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EPA calculates needs for US
water management programmes
n increased capital investment of $202.5
billion is required across the US to control
wastewater pollution for 20 years, according to a
recent US EPA report.
The Clean Watersheds Needs Survey, which is
based on 2004 data, sets out the results of the
EPA’s 14th national survey of the needs of
publicly-owned wastewater treatment works.
The figure is split into £134 billion for
wastewater treatment and collection systems,
$54.8 billion for solutions to unsatisfactory
combined sewer overflows (CSOs) and $9 billion
for stormwater management.
The report also documents the requirements
of each state, and shows that New York and
California have the largest reported publiclyowned wastewater treatment works needs, both
in excess of $20 billion. Florida, Illinois and Ohio
all have needs in excess of $10 billion.
The states with the highest per capita need are
the District of Columbia ($3670 per head),
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Hawaii ($1660) and West Virginia ($1400). Over
76% of the total needs reported focus on 18
states, with 20 states each requiring less than
1% of the total.
The spend includes funds for the capital costs
of replacement, rehabilitation, expansion,
upgrade or process improvement of existing
plants and construction of new treatment works.
CSOs also feature prominently, requiring
measures to prevent or control periodic
discharges of a mix of stormwater and untreated
wastewater. 28 states and the District of
Columbia reported $9 billion in stormwater
programme management needs. Texas, Florida,
Arizona and Minnesota reported the largest
programmes, at more than $0.9 billion apiece.
Recycled water distribution is a new category
with 15 states reporting $4.3 billion in this
growing field. California and Florida account for
84% of these needs at $1.9 billion and $1.7
billion respectively.

New ISO Standards for water
SO has produced a suite of new standards that
offer a set of practical tools for addressing the
global challenge of managing limited water
resources effectively to provide universal access
to safe drinking water and sanitation.
The three standards set guidelines for water
and wastewater service system activities, and are
intended to help water authorities and operators
to achieve the quality that best meets the
expectations of users and the principles of
sustainable development.
ISO 24510, Activities relating to drinking water
and wastewater services – guidelines for the
assessment and for the improvement of the
service to users, is a service-oriented standard
giving a brief description of the components of
the service that relate to users, core objectives
relating to users’ needs and expectations,
guidelines for achieving these goals, assessment
criteria for services to users that match the
guidelines and indicator examples that are in
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turn linked to assessment criteria that can be
used to assess service performance.
ISO 24511, Activities relating to drinking water
and wastewater services – guidelines for the
management of wastewater utilities and for the
assessment of wastewater services, and ISO
24512, Activities relating to drinking water and
wastewater services – guidelines for the management of drinking water utilities and for the
assessment of drinking water services, are both
management focused.
They give a brief description of the physical,
infrastructural and managerial or institutional
components of water utilities, core objectives,
guidelines for management, guidelines for
assessing water services using objectiverelated service assessment criteria, and linked
performance indicators.
The standards are strongly oriented towards
developing countries and a first trial has been
launched in some African countries.

AquaNet preferred for recycle scheme
quaNet Sydney, a joint venture of Singapore
Power International and Babcock & Brown
with Veolia Water Australia, is the preferred
tenderer for the $100 million Rosehill/Camellia
recycled water scheme in Sydney, Australia.
AquaNet will work with Sydney Water to
provide recycled water to industrial customers.
The project’s initial phase will provide 4.3 billion
litres of water annually to seven commercial and
industrial customers in the Rosehill, Camellia
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and Smithfield areas, though a proposed
expansion could produce a further three billion
litres a year for future customers.
Subject to finalisation of the negotiations,
AquaNet will be granted a network licence under
the Water Industry Competition Act to build, own
and operate a new recycled water plant at
Fairfield. Sydney Water will provide effluent and
act as a retailer to the foundation industry
customers.
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EPA issues new energy costs guide
T

he US EPA has issued new guidance, titled ‘Ensuring
a sustainable future: an energy management guidebook for wastewater and water utilities’, to help utilities
to systematically assess their current energy costs and
practices, set measurable performance improvement
goals, and monitor and measure their progress.
Steadily-rising energy costs and environmental
effects have made energy use one of the most
urgent challenges facing US water utilities. Energy
management is at the heart of efforts across the

industry to ensure that water and wastewater systems
are operated in a sustainable way.
The guidance follows the successful Plan-Do-CheckAct methodology that is integrated into environmental
management systems and other utility management
tools. It was developed with the help of utilities that
are already successfully tackling their own energy
challenges using the approach and will serve as a
step-by-step guide to help utilities systematically
manage their energy programmes over time.

Saudi Arabia investment needs
S
audi Arabia’s deputy water and electricity minister,
Luay Al-Musallam, has told an Arab newspaper that
the country’s water and sewage sector needs SAR150
billion ($40 billion) new investment in the next 20 years.
Al-Musallam, the deputy minister for planning
and development, also spoke about the delayed
privatisation process. He said: ‘The ministry has already
completed negotiations with a company selected for
managing and operating the sector in Riyadh’. He
added that an agreement would be signed this year.
The Council of Ministers licensed the establishment
of a separate National Water Company in January as
part of a privatisation drive. This will be governmentowned to start with, and will cover the whole Kingdom in
three years, according to a statement.
The new company will have a capital of SAR22 billion
($5.9 billion) with 2.2 billion shares, each having a

nominal value of SAR10 ($2.7). The paid-up capital is
$1.6 billion, with the rest due to be paid up within three
years. A proportion of the shares will be sold in an initial
public offering at a later date.
The NWC will provide all water-related services
including potable water abstraction and distribution,
and wastewater collection and treatment, on a
commercial basis. It will also replace directorates of
water in cities and regions. An international company
will be appointed to manage the company for five years.
The company will start operations in the capital,
Riyadh, and will take over the region’s groundwater
resources, sewerage network and wastewater treatment
plants. Within three months Jeddah will be added to its
remit, then the key city of Madinah, followed by
Dammam and Makkah. These urban areas account for
65% of the country’s water consumption.

HONG KONG: PIPELINE PROJECTS ANNOUNCED

and operate a new wastewater treatment works at La
Feyssine for three years. The plant will treat wastewater
for the 300,000 residents of the Greater Lyon area, and
the contract has an option to include additional systems
to enable energy and agricultural recovery from treated
sewage sludge. Lyonnaise des Eaux, the water
treatment subsidiary of SE, has signed a 20-year, €124
million ($182.8 million) wastewater management
contract with the city of Grasse, in Provence, France.
LdE will provide €7 million ($10.3 million) in investment
financing for the project, which serves 50,000.

Insituform Technologies has announced water and
sewer projects in Hong Kong worth more than $13
million. The bulk of the work is an Insituform Blue
project that represents the company’s largest potable
water pipeline rehabilitation project to date, with over
30km of water pipeline to be lined under and around
Nathan Road in Kowloon, Hong Kong. Insituform’s
partner in Hong Kong is VSL International, with which it
operates Insituform Asia, a 50:50 joint venture.

CHINA: ITT CORP CONSOLIDATES SALES
SUBSCRIPTIONS
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Water and wastewater equipment manufacturer ITT
Corp has merged sales for its three fluid technology
businesses in China into one unit, to maximise its
effectiveness during the nation’s huge environmental
drive. The company has consolidated sales for its water
and wastewater treatment, industrial process and
residential and commercial water businesses. It is also
to set up a new R&D centre in Nanjing, Jiangsu
province, and will launch a rural water research project
to improve brackish water desalination technology for
people in western China through its two R&D centres.
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Veolia Water, through subsidiary Veolia Water solutions
and Technologies, has won two contracts in Dubai for
wastewater and brackish water treatment and recycling
plants worth €22.4 million ($33 million). The contracts
are for two of the country’s most prestigious sites – the
Palm Jumeirah island and the Burj Dubai tower. VWS
will use its own advanced wastewater treatment and
recycling technologies.

FRANCE: NEW WASTEWATER PLANT IN GREATER LYON
Suez Environnement has won an €60 million ($88.4
million) contract from the city of Lyon in France to build

BRAZIL: WORLD BANK LOAN FOR DRINKING AND
WASTEWATER INFRASTRUCTURE
The World Bank has agreed a loan of up to $18.9
million for a project to strengthen the capacity of the
municipality of Pelotas, in Brazil’s southern region, to
provide selected infrastructure and employment
opportunities for their population. The funds also
support the municipalities of Bagé, Pelotas, Rio
Grande, Santa Maria and Uruguaiana in the state of Rio
Grande do Sul. Among the projects to be financed by
the loan are water supply, sanitation and drainage
systems in both urban and rural areas.

US: ARIZONA GROUNDWATER TREATMENT PROJECT
CH2M HILL has announced that it has received a
contract from the city of Glendale, in Arizona, to provide
project management, engineering design, permitting
and construction services for the city’s Zone 4 groundwater treatment plant project. Local groundwater wells
will provide water to the plant, which will use ion
exchange technology to remove nitrate. The 10 million
gallon per day treatment plant project will involve
design of a conveyance system from the groundwater
well sites to the plant, well rehabilitation and development of replacement wells.
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New AwwaRF research reports from IWA Publishing
Examining the Impact of Water Quality on the
Integrity of Distribution Infrastructure
AwwaRF Report 91182
Author(s): R Sadiq, S Imran, and Y Kleiner
Changes in regulatory restrictions on sourcewater withdrawals, treatment techniques, and
maximum contaminant levels (MCLs) require
utilities to constantly change, upgrade or
altogether replace their historic water sources
and treatment practices. Strategies to comply
with state and national regulations on drinking
water quality and quantity ultimately lead to
changes in the chemistry of the water that comes
in contact with the distribution networks. These
changes might adversely impact the distribution
infrastructure.
The main objective of this research project
was to identify research needs for evaluating
water quality impacts on distribution
infrastructure integrity. The research team
planned to identify missing links in the complex
interrelation among water quality regulations.
These regulations drive new treatment
technologies resulting in primary and secondary
impacts on water quality in distribution systems,
ultimately affecting the distribution infrastructure
integrity.
Each water utility has it own set of challenges
based on the source water used, demand
dynamics, applicable regulations, condition of
distribution infrastructure, operation,
maintenance and renewal strategies, economic
and management issues. The HRM proposed in
this research allows each utility to predict the
relative impact of changing treatment process
and practices for its unique conditions.
Publication Date: Feb 2008; 112 pages

Paperback; ISBN: 1843398052
Price: £ 120.00 / US$ 240.00 / € 180.00
IWA members price: £ 78.00 / US$ 156.00 /
€ 117.00

Guidelines to Minimize Downtime During
Pipe Lining Operations
AwwaRF Report 91177
Author(s): T Rockaway and R Ball
When repair and rehabilitation of existing
infrastructure is necessary, many utilities employ
techniques that reuse the existing conduit to
reduce the impact to customers, existing surface
facilities, and traffic flow. Pipe renewal operations
are generally less expensive and less disruptive
than open trench replacement; however,
customers must still endure service disruptions
and general construction environments. While
infrastructure improvements ultimately benefit
customers in the long-term, utilities benefit when
they reduce short-term customer dissatisfaction.
Repair and maintenance of existing distribution
lines is an increasing concern for utilities. While
pipe lining activities are effective and generally
less expensive than complete replacement, they
still represent considerable time and expense.
The purpose of this research was to provide
guidance on the best practices to minimize the
downtime associated with pipe lining operations.
In this context, ‘downtime’ refers to the amount
of time customers are without water service,
must endure restricted service, or are served by
less secure networks.
Minimizing the amount of downtime and
improving temporary service will have a direct
impact on customer satisfaction and costs. The
data collection from the selected utilities during

this project suggested that a number of best
management practices have the potential to
reduce the length of time necessary for pipe
lining operations and consequently, the length of
time a temporary pipeline is in service. Each
recommended management practice would
require a shift or change in what is currently
considered a typical construction practice. The
construction processes recommended have the
potential to significantly reduce the number of
days or weeks most customers are subjected to
maintenance activities and the temporary
pipeline.
Publication Date: Nov 2007; 164 pages
Paperback; ISBN: 1843398354
Price: £ 120.00 / US$ 240.00 / € 180.00
IWA members price: £ 78.00 / US$ 156.00 /
€ 117.00

Leakage Management Technologies
AwwaRF Report 91180
Author(s): P Fanner, R Sturm, J Thornton, R
Liemberger, S Davis, and T Hoogerwerf
The primary objectives of this project were to (1)
review proactive leakage management technologies used internationally, with a focus on the
United Kingdom, (2) assess the applicability of
these technologies to North American water
utilities and select the most suitable technologies
for pilot installations in participating utilities,
and (3) provide guidance on how to practically
and cost-effectively apply these technologies to
North American water utilities based on the
research and hands-on installation of promising
techniques in controlled pilot areas.
Publication Date: 15 Jan 2008; 376 pages
ISBN: 1843398133

For more information and to order these and other titles from IWA Publishing, visit www.iwapublishing.com
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management-related events
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Utilities Asset Management
4-5 March 2008, London, UK
Contact: IIR Customer Services
Tel: +44 (0)207 017 7482
Email: registration@
iir-conferences.com
Web: www.iir-events.com
IIR's 13th edition of Utilities Asset
Management will feature several
best practice case studies from
major UK utilities, alongside some
specially selected international
presentations, included to provide
a valuable insight into how other
major European companies are
operating in this competitive
industry.

Performance Assessment of

Urban Infrastructure Services

Global Leakage Summit

12-14 March 2008, Valencia,
Spain
Contact: Pi08 Secretariat, Instituto
Tecnológico del Agua,
Camino de Vera s/n, CP 46022
Valencia, Spain
Fax : +34 963 879 899
Email: secretariat@pi08.com
Web: www.pi08.com
Pi08 will bring together most of
the top European experts in the
field (participating in the EU's
COST C18 action) and some of
the key water professionals in
the world.
The latest trends on
performance assessment
and well documented case
studies of practical applications
will be presented. Specialist
workshops cover the new
ISO 24500 standards and IWA
Benchmarking projects.

16-18 June 2008, Thistle Marble
Arch, London
Contact: Malcolm Farley
Email: malcolm@london-businessconferences.co.uk

Water Economics Statistics &
Finance
03-05 July 2008, Alexandroupolis,
Greece
Contact: Konstantinos P.
Tsagarakis, Department of
Economics, University of Crete,
Rethymno 74100, Greece
Tel. +30 28310 77433 or
+306945706431
Fax.+30 28310 77406
Email: iwa@econ.soc.uoc.gr
Web: www.soc.uoc.gr/iwa

Water Distribution System
Analysis
17-20 August 2008, Kruger

WATER ASSET MANAGEMENT INTERNATIONAL • 3.3 - SEPTEMBER 2007 • 3

National Park, South Africa
Contact: Carla de Jager
Tel: + 2783 376 2368
Email: wdsa2008@uj.ac.za
Website: www.uj.ac.za/wdsa2008

11th International Conference
on Urban Drainage
31st August – 5 September 2008,
Edinburgh, UK
Contact: Mrs Maureen Golden
Tel: +44 (0) 1382 308170
Fax: +44 (0) 1382 308117
Email:enquiries@11icud.org
Web:www.11icud.org

CIWEM:Integrated Urban
Drainage Management
Policy
Autumn 2008, London
Contact Bob Earll, CMS
Tel: 01531 890415
Email: bob.earll@coastms.co.uk

STRATEGIC MANAGEMENT OF THE WATER NETWORK IN BERLIN

Strategic asset management for the
rehabilitation of the water network in Berlin
In 1990, after the fall of the Berlin Wall, it was possible to achieve a direct exchange of
technical data on the water supply and wastewater disposal systems in East and West
Berlin for the first time in 30 years. The exchanged data describing the networks of
pipes for drinking water distribution showed significant differences in pipe break rates
in East and West Berlin. The number of breaks per kilometre of water network pipe
length was significantly higher in East Berlin than in West Berlin.
The technical data exchanged after the reunification led to the conclusion that
successful unified water supply management in Berlin is not possible without an
effective cost limitation strategy for repair of pipe break damage. High initial investment
costs led to a decrease in pipe break rates in East Berlin, whereas the pipe break rate in
West Berlin remained at the same low level. The differences in pipe break rates in the
East and West, which were fundamentally confirmed in comparison studies, show the
need for a strategic, operational replacement rate.
According to studies performed using comparable models to assess the overall
condition of the Berlin drinking water network, a damage rate of 0.13 (damage per km)
is an optimal value. This was used by Berliner Wasserbetriebe to develop an overall
water network management plan that considers quantitative operational aspects as well
as the construction cost-related consequences of road construction.

n 1990, after the fall of the
Berlin Wall, it was possible to
achieve a direct exchange of
technical data on the water supply
and wastewater disposal systems in
East and West Berlin for the first
time in 30 years. The exchanged
data describing the networks of
pipes for drinking water
distribution showed significant
differences in pipe break rates in
East and West Berlin. The number
of breaks per kilometre of
water network pipe length was
significantly higher in East Berlin
than in West Berlin.
An analysis showed that these
differences had resulted from the use of
different maintenance and replacement
strategies for the two systems. A change
in strategy led to a sharp decrease in the
number of line breaks in the eastern
part of the city.

I

Divided city, divided water network
Historical Development
The Berlin water supply system
was established in 1856 by British
engineers, who received a concession
for the city’s water distribution. [1]
In 1873, the city government bought
the water supply company in order to

better adapt the supply structure to the
needs of urban development.
‘Wasserwerke AG’ was later founded
in the southwestern part of Berlin to
ensure drinking water supply to the
large populated regions in nearby cities
and municipalities of the time. Other
municipalities near Berlin basically set
up municipal water supply facilities. In
1920, eight cities (including Berlin), 59
municipalities, and 27 rural districts
consolidated to form the current
city-state of Berlin.The individual
municipal water supply systems were
quickly integrated into the greater
Berlin water supply system. [1]
Wasserwerke AG’s water concession
was extended. Berlin progressively
acquired more shares in the company
in order to achieve consolidated
management of the Berlin water
supply. In 1945, unified management of
the Berlin water supply was finally
achieved through the dissolution of
Wasserwerke AG. In 1949, the Berlin
water supply system was divided into
two parts determined by the Allied
Zones. [1]

Figure 1
Pipeline network
alteration

Dipl. Ing. Christian Thomasius
Berliner Wasserbetriebe
Strategical Investment Planning
Email: christian.thomasius@bwb.de
Dipl.Ing. Petra Maler
Berliner Wasserbetriebe
Pipe Network Planning Water Supply
Email: petra.maler@bwb.de
Dipl.-Ing. Ludwig Pawlowski
Kompetenzzentrum Wasser Berlin
Managing Director
Email: ludwig.pawlowski@kompetenzwasser.de
© IWA Publishing 2007

materials used in the two parts of the
city according to length and
percentage of total network length.
Exact back-calculation of the age
distribution to the year 1991 was not
possible. [1, 2]
Because of differences in settlement
development and supply structures, the
length of pipeline per inhabitant was
higher in East Berlin than in West Berlin
(2.4 vs. 2.0 meters per inhabitant).
In East Berlin, a portion (60 km)
of the major supply lines were
constructed of steel or prestressed

Status of Water Networks in the
Divided City
Table 1 shows the types of pipeline
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concrete pipes with nominal diameters
of > 800 mm; in addition, fibre
/asbestos cement pipes were used
longer than in West Berlin. PVC was
completely absent, and PE-HD was
virtually never used in East German
pipe construction. Urban expansion,
another major factor, led to a 372 km
increase in pipeline length in West
Berlin from 1965 to 1985 and, with a
later onset, to a 688 km increase in East
Berlin from 1970 to 1990 (Figure 1).
The analysis also showed that the
number of pipe breaks—which was
virtually the same in East in West
Berlin in 1965—had risen sharply in
East Berlin even though the eastern
water network system was smaller. In
1991, the number of pipe damage
events in East Berlin had tripled (300%
increase), whereas that in West Berlin
had increased only 1.7-fold (170%)
compared to the figures in 1965
(Figure 2).
The analysis of pipe damage data
and structures shows that poor quality
of pipe materials used during the
postwar period and quality assurancerelated construction deficiencies had
contributed to the increased damage
rate in the eastern part of the city. For
example, approximately 30-year-old
steel pipes developed severe damage,
but the pipes were only repaired and
not replaced. In West Berlin, these
types of pipes had been systematically
replaced since the 1970s.
The analysis by specialists from the
East and West also identified the effects
of political and organizational
frameworks as other causes.Thanks to
the traditional legal independence of
water supply management in the West,
it was possible to achieve an
appropriate level of technical construction quality in West Berlin.This applied
to raw material selection as well as to
construction management. In East
Germany, organizations requesting
materials (e.g. pipes) were bound to
national annual budget plans for
production. Simply stated: supply and
demand balanced each other out in the

Material

2006
(Years) Average age

Cast iron GG
Ductile cast iron GGG
Steel
Concrete 1), Fibre cement 2)
PE 3), PVC 4)
Cast iron GG
Ductile cast iron GGG
Steel
Concrete, Fiber cement
PE, PVC

Table 1
Comparison of
pipeline materials
in East and West
Berlin

Figure 2
Pipe damages in
comparison

72.3
8.96
35.3
19.8 1) , 35. 9 2)
13.5 3) , 25.1 4)
47.37
75.9
21.2
49.1
46.4 2)
10.9 3)
57.9

Length (km)
1991
2006

Percentage %
1991
2006

2151
0
361
597
31
3140
2963
763
359
404
4489

68.5
0
11.5
19
1
66
17
8
9
-

national annual budget plan: one could
not order more than that which was
available. In the West, on the other
hand, market competition tended to
counteract the undersupply of goods.
Consequently, organizations with a
demand for goods had a greater
influence on the quality of the goods
on offer.
The lack of economic independence
is a factor that also influences the types
of direct trade options available. As a
result, the large majority of new water
lines built before German reunification
in 1990 were complex underground
pipelines.The degree of influence of
the individual organizations involved
was sharply limited. Since water
companies in the East did not have
economic independence, they
generally could not succeed in getting
recognized quality assurance measures
implemented.Their annual budget
generally did not provide for
replacement, but merely for extension
of the existing facilities.Thus, East
German utility companies could only
respond to damage events. [1]
At the time of the reunification, their
actions were not what one could call a
responsible water supply management
strategy, but rather a damage control
strategy (reactive strategy). Even
though the data do not reveal specific
details, one can assume that the water
network rehabilitation programme
enacted in West Berlin in 1971 was a
consequence of increased break rates.
The number of pipe breaks rose from
223 in 1965 to 316 in 1970; this
constituted an increase of 42% within
a 6-year period (Figure 2).The
programme launched in 1971 provided
for an annual replacement rate of only
0.65% of the total network length.This
figure rose slightly in the years up to
1991 (Figure 3). [2]
Status of the water network in the
unified city
After reunification, the water networks
in East and West Berlin were not
connected immediately due to the
drinking water chlorination regulations
in Eastern Germany on the one hand,

1668
750
412
546
27
3403
2615
1096
350
390
2
4454

49
22
12.1
16
<1
58.7
24.6
7.9
8.8
<<1

EAST

WEST

and due to the well-functioning water
supply on the other. Apart from
qualitative drinking water distribution
issues, reduction of the frequency of
pipe breaks and assurance of rapid
restoration of water supply in
individual cases were other main topics
of discussion. In the mid-1990s, after
the lifting of chlorination requirements
in East Berlin, the connection of the
two water supply systems moved
quickly forward in the framework of
road rehabilitation programs. Data on
the two water networks were still
recorded separately in order to
correctly analyze the different
developments under the two economic
plans.
Post-unification investment plans for
the water network furthermore
provided for:
• Development of new residential
areas and new industrial areas
• Rehabilitation of major streets
• Development of city centers in
which government buildings are
located, including Potsdamer Platz,
Friedrichstrasse, Unter den
Linden, etc.
The course of water network length
development (Figure 1) shows that,
after the respective course of planning,
the network lengths in the East
increased while those in the West
remained virtually unchanged. From
1995 to 2005, the network in the
eastern part of the city increased by 201
km (+6.3%).
The pipeline infrastructure was also
replaced and/or rehabilitated during
the course of extensive road
rehabilitation projects launched in
1991. In many cases, water lines were
completely replaced. Reasons for this
include:
• Discontinuation of cost pool for
street digging and repair work
• Minimization of the risk of pipe
damage beneath new streets
• In coordinated construction, changes
in the position of higher-lying
pipelines can be expected as a
consequence of canalization work
(unified consideration of media in
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Figure 3
Pipe damages per
km in Berlin from
1965 - 1991

street planning).The aforementioned
risk would therefore increase if the
drinking water lines were not
also replaced.
From 1999 on, fewer street
rehabilitation programs were financed,
but Berliner Wasserbetriebe (Berlin
Waterworks Company) had a
software-assisted network assessment
programme that enabled them to
effectively lower the pipe break rate on
a lower budget.
In addition, data on pressure loss,
frequent modes of damage in specific
types of pipe (steel pipes), and quality
deficiencies attributable to corrosion
products (brown water) were used to
justify the systematic replacement of
parts of the water network.
The replacement rate in East Berlin
was 1.5% in some years, and 1% on
average during the 16 years studied.
The replacement rate in West Berlin
(0.65%) sufficed to maintain the
status quo.
The practice of having a higher
replacement rate than West Berlin
started to pay off in 1995.The number
of pipe breaks in East Berlin has
decreased from a record high of 1017
(1995) to 510 (2006).This is the lowest
number of breaks since 1975
(489 breaks).
In West Berlin, there were 351 pipe
breaks in 2005.This number had been
exceeded for the first time in the West
in 1972.The selective rehabilitation

strategy used in East Berlin changed
the framework conditions for data
consistency, which is required for
statistical analyses.The regression lines
for pipe break rate analysis are therefore
listed separately for the period before

1991 and the period after 1991
(Figures 3 and 4). [2]
Based on the data, we must conclude
that the strategy of investing in water
networks only in response to a
breakdown in supply (pipe damage)
was not a successful approach.

Figure 4
Pipe damages per
km in Berlin from
1991-2006

Prognosis of need and development
of strategies for rehabilitation of
water networks
Data on water network investment and
maintenance costs, construction (year

Figure 5
Damage curve of
steel

of construction, type of materials used,
pipe diameter, corrosion protection,
etc.), and operational data on pipe
breakage, line losses, and quality
impairment (pressure, brown water) are
now available in database systems.
In addition, Geographic
Information System (GIS)-based
software tools, which can be used to
forecast cost developments for different
strategic approaches, are a useful aid to
decision-making in urban planning.
Differentiated data is the most
important element of softwarebased strategy development.The
determination of aging function of the
water network is the greatest
challenge. Experience has shown that,
in order to achieve precise assessment
and development of forecast values, the
different pipes must be clustered
according to material type, diameter
and year of construction. For example,
steel pipes with corrosion protection
do not break as often as those without
corrosion protection.
Figure 5 illustrates the course of
damage of steel pipes in East Berlin
over time. Damage is thereby
documented in 10-year segments of
the corresponding years of
construction for the respective pipes in
relation to the total length of steel pipe
laid during that period. Steel pipes that
are now 40 to 50 years old have a
damage rate of 1.85 damage events per
kilometre of such steel pipes which
were laid during the same 10-year
period. [2]
Figure 6 shows the course of damage
of grey cast iron pipes in East Berlin
over time.The high damage rates in 20
to 40 year old pipes are apparently due
to the fundamentally worse material
quality.The rate of 0 breaks/km at 10
years is due to the fact that no new
grey cast iron pipes have been installed
in the last 10 years. [2]
The damage rate generally increases
with age of the pipes. However,
damage rates for the oldest grey cast
iron pipes are lower than those for the
steel pipes laid 30 to 40 years ago.The
susceptibility to damage as a function
of year of construction and type of
material was therefore analyzed in
separate assessments.
Without this type of differentiation,
the reliability of the forecasts for
rehabilitation strategy planning would
diminish.
One can expect that the pipeline
construction measures carried out for
reasons other than limitation of
damage cost development also
involved parts of the network that were
included in the model estimate at a
later time. Consequently, it would not
make sense to now invest more than
the amount shown in the 10-year
prognosis.The scenario is repeated
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annually using the changing basic
network data to ensure that a timely
economic option will be available at
the technical and economic planning
stage.
Economic data such as:
• Repair costs for broken pipes
• Investment cost for planned pipeline
segments (replacement)
• Rehabilitation costs for
improvement of performance
structure
can be used to conduct economic
analyses of different rehabilitation
strategies.Well-established models can
be used to simulate cost development
for the provider (and thus also for the
customer) in the absence of
replacement costs. [3, 4, 5]
The models show that, in pipelines
developed and operated in urban areas
over long periods of time, costs will
increase if money is not invested in
pipeline renewal [6].
Simulations show that the other
extreme—investing so much that there
is no damage to repair—leads to even
higher costs, as can be expected.
These fundamental modelling
strategies can be used to identify the
range in which the best overall costs
can be expected.The Berliner
Wasserbetriebe company uses a cash
value method for these calculations. As
shown in Figure 7, the network agingrelated damage costs are predicted to
reach an optimum (minimum) value at
a replacement rate of 0.25%.The
predicted overall replacement rate in
Berlin, including construction
measures (streets, canals, etc.) and
quality-assurance measures, counts of
0.8 to 1%.
Since the age structure of the system
changes due to operational measures
(pressure deficiencies, other qualityrelated deficiencies) and pipe exchange
by third-party construction projects
(road and subway construction, etc.),
the data analyses must be updated
regularly. For mid-term planning,
the use of 10-year forecasts is
recommended for economic planning
purposes.When the calculation in
Figure 7 is extended to a 20-year
period, other elements of the aging
pipe network have a stronger effect,

Figure 7
Cost-benefit
equation fo
rdifferent renewal
rates - total
ntework BWB,
forecast period 10
years

leading to an increase in the predicted
pipeline replacement requirement in
Berlin.The mean replacement rate for
the next 20 years was predicted to be
0.375% of pipeline length.

Figure 6
Damage curve of
cast iron

Benchmarking – operational
comparison
Berliner Wasserbetriebe participated in
a benchmarking study.The objective
was to find strategies to determine the
extent to which organizational process
costs, market-related construction
costs, and strategy-related structural
costs determine the expenditures for
water pipeline management and the
extent to which action options can be
derived from these data.This benchmarking study compared water suppliers from the new and old German
states, including Berlin. [7]
The damage rates confirmed the
typical picture for Berlin (Figures 3 and
4).The pipe break rate in Eastern
Germany was significantly higher than
in the West.
A comparison of data structures used
for model development was conducted
at the Technical University of Dresden;
this research confirmed that pipe break
rates in the East are higher.The model
simulations conducted in the Dresden
case example, as in Berlin, show that, if
there is no strategic replacement
strategy, rapidly rising costs for repair of
pipe breaks can be expected. [8]
Summary
The technical data on East and West
Berlin water supply lines that was
exchanged after the reunification led to
the conclusion that successful unified
water supply management in Berlin is
not possible without an effective cost
limitation strategy for repair of pipe
break damage. High initial investment
costs led to a decrease in pipe break
rates in East Berlin, whereas the pipe
break rate in West Berlin remained at
the same low level.The differences in
pipe break rates in the East and West
show the need for a strategic, opera-

tional replacement rate.
According to studies performed
using comparable models (OptNet and
Prosa R) to assess the overall condition
of the Berlin drinking water network, a
damage rate of 0.13 (damage per km) is
an optimal value. [5] This was used by
Berliner Wasserbetriebe to develop an
overall water network management
plan that considers quantitative
operational aspects as well as the
construction cost-related consequences
of road construction.The overall
network rehabilitation rate was
found to be 0.8 to 1% of the network
length.The long-term strategic,
operation-related replacement rate will
be 0.375%. ●
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Geostatistical analysis of water mains
failure: a case study from Iran
This paper addresses a new procedure for spatial and statistical analysis of water mains
failure. We use this methodology to analyse and predict the spatial behavior of failure on
the water mains network. The analysis is based on data from Sanandaj city in Iran over
a ten year period. It includes 395 mains failures which were geocoded as discrete
points. Prediction maps are constructed using different spatial interpolation methods,
namely; the Thiessen polygons, the Density estimation, and the Triangulated Irregular
Network model (TIN). Thiessen polygons are used for proximity and area allocation
analysis of failure points. Density of failure points is calculated for each cell by summing
the number of failures in the cell. The TIN model generates a surface form interpolation
of failure density. This study indicates that the construction of continuous surface from
point dataset offers an interesting tool for the prediction of water main failures. It also
provides comprehensive spatial information system that can be easily used by utility
managers as a decision-support tool to set up and compare strategies for the renewal of
water mains.

he intent of this paper is to
describe an important
planning tool for the City of
Sanandaj’s water mains
replacement and rehabilitation
programme. The development of a
GIS based predictive modelling
tool is part of a general trend
toward reducing corrective
maintenance by increasing
preventive and predictive
maintenance activities
(Mendelbaum et al, 1992). Water
network failures present serious
challenges for Iran’s water supply
companies. They lead to supply
interruption, physical damage,
significant loss of water and
unacceptable water quality.
During a recent ten month period,
there were 20,1851 reported
breaks along the country’s 96,788
kilometres of water main lines

T

(Annual report, NWW 2005). This
represents, on average, a rate of
more than 200 breaks for every
100 kilometres. Therefore, the
failure rate of the Iranian water
mains system is nearly four times
the maximum failure rate that has
been reported in the literature
(McDonald et al, 1994). In our
study area, 67 pipe breaks per 100
km has been found to represent
the average ratio. This high rate
may be considered indicative of
the poor condition of our water
mains network.
Over the past years, mathematical
models were proposed for the
prediction of water mains failure.They
are used in conjunction with queuing
models in the strategic management of
pipeline replacement and
rehabilitation tasks. Although much has
been learned about the cause and type

Figure 2
Schematic description of water mains
failure data collected
via the developed MSAccess application

Figure 1
A multi-scale
geostatistical
analysis
framework
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of water mains failure, a large number
of questions remain unanswered. For
instance, which area tends to have high
failure rate? Why there are so many
failures in some areas and so few in
others? Are the failures associated with
proximity to other specific features of
interest, such as traffic circulation or
possible point source of corrosion? Do
events that aggregate in location also
cluster in time? Spatial statistics present
an interesting tool for answering
such questions.
The point mapping method is
largely used for the construction of
geographic patterns of failure.This
method is popular because it is a
simple digital version of carrying out a
familiar and traditional method of
placing pins representing failure events
onto a wall map.
Spatial point patterns analysis can
be classified into two broad types
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(Haggett et al, 1977).The first is the
distance-based technique that uses
point space-related information to
characterise the patterns (typically,
mean distance to the nearest
neighboring point).The other
technique is area-based, which relies
on various characteristics of the
frequency distribution of the observed
numbers of points in regularly defined
sub-regions of the study area
(‘quadrants’). Fig. 1 shows the
framework followed for the
implementation of the GIS based
failure analysis approach.This study
focuses on the spatial interpolation of
water mains failure locations. It is used
for estimating the values of properties
at unsampled locations based on the set
of observed values at known locations.
Four spatial interpolation techniques
were applied. Each technique predicts
the value of pipeline failure attributes
over the study area. Different
interpolation methods can therefore
generate different predictions at the
same location (Chiles J P and
Delfinder P, 1999).This paper describes
data collection, construction of
database, mapping of failure point
locations in GIS and carrying out the
spatial analysis.

Figure 3
Observed failure
locations on water
mains network and
related GIS layers

Data collection
To assess the spatial distribution of
water main breakage, the historical
failure data in the central part of
Sanandaj city has been collected over a
ten-year period. It contains both map
data (depicting location of failures) and
attribute data (describing physical
characteristics of each failure).
Traditional sources of spatial data
including archival sources such as field
notebook, census material, maps and
as-built drawing were also used.
Verification of the data through
interviews with crews and repairmen
has been used in this case.Table 1
outlines the combination of qualitative
and quantitative sources in the data
collection process.

Table 1
Data in water mains
failure analysis

Water mains failure database
The failure database corresponds to the
period from 1995 to 2004 which was
provided by the Repair Division of
Sanandaj’s Water and Wastewater
Utility (SWWU) department.
User-friendly applications were
programmed into MS Access 97 to
collect the data for each failure case.
The database contains daily recorded
information of contractors who
repaired damaged water mains. In
MS-Access, the electronic forms
provide ways of collecting and
documenting main breaks and pipe
condition information using pick lists
and standard input.Therefore, it
improves the paper based processes and

Figure 4
Combination of
layers in GIS for
spatial analysis of
water mains failure

Data
Types of data
Qualitative

Quantitative

Field observation
Traffic load, climate condition
cause and type of failure

Expert knowledge

Pressure
Pipe diameter
Thickness/depth

Age of pipe
Time of failure
Local pressure

reduces data entry errors, data
redundancy and preserving data
integrity (Heise and Takara, 2003).
The desktop application in MS
Access consists of three basic tables,
pre-constructed queries and macros,
and customised menu items to store
the data and reports of query results.
The pipeline’s table includes: id,
material, diameter, wall thickness,
depth of burial, upper traffic category,
age, segment length and hydraulic

pressure. Failure attributes contain
information concerning positional and
temporal data such as: pipeline id, X
and Y coordinates, cause, type, and time
of failure. Finally, administrative data
includes characters of system operator
and repairing equipment security and
classifying codes, equipment and
material used in addition to
workmanship.The three tables have
been joined via the common id. Figure
2 illustrates the process used for

Figure 5
Comprehensive
data analysis
procedure
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Figure 6
Interpolation
process of failure
point to surface

Figure 7
The convex hull
polygon around
failure points

collecting the water lines failure
database.
Mapping of failure Point Locations in GIS
Geographic Information System (GIS)
combines layers of spatially related
information. Each layer comprises the
pertinent map and its conjugate
Data
Density calculation
Number of failure
Hull area (m2)
Density by area

Partition 1
209
1023980
2.04*10-4

the coordinates of a failure point in
ArcView 3.2a, is to use ‘getx’ command
for the x-coordinate and ‘gety’
command for the y-coordinate. In a
project coordinate system, such as
UTM, both x and y are defined by
distances in metres from an arbitrary
reference point.
Partition 2
186
1357693
1.36*10-4

attribute data.This study used the point
mapping method to displaying
geographic patterns of failures. In the
spatial database, failure mapping starts
with geocoding process that matches
an address of break to a physical
location (as a point) along a street.
The water main failure database is a
GIS-based tool for integrating map and
attributes data. In term of GIS, water
main failure is a phenomenon which
can be expressed through occurrences
identified as points in space. Each
failure point is converted manually into
coordinate locations via address
matching.The process of identifying

Table 2
The mass of
failures
covering a
unit of area

When an address list is transformed
into a set of coordinate points based on
street reference layer, corresponding
failure attributed data are then
imported from Access into ArcView.
The platform in ArcView is connected
with external databases using SQL
connection feature. In order to
combine and join data to a point
shapefile of locations according to each
failure, a common field such as failure
id should exist in both tables. By
joining this field between tables, data
can be retrieved from each table and
combined into another table.The data
is then saved as a shapefile in GIS. In
Figure 8
A point data map
depicting the 9
failure cause
categories

fact, each failure on pipeline can be
created by the common id number in
ArcView and Access databases.
Therefore, the related non-spatial data
about failure is stored in MS Access
and graphical information is
established in ArcView. Each record in
the tabular database is then connected
with a failure point in GIS.
At a scale of 1:2000, the reference
map provides a suitable level of detail
to approximately locate property
boundaries, streets and distribution
mains features.Water mains network
and failures are mapped against a
backdrop of streets, property lines and
buildings. It is composed of five
distinct feature layers that contain
more than 53.3 km of distribution
mains and 4.4 km of transmission
mains. Figure 3 displays GIS layers in a
customised ArcView application and
the location of failure points in the
investigated area. In the map, each
failure location is represented by a
small black dot.
The analytical process manipulates
both map and attributes-related data
through the linkages that GIS
establishes between them. Figure 4
depicts spatial relationships and
attributes database in the developed
GIS database.
Spatial analysis
Spatial statistical methods have been
developed to facilitate the monitoring
of geographic pattern in order to
provide quick detection of emergent
geographic clusters.The study was
undertaken in two steps: first by
performing the point pattern analysis
and then carrying out the
spatial interpolation.
Figure 5 describes the process of
converting failure data points into
surface continuous map through the
spatial interpolation process.This
process creates a mathematical model
which is used to estimate values across
the raster surface.
Various similar methods use location
and values at corresponding sampling
locations to estimate the variable of
interest at un-measured locations.
Convex Hull
The convex hull is the smallest convex
polygon containing the set of points in
two and three dimensions.This
polygon represents the minimum
possible area that contains all points
and can be imagined as a failure band
stretched around the points.The
generation of a minimum-bounding
polygon (convex hull) provides addi-
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tional insight into the spatial extent of
identified clusters of failure points
(Figure 7).The appropriate number
of clusters is determined in two
partitions.Typically, partition with a
large number of events indicates a high
risk of water mains failure.The number
of entities in a partition of a convex
hull area (number of failures/area) is a
reflection of the cluster degree of
compactness.
The circular spots in Figure 7
represent the location of failures that
took place during the study period.
According to Figure 7 and Table 2,
cluster partition 1 is associated with
the most compact hull.

Figure 9
Neighbourhood
interpolation and
Thiessen locations
of failure points
closest to each
zone

Thiessen interpolation method
Conceptually,Thiessen polygons (TPs)
is the simplest vector-based method in
the interpolation process. It commonly
applied in situations where attribute is
categorical (Siska et al, 2001).This
method assigns interpolated values
equal to the values found at the nearest
sample location. In our case, failures of
water mains have been digitized as
point data file. In the vector {( xi , yi ) ,
zi }, ( xi , yi ) is used to reference the
location of point i while zi is the
measured attribute at point site i.
Routinely, the location of failure
events displays on map in Fig. 8.The
location has been symbolized
according to the cause of failure. Black
dots designate locations with corrosion
and square symbols represent weak
material. It associates with 395 failures
on water mains system during ten
years’ study.
TPs method converts discrete data
into continuous surface through spatial
interpolation techniques. Sanandaj’s
Water and Wastewater Utility has
classified the causes of pipeline failures
into nine major categories.The
following map describes the area of
influence of a failure point regarding
the cause of its failure. In other words,
by using a mathematical process the
catchments area for each failure point can
been determined. Consequently, they
can be assigned values that reflect the
attributes of the regions they represent.
Our analysis indicates that ‘traffic
load’ is a major contributing factor to a
large number of noted pipeline
failures. As can be observed from Fig.
10, uneven setting is found to be the
second contributing factor to pipeline
failures. In addition, the irregular
polygons show that the spaced failure
points are randomly distributed.
Density calculations
Continuous surface maps use a
method to aggregate points within a
specified search radius to create a
smooth surface that represents the
density of events across the area. It

helps in identifying the location, spatial
extent and intensity of failure hotspots.
Results are visually attractive since it
helps in invoking further enquiry and
exploring the reasoning behind why
water mains failures are concentrated in
specific areas.This work examines two
methods: a simple density formula and
a weighted ‘Kernel’ procedure.
Simple density
The ArcView extension Spatial Analyst
(version 2.0) was used to develop the
digital density layer of the combined
data points. A density surface is based
on the division of the study area into
square cells (Figure 11).
A density value for each cell is
calculated by counting the number of
points within a defined search radius
from the center of each cell (Figure
11a) and dividing by the search area.
The density value (features per square
km) is assigned to the cell.The search
circle is then shifted to the next cell and
the floating process is repeated until all
cells have been assigned a density value
(Figure 11b). Accordingly, this process
smoothes the density layer over the
study area.
When doing density calculations, the
recommended number of cells is
between 10 and 100 cells per density
unit (Mitchell, 1999).The density
unit of features per square
kilometer was used herein. Using this
recommendation, our study area is

approximately equal to 100 cells (with
dimensions of 100 * 100 metres) per
square kilometre. A smaller cell size can
typically produce smoother surface.
The chosen search radius influences the
appearance of the density surface.The
larger the radius, the more generalised
the patterns will be.The 60-metre
search radius was selected in this study
and the resulting density map is shown
in Figure 12.
As illustrated in Figure 12, the study
area experienced an average density of
80 failures per square kilometer during
the ten year study period.
Kernel density
Kernel estimate density is probably the
most commonly used method as well as
the most well understood statistically
form of density estimation (Silverman,
1986). Our idea in water mains failure
applications is to use kernel density
estimation to transform distribution of
discrete points or events representing
incidence of failure into a continuous
surface of failure risk. Essentially, a
moving three-dimensional function
(the kernel) of a given radius or
bandwidth visits each of the points or
events in turn, and weights the area
surrounding the point proportionately
to its distance from the event (Figure
13).The sum of these individual
kernels is then calculated for the
study region, and a smoothed surface
is produced.

Figure 10
Area size and
cause of failure
representation
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There are a variety of different
kernels. Figure 13 demonstrates two
such kernels, K1 and K2. However,
usually only one form of kernel is used
at any one time.The one used by
Arcview (ESRI, 1992), and adopted in
this study, is a quadratic kernel which
has a property of being computationally
simple, and is hence attractive for
implementation within a GIS
application where large data sets are not
uncommon. It can be defined as:

Using the above quadratic kernel, if ‘s’
represents a general location in R and
s1,…,sn are the point locations of the ‘n’
observed events whose underlying
density we are estimating
(see Figure 13 ), then the intensity, λ(s)
at s is estimated by:

where hi is the distance between the
point ‘s’ and the observed event
location si and the summation is only
over values of hi which do not exceed
τ.The parameter τ is the bandwidth
and typically determines the amount of
desired smoothing.

Figure 14 depicts the density surface
of failure locations. It shows failure
incidents per square km based on
kernel density calculation.The result of
analysis in Figure 14 indicates four
failure hot spot locations, signified by
the darker pattern on the map. It has
been reported in the literature
(Bottom, S, 2002) that water mains
failure tend to occur in cluster.This
map shows also the variation and
concentration of failure incidents across
the study area. As a result, it categorises
hotspot areas into those where bursts
have caused service problem (high-risk
areas) and others where no service
problems have occurred (low-risk
areas).
As mentioned in the literature
review, the probability of failure
decreases with time and distance
following a previous failure (Goulter et
al, 1990). Due to the fact that densities
can be converted into probabilities,
accordingly, this kind of mapping
allows users to evaluate the anticipated
value of failure likelihood.

Figure 11
Procedure used in
density calculation

TIN interpolation method
TIN, or Triangulated Irregular
Network, has the ability to utilise
stored GIS data to produce 3D surface
models. Although, water line failure
process is not continuously distributed
(failure occurs at discrete points within
a geographic space), values between
known points can be estimated in order
Figure 12
Simple density
estimation scheme

Figure 13
Kernel estimation
of point patterns
(Silverman, 1986)

to construct a continuous surface
representation. In GIS vector analysis,
the TIN model represents a surface as a
set of contiguous, non-overlapping
triangles.Within each triangle, the
surface is represented by a plane.The
triangles are made from a set of points
called mass points, which corresponds
to the number of failure points in each
cell.These points are represented by a
sequence of three nodes. Each cell has
an x and y coordinates and a surface or
z-value that characterises the density of
failure at the corresponding x and y
location.
The central part of study the region
shown in Figure 15 indicates high
density of water mains failure.
Interpolated surface is shown
thematically by shading each cell with
dark or light colour depending upon
whether that cell is estimated to have a
lower failure value (lighter shades) or
higher failure value (darker shades).
Density of failure can also be
represented using a three-dimensional
plot as shown in Figure 16. Again, x
and y are used herein to define a
location in the coordinate system,
while the z-axis denotes the total
failure density over the study period
(i.e., 1995 to 2004). As noted in Figure
16, maximum density of failure occurs
in the central business district (i.e.,
along the major transportation arteries
‘Shohada Street’). A significant density
increase is observed in the southwest
part of the city and a small peak is also
noted in the northwest region.
Conclusions
Spatial statistics and GIS-based
methods play an important role in the
analysis of water mains failure.These
methods can help us in obtaining
significant insights about exploratory
settings and prediction tasks.
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In this case study, we investigated the
spatial and proximity analysis of water
mains failure.The spatial distribution
of historical breaks is established by
using appropriate interpolation
methods.This procedure is
demonstrated using data on water
distribution failure in the city of
Sanandaj in Iran.The failure density is
calculated using raster and vector
format. In this case, the simple kernel
function is used. Interpolated surface
estimates show how the intensity of
the failure point pattern varies over the
study area. It is useful for modelling the
likelihood of incidents as well as the
relationship between incidents and the
underlying risk variables.This study
indicates that a significant number of
failures appear in geographic clusters.
Notably, it shows a point distribution
with a strong concentration in the
downtown area.These areas are highly
vulnerable to future failures.
Analyses conducted via the point
mapping, cluster identification and
spatial interpolation techniques
constitute powerful tools that can help
in understanding the water mains
failure pattern problem.The obtained
understanding can provide planners
and engineers with rational and
objective justifications for the
implementation of an effective
preventative maintenance strategy. ●

Figure 14
Failure density
prediction map

Figure 15
A TIN-based failure
density surface)
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Modelling the structural degradation in
water distribution systems using the
artificial neural networks (ANN)
This paper presents data analysis of the degradation rate of water mains using Artificial
Neural Networks (ANN). This method is used for the analysis of data collected in
Wattrelos city in the North of France. The first part of the paper presents the case study.
Subsequently, the paper presents the ANN method and its calibration on the data
collected from 1991 to 1999. Six artificial neural network models are elaborated. The
validation of these models on data collected from 1999 to 2004 illustrated good
performance, as defined by the Coefficient of Determination through comparison of
forecasted and observed number of failures. The spatial repartition of the risk of
degradation is illustrated using the geographic information system, which constitutes
an effective tool for the elaboration of strategies of rehabilitation of water
distribution systems.

he degradation of water
distribution systems
constitutes a major problem in
urban engineering. Their
rehabilitation requires major
financial investments. The
optimization of the investments
requires reliable models which
allow to determine the
degradation risk in the water
mains, and consequently to
elaborate an optimised strategy
for the water mains maintenance
and rehabilitation.
This paper presents an application of
the Artificial Neural Network (ANN)
for modeling the degradation of water
mains.The method is used for the

T

analysis of the water distribution
system in Wattrelos city in northern
France.The risk of degradation is
illustrated using GIS, which presents
some advantages, mainly an easy access
to information on the water
network [1].
Water mains degradation
Previous modeling
Since the beginning of the 1980s,
attempts have been made to model
statistically the degradation of water
pipelines. Statistical models for
predicting water pipe failure use
historical data to identify pipe
breakage patterns. References [2] and
Figure 1
Wattrelos water
network
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[3] proposed linear statistical models.
The time for the first failure as well as
the logarithm of the number of future
failures were modelled as a linear
combination of explanatory variables.
The linear approaches didn’t take into
account the ‘right censored data’ (data
for which the exact time to failure is
unknown but is included in the
interval [time of the last failure
observed +1, +∞]. [4] proposed an
improved model based on the survival
data analysis.This approach was then
used in Europe by [5], [6], and [7].
These methods concerned the pipe.
The approach of [8],‘Poisson
Regression’, is somewhat similar, but
does not use explanatory variables, the
failure rate being modelled in the
significant categories at the level of sets
of pipes homogeneous in material,
diameter and type of surrounding soil.
The main shortcoming of the
statistical models, as reported by [9], is
that ‘while failures generally increase
with pipe age, there is a wide variation
in performance of individual assets’
where ‘links appear to exist with soil
type and weather fluctuations’.
Details about research carried out on
structural degradation of water mains
using the traditional statistical
methods can be found in the
comprehensive review of [10].
The development of models for the
prediction of failure in the water
network systems encounters major
difficulties, mainly the lack of data on
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both the water network and pipe
degradation history [11], [12].The
present paper shows the use of the
artificial neural network approach
(ANNs) in the prediction of the
degradation of water mains. Six
models are established.The
Geographic Information System (GIS)
is used for the exploitation of ANN
analyses (Jafar 2006).
Description of the study area
The study concerns the Wattrelos
water network located in the north of
France (Fig.1). It includes 4862
pipelines.The first part of this network
was installed in 1928.The total length
of this network is 162 km, it extends
on 13.62 km2 and provides around
43,000 habitants.The water
distribution system has 10,320
branches, one tower reservoir, 296
hydrants, three pumping stations
and six points of hydraulic control
computing.The volume supply is
about 5600 m3/day.

Figure 2
Variation of the
pressure in the
Wattrelos network
(Model hydraulic
Piccolo-SEN)

Figure 3
Partition of the
database

ANN models construction
Artificial neural networks
Artificial neural network (ANN)
technology is an alternate
computational approach inspired by
the biological nervous systems process
[13].The ANNs can recognise patterns
and learn from their interactions with
the environment.The multilayer
feed-forward network is widely used.
ANNs are adaptive and can handle
complex systems.The architecture of
ANNs includes a number of nodes
(neurons) or units organised in input
and output layers as well as a number
of hidden layers (Fig.2).
The ANNs are flexible and ‘learn’
through an iterative process of
adjusting their weights and biases [14].
The most common learning is the
supervised learning, which provides a
response value for every set of input
values and requires a known (input)
target value that the response is trying
to ‘guess’.The difference between the
response and the actual target gives the
error value.The network weights are
adjusted iteratively in accordance with
the error value by back propagation
technique (BPNN) in order to
minimise the error.
Selection of the input indicators
A preliminary study using the Statistica
and SAS software allowed us to analyse
the influence of the input indicators
on the degradation of the water
network (Jafar 2006). Parameters were
classified in three categories: physical
(materials, length, diameter, thickness,
and age), environmental (type of soil,
location in the street) and operational
(pressure, and protection). See Table.1.

Table 1
Indicators for the
degradation of the
water distribution
system

Type

No.

Description

Range of variation

Inputs

1
2
3
4
5
6
7

M : materials
D : Diameter
L : Length
TE : Thickness
A : Age
S : Type of soil
R : Location

8
9
10

P : variation of pressure
NOF pre : NOF precedent
NOF : Number of failure

AMC, PLA, FER (Cast and Ductile iron)
40-600 mm
0.35-520 m
1.25-17.5 mm
1-113 year
(LP/e3-4), (Fz & LV)
S under Sidewalk, (Loc S)
R under the Road, (Loc R)
T Through ‘cross’, (Loc T)
1.5-10.2 m
0-7 time
0-8 time

Outputs

Figure 4
A typical multilayer
back propagation
artificial neural
network

A parametric study (Jafar 2006)
showed that the number of previous
failures has a major influence on the
occurrence of new failures: so the

pipeline, which suffered from failure,
presents a high risk of degradation.The
influence of the length, diameter and
age of mains is also significant, while
the location, type of materials and
variation of the pressure have a
moderate influence on failure. Finally
the thickness and the type of soil have a
low impact on failure; consequently
they can be neglected. Based on these
results, six models were constructed,
they are classified by the input
variables: three stratifications of
material (plastic, cement, metallic
‘ductile or cast iron’), two stratification
of number of failures (low, high), and a
global model (all data).The data for the
period (1991-1999) was selected for
the prediction of failure for the period
(2000-2004).
Construction of the database
The database was constructed using the
geographical information system (GIS)
from two sources: SEN (water society
in the north of France) and BRGM
(research office of geology and miners).
We used APIC 4 ‘geographical

WATER ASSET MANAGEMENT INTERNATIONAL • 3.3 - SEPTEMBER 2007 • 15

MODELLING STRUCTURAL DEGRADATION USING ANN

information system’ to collect the
characteristics of the water network.
We used the hydraulic model Piccolo
for the determination of the high
pressure (at 07h40) and the low
pressure (03h40) (see Fig.2).This
variation in pressure constitutes an
important cause of failure.The soil was
classified according to the BRGM map
A.Three categories of soils were
considered: FZ (Alluvium), LV (Silt)
and LP/e3-4 (Flanders clay).
For the model calibration, the data
was treated in two procedures. In the
first one, the data was divided in three
subsets.The first subset (50% of the
database) was used to train the
networks (learning phase).The second
part (25% of the database) was used to
test the ANN models in order to
determine when to stop the training
stage (testing phase).The third part was
used to validate the model on data not
used in the model calibration

Figure 5
Convergence
criterion and
optimum network
architecture.

(validation phase). In the second
procedure, the data was classified it in
two parts according to the date.The
first part includes the data for the
period 1991 and 1999. It was used to
calibrate the models.
The second part includes the data for
the period (2000-2004); it was used to

validate the ANN models (see Fig.3).
The log (Diameter), log (Length),
log (thickness), log (age) and log
(variation of pressure) were used
instead of their values to avoid the data
spanning over several orders of
magnitude. Each input or output
parameter has been normalised relative
to its minimum and maximum values.
Construction of the artificial neural network
models
The multilayer backpropagation neural
network (BPNN) is used. A typical
three-layer back propagation neural
network is shown in Fig.4.
Mathematically, a three-layer ANN
with n, m, and p the number of input,
hidden and output nodes respectively,
is based on the following equation:

Table 2
Average squared
error values for the
six BPNN models

Models
ASE

AMC

PLA

FER

Low-Fail
(≤3)

High-Fail
(≤2)

GLO

Training phase
Testing phase

0.002510
0.002531

0.001118
0.001236

0.000682
0.000739

0.003567
0.003737

0.000138
0.000163

0.000535
0.000567

Ok stands for the output values and Xi
denotes the input values;Wij is the
connection weights between the input
layer and the hidden layer;Wjk, the
connection weights between the
hidden layer and the output layer; S is a
transfer function.The sigmoid transfer
function Eq. (2) is used:

The learning process of BPNN is
based on a series of connection weight
adjustments in order to minimize the
gap between the predicted and target
values. Inputs are first propagated
forward through each layer of the
network. Errors between outputs and
target values are then propagated
backwards and the connection weights
are modified according to a specific
learning algorithm (delta rule) to
reduce the overall error.This
forward–backward process is carried
out for each epoch (set of training
patterns used to compute the global
error), and is repeated until predicted
outputs and target answers coincide
within a given tolerance.
The most common convergence
criterion is the average squared
error (ASE):

Figure 6
Comparison
between target and
predicted values for
the six ANN models:
AMC (a), PLA (b),
FER (c), Low-Fail
(d), High-Fail (e)
and GLO (f)

where Oqk and tqk are respectively the
predicted and target value of the
output node k for the pattern q, s is the
number of patterns, and p is the
number of output nodes. It should be
noted that any level of agreement
between predicted and target vectors
can be achieved provided a sufficient
number of training cycles is carried
out. An overtraining is however
detrimental to the capacity of the
network to generalize from unseen
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data (a network that can accurately
predict the output of the testing
patterns is said to have generalized). It
is thus preferable to compute the ASE
both on training and testing patterns
during training cycles for optimum
convergence: this process is called
cross-validation (Fig.5).
Result and discussion
Optimum network architecture
The overall performance of an ANN
model is dependent on the number of
hidden layers and of hidden nodes.The
optimum number of hidden nodes can
be assessed by cross-validation in the
same way as the optimum number of
training cycles (Fig.5).
In the present study, several network
architectures were tried. A neural
network relating inputs {X1,X2,…,Xn}
to outputs {O1,O2,…,Op} and containing one hidden layer with m
hidden nodes will be noted:

(4)
If O is sought as a function of
parameters Mat., Diam., Leng.,Thick.,
Loc., Age., Press., Soil. And NOFpre., it is
possible to compute different models
separately by using a different BPNN
models as well as the stratification of
materials and the number of failures
(namely AMC, PLA, FER, Low-Fail.,
High-Fail. and GLO) with the same
one node in the output layer (Eqs. (5),
(6), (7), (8), (9) and (10)). So it is also
possible to estimate the number of
failures of the water network at the
same time (model GLO) by
considering the dummy coding in the
input layer nodes Eq. (10). As can be
observed in (Fig.6), the optimal value
of ASE is obtained using 7, 1, 20, 2, 3
and 5 nodes in the hidden layer for
models AMC, PLA, FER, Low-Fail,
High-Fail and GLO respectively:
{NOF}= ANN14-7-1{PLA, FER
"CI, DI", Diam, Leng.,Thick., Loc(T),
Loc(R), Loc(S), Age, Press, Soil(LP),
Soil(FZ), NOFpre} (5) (AMC model)
{NOF}=ANN14-1-1{AMC, FER
"CI, DI", Diam, Leng.,Thick., Loc(T),
Loc(R), Loc(S), Age, Press, Soil(LP),
Soil(FZ), NOFpre} (6) (PLA model)
{NOF}= ANN14-20-1{AMC, PLA,
DI, Diam, Leng.,Thick., Loc(T),
Loc(R), Loc(S), Age, Press, Soil(LP),
Soil(FZ), NOFpre} (7) (FER model)
{NOF} = ANN14-2-1 {AMC, PLA,
FER "CI, DI", Diam, Leng.,Thick.,
Loc(T), Loc(R), Loc(S), Age, Press,
Soil(LP), Soil(FZ), NOFpre}(8) (LowFail. model)
{NOF} = ANN14-3-1 {AMC, PLA,

Figure 7
The benefit index
for the ANNs models
(AMC, PLA, FER and
GLOBAL)

FER "CI, DI", Diam, Leng.,Thick.,
Loc(T), Loc(R), Loc(S), Age, Press,
Soil(LP), Soil(FZ), NOFpre} (9)
(High-Fail. model)
{NOF} = ANN14-5-1 {AMC, PLA,
FER "CI, DI", Diam, Leng.,Thick.,
Loc(T), Loc(R), Loc(S), Age, Press,
Soil(LP), Soil(FZ), NOFpre} (10)
(GLO. model)

Figure 8
Failure prediction
using GLO ANN
model for the whole
Wattrelos water
network, period
(2005-2015)

Table 2 gives the ASE values for the
training and testing phases. It can be
observed that the ASE is about the
same for models GLO and FER.The
lowest ASE value within the six models
is obtained for the High-Fail model.

Moreover, it should be noted that the
optimum network for the GLO and
FER models contains 5 and 20 hidden
nodes, respectively, while the High-Fail
model includes 3 nodes.
Performance of the models
The performance of the models is
assessed by comparing target and
predicted values Ti and Oi. If predicted
values are plotted against target values,
the distance of these points to the
bisectrix gives an indication about the
model performances. Fig.6 shows
results obtained for the six models.The
coefficient of determination R2 is
computed according to:

These models were tested on the
never-seen data. As shown on Fig.6, the
coefficient of determination is the
highest for High-Fail model,
illustrating the high capacity of the
ANNs to predict the significant
number of failures.The second highest
is obtained for the global model,
followed by the PLA and Low-Fail
with a marginally difference, and finally
the FER and AMC models, as already
observed on ASE in the previous
paragraph.The coefficients of
determination of the six models are
given in Table 3.The poor performance
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2

R

Training phase
Testing phase
Validation phase
Prediction phase
2000-2005

Models
AMC

PLA

FER

Low-Fail

High-Fail

GLO

0.496
0.589
0.513

0.726
0.671
0.665

0.610
0.522
0.463

0.62938
0.62215
0.645

0.996
0.983
0.981

0.742
0.671
0.703

0.514

0.796

0.714

0.634

0.972

0.640

Model

AMC(a)

PLA(b)

FER(c)

Global(d)

5 % of replacement
10 % of replacement

51%
68%

57%
65%

54%
62%

53%
63%

of the AMC model could be due to the
data noise because of the small size of
the data.
Benefit index
This sect aims at assessing the number
of failures which could be avoided, if
the pipes with the highest risk were
rehabilitated [17].
Results of the AMC model are
shown in Fig. 7. It can be seen that
replacing 5% of pipelines, could avoid
51% of failures, also in the same way
replacing 10% of pipelines could avoid
68% of failures.Table 2 shows the
benefit index for the ANNs models for
the two scenarios.
Prediction the number of failure
This section shows the capabilities of
ANN models to predict the failure in
water network.The results are
presented using the geographic
information system Arc View in order
to determine the hotspot zone which
needs intervention.
Fig.8 shows the results of the GLO
model for the period 2005-2015.
Without any intervention, it indicates
about 397 failures in 2015.
The results of the Global model are
illustrated using the GIS, which allows
the elaboration of risk map in order to
assist the decision-makers to set up the
best strategy of the water network
rehabilitation. Fig.9 presents the spatial
distribution and of failure risk
predicted in 2015.
Conclusions
The artificial neural network was used
to analyse the degradation of the water
distribution system in the city of
Wattrelos in France. A primary analysis

using the test of correlation and Chi2
allowed the selection of major
indicators. Six artificial neural network
models were elaborated for the
prediction of the network degradation.
The validation of these models showed
good performances.
The GIS system was used for the
exploitation of the ANN analyses. It
provides decision-makers with an
effective tool for elaboration of
strategies for the rehabilitation of the
water distribution system. ●
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Water Supply and
Sanitation for All
Water and Environmental Management Series

Editors: Hans Huber et al.
November 2007· 392 pages
ISBN: 1843395142 · Paperback
IWA Members Price: £67.50 / US$135.00 / €101.25
Non Members Price: £90.00 / US$180.00 / €135.00

HOW TO ORDER
UK, Europe and Rest of World:
Portland Customer Services
Commerce Way
Colchester
CO2 8HP, UK
Tel: +44 (0)1206 796 351
Fax: +44 (0)1206 799 331
Email: sales@portland-services.com

North America:
BookMasters, Inc.
P.O. Box 388
Ashland
OH 44805, USA
Tel: +1 800 247 6553
Tel from Canada: +1 419 281 1802
Fax: +1 419 281 6883
Email: order@bookmasters.com

Prices, Extents & Publication Dates correct at time of press and remain subject to change by IWA Publishing without prior notice.

Order online at:

www.iwapublishing.com
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It’s all about water
Water is life, especially for the billions of people who lack
access to safe, clean drinking water and sanitation facilities.
At the IWA World Water Congress in Vienna this September
you will hear about the latest trends and developments in
water management worldwide.

IWA World Water
Congress and Exhibition

7–12 September 2008 Vienna, Austria

It is seven years since the congress last came to Europe and
in that time there have been many changes, including the
Water Framework Directive (WFD) and the rise of the
European Union.
The 1,346 papers IWA received reﬂect a great interest in the
design and operation of water systems, the management and
planning of water services and measures to mitigate the
impacts of climate change.

Contacts
Sponsorship Bernie O’Neill, email 2008vienna@iwahq.org
Exhibition Roy Agterbos, telephone +31 23 7505105
Registration (from April 2008) www.iwa2008vienna.org

2008 marks the United Nations’ International Year of
Sanitation, so the congress is an ideal global platform for
countries to work on reviewing, developing and strengthening
their sanitation policies.
The latest cutting-edge technologies from around the world
and the Danube region will be on display. There will also be
national pavilions from Germany, Austria, Israel, the
Netherlands, Norway, Sweden, Italy, Japan, Korea and
Singapore.

Principal sponsors

Registration will open in April. In the meantime, all the
information you need to plan for the Vienna congress will be
uploaded progressively at

Platinum sponsor

Institutional partner

Ofﬁcial publication

www.iwa2008vienna.org
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