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Abstract: A segment-based analysis system is developed, using several models and an open
source Web geographic information system (GIS) toolkit, to assist a manager or engineer in
analyzing the vulnerability of a water distribution network (WDN). Valve-enclosed segments of
a WDN can be efficiently identified by the system using a depth-first search algorithm and
illustrated by the Web-GIS. Critical segments, whose failures can cause a significant impact on
downstream segments and associated water supply, are identified by the other depth-first search
algorithm. With the auxiliary network established from the identified segments, the impact of one
or multiple pipe failures can be practically evaluated and the area affected by each failure event
can be rapidly delineated. The impacts of segment failures on water distribution are simulated
by EPANET2. A case study for a local WDN is implemented to illustrate the applicability of the
developed system. The system is able to effectively assess the segment-based vulnerability of a
WDN and to improve the management and responsive actions for single or multiple segment
failures. To assure the upstream catchment of a WDN being able to continuously supply stable
and safe water, a prototypical index system is also developed in this study to evaluate the
environmental sustainability of a catchment.

Keywords: Decision support system; segment; valve; water distribution network; network
analysis; environmental systems analysis; environmental sustainability index system; algorithm.
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In order to provide consumers with a safe, potable and stable supply of water, a water
distribution network (WDN) must be properly maintained. However, the frequency of network
failures for a WDN increases as its pipes age, and subsequently a significant amount of valuable
drinking water may be wasted. Therefore, identification for vulnerable portions of a WDN is
important for improving the management efficiency in reducing the impacts caused by failed
pipes. Conventionally, analyses for WDNs generally regarded each pipe as an independent unit
(Fujiwara and Li, 1998; Shamir and Howard, 1979). However, independent pipes exist only
when there are valves on both ends of the pipe that can isolate peripheral water supply during an
event of damage, so that maintenance or replacement can be undertaken. Although the design
guideline proposed by Mays (2000) suggests placement of valves at both ends of each pipe, most
old or even new local water distribution systems have not installed so many valves because of



budget limitations. As Walski (1993) discussed, for actual systems in the real world, this type of
network does not exist. When there is damage to a pipe, it is necessary to close off all
peripheral valves in order to perform maintenance. Consequently, the damage does not merely
impact the failed pipe; rather, the impact extends to areas which are isolated by closed valves, as
well as the neighboring water supply. As a result, if the impact analysis is based only on
independent pipes, it may lead to the scope of impact being underestimated. Therefore, analyses
of WDNSs are suggested to be implemented based on valve-enclosed segments instead of
individual pipes.
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The idea that water distribution network analyses should consider the influence of
valve-enclosed segments in the system was proposed as early as in 1987 by Walski (1987).
Walski (1993) also defined that if a segment linked with other segments by only one pipeline was
regarded as a critical one. The moment damage occurs to such a critical segment, there is an
impact not only on the water supply for that segment, but also on other connected downstream
supply, making the scope of the impact much greater. Although valve-enclosed and critical
segments may be manually identified from a network plot, this manual method, in a large system,
is inconvenient, tedious and prone to error, especially for a complex WDN. Walski (1993)
suggested a breath-first search method to find critical segments. The searching procedure is,
however, tedious for storing trees emanating from each junction, and might be time-consuming
for a large WDN. Two depth-first searching algorithms were therefore developed in this study
to effectively identify valve-enclosed and critical segments, respectively.

As pointed out by Mays (2000), analysis for a WDN should not consider only the topology
of the network but also the hydraulic effects. The analysis for the vulnerability in a WDN based
only on valve topology without hydraulic effects is not practical. The segments that not directly
cut off by a failed segment may still be influenced hydraulically. Hydraulic analyses are
generally simulated by mathematical models. EPANET2 developed by U.S. EPA (Rossmann,
2000) is one of such models that is widely used and is able to perform extended-period simulation
of hydraulic movement in a WDN. The EPANET2 model is thus integrated into the system for
hydraulic simulation of failure events, to complete a comprehensive analysis for the vulnerability
of a WDN.

A geographic information system (GIS) is an efficient spatial data management and analysis
tool for WDNs to facilitate the evaluation of results obtained from alternative optimization
strategies (Taher and Labadie, 1996). GeoTools, an open source GIS tool, provides sufficient
functions to manipulate GIS data and was thus used to construct a user-friendly operation
interface for the developed system.

Previous studies had proposed various optimization models for improving WDN
management and operation, but those models are usually too complex to be applied to real WDNS.
A decision support system integrating optimization and hydraulic simulation models with a
user-friendly interface is an efficient tool to overcome this difficulty (Taher and Labadie, 1996;
Huang et al., 1995; Goulter, 1992). Although Taher and Labadie (1996) and Huang et al. (1995)
have integrated optimization models and GIS to determine network routing and design, no proper
DSS is available to facilitate analyses and management for failure events in WDNs. A DSS



integrates the depth-first segment identification algorithms, EPANET2, and a GIS interface
implemented by GeoTools has thus been developed to analyze failure events and to present the
analyzed results visually to improve the efficiency of failure management.

PR S
System Architecture

The proposed system is intended to assist an engineer in analyzing the structure of a WDN
system and improving the efficiency of pipe failure management. As the system architecture
illustrated in Fig. 1, the developed Web-GIS system includes four major components: (1) a core
database for storing and retrieving the information of WDN instruments or objects; (2) a
segment-based analysis module for WDN structure analysis and failure management; (3) a
decision support analysis server for simulating failure events and sending back results to the user;
and (4) a friendly Web-GIS user interface for WDN presentation and analysis. These
components are briefly described below, while major approaches or functions are described in
detail in later sections.

Core WDN Database for Object-oriented Operation

WDNSs are generally complex and an appropriate data structure is desired to present a
network in a way that can facilitate subsequent analyses (Solomatine, 1996). The topology of a
WDN, presenting connections between pipes and junctions, and hydraulic settings of network
components are required for further analyses. A core WDN database has therefore been
developed by using MYSQL (MySQL, 2005), a relational database tool. The structure of data
tables are designed according to the properties of associated objects defined in the developed
object-oriented software written in Java computer language (Java, 2005). WDN components
such as a pipe, a valve, a node, a segment and a storage tank with related attributes are expressed
as individual objects, and a large WDN object is constructed to consist of these component
objects. The object-oriented model derived from the model proposed by Solomatine (1996) is
adopted herein to construct a system module for working with varied analysis tools. With the
database and internal object-oriented module, the hydraulic properties and behaviors can be
encapsulated into related WDN objects and the data for a WDN can be handled through an
object-oriented interface designed using JDBC (Java, 2005). Related analysis tools can be thus
effectively modularized with specific functions to handle WDN objects. The developed system
provides a function to convert the WDN objects into a formatted EPANET2 input file for
hydraulic simulation. Input files for other hydraulic simulation or analysis tools can be created
by adding additional functions using the object-oriented interface, if desired.  The
object-oriented modularization can significantly improve the flexibility and extensibility of the
system.

Segment-based Analysis Module

An analysis module has been developed for identifying both valve-enclosed and critical
segments and implementing failure analyses. Critical segments, as described by Walski (1993),
are those segments, once failed, can cut off water supply for downstream segments. They are



generally difficult to be manually identified from a complex WDN plot. This module
implements the algorithms for identification of valve-enclosed and critical segments, converts the
original WDN into an auxiliary network in which each node represents an identified segment, and
identifies the impacted areas and peripheral valves for single or multiple failed pipes for further
impact analyses. Results with spatial properties are presented by a Web-GIS interface with
geo-referenced map layers for intuitive interpretation.

Decision Support Analysis Server

The shortage impacts caused by failures in segments are simulated by EPANET2, a
mathematical hydraulic model developed by Rossman (2000). A decision support analysis
server providing hydraulic simulation functions for shortage and failure has been developed.
The server can implement multi-thread executions for different hydraulic simulations
independently and allows to serve multi-users at the same time. Once the server receives
simulation requests from users, the associated simulations are invoked. The simulations are
implemented by a program written in C language with the toolkit provided by EPANET2 to
improve the computational efficiency. Simulation results are stored in formatted files and sent
back to the user. All results can be presented by geo-referenced map layers by the Web-GIS
interface or statistical charts for further interpretation.

This client-server structure of the analysis system is implemented with the Java Socket to
establish a communication channel between both client and server sides. To balance the
responsive time and computational burden, simple analyses such as segment identification are
performed on the client side, and complicated ones that require simulation models are executed
on the server side computer. The efficiency of decision analyses can be thus enhanced.

Web-GIS Decision Analysis Interface

A typical decision analysis procedure for WDNs usually requires intensive interaction to
check spatial information and analysis results. A decision analysis interface is thus established
to assist an engineer or analyst in interpreting results and implementing various analyses
efficiently. A GIS-based presentation and operation module developed using GeoTools is
embedded in the interface to present complex WDNs by geographic map layers that are easy to
visualize and follow. The Web-GIS module can be used to perform various spatial decision
analyses. A report module with functions to generate tabular reports and statistical charts, using
JFreeChart (JFree, 2005), is also provided to present non-spatial data or to illustrate data in
different ways to facilitate decision analyses.

Identification of Segments

To effectively analyze a WDN, a pipe-based WDN is transformed into an auxiliary network
in which each node presents an identified segment. Identifying all valve-enclosed segments in a
WDN manually is usually tedious and tends to be error. A computer program implementing a
depth-first search algorithm has thus been developed to facilitate segment identification. The
program begins at any unvisited node in the studied network and creates a stack to store nodes to
be identified by the function TraverseANode for the current segment. Function TraverseANode
searches for each pipe connected to the currently visited node. If the object connected to the



other side of the pipe is a valve, the valve is marked as the boundary of the segment. If the
object is an end node, it is stored into the stack. If the object is an unvisited node, Function
TraverseANode is called recursively with the unvisited node. The traversing procedure is halted
until all recursive calls to the function are returned and nodes stored in the stack forms a newly
identified segment. The searching procedure is repeated until all nodes are traversed, and the
auxiliary network is constructed with all identified segments.

Identification of Critical Segments

Critical segments can block the water distribution to downstream segments and thus cause
greater impact while failed. Identification of this kind of segments is necessary for effective
WDN management. Therefore, a computer program applying the depth-first search algorithm
adopted from Horowitz et al. (1993) has been developed to identify critical segments. The
program begins from the root segment, the segment with the water supply source node.
Segment level (SLn) and connection (Cn) numbers, representing the search sequence and the
connection relationship between segments respectively, are assigned to each segment and both are
initially set to be —1. Function TraverseAndAssignNumber sets both SLn and Cn for each
currently visited segment to be GLnum, which increases by one in each call to the function,
recursively. The function then traverses each segment adjacent to the currently visited segment.
If the adjacent segment has not been visited, the function is called recursively. While all
subsequent segments are recursively traversed by the function, the Cn for current segment is set
to be the smaller one of the Cn of current segment and the Cn of the adjacent segment. If the
adjacent segments have been visited, the Cn for current segment is set to be the minimum of the
Cn of the current segment and the SLn of the adjacent segment. This traversing and assigning
procedure repeats until all segments are visited and all associated SLn’s and Cn’s are determined.
Then, any segment whose SLn less than or equal to the Cn of any subsequent segment is a critical
segment. For a segment whose SLn is larger than Cn, it implies that there exists a link able to
connect back to any segment traversed before the segment, i.e. multiple paths exists and the
removal of the segment can not break the network, and thus it is not a critical segment.

Failed Segment Identification

A failed pipe has to be isolated for repairing by closing the peripheral valves. Manual
identification of the peripheral valves and associated failed segments is tedious from a complex
WDN. A procedure derived from the aforementioned segment identification algorithm is
applied to identify the peripheral valves that can isolate the segment including the failed pipe.
The derived procedure is the same as the function TraverseANode and starts from one end of the
failed pipe and implements the TraverseANode function until the associated segment is identified.
While multiple failed events occur simultaneously in a WDN, associated failed segments can be
identified by applying the derived procedure repeatedly for each failed pipe. The computer
program developed for implementing the identification procedure is integrated into the
segment-based analysis module of the system for improving the impact evaluation of a failed
event.



Vulnerability Analysis

If a failed event occurs inside a critical segment, the water supply to downstream segments
is shut off and the shortage is propagated to those affected downstream segments. The closure
of a failed segment, either a general or critical segment, will cause, in addition to the complete
shortage for the segment, the impact on the entire network in terms of water pressure, which
results in decrease or shortage of water supply. The degree of the impact varies with the place
where the affected segment is located. Hydraulic impacts are therefore simulated to analyze the
vulnerability of a network. The EPANET2 model is used to simulate node water pressure under
the normal condition and possible failed events. The hydraulic impacts for nodes in all
segments are then determined based on the water pressure difference between before and after
isolating the failed segment. If the simulated pressure, although affected by a failed event, of a
node is still larger than the pressure required for full water supply, there is no shortage at the node;
if the simulated pressure is smaller than the minimum required pressure, there is no supply at the
node and thus results in complete shortage of water for the consumers served by the node.
While the simulated pressure is in the range between that required for full supply and the
minimum required pressure, the following rational equation proposed by Wagner et al. (1988) is
adopted to estimate the reduced water supply.

Qd=[“ ‘“m] . (1)

Hs_Hm

where Q, is the estimated supply for the node, H is the pressure obtained using EPANET? for
the system after shutting down failed segments; H, is the minimum head pressure value
required to supply water at the node, H,is the node head pressure for full supply; and c is the
node water demand. Using the equation to calculate the sum of the differences between desired
demand and reduced water supply at all nodes, the overall shortage impact for closing each
segment can be determined. A computer program applying the simulation procedure described
above has been developed and integrated into the system for computing the accumulated shortage
impacts caused by closing each individual segment.
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To demonstrate the developed system, the system is applied to analyze the WDN in the
Sanchung area of Taipei City. This network supplies 382,934 households and its daily average
water demand is 128,850 CMD. The total length of pipeline is 5,834,572 meters, including
6,040 pipes, 8,550 nodes and 2,766 valves. Drinking water is transported by large main
pipelines and distributed via small pipelines to households.

System Interface

All the instruments in the Sanchung WDN, including junctions, pipes, tanks, reservoirs, and
pumps, are stored and presented by separate GIS layers, as shown in Fig. 2. Clickable toggle
icons are provided on the left of the system interface to hide or show those GIS layers and



associated labels. The floating control window located on the right of the system interface
presents the information of instruments. A specific instrument can be located and associated
information can be queried by the control window. For users to look up any part of the network
structure, the network diagram can be magnified, minimized, and moved by using the map
querying tools located on the menu bar. The map of the network can also be clicked to query
the information of a specific network instrument with mouse, and the query result is shown in an
information window as illustrated in Fig. 2.

Network Vulnerability

To analyze the topology of a WDN, the original complex network is converted into a
segment-based auxiliary network by the aforementioned identification program embedded in the
system. Segments which consist of pipes enclosed by surrounding valves are symbolized by
circles in different colors for the user to locate the comprised pipes in each segment. The
connections among segments are represented by black lines.

Critical segments are also identified and expressed by larger darker circles. The number of
connected lines for a segment determines how critical the segment is. The more the number of
connected lines suggests that there are more adjacent segments connected to the segment and
there might be more water distributed through the segment to other parts of the WDN. This
kind of segments is more critical if it includes also any main distribution pipe of a WDN.
Critical segments are usually difficult to manually identify from the original complex WDN with
numerous pipes and irregular locations of valves. Even with the segment auxiliary network, it is
still difficult to identify those critical segments from a network plot. The developed system can
rapidly generate the auxiliary network with critical segments being efficiently identified and is
expected to significantly facilitate the analysis for the network vulnerability.

The potential impacts of failed events occurred in segments can be preliminarily analyzed
according to the topology of the segments. Once a critical segment is shutdown, the affected
area is expanded to the downstream segments connected to it. For instance, there are 7
segments affected by closing segment 151. Those affected downstream segments are usually
tedious to manually identify from a segment network plot with complicate connectivity and the
developed system can effectively overcome this difficulty.

Hydraulic impacts for failed events at segments are simulated and evaluated by the
EPANET model. Based on the simulation results, areas that are not completely shutdown but
affected by a failed event are identified and the associated water shortages are computed. The
results obtained from the hydraulic modeling simulations are showed as a bar chart for the overall
shortage impact of each segment and associated shortage values ranked and listed in a Report
window. Several segments have a significantly large shortage impact more than 100,000 CMD,
such as segments 0, 1, and 7. These segments include main distribution paths to deliver water
from the supply source to other parts of the WDN and need to be carefully maintained. The
results are depicted as a histogram for the numbers of segments with shortage impacts in
specified intervals. Two obvious peaks can be observed from the histogram that indicates the
numbers of segments with large and small shortage impact. The segments with large shortage
impact can be rapidly identified by clicking a button provided by the developed system. These
segments are mainly critical segments with main pipes or located in main distribution paths



between the supply source and the other parts of a WDN. Those segments with small shortage
impact are mostly located in the end pipes connected to some households and affect only the
supplied demand of the households while they are closed for maintenance. With the provided
function to identify critical segments, the developed system can facilitate the reliability analysis
of a WDN. For example, if new pipes are going to build, how effective of the pipes for reducing
the number of critical segments can be a good indicator for evaluating the improvement of the
network reliability.

Keelung River Basin ESI System

To assist the engineer in evaluating the management quality of the upstream catchment to
supply water to a WDN, a sustainability index system is to be established. A prototypical index
system integrates various environmental sustainability indexes (ESIs) has been developed in this
study. The index system, as illustrated in Fig. 3, presents five major ESIs for Keelung River Basin
in northern Taiwan. The five ESIs include two water quality related ESIs for BOD and SS, one
composite index of PSI for air pollution, and two municipal solid waste related indexes for waste
generation and recycling. The map, shown in the center of the system, is displayed using open
source GIS toolkits and is used as the graphical interface for the user to select a desired location
to view regional ESI values. The ESI values and related information are illustrated by a bar
chart and a radar chart in popup windows with a photograph and description of the selected
location. The index system is intended to provide information for evaluating the management
quality and environmental sustainability of the river basin supplying water to a WDN.
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Figure 3. A sample interface for the Keelung River Basin ESI System.



