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The contents of this thesis can be summarised as “Shit happens”.
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CHAPTER 1 Introduction and scope

1.1 INTRODUCTION

Sewer systems have been designed to protect society from two important hazards: the
flooding of urban areas during storms and the endangering of public health because of
exposure to faecal contamination. Collection and transport of storm water prevents
flooding, whereas collection and transport of wastewater contributes to a high level of
public hygiene.

1.1.1 History of urban drainage

Archaeological evidence reveals that several ancient civilisations used underground
collection and transport systems for wastewater and storm water (Van den Akker 1952).
A well-known example is the Cloaca Maxima in Rome that was built in 200BC. The
construction of modern sewers began in the 19* century, motivated by economic
reasons, particularly the commercial value of faeces as fertiliser (Van Zon 1986). In
addition, halfway through the 19" century, cholera and typhoid epidemics stimulated
sewer construction in Western Europe. In those days, direct drainage of faeces to rivers
and streams and disposal of waste into cesspools, which were only periodically emptied,
resulted in insanitary conditions. Snow (1854) was the first to report that the spreading
of epidemic diseases was related to the absence of both adequate drinking water and
proper wastewater disposal. Since human faeces are the ptincipal vectors for
transmission of infectious diseases, urban drainage plays a direct role in removing
excreta from cities and, consequently, interrupting the transmission. The situation was
improved by constructing sewer systems, which collected the wastewater and drained it
out of the cities.

In The Netherlands, sewer systems have existed since the Middle Ages in, for
example, Deventer, Arnhem and Maastricht (Clemens 2001a). However, large-scale
construction of sewer systems started only at the end of the 19" century. After the
Second Wotld War, large-scale sewer construction took place as a result of economic
growth and accelerated urbanisation. This satisfied not only the need for protection of
public health, but also the preparation (by means of drainage) of low-lying areas for
town extension. Dijckmeester (1988) argues that living in 2 damp environment gives rise
to a higher risk of chronic diseases, thus necessitating adequate drainage of residential
areas. However, actual effects on human health are only apparent after a relatively long
period (5-10 years). In addition, Dirkzwager (1997) emphasises that the economic
growth and urbanisation also caused an increase in the pollution of surface waters, in
particular, rivers and streams suffering from oxygen depletion. In order to improve
surface water quality the Pollution of Surface Waters Act (Wvo) was passed in 1970,
resulting in the large-scale construction of wastewater treatment plants (wwtp) in the
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late 1960s and 1970s in The Nethetlands. From then on, the focus of wastewater
treatment progressed from removal of oxygen consuming substances, through
nitrification of ammonium-nitrogen, to the reduction of discharges of phosphate and
nitrogen for eutrophication control (Van Nieuwenhuijzen 2002).

1.1.2 Sewer systems in The Netherlands

Nowadays, 98% of Dutch houses are connected to a sewer system. Both gravity sewers
(84%) and pressurised sewers (16%) are in use. There are basically two types of gravity
sewers: combined systems in which wastewater and storm water are transported
together in the same pipe to the treatment plant and separate systems in which
wastewater and storm water are kept in separate pipes. In the separate system the
wastewater is transported to the treatment plant, while the storm water is directly
drained to the surface water. The combined system is the predominant type in The
Netherlands, comprising 64% of gravity sewers in The Netherlands (Stichting RIONED
2002).

combined system

improved combined system

separate system improved separate system

Figure 1.1 Schematic representation of sewers (adapted from Clemens 2001a).

The advantages of a combined system are its relatively low price, the ease of
maintenance and its robustness (Figure 1.1, top left). A disadvantage of the system is
that comparatively clean storm water is mixed with wastewater and the diluted flow
transported to the wwtp, often resulting in a loss in removal efficiency caused by diluted
wastewater. It is also not economically feasible to build sufficient capacity in the system
to transport the flow during heavy storms. Therefore, combined sewer overflow (CSO)
structures are provided. In The Netherlands, the number of CSO structures is at least
15,000 (Stichting RIONED 2002). During excessive rainfall those divert flows above a
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certain level out of the sewer system to the surface water which, however, causcs
environmental pollution of natural watercourses.

Adding storage in series together with the overflow structure reduces the pollution
problem because the additional storage reduces the spill frequency as well as the
ecological impact due to the settling of suspended particles in the storage facility. This
storage can be constructed as storage settling tanks, high side weir overflows, parallcl
storage scttling sewers, hydrodynamic separators etc (see Saul 2002). Such a sewer
system is called an ‘improved combined’ system (Figute 1.1, top right).

Sewer systems of the separate type lack the drawbacks of combined systems, but the
systems are more expensive to construct (Figure 1.1, bottom left). From 1970 onwards,
most sewet systems constructed in The Netherlands have been separate. Storm water
and wastewater are transported separately. The system is designed to discharge the
maximum wastewater flow to the treatment plant. Storm water is not mixed with the
wastewater, but directly discharged to surface waters. In this way, the environmental
pollution associated with combined systems is avoided. However, faulty connections, i.e.
wastewater discharge into the storm water system and the other way round, can occur in
the system. Clemens (2001a) estimates that 5 % of the connections in separate systems
are faulty. This number increases over the years largely due to adjustments to the scwers
inside buildings. In addition, the storm water flow also becomes contaminated due to
atmospheric deposition and sediment wash-off from streets and roofs (Xanthopoulos
and Hahn 1993).

Improvement of separate sewer systems is achieved by diverting the first amount of
storm water to the wwtp through the wastewater pipes (Figure 1.1, bottom right). This
reduces discharges to rivers and streams of the storm water that is expected to be most
contaminated. In addition, smaller storms are completely diverted to the wwtp.
Temporary efficiency reduction at the wwtp due to dilution of the wastewater flow is
rather limited (Langeveld 2004).

1.2 MODELS IN URBAN DRAINAGE

In urban drainage, models are used to support technical decisions. Firstly, modelling
tools are used to predict performance of urban wastewater systems in order to assess the
resulting impact of discharges against appropriate environmental criteria. Secondly, they
are applied to desctibe the structural condidon of sewer assets (pipes, manholes,
culverts, pumps, ctc.) for rehabilitation and maintenance purposes.

The word ‘model’ tends to be used in different ways. It can be defined as a simplified
tepresentation of some aspect of reality with the objective of its explanation or
prediction. Depending on purpose, desired accuracy, available data and other factors,
models can use very different representations (e.g. mental, verbal, graphical or
mathematical). This thesis examines both mathematical models to describe rainfall and
sewer flow, and knowledge-based systems to describe asset condition and possible
deterioration. In mathematical models the relationships between quantities (rainfall,
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flows, asset condition, etc.) that can be observed in the system are described as
mathematical relations. Knowledge-based systems are based on ‘intuition’ and
experience, e.g. decision support for inspection and rehabilitation of sewer pipelines.

1.2.1 Models describing hydraulic performance of sewer systems
The purpose of hydraulic models in urban drainage is to represent a sewer system and
its response to different conditions in order to support design or rehabilitation. They
have three main uses: design of new systems, analysis of existing systems and
operational applications such as real time control (RTC). An example of a simple model
is the ‘Rational Method’, which converts a constant rainfall intensity into sewer runoff
to study the likely effects of different intensities on sewer performance. Modern sewer
models, however, are much more extended in process descriptions and require more
detailed data than the ‘Rational Method’. The development of these models began at the
end of the 1960s (Butler and Davies 2001). The SWMM model, for example, first
appeared in the USA in the early 1970s (Huber and Dickinson 1988). With increasing
computer capability such complex models have become more and more standard tools
in sewer system design. Recent examples of computer packages for sewer engineering
are Hydrowotks (Wixcey ¢t a/. 1992, Magne ef al. 1996 and Wallingford Software 2000),
MOUSE (DHI 1994 and Crabtree ¢f o/ 1994), SWMM (Huber and Dickinson 1988, Nix
1994 and Huber 1995) and Sobek (WL Delft Hydraulics 1998).

In this thesis the definitions of a sewer model describing hydraulic performance as

proposed by Van Mameten and Clemens (1997) are used. It is defined by its

components and comprises:

- a desctiption of the hydraulic loads distinguished into dry weather and storm
conditions,

- adescription of the system’s geometry, the database or geometrical model,

- adescription of the hydraulic processes, the process or calculation model.

Because the hydraulic processes consist of both processes in the sewer system and

processes related to conversion of rainfall into runoff, the calculation model contains

two somewhat separate process descriptions: a hydraulic and a hydrologic model.

Models normally used in urban drainage comprise three main types, including empirical
ot black box models, conceptual or grey box models and detailed physically based or
white box models. The afore-mentioned models (Hydroworks, MOUSE, SWMM and
Sobek) are examples of models of the detailed physically based type. These
hydrodynamic models consist of mathematical descriptions of relationships between
physical parameters and are deterministic, i.e. one combination of input data always
leads to the same output, so uncertainty or randomness is not taken into account. The
models convert rainfall and wastewater inputs into flow-rates and water depths within
the sewer system and at its outlets (e.g. CSO structures). Clemens (2001a) discusses the
use of hydrodynamic models in urban drainage. Rainfall runoff models, on the other
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hand, are often grey box models, as purely deterministic models appear to be unsuitable
for description of hydrologic processes (Van de Ven 1989 and Clemens 2001a).
Sometimes conceptual models (e.g. linear reservoirs) are also used to model in-sewer
processes in order to save calculation time (see KOSIM (ITWH 1995 and Schiitze ef 4l
2002), REMULI (Vaes 1999) and WEST Simulator (Meirlaen ez a/ 2001)). In addition,
Rauch e 4/ (2002) describe state of the art integrated modelling of sewer systems,
wwtps and receiving waters in which different kinds of models are linked to predict total
system performance.

When modelling storm conditions the rainfall pattern is of particular interest (Figure
1.2). Examples of rainfall patterns used are constant rainfall, rainfall with a particular
storm profile for a specified return period or a time series of rainfall. The latter, for
example, is applied when modelling the operation of CSO structures. Spatial variation of
rainfall becomes impottant when studying larger catchments (Willems 2000). The spatial
extent of larger catchments is approximately 15-20 km, being the mean spatial extent of
individual rain cells (see Zawadski 1973 and Willems 2000). A reliable estimation of the
dry weather flow (dwf) over the day, which consists of wastewater and of leakage, is also
required as model input for a combined system. Notwithstanding the significance of the
geometrical data of the sewer system (Figure 1.2) for modelling purposes, its importance
is often underestimated. Price and Osborne (1986) and Clemens (2001a), however,
stress the importance of using a good quality database.

dry weather flow
rl:

L\

HYDRAULIC LOADS storm events

. ]

H

MODEL

sewer model

GEOMETRICAL MODEL _‘
sewer system
catchment area
coefficients

PROCESS OR CALCULATION MODEL
runoff processes calculation
in hydraulic prc model

Figure 1.2 Definition of a sewer model describing hydraulic performance and
its components (adapted from Clemens 2001a).
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In the hydrologic part of the calculation model rainfall is converted into sewer inflow
(Figure 1.2). On its way to the sewer system rainwater may soak into the ground, form
puddles and later on evaporate, or be caught in leaves of trees. Moreover, it will take the
rainwater some time to reach the gully pot and enter the sewer system, ie. the overland
flow. As stated before, the processes are highly complex and their description often
requires conceptual models, e.g. empirical relations for infiltration modelling and a unit
hydrograph for overland flow.

Hydraulic in-sewer processes are modelled in the calculation model (Figure 1.2
bottom) using the ‘De Saint-Venant equations’. They form a pait of equations
describing gradually varying unsteady flow in open channels, including partially filled
pipes. The most common method of solution is using finite differences, involving the
division of distance and time into small steps (Vreugdenhil 1989). The sewer system is
described in the calculation model as a composition of links and nodes. Links represent
pipes and nodes represent manholes. The links incorporate the main hydraulic
properties of the sewers, including diameter, gradient and roughness. Storm water and
wastewater enter the system at the nodes. Using the inflow and the hydraulic properties,
in-sewer flow rates and depths ate calculated.

A model of in-sewer processes that determine the composition of the flow is also
provided in most software packages. These models, howevet, offer only limited value
for sewer design and rehabilitation because the scientific knowledge, on which the
process descriptions are based, is very limited (Ashley e 2/ 1999). As this thesis focuses
on hydraulic processes, a discussion of in-sewer processes relating sewage composition
is beyond its scope. For recent developments on in-sewer processes see e.g. Ashley ef al
(1999), Huisman (2001), Langeveld (2004) and TWA (2004).

1.2.2 Models describing the structural condition of sewer systems

Models for maintenance of sewers are primarily used for optimisation and priotitisation
of inspection and rehabilitation activities. Existing sewer systems are continuously
increasing in age. As a result, the concern about their continuing performance will grow,
as well as the risk of future failures.

However, age-related detetioration of sewer assets is not well understood in terms of
predictability (e.g. Jones 1984 and Fenner 2000). Furthermore, detailed knowledge of
the manner in which constructional and external factors determine how sewer pipes,
manholes and other assets deteriorate is limited (Davies e @/ 2001a, Fenner and
Sweeting 1998 and Stein 2001). In addition, Jones (1984) suggests that the concept of a
uniform rate of deterioration is inappropriate, but ‘stepped’ rates of detetioration are
more likely. After the formation of an initial defect, such as a leaking joint or a crack due
to bad bedding, actual collapse can be triggered by some random event, possibly not
related to the cause of the deterioration (e.g. a heavy storm or a passing truck).
Consequently, two defects which appear similar can lead to very different consequences,
which makes the prediction of the collapse of a sewer difficult, not to say impossible.
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Figure 1.3 ‘Bathtub’ shaped failure rate curve.

Some studies (Rostum ef @/ 1999 and Davies ef al. 2001a) suggest that the well-known
‘bathtub’ type failure rate curve (Figure 1.3) can be applied to model the development of
the condition of sewer pipes. This concept assumes a relatively high failure rate at the
end of construction when backfill, traffic and soil loading is introduced to the pipe,
followed by a period of relatively low failure rate. Much later, the failure rate increases
due to decline of material properties and transpott capacity. Failure rate is defined as the
conditional probability of failure at a certain time given that the component (or systerm)
has survived up to that time.

Notwithstanding the fact that the importance of sewer deterioration is widely
recognised, only sewer corrosion is extensively described in the literature (e.g. Pomeroy
1974, Pomeroy and Parkhurst 1977, Thistlethwayte 1972, Biclecki and Schremmer 1987
and Stein 2001). The reliability of ptedicted sewer deterioration is discussed in Chapter
2. Factors possibly influencing deterioration and collapse of sewers include sewer
material, age, type, depth, size, shape, length and gradient, traffic flow above sewer (e.g.
total vehicle, goods vehicle and bus flow), construction type, bedding material and soil
type (e.g. cotrosivity and fracture potential) and joint type (Jones 1984, Fenner and
Sweeting 1999, Davies et «/ 2001a and Baur and Herz 2002). In particular, repeated
sewer failure is considered indicative for future events, suggesting that current reactive
maintenance (e.g. jetting) tackles symptoms, not causes.

Literature on failure of assets other than sewer pipes, however, is very limited. The
assets studied include pumps (Ermolin ¢f o/ 2002, Joosten 2002 and Korving 20032 and
2003b), gates and valves (Pohl 2002), build-up of sediments and blockage of sewers
(Fraser e al 1998, Gérard and Chocat 1999 and Blanksby e 4/ 2002) and sewer joints
(Williams ef @/ 2002).
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The majority of decision support models rely on criteria defining pipes with specified
characteristics as either high or low risk of failure (e.g. Kerkhof 1988, Cobbaert 1998,
Fenner and Sweeting 1998, and Anderson 1999). However, these methods may not
universally apply to all catchments because defined criteria can be valid just for a specific
situation. In particular, the criteria in the UK Sewerage Rehabilitation Manual (Water
Research Centre 2001) were largely derived from collapses in ageing inner city networks.

In order to avoid the danger of inappropriate maintenance, suitable techniques are
needed to analyse past performance in a specific catchment and identify the correct
subset of sewers for which maintenance will be most effective. Examples of decision
support models for maintenance and rehabilitaion ate presented by Fenner and
Sweeting (1998 and 1999), Rostum 7 4/ (1999) and KEMA (2001). Methods supporting
inspection of sewers can be found in Baur and Herz (2002), and Hahn ef 4/, (2002).

A recent development regarding decision making on sewer maintenance is based on
‘performance indicators’ (OFWAT 2001, Ashley and Hopkinson 2002, Fenner and
Saward 2002 and Matos ef 4/, 2003). However, much work is still required in order to
understand which performance indicators ate most appropriate.

In addition to the afore-mentioned models, automated interpretation of CCTV data and
other sensor information is applied to ensure a more reliable prediction of sewer
condition. Wirahadikusumah ef al (1998), for example, present an automated method to
interpret sensor information in order to identify defects using fuzzy set theory and fuzzy
logic. Similar work is presented by Moselhi and Shebab-Eldeen (1999), and Xu e al
(1998) on the assessment of sewer pipe deformation and classification of surface defects
using pattern recognition and image analysis. Loke e# @/ (1997) for their part emphasise
the potential for neural networks as a tool for classification of sewer defects and
assessing sewer condition using CCTV data.

Although in related fields much work has been carried out to determine functionality of
assets, caution is required when considering the transferability of such techniques. For
example, Rostum ef a/ (1999) mention that failure patterns and availability of field data
are different for sewer and water mains, resulting in the need for different methods to
predict asset condition. Examples from other areas of asset management comprise
management of water mains reliability arising from failure of components of water
distribution networks (Xu and Goulter 1998), statistical methods for estimating
rehabilitation needs of water mains and software for prioritising their maintenance (Lei
and Szgrov 1998, and Szgrov e 4l 1999). In addition, Van Noortwijk (1996) defined
optimal replacement strategies for structures under stochastic deterioration, such as
bridges, and Pandey (1998) developed models to determine optimal inspection intervals
and repair strategy of oil and gas pipelines.
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1.3 STATE OF THE ART IN SEWER SYSTEM
MANAGEMENT IN THE NETHERLANDS

In The Netherlands, municipalities are responsible for collection and transport of storm
water and wastewater. Water boards, for their patt, are responsible for the treatment of
both and are concerned with protection of the quality of natural watercourses, thus
imposing restrictions on wastewater discharges. Their responsibilities stem from the
Dutch Pollution of Surface Waters Act (Wvo) of 1970. This Act charges the Dutch
Provinces with the task to protect the quality of natural watercourses. They, for their
part, delegated this task to the water boards. The Act serves as the basis for the quality
requirements of wwtp effluents, as well as for the regulation of sewer overflows with
respect to the effects on natural watercourses. However, quantification of these effects
is problematic because the determinative processes are complex and the knowledge on
them is very limited (Harremoés and Madsen 1999). Moreover, measurement data on
pollution loads from sewers are lacking and existing sewer models are unable to predict
those loads (Ashley 7 2/ 1999).

The management of sewer systems outside buildings is specified in guidelines and
standards, such as the Dutch NPR 3220 and the European NEN-EN 752-5 (sewers and
drains) and NEN-EN 752-6 (pumping stations). The European standards incorporate
the Dutch. Sewer management is defined as taking care of the proper performance of a
sewer system. It concerns formulating goals with respect to sewer performance,
translating these goals into performance requirements in order to assess the efficiency of
sewer management and defining standards enabling quantitative testing of the
performance requitements (NPR 3220). For example, one of the goals of a sewer system
is to avert calamities during heavy storms. This leads to the performance requirement
that the flow capacity in the system should be large enough to prevent flooding and
safeguard public health. The standard for quantitative testing is that the flooding
frequency should not exceed 1 in 2 years. The guidelines discriminate between the
performance of the sewer system regarding environmental impacts, flooding and asset
condition.

The purpose of sewer operation and maintenance is to ensure that the infrastructure
performs in accordance with the requirements defined in NEN-EN 752-2:

- sewers operate without blocking,

- flooding frequencies shall be limited to prescribed values,

- public health shall be safeguarded,

- sewer surcharge frequencies shall be limited to prescribed values,

- health and safety of operator personnel shall be safeguarded,

- receiving waters shall be protected from pollution within prescribed limits,
- sewers shall not endanger existing adjacent structures and utilities,

- required service life and constructional integrity shall be achieved,

- sewers shall be watertight in accordance with testing requirements.
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Figure 1.4 Activities related to sewer system management (NEN-EN 752-5).

Figure 1.4 presents the activities telated to sewer operation and maintenance as
described in NEN-EN 752-2. It consists of four main activities: investigation
(inspection, calculation, etc.), assessment of performance/condition, development of
solutions and preparation and implementation of interventions. In the chart three
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different tracks can be distinguished, ic. hydraulic, environmental and structural
assessment.

Assessments consist of both calculations and inspections. Hydraulic performance
(overflows and flooding) is assessed on the basis of calculations, whereas the results of
visual inspections (possibly combined with prediction of service life) determine whether
rehabilitation of the structural condition is needed. Adding pollutant concentrations to
CSO volumes would enable the quantification of environmental impacts. However, the
possibilities of environmental assessment remain limited due to scatcity of measurement
data and limited knowledge of processes. Such an approach is, therefore, not included in
standard procedure in The Netherlands. The results of the three assessments can only
be combined on the basis of expert knowledge. However, the larger the sewer system,
the more complicated this task becomes.

To evaluate the hydraulic performance of a sewer system two criteria arc of importance:
the discharge capacity of the system under extreme storm conditions and the storage
capacity of the system using a continuous rainfall scries. Sufficient discharge capacity
prevents flooding in residential areas, while sufficient storage limits emissions of
polluted wastewater to natural watercourses. A sewer flow simulation model is necessary
in order to understand the hydraulics of the system. In ‘Leidraad Riolering’ (Stichting
RIONED 1999) the Dutch guidelines for hydrodynamic calculations of sewer systems
are described, providing the basis for assessments of storage and discharge capacity. An
introducton to the guidelines is given in Van Mameren and Clemens (1997) and Van
Luijtelaar and Rebergen (1997).

The structural condition of sewers, on the other hand, should not hamper the
required system performance regarding watertightness, stability, flow (gradient),
pollution and public health (NPR 3398, NEN 3399 and Stichting RIONED 1997a).
Maintenance and rehabilitadon, therefore, intend to maintain the operational functions,
as well as to extend the service life of a sewer system. NPR 3398 covers the inspection
and condition assessment of sewers, whereas NEN 3399 provides a coding system for
the visual inspection of sewers. A description of selection methods for interventions and
of implementation techniques can be found in the Dutch guidelines (Stichting
RIONED 1998) and Stein (2001).

1.3.1 Management regarding hydraulic performance

Traditionally, the hydraulic capacity of sewer systems was designed using a constant
rainfall intensity of 60 1/s/ha in flat areas and 90 1/s/ha in sloping areas. Maximum in-
sewer water levels of 0.2 m below ground level were accepted (Van Luijtelaar 1999). A
few years ago, however, a new approach based on the Dutch guidelines (Stichting
RIONED 1999) has been introduced. This approach calculates the response of 2 sewer
system to 10 synthetic design storms with return periods between 0.25 and 10 years
(example in Figure 1.5) using a hydrodynamic model. These synthetic storms were
detived from the rainfall time seties from De Bilt, The Netherlands (1955-1979). The
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required return period, however, is not prescribed, but for flooding a return period of 2
years is generally considered acceptable (Clemens 2001a). Moreover, based on IDF
(intensity-duration-frequency) analysis Vaes e a/ (2002) doubt if the design storms can
represent actual rainfall events.

The new European standard (NEN-EN 752-4) calls for a different approach regarding
flooding and is to be adopted in The Nethetlands. Surcharge and flooding frequencies
(see Table 1.1) are the basis for the sewer design simultaneously considering backwater
effects. A sewer system based on this standard should protect against surcharging of
sewets and flooding of streets and buildings resulting from storms with the frequencies
recommended in Table 1.1. This means that the flooding criterion relates to a maximum
water level in a manhole. The frequencies to be used depend on the specific use of the
area studied.

However, Van Luijtelaar (1999) emphasises that these surcharge and flooding critetia
cannot be met in flat areas like The Netherlands because the difference between ground
level and surface water level is relatively small (see Figure 1.6). In flat areas, depression
storage contributes considerably to the total storage volume reducing flooding
problems. However, this is not accounted for in the European standard. Therefore, Van
Luijtelaar (1999) argues that the storage required to cope with extreme storm events is
provided by depression storage in flat areas instead of in-sewer hydraulic capacity.

g
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Figure 1.5 Design storm event no. 6 (Stichting RIONED 1999).
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Table 1.1 Recommended design frequencies of NEN-EN 752-4.

Design storm Design storm
frequency frequency
SURCHARGING FLOODING
Rural areas 1in 1 year 1in 10 years
Residential areas 1in 2 years 1in 20 years
City centres, industrial/commercial areas
with flooding check 1in 2 years 1in 30 years
without flooding check 1in 5 years -
Underground railway/underpasses 1in 10 years 1in 50 years

Figure 1.6 Hydraulic gradient resulting from calculations with different design
storms (T=2 years and T=5 years). The once In 5 years storm event
causes flooding.

The approach to deal with the environmental impacts of Dutch sewets, on the other
hand, originates from two international agreements. These agreements aim at reducing
pollution loads by 50% compared to the 1985 situation: the North Sea Action Plan
(INAP) and the Rhine Action Programme (RAP).

In terms of overflows from sewer systems the required pollutant reduction has been
translated into a ‘reference system’ which is defined as follows: “A combined sewer
system should emit a pollution load less than or equal to that from a theoretical sewer
system with 7 mm in-sewer storage, 2 mm additional storage in a settling facility and a
pumping capacity equal to 0.7 mm/h plus the dry weather flow.” (CUWVO Werkgroep
VI 1992). However, with this ‘reference system’ the discharge limits remain pootly
defined because the determination of pollution in overflow volumes is not outlined. In
order to solve this problem the reference system has been recently redefined
considering pollutant loads (CIW 2001). The new standard is expressed in terms of
kilograms COD (chemical oxygen demand) discharged to the receiving waters per ha
contributing area and per year. The discharge limit is fixed on 50 kg COD/ha/a.
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Figure 1.7 Rainfall series De Bilt 1955-1979 (daily rainfall volumes [mm/d]).

Assessment of sewer overflows requires application of a long time series of rainfall to
determine return periods of overflow volumes, peak discharges, etc. The Dutch
guidelines prescribe the series to be used: a continuous seties of rainfall volumes as
observed with an intetval of 15 minutes in De Bilt, The Netherlands, during the years
1955-1979 (Figure 1.7). However, no specific software package is presctibed for
building the hydrodynamic model of the sewer system. The modelling gives a time series
of CSO events with a certain volume of which the return periods can be determined.

Summarising, single events with a specific return period are applied for the assessment
of the hydraulic capacity. The storm event to be used is chosen on the basis of its return
period. Thus, only extreme situations of rainfall are considered and it is impossible to
determine the return period of a flooding event. However, it can be doubted whether
these events are typical of actual rainfall patterns in The Netherlands.

In contrast, studying the performance of CSO structures requires the use of a
continuous rainfall series of a certain length, taking into account the interdependency of
storm events and dry periods and enabling the calculation of return petiods of the
effects of medium and heavy storms. However, the pollutant loads of sewer overflows
remain uncertain, since the prevailing pollutant concentrations in overflow volumes are
unknown and the knowledge of determinative processes is limited.

1.3.2 Management regarding structural condition

Sewer performance is influenced by the structural condition of the objects of which the
systems consist. For example, blockage of an inverted siphon obstructs the sewer flow
(see e.g. Stein 2001), corrosion of the wall of the sewer due to H,S formation increases
the probability of pipe collapse (see e.g. Davies ef al 2001a) and failures of sewage
pumps affect the hydraulic performance of a sewer system with respect to CSOs (see
e.g. NWRW 1989b and 1990, and Schwartz 1989). In order to assess the performance of
a sewer system and to make decisions on possible solutions for deficiencies found,
knowledge of the structural condition of the objects is indispensable.
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Inspection is applied for pipe condition assessment. It concerns collecting data on
the structural condition of objects in a sewer system and comptises obsetvation,
recognition, coding and assessment of the deterioration of sewers. Assessment can be
carried out by e.g. prediction of remaining service life or knowledge based modelling of
transition of sewers between specified classes of sewer condition (Rostum ef /. 1999,
KEMA 2001, and Baur and Herz 2002). Subsequently, possible interventions in order to
correct observed deficiencies are developed. Interventions include cleaning, repair,
renovation and replacement (NEN-EN 752-7). Their implementation is planned using
decision support models, e.g. by means of a priority mattix (Kerkhof 1988) or more
complex models (Fenner and Sweeting 1999, and Fenner and Saward 2002). In
conclusion, inspection enables condition assessment and planning of interventions
accounting for priorities of the management authority.

In The Netherlands, inspection methods and their use are described in NPR 3398.
These guidelines also include the translation of inspection results into the necessity of
implementing solutions. NEN-EN 752-6 describes the management required for
pumping stations.

Several inspection methods are available, both visual and non-visual (see e.g. Stein
2001). Visual methods are inspection of the sewer either from the manhole or from
within the sewer. It can be cartied out by means of mirrors, photographic camera,
remotely controlled CCTV (video), ‘light line’ visual methods or man entry. Each of
these methods has its limitations, for example, the sight of photo inspections from a
manhole is limited to 5 m and video inspections from within the sewer require prior
cleaning, thus removing a possible sediment bed. ‘Light line’ visual inspection is based
on generating a line of light around the sewer circumference, which enables the
detection of changes in sewer shape. Only visual inspection methods are discussed in
detail because they are most widely applied in The Nethertlands and elsewhere.

Non-visual methods comprise, for example, measurement of the temperature of the
sewage (high temperatures promote corrosion), the depth of the sediment bed, the
acidity of condensation on the sewer wall (low pH enables biogenic sulphuric acid
corrosion), the remaining thickness and acceptable loading of the sewer wall (analysis of
cores bored from the wall), the internal cross sectional profile (high resolution sonar),
the leaktightness of a pipe secdon, the groundwater level (infiltration or leakage).
Acoustic methods, such as sonat, enable inspections below water level.

Examples of alternative techniques for diagnosing the condidon of sewers are
infrared thermography, sonic distance measurement and ground penetrating radar (see
Wirahadikusumah ¢ 2/ 1998). Other recent developments include the KARO system, a
remotely controlled robot inspection system using various sensors (optical, ultrasonic
and microwave), and the PIRAT system, a measuring system which combines laser
technology and ultrasonic measurement to determine the inner geometry of sewers and
classify their condition (see Fenner 2000 and Stein 2001).
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Above water level, visual inspections can be used to determine the location, cause and
extent of deterioration, i.e. blockage, pipe collapse, sediment or grease build-up,
intruded tree roots, chemical corrosion or mechanical wear of the pipe, defective
connections, open or displaced joints, cracking or fracturing of the pipe, deformation of
the pipe, leaktightness of the pipe or connection and soil erosion outside the pipe wall.
In addition, the quantity and composition of sewage, the condition and age of the pipe,
the soil type, the groundwater table and the traffic volume in the street give an
indication of the load and the carrying capacity of the sewer.

To enable objective recording and comparison of visual information from inspection
guidelines NEN-EN 752-5 and NPR 3398 recommend the use of a uniform standard
coding system. In The Netherlands, the coding system is specified in NEN 3399 and
mainly applies to concrete sewers. It provides a methodology for the coding of
inspection results with respect to watertightness, pipe stability and flow. Different types
of observations are distinguished (Table 1.2). Each observation is classified on a scale
from O to 5 according to its severity (0 = not visible, 1 = least severe/not present and 5
= most severe). The observation type with the highest classification is indicative for a
pipe section. Whether interventions or additional investigations are necessary is assessed
on the basis of this classificadon.

Table 1.2 Coding of observations according to Dutch guidelines (NEN 3399).

Observation type Classification *
A1 infiltration of groundwater 1,2,3,40r5
ﬁ ingress of soll from surrounding ground 1,2,3,40r5
z longitudinal displacement 1,2,3,40r5
% radial displacement 1,20r5
g angular displacement 1or5
u A8  intruding sealing ring 1,30r5
A7  intruding sealing material 1,2,3,40r5
E = B1 break/collapse 1or$S
= ; B2  surface damage by corrosion or mechanical action 1,2,3,40r5
5 §. B3 fissure (cracks and fractures) 1,.2,3,40r5
5 e B4  deformation of cross sectional shape 1,2,3,40r5
C1  intruding connection 1,30r5
3 C2  root intrusion 1,2,3,40r5
§ €3 fouling 1,2,3,40r5
fg C4  encrustation of grease or other deposits (except for sand) 1,2,3,40r5
% C5  settled deposits (sand and waste) 1,2,3,40r5
r C6  other obstacles 1,2,3,40r5
C7  water level 1,2,3,40r5

* Classification code ‘0’ indicates ‘not visible’ (e.g. due to high water level or root intrusion).
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At present a new European coding system is being developed (pr EN 13508-2). It is a
standard for the coding of information from visual inspection of drain and sewer
systems. Its objective is to harmonise sewer inspections because at present the amount
of detail recorded varies between countries. Standard pr EN 13508-2 tries to ensure that
there is an equivalent code for every observation recorded in an existing national
system, allowing for existing data to be transferred. After completion this standard will
have to be implemented in The Netherlands, calling for additional training of inspection
personnel.

NPR 3398, NEN 3399 and pr EN 13508-2, however, only define performance
requirements of sewers. Requirements for the other objects in the sewer system, e.g.
manholes, gullies, gully pots, pumping stations, outfalls, rising mains, overflows,
inverted siphons and valves, are not provided. However, they contribute considerably to
the performance of a sewer system. For example, problems with respect to manholes
include defective covers, problems with access due to defective ladders, chemical attack
of the fabric, infiltration or leakage, sediment build-up and oxygen deficiency or odour
issues. The main problems with inverted siphons are sedimentation and blockage.
Problems associated with pumping stations comprise blockage of pumps, valves and
screens, power failure, failure of the rising main and electrical or mechanical failure of a
component of the pump or its control equipment. With respect to gullies and gully pots
falling leaves in autumn and blossoms in spring give rise to problems. Therefore,
municipalities need to define requirements for the other objects (manholes, pumps,
valves etc.) themselves in order to assess their performance and prevent problems due
to their malfunction.

The purpose of a sewer inspection determines its requirements, such as accuracy of
inspections, number of manholes or sewers to be inspected and frequency of
inspections. Priotitisation of sewer maintenance requites a representative sample of
sewers from the network. Especially operational planning asks for detailed and relatively
accurate information (NPR 3398). It is also important to inspect a sufficient number of
manholes. Prior to inspection the manholes can be randomly chosen from either the
whole sewer network or a specific category of sewers. These categories are defined on
the basis of sewer characteristics including age, function, pipe material and soil type.
Usually, a sample of 10-20% of the total number of manholes is sufficient (NPR 3398).
The frequency of inspections is, on the one hand, determined by the quality of the
assets and local conditions, on the other by hydraulic and structural performance
criteria. This results in an average frequency of once in 5 to 10 years (NPR 3220).
Inspection routines including frequencies and locations should take into consideration
the importance of and possible threats to each asset, e.g. the gradient of pipelines, the
risk of blockage of manholes and inverted siphons, the ageing of equipment in pumping
stations, the frequency of overflows and the seasonal problems with gullies or gully pots
(NEN-EN 752-7).
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1.4 UNCERTAINTY AND RISK ASSOCIATED WITH
SEWER SYSTEM MANAGEMENT

The long service life of sewers requires management that can cope with future
situations. However, future developments with respect to the sewer infrastructure, e.g.
population growth and climate change can be easily either over- or underestimated. The
extent to which future developments are unknown increases with time (Figure 1.8). On
the other hand, it is likely that uncertainties, which confront planners, will be resolved
over the course of time by new information or new technologies. Furthermore, the
precautionary principle (European Environment Agency 2001) applies very often, It is
aimed at avoiding potentially damaging impacts of substances that are persistent, toxic
or liable to accumulate, even when there is no scientific evidence of a causal link
between emissions and effects. As a result, policy-making with respect to infrastructures
can be highly uncertain (see e.g. Hall 1980 and Meijer and Ruijgh-van der Ploeg 2001).
Management of infrastructures, such as sewer systems, should be future oriented,
accounting for possible uncertainties in its strategies and allowing for interim adaptation
(Walker ez a/ 2001).

Over the last decades the idea of coping with present and future uncertainties has
been increasingly adopted in infrastructure design. For example, the Delta Committee
included uncertainties in their investigations on flood prevention in The Netherlands
already in the late fifties of the last century (see e.g. Van Dantzig 1956). Bedford and
Cooke (2001) present illustrations from other sectors, including the aerospace, nuclear
and chemical process sector. In the aerospace sector, for example, a systematic concermn
with tisk assessment began after the fire of the Apollo test AS-204 on January 27, 1967,
in which three astronauts were killed. The analysis of uncertainties has its roots in the
mathematical sciences and is described in many textbooks, such as Benjamin and
Cornell (1970), Ang and Tang (1984) and Pratt ¢z a/ (1995).

Present

s € ¢ situation

€ {_§ Possible
3 g futures
Ec

< 35

Time

Figure 1.8 The ‘trumpet of uncertainty’ (after Rosenhead 1989). The extent to
which the future is unknown or unknowable increases with time.
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Although risk assessment is a well-established discipline in e.g. dike design and
production plant design, it is not common in sewer infrastructure design, operation and
rehabilitation. For example, spatial variability in rainfall and risk of technical failure of a
pumping station are not included in sewer design and rehabilitation. In addition, the
costs of damage due to overflows and flooding are highly uncertain.

Only recently, attention is being paid to the role of uncertainty in urban drainage (sec
c.g. Beck 1996, Willems 2000 and Harremoés 2002) because the transient character of
the urban wastewater system is increasingly recognised. The introduction of wastewater
control infrastructure has removed society’s diurnal and weekly effects from surface
waters, consequently diverting attention to more rare and predominantly more extreme
cvents. As a result, there is an increase in concern for the long-term reliability of the
wastewater control infrastructure (Beck 1996 and Harremoés 2002). Recent increases in
computer capacity, however, provide opportunities for computationally demanding
uncertainty analyses. For example, when it comes to impacts on receiving waters, risk-
based approaches are used to some extent, including CSO (Grum and Aalderink 1999
and Willems 2000) and wwtp emissions (Vanrolleghem and Keesman 1996, Reda and
Beck 1997, Rousseau ef a/. 2001 and Bixio ef a/ 2002), water quality critetia such as
dissolved oxygen depletion (Beck 1996 and Hauger ¢7 4/ 2002) and the assessment of
ecatoxicological risks (Novotny and Witte 1997, and Verdonck e# a/. 2001).

1.4.1 Approaches to design and operation

Through the years the approach to design and operation of (infra)structures has
changed from an empirical, iterative approach to a deterministic, predictive approach
(Harremoés and Madsen 1999, and Harremoés 2002). The empirical approach is based
on ‘trial and error’, the deterministic approach uses specific safety factors to meet design
criteria. Using the former, remarkable engineering has been accomplished, e.g. Roman
aqueducts, drainage in ancient Greece and medieval gothic cathedrals. However, the
road to this success has been paved with many mistakes, such as the leaning tower of
Pisa and the introduction of chemicals that mistakenly were regarded as harmless, such
as asbestos and halocarbons (European Environment Agency 2001). The empirical
approach attempts to develop knowledge of all elements of a structure, so that the
performance of the structure is predictable. This produces structures designed to meet
predetermined requirements.

In order to cope with uncertainty, for example, regarding system loading and
knowledge of effects, the deterministic predictive approach uses safety factors. The
magnitude of a safety factor evolves historically, from high values when a technology is
just starting to gradually lower values till a lower ceiling is reached. Both common sense
and successful or unsuccessful expetience determine its value. Table 1.3 shows that, for
example, in 70 years the allowable stress for mild steel increased with approximately
60% in the United States. This is due to improved quality control in the mills resulting
in an increase of minimum strength and increased confidence in the design process due
to expetience resulting in a decrease of safety factors (Galambos 1992).
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Table 1.3 Evolution of the allowable stress for mild steel structures in the USA
(Galambos 1992).

Year Minimum strength Safety factor Allowable stress

(N/mm?) ) (N/mm?)
1890 197 2.00 97 Design criterion:
1918 190 1.72 110 o
1923 228 1.83 124 0 < O yrouapie = —mt
1936 228 1.65 138 FC
1963 248 1.67 152

FC = Safety factor

1.4.2 Role of uncertainties in sewer assessment

Decision-making on sewer system management requires the use of models to predict
compliance with performance criteria because measurements are usually unavailable.
Butler and Davies (2001) emphasise that the accuracy and usefulness of a model is
influenced by the extensiveness of the model, the reliability and completeness of the
scientific knowledge on which it is based and the appropriateness of its simplifications.
Therefore, each assessment contains a certain measure of uncertainty because it is based
on either calculated CSO loads and flooding events, or predicted condition and
remaining service life of sewer assets. The question that arises is which elements in the
assessment of sewer systems should be acknowledged as uncertain and to what extent
are decisions sensitive to these uncertainties.

Uncertainties can be part of the external inputs or the sources, the system itself or
the pathway and the impacts of the functioning of the system or the receptors
(Buropean Environment Agency 1999). This is illustrated in Figure 1.9. Sources
comprise a wide range of relevant driving forces, whereas receptors reflect the interests
of parties that depend on the performance of the system. All uncertainties may give rise
to wrong decisions.

SOURCES

* Precipitation
« volume & pattern

* Public behaviour

+ Rainfall runoff
« paved catchment area
= evaporation/interception
* infiltration
» storage in puddies

* Dry weather flow
* volume & pattemn

» Composition of sewage

PATHWAYS

- Database sewer system
* location & dimension
of pipes
* pumping capacity
» etc.
*In-sewer processes

RECEPTORS

« Environmental impacts of
CSOs

« determinative processes
« poliutants in CSOs

« Environmental regulations
* Public valuation of environ-

* flow —>» mental issues

« transport
* biochemical
* Operational life of sewers
» Sewer condition
« blockage/clogging
« cracks/displaced joints
* subsidence
* Pumping station performance

« Costs of interventions

- storage volume

* pumping capacity
*RTC

* otc.

Figure 1.9 Uncertainties Iinfluencing sewer system assessment comprise
uncertainty of sources, pathways and receptors.
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Uncertainties in sources (Figure 1.9) may result from rainfall measurement errors
(Rauch ef 4l 1998), spatial and temporal variability in rainfall (Schilling and Fuchs 1986,
and Lei and Schilling 1996, Einfalt et a/ 1998 and Willems 1999), variaton in dry
weather flow (dwf) due to varying inputs from households (Butler 1991 and Butler ¢f a/
1995) and leaking groundwater (Murray 1987 and Clemens 2001a).

Due to the strongly simplified way in which the rainfall runoff process is described in
the model, uncertainty is introduced. Vatiability of runoff in time and local differences
in runoff parameters (initial losses, infiltration, etc) is not taken into account and
knowledge of processes is insufficient (Van de Ven 1989 and Clemens 2001a).

Descriptions of a sewer system through models are imperfect because the physical
phenomena are not exactly known and some variables of lesser importance are omitted
for efficiency reasons. This results in model uncertainty with respect to hydraulics (Beck
1996, and Lei and Schilling 1996) and in-sewer processes determining sewage
composition (Ashley ef a/ 1999 and Langeveld 2004). Model uncertainties may also stem
from estimation or calibration of model parameters (Price and Catterson 1997, and
Clemens 2001a) and numerical calculation errors (Clemens 2001a).

In addition, the data set applied in a sewer model is never entirely perfect. Data
errors (geometric structure of the sewer system, catchment area, runoff parameters, etc.)
considerably influence calculation results (Price and Osborne 1986, and Clemens 20012).

Hydraulic performance, however, is assessed assuming perfect technical functioning of
all objects in a sewer system leading to uncertainty in model assumptions. For example,
risk of technical failure of pumping stations, subsidence and deterioration of sewer
pipes, and clogging of culverts are not taken into consideration. Motreover, the influence
of time dependent sewer deterioration is not accounted for in hydraulic sewer
assessments, Except for biogenic sulphuric acid corrosion of sewer pipes (Bielecki and
Schremmer 1987), there are no reliable models describing sewer deterioration because
knowledge of deterioration processes, for example, clogging, root intrusion, fouling,
ingress of soil and longitudinal or radial pipe displacement is limited (Davies et a/.
2001a). In addition, factors that impact the structural condition of a sewer the most
(including soil type, sewer matetial and joint type) are only pattly known (Davies ez @l
2001b).

Assessment of sewer deterioration is usually performed by means of visual inspection
and coding of observations. The assumed relationship between observations and actual
structural deficiencies, however, is debatable and the ability of a coding system to
represent deficiencies can be questioned. Moreover, coding of photographs and CCTV
pictures by inspection personnel entails the possibility of misinterpretation. The
inspection methods themselves also impose testrictions (Stein 2001), for example,
limited sight for inspections from manholes and necessary cleaning of sewers prior to
CCTV inspection from within the sewer pipe. As a result, prediction of the remaining
operational life of sewers depends highly on the limitations of the assessment method.
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With respect to receptors (Figure 1.9, right), it is generally accepted that the quality of
natural watercourses deteriorates due to CSOs (see e.g. House ¢ a/ 1993) and urban
flooding causes damage, including damage to buildings and disruption of traffic.
Deterioration comprises water quality changes (dissolved oxygen, polluted sediments,
etc.), human health risks and aesthetic contamination (floating waste, algal growth, etc.).
The consequences of urban flooding consist of direct damage (material damage to roads
ot buildings, and loss of human or animal life), indirect damage (administrative and
labour cost), and social or psychological consequences (Konig ef @/. 2002 and Penning-
Rowsell ez /. 2003).

However, the severity of CSOs is uncertain because CSOs are intermittent loads and
their composition strongly varies (Beck 1996). Measurement data of pollution loads
from sewers are unavailable and current sewer models are unable to predict them
(Ashley e a/ 1999). Moreovet, translation of uncertain pollutant loads to effects on
natural watercourses and their ecology is problematic because the knowledge of water
quality processes is rather limited and the resilience of receiving water bodies is
uncertain (Shanahan e 4/ 1998 and Harremoés and Madsen 1999). Therefore,
environmental regulations based on available knowledge also incorporate uncertainties.

The valuation of environmental effects may also give rise to uncertainties in sewer
assessments. Some authors claim that environmental effects can be quantitatively
capitalised (see e.g. Crabtree ef 2/ 1999 and Novotny e a/ 2001). Others, on the other
hand, are opposed to this approach and value the effects in a more qualitative way (see
e.g. Nijkamp and Van den Berg 1997, Reda and Beck 1997, and Gilbert and Janssen
1998). An example of the former is the ‘Contingent Valuation Method’ as applied to
urban water management by Novotny e 4/ (2001) which explores the public ‘willingness
to pay’ for environmental restoration projects. Authots supporting the more qualitative
approach, however, stress that quantitative valuation is unable to take into account
uncertain and imprecise information that plays an important role in environmental
impact modelling.

With respect to urban flooding, for example, the cost of direct damage to buildings
and their intetior can be estimated based on data from insurance companies relating
historical floods to cotresponding damages. However, these damage cost may vary
widely with standard deviations in the order of the average damages (Konig ef a/ 2002).
As a result, the benefits of tehabilitation are difficult to quantify with respect to both
CSOs and flooding.

The environmental standards for sewer systems show changes during the last 60 years in
The Netherlands. They evolved from a required dilution of the wet weather flow (wwf)
(Van den Akker 1952), to a calculated maximum overflow frequency per year (Ribius
1951), then to restricions with tespect to calculated overflow volumes (CUWVO
Wetkgroep VI 1992) and, only recently, overflow loads (CIW 2001). Parallel to these
emission based criteria, an immision based apptroach to water quality assessment has
been developed based on the impacts of CSOs on receiving waters (CUWVO
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Werkgroep VI 1992). This “Waterkwaliteitsspoor’ may impose additional measures on
CSOs compared with current emission-based standards.

In addition, because of the long service life of sewers (30-60 years), future
developments significantly influence the system performance, not only developments in
system input, but also in public perception and policy-making. There are scveral
examples of infrastructure designs that failed to meet a change in the demand for the
goods or services it supplied (Hall 1980). Future developments with respect to sewer
assessment include deterioration of sewers, change of regulations, climatic change,
change of public perception of the environment and development of receiving water

quality.

1.5 OBJECTIVE OF THE THESIS

Management of sewer infrastructure concerns a trade-off between required serviceability
and scarce financial resources. Serviceability of sewer systems, defined as “The ability of
an asset to deliver a defined service to customers”, concerns preventing flooding and
protecting public health, provided that the environment is safeguarded. In The
Netherlands, annual investments in sewer system rchabilitation comprise approximately
1 billion Euros and the total sewer infrastructure is valued at approximately 47.5 billion
Euros (Stichting RIONED 2002). In the near future, a large length of sewers will
require rehabilitation in The Netherlands because 22% of the sewers is older than 40
years (Stichting RIONED 2002) and their average service life is approximately 60 years.
In The Nethetlands, it is acknowledged that current environmental standards for sewer
systems call for major adjustments in sewer infrastructure. Therefore, the amount of
money invested in sewer rehabilitation will remain large in the future.

The technical functioning of all objects in the sewer system is directly responsible for
affecting serviceability (OFWAT 2001, Korving 2003a and Korving et a/ 2003).
However, with respect to management of sewer systems, uncertainty of knowledge and
availability of assets are not considered. For example, in model results, on which
decisions are based, uncertainties can be present due to spatial and temporal variability
in rainfall, errors in the geometrical database of the sewer system, etrors in the model
structure chosen, lack of knowledge on the relevant processes and numerical calculation
errors. Moreover, the hydraulic performance and structural condition of a sewer system
are usually assessed separately (NEN-EN 752-5), ie. failures of pumping stations,
subsidence of sewer pipes and clogging of culverts are ignoted when modelling
hydraulic performance.

Usually, serviceability is assessed assuming perfect technical functioning of all objects
in the system. As a consequence, the risks of technical failure of assets and uncertainties
in information are ignored, leading to a too optimistic perception of serviceability.
However, unavailability of assets and uncertainty of sources, pathways and receptors
should be accounted for when assessing sewer serviceability (OFWAT 2001, Ashley and
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Hopkinson 2002, and Kotving 2003a). In the UK ‘Common Framework for Capital
Maintenance Planning’, failure of assets has already been accounted (UKWIR 2002).

When it comes to uncertainties with respect to sewer performance uncertain damage
appeats to be caused by an uncertain source. In order to deal with this situation, firstly,
the uncertainty needs to be quantified. Subsequently, the extent to which performance is
affected can be reduced using the knowledge of this uncertainty.

The objective of this thesis is to provide a methodology which accounts for
uncertainty and risk in the assessment of sewer performance in order to support
the operation and maintenance of sewer systems.

A key aspect of the thesis is serviceability of sewer systems accounting for uncertainties
in knowledge and possible failure of assets. The interrelationship of the different aspects
influencing sewer performance (e.g. rainfall, dwf, asset performance and sewer
characteristics) is studied in order to describe the way in which they affect each other
and the performance of the system as a whole. In order to account for the consequences
of uncertainty and failure, criteria for sewer system performance are needed. So far,
several attempts have been made to develop appropriate performance criteria, €.g.
Ashley and Hopkinson (2002), Geerse and Lobbrecht (2002), Le Gauffre ¢ al (2002)
and Szgrov Schilling (2002) and Matos e# 4/, (2003).

1.6 OUTLINE OF THE THESIS

In this thesis two parts ate distinguished. The first part deals with the theoretical basis of
the assessment of uncertainty and risk and the second focuses on the application of this
theory in several case studies concerning hydraulic performance and structural
conditions of sewers.

Chapter 2 presents the different types of uncertainty and categorises the uncertainties
playing a role in sewer system design and rehabilitation. Classification of the
uncertainties is required, since reduction of each type of uncertainty requires its own
approach. In addition, specific ways for how to deal with uncertainties in sewer design
and rehabilitation are shown.

Methods of uncertainty and risk analysis, which can be applied in sewer system
design and rehabilitation, are discussed in Chapter 3. The presented methods include
decision analysis, Monte Catlo simulation, risk-based economic optimisation, Bayes
weight assessment, Bayesian estimation and fault trees. They are aimed at quantifying
uncertainty and failure with respect to sewer system performance and describe their
interrelationship.

Chapters 4 and 5 present the case studies where specific methods are applied to
assess the hydraulic performance and structural condition of sewers. These chapters
focus on the serviceability of sewer systems and the way in which this concept can be
applied in practice. Serviceability should account for relevant uncertainties and failures,
and reflect the cost consequences of decisions on sewer management.
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With respect to hydraulic performance, the way in which this is affected by
uncertainties of rainfall input, model parameters and model calibration is studied in
Chapter 4. Subsequently, the influence of uncertain cost and damage on optimal storage
of a sewer system is exploted using risk-based optimisation. Chapter 5 discusses the
impact of asset condition on serviceability with respect to possible pump failure and
accuracy of coding of visual inspections.

Finally, in Chapter 6, the content of this thesis is summarised, general conclusions
are drawn and considerations are made about the role of probabilistic techniques in the
assessment of sewer system performance.
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CHAPTER 2 Uncertainties

2.1 INTRODUCTION

Annually, approximately 1 billion Euros is invested in sewer system rehabilitation in The
Netherlands (Sdchting RIONED 2002). In some cases, however, the appropriateness of
investments in sewer rehabilitation is doubtful because decisions on investments in
sewer rehabilitation often have to be made with unreliable or incorrect information on
the strucrural condition and the hydraulic performance of a sewer system (Clemens
2001a), and with insufficient knowledge of sewer-related processes (Harremoés 2002).
For example, replacing a sewer length that appears to be of sufficient structural quality
after removal, building a storage tank that is too large to ever be filled during a storm, or
real-tine control of a sewer system that does not function propetly with respect to
hydraulics. As a consequence, making decisions on such investments involves
considerable financial risks.

In the past, uncertainty and risk analysis in sewer system maintenance and rehabilitation
received limited attention. Oaly recently, the importance of uncertainty and risk is
recognised by an increasing number of authors. For example, Schilling (1984), Schilling
and Fuchs (1986), Harremoés (1994), Fankhauser (1997), Grum (1999), Willems (2000)
and Clemens (2001a) pay attention to uncertainties in modelling and prediction of CSOs
(combined sewer overflows), their effects on receiving waters and flooding. In other
disciplines uncertainties have usually been studied more extensively. The results of these
studies are partially applicable to uncertainty analysis regarding sewer system
maintenance and rehabilitation. For example, error propagation and uncertainty analysis
in hydrology is treated by Dawdy and Bergmann (1969), Chow e 2/, (1988) and Haybye
and Rosbjerg (1999). Beck (1987), Hoybye (1998) and Portielje ez «/ (2000) discuss
uncertainty regarding modelling of receiving water quality.

Risk is defined as the product of the probability of occurrence of an event and its
(capitalised) consequences. It is related to the failure of systems. A sewer system fails if
it can no longer perform (one of) its principal function(s), i.e. protection of human
health, prevention of flooding and reduction of CSQ impacts on the envitonment. A
failure mode is defined as the manner in which a structure responds to a hazard, c.g.
clogging of a sewage pump due to advection of dirt. A combination of one or several
hazards and modes may lead, with a cettain probability, either to failure or collapse
(CUR 1990). Failure is also referred to as serviceability or deficiency of the sewer system
(e.g. OFWAT 2001, Ashley and Hopkinson 2002, Le Gauffre ez a/ 2002, and Sxgrov
and Schilling 2002).

This chapter discusses the uncertainties which affect sewer system maintenance and
rehabilitation. In particular, it is important to discetn between different types of
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uncertainty to get an impression of how to deal with their influence on sewer system
maintenance and rehabilitation individually.

Firstly, several types of uncertainty are presented. Secondly, the reviewed theoty on
uncertainties is translated to sewer system management. Both hydraulic performance
and structural condition are discussed. In conclusion, ways on how to cope with
uncertainty (e.g. Bayes weight assessment) are described.

2.2 VIEWS ON UNCERTAINTY

In the literature many authors have addressed the classification of uncertainties.
However a large variety of types exists and there is a lack of agreed terminology.
Therefore, not only are uncertainties classified differently in the available methods, but
different terms are also used to characterise more or less the same concept. Moreover,
the methods presented to manage uncertainty also differ.

For example, Beck (1987) reviews the role of uncertainty in water quality modelling
and prediction. Three types of uncertainties are identfied:

- uncertainty in internal system description (e.g. errors of aggregation, numerical
errors, errots of model structure and errors in parameter and state estimation),

- uncertainty in external system description (unobserved input disturbances and
measurement errors) and

- uncertainty in initial state of the system.

This framework is also applied by Willems (2000).

Morgan and Henrion (1990) make a distinction between uncertainty with respect to
empirical quantities and uncertainty about the functional form of models. The former
arise from statistical variation or random errot, subjective judgement or systematic error,
linguistic imprecision, variability, inherent randomness or unpredictability, disagreement
among experts, and approximation errors. Funtowicz and Ravetz (1990) argue that
experts to identify impacts of uncertainty on their practice normally apply a
classification by sources. In their opinion, uncertainties should be distinguished into
three sorts, instead of sources, including inexactness, unreliability and ‘border with
ignorance’.

With reference to the afore-mentioned classifications, supplemented with a few
others, Van der Shuijs (1997) proposes a two-dimensional classification using the
dimensions type and source. For this, uncertainty is classified according to its source in
uncertainty in input data, uncertainty in conceptual or technical model structure and
uncertainty about model completeness. Uncertainties in model structure arise from lack
of understanding of the system or process, simplifications and numerical errors, whereas
uncertainty about model completeness covers omissions due to lack of knowledge.
Regarding the type of uncertainties, the classes comprise inexactness, unreliability and
ignorance.
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Table 2.1 Two-dimensional classification of uncertainties after Van der Sluijs
(1997)

Type INEXACTNESS | UNRELIABILITY | IGNORANCE
Source

INPUT DATA

CONCEPTUAL MODEL STRUCTURE
parameters
functional relations
process error
resolution error
aggregation error
model fixes
numerical error
software error
hardware error
MODEL COMPLETENESS

According to Slijkhuis e7 2/ (1999) and Van Gelder (2000), uncertainty can be divided

into two categories (depending on its sources):

- Inherent uncertainty (or natural variability) that originates from variability in nature
and therefore represents randomness in samples (e.g. measured rainfall volumes).

- Epistemic uncertainty that otiginates from lack of knowledge of fundamental
phenomena (e.g. rainfall-runoff processes).

Inhetent uncertainty (Figure 2.1) represents the unpredictability of physical processes,

such as rainfall. For example, even in the event of larger amounts of data, one cannot

predict with sufficient accuracy the maximum rain intensity that will occur in a future

petiod. Inherent uncertainty concemns variability in time (e.g. variations of rainfall

intensities in time) and in space (e.g. fluctuations in local terrain slope or spatial variation

in infiltration capacity).

Epistemic uncertainty (Figure 2.1) represents the lack of knowledge of the physics,
e.g. on in-sewer processes (e.g. Ashley & 4/ 1999). The two main types of epistemic
uncertainty are model uncertainty due to lack of understanding of physical processes or
incorrect schematisation, and statistical uncertainty due to data insufficiency. In general,
epistemic uncertainty is reduced as knowledge increases and more data becomes
available. Statistical uncertainty is subdivided into statistical parameter and distribution
uncertainties. Willems (2000) not only subdivides model uncertainty into model
parameter uncertainty and model structure uncertainty, but also estimates these two
types separately. Although this subdivision is useful to prevent overestimation of
parameter uncertainties, other authors, including Bedford and Cooke (2001), emphasise
that separate estimation of parameter and structure uncertainty is impossible.

Inherent uncertainty is also referred to as variability, or aleatory, stochastic,
itreducible or type A uncertainty. Epistemic uncertainty is sometimes called subjective,
reducible, type B or state of knowledge uncertainty.
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Figure 2.1 Types of uncertainty according to Slijkhuis et al. (1999) and Van
Gelder (2000).

Both Hoffman and Hammonds (1994) and Cullen and Frey (1999) make a strict
distinction between vatiability and uncertainty. Variability stems completely from
differences in characteristics between individuals, i.e. quantities that are inherently
variable over time, space or population. Uncertainty, on the other hand, is concerned
with partial ignorance and includes model, parameter and scenario uncertainty. In their
opinion, variability is a property of the system being studied, whereas uncertainty is a
property of the observer.

Wynne (1992), however, questions the possibility of obtaining an objective definition of

uncertainty and even disputes its quantifiability. In his opinion, perception of

uncertainties is quite significant, but frequently ovetlooked. Therefore, he has

introduced a categorisation based on knowledge of the outcome of system behaviour.
Uncertainties are classified on a scale ranging from certainty to ignorance (Figure 2.2)

which is based on the (lack of) knowledge of probabilities and consequences (see also

Rogers 2001):

- Certainty. All cause and effect relations are known and future system performance is
predictable.

- Risk. System behaviour is understood and probabilities of failure can be predicted.

- Uncertainty. The important system parameters are known, however, their probability
distributions are unknown.

- Indeterminacy. Probability, consequence or both are not known for 2 given event.

- Ignorance. Essential functional relationships are unknown, or as Wynne (1992) puts
it “We don’t know, what we don’t know”.

Equivalent classifications have been applied by several other authors, although their

terminology is somewhat different (e.g. Funtowicz and Ravetz 1990, Harremoés and

Madsen 1999, Meijer and Ruijgh-van der Ploeg 2001, Rogers 2001 and Harremoés

2003).
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Certainty Risk Uncertainty |indeterminacy| Ignorance
Scale of uncertainty
KNOWN UNKNOWN

Figure 2.2 Scale of uncertainty ranging from certainty to total ignorance
(adapted from Wynne 1992).

Bedford and Cooke (2001) define uncertainty as that which disappears when one
becomes more certain. It differs from ambiguity, which must be removed before
uncettainty can be meaningfully discussed, since uncertainty becomes contaminated
when observations are described in an ambiguous language. Furthermore, they
distinguish between aleatory and epistemic uncertainty. The former afises from natural
variability in a system and is quantified by measurements or expert opinion. The latter,
by contrast, arises from lack of knowledge of a system and cannot be measured.

Notwithstanding the practical significance of a distinction between uncertaintes,
Bedford and Cooke (2001) argue that its theoretical significance is limited. They claim
that the same uncertainty in a different model with a different goal might be classified
differently. As a consequence, the classification of an uncertainty is determined by the
decision problem studied. Examples are presented in Hora (1996).

2.3 CLASSIFICATION OF UNCERTAINTY

In this thesis, the classification of Slijkhuis e @/ (1999) and Van Gelder (2000) will be
used because it enables the reduction of individual types of uncertainty. Although
several authors argue that the theoretical significance of detailed classifications is limited
or that classification is even impossible, it has proven to work rather well in practice
(e.g. Van Geldet ¢ a/. 1997 and Van Noortwijk e# 2/ 2001). The next paragraphs discuss
the uncertainties as presented in Figure 2.1.

2.3.1 Inherent uncertainty

Inherent uncertainty represents randomness or variability in natural processes. The two
main types of inherent uncertainty are inherent uncertainty in time and in space, Tt is
sometimes also called natural variability.

2.3.1.1 Inherent uncertainty in time

Examples of inherent uncertainty in time regarding sewer rehabilitation are vatiations in
rainfall intensities, dry weather flow (dwf), rainfall runoff, evaporation and infiltration.
Inherent uncertainty, or natural variability, in time concerns future realisations of a
process remaining uncertain. In other words, the fluctuations in time of the process are
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not known in advance. Consequently, even unlimited data availability will not reduce
this uncertainty.

‘The probability density function (PDF) and the auto correlation function describe a
stochastic process in time (Figure 2.3). For example, the probability density function of
rainfall intensity in time represents the probability of occurrence of certain rainfall
intensities. When determining the probability distribution of stochastic processes in
time, the problem of information scarcity arises because records are usually too short to
ensure reliable estimates of events with relatively low probability of exceedance (Van
Gelder 2000).

Inherent uncertainty in time is illustrated with the example of Figure 2.3. It describes the
rainfall intensities measured in 1955 in De Bilt (The Netherlands) with PDF and auto
cosrelation. If the probability of rainfall intensities is described with a lognormal PDF,
the PDF of Figure 2.3 is obtained. The statistical parameters of the PDF are Maximum
Likelihood estimates. In a lognormal PDF the natural logarithm of a variable is normally
distributed. The PDF of a lognormal distribution is given in Appendix IV.

The correlation between rainfall intensities in time can be described with the auto
correlation of the time series, which is defined as,

n-k
3 (x(e)- Yoo+ )= ,)
r,, =2 — k=012,... 2.1)

x
whete r,, is correlation of rainfall intensities with time lag 4, # is total number of data,
x(J) is rainfall intensity measured at time # x(#+£) is rainfall intensity measured at time
t+k, yis mean of rainfall intensities and g, is standard deviation of rainfall intensities. A
large value of the auto correlation indicates a large correlation between measurements
with a certain interval. The auto correlation is 1 for £=0. If the auto correlation drops
fast with increasing £, a system has ‘short memory’.

The PDF describes the number of times that rainfall intensities occur in the time
series, the auto correlation gives an indication of correlation between subsequent rainfall
intensities. Uncertainties in the data are transferted to the PDF and the auto correlation.
Figure 2.3 shows that hardly any correlation exists between rainfall intensities with a
time interval larger than 1 hour. Willems (2000) even suggests that precipitation can be
considered as a purely random or white noise process.
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Figure 2.3 Example of inherent uncertainty in time. PDF and auto correlation
completely describe a time series of rainfall intensities (measured in
1955 in De Biit, The Netherlands). Uncertainties present in the data
are translated to PDF and auto correlation.

2.3.1.2 Inherent uncertainty in space

The characteristics of inherent uncertainty in space differ from variability in time. When
determining the probability distribution of stochastic processes in space (e.g. local
variations in tetrain slope), a problem of information scarcity is also present. It is usually
too expensive to measure such quantities in great detail. However, taking more
measurements as opposed to inherent uncertainty in time, reduces inherent uncertainty
in space. Inherent uncertainties in space only have one realisation, whereas the ones in
time have many (yearly) realisations. For example, a denser network of rain gauges
reduces inherent uncertainty in space regarding precipitation. This does not
simultaneously reduce its inherent uncertainty in time.

Local fluctuations in properties of (im)pervious areas can be regarded as stochastic
processes in space. Other examples of inherent uncertainty in space with regard to
sewer systems are sewer system geometry (sewer pipes, pumps, etc.), magnitude of
contributing areas, local terrain slope, storage on street surface, not exactly horizontal
position of weir crest. From field measurements the probability density function (PDF)
and the spatial correlation of the afore-mentioned properties can be computed. As
structures (such as sewer systems) are immobile, only one single realisation exists of, for
example, local characteristics of street surfaces. Consequently, the actual properties of
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the surfaces (perviousness, slope, etc) are more or less fixed after construction, although
not completely known. Subsidence of sewer pipes, on the other hand, may cause
considerable uncertainty regarding invert levels.

2.3.2 Epistemic uncertainty

2.3.2.1 Model uncertainty

A hydraulic, hydrological or condition model is never perfect, and neither are the
required model parameters. This results from physical phenomena that are not fully
understood, or some variables of lesser importance that are omitted in the model for
efficiency reasons. This may cause model uncertainty. Several authors present methods
to accommodate the uncertainty in sewer models (e.g. Beck 1987 and 1996, Lei and
Schilling 1996, Vanrolleghem and Keesman 1996 Aalderink ¢ a/ 1996 and Willems
2000).

Model uncertainty is sometimes subdivided into model parameter and model
structute uncertainty (e.g. Beck 1987 and Willems 2000). The latter results from
imperfect descriptions of physical reality or the limitations of the modeller to describe
reality. For example, when modelling sewer systems the limitations of modelling in-
sewer processes regarding sewage composition are an important source of uncertainty
(Ashley et a/ 1999 and Langeveld 2004). Model parameter uncertainties exist if
etroneous of limited time series of data are used for calibration or if the calibration
ptocedure is not optimal. In addition, it also comprises measurement or estimation
errors depending on the type of model input (e.g. hydraulic resistance of sewer pipes,
runoff coefficients of paved areas and sizes of paved areas). As mentioned in § 2.2, it is
rather complicated, if not impossible, to separately quantify parameter and structure
uncertainty because of their strong interrelation.

2.3.2.2 Statistical uncertainty

The characteristics of a series of data can be described with a statistical model, a
distribution function, e.g. normal, exponential and lognormal, A distribution function is
defined with its parameters, which are estimated from available data.

Statistical uncertainty arises when the amount of data for estimating the probability
distribution of a random variable is not sufficient. In other words, if only sparse data is
available more than one distribution seems to fit the observed data and only a few can
be rejected on the basis of goodness-of-fit tests (e.g. Chi-square or Kolmogrov-
Smirnov). For example, a priori it is not clear whether the occurrence of rainfall
intensities is exponentially or log-normally distributed or complies with another
distribution type. Statistical uncertainty consists of two parts: distribution type and
statistical parameter uncertainty.

Distribution type uncertainty represents uncertainty about the distribution type of a
variable and arises from choosing the most appropriate distribution type for this
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variable (Van Noortwijk e# a/. 2001). For goodness-of-fit tests two probability models H,
and H, need to be formulated. Subsequently, a test stadsdc (e.g. Chi-square test) is
applied to judge whether model H, should be rejected or not. Model H, is rejected if the
test statistic is smaller than a predefined significance level.

However, traditional hypothesis testing has several disadvantages. It only offers

evidence against a hypothesis H, or the alternative H,. Acceptance of hypothesis H, on
the basis of the traditional approach is not possible (Van Noortwijk et a/ 2001).
Moreover, Van Gelder (2000) states that the uncertainty involved in the selection of the
distribution type is ignored when a single distribution type is selected and inference is
made conditionally on that distribution. As an altemative, Bayesian selection methods
can be used to determine how well a probability distribution fits observed data (see
Carlin and Lewis 2000). Bayesian methods avoid the problems mentoned. In practice,
however, the number of candidate distributions is limited due to computational
limitations.
In addition to distribution type uncertainty, statistical parameter uncertainty is of
importance. It also decreases with increasing data availability. Statistical parameter
uncertainty is calculated ecither by means of Bayesian methods or bootstrapping.
Bootstrapping randomly draws r replications of an original data set of sample size # with
replacement. Subsequently, r values of the statistic of interest are calculated and analysed
statistically. A detailed description of the bootstrap method can be found in Efron and
Tibshirani (1993).

An illustration of statistical parameter uncertainty is given in Figure 2.4. A lognormal
PDF has been fitted to data of calculated CSO volumes of the sewer system of ‘De
Hoven’, The Netherlands. The statistical parameters #, and o,- have been estimated with
the Maximum Likelihood method based on these 70 calculated volumes. Subsequently,
a bootstrap algorithm as described in Efron and Tibshirani (1993) has been applied to
estimate variability of the statistical parameters. The figure shows that the parameters of
the PDF contain a substantial amount of statistical parameter uncertainty. Expressed in
terms of ‘coefficient of vatiation’ (CV) the uncertainty of the two parameters amounts
to,

CV(py)= oluy =020

wluy

o(oy
(o)
The uncertainty may result from the fact that the number of data points is too small to
estimate a reliable PDF, or that a lognormal distribution is not the correct distribution
type to describe the data.

—

2.2)

~— -

CV(o,)= =008
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Distribution type uncertainty is illustrated in Figure 2.5. In this example the same data
set is used as in the previous example. Using the CSO volumes, both the parameters of
a Weibull and an exponential distribution are estimated. To graphically assess the fit
between data and both distributions, the cumulative distribution function (CDF) of the
data is plotted in the same figure as the estimated distribution functions. The figure
shows that the Weibull distribution gives a better fit with the CSO volumes compared
to the exponential type.

In practice, it is difficult to discriminate between statistical parameter uncertainty and
distribution type uncertainty. For example, the distribution type itself can be uncertain
due to lack of observations, which affects the uncertainty of the distribution parameters
as well.

— - . 35 0
15 20 25 30
Veso (Mnvevent)
Pdf of u,, of fitted lognormal distribution Pdf of o, of fitted lognormal distribution
25 {Bootstrap, N=1000) A (Bootstrap, N=1000)
2t 3

15 -~
B 52
Q 1 [= 8

05 ! \

%,8 1 12 14 16 18
oy )

Figure 2.4 Example of statistical parameter uncertainty. The parameter
uncertainties in the lognormal distribution are estimated by means
of bootstrapping.
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Figure 2.5 Example of statistical distribution type uncertainty, where i is rank
of sorted CSO volumes, N is total number of CSO volumes, a is shape
parameter of Weibull distribution, b is scale parameter of Weibull
distribution and 6 is parameter of exponential distribution. The
cumulative distribution function (CDF) of the data set is graphically
compared with estimated Weibull and exponential distribution
functions.

2.4 UNCERTAIN FACTORS IN THE HYDRAULIC
PERFORMANCE OF SEWERS

At present, assessment of sewet system performance is usually based on CSO volumes
and flooding events. A diagram of the decision-making process to improve performance
is presented in Figure 2.6. With regard to CSQ emissions and flooding, the decisions are
based on several criteria, which stem from e.g. environmental policy, construction costs,
losses due to failure and environmental and town planning.

2.4.1 Hydraulic loads of sewer system

The hydraulic loads of a sewet system may be distinguished between storm events and
dry weather flow (dwf). Patterns in rainfall, both in space and time, have been studied
extensively during the last decades. Variability of dwf, in contrast, has achieved much
less attention.
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Figure 2.6 Decision-making on sewer system rehabilitation regarding hydraulic
performance. Uncertainties in the various aspects Influence
investments in the sewer system.

2.4.1.1 Precipitation

When modelling sewer systems, rainfall input uncertainties are one of the most

important sources of uncertainty (e.g. Schilling and Fuchs 1986). Rainfall input

uncertainties can be separated into:

- inherent uncertainties in the rainfall process;

- uncertainties caused by measurement errors;

- uncertainties resulting from simplification of the real spatial variability of the rainfall
(catchment averaged rainfall).

These uncertainties are even amplified by the rainfall runoff transformation (Schilling

and Fuchs 1986).

In rainfall structure, both in space and time, certain regularities are observed. The spatial

structure of rainfall shows clusters of high intensity rainfall areas embedded within

rainfall areas of lower intensity (Gupta and Waymire 1979, Waymire and Gupta 1981

and Waymire e/ a/ 1984). Such patterns are typically present at different spatial scales

(Figure 2.7):

- At the smallest scale, individual rain cells are the building block of the spatial rainfall
structure. They range from 10-30 km”.
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- The individual cells with higher intensities form clusters in small meso-scale areas,
SMSA, (100-1,000 km?). In these meso-scale areas they move with nearly identical
velocities. The SMSA has an average life span of several hours.

- At a larger scale, the small meso-scale areas are clustered within larger meso-scale
areas, LMSA, (1,000-10,000 km®) with lower intensities. The lifetime of LMSA is
within the order of several hours.

- The large meso-scale areas arc embedded within a rainfall field with lower intensities.
Their life span is one to several days.

However, other descriptions of the spatial structure of rainfall are also found in the

literature. For example, Lovejoy and Mandelbrot (1985) and Lovejoy and Schertzer

(1995) describe the spatial (and temporal) structurc of rain using the theory of fractals.

Instead of clustering rainfall at different scale levels their approach is based on the scale

invariance of the structure of rainfall. The temporal structure of rainfall, on the other

hand, consists of a succession of events, which is usually described by means of Poisson

or Markov processes (¢.g. Waymire and Gupta 1981).

Although several authors have translated the characteristic spatial rainfall structure into
a model (e.g. Bras and Rodriguez-Iturbe 1976, Ambjerg-Nielsen ef a/. 1998, Thauvin ez
al. 1998 and Thyregod ez /. 1998), hardly any applications exist at small spatal scales,
such as occur in urban areas. In these models, the rainfall structure is not desctibed at
the level of individual rain cells. However, for urban hydrology an accurate description
of individual rain cells and cell clusters is important, while the description at the lager
meso-scale is of minor importance. Within the rain cells spatial correlation is high.

od A CONVECTIVE
CELLS

CELL CLUSTER

w SMSA

SYNOPTIC
AREA

Figure 2.7 Schematic description of rainfall features (after Waymire and Gupta
1981). Areas with similar rainfali intensities are distinguished.
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In urban areas spatial variation in rainfall intensities is influenced by temperature
differences, the “‘urban microclimate’, and impacts of buildings on wind patterns (e.g.
Buishand and Velds 1980). The variation can be relatively large and differs significantly
from variations observed in rural areas. Accounting for these characteristics, Willems
(2000) developed a spatial rainfall generator for urban catchments. He estimates that
spatial variation in rainfall input accounts for approximately 30% of variability in
calculated CSO volumes.

The dominant type of rain gauges applied in urban drainage is the tipping bucket rain
gauge. Different authors, e.g. Sevruk (1982 and 1996), Luyckx ef a/ (1998), Rauch ef al
(1998), describe the measurement properties of tipping bucket rain gauges. The main
components of systematic error in precipitation measurements are presented in Table
2.2. Generally, these gauges appear to underestimate high intensities, while for low
intensities rainfall is overestimated (Luyckx e 4/ 1998 and Einfalt e 4/ 1998).

Table 2.2 Systematic errors In precipitation measurements from tipping
bucket rain gauges.

Error component Volumetric magnitude of errors
wind speed 2-15% (Sevruk 1996)
3-5% (Luyckx et a/. 1998)
wetting of internal walls 2-10% (Sevruk 1982)
evaporation 0-4% (Sevruk 1982)
splashing 1-2% (Sevruk 1982)
calibration of rain gauge 10 % (Rauch et al. 1998)
3-4% (Luyckx etal. 1998)
loss of winter precipitation (due to heated gauge) 30 % (Rauch et al. 1998)
resolution error (per bucket volume) 0.1 mm (Luyckx ef al. 1998)

Catchment averaged rainfall is estimated on the basis of point rainfall measurements
introducing additional uncertainty. According to Willems (2000), spatial averaging of
point rainfall measurements includes three types of uncertainties:

- point rainfall measurement errors,

- estimation error due to averaging over catchment area,

- natural varability in the precipitation process.

Errors related to spatial averaging of rainfall are important with respect to uncertainties
in modelling of urban rainfall runoff processes. This is stressed by e.g. Schilling and
Fuchs (1986), who demonstrate that lack of spatial resolution of rain data causes severe
loss of modelling reliability. Systematic errors result from wrong assumptions about
spatial homogeneity of rainfall and dominating directions of storm movement (Schilling
1984). Another source of uncertainty is that rain gauges in the centre of a catchment
overestimate areal rainfall. With respect to magnitude of uncertainties Willems (2000)
concludes that if a rain gauge network is very dense, estimation errors can be neglected
compared to the other uncertainties mentioned. For rainfall volumes larger than 0.5 mm
the impact of measurement errors is also negligible
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Whether rainfall input uncertainty can be reduced is dependent on the type of the
uncertainty. The inhetent uncertainty in time cannot be reduced because it results from
natural variability in rainfall. ‘The inherent uncertainty in space, however, will decrease
with more dense networks. The magnitude of the measurement error of a rain gauge is a
function of the measured volume and the resolution of the gauge. As a result, reduction
is only possible if mote accurate gauges are installed.

2.4.1.2 Dry weather flow

Dry weather flow (dwf) consists of domestic and industrial wastewater and leaking
groundwater. Dwf from households is directly related to drinking water consumption
and varies during the day (see e.g. Butler e 4/ 1995). However, the drinking water
consumption over the day differs from dwf discharges because part of the water is not
drained to the sewer system due to e.g. garden sprinkling and evaporation, ot is retarded
due to temporary in-house storage e.g. in washing machines and baths.

Differences in amount and pattern of domestic discharges are dependent on size and
characteristics of urban areas (Clemens 2001a). For example, Butler ef 4/ (1995) show
that the domestic wastewater discharges differ between a city in England and in Malta.
Both amount and pattern (morning and evening peaks) ate different at the two
locations. The amount of industrial discharges strongly depends on the type of industry.

Infiltration may contribute considerably to dwf, especially in older sewer systems
with high ground water levels (Clemens 2001a and Karpf and Krebs 2003). For
example, Schaum (2001) estimates that leakage contributes to 40 % of dwf in the city of
Apeldoorn, The Netherlands.

Table 2.3 Variation of calibrated dwf due to fluctuations in domestic sewage
and leaking groundwater for the sewer system of De Hoven, The
Netherlands (Clemens 2001a).

Average Std (o) cv

event (ma?h)(”) (msl(h)) (%)
1 25.95 0.08 0.30
2 49.19 3.12 6.34
3 65.48 273 417
4 63.89 1.39 2.18
5 49.88 1.16 2.33

* CV = coefficient of variation = (o/u)*100%

Dwf patterns show substantial variation in time. Table 2.3 presents averages and
standard deviations of calibrated dwf in a sewer model. The model was calibrated using
an automatic algorithm (Clemens 2001a). The average domestic sewage discharges
amount to 22 m’/h. The calibrated dwf, however, can be considerably larger (for
patticular storm events up to 65 m'/h). The maximum dwf equals 2.52 times the
minimum value. Calibrated dwf varies from one event to another mainly due to
fluctuating groundwater levels that are strongly correlated with the water levels in the
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neighbouring river Ifssel. Karpf and Krebs (2003) also found this correlation between
dwf and river water levels for the city of Bamberg, Germany.

The results are comparable to measured daily variations of the inflow of wwtps
(wastewater treatment plants) over the year in Germany (Brombach ¢f a/. 2002) and The
Netherlands (Stok 2003). Although the inflow variations of a wwtp measured by Stok
(2003), are smaller than calculated by Clemens (2001a), they vary substantially over the
year (Table 2.4). The average daily inflow (only during dry days) is equal to 1.25 times
the minimum value.

Table 2.4 Measured inflow of wwtp ‘Katwoude', The Netherlands, during dwf
(Stok 2003). Daily averages for each month based on inflow
measurements during dry days (2000-2002). The average inflow is
approx. 9600 m3/d

Month Jan. Feb. Mar. Apr. May June
Inflow (m*/d) 10524 10732 10348 9613 9314 9137
Month July Aug. Sept. Oct. Nov. Dec.

Inflow (m*d) 8564 9314 9585 9763 9070 9289

2.4.2 Database of sewer system

For many sewer systems the original information on their construction, geometry and

details are at best available in drawings, maps ot written manuscripts. The accuracy of

such information sources is questionable for several reasons (Clemens 2001a):

- discrepancies between original plans and actual construction that were not corrected
afterwards in revised plans,

- subsidence of sewers,

- loss of original information (e.g. due to fire) and

- poor documentation of constructional details.

In practice, reliable information on structure and geometry is only obtained by detailed

field investigations.

The data set applied in a hydrodynamic model is never entirely perfect. Errors in the
database of a sewer system affect calculation results of hydrodynamic models, Within a
sewer database, five groups of data are distinguished, including geometry of sewer
system, hydraulic parameters, runoff parameters, catchment area and structure of sewer
system. Possible database errors are summarised in Table 2.5. The average values and
standard deviations of the parameters are based on expert judgement (Clemens 2001a).

42



UNCERTAINTIES

Table 2.5 Errors in the database of a sewer system (after Clemens 2001a).
The data are used as input for hydrodynamic models.

Category Aspect Average  Standard
deviation
Geometry of sewer system Invert level (both up- and downstream) - 0.05m
Weir crest level - 0.0t m
Street level - 0.01m
Profile diameter - 0.5%
Switch on/off level pumping station - 0.01m
Hydraulic parameters Hydraulic roughness 3.0mm 1.0 mm
Weir coefficient 14 () 0.35(-)
Local loss coefficient 1.2¢(-) 0.4 ()
Pumping capacity - 50%
Runoff parameters Infiltration rate 2.0 mm/h 30.0 %
Initial depression losses 0.5 mm 30.0%
Catchment area Catchment area - 50%

Structure of sewer system Shape of profiles - -
Non-existing structures - -
Conduits left out - -

Structural errors substantially impact teliability of hydrodynamic calculations (Clemens
2001a). They comprise profile etrors (e.g. round pipes instead of egg-shaped), pipe
dimension errors, non-existing structures and conduits left out. Their influence on
calculated CSO volumes and water levels is large (Price and Osborne 1986 and Clemens
2001a). However, structural errors are difficult to determine prior to calculation. More
accurate measuring ot model calibration substantially reduces uncertainty

Clemens (2001a) demonstrates that no single group of databasc errors dominates
variance of calculated CSO volumes and numbers of flooded manholes. Errors in
amount of catchment area have the largest impact. However, when the number of
errors in the structure of the sewer system increases (>10 % of total number of
conduits), it dominates other etrors. These stractural errors produce distinct peaks in
predicted CSO volumes. In steeper sewer systems the impact of errors in the database is
more distinct.

2.4.3 Models for assessment of hydraulic performance

In urban drainage, decisions on interventions related to the rehabilitation of a sewer
system are usually based on simulation results (ie. CSO volumes or flood depths).
Simulation models used in urban drainage consist of two separate process descriptions:

- rainfall runoff process (hydrologic model),

- in-sewer hydraulic processes (hydraulic model).

When the simulation model is calibrated using measurement data for the hydraulic
behaviour of a sewer system, the accuracy and reliability of results increases.
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Consequently, model calibration reduces risks related to possible wrong interventions.
Both data availability and model structure affect the accuracy of a calibrated model.

2.4.3.1 Hydrologic model

The hydrologic part of sewer models comprises processes that transform rainfall into
runoff including:

- interception by vegetation and wetting of dry surface,

- depression storage,

- infiltration,

- evaporation and

- overland flow.

These processes are very simplified in the usual models introducing uncertainty. In
addition, uncertainties may stem from inherent variations in time, local differences in
surface characteristics and lack of data. Schilling and Fuchs (1986) show that
uncertainties in rainfall input are amplified by the rainfall runoff transformation.

The output of the hydrologic part of the model setves as input for the hydraulic part.
However, calculated runoff cannot be compared with field measurements because it is
usually not measured as a separate quantity. Although a variety of runoff models exist,
they show only little differences in process descriptions (see Van de Ven 1989).

Initial losses consist of storage in depressions and losses due to interception by
vegetation and due to wetting of dry surfaces. Surface storage is the amount of rain that
is caught in small local depressions in the pavement. Regarding interception, there is an
initial retention period, after which excess rain falls through the vegetation cover to the
soil. Losses due to interception are small in magnitude (<1 mm) and are usually
neglected or combined with depression storage in sewer models. Wetting losses occur
when the street surface is dry at the beginning of a storm.

The magnitude of initial losses depends on the type and state of maintenance of the
street surface, the humidity and temperature of the surface and the previous history of a
storm, since water stored in depressions vanishes between successive storms due to
evaporation and infiltration. However, exact figures for initial losses are scarce. Table
2.6 summarises field data available in literature (Clemens 2001a).

Table 2.6 Wetting losses and surface storage (Clemens 2001a).

roofs roads
flat sloping impervious semi-pervious
wetting losses (mm) 0-05 0.1 0.07-0.7 0 -15
surface storage (mm) 2-25 0.1 03 -1.7 0.8-6.0
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Evaporation is the vaporisation of water from plants and open water bodies (e.g.

puddles). It is a continuing, constant loss. Its rate depends on variables including;

temperature,

wind speed,

atmospheric humidity,
rate of heat influx,
intensity of sunshine and

colour of surface.

In general, none of these are known in detal when modelling a sewer system.

Furthermore, Van de Ven (1989) concludes that it is impossible to quantify the

evaporation for an individual storm. Therefore, calculated monthly averages of potential

evaporation are applied (Penman 1948). Figure 2.8 shows the ‘Penman evaporation” as

applied in sewer models. During summer this evaporation is slightly higher than the
long-term potential evaporation of De Bilt, The Netherlands (1971-2000).
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Figure 2.8 Monthly averaged evaporation (Penman 1948) as applied in sewer

models in The Netherlands.

Table 2.7 Infiltration capacity of different surfaces (Clemens 2001a)

infiltration capacity (mm/h)
brick paving 7-353
paving-stones 1-254
grass 10 - 500
soil without vegetation 10 - 100
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Infiltration is a complicated process in which rain infiltrates into the soil. Depending on
the initial conditions, the infiltration rate will decrease as the unsaturated zone becomes
filled. As soon as this zone becomes saturated, the minimum infiltration capacity is
reached. Infiltration rates reported in the literature are shown in Table 2.7. A widely
accepted model is the Horton infiltration model (Horton 1940).

S@O=f£+(f, - £)e™ decrease of infiltration rate 2.3)

=1 +(f, - f£)e* increase of infiltration rate 24

where f{)) is infiltration rate (mm/h), £ is minimum infiltration capacity (unsaturated
zone filled), f, is maximum infiltration capacity (unsaturated zone fully available), &, is
recession factor (descending leg) and £, is recession factor (rising leg). According to Van
de Ven (1989), a constant rate model is less accurate than more complicated models.
However, it can be used for practical purposes because it is easy to calibrate.

2.4.3.2 Hydraulic model
Runoff from street surfaces and dwf drain to the sewer system. The resulting flow in the
sewers is described with the well-known ‘De Saint Venant equations’ (De Saint Venant
1870). These equations read,

90, 0(s0%, 0h, QO

3 +ax[ﬂ y J+gAax+c Y =0 2.5
30, 4(R) 30, 4 3h_

o, _ax+3(h)ax_o (2.6)

where Q is discharge (m*/s), ¢ is resistance coefficient (), A4 is cross-sectional area (m?),
b is water level (m), B is width of free water surface (m), x is location along x-axis (m), g
is gravitation (m/s?), #is time (s), R is hydraulic radius (m) and fis Boussinesq’s number
{-). The first equation represents the momentum balance, whereas the second represents
the mass balance.

For these equations no analytical solution is known, thus implying that numerical
methods are necessary to solve them. In hydrodynamic models finite difference
methods are used to transform the partial differential equations into finite difference
equations. Clemens (2001a) extensively studied hydrodynamic models used in urban
drainage, their characteristics, simplifications and limitations.

In general, uncertaintes in results of hydrodynamic models result from incomplete or

incorrect process descriptions and numerical or software errors. Modelling errors may

result from (see Clemens 2001a):

- incorrect description of processes;

- numerical etrors due to specific calculation method (e.g. choice of step size (Ax) and
time step (At));
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- simplification or omission of minor processes;

- database errors;

- impacts of programmers’ solutions (e.g. difficulties in implementation of formulae
and numerical difficuldes in software).

The simplifications as applied in most hydrodynamic models are widely accepted, but

should be taken into account for a correct interpretation of model results. Software

induced errors are present, but normally stay within acceptable limits. With regard to

errors in process descriptions, it is apparent that some processes cannot be modelled

accurately. For example, house outlets, gully pots and conduits enabling connection to

the sewer system are usually not accounted for in the calculations, although they may

hold a significant storage capacity (up to 10% of in-sewer storage). In addition, most

models assume that all runoff enters the sewer system at manholes. In fact, it enters the

system at many more inlets affecting actual in-sewer flow.

In particular, the prediction of CSO volumes and flood depths is inaccurate due to
shortcomings of the hydrodynamic models. The amount of pollution in CSOs cannot
be predicted, since in-sewer processes are not completely understood and
concentrations of pollutants in CSOs are highly variable (e.g. NWRW 1989a and
Gromaire-Mertz et a4l 1998). Furthermore, flood depths cannot be predicted with
sufficient accuracy because conventional models cannot deal with surcharged conditions
and an interaction between street flow and in-sewer flow is not included (Maksimovic
and Prodanovic 2001). Nor can the models be relied on for long return period events,
since only little data are available to check their results.

In conclusion, uncertaintics in the results of hydrodynamic models are mainly due to
incorrect description or simplification of processes and etrors in the database of the
sewer system. The former is reduced by more detailed process knowledge and
descriptions, the latter by field measurements of sewer system data.

2.4.3.3 Model calibration

Calibration is the process in which model structure and parameters are adapted in such a
manner that the model reproduces measured behaviour as well as possible. Calibrating a
model reveals discrepancies between model and observed reality. It also enables the
quantification of systematic errors, which may stem from incomplete process
descriptions in the model, errors in the database of the sewer system and measurement
errors. However, calibration of hydrodynamic models is only rarely applied in practice,
because (see Clemens 2001a):

- calibration is regarded as time-consuming;

- field measurements are regarded as expensive;

- methods to calibrate a model and objectively judge calibration results arc lacking.

In The Nethetlands, for example, only a limited number of cases are known of
calibrated modcls of sewer systems. As a result, unnecessary uncertainty on CSO
volumes and resulting inapproptiateness of investments is introduced (see e.g. Price and
Catterson 1997).
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In the literature different methods are presented for the optimisation of parameters
in a hydrodynamic model. For example, Clemens (2001a) applies maximum likelihood
estimation, while Reichert (1997) and Bates and Campbell (2001) recommend a Bayesian
approach to parameter estimation.

The uncertainties in the calibration of a hydrodynamic model result from either the
available measurement data or the chosen model structure. Due to calibration the
uncertainties from different sources (e.g. database of sewer system, dwf, runoff
parameters, model structure) are aggregated into the model parameters. Especially
model structure uncertainty is transferred to parameter uncertainty. As a consequence,
uncertainty in model parameters is possibly overestimated. The same applies to
distribution type uncettainty, which shifts to statistical parameter uncertainty due to
parameter estimation.

Due to simplifications ot errors in the model structure, a strict physical interpretation of
calibration parameters is not always possible. As a result, calibrated model parameters
may adopt values that are physically less probable. Moreover, it is difficult, if not
impossible, to estimate the improved accuracy of a ‘better’ model because uncertainty
related to model structure and model parameters is strongly correlated. According to
Bedford and Cooke (2001) among others, separate estimation of parameter and
structure uncertainty is impossible, since essentially all models are “false’.

Willems (2000), however, claims that structute uncertainty of different model
structures can also be estimated and discriminated from parameter uncertainty. Model
structure uncertainty is defined as overall model uncertainty minus all other known
uncertainty sources. This approach, however, assumes that models are calibrated by
changing the structure instead of the parameter values, that the variances of the various
uncertainty sources (input uncertainty, model structure uncertainty and measurement
errors) are independent and additive, and that uncertainty of model parameters can be
estimated with expert knowledge. The approach relies heavily on the modeller’s skills
and his ability to estimate the model parameters and their variation. This means that it is
still impossible to separately estimate structure and parameter uncertainty of calibrated
models, since the estimation of model parameter uncertainty is based on expert
knowledge. Essentially, this approach defines model uncertainty as stemming completely
from model etrors and simplifications (i.e. structure uncertainty) assuming that
parameter uncertainty can be neglected.

Motgan and Henrion (1990) and Bedford and Cooke (2001) propose to assimilate
different model structures into a single ‘metamodel’, containing the models as special
cases and introduce a discrete parameter indicating the weight of each model.
Uncertainty about model structure is converted into uncertainty about these weights.
However, the highest weight does not indicate that the model is ‘correct’, it only
distinguishes the model that is ‘approximately correct’. This approach is comparable to
Bayes weight assessment.
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Values of calibrated parameters in a hydrodynamic model may vary from one storm
event to another, or even during the storm event itself, due to an incomplete or
incorrect process description in the model (see Clemens 2001a and Grum 1998).
Therefore, the portability of parameters between different storm events is rather limited
(Bates and Campbell 2001). Table 2.8 shows the results of the calibration of a
hydrodynamic model of a sewer system (Clemens 2001a). The calibrated parameter
values differ for two storm events. For example, the difference in dwf and infiltration
rate between the events is due to different ground water levels in August and October.

Table 2.8 Parameter values obtained for two calibration runs with different
storms (Clemens 2001a).

A . N* = dwf (m°h

storm 25/08/98 ¢ e Cv (%) B* = stora(ge or)m street surface (mm)
N*(m°h) 26.16 0.07 0.27 I* = constant infiltration rate (mm/h)
B*(mm) 0.4905 0.00875 1.78 F*  =lineair reservoir constant (s)
I"(mm/h) 0.229 0.0015 0.66 CC* = wair coefficient (m**/s)

F(s) 277.035 7.9375 2.87

cC*(m®is) 1.035 0.0185 1.79

B * L *

storm 24/10/98 H i VR uNa:iuNDe =050

N*(m”h) 51.97 0675 130 HBYa: u(BYs =109

B*(mm) 044815 0015275  3.41 H(a : 1 =125

I*(mm/h) 0834 000335  1.83 M p(FTe =041

F*(s) 669.635 11.8975 1.78 W(CCa: 1(CCTs =081

CCHm®s) 128205 0071375 556

* CV = coefficient of variation = (o/p)*100%

2.4.4 Environmental and flooding standards

Environmental and flooding standards (next to public health) are an important
motivation for maintenance and rehabilitation of sewer systems. These standards may
change through the years due to changes in knowledge and public perception of sewer
impacts and policy-making on impact reduction. Evidently, social, economic, political
and cultural changes in a society cannot be predicted, not can their consequences for the
operation and maintenance of sewer systems.

In The Netherlands, a sequence of different environmental standards has been applied

to sewer systems over the years:

- Untl 1951, a “dilution factor approach’ was applied. It required that sewer flow
should be diluted 3 to 10 times before a CSO started working (Van den Akker 1952).

- From 1951 until 1992, a different approach based on allowable overflow frequency,
was used (Ribius 1951). The frequency is calculated with a simple reservoir model of
the sewer system. The allowable maximum varies between 3 and 10 events per year
depending on the water board and the type of receiving water.
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- From 1992 until 2001, the requirements of the ‘Basisinspanning’ had to be met
(CUWVO 1992). It demanded that each sewer system should petform equivalent to a
‘reference’ sewer system in terms of pollution load. The reference system has an in-
sewer storage capacity of 7 mm, additional storage in a settling tank of 2 mm and a
pumping capacity of 0.7 mm/h plus dwf. Performance is checked for annual CSO
volumes. These volumes are calculated using a (simplified) hydrodynamic or
reservoir model of the system.

- In 2001, the reference system performance was more clearly defined (CIW 2001). It
now equals an annual discharged COD load of 50 kg COD per hectare of
impervious area. The COD concentration is assumed to be 250 mg COD/1.

- Since 1992, the “Waterkwaliteitsspoor’, a method assessing receiving water quality,
has been developed in addition to afore-mentioned emission-based methods
(CUWVO 1992). It considers impacts of CSOs on a watercourse depending on its
function.

However, the effects of CSOs on water quality still cannot be predicted with sufficient

reliability because knowledge of processes is rather limited. Moreover, the relationship

of discharge limit and required water quality improvement is debatable (Clemens 2001a).

As a consequence, reliable checking of system compliance is impossible.

Flooding of sewer systems used to be assessed on the basis of constant rainfall
intensities (60 or 90 1/s/ha depending on ground slope) accepting maximum in-sewer
water levels of 0.2 m below ground level (Van Luijtelaar 1999). Only recently, a new
approach has been introduced which assesses sewer flooding on the basis of calculated
hydraulic performance for predefined storm events with specific return periods (0.25-
10.0 years) and shapes (peak at beginning or end of storm).

However, flooding (i.e. depression storage and overland flow) cannot be accurately
represented in a sewer model (e.g. Maksimovic and Prodanovic 2001). When a sewer
system becomes surcharged, the reliability of model results depends strongly on the
description of the interaction between surface flow and underground sewer system. In
addition, the hydraulic resistance of gully pots and their connections are often neglected
and overland flow is not included in the model (De Haan 2002). As a result, calculated
flood depth and duration are unreliable, resulting in inaccurate flooding assessments.

2.5 UNCERTAIN FACTORS IN THE STRUCTURAL
CONDITION OF SEWERS

Good planning for sewer maintenance and rehabilitation requires valid condition
assessments. In most cases, however, good information on the condition of sewer
assets, such as pipes, pumps, inverted siphons, CSO structures and manholes, is scatce
(Fenner 2000). The condition of sewers is identified by internal visual examination using
CCTV (closed circuit television), photographs or by other methods, such as high-

resolution sonar and laser measurements. Based on these examinations sewers are
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classified from no visible defect to severely deteriorated (see NEN 3399 and pr EN
13508-2). Visible structural defects of sewer pipes include longitudinal cracks and
fractures, circumferential cracks and fractures, broken or deformed pipes, corrosion,
fouling, collapse, defective connections, debris, deposits, deviations in line and level,
root intrusion, rats and infiltradon. Mortar loss and displaced or missing bricks are
typical defects of brick sewers.

Usually, the results of visual (or non-visual) inspections are applied for assessment of
the structural condition of sewers. Sewers are classified from these inspections.
Decision-making on sewer rehabilitaton (see Figure 2.9) relies on a prioritisadon of
sewers regarding their condition class. For prioritising, models are used either to predict
the remaining service life of sewers or the transition sewers between condition classes
(e.g. KEMA 2001 and Baur and Herz 2002). Sewers that do not meet required
performance criteria (watertightness, structural stability, flow and contamination) have
to be cither cleancd, repaired or replaced.

Lately, there is a tendency towards proactive or preventive maintenance instead of
cotrective repair, i.e. fixing problems after failure (see Fenner 2000 and Ashley and
Hopkinson 2002). Therefore, more effective tools are required in order to accurately
predict condition and performance of sewers.

- in-sewer photography
- CCTV inspection

- drill core inspection - costs

- laser tgct\nology - location

- acoustic methods (sonar) - losses due to incidents

- measurement of pipe - standard NEN3399 - trouble due to rehabilitation works

level/sediment layer
- reports of past incidents

- past incidents - management of other infrastructure
7 - assessment criteria (EN 752-5)

t

decisions |m| g
o ; - cleansing
- root intrusion: | on sewer A
: it |———% - repair
- let:ves m°del conditional parameters rehabilition - renovation

.
H
3 i
H ¢
T
B ¢
- characteristics sewage Eg {1 - watertightness
- subsidence/collapse {e.g. industrial) 13 ] - stability
- defective connections - high groundwater level |3 £ - runoff ;
- defective/displaced joints { - pipe section length 3 E - degree of pollution [
- {soil) infiltration i - foundation £ [Rinngosnnotmnoearaos
- sediment/debris | i
- blockage A

Figure 2.9 Decision-making on sewer system rehabilitation regarding
structural condition of sewer system. Uncertainties in the various
aspects influence investments in the sewer system.
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2.5.1 Loads and external influences

Different sewer ageing rates may result from differences in soil conditions, pipe
matetials, nominal sizes, quality of pipe laying, type of sewer system (combined or
separate), quality of sewage (Stein 2001). However, agreement has not been reached yet
for several explanatory variables for sewer detetioration (see Table 2.9). Fenner and
Sweeting (1999), for example, suggest that pipes most prone to failure have specific
characteristics including long lengths, small diameters, shallow depths, slack to moderate
gradients and foul sewers. Davies ¢t 4/ (2001b), on the other hand, consider factors such
as sewer depth, root intrusion, infiltration, burst history, traffic loads and total vehicle
flow as statistically not significant in predicting the probability of failure of a sewer. The
presence of debris (bricks, gravel, etc) is indicative of possibly increased risks of a sewer
failure.

It is generally acknowledged that sewer deterioration is influenced by corrosion of
cementitious material due to hydrogen sulphide. The hydrogen sulphide cycle comprises
the following steps. Under anaerobic conditions the sulphide reducing bacteria
(Thiobacillus desulfuricans) present in slime layers and sewage reduce sulphates in the
sewage to form dissolved hydrogen sulphide. When exposed to water and under
anaerobic conditions a mixture of H,S and HS is formed. Subsequently, hydrogen
sulphide gas is released from the sewage and oxidised by bacteria (Thiobacllus thiooxidans)
at the pipe wall in the presence of moist. This results in the forming of sulphuric acid,
which is capable of attacking cementitionus materials. The strength of the cotrosive
action depends on sulphide concentration, acidity, biochemical oxygen demand (BOD),
residence time, temperature and flow conditions (Bielecki and Schremmer 1987).
Nevertheless, accurate prediction of the corrosion rates is still problematic.

There is less published on the failure of assets other than sewers, including pumps,
valves, tanks and siphons. The failure rate of pumps, for example, is affected by several
factors including composition of the sewage, succession of dry and wet periods,
wastewater production in the catchment area, condition of the sewer system, cleaning
frequency of the sewers and street surfaces, flow condition in the sewer, design of the
sewage pump and wet well, air leakage into the pump and air pockets in the pressurised
interceptor (see Joosten 2002). According to Pohl (2002), the failure of valves in sewer
systems is affected by the following variables: power failure, blockage, rusting, corrosion
or jamming of valves and leaking of seals.
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Summary of explanatory variables for sewer deterioration.

Davies et
al. (2001a)

Davies et
al. (2001b)

Fenner and
Sweeting
(1999)

Hahn et
al. (2002)

Baur and
Herz (2002)

Sewer pipe

sewer condition
sewer depth
sewer age
sewer size
sewer shape
sewer material
sewer gradient
joint type

pipe length
pipe structure

Wastewater

sewer use/purpose
wastewater temperature
BOD concentration
corrosive chemicals
wastewater velocity

Ground

infiltration/inflow
groundwater regime
soil type

soil fracture potential
soll corrosivity/acidity

Road

surface loads

road classification
traffic flow

goods vehicle flow
bus flow

Other

root intrusion/trees nearby
burst history

presence of debris
construction type
installation history
property age

2.5.2 Observations and coding of inspection data

Usually, an estimate of the actual condition of a complete sewer network is based on a
limited number of inspections of sewers with similar characteristics. These inspections

are often extrapolated over the whole network. Therefore, uncertainty about the

structural condition of a sewer network depends on the representativeness of the
sample. Miiller and Dohmann (20022 and 2002b) have defined the amount of selective
inspections needed for a representative sample. This is based on predefined confidence

levels resulting from a required safety of the condition description for the whole sewer

population. Moreover, the accuracy of a specific inspection method, the number of

marnholes or sewers inspected and the frequency of inspections are of importance. For
example, inspections from a manhole have a limited sight (<5 m). In addition,
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depending on the technology applied and the deposits, visual in-sewer inspections
require prior cleaning. As a result, an existing sediment bed and possible debris are
removed. In addition, the reliability of CCTV inspection data depends on the expetience
of the camera driver (e.g. speed and angle of the camera).

CCTV inspection is unable to directly measure any aspect of sewer condition. It
relies on an intermediate visual interpretation by inspection personnel. As a
consequence, sewer condition assessments based on CCTV data are subjective.
However, the results can be supplemented by more objective methods, such as sonar or
laser measurements. Interpretation of CCTV data is further restricted by the quality of
the picture and the view obtained. For example, when cameras only provide an axial
view down the sewer, they might fail to observe vital defects at connections. Currently,
however, most cameras have tilting heads.

The interpretation of pictures assumes a clear relationship between observations and
actual structural deficiencies. However, Jones (1984) and Davies ef a/. (2001a) stress that
sewer deterioration processes are non-linear. Especially, sewer collapse is often triggered
by some random event (e.g. heavy storm or water main break) that may not be related to
the cause of the deterioration. Therefore, it is impossible to predict collapse, but it is
possible to judge whether a sewer has deteriorated sufficiently for collapse to be likely.
Finally, coded inspection data setve as input for models describing sewer condition.
In each model the accuracy of model output is dependent on the input. Therefore, the
measurement uncettainty of inspection data affects decision-making on sewer
rehabilitation. The reliability of these models is described in the next paragraph.

2.5.3 Models for the assessment of sewer conditions

The accuracy of any condition assessment model cannot be greater than the original
information about the state of the network. Therefore, the quantity and extent of
available data (including records of CCTV data, sewer collapses, soil maps and other
external factors) determine the choice of an appropriate technique. Existing knowledge
of determinative processes also affects the assessment performed.

2.5.3.1 Models describing deterioration processes

As pointed out in Chapter 1, knowledge of deterioration processes is rather limited.
Some processes, such as corrosion and sedimentation, are qualitatively understood.
However, quantitative prediction remains very inaccurate. Davies ef /. (2001) and Stein
(2001) summarise current knowledge on determinative processes for sewer detetioration
(e.g- corrosion, pipe cracking, sedimentation and leakage) and external factors affecting
these processes.

Even the knowledge on sewer corrosion, which has been most extensively studied, is

rather limited. Therefore, predicted corrosion rates are highly uncertain. Sulphide
formed in the sewage of a filled pipe may cause problems at locations where a
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pressurised sewer drains into a gravity sewer. At these locations turbulence may be
increased. Several models have been developed to describe sulphide formation both in
pressurised and partly filled sewers which is subdivided into two types: qualitative
models indicating the probability of corrosive attack and quantitative models estimating
sulphide formation in sewer sections. An example of the qualitative models is the Z-
index as described by Pomeroy (1974). Quantitative models for both filled (pressurised)
and partly filled sewers (see Appendix I) have been developed by e.g. Pomeroy (1959
and 1974), Thistlethwayte (1972), Boon and Lister (1975), Hadjianghelou e# a/ (1984),
Nielsen and Hvitved-Jacobsen (1988), and Tanaka and Nielsen (2002).

The afore-mentioned formulae are fully empirical and relate sulphide formation to a
limited number of variables including BOD concentration, COD concentration, sewage
temperature and pipe geometry (Bielecki and Schremmer 1987). Moreover, it is assumed
that no sulphide is present at the beginning of a pipe section, newly formed sulphide is
not oxidised, the amount of sulphate in the sewage is always sufficient, sulphide is only
formed in the biofilm and the otigin of the sewage is mainly domestic.

Using the formulae for sulphide build-up, the corrosion rate of cementitious material
is calculated as described in Pomeroy (1974). The approach is also highly empirical (see
Appendix I). Many factors in Pomeroy’s equations have to be selected on the basis of
engineering judgement, thus introducing substantial uncertainty.

The accuracy of models describing sulphide build-up and corrosion rate of
cementitious material has been studied by several authors (e.g. Hadjianghelou ef 2/ 1984,
Haase and Polder 1988 and Beeldens and Van Gemert 2001). Hadjianghelou e 2/ (1984)
oppose the assumed relationship between sulphide build-up rates and BOD or COD
concentrations, respectively. Haase and Polder (1988) conclude that no correlation
between sulphide flux from sewage to air and sulphide concentration in the sewage
could be found. Moreover, their measurements (Rotterdam, The Netherlands) were
much morte in accordance with the Pomeroy formula than with the Boon and Lister
formula, which is an indication for high turbulence levels. According to Beeldens and
Van Gemert (2001), measured sulphide production rates and corrosion rates (Oostende
and Lissewege, Belgium) are even larger than predicted with Pomeroy’s formula. This
occurs mostly at locations where pressutised sewers drain into gravity sewers.

Sediment build-up mainly results from structural causes including location in sewer
network, shallow slope, loops, shape of pipes and special structures (inverted siphons,
connections, crossings with water mains, etc.). The sedimentation rate depends on the
flow field, the nature of particles and the concentration in suspension or near the bed.

Despite the recent developments in prediction methods, analytical prediction of
sedimentation is still in its infancy. (Ashley ef @/ 2000). However, for determination of
the risk of sediment build-up in each section of a sewer system, models have been
successfully applied by e.g. Gérard and Chocat (1999) to the entire catchment of Lyon
(France) and Ashley e @/ (2000) for locating engineered sediment traps. A large
drawback, however, of these models is their site specificity.
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2.5.3.2 Models describing the transition between condition classes

Several authors describe changes in sewer condition not on the level of individual
deterioration processes, but on the level of sewer condition classes in which all
explanatoty processes are aggregated.

According to Rostum ef @/ (1999) and Baur and Herz (2002), the deterioration of
sewers can be described in relation to the transition of sewers between defined classes
of sewer condition. A ‘cohort survival model’” with a corresponding ‘Herz distribution’
(Herz 1996 and 1998) is applied to predict transition moments from one class to the
next. Cohorts are defined as sets of assets installed in the same year and with a particular
probability of failure. The model input consists of CCTV data. Furthermore, the model
does not predict the behaviour of individual sewers, but the deterioration (and
rehabilitation need) of whole sewer districts. However, uncertainty of sewer
classification is not accounted for. In addition, the method requires both long-term
failure data (e.g. break type and time of break) and detailed information on individual
pipe lengths including year of construction, material, dimensions, surrounding soil and
CCTV inspections. In most Eutopean countries, except for Norway, this kind of data is
seldom available.

A comparable model is being developed in The Netherlands (KEMA 2002).
Howevet, this model predicts the behaviour of individual pipes. By means of statistics
CCTV inspections and expert opinion are combined in order to describe the probability
of transition between condition classes. In contrast to the previous method, the KEMA
model accounts for uncertainties in sewer classification as well as in condition
development. Ongoing research on failure modelling in pipe networks concentrates on,
for example, Weibull proportional hazard models (Le Gat and Eisenbeis 2000) and
Markov models with a logistic failure rate (Poinard ez a/. 2003).

2.5.3.3 Decision support models for inspection, maintenance and
rehabilitation

Regarding maintenance and rehabilitation, models are applied for decision support and
condition prediction. In a range of countties methods have been developed to prioritise
maintenance and rehabilitation using selection criteria: United Kingdom (Fenner and
Sweeting 1999, Fenner 2000 and Water Research Centre 2001), Belgium (Cobbaert ¢ a/.
1998) and Australia (Anderson 1999). A decision support system for sewer rehabilitation
is being developed by Szgrov and Schilling (2002) in order to “rehabilitate the right
sewer at the right time by applying the right rehabilitation technology at minimum total
cost”.

The majority of methods discriminate between ‘critical’ and ‘non-critical’ sewers.
‘Critical’ sewers are defined as the sewets with the highest economic consequences of
failure (20% of UK sewers) which are maintained proactively. Maintenance is allocated
based on the structural condition of sewers using CCTV inspection and their calculated
hydraulic performance using computer models to simulate flows. GIS (geographical
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information system) technology can be applied to represent structural and hydraulic
performance together and prioritise work on critical sewers.

Fenner and Sweeting (1998 and 1999), for example, desctibe a tool to predict failure
of sewers analysing historical sewer event data and asset information. The likelihood of
sewer failure is evaluated using ‘critical grid squares’, i.e. pipe data are analysed for a
series of grid squares identifying ‘hotspots’ of sewer failure. Within the grid squares
most at risk a Bayesian statistical model is applied to analyse and predict the condition
of individual pipe lengths.

A different approach is applied in Rotterdam, The Netherlands. Priority of sewer
rehabilitation is based on the volume of sewer pipes that is permanently filled with water
(even during dwf) combined with predefined condition criteria such as pipe break,
displacement and corrosion (Kerkhof 1988). Available storage of a sewer can diminish
due to subsidence of ground, which is the most important threat to sewer performance
in Rotterdam. This storage is considered indicative for hydraulic capacity, degree of
contamination, leaking joints and corrosion of the pipe.

Recently, petformance indicators are being used to support decision-making on sewer
maintenance (Matos ¢ 4/ 2003, OFWAT 2001, Ashley and Hopkinson 2002, Fenner
and Saward 2002, and Szgrov and Schilling 2002). These methodologies use indicators
for sewer performance including hydraulic, environmental, structural, economic and
social aspects. For example, Ashley and Hopkinson (2002) apply performance indicators
to measure and demonstrate ‘serviceability” of a sewer system. An advantage over the
other methods presented is its potential to rationalise and integrate strongly differing
aspects of sewer system performance.

With respect to prioritising inspection of sewers and selecting most appropriate
rehabilitation techniques decision support systems are being developed. An expert
system for prioritising inspection of sewers is developed by Hahn et al (2002). The
method aims at targeting the critical areas in a sewer system based on predicted
criticality of sewer pipes. A Bayesian belief network is applied to include uncertainties in
expert beliefs in the decision process. Decision support for the selection of sewer
rehabilitation technologies is based on e.g. pair wise (Plenker 2002) or mult-attribute
comparison of alternatives (Shebab-Eldeen and Moselhi 2001).

The afore-mentioned decision support models, however, give no explanation for

individual deterioration processes, but are only applicable for decision support.
Moteover, their accuracy has been tested only to a limited degree.
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2.5.4 Performance criteria

Performance requirements for the different sewer assets (pipes, pumps, manholes, etc.)
are dependent on their type. For sewer condition, these requirements comptise
watertightness of the pipe, stability of the pipe wall and gradient of the flow (NPR
3220). For other assets there are no prescribed performance indicators available in The
Netherlands. As a consequence, management authorities need to establish their own
criteria. For that purpose, Matos ez a/. (2003) present several performance indicators for
sewer assets.

Table 2.10 Warning and intervention criteria for sewer inspections in The
Netherlands (NPR 3398). Observations are classified on a scale from
1 (least severe/not present) to 5 (most severe).

Observation type Warning  Intervention

criterion criterion
A1 infiltration of groundwater 23 4-5
ﬁ A2 ingress of soil from surrounding ground 22 -
E A3 longitudinal displacement 35 5
5 A4 radial displacement 2-5 5
% AS  angular displacement 5 -
u A6 intruding sealing ring 3-5 5
A7 intruding sealing material 35 5
t = B1 break/collapse 5 -
= g B2 surface damage by corrosion or mechanical action 23 -
g % B3 fissure (cracks and fractures) >3 -
® <~ B4 deformation of cross sectional shape 34 -
C1 intruding connection 3 3-5
C2 root intrusion 2-3 35
z ‘g C3 fouling 2-3 3-5
9 § C4  encrustation of grease or other deposits (except for sand) 2-3 35
- §3 C5 settled deposits (sand and waste) 2-3 3-5
C6 other obstacles 2-3 3-5
C7  water level 23 -

*In case no intervention criterion is given, inspection provides insufficient information to initiate
rehabilitation, which calls for additional investigations.

Usually, visual inspections or CCTV data serve to provide information for sewer
condition assessment. Due to the afore-mentioned uncertainties in inspection, coding
and modelling of sewer conditions, these assessments can be rather uncertain.
Therefore, assessment criteria should take possible uncertainties into account in order to
avoid unnecessary rehabilitation. In The Netherlands, two types of criteria are used for
condition assessment: warning and intervention criteria (Table 2.10). Exceedance of the
‘warning criterion’ asks for additional investigations, whereas exceedance of the
‘intervention criterion’ logically initiates sewer rehabilitation. These criteria have been
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defined in terms of ranges instead of fixed values in order to account for possible
uncertainties in the classification of inspections.

2.6 UNCERTAIN FACTORS IN COST AND DAMAGE

Decisions on maintenance and rehabilitation must be made under considerable
uncertainty. In practice, such decisions are often taken intuitively. However, a more
rational approach is desired. For example, maintenance and rehabilitation are optimised
using economic cost criteria (see e.g. Van Dantzig, 1956). This would require the
formulation of a cost function. A straightforward way to formulate a cost function is by
capitalising both costs of maintenance or rehabilitation and damage due to system
failurc. Failure is defined as non-compliance of a sewer system with performance criteria
regarding CSOs, flooding and structural integtity.

Comprehensive estimation of costs for sewer maintenance and rehabilitation is
difficult. As a result of differences in the length of sewer networks, the age of sewer
pipes, the type of discharges and the gradient of sewer pipes, these costs differ widely
(Stein 2001). Losses due to failure (e.g. sewer collapse, CSOs and flooding) consist of,
for example, the volume of sewage spilled to the surface water, the flood depth and
number of flooding events and the impact of closed roads due to sewer collapse. They
are also difficult to capitalise due to lack of knowledge and data, and changing
perceptions of adverse effects, especially the environmental damage caused by CSOs.
Consequently, determination of damage cost is subjective.

2.6.1 Cost of operation and maintenance

The costs of operation and maintenance are strongly dependent on the assets within a
specific sewer network. In The Netherlands, the operational costs of sewer systems are
approximately 10 Euros per metre per year (Stichting RIONED 2002). This results in
costs per inhabitant per year ranging from 37 to 66 Euros. For comparison, in Germany
the annual costs amount to approximately 9 Euros per metre (Pecher 1994). These are
dircct costs that include staff, energy and rehabilitation. The variation per inhabitant,
however, is larger (90% of costs per inhabitant between 13 and 90 Euros per year).

In general, the costs of inspection of sewer systems depend on inspection equipment
used (mirrors, photographs or CCTV), location and accessibility of manholes, diameter
of sewer pipes, total length of sewers to be inspected, presence of obstacles in sewers ot
other assets, prior removal of sediments and required form and level of reporting (Table
2.11). Moreover, safety measures in order to protect inspection personnel from toxic
gases such as hydrogen sulphide increase cost. Inspection costs of pumping stations are
dependent on the capacity of pumps and the significance of the station within the sewer
system, since more important pumping stations are usually inspected more often to
reduce risk. The latter also holds for sewer pipes.
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Table 2.11 Factors determining inspection costs of different assets (Stichting
RIONED 1997b and Stein 2001).

Structure Costs depend on
Sewer pipes - location and accessibility of manholes (difficult accessibility increases cost)
- size of sewer

- inspection technique (mirrors, photographs or CCTV)
- presence of hydrogen sulphide (safety measures for inspection personnel)
- total length to be inspected
- presence of obstacles
- prior removal of sediments
- required level of reporting
- significance of sewer pipe
Manholes - presence of hydrogen sulphide (safety measures for inspection personnel)
- accessibility of manhole (difficult accessibility increases cost)
- required level of reporting
CSO structures - comparable to manholes
Pumping stations - capacity of pumps
- significance of pumping station in sewer network

Maintenance activities mainly consist of cleaning of manholes, gully pots and CSO
structures (Table 2.12). They are carried out either manually or by a combination of
water jetting, pigging and vacuuming (see Stein 2001). The cost of hand cleaning or
excavation strongly depends on the situation regarding polluted sediment or dirt
(RIONED 1997b and Butler and Davies 2001). In particular, removal of dirt from the
inside of a pump is quite laborious.

Table 2.12 Factors determining maintenance cost of different assets (Stichting
RIONED 1997b and Stein 2001).

Structure Cost depend on

Sewer pipes - size of sewer
- cleaning method (jetting, rodding, boring, flushing, etc)
- amount of sedimentation

- necessity of dumping of (contaminated) sludge

- presence of other assets (valves, pumps, etc)

- reactive or planned maintenance

- accessibility of sewers(difficult accessibility increases cost)
Manholes - accessibility of manhole

- reactive or planned maintenance

- amount of sedimentation

- necessity of dumping of (contaminated) sludge
Gully pots - comparable to manholes
CSO structures - comparable to manholes
Pumping stations - maintenance frequency

- pumping capacity

- number of pumps

- storage volume of wet well

- obstructed part of pump
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2IRehabilitation

DO Failure repair

& Maintenance

Costs
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maintenance maintenance  maintenance

Figure 2.10 Relative distribution of costs for different operation and
maintenance strategies (adapted from Haussmann 1997, as cited in
Ertl 2003). Bars only provide a qualitative indication of costs.

Haussmann (1997) shows that the application of different maintenance strategics
(reactive, proactive or inspection-based) leads to different cost distributions (cited in
Ertl 2003). For example, the costs of rehabilitation decrease when proactive or
inspection-based strategies are applied (see Figure 2.10). On the other hand, the cost of
both inspection and maintenance are logically increased.

2.6.2 Cost of structural rehabilitation

As for operation and maintenance, rehabilitation costs may vary widely. Structural
rehabilitation of sewer systems comptises repair, renovation and replacement. Their
costs usually consist of a fixed and a variable part. Fixed costs are allocated to the
project as a whole, whereas variable costs are a function of the system geometry.
Therefore, variable costs of sewer rehabilitation are often assumed to be proportional to
the length of the pipe section to be replaced or the volume of the storage tank to be
built. Geerse and Vrisou van Eck (2001), however, conclude that the cost of
teplacement per metre of sewer length may vary considerably. This was based on expert
opinion and cost data from rehabilitation projects in Rotterdam, The Netherlands. On
average, the cost of replacement amounts to 550 Euros per metre sewer length with a
vadation of approximately 45 Euros. The variation results from external factors
including cover depth, type of road surface, amount of traffic and soil contamination.
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Table 2.13 Factors determining rehabilitation or reconstruction cost of different
assets (Stichting RIONED 1997b, Geerse and Vrisou van Eck 2001
and Stein 2001).

Structure Cost depend on

Sewer pipes - size of sewer

- rehabilitation method (pipe replacement, jacking, bursting, lining, etc)

- cover depth

- soil type (possibly contaminated)

- bedding and backfill

- open trench or trenchless construction

- sewer material

- road works

- cover depth

- amount of traffic (regarding diversions)

- presence of trees or existing underground infrastructure
Manholes - diameter of incoming sewers

- location

- material (small sewers (<300mm) allow PVC manholes)

- construction method

- presence of trees or existing underground infrastructure
Gully pots - location

- presence of trees or existing underground infrastructure
CSO structures - comparable to manholes (cost approx. 10% higher due to weir)
Pumping stations - wet or dry well

- pumping capacity

- number of pumps

- storage volume of wet well

- presence of telemetrics

- removal of old parts
Storage sedimentation tank - storage volume

- emptying with or without pumps

- removal of old parts

- compliance with town planning (regarding new storage tanks)

Rehabilitation costs per metre sewer length are affected by several factors, including
sewer diameter, total replaced sewer length, cover depth of sewers, construction method
(open trench or trenchless), whether the rehabilitation project is separate or integrated
with road wotks, tender method, project organisation, existing underground
infrastructure, presence of contaminated soil, necessary traffic diversions, and sewer
matetial (see also Table 2.13). According to Peters (1984), not only traffic distuption,
but also loss of trade to business and damage to buildings, underground infrastructure
and trees contribute to the cost of sewer rehabilitation. However, estimation of most of
these costs is problematic. Uncertainty in rehabilitation cost decreases, when similar
building projects have been carried out in the past.

Apart from sewer pipes, other assets may also require rehabilitation. The most
important factors affecting costs comprise location of the asset and presence of trees or
underground infrastructure (Table 2.13). With respect to both manholes and CSO
structures, the size of incoming sewers and the construction method are also of
importance. The costs of rehabilitating pumping stations depend on the type of
pumping station (wet or dry well), the capacity of the pumps, the number of pumps
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installed, the storage in the wet well and the presence of telemetrics. Variable costs of
storage sedimentation tanks are related to the storage volume, the application of pumps
for emptying and specific town planning requirements.

2.6.3 Damage due to CSOs

2.6.3.1 CSO impacts
It is generally acknowledged that CSO events are harmful to the quality of receiving
waters (see e.g. House ¢ 4/ 1993 and Novotny and Witte 1997). The impacts depend on
both characteristics of the catchment producing the sewage and storm water runoff, and
the characteristics of the receiving watercourses (e.g. size and type). However, the extent
to which receiving waters are affected is not fully understood due to the transient
character of CSOs, the time varying composition of overflow volumes and the
complexity of processes in receiving waters (Beck 1996, and Ellis and Marsalek 1996).
Moreover, Novotny and Witte (1997), and Ellis and Marsalek (1996), among others,
emphasise that impacts of CSOs cannot be evaluated only considering exceedance of
water quality standards. Conversely, an integrated and comprehensive assessment of
storm water impacts on ecology is needed by means of e.g. biological monitoring.
According to Ellis and Hvitved-Jacobsen (1996), water quality impacts comprise:
- physical habitat changes,
- water quality changes,
- public health risks,
- aesthetic deterioration.
The physical habitat in urban streams changes due to increased sedimentation and high
erosion potential due to CSOs. These processes influence stream morphology and
substrate conditions. For example, Pedersen and Perkins (1986) and Davis e a/ (2003)
report that benthic communities that tolerate successive erosion and deposition and can
utilise transient, low-quality food dominate urban streams. Water quality changes include
dissolved oxygen (DO) depletion, eutrophication, sediment and toxic pollutant impacts
and ecotoxicological impacts on biological communities. Fish kills are the most apparent
acute effect of DO depletion. Materials accumulating on the bed of receiving waters
generally provide a poor habitat for plant and animal species. With respect to aesthetic
pollution, House (1996) stresses that the public’s perception of water quality is often
solely based on aesthetic appearance of watercourse and surroundings.
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Table 2.14 Ranges of event mean concentrations of CSOs (in mg/l). Average
values between brackets.

Kerkrade Loenen ‘Le Marais’, Paris  ‘Dorp-Oost’, Viist
(NWRW 1989a) (NWRW 1989a) (Gromaire-Mertz  (Stichting RIONED
et al. 1998) et al. 1999)
BOD (mg/l) 15.0-232 8.9-141 67 ~ 296 9-105
(74.6) (39.9) (181) (35)
COD (mgft) 60.6 - 725 52.2 - 877 123-736 35-600
(243) (271) (428) (160)
Nijeidar {(Mg/l) 38-317 33-263 - 5-22
(13.4) (10.4) (11)
Protal (mg/l) 09-75 09-7.2 - 1-56
(3.0) (2.9) (2)
TSS (mg/l) 56.3 — 1081 20.9 - 1201 105 - 559 10 - 660
(320) (303) (307) (105)

BOD = biochemical oxygen demand (mg O2/l)

COD = chemical oxygen demand (mg O/1)

Nielgan = total ammonium nitrogen and organic bound nitrogen (mgAl)
Protal = total phosphorus (mg/)

TSS = total suspended solids (mg/l)

tocal whole system
Spatial scale

Figure 2.11 Characteristic time and spatial scales with respect to receiving
water impacts (after Aalderink and Lijklema 1985).
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However, the impacts of CSOs on receiving waters vary substantially and quantification
is rather complicated. Firstly, water quality impacts may differ widely due to vatiations in
volume, duration, composition and frequency of CSOs. In general, CSO volumes are
highly variable between different storm events. Their composition shows an even larger
variability (see Table 2.14) and is even subject to changes during a2 CSO event.

Secondly, the time and space scale of pollutant effects are highly variable (see Figure
2.11) due to both differences in nature of contaminants, and physical, chemical and
(micro)biological processes in the receiving waters (see Aalderink and Lijklema 1985).
The effect of a pollutant can be acute, accumulative or both (Figure 2.11).

Thirdly, most water quality models cannot account for the complex dynamic and
event based nature of intermittent CSO discharges. Most models only consider
equilibrium conditions. Therefore, they are unable to cope with transient loading due to
CS0s (Shanahan e a/. 1998). Not to mention the complexity of modelling impacts on
plant and animal life within streams.

2.6.3.2 Valuation of CSO impacts

In order to choose between different options of sewer rehabilitation, the water quality
impacts of CSOs must be valued in monetary, qualitative or other terms. For monetary
valuation of nature several methods have been developed. These methods determine the
economic value of human use of the environment. They are divided into two basic
approaches: direct and inditect methods. Direct methods estimate individuals’
preferences for environmental quality directly by asking them to state their ‘willingness
to pay’ (WTP) for an increase in environmental quality. Indirect methods seek to
tecover estimates of WTP for environmental quality by obsetving individuals’ behaviour
in related markets. Each method has its own shortcomings and possible bias. The
following evaluation methods are described in Appendix II (see Lorenz 1999, Pandey
and Nathwani 2003 and Penning-Rowsell 2003):

- travel costing method,

- hedonic pricing method,

- contingent valuation method,

- conjoint analysis,

- production factor method,

- averting behaviour method,

- Life Quality Index.

Economic valuation methods have seldom been applied to sewer rehabilitation.
Applications of contingent valuation are presented by Crabtree ¢ al (1999), Novotny e
al. (2001) and Green (2003). These studies estimate the benefits of urban stream flow
control and restoration by employing a survey of residents to assess their maximum
‘willingness to pay’. Notvotny e 4/ (2001), for example, presented respondents with
alternative scenarios and asked if they were willing to pay a cettain amount of money for
the realisation. As reference points, average public expenditutes on other public services
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(e.g fire brigade and library) provided by their state and local government were
provided. Streiner and Loomis (1995) applied the hedonic pricing technique. In their
study the impact of urban stream restoration on property values in counties in
California (USA) has been valued.

Economic optimisation or cost-benefit assessment, as applied to dike design by e.g. Van
Dantzig (1956) and Van Gelder (2000), would enable more objective decision-making
on maintenance and rehabilitation of sewer systems. It determines the optimal
intervention by a minimisation of total cost comprising investment with respect to
maintenance or construction and cost of environmental damage due to overflows.
Expected total costs are discounted either over a bounded (e.g. 50 years) or unbounded
time horizon, assuming that the value of money decreases with time. Other approaches
to economic assessment of restoraton projects of urban watercourses are life-cycle
assessment (Bishop 2000 and Cashman ez 4/ 2002), cost-benefit analysis using Life
Quality Index (Pandey and Nathwani 2003), multi-criteria and scenario analysis
(Nijkamp and van den Bergh 1997), and stochastic dominance assessment (Tung ef 4/,
1993, Reda and Beck 1997 and Duchesne ¢ 2/. 2001).

Howevet, several other authors oppose the afore-mentioned economic valuation of
nature. In their opinion, not all information relevant for decision making (e.g:
biodiversity) can be capitalised. With respect to most goods and services provided by
nature, no markets or ownership rights exist. As a result, no price is paid for their use or
deletion. In addition, conflicting interests (e.g. social and environmental) cannot be
expressed in conventional economic optimisation.

Instead of expressing environmental values in monetary terms, the .concept of
‘environmental function’ has been applied by e.g. Gilbert and Janssen (1998) and Lorenz
(1999). Environmental function is defined as the set of ecological and physical processes
tesponsible for the provision of environmental goods or services. Nature, in this
particular case a natural watercourse, provides a range of environmental goods and
services for society. Such functions describe the relationship or interaction between
ecological processes (e.g. erosion, sedimentation and waste dumping) and socio-
economic activities (e.g. drinking water production, wood, fishing, recycling of wastes,
transport and recreation). The pressure of society on nature is in indicators for
environmental quality including productivity, structure and resilience.

Assessment of quantities or indicators expressed in different terms, e.g. monetary,
nominal or qualitative, requires the use of multi-criteria decision methods or scenario
analyses (e.g. Nijkamp and Van den Bergh 1997 and Bender and Simonovic 2000).
Qualitative indicators, for example ranging from ‘good’ to ‘bad’, may be assessed using
fuzzy set theory (see Zadeh 1965).

In conclusion, a purely economic valuation of losses due to CSOs remains highly

uncertain because it is impossible to express all damage in monetary terms. However,
the ‘environmental function’ concept and related techniques (such as multi-criteria
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analysis) only transfer the problem of expressing loss in monetary terms to assigning
weights to nominal or linguistic indicators in order to enable assessment. Scenario
analysis or cost-benefit analysis using a Life Quality Index are expected to be most
promising for the assessment of environmental damage due to CSOs because it can,
though only partly, account for uncertainties.

2.6.4 Damage due to flooding

2.6.4.1 Flooding impacts

Often roads and tunnels are the first points to flood in a city, which results in a
disruption of traffic. Other impacts related to utban flooding include flooded houses
and basements, collapse of sewers, subsidence of streets and pavements, dirt left behind

on streets and loss of trade to business. Flooding of property also brings damage to
health.

Damage and losses due to flooding are either direct or indirect. Furthermore, direct and
indirect damage may be subdivided into tangible or intangible damage (see Konig et @/
2002 and Penning-Rowsell e 2/, 2003).

- Direct damage includes material damage to property (e.g. buildings and basements)
caused by the floodwater. In the UK, for example, much of the event damage cost is
for inventories. The magnitude of direct, tangible damage either equals the cost of
restoration of the property to its condition prior to the flooding event, or the market
value if restoration is not worthwhile. The severity ranges from rotten floors and wall
panelling to cracks in foundations. There is a significant difference between damage
caused by sewage or surface runoff due to the composition.

- Indirect losses are losses caused by a disruption of society (e.g. traffic disruption) or
an interruption of the economic activities (e.g. loss of industrial production) and the
additional costs of emergency works.

- Intangible losses due to flooding comprise, for example, health impacts or
inconvenience due to post-flood recovery. The monetary evaluation of these
consequences is difficult, if not impossible to establish but their importance may be

crucial. Moreover, most of these consequences cannot be removed directly after the
flooding.

However, current sewer models have shortcomings with respect to modelling of
flooding. Most models allow sewage to flow out of the sewer system on to the streets,
but modelling overland flow to different surfaces is impossible. Generally, surcharged
flow and flooding are modelled by means of the ‘Preissmann slot’ (see Clemens 2001a).
According to Maksimovic and Prodanovic (2001) and De Haan (2002), predicted flood
depths are unreliable in commercially available models because:

- sewer flow and street flow are strictly separated in the model, hindering interaction,

- overland flow is not included in the model,
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- hydraulic resistance of gully pots and connections is ignored in the model,

- transitions between different surface types are ignored in the model.

Only recently, models are being developed which describe both in-sewer and ovetland
flow also accounting for the interactions (Djordjevic ¢# a/ 1999 and Schmitt e a/ 2002).

2.6.4.2 Valuation of flooding impacts

Many studies consider impacts of fluvial flooding resulting from rivers and streams
(Debo 1982, Appelbaum 1985, McBean et /. 1988 and Penning-Rowsell ¢ a/. 2003). The
‘Multi-coloured manual’ by Penning-Rowsell ez 4/ (2003), for example, presents a range
of techniques and detailed data that are used to assess (fluvial) flood alleviation projects.
It covers a diversity of flood losses including direct, indirect and intangible losses to
residential property, losses for retail shops, losses for offices, losses for industrial
premises, road traffic disruption and emergency setvices costs. However, urban flooding
due to blockage, pump failure, or insufficient in-sewer storage differs from fluvial
flooding (see Lee and Essex 1983). Nonetheless, the data and techniques are applicable
for capitalising impacts of urban flooding.

Flood damage loss is a function of the nature and extent of the flooding, including its
depth, duration, sediment load and contamination with sewage. For example, the cost of
traffic disruption increases with increasing flood duration (Penning-Rowsell ¢ /. 2003).
In most studies flood damage is evaluated under the assumption that, for given social
and economic conditions, damage is a function of floodwater depth (see Table 2.15 to
Table 2.18). Damage is defined as the amount of property value or the percentage of the
total value of the property that is lost due to flooding.

For damage valuation a number of ‘depth-damage curves’ have been derived
regarding homes or other buildings at risk (e.g. Debo 1982, Appelbaum 1985, McBean e
al. 1988, Oliveri and Santoro 2000, Konig ef a/ 2002 and Penning-Rowsell e al 2003).
The monetary value of losses due to flooding are based on the following cost data:
insurance data from past incidents (Van der Bolt and Kok 2000, and Kénig 2002),
estimated replacement costs (Appelbaum 1985 and Oliveri and Santoro 2000),
contractors’ prices for tepait work (Penning-Rowsell ¢/ 4/ 2003), detailed house-to-
house surveys (McBean e a/. 1988), tax records or data on recent home sales.

The land use of a flooded area also contributes to its damage potential. For example,
houses are affected differently from, on the one hand, shops and offices and, on the
other, industrial premises. This is included in depth-damage curves by providing
different curves for houses, shops and industrial premises (e.g. Penning-Rowsell e a/
2003).

Depending on the severity of flooding, several authorities are involved in emergency
works and clean-up operations during and after flood events. These authorities include
local authorities, water boards, the police, the fire brigade, ambulance services, voluntary
services and the armed forces. Appelbaum (1985) and Penning-Rowsell ¢ 4/ (2003)
provide cost estimates of emergency services.
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Most depth-damage reladons concern direct damage to dwellings regarding both
structure and contents. According to Penning-Rowsell ¢ a/. (2003), every dwelling is
classified using three variables: house type, age of house and occupants’ social class.
Oliveri and Santoro (2000) identify similar criteria including size, construction materials,
age, contents, monumental significance, use and surrounding area. Examples of depth-
damage relations are presented in Table 2.15 until Table 2.18. In order to value flood
damage Penning-Rowsell e7 @/ (2003) apply several flood durations and depths. Short
duration concerns flooding of less than 12 hours, long duration of more than 12 hours.
The flood depth levels have been chosen in a such way that they desctibe damage to
basement (-0.3 m), to ground floor (0.0 m), to carpet and floor covering (0.05 m), to
internal fabric and inventory items (0.1, 0.2 and 0.3 m) and progressively to building and
contents (0.6,0.9, ..., 3.0 m).

Table 2.15 Percent damage at given flood depths (in m) and with given
property type for Georgia, USA (Debo 1982).

Property type Flood depth (m)

0.3 0.61 0.91
1 storey, no basement, single family 8 17 31
1 storey, with basement, single family 11 23 37
Multi-storey, no basement, single family 5 10 17
Multi-storey, with basement, single family 5 10 16
Multi-storey, no basement, multifamily 2 5 12
Multi-storey, no basement, multifamily 5 11 18

Table 2.16 Percent damage at given flood depths (in m) and with given
property type for Wyoming Valley, Pennsylvania USA (Appelbaum

1985).
Property type Flood depth (m)
0.3 0.61 0.91
1 storey, no basement 10 14 26
1 storey, with basement 18 20 23
1% and 2 storey, no basement 9 13 18
1%2 and 2 storey, with basement 11 17 22

Table 2.17 Percent damage at given flood depths (in m) and with given
property type for Palermo, Italy (Oliveri and Santoro 2000).

Property type Flood depth (m)

0.25 0.50 0.75 1.00
2 storey building 4.8 7.8 12.5 15.6
4 storey building 5.3 7.5 8.8 9.0

69



CHAPTER 2

Table 2.18 Relationship between flood depths (in m) and damage costs" (in
US$) depending on interior standards for Baarum, Norway (Kdnig et

al. 2002).
Property type Flood depth (m)
<0.05 0.05-0.25 >0.25
High standard (furnished) 8000 28000 48000
Medium standard (partly fumished) 4000 13000 27000
Low standard (not fumished) 2000 6000 12000

* Factors possibly increasing or decreasing average damage include floor space,
composition of floodwater and type of building.

Comparison of Table 2.15, Table 2.16 and Table 2.17 shows that flood damage for
individual buildings is highly variable both within and across categoties of buildings, and
within and across occupants’ social classes (see also McBean 1988). Averages represent
only a rough indication for damage because the standard deviation is in the order of the
average damage (Konig ef a/ 2002). In addition, as residential depth-damage relations
reflect average losses to buildings (houses, industrial premises, etc), there may be
concern about validity of information in the relations (McBean e 2/ 1988 and Oliveri

and Santoro 2000):

- Curves cannot be easily transferred because they have been developed for specific
areas (based on local characteristics).

- Lifestyles may have changed significantly since the curves were generated (interior
standard).

- Different premises exist on what should be regarded as damage (only damage to
buildings or all damage incutred including intetiors and furnishings).

- Different valuation methods are applied leading to different property values (e.g.
damage as percentage of total property value, damage as percentage of market value
or absolute damage level based on actual repair cost).

- Damage costs based on insurance data are biased due to differences in claiming
behaviour.

- Different curves are specified for different classes of residences irrespective of e.g.
the quality of building and interior prior to the flooding.

- Anticipation of potential damage causes variability in actual damage (eg. tiled
instead of wooden floors).

- Damage to industrial premises is highly variable due to different activities.

2.7 COPING WITH UNCERTAINTY

In sewer maintenance and rehabilitation both underdesign and overdesign are possible
due to uncertainties. This mainly results from ignorance either caused by lack of data or
uncertainties about system properties or sewet-related processes. Moreover, there will
always be uncertainty about the future over both the short and the long term. However,
this does not imply that one should be uncertain about which options to choose.
Instead, recognising that the future is uncertain influences how decisions are made and
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different options adopted. Therefore, the essential question is how to deal with these
uncertainties. Current practice (Stichting RIONED 1994, 1996 and 1999), however,
does not account for uncertainties.

An example of decision-making under uncertainty in urban drainage is when an engineer
has to decide upon a major system reconstruction in order to prevent pollution of
receiving waters due to CSOs. However, due to uncertainty, CSO volumes are not
exactly known. The variability of calculated annual CSO volumes for the sewer system
of ‘De Hoven’, the Netherlands, is given in Figure 2.12. For building additional storage
three options are available:

1. Design a storage facility that is sufficient for the average yearly CSO volume. At
present, this is the usual approach in The Netherlands, which is in accordance with
Dutch guidelines ‘Teidraad Riolering’ (Stichting RIONED 1994, 1996 and 1999).
However, uncertainty in calculated CSO volume is not accounted for.

2. Add more safety to the design and cnlarge the storage volume to 95% of the
expected yearly volume. As a result, uncertainty in CSO volumes is considered.

3. Gather more accurate information on the geometry of the sewer system (e.g. profile
dimensions, invert levels and weir crest levels) prior to designing. As a result, the
uncertainty about actual sewer geometry decreases and a smaller storage facility can
be built.

The choice for the designer depends on different aspects. The choice between

alternatives 2 and 3 considers the costs of enlarging the storage volume, the implications

of underdesign or overdesign of the storage facility, the costs of carrying out
measurements and making necessary calculations, and a likely decrease of uncertainty
about sewer geometry resulting from new information. The choice between alternatives

1 and 2, however, requites a shift from current practice to a risk-based approach to

design.

The final decision is made depending on the current petformance of the sewer
system and the known futute changes in the boundary conditions, such as
environmental policy and planning. In this example, however, uncertainty about the
future is not considered.

As emphasised in the previous example, uncertainties in decision-making on sewer
system rehabilitation and maintenance can be reduced, except for inherent uncertainties
in time. Reduction of uncertainties will cost money. The question is which uncertainty is
worth reducing and at what cost. Since inherent uncertainties in time represent
randomness or variations in nature, they cannot be reduced. However, taking more
measurements can reduce inherent uncertainties in space. Epistemic uncertainties, on
the other hand, are caused by lack of knowledge and may reduce as knowledge
increases. Knowledge increases by means of:

- data gathered with measurements,

- research aiming at a better understanding of physical systems or a better use of

available data,

71



CHAPTER 2

- expert judgement and opinions enabling the estimation of probability distributions of
variables that are too expensive or practically impossible to measure.

Cooke (1991) describes various methods for updating knowledge on a variable by expert

judgement.

However, calculated uncertainty may also increase due to increasing knowledge,
showing that an initially reliable model is shown to contain considerable uncettainty,
that the variations of a measured variable (e.g. pipe size) are larger than expected or that
the expected value of a variable may change due to research. Therefore, it is important
to understand to what extent future reduction of uncertainties will influence the
expected probability of failure.

0.45 T T T T T
50% probability of storage volume —— without measurements
sufficiency (with measurements) ——- with measurements
04 B
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03r
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g 02+

50% probability of storage volume
sufficiency (without measurements)

0151 —
95% probability of storage volume
01} sufficiency (with measurements) T
95% probability of storage volume
0.05 sufﬁcie'ryy/ithout measurements)
0 ) .
30

CSO volume (mm/a)

Figure 2.12 IHustrative example of design of storage volume of sewer system
with and without taking measurements prior to decision-making

(Korving et al. 2001). Measurements result in a reduction of
uncertainties.

There are several techniques available to estimate uncertainty and decide whether
reduction is worthwhile. These techniques are closely related to Bayesian statistics. They
can be applied for the analysis of problems that arise when consequences of actions
depend on an uncertain ‘state of the wotld’. The decision-maker either has obtained or
can obtain information about this uncertain state by means of sampling or
experimentation. Several related techniques are discussed in Chapter 3, including
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decision theory (sec Pratt ef al. 1997), Bayes weight assessment (see Bernardo and Smith
1994 and Kass and Raftery 1995), and valuation of new information (see Benjamin and
Cornell 1979 and Ang and Tang 1990). Subsequently, they are applied to sewer
maintenance and rehabilitation in Chapter 4 and 5 of this thesis.

2.8 CONCLUDING REMARKS

The framewotk applied in this thesis divides uncertainty into two main categories:
inherent and epistemic uncertainty. The former represents randomness in nature, the
latter represents lack of knowledge and can be distinguished in model uncertainty and
statistical uncertainty. The practical significance of this classification is that the reduction
of different types of uncertainty can be individually dealt with, since reduction of each
type requires its own approach. However, a shortcoming of this classification is that it is
not exclusive, i.e. the same uncertainty may belong to different categories. For example,
due to model calibration there is a transition of model structure uncertainty to
parameter uncertainty. Other authors, however, oppose this approach because the
classification is too restrictive. In their opinion, the same uncertainty may be classified
differently for different decision problems.

With respect to sewer systems, possible uncertainties consist of accuracy of
measurements, knowledge of processes, model errors and appreciation of impacts of
system failure. In particular, the uncertainty of impacts of CSOs and flooding is
telatively large due the strong variation in the appreciation of effects and the uncertain
likelihood of the composition of spilled sewage.
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CHAPTER 3 Methods for uncertainty and
risk analysis

3.1 INTRODUCTION

Often, technical design decisions have to be based on uncertain predictions and
information. As a result, risk is unavoidable. By means of probabilistic modelling,
uncertainties can be effectively modelled and assessed. Novotny and Witte (1997),
Grum and Aalderink (1999), Willems and Berlamont (1999), Portielje (2000), Diaper ef
al. (2001), Bixio e @/ (2002), Hauger ef al (2002) and Korving ef o/ (2002 and 2003)

present examples of uncertainty and risk analysis in urban drainage.

There are several techniques available for modelling uncertainty and risk. The next
sections introduce the techniques applied in this thesis. Firstly, using statistical decision
theory the impacts of uncertainties on decisions can be systematically considered. For
example, the additional value of field measurements prior to planning of sewer
rehabilitation can be determined. Secondly, quantitative risk analysis can account for
failure of sewer systems and uncertainty regarding system behaviour. Therefore, a risk
based optimisation method is applied to determine the optimal storage volume of a
sewer system accounting for the failure probability of the system. For this purpose, cost
functions and failure probabilities have to be estimated. Thirdly, for the assessment of
sewer system performance, knowledge of uncertainties in information, failure modes
and availability of assets is needed. In particulat, when failure data are available, the rate
of occurrence of failures of (parts of) systems can be modelled even for ageing systems.
The models applied take account of specific aspects of failure processes, such as
clustered events, repair strategy, ageing and refurbishment.

The aforc-mentioned techniques require an estimation of the strength and load of
systems. Statistical distribution functions are used to describe strength and load in order
to predict the extremes. Their parameters can be estimated using various methods, e.g.

maximum likelihood ot Bayesian estimation.

3.2 DECISION THEORY

Decision theory is treated in various textbooks, such as Benjamin and Comell (1979),
Ang and Tang (1990) and Pratt ef a/ (1995). It comprises the systematic analysis of
decision problems utilising decision trees. In this way, decision-making with already
available or new information is possible. In addition, the additional value of acquiring
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new information (e.g. by means of field measurements or hydrodynamic modelling)
prior to decision-making on sewer rehabilitation can be examined.

3.2.1 Decision model

According to Ang and Tang (1990), a decision model includes (1) all feasible alternatives
including acquisition of additional information (if apptopriate), (2) all possible outcomes
associated with each alternative, (3) an estimation of the probability associated with each
possible outcome, (4) an evaluation of the consequences of each combination of
alternatives and outcomes, (5) the decision criterion and (6) a systematic evaluation of all

alternatives.

3.2.1.1 Model components

Decision trees provide a systematic framework for decision analysis (see Figure 3.1).

They consist of the complete sequence of decisions and include:

- aset of feasible alternatives: 4 = {a,, a,, ..., an}.

- a set of possible outcomes or ‘states of the world’ associated with each alternative: @
={6,,0,...,6.}.

- aset of possible experiments: E = {e,, e,, ..., &,}.

- aset of potential outcomes of all experiments: Z = {z,, z,, ..., z}.

- monetary consequences or utility evaluations corresponding to alternative aj,
outcome 6, and, if appropriate, expetiment ¢ and the corresponding experimental
outcome z;: u(ey, zj, a;, 6).

- probability measures for events involving combinations of 8 and z: p(z|ey), p(6;| a)
or, if appropriate, p(6;|z;, e, a;).

The decision-maker’s preference for consequence ¢ (telative to other consequences) is

quantified by the utility u(c), the decision-maker’s judgement about uncertain outcome 6

by the probability p(f). A consequence ¢ consists of a combination of an action # and an

outcome 6.

The tree can be read as follows. On the left it starts with a ‘decision node’ indicated as a
square. At this node the decision-maker chooses an experiment from a set of possible
expetiments (e, (no experiment),e;,e,,...). An experiment should be interpreted in a
broad sense, meaning any method of gathering additional data. The symbol e, denotes
‘no expetiment’. Subsequently, there are several possible outcomes that may result from
each expetiment. The outcomes (z,2,,...) are shown as branches otiginating from a
circular node, called a ‘chance node’. The decision-maker has no influence on these
outcomes; nature controls what will occur. In general, outcomes are conditional on
preceding choices, for example p(z |e,) which is the probability of outcome z, given
experiment e;. A second decision node follows each experimental outcome. It indicates
that a decision on alternative actions or interventions (a,,a,,...) is taken after observing
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the obtained experimental data. Afterwards, several possible outcomes (6,,0,,...) may
occur. Again these outcomes cannot be influenced by the decision-maker. The
probability of 6 in the subsequent branches is updated depending upon the
experimental outcome. Using Bayesian statistics (see § 3.2.2), it is expressed as
PO z1ena), i.c. the probability of an outcome given an experiment, its result and the
intervention chosen. In the case of a continuous spectrum of outcomes, a continuous
pdf is used to denote the probability of the branches instead of discrete probabilities.
The consequences of the sequence of choices by the decision maker and possible
outcomes is expressed in a utlity functon u(e,z,a,8).

No experiment

u(eg, 2o, a2, 62)

€

u (e, Z2, 32, 64)

€4

€y

O Chance node
® Decision node

&
<

Figure 3.1 Generic decision tree.

3.2.1.2 Criteria for decision making

In general, there is no ‘objectively correct’ solution to a decision problem. The decision
depends on the personal preference of the decision-maker, the personal judgement of
the probability of possible outcomes and the observed data. The observations represent
a single realisation of the process. As a result, making the ‘best’ decision may mean
different things to different people at different times. Hence, a scale for quantifying
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preferences among outcomes is required in order to rank feasible alternatives in a
decision tree and make the ‘best’ choice.

In order to define a uniform scale for measuring the value of an alternative the
concept of utility is applied (see e.g. Ang and Tang 1990, Pratt ef a/ 1995 and Van
Gelder 2000). It expresses the preferences of a decision-maker in a ‘utility function’, i.e.
the measure of the value of an alternative to the decision-maker. Finally, the alternative
with the highest utility value will be preferred. When consequences (e.g. environmental
damage due to CSOs) cannot be fully described by the amount of money to be paid or
received, they have to be scaled. Usually, a utility of 1 is assigned to the most preferred
alternative and a utility of O to the least preferred. The utilities of the other alternatives
are determined relative to these two, usually by choosing among hypothetical lotteries
searching for indifference points. However, other scales are also possible. A detailed
description of utility theory including the assignment of utility functions can be found in
e.g. Pratt et /. (1995).

Figure 3.2 Example of utility functions (y|0 represents behaviour of large
firms, whereas y>1 represents behaviour of individuals). The
parameter y is the measure of the degree of risk aversion.

Most utility functions are concave (Figure 3.2 (y>1)) indicating that marginal increases in
the utility decrease with increasing value of an alternative, where y is the measure of the
degree of risk aversion. The behaviour associated with such a utlity function is called
‘risk-averting’ (see e.g. DeGroot 1970). It indicates that the order of preference changes
with the monetary value of the alternatives and the financial status of the decision-
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maker relative to this monetary value. A convex utility function, on the other hand,
represents ‘risk-affinitive’ or ‘risk-seeking’ behaviour. However, this preference is
believed not to be realistic. Ang and Tang (1990) present several types of utility function
to describe risk-averse behaviour, e.g. exponential, logarithmic and quadratic, A convex
curve represents the behaviour of individuals, whereas a straight line (#0) is
encountered among large firms and government organisations. It shows that individuals
are more risk averting than large firms are.

In some situations, however, it can be very difficult to describe a complex
consequence with a single (monetary) value. Then each consequence can be associated
with a pair of numbers. This results in a decision problem with a utility function
involving two or more variables. More information on multi-criteria decision analysis
can be found in Keeney and Raiffa (1993).

When the consequences of each alternative can be expressed in monetary terms, the
expected monetary value (EMV) is used for choosing between alternatives. The
objective is either to minimise loss or maximise gain. The expected monetary value of
action 4, is,

E{d(a,,0)} = Zl P(6;)d(a,.6,) 3.1)
=

where d(a,0) expresses the monetary value of consequence §, resulting from action 4,
and p(0) is the corresponding probability. It is assumed that the decision-maker can
assign a monetary value to each sequence (5,g4,8), such that there is indifference
between obtaining the full consequence atising from (g,34,0) and obtaining a similar
amount of money. Given the utility function the decision-maker can best choose the
action with minimal expected loss (or maximum gain),

E{d(a',ﬁ)}:m,ax{jz:p(ej)d(aiﬁj)} or E{d(a',e)}=rniin{jzz:‘p(6j)d(a,,0j)} 62)

where E{d(a*,0)} is the expected cost of the optimal action.
When it is impossible to express all consequences in terms of money, the monetary
value in Eq. (3.3) is replaced by a utility value,

E{u(a,,6)} = il (8, )u(a,.6)) (3.3)

where #(0,a) is the utlity of consequence §, resulting from action 4, This utility is
subjective and scales all non-monetary consequences. Expected utility as a decision
criterion can also be applied when the utility function is non-linear and e.g. describes

risk aversion (sce Van Gelder 2000).
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3.2.2 Decisions with available and new information

Given the probabilities of possible outcomes and the consequences of each action
evaluated using existing information, the expected utility of the actions can be computed
using Eq. (3.4). Such an analysis based entirely on available information is called prior
analysis. If the analysis is updated with new information, it is called a ‘terminal analysis’.

Both prior and terminal analysis are illustrated with an example that concerns decision-
making on building in-sewer storage in order to reduce CSO emissions. In particular,
the additional value of carrying out measurements for model calibration prior to
decision making on storage volume is studied. The objective is to reduce the risk of
disinvestment related to building either too latge ot too small storage. The alternative
actions are weighed using the expected utility criterion.

The possible actions have been translated into a decision tree (Figure 3.3). The decision-
maker has to choose between either building no storage facility, 1 mm or 2 mm of
additional storage. The possible outcomes are simplified to a CSO volume of either less
or more than 36.5 mm/a (based on CIW 2001). A utility #(a,) is assigned to each
combination of an action and a consequence. Each utility has been estimated from
experience and represents environmental damage to natural watercourses due to CSOs,
construction costs of the storage facility and losses due to use of space by the facility.
These utilities are introduced in Figure 3.3 as negative values, since they represent
losses. The probabilities of possible outcomes are estimated by expert judgement and
measure 0.6 and 0.4, respectively (see Figure 3.3).

04 : Vso < 36.5 mm/a

6 =060 u(ap,6) = -20 (*100,000 Euros)
p(6,) = 0.

p(62) = 0.40

Vo> 365 mmia 800:) =40

:Veso < 36.5 mm/a
p(6,) = 0.60

U(31 .91) =75

p(82) = 0.40
:Veso > 36.5 mm/a

:Veso < 36.5 mm/a
p(6:) = 0.60

p(62) = 0.40

8, : Veso > 36.5 mm/a

u(a,682) = -30

u(az,6:) =-20

u(a,,6;) =-10

Figure 3.3 Decision tree: prior analysis of building additional in-sewer storage.
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The alternatives are compared in terms of expected utilities. For example, the expected
utility of the upper branches equals,

E{u(a,,0)} = p(6,)u(a,,6,)+ p(6, )u(a,,8,) = (-20*0.6) +(—40*04) = —28

The other expected utiliies can be similarly calculated and amount to —16.5 and 16,
respectively (see Figure 3.3). Finally, the action with maximal expected utility 4, is
chosen.

In order to improve information or reduce uncertainty, either laboratory or field tests,
or research studies can be performed. Data acquisition requires time, energy and
financial resources. The additional cost should be included in the decision tree. In
general, additional information does not eliminate all uncertainty in a decision problem,
but based on the experimental outcome the probabilities can be updated by applying
Bayes’ theorem (see § 3.2.2).

A decision tree with additional information resembles prior analysis, except for the
updated probabilities that are used to compute expected monetary value or utility. The
afore-mentioned decision problem is extended with precipitaion and water level
measurements for model calibration (see Figure 3.4). The cost of carrying out
measurements and subsequent calibration of a sewer model is 100,000 Euros. These are
added to the utilities as described in Figure 3.3. The reliability of the experimental
results is shown in Table 3.1. If the actual CSO volume exceeds 36.5 mm/a, the
probability that the expetimental results indicate a latge volume is 0.7. On the other
hand, if the volume is smaller than 36.5 mm/a, the probability that the experimental
results indicate a small volume is 0.8.

Using Bayes’ theorem probabilities of possible outcomes are updated based on the
reliability of the experimental results (Table 3.1),

- P(Zk|0i)P(9i)
P(6, |2,‘) = m 34

where p(6;| g, is postetior probability of outcome 6, after observing data g, p(z.|6) is
probability of monitoring result g, when outcome 6, is known, p(f) is prior probability
of outcome 0, before observing z,, and X p(g,|O)p(6) is marginal probability of
observations g, irrespective of the outcome 6, This results in the following posterior
probabilities: p(6, | g) = 0.8, p(6,| ) = 0.2, p(6, | 2) = 0.3 and p(6,| g,) = 0.7 respectively.
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91 . Vcso < 36.5 mm/a

p(61]z4) = 0.80
a9 : S+ 0.0mm

[ ]

p(82)2z1) = 0.20

6, : V¢so > 36.5 mm/a

0; : Vcso < 36.5 mm/a

p(61]z1) = 0.80
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-13 p(6:)24) = 0.20
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Figure 3.4 Decision tree: terminal analysis of building additional in-sewer

storage.

82



METHODS FOR UNCERTAINTY AND RISK ANALYSIS

Table 3.1 Probability of monitoring results (p(zi|6;).

Possible outcomes
6:: 6 :
Veso € 36.5mm  Veso > 36.5mm

2 g 71 Voso S 36.5mm 0.8 0.3
83
23
g a Zz : Veso > 36.5mm 0.2 0.7

If the experimental results indicate a CSO volume less than 36.5 mm/a, the expected
utilities of the possible storage sizes ate, respectively,

E{u(ao,elzl )} = P(6)|z,)u(z,,a,.0, )+ P(02|z])u(z,,ao,6_,)= =25
E{u(al,Blzl)} =-13
E{zl(az,&]zl )} =-19

As a result, design @, should be chosen (E{x(a’,0)}=-13). Similarly, if the experimental
results indicate a CSO volume more than 36.5 mm/a, design 4, should be chosen with
an expected utility E(a') of -14.

3.2.3 Value of new information

Whether or not it is worthwhile to obtain additional information prior to decision-
making depends on whether its value exceeds its cost. The value of perfect information
resulting from an experiment is defined by two criteria (Benjamin and Cornell 1979):

- the difference between the prior expectation (X #(4,0)p(0)), whete #(a,8) is the utlity
associated with the best choice of action given that it is known with certainty that 6,
is the true outcome and

- the expected utility associated with decision making without an experiment.

In othe