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K U R Z FA S S U N G
Diese Dissertation zeigt einen integrierten Ansatz für die Rehabilitierungsplanung urbaner Wasserinfrastruktur durch ganzheitliche Betrachtung der urbanen Infrastruktur, seine Möglichkeiten, Probleme
und Herausforderungen sowie seine Anwendung auf verschiedene
Fallstudien. Nach einer Einleitung, betreffend die Geschichte bzw. die
aktuellen Herausforderungen der Siedlungswasserwirtschaft, werden
die gesetzlichen und technischen Grundlagen und Leitlinien sowie
der Begriff der integrierten Rehabilitationsplanung im Kontext des
Standes der Technik in der Siedlungswasserwirtschaft erläutert. Im
Folgendem wird der Datenproblematik, die den Einsatz verschiedenster Modelle be- bzw. verhindert, weiter Raum gegeben. Dabei wird sie
anhand von drei Fallstudien von unterschiedlicher Größe und Qualität ausführlich behandelt. Weiters wird ein optimaler sowie ein mindestens notwendiger Datensatz definiert um die verschiedenen Modelle anwenden zu können. Abschließend werden die Probleme noch
einmal zusammengefasst und Empfehlungen für zukünftiges Datenmanagement im Sinne des integrierten Ansatzes gegeben.
Mit diesen Grundlagen wird ein Ansatz zur Datenrekonstruktion anhand von Nachbarschaftsbeziehungen und zur Ermittlung der notwendigen Rehabilitierungsraten eines Netzes unter eingeschränkter
Datenverfügbarkeit vorgestellt. Danach werden die vorhandenen Alterungs - sowie Entscheidungshilfemodelle, mittels ausführlicher Literaturrecherche betrachtet und erklärt, sowie ihre Vor- und Nachteile
erläutert und einzelne Modellen auf die drei vorhandenen Fallstudien angewandt.
Es wird ein eigener dreiteiliger Ansatz zur integrierten Priorisierung
von verschiedenen Infrastrukturnetzwerken vorgestellt und auf eine Fallstudie angewandt. Diese Methodik zielt darauf ab, über die
Priorisierung und Reihung von verschiedenen Gebieten bzw. Straßenabschnitten, die Rehabilitierung von mehreren Netzwerken in diesen Abschnitten gleichzeitig durchzuführen, wenn dies technisch und
ökonomisch sinnvoll ist. Sie ist an die bei kleinen und mittleren Betreibern oft auftretenden Probleme, wie z.B. schlechte bzw. mittelmäßige Datenqualität, angepasst und ermöglicht durch den modularen
Aufbau die Implementierung weiterer Daten bzw. Netze ohne besondere Programmierkenntnisse. Abschließend wird anhand des Kanalsystems einer der Fallstudien die Möglichkeit eines Beitrags der notwendigen Rehabilitierungsplanung für die Anpassung unserer Netze
an die sich ändernden Rahmenbedingungen gezeigt.
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ABSTRACT
This dissertation and the included papers show the possibility of
an integrated approach to rehabilitation management crossing the
boundaries of individual networks, its problems and application on
different case studies. After introducing the legal basis, the most important ideas and terminology of integrated rehabilitation management were discussed giving reference to the state of the art methods
in this field. The data problematic, which hampers the application of
models for small and medium sized municipalities, was highlighted
using 3 case studies of different size and quality. Further optimal and
minimal data requirements for the application of the mentioned models and recommendations for future data management were given.
This work used these inputs to develop approaches for data reconstruction and the estimation of the necessary rehabilitation rates using limited data availability. Furthermore, the available models regarding deterioration and decision support were introduced and the
literature review on their application were given. The most used
models were applied to the case studies and implemented in decision support models depending on the data quality and availability.
These ranged from a simple weighted sum model, more sophisticated
approaches to a novel methodology for the integrated prioritisation
of different infrastructure networks used in a real case study.
This methodology for the integrated prioritisation of different infrastructure networks used in a real case studies aims to rank, and thereby
prioritise, areas for rehabilitation of the different networks if economically viable or for single networks if not. It is an easy to use rehabilitation management procedure for small and medium sized municipalities. It is adjusted to the main problems for small operators - missing
or have only recently begun data management and therefore bad or at
best mediocre data quality. Moreover, the simple and modular setup
of the methodology enables the addition of further information and
networks into the model and it to be used without extensive programming skills. Finally by applying the established method for the sewer
system of a case study, the possible contribution of the rehabilitation
measures to the necessary adaptation to changing environmental conditions was estimated.
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INTRODUCTION

And you shall have a trowel
with your tools, and when
you sit down outside, you
shall dig a hole with it and
turn back and cover up your
excrement.
Deuteronomy 23:13

1.1

on the origins of urban water infrastructure

The challenge of adequate fresh water supply and its disposal after
usage (as already mentioned in the bible) is an old one. Early civilisations were built on complex systems of water management and
hydraulic engineering (Mithen, 2010). It is no coincidence that the
oldest advanced civilisations emerged near rivers, which enabled a
permanent supply of fresh water. The main examples are the cultures at the banks of the rivers Nile, Euphrates, Tigris, Indus, Yangtze
and Huang He. An impressive example of the technical knowledge
of ancient cultures is the so-called Indus Valley or Harappan civilisation (ca. 3200-1900 BC) (Garbrecht, 1988). Although not the oldest example of urban water infrastructure - urban drainage pipes for
rainwater were already in use in Ur, Babylon and Habuba Kabira (ca.
4000 BC) (De Feo et al., 2014; Strommenger, 1980) - it is together with
the Minoan Culture (who used 1500 BC the first water distribution
pipes (Walski et al., 2003)) the oldest example of a well organized
and structured water infrastructure. Water supply was achieved by
wells inside most of the houses, some of the houses had also flushing toilets (Büker, 2000; Garbrecht, 1988). Surprisingly, the largest
city of the Harappan civilisation, Dholavira, depended solely on decentralised solutions (e.g. soak pits) and had no centralised sewer
system (De Feo et al., 2014).
For areas with no great rivers as a water resource, as in the plateaus
of the Middle East, other solutions had to be found using groundwater for drinking and irrigation. This was accomplished by Qanats
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A bridge from the past to present
times.
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(the oldest ones dating to 1200 BC), where groundwater is brought
to the surface without mechanical means, relying upon gravity alone
(Jomehpour, 2009). From these ancient techniques (which are partly
still in use) a bridge can be forged to modern systems of urban water infrastructure. De Feo et al. (2014) give a good overview on the
historical development of sanitation over the centuries. Walski et al.
(2003) does the same in brief for water distribution, Garbrecht (1988)
in more detail for the ancient world, while Grewe (1991) focuses on
medieval times.

1.2

challenges for modern urban water infrastructure

The public has certain expectations concerning the functionality of
the urban water infrastructure. The European Standard EN 752 (2008)
defines that the wastewater system should provide to the community
• removal of wastewater from premises for public health and hygienic reasons;
• prevention of flooding in urbanized areas;
• protection of the environment.
The national guideline for drinking water ÖVGW W 100 (2007) requires, that drinking water should be provided by the operating company in sufficient
• quality;
• quantity;
• and pressure.
These are the justified expectations of the community, but the modern urban infrastructure faces two major challenges while fulfilling
these duties:
• Maintenance and rehabilitation of the aging networks;
• Adaptation to a changing environment (e.g. Climate change
and/or urban development in the context of population increase/
decrease).
The focus of operating companies in developed countries is moving
away from construction of new networks to the maintenance and repair and sometimes even reduction of the existing ones, if made necessary by decreasing population (Großmann et al., 2013). In Austria for

1.2 challenges for modern urban water infrastructure
example with 94.9% connection rate to the sewer system and 91.8% to
the water distribution network (KPC, 2013) the potential for further
growth is limited. Furthermore, the existing 96,200 km of sewer and
drainage as well as the 76,700 km water distribution pipes (Neunteufel et al., 2012), not including the house connections, are aging
and will sooner or later reach the end of their technical design life. In
Tyrol Willi et al. (1992) estimated that 2.5% of the existing sewer and
drainage network had to be rehabilitated, when only 5% of the network was more than 40 years old. In 2015 8% of the network is more
than 50 years old (Wildt, 2013). Therefore, the rehabilitation of these
networks is also an important economic factor, due to the fact that
rehabilitation also means major investments in infrastructure. KPC
(2013) expect an investment volume in rehabilitation works in Austria until 2021 in water supply, sewer and drainage of 3.83 billion €.
Cashman and Ashley (2008) however estimated a necessary investment to provide the current level of service of 2-3 billion € per year
whilst the more conservative estimation of Neunteufel et al. (2012)
still assumes that 8.4 - 13.2 billion € are required in the period until
2021.
On the other hand the urban drainage and sewer system is influenced
by climate change due to the expected increase in rainfall intensities
(Ashley et al., 2005; Kleidorfer et al., 2009), which leads to a temporarily higher runoff. The same effect is caused by surface sealing, which
can be linked with urban development (Mikovits et al., 2015). Higher
runoffs lead to a higher risk of urban flooding and decrease the performance of storm water treatment as well (Langeveld et al., 2013;
Semadeni-Davies et al., 2008), due to the more frequent and intensive
combined sewer overflows contaminated with pollutants from different surfaces.
The water supply system is driven by the demand and is therefore influenced by urbanisation (population in- and decrease). The impact
of climate change is very case specific, ranging from severe pressure
to water resource management in some areas to having an insignificant effect in other parts of the world. Nevertheless it can have an
impact on water consumption (Ruth et al., 2007). Furthermore, maintaining a network for a decreasing population can be problematical
in terms of water quality due to the increased retention time in the
network, as well as for economic reasons.
These two influences - the need for rehabilitation and adaptation form the Scylla and Charybdis of the operating companies of urban
water networks today. They have to find a course in between which
avoids neglecting one by focusing solely on the other. At the same
time they have to provide the aforementioned services and be economically viable.
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1.3

scope and structure of the thesis

1.3.1 Aim and scope
The aim of this thesis is to provide a new perspective on rehabilitation management by using an integrated approach and at the same
time to avoid creating an "Integronster" (Voinov and Shugart, 2013).
The focus of this work are the sewer and drainage systems as well
as the water supply network. The goal is to increase the efficiency
of rehabilitation works by an integrated view of all the available networks together with the transportation network, by minimising costs
through better coordination. To achieve this goal different influencing
factors are taken into account:
• Deterioration models to estimate the probability of failures;
• Vulnerability of the networks to occurring failures;
• Environmental factors ranging from public transport to urban
development;
• Economic view (e.g. deterioration and savings through the coordination of different networks).

An integrated perspective on
rehabilitation management for
smaller and medium sized
municipalities.

These factors are implemented into a decision support framework.
All of these parts depend of course on the availability and quality of
the data. Due to the difficulties in obtaining and to the varying quality of the available data another focus of this work is the processing of
and working with limited data. This is of further importance for the
third focus of this work, on smaller and medium sized municipalities,
because large municipalities (more than 50,000 inhabitants) typically
have better asset management practices and data sets (Younis and
Knight, 2010a). In Austria 68% of the overall population lives in such
small municipalities (Statistik Austria, 2015) and the vast majority
of water utilities in the world serve populations of less than 100,000
inhabitants (Alegre and Coelho, 2012). Therefore three case studies
were used ranging from 13,000 and 95,000 up to 130,000 inhabitants
to represent municipalities of different sizes where 54%, 71% and 76%
of the Austrian population respectively live in municipalities that are
smaller or of the same size. Although two of the case studies are not
considered small by Austrian standards, they are on an international
scale.
1.3.2 Structure of the dissertation
The first part of this thesis (chapter 2) introduces the terminology,
legal aspects and standards of rehabilitation and asset management.

1.3 scope and structure of the thesis
Finally it explains the ideas and concept of integrated rehabilitation
management in greater depth.
Chapter 3 is mainly concerned with the data problematic. It introduces the case studies used, highlights the encountered difficulties
regarding data quality, consistency and availability and shows the
chosen path of dealing with these shortcomings. Furthermore, it
shows the differences in the networks of the three case studies in
materials used, diameters and so on.
Chapter 4 gives a brief overview of the state-of-the-art in deterioration modeling, discussing shortcomings and advantages of different
approaches with the focus on the methods used in the publications,
which constitute the main part of this dissertation. Chapter 5 does the
same regarding decision support approaches, including the findings
of a supervised Masters Thesis, that it is currently ongoing (Egger,
2015).
Chapter 6 elaborates on the approach, described in paper ix, of using
necessary rehabilitation works for adaptation measures to a changing
environment. Finally, in chapter 7, some conclusions are drawn on
the hereby presented work and an outlook given on future research
questions.
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1.3.3 Contents of the papers of this dissertation
The 9 included papers use the data of three different case studies
(elaborated in chapter 3) applying different approaches for different
topics including decision support (chapter 5), deterioration modeling and the prediction of a necessary rehabilitation rate (chapter 4),
data management and reconstruction (chapter 3) and adaptation by
using rehabilitation management (chapter 6). The distribution of the
included papers on these topics can be seen in figure 1.
paper i, paper ii and paper iii show the process of establishing a
prioritisation model and its application on different case studies, with
adaptions depending on the available data.
paper i (Tscheikner-Gratl et al., 2015d) shows a methodology for the
integrated prioritisation of different infrastructure networks used in
a real case study with a water and wastewater network. Its main
aim was to rank, and thereby prioritise, economically viable areas for
rehabilitation of the different networks or for individual networks if
not. This is achieved by implementing factors of structural resiliency,
vulnerability of the network, capital value and other network components (e.g. manholes, house connections). This model is applied to
a medium sized case study in which the rehabilitation areas identified by the developed model are compared to the actual rehabilitation

Prioritisation models and their
application on different case
studies.
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plans of the water and sewage companies. Results also show the application of the estimated ranking for rehabilitation planning with a
fixed budget.
paper ii (Tscheikner-Gratl et al., 2015c) shows a simplified approach
for the integrated prioritisation method. This work presents the methodology and results of a case study, including water, wastewater and
gas networks, for an easy to use rehabilitation management procedure for small and medium sized municipalities. It is adjusted to the
main problems small operators face - missing or only recently begun
data management and therefore bad or at best mediocre data quality. Furthermore, the simple setup of the methodology enables it to
be used without extensive programming skills. Due to its modular
setup it can be extended, additional information or even whole networks such as electrical grids or telecommunication networks can be
easily included.
paper iii (Tscheikner-Gratl et al., 2014c) shows the application of a
priority model for the rehabilitation management of water distribution systems. The methodology provides a comprehensible and replicable approach in ranking and prioritising rehabilitation areas. Its
main use is the investigation of different future scenarios and how
these scenarios can be evaluated to aid in the decision making process.

The idea of integrated
rehabilitation management.

paper iv and paper v form the foundation of the idea of integrated rehabilitation management and the research project "REHAB",
funded by the Austrian Research Promotion Agency FFG (FFG project number 832148). The ideas and results of this research project
form the major part of this dissertation.
paper iv (Kleidorfer et al., 2013) introduces the idea of the integrated
approach for rehabilitation management and the research project "REHAB". In this study the scope and participating partners of the project are described as well as the first results regarding sewer pipe
conditions. Moreover, future developments and vulnerability assessments are discussed.
paper v (Tscheikner-Gratl et al., 2013b) elaborates on the idea of integrated rehabilitation and prioritisation of street sections, adding the
momentum of data management and quality as a main factor. It also
shows the application of deterioration models and models to estimate
the necessary rehabilitation rates. These models depend strongly on
the quality and accuracy of the available data. Data is seldom available in high quality due to the fact that the operating companies have
only recently started information management. Therefore, a good
data validation and reconstruction of the available data is essential
for rehabilitation planning. Moreover, an example for the consider-
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ation of future scenarios is shown and the phenomenon of failure
clustering in water distribution networks as well as the higher failure
rates on house connections is discussed.
paper vi, paper vii and paper viii show the possibilities of dealing with data problems: reconstruction, expert knowledge and historical research.
paper vi (Tscheikner-Gratl et al., 2015a) presents a methodology for
the enhancement of the available data of the water supply networks
and the prognosis of the necessary rehabilitation rates under limited
data availability. Results indicate that the presented data reconstruction technique has advantages compared to traditional data extrapolation. It also allows the reconstruction of fragmentary data about
existing water supply and wastewater collection systems for the operating utilities. However, it cannot be used for reconstructing failure
types as well as for the whole information on pipes.
paper vii (Tscheikner-Gratl et al., 2015e) shows the results of a survey
in ten small to medium sized municipalities in Tyrol and in Vorarlberg, which was carried out to investigate not only the operator characteristics (e.g. water loss, failure rate and active leakage control) but
also the operating company’s assessment of the qualities and life expectancies of the pipe materials used. These findings were then compared to values of literature review. The results show the diversity
of the influencing factors but also of the experiences of the operators
concerning the behaviour of different materials in the construction
phase, in maintenance and rehabilitation. Moreover, the visible differences between the operators’ assessments and the available models
were discussed.
paper viii (Sitzenfrei et al., 2015) explores the historical development
of a case study over a period of over 100 years. For that, all the
available historic data was collected. Missing data was reconstructed
and hydraulic Epanet2 models were assembled in a 10 year time step
starting from 1910 up to the present date. With that data base of network models, the technical performance over time is analysed and
discussed with regard to significant events that occurred and their
impact on the technical performance. Furthermore, how this information helps in addressing current challenges is outlined.
paper ix (Tscheikner-Gratl et al., 2014a) investigates if it is possible to combine rehabilitation and adaptation measures. To do so,
an urban development model, an urban drainage model and a rehabilitation model were combined. A case study was used to develop
and apply this method. A priority model to pinpoint the structures in
need of replacement was used. This model considered a deterioration

Approaches for dealing with data
problems.

The possibility of combining
rehabilitation and adaptation for
the urban drainage system.
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model, vulnerability estimation and other influences. Additionally,
different rehabilitation rates and methods were examined. The urban
development model used is a simplistic approach specifically tailored
for the field of urban infrastructure management. Climate change is
considered in terms of climate change factors. All of these different
influences together create scenarios for which the construction costs
and the flooding volume are estimated and compared. Consequently
the aim of this paper was to test to which degree it is possible to
reduce urban flooding by adapting those parts of the network which
require rehabilitation anyway. In our case study this could be reduced
by 5%. These results are elaborated in chapter 7.

Figure 1: Topics and used case studies for the included papers

2

I N T E G R AT E D R E H A B I L I TAT I O N
MANAGEMENT
They tried to make me go to
rehab, but I said no, no, no.
Amy Winehouse

2.1

legal basis and technical standards

The legal basis for the rehabilitation and adaptation of the urban water network has already been explained in detail for Austria by Weber
and Obermeier (2012) in general, by Ertl (2007) for the sewer system
in Austria and by Ochs (2012) and Wolf (2006) for the wastewater system in Germany. Gangl (2008) and Friedl (2014) made a good compendium for the water distribution network. Krainz (2003) shows
the international guidelines, which apply for Austria. For the United
States, this information can be obtained at the Environmental Protection Agency (EPA). The main legislation is 42 U.S.C. §300f et seq.
(1974), which authorises the EPA to establish minimum standards for
drinking water and 33 U.S.C. §1251 et seq. (1972), which regulates
discharges of pollutants into surface waters and the quality standards of said waters. Therefore this part of the Thesis is confined to Legal basis and technical
a small overview of the most important standards and laws for both standards with a focus on
networks with the focus on the region of Tyrol in Austria and to the Austria.
definition of the most important terms and concepts.

2.1.1 Water distribution system
The main legal basis for water supply is the Austrian Water Rights
Act (BGBl. I Nr. 54, 2014), which implements the European Water
Framework Directive 2000/60/EC (2000) into Austrian legislation. It
governs the rules for licensing, operating and the construction of water supply facilities. In Austria all facilities need, with very few exceptions (e.g. home use of private water), a license from the local water
authorities. Furthermore, it provides extensive protection measures
by stating the public interest in water supply and defining protective
regulations so as to avoid the pollution of water bodies. Moreover, it
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includes regulations defining the operators responsibility for monitoring and maintaining their facilities. Monitoring means having the
facility technically and hygienically tested by external experts every
5 years, if no shorter period is dictated by local authorities. BGBl. II
Nr. 359 (2012) commits the operator to building the facilities using
state-of-the-art techniques, maintain the functionality of the system
and avoiding negative influences on the water quality. The necessary
quality is also defined by BGBl. II Nr. 359 (2012), based on the claim
of BGBl. II Nr. 88 (2015) that drinking water is regarded as food. In
all regions of Austria regional legislation concerning the public water supply exists, except for the region of Tyrol. So all water pricing,
which in Austria is the responsibility of the municipalities, can be considered as payment under private law (Weber and Obermeier, 2012).
The state-of-the-art techniques are defined by standards (e.g. European
standards) and guidelines (as complementary material), which are issued in Austria by the Austrian Association for Gas and Water. For
the rehabilitation management EN 805 (2000) and ÖNORM B 2538
(2002) define the requirements that have to be met by newly constructed and rehabilitated pipes. ÖVGW W 100 (2007) defines rehabilitation as all measures to restore the full functionality of existing facilities or expand their remaining useful life, including replacement, renovation and cleaning. The differences between rehabilitation strategy, planning and measures are described in ÖVGW W 100
(2007). This is solely dependent on the time scale necessary. While a
rehabilitation strategy focuses on a longer period, rehabilitation planning has a shorter decision horizon and rehabilitation measures are
decided on short notice. Repairs are not included, due to the necessity of keeping the downtime of water supply as low as possible.
Therefore rehabilitation measures can still be planned in the longer
term, while repairs have to be managed immediately after occurring.
Three rehabilitation strategies are therefore defined by ÖVGW W 100
(2007):
• Failure driven rehabilitation - e.g. Reacting on occurring failures;
• Preventive rehabilitation - e.g. using fixed time intervals;
• Condition driven rehabilitation - e.g. comparison of an actual
observed condition to a an aspired one.
To this present day the failure driven rehabilitation strategy is the
most widely used in Austria (Friedl, 2014). Other important guidelines
include ÖVGW W 63 (2009), which deals with water losses and the
estimation of indicators for leakage, ÖVGW W 62 (2013), which is a
guideline for water pricing, and ÖVGW W 105 (2011), which structures the form and use of failure statistics.

2.1 legal basis and technical standards
For the entire urban water infrastructure in terms of financing of rehabilitation and adaptation works the most important law is BGBl. I
Nr. 51 (2015) and the associated guidelines for project funding.
2.1.2 Sewer and drainage system
Sewer and drainage systems are also subject to the Austrian Water
Rights Act (BGBl. I Nr. 54, 2014). It defines waste water as water
whose qualities are changed by usage in a way that can affect and
damage natural water bodies. The main focus is hereby on the water
quality of natural water bodies and its preservation. Although it regulates the discharge into the water bodies as well as into the sewer
system, the permitted concentrations of pollutants is specified by delegated legislation ordinances (BGBl. Nr. 186, 1996). BGBl. Nr. 186
(1996) also defines which water can be fed into combined and separated sewer systems. For certain dischargers specific ordinances exist,
for example for municipal wastewater (BGBl. Nr. 186, 1996) or landfill leachates (BGBl. II Nr. 103, 2005) or for indirect dischargers, who
are dischargers into the sewer system of another operator (BGBl. I
Nr. 54, 2014) with wastewater that differs more than marginally from
household wastewater (BGBl. II Nr. 523, 2006).
Transportation and the necessary pipe networks are subject of regional legislation, in Tyrol LGBl. Nr.130 (2013), although an obligation for maintenance of the system exists in BGBl. I Nr. 54 (2014).
LGBl. Nr.130 (2013) defines the obligation of the municipalities to
construct, operate and maintain a sewer and drainage network and
the obligation to connect to this system (and the exceptions from this
obligation).
The state-of-the-art of techniques is defined by standards (e.g. European
standards) and guidelines (as complementary material), which are issued in Austria by the Austrian Water and Waste Management Association. Rehabilitation is defined by EN 752 (2008) as measures for
restoring or upgrading the performance of existing drain and sewer
systems. The assessment of the performance concerns four categories:
• Hydraulic;
• Environmental;
• Structural;
• Operational.
This assessment is elaborated by the guideline ÖWAV-RB 22 (2015).
For hydraulic performance simulation models are defined as a stateof-the-art method for proving flood protection (ÖWAV-RB 11, 2009)
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and receiving water quality protection (ÖWAV-RB 19, 2007). For the
environmental assessment the tightness of the pipe network (especially in ground water) is essential. ÖWAV-RB 22 (2015) implements
an optical assessment of tightness if no ground water is affected.
In the other case a leakage test, as defined in EN 1610 (1998) and
ÖNORM B 2503 (2009), is compulsory. The environmental effects
on receiving water bodies are covered by ÖWAV-RB 19 (2007) for
combined and ÖWAV-RB 35 (2003) for rainwater. The structural and
operational assessment of the drainage and sewer system is elaborated in ÖWAV-RB 43 (2013). The coding of this visual inspection is
regulated by EN 13508-2 (2011). For this coding different assessment
and classification methods are currently in use. The two most common are: ISYBAU (Arbeitshilfen Abwasser 2004/242/D, 2012) and
DWA-M 149-3 (2007). Trenchless rehabilitation methods, in contrast
to open cut, are described in ÖWAV-RB 28 (2007) for main sewers
and in ÖWAV-RB 42 (2011) for lateral house connections. ÖWAV-RB
22 (2015) also mentions the three previously mentioned rehabilitation strategies corresponding to those in ÖVGW W 100 (2007). Of
particular importantanve is the differentiation between condition (or
necessity) driven and preventive strategy. If the first one is not applied, inspection intervals for the latter are defined (e.g. for sewers 10
years).

2.2

Instead of examining all public
networks separately, the road
network is considered a container
for all together and is used for
prioritisation.

the idea of integrated rehabilitation management

The idea of integrated rehabilitation management is simple: Instead
of examining all public networks separately (all of them in an integrated way implementing all available influences), which are intertwined in our street networks, the road network is considered a
container for all together and is used for prioritisation.
To illustrate the idea, we will take a look at the urban infrastructure,
that can be found in a street section and its expected service life (see
table 1).
If we assume that all of them reach at least the lower threshold we
can start to search for times, where coordinated rehabilitation could
take place (see figure 2). If we furthermore assume that the lower
threshold is the end of the economic depreciation and the higher
threshold the end of the technical design life, we can define the period
in between as the aim for the optimal rehabilitation time. Of course
the optimal time should be nearer to the technical design life to obtain the maximum economic value from the system. A linear function

2.2 the idea of integrated rehabilitation management

Table 1: Expected service life taken from LAWA (2005)

Network

Service life

Road
Electric/Telecommunication (ET)
Gas supply
District heating (DH)
Water supply (WS)
Sewer and urban drainage network (UD)

15 - 30
30 - 40
40 - 60
40 - 60
40 - 60
50 - 100

is applied to the time between the thresholds, ranging from 0 to 100,
illustrating this assumption. For optimisation we therefore use:

PN
max

i=1 Ri (t

= tR )

nR

where Ri represents value of the linear function at the time of the
rehabilitation of that certain network N and nR the total number of
construction periods over the whole observation time.
If we examine each system separately the optimum for rehabilitation
is the end of the technical design life (see figure 2 - the upper left
graph). As such, for the 6 networks of the street section and an observation time of 100 years, we would need 6 construction periods.
The following periods of the networks with shorter life expectancies
(Road network and electric and telecommunication cables) of course
depend on the first decision when to replace them. Therefore different scenarios are possible. If we exploit the full technical design life
of the road network, while always replacing the telecommunication
and electric cables at the same time, we can reduce the necessary construction periods to 3 (see figure 2 - the upper right graph). If we do
not want to replace the cables that early we would need 4 (see figure
2 - the lower left graph). The optimal solution for this example under
the assumptions taken can be seen at the lower right graph of figure
2. Of course this very simplified example does not fully represent the
complexity of real systems but it does give a good reflection of the
idea of integrated rehabilitation management. By maximising the service life of all network while minimising the necessary disturbances
it strives to optimise the overall performance of rehabilitation works
in urban infrastructure.
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Figure 2: Possibilities for coordinated rehabilitation for the networks of
table 1: optimum for each network separately (upper left graph),
exploitation of the full technical design life of the road network,
while replacing the telecommunication and electric cables always
at the same time (upper right graph), optimum for electric and
telecommunication networks (lower left graph), global optimum
for this example (lower right graph)

For real systems the influencing
factors multiply and further
infrastructure interdependencies
have to be taken into account.

For real systems the influencing factors multiply. The street sections which are chosen as a subdivision of an unitary urban body
(Di Sivo and Ladiana, 2011), contain almost all (nearly 80% following
Mair et al. (2012)) underground infrastructure but not entirely. Further infrastructure interdependencies have to be taken into account.
Rinaldi et al. (2001) define four types of these interdependencies:
• Physical Interdependency: This means that one infrastructure
depends on the output of the other and in consequence a failure in one infrastructure has effects on the other. For example
a failure of the electricity network can have effects on the functionality of groundwater pumping stations and therefore on the
water supply system itself.

2.2 the idea of integrated rehabilitation management
• Cyber Interdependency: This means one infrastructure depends
on the information output of another. Examples of this are
SCADA systems that control high water pumping stations or
penstocks.
• Geographic Interdependency: This interdependency is caused
by geographic proximity. An event in one network can have effects on another. The proximity for geographic interdependency
is not fixed and depends on the event, for example a gas explosion can have an effect over a wider area than a flooding sewer.
This interdependency is important for rehabilitation management in terms of the effects of construction sites on neighbouring infrastructure as well as possible failure mechanisms caused
by other infrastructures (e.g. stray currents from tram and railway causing corrosion of metal pipes).
• Logical Interdependency: These are interdependencies which
are not caused by one of the afore mentioned mechanisms but
rather by socio-economic effects. Human decisions may play
the predominant role in logical interdependencies in particular.
For example a public campaign to promote water saving could
lead to problems in a combined sewer system due to less dry
weather flow and therefore less tractive force in the sewer and
higher sedimentation and sulfide formation.
Another difference to an existing system of infrastructure networks is
of course the possibility of sudden failure occurrence before reaching any of the above-mentioned thresholds. It is also possible to
expand the technical design life by renovation and repair methods.
These techniques and methods offer further possibilities in optimisation. Furthermore, the determination of the mentioned thresholds
can be difficult, depending on the available data. Especially when
integrating several different networks a loss of information can occur,
depending on the amount of information available. A difference in
data quality between the networks can also cause problems, due to
the fact that they can influence the outcome of the models drastically.
A certain compensation effect between different networks can also
occur when thresholds and weights are not carefully chosen and observed. Additionally, the economic profitability may not be the same
for all the networks and although the infrastructure is often public
property the distribution of the savings can be difficult. Kleiner et
al. (2010) estimated these savings to be around 20% for water supply
networks when coordinated with road networks, while Burger and
Hochedlinger (2008) suggests that even 25% could be saved. Calculations from one of our case studies, using a standard cross section with
the specifications of LB-SW05 (2005), Land Tirol (2014) and ÖNORM
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B 2533 (2004) (see figure 3), showed overall average savings of 15.6%
could be estimated. These savings however should not only include
the reduced costs for excavation and resurfacing works but also the
additional costs for the society by provoking time delays and detours,
as quantified by Gangl (2008).

Figure 3: Standard cross section for sewer, water supply and gas supply

An integrated multi-utility approach is still seldom used. The stateof-the-art projects in rehabilitation decision making focus mainly on
one network alone:
• CARE-S on sewer and storm water networks (Sægrov, 2006; Sægrov and Schilling, 2002);
• CARE-W on water distribution networks (Sægrov, 2005);
• Approaches using multi-objective genetic algorithm optimisation models for rehabilitation of either sewers (Berardi et al.,
2009; Halfawy et al., 2008; Ward and Savić, 2012) or water mains
(Dandy and Engelhardt, 2006; Giustolisi et al., 2006).
The approach of the project AWARE-P (Alegre and Coelho, 2012; Carriço et al., 2012) can be used for an integrated approach, however
mainly on a strategic level. The approach of Nafi and Kleiner (2010)
and Kleiner et al. (2010) focuses mainly on water distribution networks, implementing other infrastructure mainly as source of cost
savings due to coordination. Carey and Lueke (2013) considered
three infrastructure networks (roads, sewers and water distribution)
but focused mainly on the economic outcome and monetary savings.
Another shortcoming is the usage of randomly generated conditions
of the networks and not real existing ones. Marzouk and Osama, 2015
applied a fuzzy approach for optimum replacement time of different
infrastructure networks (roads, sewers, water, gas and electric cables)

2.2 the idea of integrated rehabilitation management
but did not show the applicability on real data, instead using a hypothetical numerical example. Also the geographical component was
not shown. Osman (2015) presents a temporal coordination algorithm
applying it for the road, sewer and water distribution network of a
real world case study. The comparison between the results of this
method and a partially or uncoordinated project for rehabilitation is
not shown however. This thesis and especially paper i and paper ii
want to add further input to this promising approach by providing
an outlook on the possibilities for asset management.

19

An integrated multi-utility
approach is still seldom used.

3

DATA M A N A G E M E N T

You can have data without
information, but you cannot
have information without
data.
Daniel Keys Moran

3.1

data for rehabilitation management

Reliable data are the foundation of every successful rehabilitation and
asset management approach (Alegre and Coelho, 2012). Especially
for the implementation of deterioration and decision support models, because the outcome of these models depends on the quality of
the input or in other words - you cannot implement what you don’t
know. paper v defines the optimal data set for an integrated approach including three pipe networks (sewer, water, gas) and the adjacent infrastructure (roads, public transport,...). One important piece
of data, that should be highlighted, is the recording of construction
sites. All rehabilitation works of the considered networks should be
of course recorded and saved (and localised), but also other construction sites as well. This could be important due to the geographical
interdependency (Rinaldi et al., 2001) - the possible effects on the surrounding networks. This optimal data set can be subdivided into
three data types (Tscheikner-Gratl et al., 2015b):

Reliable data are the foundation
of every successful rehabilitation
and asset management approach.

• Network data: These include all of the physical properties (material, diameter, construction year) of the examined networks
and the connected structures (e.g. manholes, pumping stations).
For sewers and water distribution networks these properties are
shown in the Austrian guideline ÖWAV-RB 40 (2010).
• Condition data: These are derived for sewers mainly from condition assessment (Arbeitshilfen Abwasser 2004/242/D, 2012;
DWA-M 149-3, 2007) of visual inspection data (ÖWAV-RB 43,
2013), although this assessment is flawed with uncertainties
(Dirksen et al., 2013). For water supply networks internal optical inspections are difficult to apply. Other inspection tech-
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niques (an overview is given by Marlow et al. (2007)) are available, but expensive. An often applied strategy is the estimation of a daily consumption statistics and if irregularities appear searches for failures by acoustic measures are carried out.
A thorough failure recording with the exact localisation is an
extremely useful piece of information for risk assessment and
deterioration modeling if it includes all of the relevant information as defined in ÖVGW W 100 (2007) and DVGW W 402
(2010).
• Data of surrounding influences: These data summarise all the
information, which are not part of the examined networks but
can have a massive influence on them. This includes urban
development, soil properties, ground water levels and so on.
• Model data: Models derive from the other data types and measurements for validation and calibration. They produce output
data as well as they are data themselves. Examples are the
hydrodynamic models for sewers, which are used for proving
flood protection (ÖWAV-RB 11, 2009) and receiving water quality protection (ÖWAV-RB 19, 2007). Furthermore, they can be
used for vulnerability assessment (Möderl, 2009; Möderl et al.,
2009) and hydraulic condition assessment (ÖWAV-RB 22, 2015;
Wolf et al., 2005). The same is true for the water distribution
networks, where models can be used for the hydraulic assessment of the network (ÖVGW W 100, 2007; ÖVGW W 63, 2009)
as well as vulnerability (Friedl et al., 2012; Fuchs-Hanusch et al.,
2015; Möderl, 2009; Möderl et al., 2009).
Another approach to classifying data (more driven by an GIS background) for integrated management is offered by Di Sivo and Ladiana
(2011):
• Network structures: It includes all network shaped infrastructures such as sewers, roads, railways and similar.
• Widespread structures: It consists of all those widespread elements over the town territory that have a relevant impact on the
town image and its functioning.
• Punctual structures: It consists of structures whose malfunctioning do not generate negative effects on other subsystems.
The optimum data demand is often not available. Therefore a minimum data demand is defined for further deterioration modeling and
decision making. This data has to be included as attributes of a GISsystem with geographical information. For the water distribution network this was first the identification attributes for the pipe, valve and
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street section and if available for the house connections. Moreover,
the pipe qualities are necessary including pipe type (house connection, distribution pipe, etc.), material, diameter, pressure (preferably
from a hydraulic model or else maximum values) and pipe length
(can also be calculated from the GIS data). Additionally, the construction year of the pipe is necessary. For every pipe section the
information about the failures that have occurred on that section also
have to be recorded (from 1 − n where n is the maximum sum of the
occurred failures on one pipe section). The failures need a unique ID
for connecting them with further information. The most important
information is of course the year the failure occurs. If this year dates
before or the same year as the construction year a replacement of the
pipe has to be assumed. If this is the case (which has to be checked)
also the diameter, material and construction year of the replaced pipe
has to be recorded.
For the sewer system the same information was defined. The first
part is again the ID to uniquely define the pipe section as well as to
connect it to a manhole section and a street section and if the data is
available to a house connection. Then, the data about the pipe properties are needed. First the pipe type (house connection, main sewer,
etc.) and the sewer type (combined, stormwater, sewage) and then
Material, diameter, shape and the construction year. The pipe length
can also be calculated from the GIS data although the possibility of
underestimation cannot be ruled out this way. To enable a deterioration model the data of an inspection is necessary, at least a condition
state and the year of inspection.

3.2
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For this thesis the above mentioned data was partly available from
three case studies, which were also used in the publications. Following the wish of the operating companies all of the data are anonymised. For the three case studies of different size different types
of data were available (see table 2).
In case study 1 data about the water distribution network (with the
exception of a small area) and the urban drainage system (mainly
combined sewer) was available. However, this was without the data
about the house connections for the water distribution network and a
little for the sewer system (535 house connections were available of an
estimated 12,366). Case study 2 had the data for all of the house connections but this data was only about the water distribution network
and case study 3 included data for three networks. Failure recordings
started very early in case study 1 (1976) and quite late in case study

Case study 1 - sewer and water
distribution. Case study 2 - water
distribution. Case study 3 sewer, gas and water distribution.
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3 (2002). The visual inspection of the sewers in case study 1 was
quite extensive while in case study 3 less than half of the network
was inspected. The data were of varying quality. Missing data was
reconstructed using the methodology shown in paper vi.

Table 2: Information about the case studies

Case
Case
study 1
study 2
Population (2013)
124,386
96,531
WD Network length [km]
225.98
851.27
WD House connections
17,263
WD Failure records since
1976
1983
UD Network length [km]
253.50
UD House connections
UD Network inspected [%]
72.43
GD Network length [km]
GD House connections
GD Failure records since
WD...Water distribution, UD...Urban drainage,
GD...Gas distribution
Data

Case
study 3
12,855
192.08
3,665
2002
92.29
46.22
134.24
3,093
2002

3.2.1 Case study 1
Water distribution network data
The available network information consists of a main trunk loop and
attached water mains but no house connections and have a total
length of 225.98km. Of the total network the information about the
following qualities were available in the original data:
• 84.96% of the construction years (figure 4),
• 99.02% of the pipe materials,
• 99.98% of the pipe diameters.
Therefore a reconstruction of the data (especially construction years)
was necessary to enable further modeling. Using the methodology in
paper vi the gaps could be filled. The original data of the construction period of the network (figure 4) shows that mainly the short
hydrant pipes had no construction year. After reconstruction we see
that the construction year distribution corresponds with the historical
growth of the network (paper viii).

3.2 case studies and data quality

Figure 4: Construction years of the water distribution network of case study
1 before reconstruction

Table 3 shows the lengths and percentages of the network for the
construction periods before and after reconstruction. It shows one of
the advantages of the method in comparison to simple extrapolation:
it can not only reconstruct the pipe length for every construction year
and material but also reconstruct the geographic information for each
individual pipe of the network (compare Figure 4 with Figure 5). Furthermore, the extrapolation tends to generate more data from newer
pipes - simply because there is more information available. This possible error in the data is avoided as the comparison (table 3) shows
that the older periods are more represented in our reconstructed data
than in the extrapolation.
If we examine the pipe diameters (figure 6), the water main trunk
loop with a higher diameter (>400mm) is the most visible structure.
The rest of the network consists of pipes mainly with a diameter
between 100 and 300mm (figure 7).
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Figure 5: Construction years of the water distribution network of case study
1 after reconstruction

Figure 6: Pipe diameter for the water distribution network of case study 1

3.2 case studies and data quality

Table 3: Comparison construction period for the water distribution network
in case study 1 between the original data and the reconstructed
data

Original data
Construction
Percentage
Length [m]
period
[%]
1890 - 1900
7,648.71
3.38
1901 - 1910
8,298.42
3.67
1911 - 1920
6,056.09
2.68
1921 - 1930
1,680.73
0.74
1931 - 1940
5,245.44
2.32
1941 - 1950
7,310.59
3.24
1951 - 1960
22,830.21
10.10
1961 - 1970
34,751.12
15.38
1971 - 1980
22,545.74
9.98
1981 - 1990
23,016.25
10.19
1991 - 2000
29,958.02
13.26
2001 - 2010
22,648.92
10.02
2011 - 2014
0.00
0.00
Unknown
33,992.17
15.04
Total
225,982.40
100.00

Reconstructed data
Percentage
Length [m]
[%]
9,121.05
4.04
9,876.53
4.37
7,118.56
3.15
2,775.44
1.23
6,419.31
2.84
8,638.41
3.82
28,890.98
12,78
40,685.59
18.00
26,143.56
11.57
25,597.29
11.33
34,668.61
15.34
26,047.07
11.53
0.00
0.00
0.00
0.00
225,982.40
100.00

Figure 7: Pipe length partitioned by construction year and pipe diameter
for the water distribution network of case study 1
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The network consists mainly of cast (CI) and ductile iron (DI) pipes
and only smaller amount of steel (ST) and Polyethylene (PE) (see
figure 8 and 9).

Figure 8: Pipe material for the water distribution network of case study 1

Figure 9: Pipe length partitioned by construction year and pipe material for
the water distribution network of case study 1

3.2 case studies and data quality
The main change between original and reconstructed data (see
table 4) is caused by the plausibility check (e.g. material and construction year) between cast and ductile iron pipes because only 0.98%
were not known. Cast and ductile iron were used for all diameters
of the network, while PE-pipes can only be observed for diameters
up to 200mm and steel pipes up to 300mm. The average age of the
network results from a length weighted estimation in 46.03 years.
Table 4: Comparison of material distribution in the water supply network
of case study 1 between original data and reconstructed data

Pipe
material
Cast iron
Ductile iron
PE
Steel
Unknown
Total

Original data
Percentage
Length [m]
[%]
120,890.80
53.49
84,646.18
37.46
7,582.38
3.36
10,640.77
4.71
2,222.27
0.98
225,982.40
100.00

Reconstructed data
Percentage
Length [m]
[%]
113,696.20
50.31
94,041.50
41.61
7,358.65
3.26
10,886.05
4.82
0.00
0.00
225,982.40
100.00

Water distribution failure recordings
The failure recordings (which were provided by the operating company) for this case study start in 1976 and last until 2013 and like the
network data it only consists of data about distribution pipes and not
about house connections. The data is in a very good condition, including the minimal conditions requirements of ÖWAV-RB 40 (2010),
except for the fact that no construction years of the affected pipes
were recorded. For 640 of the 795 recorded failures a failure cause
is available. 72.03% of the failures were caused by soil settlement
(unfortunately no reason for this settlement was recorded), 18.13%
by corrosion of metal pipes and 9.84% were caused by a third party.
Most failures were recorded for cast iron pipes, due to its big share of
the total network and its high average pipe age. The failures here are
mainly caused by ground settlement. For ductile iron pipes the three
causes are nearly of the same importance and for the steel pipes the
main failure cause is corrosion.
The reconstruction of the failure records was hampered by the fact
that not all of network data was available and therefore only 643 of
the 795 failures could be reconstructed. For this data with the available network data the failure rate following ÖVGW W 100 (2007) was
estimated (figure 10). The average failure rate of 9.26 failures per
100km and year for distribution pipes is only a little higher than the
low failure rate from the guidlines (7 according to ÖVGW W 100
(2007)). A high failure rate was not approached in any observed year.
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Figure 10: Failure rates for the water distribution network of case study 1

Figure 11 shows the frequency of failures depending on the age
of the affected pipe. The distribution is similar to the one found by
Gangl (2008) showing an decrease of pipe failures until 5 years and
then increasing in numbers. The mean value of 46.14 years and the
standard deviation of 27.65 is a little lower however. These early failures were mainly caused by third party influence or soil movement,
which indicates construction errors. A classification of the failures by
material shows that most of the failures occurred on cast iron pipes,
which is not surprising given the fact that they form the oldest and
largest partition. An estimation of a failure rate over the entire observation period of 38 years, assuming the current material distribution
in pipe lengths as constant over time, shows however that the steel
pipes with 5.33 failures/km are more vulnerable than cast iron pipes
(4.69 failures/km) and the other materials.
What can be observed, as it is also mentioned in paper v, is a certain
clustering of failures in some street sections (see figure 12). Out of
473 street sections 46% had no observed failure in the observation
period, 89% less than four (a threshold for subsequent failures as
shown in paper i). This results in the fact that 50% of the observed
failures occurred in only 11% of the street sections. These clusters
could be used for prioritisation, for example using an algorithm to
detect regions with statistically significant and with an abnormally
high occurrence of breaks (de Oliveira et al., 2011).

3.2 case studies and data quality

Figure 11: Number of failures depending on the affected pipe age for the
water distribution network of case study 1

Figure 12: Clustering of failures in street sections for the water distribution
network of case study 1
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Urban drainage network and condition data
The case study with a total catchment area of 2076 ha (impervious
area 774 ha), is drained with a gravity-driven combined sewer system with a total length of 253.50 km. Only one pumping station
and some storage basins were present to reduce the combined sewer
overflows at several outfalls. These data (together with missing information about sensors) was neglected due to the fact that we did
not get any detailed information about condition, construction year
and maintenance. Of the total network the information about the
following qualities were available in the original data:
• 92.98% of the construction years (figure 13),
• 93.65% of the pipe materials,
• 96.78% of the pipe diameters.

Figure 13: Construction years of the sewer network of case study 1 before
reconstruction

Therefore a reconstruction of the data (especially construction years)
was necessary to enable further analysis and subsequently modeling.

3.2 case studies and data quality
The original data of the construction period of the network (figure
13) shows that connection sewers at the edge of the network (mainly
from the south) have no construction year. Using the methodology
in paper vi these gaps could be filled (compare figure 14), with the
exception of the highlighted area which is not connected to the rest of
the network. No reconstruction was possible there due to the fact that
no starting point (e.g. sewers with similar qualities at a reasonable
distance) was available. Therefore the total length of the reconstructed network was diminished to 246.43km. After reconstruction we
see that the construction year distribution corresponds with the historical growth of the network (paper viii). Figure 14 displays that
after the initial construction of the sewer system between 1900 and
1910 (14.02% of the network), the main constructions were carried
out between 1950 and 1980 (46.22%). These numbers unfortunately
do not include the rehabilitated sewers for each year in the past and
carry therefore a certain amount of uncertainty.
Table 5 shows the differences in material before and after the reconstruction. Due to the different network length only the percentages
were compared. The majority of the pipes are made out of concrete
and vitrified clay, which are also the main materials after the reconstruction (see figure 15). Other materials, such as polyethylene (PE),
ductile iron (DI), polypropylene (PP), polyvinylchloride (PVC) and
steel are seldom used. Cast iron disappears from the reconstructed
data set because they are mainly in use in the south eastern part of
the network which was not reconstructed. The remaining pipes were
changed due to the plausibility check (compare construction years
dating to 1996 in figure 16) to ductile iron pipes. If we look at the
materials of pipes built over time we can see that the main part of
the pipes in all of the construction periods are made out of concrete.
Older pipes are also made out of vitrified clay, whilst since 2000 a
lot of polypropylene pipes are in use. The network itself is old on
average (compared to the results of KPC (2013)) resulting in a length
weighted average age of 53 years.
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Figure 14: Construction years of the sewer network of case study 1 after
reconstruction

Table 5: Comparison of the material distribution in the water supply network of case study 1 between original data and reconstructed data

Pipe
material
Concrete
GRP
Cast Iron
Ductile Iron
PE
PP
PVC
Steel
Vitrified clay
Unknown
Total

Original data
Percentage [%]
67.49
0.08
1.61
0.18
1.79
5.98
0.52
0.22
15.72
6.40
100.00

Reconstructed data
Percentage [%]
73.68
0.08
0.00
0.91
1.09
5.78
0.68
0.32
17.46
0.00
100.00

3.2 case studies and data quality

Figure 15: Pipe material for the sewer network of case study 1

Figure 16: Pipe length partitioned by construction year and pipe material
for the sewer network of case study 1
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The pipe diameters for the whole network are known, also due to
the existing hydrodynamic model. The main part of the network consists of pipes with a diameter between 250 and 500mm. Moreover,
some collector pipes with diameters of more than 1500mm exist (figure 17). Additionally, data about the pipe shape was available. Mainly
circular pipes were in use (76.62%) and to a smaller amount egg
shaped pipes (19.15%). The rest of the pipes have specialised shapes.
If we subdivide our network by pipe diameter and material we see
that with increasing diameter it becomes more probable that the material used is concrete.
72.43% of the sewer network was inspected, mainly sewers constructed before 2000, were inspected and classified into condition states
using the methodology following ISYBAU (Arbeitshilfen Abwasser
2004/242/D, 2012). Therefore the condition states range from 1 (no
immediate need for action) to 5 (urgent need for action). In this case
study only a small percentage is in this condition state (1.63% - compare figure 18). A reconstruction of missing condition states is not
plausible and was not applied.
Another result from the data evaluation is that mainly concrete and
vitrified clay pipes are in the bad condition states of 4 and 5, which
can be explained by the smaller amount of other materials appearing
in the network as well as the higher age of the pipes constructed with
these materials. The newer PP-pipes were in quantity not inspected
at all. We can also see that the higher diameters (above 1000mm) also
have no condition states attached and are therefore not inspected or
not classified.
What can be seen if we examine the condition states for the different
construction years (figure 19) is the decrease of condition state 1 and
the increase of condition states 3 and 4 over time. Nevertheless condition state 5 is also observable (and even more frequent) in sewers
from 1945 to 1965 than in the oldest sewers from 1900.

3.2 case studies and data quality

Figure 17: Pipe diameter for the sewer network of case study 1

Figure 18: Condition states of the sewer network of case study 1
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Figure 19: Pipe length partitioned by construction year and condition states
of the sewer network of case study 1

If we take a closer look at the inspection data of a part of the network (665 pipes) and apply the pipe age at the inspection date we
can get a snapshot of the development of failures over time. The examined conditions defined by ÖWAV-RB 43 (2013) and EN 13508-2
(2011) are the following:
• Defective connection
• Obstacles including roots, deposits and other obstacles
• Deformation: The cross-sectional shape has been deformed from
its original shape
• Curvature of sewer: The route of a sewer deviates by means of
a prefabricated bend or deviation that does not take place at a
joint
• Surface damage: The surface has been damaged by chemical or
mechanical action
• Fissure: Visible crack or fracture
• Break: pieces of pipe visibly displaced but not missing
• Defective repair
• Infiltration: The ingress of water through the wall of the pipe or
through joints or defects

3.2 case studies and data quality
Overall we have 2% of breaks, 4.9% of defective connections, 23.8%
of sewer curvature, 0.5% of deformation, 31.4% of fissures, 0.9% of
infiltrations, 14.9% of obstacles, 0.9% of defective repairs and 20.7%
of surface damages. These results (partly shown by Tscheikner-Gratl
et al. (2013a)) correspond only in parts with the data from Berger
and Falk (2011), which show a lot more defective connections and
less fissures, sewer curvature and surface damages. However the
low amount of breaks, deformation and infiltrations as well as the
amount of obstacles correspond very well. These differences could
be explained by the material composition. While this sample only
consists of concrete and vitrified clay, Berger and Falk (2011) had a
wider range of materials.
Figure 20 shows the observed conditions, divided by the length of
inspected pipes to enable comparison due to the fact that much older
pipes were inspected. It shows a quite linear increase over the pipe
age, in comparison to the examination of the numbers only which
show a nearly exponential increase. This behaviour is mainly caused
by the pipe breaks, defective connections, surface damage and obstacles
which show this pattern. For defective repairs the increase is much
more exponential, while deformation is observed more in younger
pipes than in older ones. The curvature of sewers shows a "bathtub"like pattern with high values for young and old pipes. Fissures and
infiltrations do not show a pattern at all. These time patterns however
do not provide a picture in "real" time of occurrence of these conditions but only a snapshot of the conditions at the time of inspection.
The failures could have occurred earlier. Of interest is the fact that in
the very few young pipes (age < 10 years), that were already inspected, deformations, sewer curvature and obstacles could be observed.
That indicates construction problems and would fit into the frame of
23% of failures being caused by construction (Plihal, 2013).

39

40

data management

Figure 20: Condition of the sewers per inspected pipe of case study 1 observed at a certain pipe age depending on the visual inspection
date

3.2.2 Case study 2
Water distribution network data
The data of the water distribution network of case study 2 was quite
complete - though faulty at times. Of the overall length of 851.27km
(including the house connections) data was available for:
• 91.35% of the construction years (see figure 21,
• 99.97% of the pipe material,
• 99.98% of the pipe diameter.
The first step was the plausibility check of the materials and construction years. After this the missing data was reconstructed using
the method described in paper vi, in fact it is the case study used
for this paper. Therefore only a brief overview of the data, with a
focus on the ones not mentioned in the paper, is given. A problem
was posed by the fact that the network was not divided using the
sectioning of ÖWAV-RB 40 (2010) and in parts was not prepared for
sectioning at all. Almost 10% of the network was not partitioned into
street and valve sections at all so this subdivision had to be made
before starting the reconstruction. Also failures in the data occurred
such as wrong street section numbers and wrong or missing house

3.2 case studies and data quality
connection numbers. Furthermore, house connections made out of
three different materials, which is not impossible but should be remarkable. Additionally there exist pipes not connected to the network (as seen in figure 21). After the partition of the network was
done the reconstruction could be carried out.

Figure 21: Construction years of the water distribution network of case
study 2 before reconstruction

A total of 8.65% of the network without construction year data
available (73,595m) is subdivided into 1679 pipe sections (43.83m/section), whereas 759 pipes were house connections (82.23m/section),
830 pipe sections were distribution pipes (12.69m/section), 78 pipe
sections hydrant pipes (8.31m/section) and 12 pipe sections had no
pipe type data. The main part of the pipes without construction year
date were in the diameter range between 100mm and 200mm and had
been mainly made out of polyvinylchloride (PVC), asbestos cement
(AC) and cast iron (CI).
If we look at the original data of the network we see that the main
part of the house connections had a diameter of 25mm although the
diameters range between 15mm and 100mm. For the distribution
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pipes mostly 100mm pipes are in use out of a range between 25mm
and 600mm. The pipes used for connecting the hydrants diameters
range from 80mm to 100mm. After the reconstruction of the missing
data these ratios did not change. Finally, the result of the reconstruction for diameters can be seen in figure 22.

Figure 22: Pipe diameters of the water distribution network of case study 2
after reconstruction

Regarding material (for which the data was quite complete) the network consists mainly of Polyvinylchloride (PVC), Asbestos cement
(AC), cast iron (CI) and ductile iron (DI) for distribution pipes and
out of Polyethylene (PE) and Steel (ST) for house connections. Smaller parts of the network are made of glass-reinforced plastic (GRP),
Polypropylene (PP) and also some lead pipes (Pb). Since the nineties
the use of Asbestos cement pipes in construction, repair and rehabilitation is prohibited in the European Union, but to maintain existing
ones is allowed (Fritsch et al., 2011). So these pipes should be replaced as early as possible. The same is true for the lead pipes whose
usage is also prohibited due to the thresholds of lead in the drinking
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water regulated in the drinking water regulation (BGBl. II Nr. 359,
2012).
The reconstruction changed the ratios between the materials due to
the fact that mainly PVC and cast iron pipes had information about
the construction year outside of the plausibility range. This explains
the shift to ductile iron and PE in table 6.
Table 6: Comparison of material distribution in the water supply network
of case study 2 between original data and reconstructed data

Pipe
material
Asbestos
cement
GRP
Cast iron
Ductile
iron
PP
PE
PVC
Lead
Steel
Unknown
Total

Original data
Percentage
Length [m]
[%]

Reconstructed data
Percentage
Length [m]
[%]

104,694.42

12.30

99,802.34

11.72

265.10
134,324.84

0.03
15.78

265.10
92,147.81

0.03
10.82

61,945.75

7.28

109,019.90

12.81

1,999.92
243,926.14
245,282.60
185.69
58,386.56
260.71
851,271.73

0.24
28.65
28.81
0.02
6.86
0.03
100.00

2001.40
282,201.50
203,796.10
185.69
61,851.89
0.00
851,271.73

0.24
33.15
23.94
0.02
7.27
0.00
100.00

Figure 23 subsequently shows the distribution of the reconstructed
materials over the whole network. Examining the connection between
material and diameter a trend for cast and ductile iron for high diameters and for PE for smaller diameters (house connections) can be
observed. The results of the reconstruction changes the ratios of the
materials (due to the plausibility check), while for pipe type and pipe
diameter these ratios only marginally change mainly due to mistakes
in the original data and not due to the plausibility check.
The result of the reconstructed construction years in the network
shows that the oldest part is in the city centre from where it reaches
out into the surrounding areas. If we look at the pipe age of the network we can clearly see in the original data that some implausibility
exists. For example cast iron pipes with a pipe age of less than 10
years exist, which should not be possible. Even more the median
age of house connections made of cast iron is 18 years. Overall the
length weighted average network age for the whole network between
the original and the reconstructed data does only differ marginally
from 31.98 of the original to 23.34 in the reconstructed data. The
same small differences apply if we make a partition into house con-
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nections and distribution pipes, where the average age of the house
connections is lower with 30 years than the distribution pipes with
33.

Figure 23: Pipe material for the water distribution network of case study 2

Water distribution failure recordings
The failure recordings were recorded from 1983 until 2010 but with
gaps (1984, 1988, 1999, 2000) or implausibly low failure rates (1992,
1993, 2001, 2010). Moreover, the quality of the data was of varying composition. While the pipe diameter of the affected pipes was
known for nearly 80% of the damages the construction year of the
pipes was only known for little more than half of the data. Out of
the 3760 failures 3743 (99.55%) could be reconstructed and located
using the method described in paper vi. From the original data 30%
of the recorded failures were linked to a certain kind of failure type,
while mostly no failure type or those not specified were recorded.
This lack of information could not be undone by the reconstruction,
some of the information even had to be discarded due to plausibility
issues (for example corrosion on PVC pipes - see figure 24). If we
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examine the type of failures for the different materials (see figure 24),
under the condition that more than 10 failures for the material were
recorded, we can see that circular cracks are the most frequent failure symptom. For some materials other failure mechanisms are more
important. While for asbestos cement and cast iron circular cracks
are the most probable failure type whilst for steel it is corrosion. For
PE pipes, aside from the circular cracks, damage on the pipe connections also form a major part of the failures. Another type of crack
(longitudinal) is important for PVC pipes.

Figure 24: Observed failure mechanisms in water distribution network of
case study 2

The reconstruction of the construction year for the damage recordings was not only necessary due to missing information but also because of false date which led to unreliable information about the pipe
age at the moment of failure occurrence. This information varied
from -8000 years to 2000 years. Even if we only look at a plausible
time range of 0 to 200 years we still have a high amount of failures
which have occurred at a pipe age of around 100 year old, which
could be possible, but for a network with an average age of around 32
years together with the oldest network pipe dating from 1924 seems
at least in this quantity dubious. After reconstruction the amount of
these failures was visibly reduced. However, this was not entirely
erased due to pipe information which did not contradict the given
construction year in the failure recordings because the pipes have
seemingly been replaced at the time of the failure which does not

45

46

data management
allow to exclude the early construction year. Furthermore it was possible due to the history of the water distribution network.
Figure 25 shows the frequency of failure occurrence for house connections and distribution pipes. Partitioned by material after reconstruction the pipe age at failure occurrence for PE and steel pipes peaks
earlier, than for other materials, because they are the main materials
for house connections (compare with figure 25). The other materials
have a more flat curve and ductile iron has very few failures recorded
until today. The same phenomena can be observed if we subdivide by
pipe diameter. The reconstructed data of the pipes with a diameter 6
25mm show a peak before they are 50 years old also originating that
these are the most common diameters for house connection pipes. In
general the mean failure occurrence time in the data-set is quite low
- 26 years for house connections and 31 for distribution pipes. This
is remarkably lower than the one found by Gangl (2008) with 52.2
and the mean value of case study 1 of 46.14 for the distribution pipes.
For house connections no comparison data was available. The difference for distribution pipes could be explained however by the erratic
data-set, which lacks lots of information as well as observations over
longer periods of time. Furthermore, the average network age in general is very low, which could lead to the recording of only the starting
phase of failure occurrence. For the house connections a lower life expectancy and higher failure rate could be assumed (see also paper
v), due to the lower quality of workmanship, lower soil coverage and
the observation of Berardi et al. (2008), which showed that smaller
diameter pipes are more susceptible to failures.
Another effect which has to be considered is the possibility of several failures occurring on one pipe section, as defined by ÖWAV-RB
40 (2010). This definition, as well as the common practice of data
storage of the operating company, causes an inhomogeneity in pipe
section length, as already observed by Gangl (2008). However, 95%
of the pipe sections were shorter than 100m and 99% shorter than
250m. Due to the fact that on average pipe lengths of 100 - 200m
are rehabilitated (Gangl, 2008), these pipe section lengths allow for
a plausible statement of the failure distribution. After reconstruction
we observed that mainly the first failures on one pipe section where
recorded (at least in the observation time). But also a pipe section
with 8 failures in the relatively short available time period could be
observed. If we look at the box plots of the pipe age at the time until
the first failure and then subsequent ones (figure 26) on one pipe for
distribution pipes as well as for house connections, we see that after 4
failures on average no further lifetime can be assumed and therefore
it seems to be the ideal time for replacement. This trend can be also
observed in paper i.
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Figure 25: Number of failures depending on the affected pipe age and type
for the water distribution network of case study 2

Figure 26: Boxplot of the age of failure occurrence for cascading failures
on house connections (left) and distribution pipes (right) in case
study 2

Finally, looking at the failure rates for the different pipe types following ÖVGW W 100 (2007) for distribution pipes (figure 27) and
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for house connections (figure 28) shows us once more the gaps and
implausibility mentioned earlier.

Figure 27: Failure rates for the water distribution pipes of case study 2

Figure 28: Failure rates for the house connections of case study 2

Whereas in some years even the highest failure rate (as determined
in ÖVGW W 100 (2007)) is reached in other years not even the lowest
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failure rate is approached. This of course lowers the average failure
rate. To compensate this obvious flaw of the existing data the average
failure was re-estimated using only the plausible years.
What can be observed, as also mentioned in paper v, is a certain clustering of failures in some street sections. Out of 1396 street sections
34% had no observed failure in the observation period, 76% less than
four (a threshold for subsequent failures as shown in paper i and
figure 26). This results in the fact that 50% of the observed failures
occurred in only 11.5% of the street sections.

3.2.3 Case study 3
Case study 3 stands out of the used case studies in various aspects.
First of all it is the smallest case study. Secondly it includes three
networks: sewer, water and gas supply. Nevertheless the data situation is the worst of all the case studies, emphasising that bigger
municipalities appear to have better data management (Younis and
Knight, 2010b). Also no division at all (into valve or street sections)
was present in the original data. Additionally, it can be seen that the
networks consist of up to 6 parts which (at least in the available data)
were not connected to each other. Therefore data reconstruction (paper vi) proved to be difficult. As a result the biggest interconnecting
area (which was also the center of the municipality) was chosen for
data reconstruction and the others neglected. The application and results of this reconstruction can be seen in Stibernitz (2014) and partly
in paper ii and Egger (2015). Therefore I will limit the description of
this case study in this thesis to the original data and its quality.
Water distribution network data
The data of the water distribution network of case study 3 was of
mediocre quality. Of the overall length of 192.08km, including the
house connections, the data available were:
• 86.35% of the construction years (see figure 29),
• 96.59% of the pipe diameter (see figure 30),
• 95.56% of the pipe material (see figure 31).
One of the major problems was that unknown construction years
were at first glance not recognisable and were labeled with a construction year of 2012. After careful examination of the labeled pipes this
information was rejected due to the implausibility of almost 14% of
the network having only been built in the year 2012 and the fact that
for all pipes in 2012 the construction date 12.03.2012 was identical
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to the recording date of the information. Another characteristic of
this network is the higher share of house connections on the entire
network length due to a system of longer house connections, which
was used in the past and is now gradually being adapted. The main
part of the pipes without a construction year are of a diameter of
32 - 40mm (for house connections) and around DN100 (for distribution pipes). The main part of the pipes without construction year are
mainly made out of cast iron (CI) and Polyethylene (PE). The known
and plausible construction years of the network start with the year
1900 and end with 2011. The average network age is quite low - 27.93
years for the whole network, 27.20 for the house connections and
28.21 for the distribution pipes.

Figure 29: Construction years of the water distribution network of case
study 3

The main part of the house connections of the network with known
construction years have a diameter of 32mm although the diameters range between 20 and 150mm. The distribution pipes consist
of mostly pipes of a diameter of 100mm and range between 25 and
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400mm. The materials of the network are mainly Polyethylene (PE)
for house connections and ductile and cast iron for distribution pipes.
Smaller parts of the network are made of Polyvinylchloride (PVC)
and steel.

Figure 30: Pipe diameters of the water distribution network of case study 3

In the original data we see that the materials are to a large extent not plausible according to Roscher (2000) especially the cast iron
pipes have implausible construction years, for example 2005. Due to
the fact that no valve and street sections are available for reconstruction only a plausibility check was applied and then the pipe sections
without construction years were extrapolated (figure 32).
For 10.65% of the pipe connections we have information about the
connection type, where mainly plug-in and screw-locked sleeves are
in use, to a smaller extent flanges, lead joints, welded connections as
well as special company products. Also 14.35% of the pipe sections
include information about the exterior pipe protection this hardly
seems to be applied for any pipe. To a smaller amount coatings with
Bitumen, Cink, Cement, PVC and PE are in use.
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Figure 31: Pipe material of the water distribution network of case study 3

Figure 32: Pipe length of the water distribution network of case study 3
divided by material

3.2 case studies and data quality
Water distribution failure recordings
The failure recordings only started in 2002 and lasted until 2011 but
the quality is on the whole good except for the construction year
of the affected pipes. Only 14% of the failures have a construction
year attached while only 8.14% have a plausible construction year.
Out of 467 failures 100% could be located and reconstructed however
using not only the method described in (paper vi) but also using
analog data (e.g. plans), where most of them were located. Further
additional information about the failures was available. The most
interesting additional information was the pipe depth of the affected
pipes. Most of the failures occurred at a depth of less than 1 meter
and then declined nearly exponentially with increasing depth (figure
33). The ranges of construction depths were between 0.9 and 5 meters,
which is less than the recommended 1.5m of ÖNORM B 2533 (2004),
but is plausible as shown by Friedl (2014). The pattern is in contrast
to the findings of Sorge (2006), who found that the load on a pipe in
dependence of the laying depth has maximum values at 0.8 and 2m
depth and a minimum at 1.2m. This would explain the high amount
of failures at 0.9m but not the exponential decrease.

Figure 33: Number of failures of the water distribution network of case
study 3 depending on construction depth

The type of failures recorded (70.24% of the failures have a failure
type attached) could be subdivided into 4 different classes: cracks
(unfortunately no further subdivisions), corrosion, connection and
pipe breaks. Mainly cracks and breaks were recorded and a smal-
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ler amount of corrosion and connection damages. These gaps of information could not be recovered by the reconstruction, some of the
information had even to be discarded due to plausibility issues (for
example corrosion on PE pipes). If we subdivide the type of failures
into materials (under the condition that more than 10 failures for the
material were recorded) we can see that only two materials are left.
Breaks were mainly observed for cast iron pipes whilst for PE-Pipes
cracks were the main failure type. The reasons for the failures were
also recorded (in 67.88% of the failures), but the data was not diverse
as for 81% soil movements were deemed to have caused the failures.
Additionally, the information about the bedding material (for 57% of
the failures recorded) was not very diverse - 75% of the bedding material was marked as "stony". Further information about the location
of the failure was given by the division between different surfaces
(mainly street or no street). Out of the 267 failures which had this
information 50% happened in pipes under streets.
The distribution of the number of failures depending on the age at
occurrence of the failure of the original data is not very meaningful,
due to the small amount of existing data. The frequency of failures
occurring at a certain pipe age show that the number of failures are
mainly distributed between 30 and 50 years of pipe age, with a mean
value of 33.54 and a standard deviation of 13.91. Mainly failures of
PE-pipes with a diameter of 32 and 40 mm are observed - this combination is mainly used for house connections. Another major combination which was observed was cast iron pipes with a diameter of
100 and 125mm, which in this case are mainly for distribution pipes.
The number of failures observed in distribution pipes was considerably lower (only 13.06% of the observed failures).
Finally, looking at the failure rates for the different pipe types following ÖVGW W 100 (2007) as shown in figure 34 for house connections and in figure 35 for distribution pipes. Whereas for the house
connections the highest failure rate (as determined in ÖVGW W 100
(2007)) is reached for distribution pipes not even the lowest failure
rate is reached. This is due to the fact of the higher amount of failures on house connection pipes (406 of 467 failures) and also that the
house connections are longer (on average 23.65m per house connection) than normal (for example in case study 2 it is only 15.57m per
household connection). Moreover, it is of note that we only have 6
street sections with more than or equal to 10 failures or more in the
whole observed time span, which is caused by the short observation
time. Therefore the clustering of failures can only be observed in
parts.
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Figure 34: Failure rates for the house connections of case study 3

Figure 35: Failure rates for the water distribution pipes of case study 3

Urban drainage network and condition data
The network data of the sewer system was of mediocre quality available only as analog plans, without any data about house connections.
The first step of implementing the files into the GIS system was a time
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consuming task. Finally, the data available covered a length of 92.29
km partitioned into 4 separate areas. 68.39% (63.11 km) of the network are operated as a combined sewer, 15.18% (14.01 km) are purely
waste water sewers and 16.44% (15.17 km) stormwater sewers. Of the
total network length data were available for:
• 86.87% of the construction years but only rough estimations
from the operators knowledge (see figure 36),
• 80.67% of the pipe diameter (see figure 37),
• 21.57% of the pipe material.
Due to the fact that only a very small percentage of the network
length has material information an analysis and therefore also a reconstruction of this information is not sensible. Mainly in use are
vitrified clay and concrete pipes and to a smaller amount asbestos cement, ductile iron, polypropylene and polyvinylchloride. The range
of diameters used start at 200mm and go up to 1600mm. It can also
be seen that the waste water sewers have a smaller diameter than the
combined sewers (as is plausible). The oldest part of the network was
constructed around 1950 in the center of the city.

Figure 36: Construction years of the urban drainage network of case study
3
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Figure 37: Pipe diameters of the urban drainage network of case study 3

Another piece of information available (for 58.60% of the total network in the city centre) is the hydraulic capacity utilisation of the
network, as defined by Arbeitshilfen Abwasser 2004/242/D (2012) as
the ratio of maximum estimated flow (by hydrodynamic simulation
or time coefficient method) to full pipe flow. Figure 38 shows the distribution of the utilised capacity of the total network. It can be seen
that 10.69% of the network is exceeding its hydraulic capacity (e.g.
part time pressure flow). Pressure flow could lead to surcharge and
flooding of the orographic upper manholes. However it is not a sufficient parameter to determine an overload of the network capacity. A
further investigation of the hydraulic functionality of the network, for
example the estimation of hydraulic condition states (ÖWAV-RB 22,
2015), could not be carried out due to missing information and/or a
hydrodynamic model.
Furthermore, 46.22% of the network was inspected and was divided
into 6 condition states using DWA-M 149-3 (2007) from condition
state 5 (very good) to condition state 0 (very bad). 1.23km of the sewers are therefore in a very bad condition and in urgent need of repair
(figure 39). It can be observed that the condition state 0 mainly appears for the construction year 1960 and not in the oldest pipes from
1950.
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Figure 38: Hydraulic capacity utilisation of the urban drainage network of
case study 3

Figure 39: Condition states using DWA-M 149-3 (2007) of the urban drainage network of case study 3

3.2 case studies and data quality
Gas distribution network data
The data of the gas distribution network of case study 3 was of mediocre quality. Of the overall length of 134.24 km data were available
for:
• 75.60% of the construction years (see figure 40),
• 96.66% of the pipe material (see figure 41),
• 95.05% of the pipe diameter.
One of the major problems was that no division at all (into valve or
street section) was present in the original data. Other than the water
distribution network, which consists of 6 parts which (at least in the
available data) were not connected to each other, the gas distribution
network only has 2 parts (see figure 40). The observed network consists of 47.19km house connections (15.26m/house connection) and
87.05km distribution pipes.

Figure 40: Construction years of the gas distribution network of case study
3

The 75.60% of the network without construction year data available (32,753m) is subdivided into 1532 pipe sections (21.38m/section),
where 901 (9,223m) are house connections (10.24m/section) and 415
sections (16,990m) are distribution pipes (40.94m/section). The main
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part of the pipes with missing material are made of steel while the
rest have no material information at all. The network mainly consists
of steel pipes and to a smaller amount of PE pipes (compare figure
41).

Figure 41: Pipe material of the gas distribution network of case study 3

Figure 42: Constructed pipe length of the gas distribution network of case
study 3 divided by material and construction year
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It can be observed that the older pipes are the steel pipes while
newer parts of the network are made of PE. The house connections
range between 25 and 50mm, whereas the pipes with a diameter of
25mm are more likely to be made of PE. All other diameters up to a
maximum of 250mm are most likely to be made of steel. The network
has an average age of 22.35 years. It can be observed that the PE pipes
are on average nearly 10 years younger than the steel pipes. It can also
be seen that pipes of 25mm diameter are younger than the others due
to the fact that they are mainly made of PE. Due to the missing street
sections the data reconstruction was not applied but only the plausibility check using the material construction periods from DVGW G
402 (2011), giving no plausibility to polyethylene pipes constructed
before 1960 and then using extrapolation to reconstruct the missing
network information (resulting in figure 42).
Gas distribution failure recordings
The failure records started in 2002 and range until 2011. The quality of the failure recording was on the whole good except for the
construction year of the affected pipes. 32.21% of the failures already
had a construction year (and only one failure had implausible information about it), while 87.92% of the failures had a material attached
and 85.23% the diameter. The material information was in parts implausible because materials (like PVC and CI) were mentioned which
were not available in the network data. All of the 149 failures could
be located using the method described in paper vi. 60.40% of the
failures have a failure type attached and mainly corrosion of the steel
pipes were observed. To a smaller extent holes, breaks and connection damages were recorded but cracks were only recorded for PE
pipes (although only 5 failures were recorded for PE-pipes at all).
The distribution of the number of failures, depending on the age at
failure occurrence, of the original data is not very meaningful due to
the small amount of existing data. The failures occurred between an
age of 1 and 40 years, with a mean of 21.97 and a standard deviance
of 11.77, but no age had a significant higher amount of failures - the
maximum was 4 failures.
The major part of the failures occurred in Steel pipes which is of
course plausible due to the fact that steel is the material used most as
well as on average the oldest. Such a clear distinction cannot be made
for the pipe diameters. While most failures occur in diameters of 32,
40 and 100mm. The estimated failure rates (resulting in figure 43),
if we use the same characteristics as for water distribution networks
after deleting all failures cause by third party responsibilities as recommended by DVGW G 402 (2011), for the distribution pipes fluctuate strongly over the years ranging from 2.8 to 19 failures/100km
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with a mean of 8.65 failures/100km. Especially the year 2003 with an
overall of 42 failures peaks the failure rate for the distribution pipes
as well as for the house connections. For the house connections the
failure rate of this year is significantly higher with 6 failures/1000
house connections than for the other years, which are nearer to the
mean of 2 failures per 1000 house connections. Again we can observe
that failures accumulate in a small amount of streets. For example
only one street with 7 failures in the observation time range while 33
streets have only one failure.

Figure 43: Failure rates for distribution pipes and house connections of the
gas distribution network of case study 3

3.2.4 Characteristics of the case studies
Along with the data issues (which are summed up in the following
chapter) some characteristics for the case studies could be examined
regarding:
• Clustering of failures for the gas and water distribution network,
• Failure rates in general and per pipe section for the gas and
water distribution network,
• Average network age,
• Length and number of house connections,
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• Construction depth of the sewer networks
• Distribution of condition states of the sewer networks.
The clustering of failures of the gas and water distribution networks in certain street sections was one of the main found characteristics and could be observed in all three of the examined case studies,
as it is also mentioned in paper v. In case study 1 46% out of 473
street sections had no observed failure, 89% less than four while 50%
of the observed failures occurred in only 11% of the street sections.
In case study 2, 34% of 1396 street sections had no observed failure
in the observation period, 76% less than four and also 50% of the
observed failures occurred in only 11.5% of the street sections. In
case study 3 due to the short observation period only a trend could
be observed for both networks. The water distribution network has
only 6 street sections with more than or equal to 10 failures, while for
the gas distribution network one street has 7 failures and 33 streets
have only one failure. The cause for this clustering could be found in
different levels of craftsmanship in certain street sections, external influences as for example adjacent construction sites, the change of load
(e.g. change of traffic, change of surface) or other influences. These
influences will have to be observed more closely to understand this
phenomena. For case study 1 a study about the influence of earthquakes using data from ZAMG was made, but showed no statistical
significant increase in failure rate in the time periods after the earthquakes.
Table 7 shows the characteristics of the water distribution network in
terms of network age, length and number of house connections and
failure rates. It can be seen that case study 1 has a lower failure rate
on the distribution pipes (no data about the house connections were
available) than case study 2, which has the considerably younger network. Furthermore, the failure rate in case study 2 would in reality
be higher and is only decreased by some years of implausibly low
failure rates of 0. Case study 3 has a lower failure rate for a younger
network, however only for the distribution pipes. The house connections show a significantly higher failure rate. This can be explained
by the higher average length of house connections. Moreover, it can
be observed, that the number of failures per pipe section varies over
the case studies. One explanation therefore is the differences in pipe
section length and another of course is the different observation time
period. Furthermore, it can be seen that only a limited amount of
pipes with more than 4 failures per pipe section exist in the datasets.
This can be explained by rehabilitation prior to the occurrence of such
an amount of failures.
The observed gas distribution network of case study 3 consists of
3,093 house connections (15.26m/house connection) and 87.05km dis-

The clustering of failures of the
gas and water distribution
networks in certain street
sections was the main found
characteristic.

4 failures per pipe section seems
to be the optimal threshold
between repair and rehabilitation.
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tribution pipes and has an average network age of 22.35 years. The
failure records started in 2002 and range until 2011. The failure rate
for the distribution pipes fluctuate strongly over the years ranging
from 2.8 to 19 failures/100 km with a mean of 8.65 failures/100 km.
For the house connections the mean failure rate of 2 failures per 1000
house connections can be observed with a range between 0 and 6.
Table 7: Characteristics of the water distribution system of the case studies

Data
Average network age [years]
Failure records since
Average failure rate for distribution pipes over the entire observation period [Failures/100 km per year]
Maximum failure rate for distribution pipes [Failures/100
km per year]
Minimum failure rate for distribution pipes [Failures/100
km per year]
Average failure rate for
house connections over the
entire observation period
[Failures/1000 HC per year]
Maximum failure rate for
house connections [Failures/1000 HC per year]
Minimum failure rate for
house connections [Failures/1000 HC per year]
Number of pipe sections
with more than 1 (4) failures
recorded
Network length including
house connections if available [km]
Average length of distribution pipe section [m]
Number of house connections
Average length of house connection [m]

Case
study 1
46.03
1976

Case
study 2
31.98
1983

Case
study 3
27.93
2002

9.26

10.59

5.78

15.93

21.37

11.39

3.10

0.00

2.85

-

5.47

11.08

-

9.38

13.64

-

0.06

6.82

86 (5)

409 (8)

39 (0)

225.98

851.27

192.08

28.52

52.36

28.92

-

17,263

3,665

-

15.57

23.65
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Case study 1 is drained with a gravity-driven combined sewer system with a total length of 253.50 km with an average pipe section
length of 38.17m. The sewers are in quite a narrow range regarding
construction depth with mean depth of 3.30m and an interquartile
range of 1.26m. The network itself is old on average, resulting in a
length weighted average age of 53 years. 72.43% of the sewer network
was inspected, mainly sewers constructed before 2000, were inspected
and classified into condition states using the methodology following
ISYBAU (Arbeitshilfen Abwasser 2004/242/D, 2012). Therefore the
condition states ranges from 1 (no immediate need for action) to 5
(urgent need for action). In this case study only a small percentage of
the network is in this condition state.
Case study 3 is drained by an urban drainage system with a length
of 92.29 km with an average pipe section length of 34.87m. The sewers have an average construction depth of 2.36m with an interquartile
range of 1.47m. The network itself is on average young, resulting in
a length weighted average age of 29 years. 46.22% of the network
was inspected and was divided into 6 condition states using DWA-M
149-3 (2007) from condition state 5 (very good) to condition state 0
(very bad). As a result of the inspection data 1.23km of the sewers
are therefore in a very bad condition and in urgent need of repair.
Figure 44 shows the percentages of survived (and inspected) pipes
depending on the pipe age at the time of inspection. We see a trend
for the decrease of good conditions over time. However it can be seen
that some of the very old pipes in case study one are still in a very
good condition. This is due to the fact that these old pipes, which
have survived until this time, are only a small percentage of the entire network and therefore only this small percentage has not been
rehabilitated. This is one of the difficulties for deterioration modeling
- the selective survival bias, owing to observations being restricted to
a limited observational window and as a consequence, the older the
observed pipes are, the slower are their deterioration speeds, as the
most rapidly deteriorating pipelines have a very low probability of
having survived until the observational time window (Le Gat, 2008).
In case study 3 this trend is also seen. However, due to the sparsity
of data for the construction years and the relatively low average network age, the information as such is less exact than in case study 1.
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Figure 44: Distribution of condition states of the sewer networks in case
study 1 (classified into condition states using the methodology
following ISYBAU (Arbeitshilfen Abwasser 2004/242/D, 2012))
and case study 3 (divided into 6 condition states using DWA-M
149-3 (2007))

3.3

Recurring nuisances are missing
and implausible data,
documentation, models and
measurements.

recapitulation of issues and recommendations for data management

After looking at these three case studies some data issues were a recurring nuisance, hampering the usage of data for further processing.
I want to give a short overview over these problems here:
• Missing or implausible network data: The most often occurring problem as seen in the case studies. Important data about
the network is missing or wrong data was implemented (for
example the date of implementation into data management as
construction year).
• Missing or implausible condition data: Ranging from not reproducible condition rating derived from visual sewer inspection
(Dirksen et al., 2013) to varying quality of failure recordings
depending on the year.
• Missing documentation and uninformative naming: The names
of data fields gives no or little information about the data itself
(e.g. units, abbreviations used) and no documentation for the

3.3 recapitulation of issues and recommendations for data management
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data exists making it difficult for external or even internal (if it
is not the same person who created the data) processing.
• Missing documentation of rehabilitation works and the background for the rehabilitation decision: Often replaced pipes are
also replaced in the datasets and recorded nowhere. This destroys important data for deterioration modeling as well as for
future decision making.
• Missing or badly documented models: Here especially hydrodynamic models for sewers and hydraulic models for water distribution networks, which could provide great insight into the
functionality of the network and the vulnerability to failures,
are often missing or not up to date.
• Missing measurements and calibration: Networks need to be
calibrated to provide the best possible performance and therefore measurements are necessary.
• Missing environmental data: The network data is often not
related to other data. Every network has its own database
without any interconnection and foreign information (for example ground water levels, street network data, etc.) is not
implemented.
And then some overall recommendations to overcome or at least
minimize their occurrence:
• Start with data management: The first recommendation is the
simplest and hardest one. Although data management can mean
a lot of things, including analog plans, a geographic information system is recommendable. A good starting point for the
necessary data is the digital pipe information system (ÖWAVRB 40, 2010). In Austria at the moment 34% of the total sewer
length and 46% of the water supply network length are in the
process of getting this system (KPC, 2014).
• Don’t settle for the minimum: The minimum data requirements
(e.g. to get funding) are a good starting point but should by no
means be the end of data management. Get as much data as
possible for your network. It is better to have data you don’t
need (at the moment), than need data that you don’t have.
• Get help if necessary: Especially small operators and municipalities have limited resources (financial and personnel) and know
how (mainly in using a GIS environment). Getting external help
could fill these gaps, either from external engineers or by combining the resources of several municipalities, for example under the roof of regional wastewater or drinking water boards.

The most important
recommendation: Start with data
management.
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• Plan before you start and document what you do: Proper planning avoids double the effort in analysing existing data, ascertaining necessary data and implementing it into a GIS system.
Furthermore, it should be clarified beforehand in which units
(e.g. diameters, pipe length and so on) the data should be
implemented. All of this information and the changes and assumptions during the process should be included in a thorough
documentation to enable other people to comprehend what has
been done and what every bit of data means.
• Invest in data: Proper data implementation needs time and is
therefore also cost intensive. If you want good data you have to
expect personnel costs.
• Have the courage to leave gaps: If data is missing don’t fill it
with assumptions, or at least mark the data that everyone can
see they are assumptions.
• Plausibility checks: Small errors (e.g. typos) can occur. These
can be minimised or at least easily found by the use of simple
queries to test plausibility. Are all construction years in a plausible period? Are all materials correctly written? Is a material
used before its invention?
• Data management never ends: Data needs maintenance. To get
the most put of your data it is necessary to keep it updated.
Therefore it is recommendable to clarify responsibilities for the
data. Either one person gets the data and is responsible for its
implementation into the data set or everyone who implements
data into the data set leaves meta data to track the data genesis.
• Do not delete "old" data: Memory space is comparatively cheap,
restoring lost data can however be very costly. Data of replaced
pipes and so on could help to understand the deterioration processes in your network. New employees could profit from lessons learnt from decisions of the past, so start documenting the
decision argumentation for replacement measures (van Riel et
al., 2014). Moreover, it could help the argumentation and estimation of future financial and personnel needs.
• Think outside the box: Consider interdependencies (Rinaldi et
al., 2001), overlapping and possible synergies between different operators and networks. Using one data management system for several networks could have advantages by minimising
costs for the maintenance of the data sets and also for simpler
coordination between the network operators considering rehabilitation, construction works and so on. Also the acquisition
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and implementation of other environmental data could be recommendable (e.g. ground water levels, urban development).
• Start modeling and measuring: The way from data to a model
(hydraulic/hydrodynamic) is not so far and the better the quality of the data the better the model gets. Kleidorfer et al. (2014)
give an overview how to get from data to a hydrodynamic
model of a sewer network. To calibrate the model measurements are necessary, which again produce data which should
be implemented into the data set.
• Use and create open data and programs whenever possible: In
times of initiatives for coherent data types (Directive 2007/2/EC,
2007) and transparency open data becomes a more and more
important topic. More and more governmental data is open
data. Therefore getting information which data is usable under
which circumstances and requirements for adding value to our
existing data is important. In Austria a lot of good open government data already exists - basemap.at (2015); data.gv.at (2015);
Land Tirol (2015); OpenStreetMap (2015) and many more. It
would be recommendable, when possible, to distribute all or
parts of the data as open data if the operators are public property. A guideline on how to achieve this is given by Krabina et al.
(2011). For GIS applications (Quantum GIS Development Team,
2015), statistical evaluation (R Development Core Team, 2008)
hydrodynamic (Burger et al., 2014; Gironás et al., 2010; Rossman, 2010) and hydraulic models (Rossman, 2000) open source
alternatives exist. Depending on the available knowledge more
user friendly programs with a wider range of predefined possibilities could be preferable. The technical knowledge provided,
the usage of open source software is however preferable, not
only due to cost savings but also due to possibilities of manual
adaptability to special problems.
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Probability is like the stick
used by the blind man to feel
his way. If he could see, he
would not need the cane, just
as if we knew which horse
runs faster, then we would
not need the probability
theory.
Stanislaw Lem

Pipe deterioration is considered a complicated process, which is
affected by an extensive amount of factors, making the prediction as
to when a pipe will fail a difficult task (Ana and Bauwens, 2010).
Visual inspections (Dirksen et al., 2013) and pipe age, are insufficient
to estimate deterioration (Fenner, 2000). However, they are mainly
used due to the lack of a complete systematic description of how,
when, and why the failure occurs and if it triggers other failures in
the chain of events (Stanić et al., 2012). Deterioration modeling faces
this task using different approaches to achieve the goal of predicting
the end of the service life of an engineering component. This end of
life is defined as the duration that the component has the adequate capacity to perform its function satisfactorily (Datla and Pandey, 2005).
The life cycle of a buried pipe is described by the "bathtub curve".
Depending if the asset is repairable or not (Røstum, 2000), distin- Three phases of deterioration:
guishing three phases regarding the hazard rate of failure (Kleiner burn-In phase, normal operation
and Rajani, 2001). The first phase is the Burn-In phase, where a phase and wear-out phase.
higher failure rate is mainly caused by construction and material failures (Gangl, 2008). This then leads to normal operation phase with
a low failure frequency (e.g. mainly caused by third party influence)
where the deterioration process progresses until reaching the wearout phase. In the wear-out phase, the hazard rate increases due to
age. This understanding about deterioration is implemented in the
models. The models used are divided into three approaches (Ana
and Bauwens, 2010):
• Physical models,
• Artificial intelligence models,
• Statistical models.
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A true physically based model,
the ultimate goal in failure
prediction, is still limited by the
extensive need for data to apply
them and the limited knowledge
of all influencing processes.

Artificial intelligence models
require a high amount of data and
computational resources are
necessary and the model itself
stays a "blackbox".

Statistical mmodels are the
economically viable approach for
limited data availability.

deterioration modeling
Rajani and Kleiner (2001), Ana (2009), Liu et al. (2012) and Friedl
(2014) give an extensive overview of the physical models, that attempt
to predict pipe failure by estimating the loads applied to a pipe comparing it to its capacity of resistance against it. The models at the
moment mainly treat a small amount of influencing factors at a time
or for a certain kind of pipe material or failure type. (e.g. metallic
pipes by Sorge (2006)). Missing documentation of failure types in failure recordings (compare with chapter 3) is therefore also a limiting
factor for the application of physical models (Friedl, 2014). A true
physically based model, which should be the ultimate goal in failure
prediction, should however include all influencing factors. The main
problem of these models is however the extensive need for data to apply them. Therefore only large water mains with costly consequence
of failure may justify the accumulation of data that are required for
physically based model application (Rajani and Kleiner, 2001).
Typical artificial intelligence models are genetic algorithms (a good
overview of its usage is given by Nicklow et al. (2010)) and artificial neural networks (Yang, 2004). They emulate biological principles, such as inheritance, mutation, selection, and crossover, to solve
complex optimisation problems (Liu et al., 2012). These are purely
data driven approaches, that enable one to solve complex problems
without using detailed model assumptions. Therefore a high amount
of data and computational resources are necessary and the model
itself stays a "blackbox" (Ana and Bauwens, 2010). These methods
are in use for all kinds of infrastructure: Tran et al. (2010) used artificial neural networks to estimate the deterioration of stormwater
pipes, Yang (2004) for road cracks, Al-Barqawi and Zayed (2008) for
the performance of water mains, Ana (2009) used probabilistic neural
networks to estimate the condition of sewers and Babovic et al. (2002)
used genetic algorithms to determine the risk of pipe bursts.
Given the difficulties of physical and artificial intelligence-based models, and in view of the type and quality of data available, statistical
models were developed (Ana and Bauwens, 2010). The statistical
model seems to be an economically viable approach for infrastructures that cannot afford high costs for the data mining of the necessary data for physical and artificial intelligence-based models (Rajani
and Kleiner, 2001). Statistical models can be divided into two main
groups: deterministic and probabilistic models. Røstum (2000), Engelhardt et al. (2000), Kleiner and Rajani (2001), Gangl (2008), Ana
(2009), Osman and Bainbridge (2011) and Liu et al. (2012) give a good
overview of the statistical models used.
Deterministic models are mainly a time regression analysis using
either an exponential or linear approach (Kleiner and Rajani, 2001).
They mainly predict breakage rates and are hard to use for ordinal
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condition ratings, not making them very useful to be applied for sewers. Furthermore, they can be only used on a pipe group level with
the exception of the approach of Giustolisi et al. (2006) and Berardi et
al. (2008) who used a hybrid data-driven modeling technique. These
approaches offer an easy data analysis and well known parameter estimation techniques and have therefore been in use for a long time
(Shamir and Howard, 1979) and widely spread (Kleiner and Rajani,
2001). DVGW G 403 (2011) offers for example an approach to calculate a breakage rate from failure recordings for gas distribution
networks.
The probabilistic models can be divided into the following (Ana and
Bauwens, 2010; Kleiner and Rajani, 2001):
• Cohort survival model (used in paper v and paper iii): A
wide spread model used by Hörold and Baur (1999), Herz and
Krug (2000), Baur and Herz (2002), Ana (2009) and Egger et
al. (2013) for sewers, by Herz (1998), Fuchs (2001), Herz (2002),
Baur (2004), Gangl (2008), Malm et al. (2012) and Scholten et al.
(2013) for water distribution networks and by Baur (2004) for
gas distribution networks.
• Markov-chain based models: A Markov chain represents a discrete time stochastic process X , where the conditional probability of the future state, at time t + ∆ t , only depends on the
present state, at time t (Çınlar, 2011). Also in use are semimarkov chains, with an additional property in the form of a
waiting time in each condition state (Ana and Bauwens, 2010).
The conditions are either condition states for the sewer system
or the break history for water and gas supply. Dirksen and
Clemens (2008), Le Gat (2008), Tran et al. (2008), Ana (2009),
Tran et al. (2010) and Marzouk and Omar (2013) used this approach for urban drainage systems and Kleiner (2001) in general
for large infrastructure. Caradot et al. (2015) used the approach
of Le Gat (2008) for a sewer system and showed the applicability of this method for a small amount of inspection data (3% of
the network).
• Logistic regression models (used in paper i and paper ix): Davies et al. (2001), Ariaratnam et al. (2001), Ana (2009), Younis and
Knight (2010a), Younis and Knight (2010b), Fuchs-Hanusch et
al. (2012), Ahmadi et al. (2013), Ahmadi et al. (2014a), Ahmadi
et al. (2014b) and Ahmadi et al. (2015) used this methodology
for urban drainage infrastructure while Friedl et al. (2012) and
Friedl (2014) applied it to the water distribution network.
• Proportional hazards models: Cox (1972) defined a failure prediction model in the form of λ(t, z) = λo (t) · ezβ . t is the time,
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λ(t, z) is the hazard function, which is the probability of failure
at time t + ∆ t given the survival until time t, z is the vector
of co-variates, λo (t) is an unknown function giving the hazard
function for the standard set of conditions z = 0 and β is the
vector of coefficients which have to be estimated by regression.
This fundamental function was used and adapted by several
studies (Lei and Sægrov, 1998; Park et al., 2008, 2011; Røstum,
2000), mainly for the estimation of water main breakage rates.
• Accelerated lifetime models: Lei and Sægrov (1998) defined this
approach, assuming that the lifetimes of pipes can be treated as
independently and identically distributed random variables.

Common problems of
deterioration modeling are
missing and/or censored data.

Due to the data quality of the case studies (see chapter 3) and the focus on small and medium sized municipalities which will most likely
not have the funds for extensive data surveys, statistical models were
used. Due to the extensive literature available, I will give only a brief
overview of the two methods used in the annexed publications (cohort survival and binary logistic regression model). I will also show
simplified approaches for the modeling of the necessary rehabilitation rates without extensive deterioration modeling as a first rough
estimation.
Model specific problems are discussed for the specific models. However, common problems of deterioration modeling are firstly missing
and discarded data about network qualities and network growth as
well as repair and or rehabilitation. Further censoring (e.g. lack of
observation time span) is a problem (Scheidegger et al., 2013). Additionally, not all models are easily applicable to ordinal condition
ratings (e.g. sewers), break rates (e.g. water and gas distribution)
and/or life spans. Further differences between pipe group and pipe
level models exist (Ana and Bauwens, 2010). While the first considers
the entire networks or cohorts (parts of the network with the same
qualities) the latter predict the deterioration of individual sewers.

4.1

Advantages: conceptual and
computational simplicity.
Disadvantages: extensive data
needed, group level, replacement
is end of useful service life.

cohort survival model

This model derives from demographic research where it is widely
used for the forecast of population changes of different groups of
people (Herz, 1998). The same approach can be applied to pipe networks, dividing them into homogenous groups regarding their qualities, the so-called cohorts (hence the name of the model). Herz (1998)
defines four interrelated aging functions:
• lifetime probability function f(x);
• survival function 1 − F(x);

4.1 cohort survival model
• failure function

f(x)
1−F(x) ;

• residual lifetime expectancy function R(x).
The difference between using the approach for water distribution and
urban drainage networks is the fact that the survival function is used
for life expectancy until pipe replacement for the water distribution
network and for the urban drainage it can be used to estimate transition functions between transition states. This is mainly caused by the
type of failure recording and the possibility of inspection for the different networks. While for water distribution networks in general the
occurrence of bursts and the replacement of pipes are recorded, for
sewers visual inspection is the state-of-the art inspection technique.
Due to the estimation of condition states from the information of
these inspections a more differentiated survival function can be applied giving a transition over time. For the water supply network it
is on the other hand a merely binary outcome, although approaches
for using subsequent failures in the same pipe section after repair as
a condition states exist (Gangl, 2008). The survival function has the
following form (Fuchs, 2001):
1 − F(t 6 c) = 1
a+1
a + e[b·(t−c)]
1 − F(t = ∞) = 0
1 − F(t > c) =

Therefore the aging functions form depends on three parameters
(Ana and Bauwens, 2010; Baur, 2004; Fuchs, 2001; Herz, 1998):
• a is the aging factor: If a = 0 the failure function stays constant
over time and the survival function changes into an exponential
distribution.
• b is the failure or transition factor: It controls the velocity of the
aging process. The bigger b the faster the aging process.
• c is the resistance time: Up to resistance time no rehabilitation
takes place, only repairs if necessary.
These parameters have to be estimated for the specific situation of
every network (Herz, 1998). Possibilities for estimating these parameters range from using the average technical design life and the
standard deviation, the estimation from cohort ages until specified
percentages (100 - 50 - 10%) of the network have survived to expert knowledge (Fuchs, 2001). Fuchs (2001) and Fuchs-Hanusch et
al. (2007) adjusted failure statistics with a specified length per failure
to the failure rate. Malm et al. (2012) estimate the survival function
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by adjusting it with the method of least squares to the actual age
distribution of a network. The necessary parameters were first estimated by using the specified percentages (100 - 50 - 10%) of the actual
distribution. Ana (2009) assumes the resistance time c to be zero, as
sewers can deteriorate immediately. Then the two other parameters
can be estimated by the method of least squares (Agresti, 2002) for
the actual data for the transition function of each condition state.
For the water distribution network of case study 2 (see paper iii) the
result of a cohort survival model was used as one input for the prioritisation of the network. For the estimation we used the approach
of Malm et al. (2012), making plausibility checks however, due to the
bad condition of the data, with lifetime expectancies from a survey
published as paper vii and literature values (Scholten et al., 2013).
The differentiation was made between the different materials as well
as between house connections and distribution pipes (see figure 45).
What can be seen is the lower life expectancy of the house connections
for all materials except for the steel pipes.

Figure 45: Results of the cohort survival model for the water distribution
network of case study 2

In paper v a transition function for the urban drainage system of
case study 1 is shown. The estimation of the condition states was
carried out through the following ISYBAU (Arbeitshilfen Abwasser
2004/242/D, 2012) distinguishing 6 states from immediate action necessary (CS5) to no action necessary (CS0). For this case study the
approach shown by Ana (2009) was used to estimate the transition
functions for the different materials (concrete and vitrified clay) of

4.1 cohort survival model
the sewer system (see figure 46). We see that the average life expectancy for the different materials is quite high (around 120 years). This
could be caused by missing rehabilitation data as well as historical
data, which is often the case for smaller case studies. This could lead
to an overestimation of the life expectancy (Scheidegger et al., 2011),
which could be handled by the implementation of expert knowledge
with Bayesian inference (Egger et al., 2013). On the other hand it
is possible that the expert knowledge is already biased by existing
models. Moreover, it is possible that the condition rating could be
misleading, giving higher a condition rating to conditions that don’t
deserve it due to the coding system used. Therefore, a pre-filtering of
condition states depending on failure type and cause could be advisable if this data is available.

Figure 46: Results of the cohort survival model for the sewer system of case
study 1

The major advantage of the cohort survival model is its conceptual
and computational simplicity (Ana and Bauwens, 2010). Although
it needs an extensive data-set (Fenner, 2000) and it can be difficult
to find homogenous cohorts with sufficient inspection data. One of
the shortcomings of this model is the fact that it can only deal with
relatively large groups of pipes and not on the individual pipe level
itself. Moreover, when dealing with water distribution networks there
is also a weakness in that it links replacement with the end of its
useful service life, which is not always true (Kleiner and Rajani, 2001).
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4.2

Advantages: Individual pipe
level, influencing factors can be
identified, smaller data
requirements. Disadvantages:
prior knowledge about processes
necessary, only binary outcome

binary logistic regression model

For the binary regression model a dichotomous deficiency outcome
with 0 representing "not deficient" and 1 representing "deficient" is
assumed (Ariaratnam et al., 2001). This can be for water distribution
systems failure or no failure and for sewer systems better than a certain condition state or not (paper v).
Ariaratnam et al. (2001), Kleiber and Zeileis (2008), Ana and Bauwens
(2010), Urban and Mayerl (2011), Ahmadi et al. (2013) and Friedl
(2014) describe it as following:
The methods employed in an analysis using logistic regression follows the same general principles used in linear regression. In regular
linear regression however the expected value of the dependent variable y is modeled as a linear function of the explanatory x-variables.
This is different in logistic regression - the outcome variable is not
modeled directly, but the probabilities associated with the values of
y, due to the fact that linear regression makes no sense with binary
dependent variables. To enable the further usage of a linear function,
which is advisable in terms of simplicity and interpretability, a link
function is introduced. Given that y takes on values of 1 (e.g. pipe
in a bad condition state) or 0 (e.g. pipe in a good condition state),
the hypothetical population proportion of cases for which y = 1 is
defined as π = P(y = 1). This results that for the cases y = 0 it
is 1 − π = P(y = 0) and the odds of having (y = 1) are equal to
π
1−π . This is the link function introduced for the logistic regression.
Hereby logistic regression is based on a linear model for the natural
logarithm of the odds (i.e., the log-odds) in favour of (y = 1) - used
in paper ix. We can therefore state:
"
#


P(y = 1 x1 , x2 , . . . , xk )
π
log
= log
1−π
1 − P(y = 1 x1 , x2 , . . . , xk )
= β0 + β1 · x1 + . . . + βk · xk = β0 +

k
X

βj · xj

j=1

β0 is the intercept term and βj are the regression coefficients associated with the k predictor variables x. Using an exponential transformation this equation can be converted to the probability that y = 1:
Pk

P(y = 1 x1 , x2 , . . . , xk ) =

eβ0 +

j=1

βj ·xj

Pk

1 + eβ0 +

j=1

βj ·xj

The parameters β are estimated from the available data using the
maximum likelihood estimation (MLE).
The results of a binary logistic regression model are used for paper i

4.2 binary logistic regression model
and paper ix. paper ix describes in detail the modeling and quality
control as well as the influencing factors for the sewer system of case
study 1. The distribution of the results on the network is shown in
figure 47.

Figure 47: Result of the binary logistic regression model for the sewer network of case study 1

In paper i the same approach is also used for the water distribution network of case study 1, but not described in detail. Therefore
it is shown here as an example for the applicability of the method
for deterioration modeling. Figure 48 shows the receiver operating
characteristic (ROC) curves of the model used. For the ROC-Curve
the true positive rate is plotted against the false positive rate for every
cutoff value. For a sensible predictive model it should be above the
diagonal (representing random guessing), as near as possible to the
upper left corner which represents the perfect fit (Kleiber and Zeileis,
2008). We can see that the fit of the model is reasonable (area under the ROC-curve 0.7932). To reach a sensitivity and specificity of
around 0.75, a cut-off value between the binary variables of 0.07 is
estimated by using the sensitivity/specificity plot. The distribution
of the results on the network is shown in figure 49.
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Figure 48: ROC-curves (left) and sensitivity/specificity plot (right) for the
water distribution network of case study 1

Figure 49: Result of the binary logistic regression model for the water distribution network of case study 1

Table 8 summarises the significant factors derived from the binary
logistic regression. It can be seen, that the probability of failure rises
with the advancing age and pipe length and declines with higher diameters as also seen by Friedl (2014). The material parameter is the
difference between steel pipes and all other materials, showing that
steel pipes have a much higher failure probability which contrasts

4.3 simplified approaches for the modeling of rehabilitation rates
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with the findings of Friedl (2014). The operator however stated that
there were problems with steel pipes and therefore it can be seen as
network specific and plausible.

Table 8: Significant factors of the binary logistic regression model for the
water distribution network of case study 1

Significant
factors
Pipe age
Pipe diameter
Pipe material
Pipe length

Coefficients Standard
β
errors
0.006
0.002
-0.010
0.001
0.501
0.177
0.018
0.001

Wald
statistics
13.32
117.51
8.07
290.70

Significance
levels
0.000
0.000
0.005
0.000

The main advantage of this model is, as can be seen in the figures 47
and 49, that this model permits the estimation of failure probabilities
on an individual pipe level. Another advantage is, that it provides insight into the deterioration process by identifying the most important
variables affecting the process (Ana and Bauwens, 2010). Another upside is the smaller data requirements in comparison to other methods.
Ahmadi et al., 2015 showed that 1,000 segments out of 9,810 could be
representative for the whole asset stock of a sewer system. Having
data even with huge amounts of uncertainty is thereby preferable
to having incompleteness within the utility database (Ahmadi et al.,
2014a). Nonetheless, the model still requires a sufficient amount of
data, specifically on the possible factors affecting sewer deterioration,
to obtain reliable estimates of the regression coefficients (Ana and
Bauwens, 2010). The model results will only be as good as the quality of data collected (Ariaratnam et al., 2001). Disadvantages could
be the problem of identifying independent variables, which needs
a prior understanding of the deterioration processes, as well as the
limitations regarding the outcome variables being either binary or ordinal if the model is enhanced to an ordinal regression model (Younis
and Knight, 2010a).

4.3

simplified approaches for the modeling
of rehabilitation rates

With the necessary data the aforementioned models can provide useful information about the necessary rehabilitation rates in the future.
When these data are not available however, which can be a concern
mainly in the starting phase of data collection and rehabilitation planning, simpler approaches can provide a first overview:

Simplified approaches for the
modeling of rehabilitation rates
with limited data. Starting point
for more sophisticated modeling
and data survey not final
approach.
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• Prognosis adding life expectancy to existing data
• Simplified approach using average life expectancies and failure
distribution (paper v)
• Prognosis using average network age as a quality indicator (paper vi)
• Prognosis using failure rate either using average failure rate or
from deterministic models
The first three approaches only require basic data such as the length
of the existing network classified into material and type of the pipes
as well as the construction year. This can be either known or acquired by data reconstruction or even extrapolation of an existing
data sample. The fourth approach is a little more complex and requires failure recordings to enable modeling.
For the first two approaches the average life expectancies for different groups are assumed, either using expert knowledge (paper vii)
or by the available data or literature (Baur, 2004; Scholten et al., 2013).
They are used to predict future rehabilitation rates by simply adding
them to the existing data (first approach) or under the assumption
of a normal distributed life expectancy (second approach). The main
uncertainty of these prognoses is the assumption of certain life expectancies. This has therefore to be done with extreme care. Literature
values can have a wide range, therefore a plausibility check with the
operator is highly recommendable. In addition, the implementation
of another type of distribution other than a normal distribution (like
for example a Herz-distribution (Herz, 1998) or Weibull-distribution
(Røstum, 2000)) would have effects and could be considered.
paper vi shows how to use the average network age as an indicator of
failure risk and objective function for the rehabilitation rate using assumptions by Theuretzbacher-Fritz et al. (2006) and Fuchs-Hanusch
et al. (2009). For choosing a certain average age as objective function
failure recordings are helpful. They are needed for the last approach
to estimate failure rates for different groups using approaches as for
example shown in DVGW G 403 (2011). The estimated failures are
connected to a certain rehabilitation length, which depends on the operator, but could range between 100 - and 200m (Gangl, 2008). While
the first three approaches are easily applicable to sewers as well as
other networks, the fourth approach could be more difficult for sewers due to the fact that when the necessary data for this kind of model
is available a more sophisticated modeling approach may be possible.
To show the application for the networks I will show two examples
from the case studies used. Case study 2 was already shown in paper vi. For the distribution pipes of the water distribution network

4.3 simplified approaches for the modeling of rehabilitation rates
of case study 3 it was assumed that the failing pipes are replaced
by a material with a higher life expectancy. Cast iron is replaced by
ductile iron and asbestos cement by PVC. Figure 50 shows the result
of the second approach for this dataset using literature values from
Baur (2004).

Figure 50: Simplified approach using average life expectancies and normal
failure distribution for the water distribution pipes of case study
3

If we compare the different approaches (figure 51) we see quite
large differences between the different approaches, which underlines
the importance of carefully choosing the approach. The first approach
shown is the result of figure 50 with used literature values. For a
comparison we used the same approach but with the survey data of
paper vii. The differences are small but the peak of rehabilitation
moves forward around 20 years which could change financial planning considerably. Another approach (described in detail in paper
vi) is the usage of the average network age as an indicator for failure risk and rehabilitation rate (Fuchs-Hanusch et al., 2009) assuming a connection between higher failure rate and a higher network
age (Theuretzbacher-Fritz et al., 2006). If we would therefore like to
keep the actual average network age of 27 years, being content with
the network performance in terms of failure rate, we would need
considerable rehabilitation rates of around 3.5% per year which is implausible. This is not only due to financial reasons but also due to
the fact that 27 is quite young and no high failure rate is observed.
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If we would allow the average network age to rise to 50 years by not
rehabilitating any part of the network (just doing the necessary repairs) and keeping it constant from this point we would then need
rehabilitation rates of 2% until 2100.
The failure rates were estimated using the approach of DVGW G 403
(2011) and every failure was connected to 150m of necessary rehabilitation length (Gangl, 2008). It can be observed that this approach
delivers a lower rehabilitation rate of around 0.5% per year. This
however may be caused by the short failure recording time. For this
dataset the approach using expert knowledge is the most plausible.

Figure 51: Comparison of the different approaches for the water distribution pipes of case study 3

For the sewer network of case study 1 (see figure 16 for the network data) we also used different approaches (see figure 52). First
we just added life expectancies without any distributions to the network age: 50 and 100 years following the range of depreciation time
defined in LAWA (2005). For reasons of illustration the first year of
rehabilitation need is not depicted due to the fact that the percentages
of the network older than 50 (50.30%) and 100 (16.97%) years would
change the scale in a manner that no difference between the different
approaches would be visible. This also illustrates one shortcoming of
this approach - if the network is already quite old a high amount of
rehabilitation would be shown at the beginning and is not distributed.
This could however be countered by applying a maximum rehabilitation rate (as shown in paper vi). If we use an approach with a failure
distribution we get a less ragged rehabilitation rate. Here again the

4.3 simplified approaches for the modeling of rehabilitation rates
life expectancy used is important. If we use a value of 80 years (corresponding to the average technical design life of replaced pipes given
by Berger and Falk (2011)), we would have a rehabilitation need of
1.75% in the next year decreasing to 1% until the year 2065. If we use
the average life expectancies estimated by the cohort survival model
for case study 1 the rehabilitation rate would require 0.75% of replacements the next year increasing until 2065 again until 1% is reached. If
we use literature values (Hörold and Baur, 1999) an even lower rate
(from 0.10% to 0.60% in 2065) is estimated. Due to the fact that here
there was enough data available for a cohort survival model, the results of this model are the most plausible. It can be seen however that
the differences between the approaches are large. Although overestimating the rehabilitation need, the average value of 80 years seems
a good compromise for a first estimation. However due to the simplicity of the approaches and the low data requirements the estimation
and comparison of all of them is possible and could show shortcomings and necessities in data recording as well as different views on
rehabilitation strategies.

Figure 52: Comparison of the different approaches for the sewer system of
case study 1
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M U LT I - C R I T E R I A D E C I S I O N
SUPPORT MODELS
In any moment of decision,
the best thing you can do is
the right thing, the next best
thing is the wrong thing, and
the worst thing you can do is
nothing.
Theodore Roosevelt

Most real-world planning contexts are characterised by multiple,
noncommensurate, and often conflicting goals or objectives (Bogetoft
and Pruzan, 1997). A good tool for providing aid in rehabilitation
planning of urban infrastructure is the prioritisation of the infrastructures (Osman and Bainbridge, 2011). Multi-criteria decision making
(MCDM) can help operators to produce a preference ranking of their
systems in order to invest their capital efficiently, by supporting them
to make choices in cases with multiple and conflicting criteria taking
their preferences into consideration (Bogetoft and Pruzan, 1997).
Larger municipalities (>50,000 inhabitants) have normally a better
asset management and use software tools for prioritizing their rehabilitation projects. However, many municipalities still use the ’do not
fix it if it is not broken’ strategy (Younis and Knight, 2010a). This
is especially the case of small municipalities with limited data availability and insufficient inspections of their networks. There, mostly
expert knowledge or the experience of engineers are used in order to
define rehabilitation and replacement projects. The support of smaller municipalities making their prioritisation is important since the
majority of the infrastructure networks in the world serve populations of less than 100,000 (Alegre and Coelho, 2012). Furthermore,
their pipe length is longer based on the inhabitants. Moreover, if the
construction cost is smaller due to the smaller diameters, the specific
costs are still higher than for larger towns (Maurer et al., 2010).
Good decisions can best be reached when everyone included in the
process has a clear view of how the process will work and has acknowledged the procedure (Baker et al., 2001) and at the end is confident of their decisions (Løken, 2007). Multi-criteria decision-making
(MCDM) provides this systematic approach in combining different
inputs with benefit/cost information and decision-maker or stakeholder views to rank the alternatives (Kabir et al., 2014). Such a

The goal of multi-criteria decision
support models: Every decision
should be repeatable, reviewable,
revisable and easy to understand.
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decision-making process provides the following advantages (Baker
et al., 2001):
• Structure for approaching current and future complex problems;
• A rational view on the problems and rational ranking of the
possible solutions;
• Consistency and objectivity in the decision making process;
• Documentation of all the assumptions used, criteria, and values
used to make decisions for later review and for usage for future
problems;
• Every decision is repeatable, reviewable, revisable and easy to
understand.
Multi-criteria decision-making models used for planning infrastructure management are limited to give suggestions for infrastructure
managers about where and when rehabilitation works can be executed. The actual operational decisions for when, with whom, where
and how works are executed are taken by a variety of stakeholders.
Therefore, setting up the priority model by the various stakeholders
involved together creates a shared understanding of each others reasoning. This may be beneficial to integrated planning in the future.
The discussion should however lead to at least the recording of decisions and their reasons by the operating company (van Riel et al.,
2014) so as to evaluate existing plans and enhance future planning
processes. Political influence or operational decisions or legislation
(for example mandatory infiltration or the banning of a certain material) could be implemented using either socio-economic models (De
Haan et al., 2011) or by working closely with the decision makers and
implementing their decision at short notice. Finally, factors which derive from the operator’s experience, such as problems with the quality of workmanship in certain areas or similar cannot be grasped by
statistical means, the so called intuition (van Riel et al., 2014), could
be considered as well. Although these are complex concepts, they
could be used for a scenario analysis and a discussion basis for stakeholders and decision makers. What also has to be established is for
which purpose the decision support model is used. For the decision
about rehabilitation it is only viable if all information is available,
especially condition data. If no, or only patchy condition data is
available (visual inspection in sewers or failure recordings for water
supply) a final decision may not be taken but merely an prioritisation for inspection or further investigation of the area. paper i and
paper ii approached this shortcoming by first giving merely a prioritisation of areas and then applying a further decision step if data is
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or becomes available. A further step would then be the decision for
a certain rehabilitation method, as for example shown by Ochs (2012)
for sewers.
The last decades have intensified the interest in the application of
formalised decision-analytical tools, due to the complexity of problems as well as the higher availability of data (Huang et al., 2011).
Belton and Stewart (2002); Egger (2015); Løken (2007) categorized the
method into three schools:
• Value measurement models: a numerical score for each alternative is constructed. Furthermore, a weight w is assigned to each
criterion, which represents the importance of the criterion (e.g.
Weighted Sum Model, Analytic Hierarchy Process).
• Goal, aspiration and reference level models: these methods measure how good alternatives reach determined goals or aspirations (e.g. TOPSIS, VIKOR).
• Outranking models: these methods compare the alternatives
pairwise for each criterion, finding the strength of preferring
one over the other (e.g. ELECTRE, PROMETHEE).
Kabir et al. (2014) showed that in the field of water and wastewater
infrastructure the most used multi-criteria decision-making methods
were the following either exclusively used or in combination:
• Analytic Hierarchy Process (AHP) (used for estimation of weights
in paper i): A widely used approach for obtaining of preferences or weights of importance to the criteria and alternatives
for a variety of research fields. Al-Barqawi and Zayed (2008)
used it in combination with an artificial neural network to evaluate the performance of water mains. Birgani et al. (2014) and
Sabzi and King (2015) applied it to urban flood management
to determine the priority of flood vulnerable areas considering
the technical, social and environmental aspects. Lee et al. (2009)
and Yang et al. (2005) included it into a decision making support system for the rehabilitation planning of sewer systems and
Young et al. (2010) for the management of stormwater networks.
Furthermore, it is often used in combination with GIS for example for the landslide vulnerability of areas (Feizizadeh et al.,
2013) or forest fire risks (Feizizadeh et al., 2015). It was chosen
for the paper due to the well-known methodology, although it
requires substantive preparation and analysis in order to get the
decision factor weights.
• ELECTRE - ELimination Et Choix Traduisant la REalite: These
are a set of models including ELECTRE I, II, III, IV, A, IS and TRI
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(Kabir et al., 2014). They are often used in Europe (Kabir et al.,
2014) in the wake of the CARE-W (Sægrov, 2005) and CARES (Sægrov, 2006) projects. Baur and Herz (2006) and Carriço
et al. (2012) used it for thw rehabilitation planning of sewers
and Moura et al. (2006) as well as Martin et al. (2007) for urban
stormwater drainage management. Sabzi and King (2015) applied it to urban flood management. Haider et al. (2014) estimated performance indicators for small and medium sized water
utilities using this approach, while Le Gauffre et al. (2007) used
it for the rehabilitation management of water mains. Morais
and Almeida (2007) applied it to estimate the amount and place
of investments in water distribution networks and Trojan and
Morais (2012) for maintenance management.
• PROMETHEE - Preference Ranking Organisation METhod for
Enrichment Evaluations: These are also a family of models including PROMETHEE I, II, III, IV, V, VI, GDSS, TRI and CLUSTER
(Behzadian et al., 2010). This is seldom used in the field of rehabilitation management. Al-Rashdan et al. (1999) used it to
prioritise environmental projects in Jordan and to evaluate their
environmental impacts. Gervásio and da Silva (2012) showed
the comparative assessment of alternative infrastructures with
this method taking into account environmental, economical and
social criteria evaluated over the complete life-cycle applying
it to bridges. Behzadian et al. (2010) gives a good overview
over the application of the method in fields like environmental
management, hydrology and water management, business and
financial management, chemistry, logistics and transportation,
manufacturing and assembly, energy management, social and
other topics.
• Compromise programming (CP): It was introduced by Zeleny
(1973). It is a distance based method designed to identify solutions that are closest to an ideal solution by some distance measure. It is easy to use and easily understandable and gives good
performance when compared with more sophisticated methods
but it is also time consuming (Kabir et al., 2014). Dorini et al.
(2011) used it for sustainability assessment, mainly focusing on
uncertainties, and Abrishamchi et al. (2005) used it to select alternatives for water supply management, while Sabzi and King
(2015) applied it to urban flood management.
• Weighted sum models (WSM) or simple additive weighting (SAW)
(used in paper iii and paper ix): Weighted sum models are often used for single dimensional problems, as for example for
only one network with limited amount of data, providing good
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performance when compared with more sophisticated methods
(Kabir et al., 2014). In rehabilitation management this is seldom the case due to the large amount of data and influences,
hence it is seldom used alone but mainly in combination. Ochs
(2012) showed for example its application for sewer rehabilitation methods and Coutinho-Rodrigues et al. (2011) for the planning of urban infrastructures in general and Sabzi and King
(2015) applied it to urban flood management. In the above mentioned papers it was mainly used, due to its simple application
and due to the fact that a more complicated approach would
have required a higher data quality.
• TOPSIS - Technique for order of preference by similarity to
ideal solution: This method was developed by Hwang and Yoon
(1981). The main idea came from the concept of the compromise solution to choose the best alternative nearest to the positive
ideal solution (optimal solution) and farthest from the negative
ideal solution (inferior solution). Then, choosing the best one
at sorting, which will be the best alternative (Tzeng and Huang,
2011). The benefits are that the only judgments required are
weights, while relative distances depend on the weights and on
the range of alternatives themselves. The non-linear relationship between single dimension scores and distance ratios produces smoother tradeoffs (Huang et al., 2011), considering both
the positive and negative ideal solutions (Pires et al., 2011). A
weakness of the method is the need for vector normalisation for
multi-dimensional problems (Kabir et al., 2014). This method
is mainly used for strategic decisions, energy and sustainable
manufacturing problems (Huang et al., 2011). However Moura
et al. (2006) used an adapted approach to design stormwater
scenarios, Sabzi and King (2015) applied it to urban flood management and Coutinho-Rodrigues et al. (2011) to the planning
of urban infrastructures in general.
• VIKOR - Vlse Kriterijumska Optimizacija Kompromisno Resenje
(used in paper ii): This method was mainly used to evaluate
policy options and short- and longterm strategic planning for
water resources such as river basin, watershed and dams and
problems of structures such as multi-housing projects (Kabir et
al., 2014). Sabzi and King (2015) applied it to urban flood management and Milojković and Andrić (2009) used it for performance indicator evaluations of sewerage systems. It was used for
paper ii due to the applicability using attributes with different
units as well as the usage without the interactive participation
of decision makers.
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paper i uses a novel combined approach using AHP for the estimation of weights and then a weighted sum model with the implementation of economical and technical thresholds. This was applied for
the inter-network prioritization of street sections. paper ii uses a
revised VIKOR approach (Huang et al., 2009) for the same purpose.
paper iii and paper ix use a weighted sum model for a single network prioritization. Baker et al. (2001), Stone et al. (2002), Butler et
al. (2003), Kiker et al. (2005), Tzeng and Huang (2011), Dorini et al.
(2011), Huang et al. (2011), Ochs (2012), Kabir et al. (2014), Sabzi and
King (2015) and Egger (2015) give a good overview over the methods
and how to approach a decision problem. In the following sections a
short outline of the methods used in the papers and the most important for the field as mentioned by Kabir et al. (2014) is given.

5.1

Advantages: qualitative and
quantitative criteria can be used,
easy to explain to decision
makers. Disadvantages:
compensation effects between the
different criteria, time-consuming
for increasing number of criteria.

analytic hierarchy process

Saaty (1980) introduced this method to aid in the decision making
process by reducing complex decisions to a series of pairwise comparisons, and then synthesising the results. To apply it one needs a
hierarchic or a network structure to represent the problem and pairwise comparisons to establish relations within the structure (Saaty,
1987). Each element of the hierarchy is considered independent of all
of the rest and each other including the decision criteria and the alternatives (Kabir et al., 2014). The application can be described using
5 steps:
• Problem definition: A hierarchy is established including the
focus of the decision, the criteria and sub-criteria and the examined alternatives. The hierarchy should be complex enough
to capture the situation, but small enough to be sensitive to
changes (Saaty, 1987).
• Estimation of the values of each criterion for each alternative.
• Criteria weighting: In order to compute the weights for the different criteria, the AHP starts creating a m × m pairwise comparison matrix W, where m is the number of criteria. The
comparison rates, as introduced by Saaty (1980), range from
1, which means the two criteria are equally important, to 9,
which signifies that one is extremely more important than the
other. All pairwise comparison matrices are reciprocal (Sabzi
and King, 2015).
The next step is developing the weight vector which is accom−
plished by solving for the principal Eigen vector →
w of the matrix and then normalizing the result (Saaty, 1987). Care has to

5.1 analytic hierarchy process
be taken that the consistency of subjective perception is ensured
(Tzeng and Huang, 2011). Saaty (1980) suggested two indices
for this purpose - the consistency index (C.I.) and the consistency ratio (C.R.):
λmax − n
6 0.1
n−1
C.I.
C.R. =
6 0.1
R.I

C.I. =

λmax is the largest eigenvalue and n is the dimension of the
comparison matrix. R.I. is an average random consistency index
of a randomly generated reciprocal matrix (Saaty, 1987). Both
values should not exceed 0.1 for the matrix to be consistent.
• Estimation of the score matrix for the alternatives: The next step
is to set up matrices A(j) of paired comparisons of the alternatives for each criteria j = 1, . . . , n, using the estimated values of
step 2. For each matrix A(j) the approach of step 3 is applied
−
resulting in a score vector →
sj . These vectors are combined to
−
s1 . . . −
s→
obtain the score matrix S = →
n .
• Ranking the alternatives: We can obtain the vector of global
−
−
scores for the alternatives by →
a = S·→
w. Then sorting in a
descending order provides the global ranking.
The advantages of this method are the possibility to use qualitative
and quantitative criteria, the ordered fashion of the decision making which allows a good traceability of the decision and the quality
assurance given by the consistency indices. The disadvantages are
certainly the loss of information due to the compensation between
the different criteria (Macharis et al., 2004) and the, depending on the
number of criteria and alternatives, complex and time-consuming implementation (Kabir et al., 2014).
As an example, the application of this method to estimate the
weights (as done in paper i) of three influencing factors (condition,
importance and economics) for the prioritisation of a sewer system
is shown using the data of Egger (2015). For the estimation expert
knowledge was used giving a comparison matrix of the three criteria
(see table 9).
Table 9: Comparison of the criteria according to the AHP scale (Egger, 2015)

Kl

Condition

Importance

Economics

Condition
Importance
Economics

1
1/5
1/7

5
1
1/3

7
3
1
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Using the quantification from table 9 in matrix A, the maximal
eigenvalue λmax and the comparative weights wl can be determined:



1
5 7
A = 1/5 1 3
1/7 1/3 1


 
0.731
9.025
wl = 2.327 = 0.188
0.081
1.000


(A − nI)w = 0

⇒

λmax = 3.065

⇒

When calculating the consistency index (C.I.) and consistency ration (C.R.), it can be seen that the value does not extend the suggested
one of 0.100. This indicates that the quantified judgements between
the criteria are consistent and the result is therefore reliable:
C.I. = 0.032

⇒

C.R. = 0.056 6 0.100

The so estimated weights can then be used for prioritisation. This
simple example taken from Egger (2015) shows the possibilities of
this method to prioritise in a simple way different influencing factors.
In its simplicity it is easy to explain to decision makers and can therefore be a powerful tool. However, it needs to be well prepared with
quality and validity checks (done by double questioning) for the information taken by the experts, due to the fact that it is only sensibly
applicable when exact and total information is collected (Pires et al.,
2011). Egger (2015) for example had to discard some of the expert
knowledge due to the inconsistency of the given information. Furthermore, this example also shows the main weakness of the method.
While for small amounts of influencing factors it is easy to apply, the
more factors used the more complicated it gets.

5.2
Advantages: simple and well
known method. Disadvantages:
compensation effects between the
different criteria, normalisation is
required to solve
multi-dimensional problems.

weighted sum model

The weighted sum model is a simple and well known method for
ranking alternatives introduced first by Churchman et al. (1954). The
objective function for alternatives can be represented and compared
with each other as a linear combination of weighted criteria (Sabzi
Pj=1
and King, 2015) in the form of pi =
m wj · rij , where pi is the
performance value of the ith alternative; wj denotes the weights of
the jth criterion; rij is the normalised preferred ratings (depending if
the criteria is a benefit or cost one) of the ith alternative with respect
to the jth criterion and the criteria are assumed to be independent of
each other (Tzeng and Huang, 2011). The estimation of the weights
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can either be achieved by using the methodology of AHP, by simple
pairwise comparison (Ochs, 2012) or by using expert knowledge. Normalisation is required to solve multi-dimensional problems which can
be considered as a weakness of the method Pires et al. (2011). Furthermore, compensation effects between the different criteria can be
observed. Sabzi and King (2015) found out however that it produces
similar final ranks as other more sophisticated problems and can be
used due to its easy application as a control for other methods.

5.3

electre

ELECTRE is a family of outranking methods consisting of 7 different
models derived from the original ELECTRE I (Benayoun et al., 1966).
The shortcomings of ELECTRE I are that it can only find the kernel
solution and cannot rank the order among alternatives and since the
final results are varied with the vote threshold, how to determine the
appropriate threshold remains unknown (Tzeng and Huang, 2011).
The most commonly used variation of this method is ELECTRE III
(Kabir et al., 2014), developed by Roy (1978). This is the method I will
outline here (Belton and Stewart, 2002; Buchanan and Vanderpooten,
2007; Solecka, 2014; Tzeng and Huang, 2011):
• Construction of assessment matrix and definition of decision
makers preferences: The first step is defining a consistent criteria family G assessing the alternative set A. Next, the decision makers preference model is built by determining indifference qi , preference pi and veto vi thresholds as well as criteria
weight indexes wi . Those thresholds determine the preferences
range between the alternatives. For alternatives a, b ∈ A in
the case of gi (a) > gi (b) the two alternatives are considered
equivalent if gi (b) < gi (a) < gi (b) + qi (gi (b)), alternative
a is weakly preferred if gi (b) + qi (gi (b)) < gi (a) < gi (b) +
pi (gi (b)), strongly preferred if gi (a) > gi (b) + pi (gi (b)) and
incomparable if gi (a) > gi (b) + vi (gi (b)).
• Building the outranking relations: For each ordered pair (a, b) ∈
A the concordance index C(a, b) and a discordance index for
each criterion di (a, b) is estimated. The concordance index is
defined as
Pm
wi · Ci (a, b)
C(a, b) = i=1Pm
i=1 wi
where Ci (a, b) is the outranking degree of alternative a and
alternative b under criterion i. It is defined as

Advantages: applicable even with
missing information, no
compensation effects.
Disadvantages: time consuming,
complex application, insecurity of
reaching the preferred alternative.
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Ci (a, b) =

0 if gi (b) − gi (a) > pi (gi (a))
1 if gi (b) − gi (a) 6 qi (gi (a))

with linear interpolation between this thresholds. The discordance index is defined as

di (a, b) =

0 if gi (b) − gi (a) 6 pi (gi (a))
1 if gi (b) − gi (a) > vi (gi (a))

with linear interpolation between these thresholds.
Finally, the degree of outranking is defined by:

S(a, b) =

C(a, b) if ∀j∈J(a,b) dj (a, b) 6 C(a, b)
Q
1−dj (a,b)
otherwise
C(a, b) j∈J(a,b) 1−C(a,b)

where J(a, b) is the set of criteria for which dj (a, b) > C(a, b).
• Application of the outranking relations: At this stage, two complete pre-rankings are obtained from either a descending (Z1 )
or ascending (Z2 ) distillation process. The algorithm is based
on the determination of value λ = max S(a, b) and the cut-off
threshold s(λ). Only the alternatives are analyzed for which
S( a, b) are sufficiently close to λ, determined by the result of
λ − s(λ). The qualification coefficient kw is determined for objects which satisfy this relation. It is defined for each alternative by the difference between the number of alternatives to
which it is preferred and the number of alternatives to which
are preferred to it. The alternative with the highest qualification index is ranked first in the descending pre-order. In further order, from among the remaining variants the best one is
selected again and it is placed on the subsequent rank in the
classification. The procedure is repeated until the variant set is
exhausted. The ascending order is obtained analogically, ranking the alternative with the worst qualification index first. The
final order can be obtained after the downward order and upward order are averaged:
Z=

Z1 + Z2
2

The main disadvantage is it is time consuming and its complex
application and the insecurity of reaching the preferred alternative (Pires et al., 2011). On the other hand it can be applied
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even with missing information and can take into account uncertainties (Kabir et al., 2014) and even when there are incomparable alternatives (Pires et al., 2011). Another main advantage of ELECTRE III is it is non-compensatory by using a veto
threshold ν. That means, that a bad score on one particular
criterion cannot be compensated by some good scores on other
criteria (Buchanan and Vanderpooten, 2007).

5.4

promethee

The PROMETHEE family of outranking methods, including the initial PROMETHEE I method were introduced by Brans (1982). It is Advantages: applicable even with
based on the comparison of alternatives considering the deviations missing information, no
that alternatives show according to each criterion, using positive and normalisation necessary.
Disadvantages: time consuming,
negative preference flows for each alternative to generate rankings in rank reversal problem.
relation to decision weights (Kabir et al., 2014). Here I will outline the
PROMETHEE II method, due to the fact that it is fundamental to be
able to implement the other PROMETHEE methods and the majority
of researchers have refered to this version (Behzadian et al., 2010). Behzadian et al. (2010) and Tzeng and Huang (2011) define four steps
for this method:
• Determination of deviations using pair-wise comparison: The
first step is defining a consistent criteria family G assessing the
alternative set A = [a, b, . . . , n].
dj (a, b) = gj (a) − gj (b)
estimates the differences between the two alternatives for each
criterion.
• Application of the preference function: The preference function
translates the difference between the evaluations obtained by
two alternatives into a preference degree ranging from zero
to one. Six basic function types were proposed by Brans and
Vincke (1985), which can be used particularly easily. For each
criterion, the value of an indifference threshold q, the value of
a strict preference threshold p and the value of a well-known
parameter directly connected with the standard deviation of a
normal distribution σ have to be set. The preference of alternative a to alternative b for each criterion can therefore be expressed as:
Pj (a, b) = Fj [dj (a, b)]

j = 1, . . . , k
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• Calculation of an overall preference index: This index is in fact
the weighted sum over the preference for each criterion:

π(a, b) =

k
X

Pj (a, b) · wi

∀a, b ∈ A

j=1

The overall preference index gives the intensity of preference of
the decision maker for a over b, all criteria being considered.
• Estimation of the outranking flows: In order to evaluate the
alternatives three flows are defined: the leaving flow φ+ (a), the
entering flow φ− (a) and the net flow φ(a).
X
1
·
π(a, x)
n−1
x∈A
X
1
φ− (a) =
·
π(x, a)
n−1
φ+ (a) =

+

x∈A
−

φ(a) = φ (a) − φ (a)

The higher the leaving flow and the lower the entering flow,
the better the alternative. The indifference case in this method
between two actions only occurs when the corresponding flows
are strictly equal.
The main advantage of this method is the fact that it allows for
the direct operation on the variables included in the decision matrix, without requiring any normalisation and is applicable even when
there is information missing (Pires et al., 2011). However, it can be
time consuming and difficult to keep an overview over the problem
when a lot of criteria are involved (Kabir et al., 2014). Furthermore, it
is possible that the rank reversal problem occurs, which means that,
in some cases, the ranking of the alternatives can be reversed when a
new alternative is introduced (Macharis et al., 2004).

5.5
Advantages: decision-maker does
not have to be able, or know how
to express preferences at the
beginning. Disadvantages: linear
normalisation necessary.

vikor

This method was first introduced by Opricovic (1998). It determines the compromise ranking-list, the compromise solution, and the
weight stability intervals for preference stability of the compromise solution obtained with the initial weights (Opricovic and Tzeng,
2004). It focuses on ranking and selecting from a set of alternatives in
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the presence of conflicting criteria, based on a particular measure of
"closeness" to the "ideal" solution (Opricovic, 1998). Therefore it determines a compromise solution that could be accepted by decisionmakers (Kabir, 2014). Huang et al. (2009) improved the algorithm by
altering the maximum group utility and minimum individual regret
of the opponent functions. The revised algorithm was however described already in paper ii and therefore the original method is outlined here. It has the following steps (Huang et al., 2009; Opricovic
and Tzeng, 2004; Tzeng and Huang, 2011):
• Determine the best f∗i and the worst value f−
i for all criteria
i = 1, . . . , n
• Compute the maximum group utility Sj and the minimum individual regret of the opponent Rj for all alternatives j = 1, . . . , J
using the weights of the different criteria wi in the relations:

Sj =

n
X
wi · (f∗ − fij )
i

i=1

f∗i − f−
i

Rj = max
i

wi · (f∗i − fij )
f∗i − f−
i

• Estimate the synthesised index Qi introducing the weight of the
strategy of the "majority of the criteria" ν with the equation:

Qj = ν ·

Rj − minj Sj
Sj − minj Sj
+ (1 − ν) ·
maxj Sj − minj Sj
maxj Rj − minj Rj

• Sort by the values S, R and Q establishing three ranking lists.
• Compromise solution: Use the ranking list of Q and examine
the alternative, which is ranked best (a 0 ). a 0 can be proposed
as a solution if two conditions are satisfied. Firstly Q(a") −
1
Q(a 0 ) > J−1
with a" being the next best solution and J the total
number of alternatives. Second Alternative a 0 must also be the
best ranked by S or/and R.
If only the second condition is not fulfilled alternatives a 0 and
a" are proposed as compromise solutions. If both conditions
are not fulfilled the alternatives a 0 , a", . . . , aM are proposed as
1
.
long as Q(aM ) − Q(a 0 ) < J−1
The application of this methodology in case study 3 can be seen
in paper ii. It can be used in terms of infrastructure for the ranking of priorities for the different networks as well as an integrated
ranking of all observed networks, for example in figure 53. It shows
the prioritisation of street sections for further decisions, about either

99

100

multi-criteria decision support models
rehabilitating all networks at once, individual networks, further inspections and so on, using the VIKOR approach for case study 3 as
described in paper ii.

Figure 53: Total ranking of street sections using the integrated approach
with a VIKOR decision support system for case study 3 using
the data of paper ii

The main advantages are that the decision-maker does not have to
be able, or know how to express preferences at the beginning of the
system design (Huang et al., 2009) and it can be performed without
interactive participation of decision-makers because of the determination of the weight stability intervals (Opricovic, 1998; Tzeng and
Huang, 2011). A weakness of the method is the necessary linear normalisation to solve multidimensional problems (Kabir et al., 2014).

5.6

comparison of methods

Sabzi and King (2015) showed that different methods of different complexity can produce comparable results. Similar results were obtained
by Egger (2015) (see figure 54), who estimated however a wider variety of results depending on the method used. This can be on the one
hand explained by the different amount of possible ranks (8 for Sabzi
and King (2015) to 96 for Egger (2015)) and on the other hand it un-

5.6 comparison of methods
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derlines the difficulties in weighting of different influences as well as
the estimation of thresholds.

Figure 54: Total ranking of street sections using the integrated approach
with a various decision support systems for case study 3 using
the data of Egger (2015)

Due to the fact that weighting is a major influence on the decision
support models extra care has to be taken in estimating them. That
starts with the plausibility checks of the answers, for example by using two levels of specificity in a questionnaire for the same question
to check for differences, also including the approach using fuzzy sets
(Tzeng and Huang, 2013) and ranges to sensitivity analysis of the results (Triantaphyllou and Sánchez, 1997). Therefore the weights are
varied to estimate the robustness of the decision. Either until the results given by the initial set of weights are altered, all other weights
being kept constant (Mareschal, 1988) or by using a Monte-Carlo approach for sampling of different weights under the condition that the
sum of weights has to be 1. A simple approach is looking at the differences when all weights have the same value (Ochs, 2012).
Another issue is which method provides the ’right’ result or rather a
transparent and comprehensible result (due to the fact that a ’right’
result does not exist), which is even more important. This is given
by all the methods used, although different methods work in different ways and give different results (Løken, 2007), since the results
and also differences between the methods are always comprehensible. With limited data, it was seen that simple methods such as the
AHP gave results similar to the ones obtained with the complex out-

All methods provide a
transparent and comprehensible
result. Understanding and right
application the chosen method is
more important than complexity.
Applying sensitivity analysis and
various methods increases the
reliability of the results.
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ranking method PROMETHEE. Obviously, the main advantage of the
AHP (and also WSM) is that these are simple and quickly understood
methods, also for people who are not familiar with the multi-criteria
decision support methods. Therefore, in some cases, it would be rational to use one of the simplest methods (Egger, 2015; Sabzi and
King, 2015). However, to check for consistency and increase the reliability of the results the application of several methods is encouraged
(Cheng et al., 2002).

6

A DA P TAT I O N I N T H E C O U R S E
O F R E H A B I L I TAT I O N
Science always has its origin
in the adaptation of thought
to some definite field of
experience.
Ernst Mach

As structures in urban water management have long life expectancies, today’s existing systems are strongly influenced by historical
decisions and implementations. That means that we are operating
systems, designed using methods and guidelines from the past (sometimes 100 years old and more - see paper viii) to face the challenges
of the future. To do this adaptations are necessary and in the same
way that these historical decision influence our current network, current decisions will have a long-term impact on the future systems.
Furthermore, the adaptations have in-built resilience to face future uncertainties and challenges (Wong and Brown, 2009). To test different
adaptation strategies various models exist (for an overview see Bach
et al. (2014) and Urich and Rauch (2014)), but the link between adaptation and rehabilitation is still seldom addressed. An exception is the
approach of Zischg et al. (2015) who investigated the performance development of a water distribution system during city transformation
linking it with rehabilitation measures. It was shown that by the application of appropriate rehabilitation measures during the network
transition, the partially insufficient minimum pressure performances
are enhanced significantly. paper ix investigated if it is possible to
combine rehabilitation and adaptation measures and therefore also
to demonstrate the applicability of the prioritisation model, thereby
addressing two main challenges for our infrastructure, using the example of case study 1. This was done by combining four influences:

Rehabilitation can participate in
the adaptation. However, careful
planning and decision making is
necessary before we lay down our
systems for the next period of 100
years.

• The influence of climate change on the rainfall intensity using a
climate change factor as proposed by Arnbjerg-Nielsen (2012).
• The influence of urban development on the impervious area
as well as the influence on adjacent construction sites using an
urban development model (Mikovits et al., 2014, 2015).
• The influences of rehabilitation planning using a weighted sum
priority model including a logistic deterioration model, a vulnerability estimation using the Achilles approach (Möderl, 2009;
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Möderl et al., 2009) as well as the importance of affected streets
(also seen in paper i and paper iii).
• The influence of the different measures - open cut, sliplining
and Cured-in-place pipes (CIPP) - on the hydraulic behavior of
the sewer network.
paper ix shows that the necessary rehabilitation of the existing
network can contribute to a certain amount (around 5 - 10% decrease
in flooding volume) in the adaptation to the changing environment.
Therefore different scenarios were observed with different rehabilitation rates varying from 0.5% to 2%. Variations could be observed
between different rehabilitation techniques. A limiting factor here
was the limitation on a maximum diameter enlargement of 100mm.
Moreover, instead of the hydraulic condition used for this pipe enlargement as being conditional to the used type of design storm a
more universal approach, for example hydraulic condition states as
defined by Arbeitshilfen Abwasser 2004/242/D (2012) or ÖWAV-RB
22 (2015) (shown in figure 55) could be applied.

Figure 55: Hydraulic condition states following ÖWAV-RB 22 (2015) for the
sewer system of case study 1

The differentiation defined is however too diverse, due to the fact
that 3 condition states would be sufficient. The differentiation for example between condition state 4 and 5, differentiating between the

adaptation in the course of rehabilitation
possibility of diverting the flooded volume without damage to the
surrounding structures, proves difficult with a hydrodynamic model
without explicit flooding simulation (e.g. 1D-2D models). However, this needs an extensive data elicitation not only in terms of the
volume leaving the sewer system, but information about flood paths
and depths as well as information about buildings and other structures. At the same time this increases the difficulty in creating the
model and the computational time Leandro et al. (2009). Also the differentiation between hydraulic function is fully given (condition state
1), is given (2) and is limited (3) could be simplified to 2 condition
states.
Another important parameter that is considered are the costs of the
different scenarios (Tscheikner-Gratl et al., 2014b). In figure 56 we see
the total yearly construction costs for different rehabilitation methods (using costs by Zhao and Rajani (2002)) at different rehabilitation
rates. What we can see is that, using a fixed rehabilitation rate, can
produce a wide range of costs due to the different prices for the rehabilitation of different diameters. The open cut method is by far the
most expensive one with nearly double the costs of the other two.

Figure 56: Yearly total costs of the different rehabilitation methods for different rehabilitation rates (Tscheikner-Gratl et al., 2014b)

If we assume however a different life expectancy for the different
methods, as given by expert knowledge (Berger and Falk, 2011) (in
our case 100 years for the open cut method and 50 for the other
two), the picture changes (Figure 57) and in some years the open
cut method is the most cost effective method. Therefore the usage
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of the different rehabilitation methods should be carefully planned
(Ochs, 2012; Wolf, 2006).
The approaches of paper ix and Zischg et al. (2015) are only a first
rough estimation of the possibilities offered by implementing the necessary rehabilitation methods into the adaptation plans of our urban
water infrastructure. It can be seen that for the urban drainage system
the possibilities are somewhat limited and the need for adaptation
measures could overpass the need for rehabilitation measures. The
possible flooding reduction could however be increased by coordinated measures together with decentralised solutions (Ahmed et al.,
2015; Barbosa et al., 2012; Kleidorfer et al., 2009; Lerer et al., 2015;
Matzinger et al., 2014; Mitchell, 2006; Sitzenfrei and Rauch, 2014;
Smith, 2009; Wade et al., 2014; Yang and Li, 2013). The solutions
themselves are known and studied but the interactions, possible synergies in terms of rehabilitation management and economic planning
however are topics for further research. The approach must be flexible and multidisciplinary, and consider legal, economic, social and
environmental aspects, among many others (Barbosa et al., 2012).

Figure 57: Costs of the different rehabilitation methods for different rehabilitation rates applied for different depreciation times (TscheiknerGratl et al., 2014b)

7

CONCLUSION, DISCUSSION
AND OUTLOOK
Reasoning draws a
conclusion, but does not
make the conclusion certain,
unless the mind discovers it
by the path of experience.
Roger Bacon

7.1

conclusion

This dissertation and the included papers show the possibility of
an integrated approach for rehabilitation management crossing the
boundaries of individual networks, its problems and application in
different case studies. After introducing the legal basis the most important ideas and terminology of integrated rehabilitation management were discussed giving reference to the state-of-the-art methods
in this field. The data problematic, which hampers the application of
models for small and medium sized municipalities, was highlighted
using 3 case studies of different sizes and quality. Furthermore, optimal and minimal data requirements for the application of the mentioned models and recommendations for future data management
(see chapter 3) were given. This work used these inputs to develop
approaches for data reconstruction and the estimation of the necessary rehabilitation rates using limited data availability. Moreover, the
available models regarding deterioration and decision support and
literature review on their application were given. The most used
models were applied to the case studies and implemented in decision
support models depending on the data quality and availability. This
ranged from a simple weighted sum model, a VIKOR approach to
a novel three-step methodology for the integrated prioritisation of
different infrastructure networks used in a real case study. This methodology for the integrated prioritisation of the different infrastructure
networks used in real case studies aims to rank, and thereby prioritise, areas for rehabilitation of the different networks if economically
viable or for single networks if not. It is an easy to use rehabilitation
management procedure for small and medium sized municipalities.
It is adjusted to the main problems for small operators - missing or

Three main points: Data
management, integrated
multi-utility approach for
rehabilitation, rehabilitation and
adapation.
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only just begun data management and therefore bad or at best mediocre data quality. Furthermore, the simple and modular setup of
the methodology enables the usage without extensive programming
skills and provides the possibility of adding further information and
networks. Finally by applying the established method for the sewer
system of a case study the possible contribution of rehabilitation
measures to the necessary adaptation to changing environment conditions was estimated. Figure 58 sums up the methodology of this
work, pointing out the parts where existing methods were enhanced
or new methods were applied.
Starting with the actual input data (in this work from 3 case studies
and different networks), the methodology requires first a plausibility, validity and completeness test of the data. If the data does not
have the sufficient quality a data reconstruction method (paper vi)
is applied. The reconstructed data is tested again if it suffices the
requirements of at least the necessary quality for the simplified approach. If not, data mining is necessary using either historical data
(paper viii) or in situ data collection. If the data quality is sufficient,
it can be used for deterioration modeling, vulnerability and hydraulic
assessment (for urban water infrastructure). The results of these assessments, or if the data has less quality of the simplified approach
(paper ii), are introduced into decision support frameworks together
with data from adjacent networks (e.g. street and gas networks) and
environmental influences (e.g. Urban development). The known decision support models are used in a three step decision approach (paper i and paper ii) - (1) the prioritization of the individual networks
starting with pipe sections and then for predefined street sections;
(2) the multi-utility prioritisation of street sections using the results
of step 1 and finally (3) to counter weaknesses of multi-criteria decision making technical and economical thresholds are introduced to
establish a final ranking of street sections. This ranking shows the
importance of a street section in terms of rehabilitation in comparison to the rest of the observation area. It is therefore a guide where
to look first - the actual operational decisions for when, with whom,
where and how works are executed are taken then by a variety of
stakeholders. The environmental influences (e.g. urban development
and climate change) are the drivers of adaptation of urban water infrastructure and are implemented using the mutual influencing of
adaptation and rehabilitation (paper ix).

7.1 conclusion

Figure 58: Methodology of this work - in the colored topics methods were
developed or enhanced

To conclude three main points can be distilled from the work:
• The importance of data management;
• The importance and advantages of network spanning rehabilitation management;
• The possibilities to use rehabilitation as a chance in the adaptation process.
Data management is one of the main problems in rehabilitation
management, as was shown in this thesis. All of the models used
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are just as good as the implemented data. It is important to advocate
the creation of pipe information systems for all of our networks, but
as well to encourage their maintenance, quality assurance and data
exchange with other infrastructure and data sources. Open data in
general and especially open government data, which is starting to
be bigger topic at the moment, can be a big contribution to the information gathering for our models. Furthermore, the way forward
from this data to models for infrastructure performance (e.g. hydrodynamic models for sewer) is a small one and should be followed.
Moreover, a novel method for data validation and data reconstruction instead of mere extrapolation was introduced, together with a
historical study about one case study. Finally minimal data requirements were formulated for the applied models.
Integrated rehabilitation management is an approach for understanding our infrastructure as an interconnected system. In times of limited budgets the importance of even small savings created by consultation, coordination and the cooperation of different operators of
different networks, especially when they are all publicly owned, cannot be stressed enough. Furthermore, the possibility of minimising
disturbances to other networks (e.g. public transport) could help to
maintain a good public image for the operating companies. Of course
the rehabilitation of networks at the same time is not always technically or economically viable, however, the testing of this viability is
still necessary. The usage of models of different complexity for different problems to enable a repeatable, reviewable, revisable and easy to
understand decision making process that can be defended under the
perspective of these factors against the public opinion, the different
stakeholders and the decision makers, was shown. This methodology
for the integrated prioritisation of different infrastructure networks
used in a real case studies aims to rank, and thereby prioritise, areas
for rehabilitation. This is also important in respect to the observed
clustering of failures in certain areas of the network.
Rehabilitation and adaptation form the main influences on our infrastructure networks: the maintenance, repair and replacement of
our existing infrastructure under the influences of an ever changing
environment. The necessary rehabilitation of an existing network can
contribute, to a certain amount, to adapting to a changing environment. But even this small amount should be exploited due to the
fact that the rehabilitation has to be carried out anyway and a smaller
amount of accompanying measures (e.g. infiltration) has to be constructed and budgeted for. Furthermore, it is important to implement
rehabilitation into the examination of future scenarios so as to be able
to exploit the possible contributions.

7.2 discussion and outlook

7.2
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I want to start the outlook on future research with a vision: the transparent infrastructure. This means an open available data-set for each
municipality ranging from the smallest to the largest. This would include the data of all infrastructures and all of the different influencing
factors and inter-dependencies. Furthermore, all of these infrastructures are monitored and controlled using calibrated and validated
state-of the art models and sensors. The open availability of the date
would allow for a comparison between the operators and therefore
an interchange of experiences concerning problems and solutions. It
would permit the operators of the individual network to operate,
maintain and rehabilitate them in an optimal way. This would at
the same time enable cooperation with other operators, which are
interdependent, to manage the whole infrastructure of a city as a holistic body and find the "best" solutions for occurring problems that
may they derive from rehabilitation needs or other influences, which
means in this case:
• Maintaining the best possible service quality;
• Minimising infrastructure failures;
• Minimising costs for maintenance and rehabilitation;
• Minimising the disturbance on adjacent infrastructure and the
inhabitants.
If we compare this vision to our actual situation we can see the
needs for future research as well as for promotion of these ideas. A
first important step would be, in the field of urban water infrastructure, the finalisation of a pipe information system for all municipalities, using the available regulations.
This thesis gives some insight into the actual data quality of such
pipe information systems and offers ways to deal with the shortcomings. However, it would be advisable to focus future research on
the inter-dependencies of infrastructure not only in terms of rehabilitation. Municipal infrastructure is interconnected and so should the
decision making processes of the operators be. Research should try to
point out these interconnections by interconnecting itself using different areas of expertise: engineering for the technical challenges of the
individual networks, economy due to the limitations of budget, legal
for the different legislation available as well as for the propositions
of new ones, geography for the geographical interconnections which
are very important for risk assessment, informatics for the handling
of different data sources and providing computer sustained modeling, social sciences because of the effects of changing infrastructure

The main point of future research
should be the finding, valuing,
weighing and implementing of
further influences and
interdependencies into our idea of
rehabilitation management.
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on the inhabitants as well as the changing effect of inhabitants on the
infrastructure. A result could be the necessary data set for addressing
all of these challenges.
Of interest in this aspect is the denomination of trigger functions
for rehabilitation works. When does the rehabilitation of the street
surface trigger rehabilitation of underlying infrastructure or is it the
other way round? Is this trigger the same for every municipality or
does it depend on the size? It could be that in smaller municipalities the temptation to rehabilitate altogether is higher than in larger
ones, where the operator is maybe not the municipality itself. A
study about the economic viability of this approach in comparison
to a integrated rehabilitation management system would be interesting, maybe resulting in a threshold until which size of municipality
which approach is more viable. On the other hand small municipalities could also then maybe profit from unifying the rehabilitation
management under the roof of an existing water or waste water association including several municipalities as it is often done for the
wastewater treatment plants. Additionally, the economic effects of
the integrated approach should be pointed out more clearly. As seen
in this thesis the beneficial effects can be assumed, however only a
few studies exist on this topic.
In general the economic and organisational side of this topic should
be elaborated in following studies. The necessary data management
needs a lot of financial investment. The question arises until which
size is this investment really justifiable and how high is the willingness of the public to pay for it. Moreover it has to be discussed if it
could be paid by adapting water and wastewater prices or from other
sources. Different organisational possibilities exist ranging from outsourcing to an engineering company to doing it yourself with existing or newly employed personnel. All of these questions have to
addressed for the different scales of operators and for the different
starting points. A small operator without data and experience in
data management and rehabilitation management could be better off
using an external consultant, while a large operator could maybe employ experts.
Another important topic is to do with the technical changes. The
widespread usage of trenchless rehabilitation techniques for sewers
and water distribution pipes offer new possibilities. These are however seldom implemented into our models. Mainly for deterioration
modeling no approaches exist until now, except of treating them as
normal pipes or using expert opinion. This means mostly applying
a lower life expectancy for them. If this is reasonable, for a technical solid application of these practices for example of inlining on a
structural solid pipe, is questionable and should be studied more in
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detail.
Another seldom addressed challenge is the fact that in general we
only examine a part of our network by ignoring the house connections. These connections form however a large part of our networks.
Damages occurring there affect our networks. The main problem (at
least in Austria) is the different legislation in the different regions. In
this thesis it could be seen that house connection have a higher failure
rate in our case studies for water supply. This can be explained to a
certain extent by poorer workmanship, however a closer look at this
problem, regarding all of the networks would be interesting. Additionally, an application of a deterioration model on house connections
alone is shown in this work, but it is one of few existing approaches
in this area.
For deterioration a lot of models exist, as shown in this thesis. However the practical application lags behind the manifold approaches.
Especially smaller and medium sized operators are skeptical about
the usefulness of these models. Moreover, if models are compared
to the operators experience differences occur with respect of influencing factors and the expected technical design life. Therefore an
evaluation of the models should be made, discussed with the operators and a platform for experiences with these approaches including
their shortcomings and data demand should be established. Furthermore, an enhancement of models using a generic network generator
to replace unknown historical network growth, which is one problem for deterioration models (e.g. cohort survival models) could be
applied. Additionally, approaches using expert knowledge as substitute for fragmentary data can be applied, including a discussion
on how far expert knowledge is already biased by existing models
and the already occurred failures neglecting the working parts of the
network. Furthermore, a discussion, especially for the sewer network,
about dividing the models into the four types of condition - hydraulic,
structural, environmental and operational - and about which failures
really contribute to a model and which are caused by external influences. A lot of the statistical models at the moment are more of an
estimation of failure risk, including the possibility of third party damages but at the same time not using any recordings of the adjacent
construction sites and/or changes in land use or traffic development
on the surface, than really exact models of an aging process. Therefore increased research in the processes and on the influences of these
aging processes and by applying more, evaluating and enhancing the
physical models could give further insights.
The methodology shown in the annexed papers for prioritisation has
focused on street sections as containers for several networks. The
four networks implemented (road, water, gas, sewer) are not the only
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existing ones. An extension of the model on district heating, electrical
and telecommunication and so on should be the next step. However
the necessary models could change and their implementation has to
be thought of. Furthermore, the street section, which was chosen due
to the fact of failure clustering, may not be the best solution. Other
approaches should be tested using either defined areas or the pipe
level using influencing areas for each pipe.
Rehabilitation aims for the optimum network condition - but what is
this in an integrated approach? Performance indicators for this question are necessary, including not only technical but also economical,
social and political values due to the fact that decisions for rehabilitation are taken by a variety of stakeholders. Using decision support
models (as explained in this work) can only produce a good output
when including a lot of decision makers. They could be used for scenario analysis and as a basis for discussion for the stakeholders and decision makers. A higher interaction with operators but also with other
decision makers exploring their intentions and motivations, maybe
using socioeconomic approaches, could achieve substantial improvements of our models which are often limited to technical reasoning.
Any model for infrastructure management and planning however is
limited to give suggestions for infrastructure managers about where
and when rehabilitation works can be executed.
So finally the future research can be summarised into these questions:
• What are further (other than already addressed in this thesis) interdependencies between the different infrastructures and other
influences and how important are they for rehabilitation management? How can they help to explain phenomena like the
clustering of pipe bursts?
• Which approaches for rehabilitation management are economically, socially and politically the most viable for which size of
applier?
• What is the least expensive and least complicated way to collect
the necessary data?
• What are the performance indicators for the optimum infrastructure performance in an integrated view? Are the existing
indicators for the individual networks feasible for an integrated
view of infrastructure?
• Is it possible to find an applicable physical deterioration model
instead of the statistical ones?
• How can our models be enhanced so that they find more application in engineering practice?
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• What is an integrated economic view for integrated rehabilitation management? Does the need for an interdisciplinary multiutility life cycle assessment of our infrastructure arise? Could
reclaiming older pipes be more economic in terms of resources
(e.g. recycling of metals) than trenchless methods?
• How far can the decision process in rehabilitation management
be modeled and what are the intentions and motivations of the
involved stakeholders?
• How important are the different factors and stakeholders in the
decision making process and how can they be weighted?
• How and how far can rehabilitation assist in the adaptation of
our infrastructure to future challenges (not only for the sewer
systems which were addressed in this work)? Is the rehabilitation of our networks overtaken by the need to adapt to a
changing environment?
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2012 “A multi-objective optimisation model for sewer rehabilitation considering critical risk of failure”, Water Science & Technology, 66 (11), pp. 2410–2417, issn: 0273-1223, doi: 10.2166/
wst.2012.393.
Water Framework Directive 2000/60/EC
2000 Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a framework for Community
action in the field of water policy, OJL 327, http : / / eur - lex .
europa.eu.
Weber, Karl and Michael Obermeier
2012 Rechtliche Grundlagen und Haftungsfragen in der Siedlungswasserwirtschaft, Forum Umwelttechnik und Wasserbau, iup, Innsbruck, vol. 12, isbn: 978-3902811-48-6.
Wildt, Stefan
2013 “Tirol im Fokus: Ergebnisse der Investitionskostenerhebung
2012”, in ÖWAV - Seminar: Sanierung und Anpassung von Entwässerungsmaßnahmen, ed. by Wolfgang Rauch, Österreichischer Wasser- und Abfallwirtschaftsverband, isbn: 978-3-90281066-3.
Willi, Anton, Josef Hörnler and Markus Federspiel
1992 Zustand der Tiroler Abwasserkanäle, ed. by Erich Wenzl, Amt der Tiroler Landesregierung Abteilung IIIg, Innsbruck, Austria.
Wolf, Martin
2006 Untersuchungen zu Sanierungsstrategien von Abwasserkanalnetzen und deren Auswirkungen auf Wertentwicklung und Abwassergebühren, Mitteilungen / Institut für Wasserwesen, OldenbourgIndustrieverlag, Munich, Germany, vol. 95, isbn: 3-8356-31179.
Wolf, Martin, Stefan Braunschmidt, Thomas Rabe and Klaus-Jochen
Sympher
2005 KANSAS Verbundvorhaben - Entwicklung einer ganzheitlichen
Kanalsanierungsstrategie für Stadtentwässerungsnetze Deutschlands: Leitfaden, Förderkennzeichen : 02WK0147 - 02WK0149,
Bundesministerium für Bildung und Forschung, Munich, Germany.
Wong, Tony H. F. and Rebekah R. Brown
2009 “The water sensitive city: principles for practice”, Water Science & Technology, 60 (3), pp. 673–682, issn: 0273-1223, doi:
10.2166/wst.2009.436.

bibliography
Yang, Bo and Shujuan Li
2013 “Green Infrastructure Design for Stormwater Runoff and
Water Quality: Empirical Evidence from Large WatershedScale Community Developments”, Water, 5 (4), pp. 2038–
2057, issn: 2073-4441, doi: 10.3390/w5042038.
Yang, Jidong
2004 Road Crack Condition Performance Modeling Using Recurrent
Markov Chains And Artificial Neural Networks, PhD-Thesis, University of South Florida, Tampa, USA.
Yang, Ming-Der, Tung-Ching Su and Yi-Ping Chen
2005 “Priority Evaluation of Sewerage Rehabilitation by AHP”,
in Proceedings of the Pipeline Division Specialty Conference 2005,
ed. by C. Vipulanandan and R. Ortega, pp. 523–537, doi: 10.
1061/40800(180)41.
Young, Kevin D., Tamim Younos, Randel L. Dymond, David F. Kibler
and David H. Lee
2010 “Application of the analytic hierarchy process for selecting
and modeling stormwater best management practices”, Journal
of Contemporary Water Research & Education, 146 (1), pp. 50–63,
issn: 1936-704X, doi: 10.1111/j.1936-704X.2010.00391.x.
Younis, Rizwan and Mark A. Knight
2010a “A probability model for investigating the trend of structural deterioration of wastewater pipelines”, Tunnelling and
Underground Space Technology, 25 (6), pp. 670–680, issn: 08867798, doi: 10.1016/j.tust.2010.05.007.
2010b “Continuation ratio model for the performance behavior of
wastewater collection networks”, Tunnelling and Underground
Space Technology, 25 (6), pp. 660–669, issn: 0886-7798, doi:
10.1016/j.tust.2010.06.003.
Zeleny, M.
1973 “Compromise Programming”, in Multiple Criteria Decision
Making, ed. by J. Cochrane and M. Zeleny, University of
South Carolina Press, Columbia, pp. 262–301.
Zhao, Jack Q. and Balvant Rajani
2002 Construction and rehabilitation costs for buried pipe with a focus on trenchless technologies, Research Report No. 101, Institute for Research in Construction, National Research Council
Canada, Ottawa, Ontario.

149

150

bibliography
Zischg, Jonathan, Michael Mair, Wolfgang Rauch and Robert Sitzenfrei
2015 “Stochastic performance assessment and optimization strategies
of the water supply network transition of Kiruna during city
relocation”, in World Environmental and Water Resources Congress 2015: Floods, droughts, and ecosytems, ed. by Karen Karvazy and Veronica L. Webster, American Society of Civil Engineers (ASCE), pp. 2045–2057, isbn: 978-0-7844-7916-2, doi:
10.1061/9780784479162.080.

Part II

Publications

151

8

PA P E R I

Integrated rehabilitation planning
of urban infrastructure systems
using a street section priority model
Authors: Franz Tscheikner-Gratl, Robert Sitzenfrei, Wolfgang Rauch
Date:
Place:
Type:

and Manfred Kleidorfer
2015
Urban Water Journal
Journal publication

153

9

PA P E R I I

Integrated rehabilitation
management by prioritization of
rehabilitation areas for small and
medium sized municipalities
Authors: Franz Tscheikner-Gratl, Robert Sitzenfrei, Christina Stibernitz,
Date:
Place:
Type:

Wolfgang Rauch and Manfred Kleidorfer
2015
World Environmental and Water Resources Congress 2015
Proceedings paper

155

10

PA P E R I I I

Prioritization of Rehabilitation
Areas for Urban Water
Infrastructure. A Case Study
Authors: Franz Tscheikner-Gratl, Robert Sitzenfrei, Max Hammerer,
Date:
Place:
Type:

Wolfgang Rauch and Manfred Kleidorfer
2014
Procedia Engineering
Journal publication

157

11

PA P E R I V

Integrated planning of
rehabilitation strategies for sewers
Authors: Manfred Kleidorfer, Michael Möderl, Franz Tscheikner-Gratl,
Date:
Place:
Type:

Max Hammerer, Heiko Kinzel and Wolfgang Rauch
2013
Water Science & Technology
Journal publication

159

12

PA P E R V

Integrated Rehabilitation
Management for Different
Infrastructure Sectors
Authors: Franz Tscheikner-Gratl, Max Hammerer, Wolfgang Rauch,
Date:
Place:
Type:

Christian Mikovits and Manfred Kleidorfer
2013
gwf Wasser-Abwasser
Journal publication

161

13

PA P E R V I

Enhancement of limited water
supply network data for
deterioration modelling and
determination of rehabilitation rate
Authors: Franz Tscheikner-Gratl, Robert Sitzenfrei, Wolfgang Rauch
Date:
Place:
Type:

and Manfred Kleidorfer
2015
Structure and Infrastructure Engineering
Journal publication

163

14

PA P E R V I I

Verwendete Materialien in der
Wasserversorgung bei Betreibern
von Versorgungsnetzen kleinerer
und mittlerer Größe
Authors: Franz Tscheikner-Gratl, Tanja Vonach, Wolfgang Rauch
Date:
Place:
Type:

and Manfred Kleidorfer
2015
Bauingenieur
Journal publication

165

15

PA P E R V I I I

What can we learn from historical
water network transition?
Authors: Robert Sitzenfrei, Michael Mair, Franz Tscheikner-Gratl,
Date:
Place:
Type:

Bernhard Hupfauf and Wolfgang Rauch
2015
World Environmental and Water Resources Congress 2015
Proceedings paper

167

16

PA P E R I X

Adaptation of sewer networks using
integrated rehabilitation
management
Authors: Franz Tscheikner-Gratl, Christian Mikovits, Wolfgang Rauch
Date:
Place:
Type:

and Manfred Kleidorfer
2014
Water Science & Technology
Journal publication

169

