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South Africa will complete construction of its
$1.1 billion bulk water project in Limpopo

province in October after resolving the flooding
problem and labour disputes that have delayed
its completion for more than a year.
Water minister Nomvula Mokonyane told

parliament that completion of the two-phase
Mokolo and Crocodile Water Augmentation
Project will enable South Africa’s largest power
utility, Eskom, which generates approximately
95 percent of the electricity used in South Africa
and 45 percent of Africa’s electricity as a whole,
to source adequate levels of water supply for its
Medupi Power Station.
In addition, Mokonyane said more mines in

the project region and households will have
access to increased water supplies to alleviate
the current shortages that have plagued the
Mokolo catchment area, once the construction
of the two main bulk rawwater transfer systems is
completed.
According to the Department of Water Affairs,

the project’s main components include abstrac-
tion weirs, pump stations, pipelines and balanc-
ing storage, and are being implemented by
state-owned Trans-Caledon Tunnel Authority
(TCTA), which has contracted Mokolo Crocodile
Consultants, a joint venture comprising Aurecon,
Goba, PD Naidoo & Associates, Vela VKE and
Worley Parsons for consultancy services.
The department says Phase 1 comprises

a 4.5MW pump station and 81km of up to
1000mm diameter pipeline, delivering approxi-
mately 40 million cubic metres per annum at a
rate of 1.6 cubic metres per second from
Mokolo dam.

Infrastructure for this first phase will be
connected to existing infrastructure supplying
Exxaro’s Grootegeluk Mine, Eskom’s Matimba
Power Station and Lephalale Local Municipality
and will also be extended to Steenbokpan,
according to the department’s project brief.
Additional components of the project under

Phase 2 include abstraction weir in the Crocodile
river, de-gritting channels with high and low lift
pump stations and a 128km of pipeline with
break pressure and balancing reservoirs.
The brief says the abstraction weir has a

capacity of 25.5 cubic metres per second,
while the estimated pump capacities for the
low lift and high lift pumps will be 3.6MW and
15MW respectively, based on an initial demand
of 5.4 cubic metres per second.
‘When completed, this project will ensure

security of supply for both the surrounding
communities and the power station and mines,’
the department said earlier.
The project is one of the 188 bulk water and

wastewater that have either been completed,
being implemented or at the feasibility study
stage by the Department of Water Affairs. The
department says out of the projects, 49 have
been completed, 77 are under construction,
15 still at design and tender phase and 47 are
at the feasibility study stage.
‘My department is participating fully in an

intergovernmental plan to restore effective water
services to the residents of Makana. There is
both a high-level and technical task team
responding to the water crisis intervention
project,’ Mokonyane told parliament.�
Shem Oirere

South Africa bulk water project to
complete in October

Sharjah approves sewer and stormwater
drainage projects
The ruler of Sharjah, Dr Sultan bin Muhammed

Al Qasimi, has approved Dh526 million
($143.2 million) worth of projects to develop
the emirate’s sanitary sewer and stormwater
drainage systems.
The Sharjah Urban Planning Council has

proposed detailed recommendations as part of
efforts to improve the emirate’s level of services
and improve infrastructure efficiency in line with
sustainable urban development policy, local
press report.
The studies, which have been independently

reviewed, identify key infrastructure priorities
that aim to make the city a role model for leading
cities around the world.
The works will include renovating the main

sanitary sewer system, expanding the main
wastewater treatment plants and establishing
new drainage points to solve rainwater runoff
issues.
Sheikh Khalid bin Sultan Al Qasimi, the

chairman of Sharjah Urban Planning Council,
told the launch event: ‘This vital project aims
to improve the efficiency and capacity of
sewage treatment plants in the emirate to
better cope with current and future needs,
as well as the expected population growth
and urban expansion.
‘In addition, the stormwater drainage system

will provide optimal solutions to drain excess rain
water in accordance with best practice and
international environmental standards.’�
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NEWS

SuezEnvironnementwins12-yearcontract forwater
management inAlençon,France
Alençon’s local authority has signed a contract for

the management of public drinking water services
and wastewater treatment with Suez Environnement’s
subsidiary, Eaux de Normandie. The two 12-year
contracts are worth almost €68 million ($73.3
million) in total revenue and will come into effect
on 1 July 2015.
Suez Environnement will offer all its expertise to

the 20 localities covered by the water agreement
and to the 30 localities covered by the wastewater
contract. Together, this represents a population of
around 50,000 inhabitants. The local authority
chose to employ the ‘participative control’
model for these two contracts in order to maximise
their control over their service providers and their
water & wastewater treatment services. Under the
terms of this type of contract, the local authority

outsources its public service to the company
while maintaining financial control over its
operations. The remuneration paid to the
company is based on the quality of service
and technical performance.
Suez Environnement’s system is based

on Aquadvanced, a tool that controls and
optimises the performance of drinking water
networks. It is an innovative system, says Suez,
that controls the complete water cycle, from
the catchment sites to the consumers’ taps
and tracks all the hydraulic flows in real time
and detects leaks by analysing a series of multi-
parameter sensors in real time. The quality of
Alençon’s water is also measured by analysers
that continuously monitor the levels of residual
chlorine, and in regular measurement campaigns.�

Suez Environnment is to contest a ruling by the
Central Jakarta District Court that annulled its

drinking water concession in the Indonesian capital.
In March the court annulled the contracts of PT

PAM Lyonnaise Jaya (Palyja), which is majority
owned by Suez, and Aetra Air Jakarta, which took
over from Thames Water in 2006. The class-action
lawsuit claimed that the public-private partnership
was ‘negligent in fulfilling the human right to water’
for the city’s residents.
The lawsuit was the initiative of the Coalition of

Jakarta Residents Opposing Water Privatization
(KMMSAJ), a grouping of residents, trades unions
and water rights activists.
The court’s decision followed an Indonesian

Constitutional Court ruling in February that annulled
the country’s 2004 Water Resources Law on the
grounds that water resources must be controlled and
allocated for public benefit. The ruling meant that
private companies would not be allowed to hold
monopolies over water sources, a move initially
thought to apply to bottled water suppliers.
Suez had agreed to sell its 51% equity stake in

the West Jakarta concession to Manila Water back
in 2012 after relationships with the public water
authority Pam Jaya began to unravel. However the
city council and PAM Jaya announced in June 2013

that they did not approve of the sale and that the city
intended to buy the shares itself.
Marie-Ange Debon, head of Suez’s international

operations, told press that the $74 million a year
contract was still active: ‘The court order cannot be
executed as long as we appeal, and we will appeal in
the first instance and at a higher level if necessary.
The story is far from over.’
She added that the Jakarta court decision was

based on the fact that the central government
awarded the contracts rather than the Jakarta
authorities, although they subsequently signed
the contracts, which run to 2022.
Debon added: ‘If the authorities want to take

back the concession at some point, we are ready
to talk about it, but we will insist on our rights.’
Lack of investment has made it harder for the

companies to meet targets for reducing leakage and
increasing connections, she said. She added that
the citizen lawsuit reached wider than just the water
companies: ‘It is a court action against private
operator participation in general.’
The announcement comes on the heels of a Suez

legal success – last week the company won $405
million in damages from the Argentinian government
over the annulment of its Aguas Argentinas Buenos
Aires contract.�

Suez Environnement to contest Jakarta water
concession annulment

Research finds link between combined sewers
and gastrointestinal illness
University of Illinois at Chicago School of Public

Health research reveals customers in areas with
combined sewer systems discharging to potable water
sources face a significantly increased risk of gas-
trointestinal illness.
The research, published in Environmental

Health Perspectives, looked at daily visits to
hospital for gastrointestinal illness over a four
year period in three areas of Massachusetts –
a group of towns with combined sewer systems
that overflow into the Merrimack river, which is a
drinking water source; a group of cities and towns
with combined systems that overflow into Boston

Harbour, a recreational water; and nine towns
without combined systems in the Plymouth
region.
It was found that in areas with combined systems

discharging to drinking water sources, visits to
hospital for gastrointestinal illness rose 13% in the
eight days following extreme precipitation events.
There were no significant increases in hospital

visits in areas where discharges were to recreational
waters, or where there were no combined sewers.
The researchers say the true figure is probably far
higher as many people who fell ill would not go to
hospital.�
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Water utility assets are the
means through which

water companies may supply safe,
reliable and affordable drinking
water. EPAL, the largest water
company in Portugal, has been
managing its assets for near 150
years since its foundation in 1868.
Its operational assets represent a
very significant investment,whilst
also being the basis of the service
it provides to its customers.Thus,
asset management assumes a key
role in optimising the return
associated with the use of infra-
structure and in guaranteeing
adequate levels of service.
Asset management can be defined

as being a strategic and systematic
process of planning, acquiring,operat-
ing,maintaining, rehabilitating and
expanding the assets efficiently,
balancing risk,performance and cost
over their life cycle. It is focused on
management and engineering prac-
tices aimed at better supporting
management decisions,which
requires a good information base.This
approach,which has underpinned
EPAL’s activity in recent years, assumes
even greater importance in times of
financial constraint, like which the
country is currently passing through,
in the face of the pressing need for
companies to reduce their costs and
optimise their investments.
This way of operating meets the

emerging paradigm of asset manage-
ment in capital intensive companies,
strongly driven by countries such as
Australia,New Zealand and the UK
throughout the 2000s, and which is
aimed at ensuring the levels of prof-
itability, service quality and sustain-
ability of the company through the
balance between performance, costs
and risk associated with the assets.
In this context, in the middle of

the 2000s,EPAL began a process of

learning about best asset management
practices (through, for example,
participating in seminars and confer-
ences,networking with international
utilities where this subject is more
developed, etc.); a process that culmi-
nated in the development in 2007 of
an integrated asset management model
(IAMM), adapted to the reality of
the company.
The model designed was centred on

the themes of organisation,processes,
base structures, information and
information systems (IS).The model
definition began with carrying out an
analysis of the company’s position in
each of these vectors, followed by
defining the new approach.Finally,
by comparing the baseline with the
proposed model, the initiatives neces-
sary for the implementation of IAMM
in EPAL were identified.
The company’s organisational

transformation was the first initiative to
be carried out in the implementation
of IAMM in EPAL,which embodied
the asset management function in the
company’s organisational structure
through the creation of the asset
management (AM) department.The

main tasks of theAM department are
to develop mechanisms to support
decision making, in particular in
defining an asset plan,with the identifi-
cation of priority investments, the
definition of maintenance policies and
the continuous monitoring of opera-
tional performance and condition of
assets.Given that these activities
depend on the availability of informa-
tion and, in turn, they themselves are
producers of information, an operating
area focused on information manage-
ment was created within theAM
department. In fact, information
management plays a key role in the
decision making process (NRC-
CNRC,2003;GAO,2004) and differ-
ent actions were undertaken in order
to compile, structure and make data
accessible to all.

Information management
With the adoption in EPAL of the
new paradigm of asset management, it

Embedding information management into asset
management – the journey of a water supply utility
The new paradigm of asset management seeks to manage the whole life cycle of assets

in a more efficient way. To do so, knowing the assets’ condition, performance, criticality

and value becomes crucial, so information management plays a key role. In order to

pursue the goal of becoming one of the ‘best-in-class’ water supply companies in terms

of asset management, EPAL set out a number of initiatives over the past seven years to

improve information management. Maria João Capela, Francisco Serranito and Ana

Luis present these initiatives and explain how they contributed to the increase in overall

efficiency of the company.

EMBEDDING INFORMATION MANAGEMENT INTO ASSET MANAGEMENT
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Figure 1
Key questions of
asset management
and associated
information
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clearly resulted in the need to rethink
and improve the processes of collec-
tion,organisation,processing and the
making of relevant information avail-
able to the company; information
management being taken on as one
of the company’s main priorities.
The following actions were then

defined:
• Identification of information is
needed and why

• Identification of what information
EPAL has and what needs to be
improved

• Developing the necessary actions in
terms of improving information
management (recording,organising
and collecting information)

• Providing and sharing information
in a centralised manner

• Analysing information

Identification of what information is needed
and why
The making of a decision about
prioritising investments,maintaining or
substituting operational assets and the
refurbishment or decommissioning of
infrastructures must be supported by a
process with as solid a foundation as
possible.
Thus, the actual knowledge of the

assets, including the respective condi-
tion / performance, remaining useful
life, their value and criticality assumes
crucial importance, as can be seen in
Figure 1.
The need for this information, in

EPAL’s case, is compelling,not only
because of the great extent of the
system,which is composed of hundreds
of assets (2200km of trunk mains, 42
water tanks, 41 pumping stations, 26
chlorination points, 15 abstractions and
two water treatment plants (WTPs)),
but also because of its significant age.

Identification of existing information and
what needs to be improved
Within the scope of the IAMM
project,with the support of consul-
tants, some gaps in the information
were identified.
Base structures:

• The different types of register
(financial (SAP), technical / mainte-

nance (MAXIMO),geographic
(GIS)),which are essential for
efficient and effective asset manage-
ment, are considered by the current
model.However, it is not possible to
integrate them in their entirety due
to the fact that, in most cases, the
registers are not completely compat-
ible with each other.

• There are gaps in terms of historical
information in each of the registers

• The information recorded for a
particular asset is recorded in an
independent and manual way, there
being no central point for the
creation of the asset nor an
automatic integration process

Information systems:
• The existing application platform
is able to adequately support the
processes developed,but there
are however gaps in terms of the
integration of systems,which
would ensure the consistency
of the information

• The MAXIMO system provides
the functionality necessary for the
carrying out of maintenance
planning, though it is not being
used in this context

• Maintenance operations are allocated,
as a general rule, to the MAXIMO
location structure rather than to
assets structure

• Only some of the assets are
registered on MAXIMO,with
many remaining unregistered

• The register of maintenance
operations is supported on MAXI-
MO and GIS, there being no inter-
face between the two systems

In summary, it was found that asset
management is a transversal process
and one which focuses on the assets
throughout the different stages of their
life cycle, so there is not one single IS
that allows for all information support-
ing asset management to be centralised.
The different IS existing in the compa-
ny are sufficient for the intended
purposes, as they incorporate the
various aspects of asset management.
However, the need to create new
interfaces between these IS was identi-

fied, as well as providing an integrated
platform for the information held in
the different systems, in order to obtain
greater availability and consistency of
information, ensuring access in real
time to operational information and
eliminating redundancies.Also, the
base structures of the different systems,
in terms of both asset structuring and
location,must be standardised in order
to allow the different types of informa-
tion (financial, geographic, technical
and operational) to be connected, and
correspondence between systems can
be achieved through the existence of a
common ID associated with the asset,
facilitating its identification in different
IS.

Development of the necessary actions for
improving information management
Seeking to fill the gaps previously
identified,EPAL initiated a set of
actions aimed at,on one hand, standar-
dising the IS base structures so as to be
able to connect the different aspects of
information (financial, geographic,
technical) and facilitate, in the future,
its interconnection in the respective IS
(SAP,GIS and MAXIMO); and,on the
other hand, create mechanisms that
ensure that the information about
assets is organised, structured and
accessible to all who need it, in one
single database.
The original idea was to develop

an integrating platform that would
interconnect all the IS and centralise
the production of information from
the register (financial, technical and
geographic), transaction records
(operation,maintenance,break downs,
inspections, etc.), as well as providing
reports and indicators for the monitor-
ing of the assets, adapted to the deci-
sion making process in the scope of
asset management.However, this
objective not only entailed enormous
costs from consultants and IT develop-
ments, but it also assumed the exis-
tence of previous knowledge to
elaborate all the specifications, require-
ments, rules etc. So, it would be, a
priori, a lengthy and costly process
to achieve the intended results.
It was this context that led EPAL

to decide, as a first phase, to create,
internally, a tool that could meet
some of the key objectives.Thus EPAL
developed a site on the company
intranet, based on Microsoft’s
SharePoint,known as ‘Asset
Management Portal – Information’.
This portal met the objective of

centralising and organising the infor-
mation about operational assets,
facilitating its querying within the
company. It was designed to be a
dynamic tool, constantly updated
and evolving, and it is organised into
menus geared to the different aspects

Figure 2
Main technical
characteristics of
the AFB ‘water
tanks’

EMBEDDING INFORMATION MANAGEMENT INTO ASSET MANAGEMENT
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of the information provided.Access by
the company’s employees to each of
the information menus is restricted
depending on the nature of the
contents.
The information available on the

portal comprises is covered briefly
below.

Registration information and
respective standard structuring
Firstly we addressed the following
questions:‘What assets does the
company have?What are their
main characteristics?Where are
they located?’
For this, it was first necessary to

standardise concepts and define a
standard structuring for the assets and
their locations in the IS. In the scope
of the IAMM project developments,
what became known as ‘Broad classes
ofAssets Function in the Business
(AFB)’ (water abstraction,pumping
stations,WTPs, chlorination points,
water tanks, trunk mains and distribu-
tion network and operational support
elements (transformers and substa-
tions)), and their respective breakdown
into ‘assets’ and ‘asset elements’,were
identified.Then, a new and standard
structuring for assets thus was defined,
the respective information being
available for query in the menu
‘General Information’on the portal.
There was also a need to ensure that

new assets would be recorded in the
respective registers (financial (SAP),
technical (MAXIMO),geographic
(GIS)), according to the new standard
structure of location.
In the case of the financial register

(SAP), it was necessary to define a new
way of creating fixed asset files accord-
ing to the structure of the assets.Rules
were created for the preparation of
price lists, these now having a new
column where each item is classified
with a code corresponding to the asset
type.These price lists are later loaded
onto SAP containing information
about the asset code.SAP was cus-
tomised to incorporate this informa-
tion and provide, through a specially
developed report, the fixed asset value
of the investment per type of asset, thus
allowing the creation of fixed asset files
according to the asset structure estab-
lished.The rules and manuals devel-
oped for this purpose can be consulted
on the portal through the menu
‘General Information’.
In relation to the technical register

(MAXIMO), the IAMM project
allowed for the identification of a
set of gaps and / or weaknesses which
demonstrated the adequacy deficit in
the use of the MAXIMO tool, includ-
ing difficulties in the interface between
this and the other IT tools of the
company.Given the importance of

the MAXIMO tool for maintenance
management, in December 2008 a
working group was created to redefine
the data model,with a view to optimis-
ing the use of that application in EPAL.
One of the outputs was the establish-
ment of a structure of locations ordered
by system – subsystem –AFB or
section / subsection (in the case of the
supply network), as well as the prelimi-
nary definition in 2010 of the interface
with GIS.Later, so that there would be
a connection between this location
structure and SAP,eachAFB was
associated with a SAP cost centre.
The data model of the geographic

register (GIS), in terms of bothAFB
and sections,was revised in order to
incorporate the structure established.
Currently the location structure is
standardised on the GIS and on
MAXIMO.
After defining the base structures for

locations and assets, the operational
assets were inventoried in the field and
labelled.The result of this inventorying
has allowed the updating, in a consis-
tent and structured way,of the techni-
cal (MAXIMO) and geographic (GIS)
registers. In this way it is possible to
identify an asset on the ground through
its label number and simultaneously
identify it on MAXIMO and GIS
through the same label number.
To ensure that this information

continues to be updated in the differ-
ent registers for new acquisitions,
substitutions, refurbishments and
decommissioning,procedures have

been defined, and a small team has
been formed to ensure that these are
being followed.
In the portal’s ‘operational assets’

menu, it is possible to query informa-
tion about theAFB and their respective
location, according to the structuring
defined by the company. In addition,
in each of theAFB sub-menus, it is
possible to access specific information
about theAFB, its technical character-
istics and location, such as shown in
Figure 2 in the specific case of water
tanks.
Figure 2 shows that eachAFB – in

this case each water tank – corresponds
to a code in SAP (cost centre), to a
code in MAXIMO (location code)
and to a code in GIS (IPID) with a
hyperlink to the location of each water
tank in GIS-Web.The main technical
characteristics are available in this
initial table (identification,water tank
capacity and number of cells),with
access to the remaining technical
characteristics requiring the selection
of the button ‘see other technical data’,
which is restricted to users who have
this privilege.

Information about asset criticality
In order to provide information to
address the question ‘Which assets are
critical?’ the menu ‘AFB criticality’was
created where there is an indication of
the criticality of eachAFB,based on
criteria such as redundancy and
representativeness to the system.This
information is organised according to
the structuring of assets and locations
defined for the company,being updat-
ed annually, in the scope of the risk
analyses carried out to support decision
making associated with the preparation
of the annual investment plan. Indeed,
the criticality of assets is directly related
to the magnitude of the consequences
of them failing.

Information about the condition of
assets
In relation to the question ‘What is
the condition of our assets?’ the menu
‘Inspections’was created on the portal
with information available about
inspections carried out as well as the
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Figure 3
‘Reports and
statistics –
statistical
information’ menu

Figure 4
Embedding
information
management into
asset management



WATER ASSET MANAGEMENT INTERNATIONAL • 11.2 - JUNE 2015 • 6

EMBEDDING INFORMATION MANAGEMENT INTO ASSET MANAGEMENT

resulting scores given to each asset.
Thus, consulting the ‘DGA areas –

inspections’menu, it is possible to
obtain information about inspections
carried out,namely in terms of fre-
quency, scores attributed, reports and
other relevant indicators for the
different types of assets.This inspection
information is organised according to
the asset and location structure adopted
by the company.

Maintenance information
Infrastructure performance depends on
its integrity and operational functional-
ity,knowledge of its maintenance
history being essential to understand-
ing the context that led each compo-
nent to the current stage of its life.The
enhancements in the usage of MAXI-
MOmake it currently possible to
associate maintenance plans and
operations with the assets.
In the portal’s ‘DGA areas –

maintenance’menu, it is possible to
obtain information about relevant
maintenance reports and indicators,
such as meter stock and condition of
the most critical equipment (e.g.,
break-downs records and electro-
pump groups performance tests).

Operational information
The operation of a water supply
system presupposes the monitoring
and recording of a set of data relating
to the operation of its assets, such as:
• Volumes of water extracted, treated,
transported,pumped, transferred,
distributed and sold

• Water quality
• Chemicals consumed in the water
treatment

• Energy – specific energy
consumption,performance tests,
production of renewable energy, etc.

• Events that may restrict the normal

operation of the service such as
bursts, break downs, communication
failures, energy supply interruptions

In a perspective of current and more
immediate use of this data, the inter-
pretation of its consistency and of its
evaluation allows the assessment of
levels of effectiveness and efficiency
with which the service is being provid-
ed.The ‘reports and statistics’menu fits
into this context.
In this sub-menu the following

operational information is compiled
and made available:
• In the options ‘abstractions’,
‘pumping stations’,‘WTP / OI /
CP’ (treatment plants) it is possible to
consult information about volumes
of water extracted,pumped and
treated, energy consumption and
chemicals consumption.This data is
available in an excel format and can
be queried in terms of totals or per
AFB,by year or by month,with it
being possible to query historical
data since 2003.

• In the option ‘bursts’ it is possible to
see not only indicators about the
event and the historic evolution of
bursts, but also their description and
geographic mapping, in both the
trunk main network and the distrib-
ution network.

• In the option ‘renewable energy’
monthly information about energy
production is available, in EPAL’s 12
technical bases with solar panels, in
terms of both revenue (Euros) and
kWh of energy produced.

And so it was possible to develop a set
of periodic asset monitoring reports. In
the sub-menu ‘reports’ the following
reports can be accessed:
• Weekly report – monitoring of key
operational data, in particular

incidents, bursts and volumes in the
supply system

• Monthly report – monitor of each
AFB regarding incidents, invest-
ment,maintenance and key opera-
tional data (water volumes,water
losses, energy, chemicals, sludge
production and water quality)

• Equipment maintenance report,
referred to in the previous point
about maintenance information

• Energy intensive consumers report –
the nine installations which are
intensive consumers of energy
represent about 85% of the compa-
ny’s total energy costs.For these
installations a monthly report was
developed containing detailed
information about costs, energy
consumption and specific consump-
tions.

Results and discussion
The work developed on information
management has allowed the organisa-
tion of information relevant to asset
management and its centralisation on
an intranet site easily accessible to all
users – the asset management portal.
Furthermore, it provided the company
with a better standardisation of the
base data structures,with more consis-
tent information and ensuring the
coherence of information between the
MAXIMO,GIS and SAP systems in
terms of the existing assets and of their
locations.The portal is also intended to
be the official source of information
for the company in respect of assets.
The quick and easy way it handles
access to the information, the existence
of different access levels according to
the roles and needs of the users and the
fact that there is a lot of transversal
information – which is also provided
by some of these users – have con-
tributed for the portal to became a
tool for routine use in several areas
of EPAL.
Despite the obvious advantages of

the portal developed, it is important to
recognise that the bulk of the work
developed lies in guaranteeing the
consistency and completeness of the
operational information that is made
available. In this regard, there is scope
for improvement, since the level of
automation associated with this task is
low,making loading and updating
processes lengthy and demanding on
resources.However, the developments
described above enabled a learning
process that today allows the company
to have a greater maturity on informa-
tion management.We may now return
to the idea of parameterising a specific
IT tool for this purpose,with reduced
cost and time spent.
From an asset management point

of view, the work developed on the
information management was crucial

Figure 5
Results of risk
analysis for water
tanks
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for the implementation of the IAMM
at EPAL,enabling to make full use of
decision support tools.For example,
assets are being monitored on a weekly
and monthly basis, through a number
of relevant key performance indicators
compiled in specific reports.This
allows the company to understand
whether it needs to undertake any
unplanned actions in case the required
levels of service are not being accom-
plished.
Once a year, the capital investment

plan is elaborated with the support of
decision tools, such as risk and multi-
criteria analyses for eachAFB,mainly
in what concerns the prioritisation of
asset rehabilitation (Serranito et al,
2009;Monteiro et al., 2008).This
requires complete and updated infor-
mation on the condition, failures and
criticality of the assets, since risk is
understood as being the likelihood of
failure with consequences for the
operation of the system.Figure 5
presents the results of the risk analysis
undertaken for water tanks.Figure 6
shows the result of the multi-criteria
analysis carried out to identify the
priority areas in the Lisbon distribu-
tion network to be rehabilitated,based
on criteria such as pipe age,material,
breaks, renewal and repair costs, etc.
Also on a yearly basis, the asset

maintenance plans are elaborated
taking into account asset criticality,
performance (condition, failures,
energy consumption) and associated
costs, enabling the prioritisation of
maintenance interventions for each
type of assets, as well the optimisation
of maintenance levels – ‘doing the
right maintenance’, instead of ‘doing
maintenance right’.

Conclusions
The work developed regarding infor-
mation management led to a signifi-
cant improvement in the collection,
organisation,processing and making
relevant information available to the
company.
The website became the official

source for providing information
about the assets, namely:main techni-
cal characteristics; location;operational
performance; condition; reports; and
maintenance.
Having the same base structure of

data in the various IS allowed the task
of building interfaces between them to
be initiated. In the meanwhile, it is
already possible to choose a specific
asset and through its label number,
consult its capital value, its location and
the maintenance actions it has been
subject to in the proper IS.
It is now possible to cross different

data (operational,maintenance,
condition assessments, energy con-
sumption, assets criticality, etc.) in a

more efficient and reliable way in order
to produce assets KPIs, thus extracting
information out of the data. Some of
the KPIs are required to be reported
to the regulator.
This information is used to generate

knowledge in the asset planning
processes. In particular, asset managers
now possess the basis to make use of
decision making support tools such
as multi-criteria and risk matrices
for capital investment prioritisation,
as well to prioritise maintenance
interventions.
Overall, the embedding of informa-

tion management into asset manage-
ment significantly contributed to
improving efficiency,with clear
benefits for customers and the share-
holder.These outcomes have benefited
users at all levels of the company – the
board, senior managers, auditors and
operational staff.
A key factor for this change in

information management to become
successful was the commitment of a
dedicated team throughout the whole
process.Despite being initially estab-
lished as a temporary team,we now
have acknowledged the need and
importance to keep this team,as
information management is always
an unfinished task.
We consider that the path undertak-

en by EPAL may be regarded as an
example and act as motivation for
other utilities facing the challenges
the company has had to deal with in
recent years.�
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Figure 1
Representation of
Markov chains

Public water services are faced
with a number of environmen-

tal, social, and economic chal-
lenges.One key aim is to conserve
water resources and ensure a high
quality of service while minimis-
ing expenditure.Achieving this
calls for sustainable and rational
asset management methods and
practices, focused on long-term
control of water losses and service
continuity.
Bursts and leaks in service connec-

tions can account for a large propor-
tion of physical water losses within a
network (Lambert et al., 1999). In
many cases, breaks are simply repaired
as and when they occur,without
serious thought being given to renew-
ing the connections concerned.This
leads to increased break rates.
To reduce water losses and associated

expenditure, it is therefore advanta-
geous to create a renewal plan based
on breakage history and connection
ageing (Farley,2001).
It is advisable to base this rational

asset management strategy on a
combination of three time scales
(Large et al., 2014), as follows.
Long-term planning: long-term

planning involves the consideration of
a variety of hypothetical scenarios that
could take place several years in the

future,with the aim of being able to
deal with the widest possible range of
eventualities.Doing so requires a
connection lifetime probability model
that can account for the large number
of possible reasons for renewal, such as
water losses, repeated bursts, degrada-
tion of water quality, replacement due

to unrelated construction work,or
renewal as a result of changes in
regulation.
Medium-term planning:medium-

term planning involves taking the
long-term vision and converting it
into a ten-year financial plan.This is
necessary to allow water utilities to
effectively project their needs in terms
of future expenditure (loans and
internal budgeting).
Short-term planning: short-term

planning involves deciding how a
utility’s annual budget can be most
effectively spent.This involves deciding
which connections are most in need of
replacement, either due to perfor-
mance issues (repeated failures and
water losses) or those which have

become obsolete due to other con-
struction work or changing regulatory
constraints, e.g. those relating to lead
connections.
A key requirement for any model

dealing with these issues is that there
must be consistency between short-
term decisions and long-term visions.
It is therefore advisable to use an
approach which is both probabilistic
and statistical in nature.
This article aims to explain how

to design models calibrated with
historical data to simulate the possible
effects of future asset management
strategies based on specific perfor-
mance objectives, and how to estimate
the associated costs in terms of opera-
tional and capital expenditure (OPEX
and CAPEX).
To do this, two case studies with

both precise and less precise historical
data are considered. In the first (annual
programme for Lille Metropole), data
about individual connections are
readily available,while in the second
(master plan for Bordeaux and sur-
rounding area – the Communauté
Urbaine de Bordeaux (CUB)) the
data available refer only to the general
characteristics of cohorts of connec-
tions.

Linear Extension of the Yule Process
(LEYP) model
For the Lille case study, individual
connection data were available for the
period 1996-2010.By cross-referenc-
ing the GIS asset database with cus-
tomer information and the results of
hydraulic models, it was possible to
attribute specific values to each
connection (year laid,material).
Physico-chemical information was
also available (average pressure, chlo-
rine content,water origin).However,
these data did not come without an

Table 1: Estimated parameters for the black polyethylene BPE model

Model factors Estimates
Alpha 1.457
Delta 1.790
Average chlorine content 1.176
Average pressure 0.029
Year laid [1980 – 1985] compared to the reference years (before 1965) -0.205
Year laid [1966 – 1979] compared to the reference years (before 1965) 0.607
Supply area (Roubaix) compared with the reference supply area -0.672
Supply area (Wavrin) compared with the reference supply area 0.087

Assessing the degradation of water service connections
with varying levels of asset knowledge
Implementing a renewal plan based on breakage development and the ageing of service

connections can save costs and reduce the development of water losses in the long-term.

The degradation of connections can be statistically estimated using the Linear Extension

of the Yule Process, provided connection characteristics are individually known, whilst a

LEYP-based non-homogeneous Markov chain model can be alternatively used if

individual characteristics are not available. Marie Drouillard, Yves Le Gat, Cyril Leclerc

and Estelle Sigoillot discuss the development of the best techno-economic strategy for

renewing service connections using example networks in Lille and Bordeaux.
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The number of failures likely to
occur in an observation window [a,b]
givenN(a-) = m, follows a negative
binomial distribution:

[N(b)-N(a-)|N(a-) = m] ~
NB(α-1+m,µ(a)/µ(b)) (2)

where µ( ) is defined as:

µ(t)=eαΛ(t) (3)

whereΛ( ) is defined as:

t

Λ(t)= ∫ λ(u)du (4)

0

Considering cohorts is an efficient
alternative when individual connection
characteristics are not available.The
behaviour of these cohorts can be seen
as non-homogeneous Markov chains
(Ross, 1983), the successive states of
which are defined byN(t) as shown
by Figure 1.The transition between
condition states can then be assumed
to be LEYP-driven.
The probabilities of staying in

the same state or jumping to a more
degraded state are shown in the transi-
tion matrix Q(t).The components of
matrix Q(t) are the probabilitiesQkm(t)
of suffering k breaks between t and
t+1,given that m breaks were already
observed before t, given by:

Qkm(t+1)=Pr{N(t+1)-N(t)=k|N(t-)=m}

α-1+m k

= Γ(α-1)+m+k) ( µ(t) ) (1- µ(t) )Γ(α-1)+m)k! µ(t+1) µ(t+1)
(5)

The state of the population P at time
t+1 (vector of state probabilities) is
given by the state of this population at t
and the transition probabilities via this
equation:

P (t+1)=Q(t+1)xP(t) (6)

Lille and Bordeaux results
In the Lille Métropole case study,
many ageing models were calibrated
for service connections.Figure 2

presents validation charts (Renaud et
al., 2012) for black polyethylene, and
Table 1 the associated parameters.
In this validation chart, connections

are represented on the abscissa axis.The
ones in the worst state are on the left,
while those in the best state appear on
the right (as defined by the model).The
corresponding cumulative percentage
of breaks is reported on the vertical
axis.For example,10% of connections
at the highest theoretical risk of
breakage suffered more than 20%
of bursts actually observed.
The value of each model parameter

βj could be interpreted as the effect of
the covariate Zj on failure intensity.
The ratio of intensities λ(t;Z) and
λ(t;Z0),where Z and Z0 only differ by
the values of a given covariate (refer-
ence value in Z0), characterises the
change in the break rate attributable to
this covariate.These relative risks (RR)
are summarised inTable 2.
The model calibration confirms the

influence of some factors on service
connection ageing, such as chlorine
content, average pressure,period of
installation,or supply areas (Colin et
al., 2009).The models make it possible
to set up connection pipe renewal plan
of with the highest theoretical risk of
failure and assess their impact on
breakage development.
The cohort approach set up in 2012

in the CUB case study, stratified by
polyethylene generation,has allowed
the best renewal policy to be defined
from a techno-economic point of view.
Figure 3 shows the goodness of fit of
the low density polyethylene model:
for the calibration window 1999-2010,
predicted break development matches
observed break numbers.The projec-
tion of renewal scenarios according to
an occurrence of breaks makes it
possible to assess their impact on the
number of breaks; systematic replace-
ment once three breaks have occurred
stabilises the condition of the low
density polyethylene connection
network.
The breakage forecast makes it

possible to aim for the most efficient
possible renewal strategy, as well as

Figure 2
Percentage of
avoidable breaks
according to the
percentage of
service connec-
tions replaced –
model for black
polyethylene
connections

Figure 3
Goodness of fit for
the low density
polyethylene
connections and
projection of the
number of break-
ages under
different renewal
scenarios

element of uncertainty and it was
necessary to estimate the installation
date and material for certain connec-
tions.
The 178,000 connections in

Bordeaux are grouped together in
cohorts of the same material and
installation date.Laying records were
estimated for the period 1973-1985
for black polyethylene (BPE) and
1986-1992 for high density polyethyl-
ene (HDPE).Exact data on HDPE
pipes are available from 1993 onwards.
Annual renewal rates were estimated
up to and including 1999.Precise
information is available from 1999
onwards.Nearly 80% of service
connections are made of polyethylene,
which is the only material considered
as part of this study.
The Linear Extension of theYule

Process (LEYP) model (Le Gat,2013)
is a counting process derived from the
Non Homogeneous Poisson Process
(Lawless, 1987); the failure intensity of
which includes the multiplicative
effect of breakage.According to the
context, this model also includes the
effect of time-dependent covariates
such as the weather or change of
running measures (Babykina,2010).
The model can be used directly at the
individual connection scale.The
failure intensity,denoted as λ(t),
formalises the propensity of an asset to
fail between ages t and t+dt,with dt as
infinitesimal time,given the state of
this asset just before t.As part of a
LEYP model, this failure intensity is
given by:

λ(t) = (1+αN(t-))δtδ-1eZTβ (1)

where α > 0 is the failure accumula-
tion factor,N(t-), the number of
failures having occurred before t,δ >1,
corresponds to the asset ageing
parameter.Z = (1,Z1,…,Zp-1) is the
covariate vector,ββ = (β0,β1,…,βp-1) is
the parameter vector to be estimated
and exp(ZTββ) the Cox factor where
ZTββ stands for the linear combination
of covariates and associated parameter
values β0 + β1 Z1 +… + βp-1 Zp-1.
The calibration of model parameters

(α,δ,β) is carried out by solving the
so-called maximum likelihood equa-
tions. 

_
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€300,000 ($318,000), compared with
the previous renewal policy. Renewal
of low density polyethylene connec-
tions required an additional CAPEX
of only €450,000 ($477,000) per year,
with a corresponding average drop in
OPEX of €1 million ($1.1 million)
compared with the previous renewal
policy. To carry out these comparisons,
it was necessary to establish rough but
realistic hypothetical leak duration and
flow values. 
The cost of saving one cubic metre

of water can thus be estimated at
approximately €14 ($14.9) through a
non-targeted renewal programme such
as the systematic replacement of lead
connections. On the other hand,
performance-oriented renewal of
LDPE connections reduces that cost 
to only €0.3 ($0.32) per cubic metre.
Some points are worthy of discus-

sion. With this kind of approach, the
quality of the data being fed into the
model directly impacts the quality of
the results. Uncertainty relating to
input data, mainly concerning year of
installation and material, needs to be
reduced to make the results more
reliable. Results interpreted in terms 
of losses are based on hypotheses (leak
flow and duration) that require further
refinement.

Conclusions
Connection ageing is a major cause of
yearly repair work in water networks.
To deal with this issue, an ageing
model can be applied at different scales
(connection-by-connection or cohorts
of connections), depending on the
extent of the data available. The model
can be used either to simulate renewal
strategies in the short-term or to plan
asset management in the medium-
term.
There are several ways in which this

method could be further improved,
including improving the reliability 
of data. Access to material type and
installation date is key to the effective-
ness of this approach. This could be
achieved either through consulting
water utility archives or by asking
former members of staff if they
remember any details about connec-
tions they have installed in the past.
There is little existing literature about
generations of different pipe materials
over time. This lack of information can
only be remedied by working with
specialised historians. 
Another research project currently

being carried out by LyRE, Irstea and
IMB aims to reduce the uncertainty
attached to hypotheses about the flow
and duration of leaks by observing
district metered areas in real time,
through automatic meter reading.
Further interdisciplinary research,

combining economics and engineer-

optimising economic balance. 
In Figure 4, the compared efficiency

between an oriented strategy, such as
low density polyethylene connections
renewal, and a large and systematic
programme of renewal, such as a
sanitary renewal programme of lead
connections, shows that a targeted
policy is more efficient in terms of
reduction of OPEX and water saving
with much less CAPEX. Connections
within the CUB have been subject to 

a renewal policy since 2006. It is now
possible to compare the efficiency 
of this strategy with that of a strategy
involving no renewal, both for polyeth-
ylene and lead connections, by calcu-
lating additional annual CAPEX,
OPEX, and proportion of breaks
avoided.
Renewing lead connections called

for an additional CAPEX of €8 million
($8.5 million) per year, leading to an
average reduction in annual OPEX of

Table 2: Relative risks (RR) calculated for the black polyethylene BPE model

Factor Reference Values RR Explanation

Number of 0 previous 1 previous failure 2.46 For a connection with no previous 
previous failures failures 2 previous failures 3.91 failures, the risk of 1 further failure is 

3 previous failures 5.37 multiplied by 2.46 for a connection with 1 
previous failure, by 3.91 for a connection 
with 2 previous failures, and by 5.37 for a 
connection with 3 previous failures.

Age Ten years + 10 years 1.73 For a 10 year old connection, the risk of 
+ 20 years 2.38 failure is multiplied by 1.73 when it ages 
+ 30 years 2.99 by ten years, by 2.38 when it ages by 20 

years and by 2.99 when it ages by 30 years.
Average chlorine 0 0.05mg/l 1.06 An increase of 0.05mg/l in the average 
content chlorine content increases the risk of 

break by 6%. (Colin et al., 2009)
Average pressure 0 5m 1.16 An increase in average pressure of 5m 

increases the risk of a break by 16%. 
(Le Gat, Eisenbeis, 2000) 

Year laid Before 1966 [1980;1985] 0.81 The risk of failure decreases by 19% for 
[1966;1979] 1.83 black polyethylene laid between 1980 

and 1985 and increases by 83% for 
those laid between 1966 and 1979, 
compared with those laid between 1950 
and 1965. These variations are likely to 
be a consequence of a change of technology.

Supply area Except Roubaix Roubaix 0.51 The risk of failure decreases by 49% for 
and Wavrin connections laid in the supply area of 

Roubaix and increases by 9% for those 
laid in the supply area of Wavrin, 
compared with those laid outside these 
two districts. This observation is more 

Wavrin 1.09 likely related to the history of cities rather 
than the origins of water. BPE had been 
laid since 1980 in the Roubaix supply 
area, whereas they had been laid since 
1950 in the Wavrin supply area.

Figure 4
Compared efficien-
cy of the action
plan carried out 
on CUB’s supply
network between
2006 and 2011 in
comparison to the
strategies adopted
until 2005
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ing, could serve to clarify levels of
OPEX and CAPEX, as well as making
it possible to better assess the potential
performance-related advantages of
renewal strategies – specifically 
in terms of the optimum size of 
renewal works (amount of 
connections to replace in a 
given geographical area).  �
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Access to clean water and
sanitation has been recognised

by the UN as being essential to the
realisation of all human rights
(UN, Resolution 64/292). Water
supply and sanitation are public
services of huge social impor-
tance, with assets considered to 
be critical infrastructure in the
majority of developed countries.
At the same time, a quarter of the

world’s population is living in areas
with water stress; expected to grow to
54% by 2050 (Alcamo, 2007). From
2005 to 2030 the number of people
living in areas affected by severe water
stress is expected to increase by another
one billion to reach over 3.9 billion
people due to unsustainable use and
management of the resource, as well as
the impacts of climate change (OECD,
2008). With rapid population growth,
and increased industrial demand, water
withdrawals have tripled over the last
50 years and water scarcity will soon
lead to conflict in South America, 
Asia and Africa in the near future
(Arsenault, 2012).
25-30% of supplied water is lost

from water networks before it reaches
customers (Kingdom at al, 2006). 45

million m3 of water are lost daily in 
the developing countries because of
leakage, enough to provide for the
needs of 200 million people (World
Bank, 2006). 
Existing water assets are growing

older. The average age of around
84,000 dams in the US is 52 years 
old (ASCE, 2013), whilst 43% of 
US and Canadian water mains are
between 20 and 50 years old, and 
22% are more than 50 years old
(Folkman, 2012). 
The infrastructure investment needs

in the water and wastewater sector
globally will reach $22.6 trillion by
2030, more than half of the total
needed for all service infrastructure
(Hamilton, 2007). At the same time,
investment is much lower, leading to a
total global infrastructure deficit for all
sectors of $2 trillion per year (The
World Economic Forum, 2010). Some
estimates indicate that building new
dams and rainwater harvesting facili-
ties, for example, would cost $0.04-
0.06 per m3, whereas rehabilitation 
of existing infrastructure would only
cost about $0.02/m3, and demand-side
measures far less than that (2030 Water
Resources Group, 2009).

Bulgaria’s water network:
key factors leading to 
poor performance

Eastern European countries are

lagging behind in terms of water

network performance and burst

rates, with Bulgaria in particular

suffering from high water losses 

and low water quality. Ivaylo

Kastchiev discusses the challenges

facing Bulgaria’s utilities and how

greater attention needs to be paid to operations and maintenance

practices, information and asset management, investment planning

and the organisational structure of operators.
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Network performance and investment
needs in Bulgaria
With an average level of water losses of
around 60% and more than one burst
per km of water mains per year,
Bulgaria is facing serious challenges in
its water sector. Even though almost
99% of the population is supplied with
potable water, more than a third of the
population says that the water supplied
is often of very low quality, and around
6-7% of the population has been
subject to a seasonal water regime.
Around €11.7 billion ($12.4 billion)
need to be invested in the water and
sanitation infrastructure in the next ten
years in order to meet EU standards –
half of which will have to come from
water operators (World Bank, 2014). 
As we saw from the introduction, 

the world is facing significant chal-
lenges as water demand rises but the
supplies are insufficient. The infrastruc-
ture is ageing, with a high percent of
losses, and the investments provided 
are much lower than needed. There are
several solutions of how the problems
can be solved worldwide:
• To reduce the demand by customers 
– this may be a solution for electrici-
ty consumption, but difficult for
transportation and water

• To construct new assets – a logical 
solution, but as already revealed
investment sources are not enough,
and never will be

• To optimise the existing assets and 
extend their useful life by introduc-
ing proper asset management and
operations and maintenance practices

The last solution is 100% applicable for
water infrastructure, as reducing water
losses can increase the capacity of the
system and avoid the construction of
new sources, treatment plants and
pipelines. However, we do not see this
solution implemented properly and
effectively widely enough in develop-
ing countries, even though they need 
it most. Why is that?
What is seen in Bulgaria is that

different governments tend to focus
very much on the construction of
certain new assets (usually big projects
like highways, gas pipes, nuclear power
plants, etc.), but do not pay proper
attention to other sectors. The country
lacks a unified asset strategy with
description of all needs, financial
resources, prioritisation and coordina-
tion. Many new assets have been
constructed in the water and sanitation
sector, with more than €1 billion ($1.1
billion) in investment from the EU’s
Operational Programme ‘Environment
2007-2013’ (OP, 2015), but water
quality and water loss levels have not
changed and sanitation coverage has
not been increased dramatically, and
the country will not achieve set targets. 
At the same time processes with

regards to the proper operation of
existing assets are usually neglected, as
they involve complicated organisation
and coordination, skills and knowledge
that are lacking, and unpopular
decision making. Improvements to
existing water systems is related to
hard work taken place over long
periods of time and for the most part
out of sight of the public, which
generates far fewer lower political
benefits than opening a brand new
facility. There are some examples of
utilities constructed without proper
planning and design, oversized due to a
lack of data, and which need serious
repair works just some years after
being putting into operation. As a
result, the existing infrastructure is 
in a poor operational state, with
deteriorating performance, reduced
effectiveness, low service quality, and
increasing operational costs.

Why water networks fail 
Table 1 shows data applied by 
IB-NET for non-revenue water
(NRW) and burst rate. This data
indicates a certain relationship
between levels of NRW and burst
rates. Developed countries show much
lower levels of both – water losses and
bursts – compared to developing
countries, with several factors 
suggested that contribute to this
(Pearson et al):

In recent years
Sofia’s operator has
introduced a huge
pressure manage-
ment programme,
but burst rates
continue to be
much higher than
European stan-
dards. Credit: 
I Kastchiev.
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• Age
• Quality of pipe materials 
• Working pressure in design pressure 
and surges

• Traffic loading / depth 
of installation

• Ground condition and ground 
movements

• Temperature and changes 
in temperature

• Quality of installation

So why do water networks underper-
form in some countries, compared to
others? 

Network age
Half of the water mains in London,
UK are around 100 years old, and a
third are around 150 years old (LAP-
SC, 2003). According to IB-NET, in
2003 Thames Water stated a NRW of
26% or 23.5m3/km/d, and a burst rate
of 0.4.
Half of the water network in

Bulgaria was constructed before 1970
and is 50 years old or more, which
makes it quite a bit younger compared
to London’s network. However, for
2013 the overall NRW for the country
was 61.4%, or 21.35m3/km/d, and
burst rate of 1.01.  
Due to some issues with operators

generating data on water resources
however, we cannot be sure that the
data for water entering the system and
NRW is correct. But, if we consider
Sofia’s operator (which has reliable
measurement data) for 2013 the
company reports NRW of 55.11% or
68.24m3/km/d, and burst rate of 1.27.
A younger network therefore is

showing a much worse performance
than a much older one. Therefore, the
age of the network cannot be stated as
being a leading factor in its perfor-
mance. In Bulgaria, materials and work
of varying quality have been used over
the lifetime of the network. For
example, in Sofia, Mannesmann steel
pipes constructed before WWII have
been excavated in pretty good condi-
tion (the pipe is laid away from electric
cables and in isolation), whilst 20-year-
old Bulgarian steel pipes have been
dug up completely corroded. Some of
the sewer concrete collectors were
constructed without reinforcement,
leading to a higher rate of structural
damage and pipe collapse.
Certainly however the age of the

network can give us some idea about
the level of investment and network
replacement and if a higher rate of the
network is recently replaced, then it
should perform better.  

Network materials
Around 74% of the water network 
in Bulgaria is constructed from AC
(asbestos cement) and 15% steel (St)

(MEW, 2012). At first glance we could
say that a higher use of AC pipes will
therefore lead to a higher level of bursts
and leaks.
In the networks in UK, US and

Canada however, the level of AC is
around 11-12% (Folkman, 2012; DWI,
1988). The main materials used are
ductile iron (DI), cast iron (CI) and St,
and burst frequency is between 0.1-0.4
per km/year. We can find some cases of
AC forming 33% of an entire network
in Western Australia, and the burst level
is again around 0.4 (Jarvis, 2012).
According to a survey in Australia,

the main reasons for failures of AC
pipes are the soil conditions and water
aggressiveness (calculated burst rate of
0.43 for mains with extremely aggres-
sive water, and 0.34 with non-aggres-
sive water). No significant correlation
is found between burst rate and other
parameters, such as pipe material,
coating and water flow rate (Wang et
al, 2012). No analysis and investigation
of the water aggressiveness have been
made in Bulgaria, so we cannot con-
clude what the effect is on their
performance.
As for networks constructed mostly

of DI, CI and St, the circumferential
crack has been identified as the most
common failure mode (50%) followed
by corrosion (28.3%), longitudinal
crack (13%) and others like leakage at
joints and fatigue (Folkman, 2012). 
Data from Sofia’s water operator for
2012 indicates that AC mains (18% of
the total network) are responsible for
40% of all bursts, and St mains (24% of
the total network) are responsible for
32% of all bursts.
There is an obvious link between the

network materials and the levels of
bursts and NRW. Networks consisting
of fewer AC mains tend to perform
better. In the US case study however,
AC mains (12% of the total network)
relate to 17% of all bursts, but CI pipes
(28% of the network) relate to 55.3%
of all bursts, and the AC mains show a
much lower rate of bursts (0.04

bursts/km) compared to CI (0.15
bursts/km) (Folkman, 2012).
According to Water UK 2000 survey,

AC pipes show a much lower burst rate
than CI pipes in five out of six areas
(UK, Canada, West and East Germany
and Australia), and only in Bulgaria do
AC pipes have the highest burst rate
(Table 2).
So we cannot conclude that the high

level of AC mains is the only reason for
a high burst rate – in all other countries
CI suffers from the highest rate of
bursts. In fact this data provides a 
very contradictive impression about
Bulgarian pipes, with them having
much higher number of failures than 
in any other surveyed country.

Network pressure
Thornton (2003) describes the 
pressure-leakage rate relationship in
that L varies with PN1 and L1/L0 =
(P1/P0)N1. The value of the exponent
N1 may vary from 0.5 to 1.5 or more,
meaning that a 10% reduction in
pressure will lead to a 15%  reduction
in leakage for network with N=1.5. 
Various case studies reveal direct

relationship between reduction in
pressure and reduction of bursts. Some
conclusions estimate average reduction
of around 14% of burst frequency for
every 10% reduction of maximum
pressure, and on average % reduction 
in burst frequency averages range from
0.8 to 1.7 times the reduction in
maximum pressure. High pressure is
also responsible for reduction of the
average life of AC pipes (Lambert et al,
2010). Other sources suggest, from a
number of limited studies, that N2
could be anywhere in the range 0.5 to
6.5 (Lambert and Thorton, 2005).
As we know, pressure management

has been well developed in the UK,
Japan, Australia and other countries,
and even though it is one of the most
influencing factors on burst frequency,
it cannot explain the huge difference
between Bulgaria and further devel-
oped countries by itself.

Table 1: Data on NRW and burst rates

No. Country Year Non-Revenue Water Bursts on water mains
% m3/km/day No of operators  No/km/year No of operators

1 England and Wales 2002 20.2 10.2 7 large 0.2 7 large
2 Australia 2013 7.13 4.62 12 large 0.16 11 large
3 USA 2011 13 10 1 large 0.1 1 large
4 Czech Republic 2009 20.34 6.23 22 large 0.43 15 large
5 Poland 2010 14.39 10.06 6 large 0.44 6 large
6 Bulgaria 2013 61.4 21.35 58 all 1.01 58 all
7 Romania 2007 38.85 50.20 24 all in IB-NET 2.76 26 all in IB-NET
8 Macedonia, FYR 2013 61.58 98.83 4 large 6.04 4 large
9 Armenia 2010 81.14 125.01 4 large 2.53 4 large

Average No.1-No.5 15.01 8.22 0.27
Average No.6-No.9 60.74 73.85 3.09
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basic and necessary requirements for
the effective implementation of the
four basic leakage management
activities: pressure management; active
leakage control; management of pipe
material; and speed and quality of
repairs.  
But even if the WSO has established

DMAs and PMAs (pressure manage-
ment areas), without proper control
mechanisms one will never know
whether these zones have closed
boundaries and if they work properly.
There is often a ‘broken link’ between
reactive (on-site operations) and
proactive departments, leading to
number of boundary valves opened
without information. In such cases
DMAs and PMAs would exist only 
on paper and not in reality, therefore
having no benefit for leaks and burst
frequency reduction.
Data analysis is another problematic

issue. Many operators have installed
flow meters, but the flow data is
recorded once per week rather than
frequent intervals of 15 minutes for
example, which then impacts flow and
pressure analysis. Information for the
above-ground cadaster is missing or
inaccurate, burst information is not
well connected to the asset register and
DMA data, and a useful analysis is not
possible.
Measurement mistakes are also a

crucial factor as a WSO would not be
aware of how accurate the data record-
ed by a device is, especially if it is an
electromagnetic probe. With missing
control and analytical mechanisms, 
and without a detailed operational
hydraulic model in operation, an
operator would not know whether a
meter has ±5% mistake or higher. No
Bulgarian operator has yet implement-
ed a hydraulic model.
Network repair quality and organi-

sation are also problematic. Preparation
and planning of the works are usually
not properly done. Due to lack of
proper information and organisational
culture, WSOs are not analysing the
section of the network that has failed
and no alternatives are suggested and
reviewed. We cannot say how often
failures occur at the same location, or
what the benefit would be of replacing
some part of the pipe rather than just
repairing the leak, but we can assume
that such an approach would lead to
the quicker replacement of the most
problematic sections of the network,
and therefore reduce the number of
bursts. 
Due to there being a lack of work-

ing stop valves and a lack of motivation
and proper organisation, shut-down
areas are usually much larger than
needed. There is no data to analyse the
impact of this issue, but practice shows
that often WSOs are closing large

In recent years Sofia’s operator has
introduced a huge pressure manage-
ment programme that has affected the
burst rate as can be seen in Table 3. As
can be seen however, the burst rate in
the network continues to be much
higher than European standards.
It can be suggested that the 

networks in Western Europe, US and
Australia have a much higher quality 
of installation compared to Eastern
Europe, and particularly Bulgaria. This
factor has very direct impact on the
network performance, but unfortu-
nately we cannot provide numbers 
to estimate the exact relationship. It is
also difficult to analyse other possible
factors like traffic load, ground 
conditions and temperature. 

Operations and maintenance
What is not commonly discussed in the
analyses network performance is the
quality of operations and maintenance
(O&M). The UK was the first to
introduce a number of guidelines, code
of practices and standards for water
network asset management, including
network zoning with district metering
areas (DMAs), permanent flow and
pressure management, using and
interpreting minimum night flow data,
estimating leakage, organising informa-
tion from water networks, planning the
rehabilitation of water network, and
the different methods for water mains
rehabilitation (WRc documents from
1989, 1994 and others).
Water network is complex infra-

structure consisting of many different
elements, with huge number of
processes going on. Usually the opera-
tor has limited access to the network,
and is working with indirect informa-

tion. So, based on many theoretical and
practical cases, we can summarise the
following.
The Water and Sanitation Operators

(WSOs) in Bulgaria have limited
information about the water assets.
Information is commonly presented in
improper formats (usually on paper), it
is rarely digitalised, and even when it is,
is usually in a DWG format rather than
GIS, which makes any integration
process later on very difficult. Only a
few operators like in Sofia, Ruse and
some others have a well-developed and
integrated GIS system in operation.
The information available is incon-

sistent, unreliable, minimal and not
homogenous. Usually there is lack of
continuity in the company, and a lot of
information is lost when key experts
leave the WSO. Operational depar-
ments tend not to provide information
to other departments in order to
increase their value for the company. As
a result, ‘islands of information’ exist in
different departments of the company,
without integration or added value,
and the overall asset management
process is hampered by this lack of
information. 
DMAs are usually not established. In

order to manage the network, it should
be divided into small and manageable
areas, with one water source, similar
construction and customer type, with
permanent flow and pressure manage-
ment of the inlet, use of a data logger
and transfer of this data to the office
(via SCADA or GSM/GPRS). Only a
few operators in Bulgaria have estab-
lished a proper DMA programme, and
Sofia is leading in this area. 
Having reliable information in GIS

format and organised in DMAs are the

Asset management
is neccessary for
Bulgaria to tackle
its water losses.
Credit: 
I Kastchiev.
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areas, even entire districts or villages, in
order to proceed with failure repairs.
This is not only affecting larger
number of customers than needed and
is reducing the quality of the service,
but also increases the chance of new
failures when water supply is restored.
Water structures are missing or not

working. There are not enough
working stop valves, fire hydrants, air-
leave valves, water discharges and other
critical network elements. This causes
serious problems for venting air,
controlling shut-down areas and
draining the shut sections. All of 
these cause difficulties for effective
network management and lead to 
a higher burst rate and reduced
network performance. Network
hydraulics is seriously impacted due 
to the number of unknown stop 
valves buried underground in a full 
or semi-closed position.
O&M practices are missing or not

effective. Only reactive maintenance
takes place in WSOs, preventive
maintenance is rarely implemented 
by some operators and only in certain
areas (treatment plans for example),
and no predictive and / or reliability-
centred maintenance process has been
adopted by any operator, which makes
the overall process ineffective, leading
to a high level of burst frequency and
leaks.
Investment planning is not strategic

and long-term. When reviewing the
organisational structures, in many of
the WSOs we can see that there are no
separate planning units and operations
are usually responsible for the planning
of the investments. Due to a lack of
competence, sufficient information
and subjective prioritisation, O&M
units usually cannot establish effective
investment planning and currently
undertake work without looking at
the whole picture; taking into account
all the factors and reviewing all the
alternatives. 
Water mains are usually replaced

piece by piece, which occasionally
does not mean a reduction in leaks 
and bursts, as they are just moved to
the next weakest spot. Cases from the
UK and other countries show us that
overall investment planning should 
be based on top priority DMAs and
should include widespread replace-
ment of the network in the DMA in
order to achieve a stable effect. What
we have seen in many cases is that
replacement of pipes with a high level
of hidden leakage leads to an increase
in pressure and therefore in burst rate
in the same or nearby areas of the
network.
Another problem is that investment

projects are not implemented using
the principles of project management,
with dedicated project managers

responsible for the entire project. Again
the operations department is responsi-
ble for this process, which leads to
problems in procurement, project
terms, quality and budget. 
The same conclusion can be made

for the proactive planning and imple-
mentation at treatment facilities. Such
units are not commonly seen and even
if they exist it is not obvious how
effectively they are coordinating and
communicating with operations.
Experience from Sofia’s operator has
shown that when operations, proactive
works and investment planning were
separate units, the effectiveness of the
programme was much lower, and after
integrating them into one department
the planning process improved and the
results achieved significantly increased.

O&M and investment planning
As we know, the asset management
landscape includes all areas related to
asset lifecycle management, including
strategy and planning, asset manage-
ment decision making, lifecycle
delivery; asset information; organisa-
tion and people, and risk and review
(GEMAM, 2014).
O&M organisation and practices, as

well as methods of collecting accurate
information, are only part of the range
of strategies that should make up the
management of assets, but these are the
most crucial and basic. Without their
integration into the organisational
structure of WSOs, overall strategic and
investment planning and realisation
will not be effective and efficient, and
will not guarantee that the assets will
provide value to the organisation and
its stakeholders.

As we mentioned at the beginning,
it is much cheaper to invest in the
rehabilitation of existing infrastructure
and demand-side measures rather than
building new dams and rainwater
harvesting facilities. Nevertheless, we
see many cases where the authorities
are planning and designing new WTPs
and / or new water supply mains from
remote water sources for villages with
water quality or water supply prob-
lems, without considering the restora-
tion of existing underground sources
(which do not need water treatment)
and in particular without implement-
ing water losses reduction programmes
– and therefore are constructing
oversized and / or redundant facilities,
but are not solving the actual problems.
Investments in the water network

are often planned ineffectively as only
some pieces of the whole picture are
considered, without taking into
account the benefits of O&M prac-
tices, and without realising that a water
network is one organism, with changes
in one section resulting in changes in
many other parts of the network.
One particular example of the

relationship between different parts of
the network can be provided by Sofia’s
operator. After number of step tests and
DMA monitoring it was established
that a particular section of strategic
Ø400mm steel water main had a very
high level of hidden losses (more than
100m3/h), and therefore it was marked
for replacement. When the existing
main was disconnected, the pressure in
the adjoining DMA increased by
almost 1 bar and the level of bursts
increased dramatically. The WSO
needed to plan and quickly execute a

Table 3: Pressure management in Sofia (Sofiyska Voda business plan 2014-2015)

Year 2009 2010 2011 2012 2013

PRVs installed 24 37 37 19 16
Number of bursts 7331 6435 5941 5239 5038
Network length 4123 4053 4011 3980 3965
Burst rate 1.78 1.59 1.48 1.32 1.27

Table 2: Burst rates for different pipe materials

Number of bursts per UK Canada West Germany East Germany Australia Bulgaria
100km per year / 
pipe material

AC 11.5 7.3 6 34 8.4 141
CI 20.4 49 19 41 22.3 101
DI 4.7 9.7 2 1.6
PE 3.1 10.3 74
PVC 9.4 1.2 6 14 9
Steel 12.5 21 74 9.8 93
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programme for network optimisation,
including pressure reduction and water
mains replacement in the affected
DMA, and finally was able to stabilise
the network performance.
Nevertheless these investments were
not part of the original investment plan
(meaning that work in other priority
DMAs that was planned were left
behind), and problems started to 
occur with the DMA supply main. 
Planning water main replacement

based only on burst frequency without
taking into account O&M can lead to
inefficient investments. Here are some
examples: 
• Sometimes when the DMA has 
been implemented, burst frequency
can be reduced by simply installing
air-relief valves at high points in the
system, and this can be planned
without a hydraulic model, simply
by analysing the information in GIS
and on-site.

• A lack of enough working stop 
valves usually leads to large shut-
down areas in case of failures, 
which increases the potential for
new bursts and / or water quality
problems each time the water 
supply is stopped and restored. 
If this process is not managed 
by the WSO, this may lead to 
an increase in burst frequency.

• By introducing pressure reduction, 
a WSO can reduce network bursts. 
In order to realise pressure manage-
ment however, the operator needs 
to replace certain water mains for 
the implementation of a PMA, 
but usually these water mains 
are different from those that 
have highest burst frequency.

So, before deciding to replace certain
water mains, a WSO needs to analyse
whether there are options to improve
the network in this particular DMA,
and if so – what exact measures need 
to be taken. Furthermore, the WSO
needs to establish a daily analysis of its
emergency response strategy and to
analyse different options that can be
undertaken for each failure signal –
whether to proceed with simple 
failure repair, to replace ten metres 
of the pipe, or to replace the whole
section. It is difficult to say how many
failures occur on the same section of a
water main (due to low-quality of the
repair works or the pipe material), but
such analysis will reduce their number
to minimum.
A very good example with a 

good combination of O&M measures
and investment planning is Thames
Water’s Victorian Mains Replacement
Programme, based on the replacement
of the whole infrastructure in a DMA.
This programme took place between
2005 and 2010, and included upgrades

to 148 DMAs (9.6% of all the utility’s
DMAs) and replacement of 1868km of
mains (6% of the network), combined
with pressure reduction measures,
network optimisation and rationalisa-
tion, active leakage control and others,
which led to a reduction in burst
frequency by 40% (starting level of
0.522 b/km/y, end level of 0.312
b/km/y) and leakage levels by 29% 
(or 276,000m3/d) (Thames Water,
Ofwat, 2012).
So we can see that effective 

investment planning in top priority
DMAs, including replacement of the
whole network inside the DMA, and
combining this with O&M measures
can provide an optimal effect with
regards to the percentage of the
network replaced.
Targeted investments in DMAs

networks, combined with O&M
measures, have also provided positive
effect in Sofia, where for five years
(2009-2013) NRW has been reduced
by 25.6% (from 132.73M.m3/year to
98.76M.m3/year), and burst level by
31.3% (from 7331 to 5038
bursts/year). Even though such a
positive effect has been achieved, 
much work remains to be done as the
levels of both indicators continued to
be very high in 2013, with NRW =
68.2 m3/km/year and bursts = 1.27
b/km/year (Sofiyska Voda business
plan 2014-2015).

Conclusions
By introducing proper asset manage-
ment, methods of obtaining accurate
information, operations and mainte-
nance practices, investment planning
and project implementation, effective
communication between different
units, knowledge sharing, and integra-
tion of asset, financial and operational
data, we can achieve a quick and strong
improvement in the short- and mid-
dle-term, and would guarantee a stable
level of service and effective allocation
of both operational and investment
costs in water and sanitation assets. �
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Lifeline systems, such as water
distribution networks, are of

critical importance in the unin-
terrupted provision of services
and thus to the resiliency of a city.
Lifeline systems are distributed
systems, rather than isolated
facilities, and provide products 
or services that are transferred
through networks that often cross
legal and jurisdictional bound-
aries (ALA, 2001). In effect,
lifelines are the infrastructure
systems that support urban life
and because of their interconnect-
ed nature, once a lifeline system is
damaged by an earthquake or
other natural hazard, other lifeline
systems (or infrastructure compo-
nents) will malfunction as well.
The term ‘resilience’ refers to a

system’s (or city’s) capacity to
recover quickly and effectively
from a catastrophic event. Being
able to assess the reliability of the
network against different hazards
helps water distribution agencies
prioritise their interventions and
ensure a minimum level of relia-
bility. This is essential for the quick
rehabilitation of a system follow-
ing either isolated pipe breaks or
massive damage after a major
earthquake. 
A number of previous studies have

assessed the vulnerability of infrastruc-
ture systems, but seldom has the non-
seismic performance of such systems
and the system-component interac-
tions been considered in evaluating the
seismic vulnerability of such systems.
Our work combines data on historical

non-seismic performance of urban
water distribution networks (UWDN)
and their components by use of
survival analysis and network simula-
tion. The intent is firstly to propose a
methodology for assessing the vulnera-
bility of a UWDN using available
everyday measurements, and secondly
to extend the current seismic assess-
ment state-of-practice with localised
knowledge on the performance and
the vulnerability of such networks.
Current guidelines, such as those of the
American Lifelines Alliance (ALA
2001), present procedures and fragility
relationships that can be used to
evaluate the probability of earthquake
damage to water transmission systems
and to make informed decisions on
how to mitigate risk. However, the
generic form of the pipe fragility
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Figure 1
Left (a) Survival
curves for asbestos
cement (AC) pipes,
as a function of the
number of previous
breaks (NOPB); 
Right (b) Seismic
fragility curves
according to ALA
guidelines
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curves obtained through this approach
does not take into consideration the
network’s past performance and its
effects when calculating the pipe repair
rates. Furthermore, in examining the
vulnerability of a network one cannot
but consider the vulnerability of the
network’s components as well as the
network topology. 

Pipe fragility assessment
The assessment of pipe fragility (or
vulnerability) incorporates data of past
non-seismic damage compiled in the
form of survival curves, the vulnerabili-
ties of the network components against
seismic loading, and the topology of
the UWDN. This approach is useful in
the case of networks under abnormal
operating conditions, as in the case of
intermittent water supply. 
Historical data obtained using

records of pipe burst incidents and
processed to produce clustered ‘survival
curves’, depicting the pipes’ estimated
survival rate over time. In terms of
piping networks, the survival function
depends on several factors, the most
important of which are the number of
observed previous breaks (NOPB), the
age and the material of the pipes
(Chistodoulou and Deligianni, 2010).
A survival analysis reported by
Christodoulou and Ellinas (2010) 
of an urban water distribution network
under abnormal operating conditions
revealed almost identical survival
curves for the network mains and its
house connections, but when clustered
by the NOPB, the survival curves
varied substantially. A typical survival
curve is shown in 1(a).
The seismic capacity assessment is

based on pipe fragility curves, i.e.
relationships that provide the failure
probability of a single pipe for a given
seismic intensity. The outcome capacity
of the system is conditional on the
seismic intensity. Relationships for
estimating pipe fragility curves are
given by US and Japanese guidelines

(ALA, 2005; JWWA, 1997) and are
based on data observed during past
earthquakes. The formula of ALA is:

RR = K ⋅ a ⋅ IM b (1)

IM stands either for peak ground
velocity (PGV) or for permanent
ground deformations (PGD). K is a
parameter that considers the effect of
pipe different material and a, b are
constants. 
Equation (1) calculates RR, i.e. the

number of breaks (or repairs) per pipe
length. The function of RR is multi-
plied with k(t), where k(t) is the ratio
SUD(t)/SD(t), and SUD, SD are survival
curves of the undamaged (NOPB=0)
over that of the damaged network
(NOPB>0). Therefore, RR is penalised
according to the NOPB and the
survival function of the pipe. 1(b)
shows the effect of different k(t) on the
pipe seismic fragility. Finally, for a pipe
of length L the Poisson formula gives
the failure probability of a single pipe as
pf = 1-exp(-k(t)xRRxL).
Compared with failures caused by

earthquakes, failures from non-seismic
causes are more frequent and well
distributed in time, whereas failures
due to seismic effects occur intermit-
tently and only when a major earth-
quake strikes. Thus, it is convenient to
compile separately the data from the
two causes of failure. This is also close
to current practice. Usually, records of
the everyday causes of failure are
maintained by water agencies, whereas
earthquake damage receives attention
at the higher level from civil protection
agencies. Therefore, the two approaches
have distinct differences since it is not
straightforward to post-process consis-
tently the data for pipe survival analysis
and seismic vulnerability curves.

Network simulation
The performance of the network and
its failure probability can be assessed
based on its topology / connectivity
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and on the failure probability of every
pipe. In the simplest case, the network
performance is measured by the
probability that it fails to deliver water
from its sources (inflow vertices) to
every house connection (outflow
vertices). If such, rather simplified,
network performance definition is
adopted, the performance of the
network can be quickly evaluated
using methods based on Graph. Graph
theory is a versatile mathematical tool
that allows to extent the proposed
approach to other lifelines (e.g. power,
transport) and requires only basic
knowledge of hydraulics.
If failure is defined with respect to

hydraulic quantities, then hydraulic
analysis of the network is required.
Such analysis could either be conduct-
ed post the dynamic / earthquake

Figure 1
Left (a) Real-Life
DMA as adapted
from Limassol’s
(Cyprus) UWDN’s
shown by dotted
lines, Right (b) The
number of normal-
ized water main
incidents, in DMAs
of the Limassol
network, between
July 2007 and
February 2011
(adapted from
Gagatsis 2011). 

Figure 2
Flowchart of the
proposed UWDN
reliability assess-
ment algorithm
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investigation on selected network
configurations, or coupled directly
within the UWDN reliability analysis
as shown in 2, providing hydraulic
results for all iteration steps of the
MCS analysis step. Hydraulic analysis
is performed with appropriate soft-
ware, such as EPANET (Rossman,
1993). Compared to graph theory, it
offers a more faithful representation 
of the network’s behaviour and gives 
a better insight of its post-earthquake
condition. For example, earthquakes
commonly cause fires and the network
should be able to provide sufficient
water head. 
The use of EPANET for seismic

simulation analysis poses several
challenges as reported by Chou et al.
(2013), especially when the dynamic
link library is to be utilised in a multi-
ple iteration vulnerability assessment
application. No-flow sub-networks
often result in negative pressures at
nodes where base demand is expected
and hence the simulation stops.
Moreover, whilst the simulation of a
damaged network is performed, pipe
failure could either signify that a
selected pipe (link) would be com-
pletely decommissioned from the
network (closed while experiencing
catastrophic failure) or would still be
connected but experiencing water
leak (pressure loss). In both cases, the
network description file would need
to be adjusted and a new network file
created for each iteration point
without any assurance that the adjust-
ed file would provide converged
results. Hence, the steps proposed by
the reliability analysis shown in 2 were
followed, with the hydraulic analysis
step completed selectively on a smaller
subgroup of scenarios as a standalone
step on converged simulation results. 

Reliability assessment 
The network reliability is calculated
using a Monte Carlo (MC) simulation.

When MCS is applied to pipe net-
works, the calculation is based on
reducing the network topology, i.e.
removing pipe segments which are
assumed to have failed. MC simulation
calculates Pf,N(i,j), i.e. the probability
that water from inflow vertex i will be
able to reach any house connection
(vertex j). The method can also be
applied to calculate any other metric
that may be chosen to describe the
network condition, see for example
Fragiadakis and Christodoulou (2013).
For every simulation a state vector is
produced. In this vector, two states can
be considered for every pipe: 0-state,
which refers to a failed state with
probability Pf,N(i,j) and 1-state that
corresponds to non-failure with
probability 1- Pf,N(i,j). Once a state
vector is obtained, the failed pipes are
removed from the network. Using
common graph algorithms we can
determine whether a path between
vertices i and j exists. If at least one 
path exists the simulation is successful,
otherwise it has failed. The network
reliability is then valuated by dividing
the number of successes with the total
number of simulations performed. This
scheme can easily accommodate both
pipe and node failures. For our prob-
lems, the reliability estimations were
not found sensitive to the network size.
However, when the dimension of the
problem is large, depending on its
complexity, the necessary number of
simulations may vary and thus a more
elaborate sampling scheme may be
necessary.

Case study 
The methodology proposed is demon-
strated on the real-life network shown
in 3(a), consisting of multiple district
metered areas (DMAs). The region of
choice encompasses three DMA
regions. It has a range of elevation from
15-65m, a customer base of around
10,000 and an average daily consump-

tion of 200 l/day/capita. The EPANET
real time hydraulic simulation consists
of 450 junctions (nodes), 621 pipes
with diameter of 100mm (D = 4in),
one reservoir with a total head of
(90m). The survival curves considered
for this UWDN are those of 2a. All
pipes are given a constant friction
factor and the friction loss is calculated
by the Hazen-Williams equation.
Further details can be found from
EPANET’s manual (Rossman, 1993).
The region in question is mapped 

as a graph and a MC simulation is
performed to produce the failure
probabilities (and thus the network
reliability) at every network node. The
seismic load is considered as a uniform
PGV (peak ground velocity) value
obtained from a ground motion
prediction equation obtained from
European data (Rupakhety et al., 2011)
and corresponding to a scenario of
seismic moment Mw=7 and distance
15km. The result is then mapped as a
spatial risk plot (‘heat-map’), as shown
in 4a. The produced ‘heat-map’ identi-
fies the areas in the network which are
of high failure risk. In this case the areas
of concern seem to be limited to three
areas which, on closer inspection, are
related to areas of open-ended pipe
pathways (orphan nodes). The horizontal
allocation of risk is actually shown to
be highly sensitive to open-ended
network topologies. 
The situation changes drastically

once the NOPB risk factor is included
in the analysis (5a) by use of the
algorithm proposed by Fragiadakis et
al. (2013) and Christodoulou and
Fragiadakis (2014). The inclusion of a
network’s non-seismic performance
increases the pipes’ risk of failure and
thus alters the network reliability. The
increased network vulnerability is the
direct outcome of the increased pipe
vulnerabilities, as impacted by their
performance prior to the seismic event
and their decreasing reliability. The

Figure 4
Seismic network
reliability without
considering
historical data:
Left (a) spatial
distribution of
failure probabili-
ties; Right (b) total
head (m) prediction



WATER ASSET MANAGEMENT INTERNATIONAL • 11.2 - JUNE 2015 • 20

Figure 5
Seismic network
reliability consider-
ing historical data: 
Left (a) spatial
distribution of
failure probabili-
ties; Right  (b) total
head (m) predic-
tion.

probability of failure is now highly
sensitive to the condition of each
network element, as manifested and
influenced by their non-seismic
performance over time (survival
analysis).
Following the proposed outline of

steps in 2, EPANET’s dynamic link was
incorporated within the existing code
that performs the MC simulations and
resulted to the heat maps of 4a and 5a.
At each MC step, several pipes are
given a failure condition and the
EPANET library is then called and
adjusted domain solved for all
hydraulic quantities. 4b and 5b show
the preliminary results of total head of
the system for the seismic scenario
obtained using the graph model
previously discussed. Blue contours
(zero demand availability) matches well
with the spatial results obtained from
the MC simulations identifying regions
of high probability of failure and thus
zero supply to the demand regions. It
should be noted that the simulation
stability was greatly improved by the
alternate representation of the demand
at the nodes. If demand was assigned
for each node explicitly, a separate 
step in the iteration loop would require
the identification of nodes that were
unreachable either due to the assump-
tion that their neighbouring links were
decommissioned, or if the only avail-
able flow path was at a much lower
elevation. The subsequent step is a
rather cumbersome and also complex
process with high likelihood of diver-
gence. The built-in capability of
EPANET to model pressure-depen-
dent flow issuing from emitters (i.e.
pipe-leak model) with the outflow rate
directly dependent on the local node
pressure allows for a smoother and
more stable simulation.

Conclusions
A methodology for the seismic perfor-

mance assessment of UWDNs is
proposed. The method combines
seismic reliability assessment with the
network’s non-seismic performance.
Available past network performance is
processed through data-mining and
survival analysis techniques, clustered
by a number of different risk factors,
and then used to calculate the gener-
alised pipe vulnerability considering
data that refer to the specific network.
The network reliability is subsequently
assessed using Graph Theory tools and
hydraulic analysis. The proposed
approach, which is demonstrated on a
real-scale DMA, allows for both the
estimation of the probability that a
network fails to provide the desired
level of service and also the prioritisa-
tion of retrofit interventions and of
capacity-upgrade actions.�
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