0.982 0.666 

Cost (Rs.) 30,15, 152 27,57,358 

Trial 3 

The combination of pipes that can be removed from zone 2 in the 3rd 

trial is listed in Table 3.6. From the results presented in Table 3.6, it can be 

observed that the skeletonization process should be stopped when 14 pipes 

have been removed because, after this point, the Ir value reduces drastically. 

 

Table 3.6 Skeletonization of Zone 2 -Trial 3 

Pipe no Ir Pipe no Ir 

2 0.955 44 0.636 

16 0.801 49 0.636 

17 0.801 50 0.632 

18 0.646 66 0.620 

19 0.637 75 0.619 

20 0.637 85 0.608 

46 0.636 1 0.482 

 

The layout of zone 2 before skeletonization (original model) and after 

skeltonization (simplified model) is shown in Figure  3.5 
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Fig 3.5 Layout of Zone 2 Before and After Skeletonization – Trial 3 

Pressure Variation  

The pressure variation for trial 3 after skeletonization process is 

represented in Figure 3.6. From the fig, we can see that there is a reasonable 

variation in pressure heads between 15 and 10. 

 

 
 

Figure 3.6 Pressure Variation - Trial 3 

The percentage of pressure variation after the removal of 14 pipes from the 

network was 25.7%. 

 

Cost Comparison  

The pipe cost of the original model compared with the reduced model 

for the 3rd trial run is given in Table 3.7 

Table 3.7 Cost Comparison of Original and Reduced Model – Trial 3 

Parameters Original Model Reduced Model 

Ir 0.955 0.482 

Cost (Rs.) 30,15, 152 25,29,300 
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CONCLUSIONS AND RECOMMENDATIONS 

•  The case study network is successfully simulated using Epanet which is 

interlinked with the skeletonization alogorithm via Epanet tool kit. 

• By Skeletonization, 48 pipes were identified for removal from the 

Bodinayakanur Municipality Zone 2 network. Out of 48 pipes , different 

permutation combinations were tried and the results obtained for three 

different trials, that can remove 14 pipes, (approximately 15.73% pipes) 

from the network are presented below: 

• Pressure  

The change in pressure after skeletonization in three trials was 1.56%, 

17.44%, 25.7% respectively. The variation in the network does not affect 

the hydraulic operation; the system performs well without any defects. 

• Resilience Index. 

The resilience value obtained for three trials are 0.956, 0.666 and 0.482 

respectively. The higher value of resilience index indicates that the 

network performs well and there will be very minute changes in the 

pressure head.  

• Cost 

The reduction in cost for the network after skeletonization are computed 

as Rs.29,37,177,  Rs. 27,57,35, Rs. 25,29,300 for trial 1,2 and 3 respectively.  

From the analysis trial 1 have high resilience index, with minimum pressure 

variation at the same time with good quantity of cost reduction, which is one of 

the preferred choice of reduced model in the three trials. The obtained result is 

not the optimal one, for different permutation combinations of pipe removal 

more precise combinations can be obtained.  

 
FURTHER STUDY 

Further research is needed to develop a more efficient skeletonization 
method for identifying the structure of water distribution networks. Focus on 
improving the accuracy and speed of the skeletonization process in order to 
provide better results in a shorter time. 
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