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ABSTRACT

— Description of the problems

Throughout history floods have been one of the most severe r
catastrophes, which brought about loss of lives and huge economic lo
addition to the influence on community activities and adverse effects ¢
environment. We have witnessed enormous flood events almost all o
world, even in the early years of 21st century. The cruel lesson learnt is t
have not coped well with floods.

Studying the risk of flooding is the goal of this thesis. The focus is giv
flooding of urban drainage systems. Urban climate, human activities an
use vary quickly and greatly with time. These variations modify the featu
both urban hydrology and hydraulics, and change the distribution of we
may lead to dual adverse effects in one region: the severe water shortag
period and the increasing risk of flooding in another period. Therefore, fi
appropriate solutions for these problems has been being a great challeng:
whole world.

- Aims of this study

This study aims to contribute ideal approaches and models to understanc
urban flooding problems, i.e. to find the causes of flooding, to analyze
propagations and on this basis to evaluate the risk of flooding, and fini
search for solutions for flood mitigation.

- Study contents and methodologies

Distinguishing the potential hazards of urban flooding, delineating the ch
of urban lands, developing models to simulate flooding and examining dif
measures to mitigate the risk of flooding constitute the main contents «
study. It is carried out by both qualitative analysis and quantitative simul
in a stepwise manner.

Regarding the stochastic characteristics of flooding, a risk analysis initiai
study, which aims to formulate flooding scenarios in general urban enviro
through procedures of system definition, hazard identification, causal an
frequency analysis, consequence estimation and mitigation. A Norwegia
study illustrates the whole process.

Following the risk analysis, GIS technology is introduced to delineat
variation of topography. GIS hydrological modeling is applied to delineat
basic hydrological elements from a Digital Elevation Model (DEM).
accuracy of grid DEM and the influence of buildings are studied.
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Two urban flooding models, the "basin” model and the dual drainage moc
developed on the basis of the MOUSE program (DHI, 20089 three model
i.e. the MOUSE model, the “basin” model and the dual drainage mode
examined through two case studies, and the flow capacities of the e
sewers in these two case studies are then checked. Following the fl
simulation, the effectiveness of four flooding mitigation measures is tested

— Main results

Sixty-eight (68) potential flooding hazards are identified by risk analys
Chapter three. In combination with Trondheim case study, the frequenc
several flooding scenarios are studied, and it is indicated that the flooc
urban drainage systems happens more frequently than river flooding. W
happens, urban flooding disturbs very much the activities in flooding
Therefore management attentions should be paid to urban flooding in add
large river flooding.

GIS is used as a bridge between digital data and numerical flooding simt
Two important hydrological elements, watersheds and surface stream ne
are derived from grid DEM in Chapter four. The preliminary flood risk z
are delineated in combination with two case studies. They provide
information for flood management.

The three flooding models are calibrated through two case studies: Tron
Fredlybekken catchment in Norway and Beijing-Baiwanzhuang (B
catchment in China. Flooding checking of the existing sewer systems ir
two case studies indicates that the current flow capacities of sewers are ¢
the designed capacities. Consequently, flood mitigation measures are ex
in the following Chapter six. The study indicates that the combinatic
structural and non-structural flood mitigation measures are regarded
comprehensive solution for flood control.

— Restrictions of the developed models

The developed flood models are restricted to summer and autumn fl
situations. In other words, the snowmelt routine is not included ir
hydrological model applied. However, if a hydrological model that is ak
simulate snowmelt could be connected to the developed models, th
hydraulic analysis would be carried out similarly.
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Chapter 1

Introduction

" Earthquake and volcano are among the most dramatic natural hazAuts

with water-related disasters affect more people and cause more damag
any other disasters. It is time to put the spotlight on the socio-economic i
of floods and drought, and what we can do is to prevent such disasters."

[7 The International Decade for Natural Disaster Reduction (IDN
(1990-1999)
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1. INTRODUCTION

Chapter one describes flooding-related problems: the global flood dama
the increasing risk of flooding both in river basins and in urban areas. The
objectives of flood management are discovered, where emphasis is g
urban flooding control. On these bases, #ims of the present study ¢
promoted and the major study procedures and corresponding objecti
illustrated. The organization of the thesis is introduced in the last part «
chapter.

1.1 Study Background: Flooding Related Problems

Water is the necessity of life. It has decided the economic basis for mosit
societies. However, it can also be a threat to those who rely on it wr
excessive force invades in habited areas. Therefore, water not only provi
life, but also turns out to tbe source of catastroph&€ompared with the othe
natural disasters, floods are regarded as the most frequent events and ¢
most economic losses (Fig.1.1). Few countries in the twentieth century
spared the impacts of floods (Fig.1.2). Frequently, we hear reports of subr
catchments or regions, lives that have been lost, properties flushed away
halted, electricity cut, community activities disrupted, environment deterio
health state faced severely treated and people in flood-prone areas
psychological stress from current and continuing flood. Moreover, floods
even affect places, which at other times are prone to drought (HdSaheand
Islam, 1987; Blaikie and Cannon et. al, 1994; IDNDR, 1997; Smith and W
1998; MWR, 1999; Park&r 2000; Christie and Hanlon, 2001). Some flc
events are displayed in Appendix A.

Floods are triggered by many causes. Heavy rainfall, tropical storms, sr
ice melt, dam break, mudslide, insufficient capacity of transportatior
storage are all among the major flooding origins. Geographically, there ar
main types of floodingRiverine flooding happens when extreme rainfall atta
a river basin (Mississippi, 1993; Miller, 1997; Changman, 1998; Li and G
al., 1999; NVE, 2000; Meade, 2002)rban flooding is triggered when surfac
runoff exceeds the capacity of drainage systems, which happens wher
rainfall pours on sewers with the limited capacity, or even medium rainfal
on poorly planned or operated drainage systems (Kamal and Rabbi,
Arambepola, 2002)Coastal flooding takes place when heavy rainfall on inlé
encounters storm surges from the sea (Miller, 1997; Barry, 1997; Smil
Ward, 1998; Parkér2000; Pilarczyk and Nuoi, 2002). Therefore, flood cor
has to do with different situations. In addition, many floods have been cau
combined causes (Milina, 1999; Rafiqul and Rumi, 2002). Therefore, we ¢
prepare to withstand such floods if the possibility exists.

2
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Figure 1.1 Casualties and losses caused by natural hazards in 20th ¢
(Miller, 1997; Wang, Jiang, et.al, 2000; Jiang, Wang and King, 200z
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Figure 1.2 Continental distributions of global natural disasters 1950-1
(Miller, 1997; Smith and Ward, 1998)
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Human activities and livelihoods lead to people living alongside of rive
coastal areas, which are easily prone to flooding. In some cases, the flo
ways and river storage capacities are occupied by dwellings, cultivatec
and factories, which reduce the capacity of transporting and storing flood
and consequently increase the frequency of flooding and the numl
vulnerable people and the amount of prone assets. As a result, the risk
flooding is increasing. In the mean time, people are crowding into urban
so that the city centers become more densely populated and developed.
urbanization, on one hand, the urban areas are enlarged, which incree
contributing areas to generate runoff. In addition, green lands are repla
impervious roofs, roads and parking lots, which reduce the capacity of sur
absorb water and decreases the concentration time of surface
Accordingly, both runoff volume and peak discharge in urban catchme
increased (Gardiner, Starosolszky and Yevjevich, 1995; Rosenthal anc
1998; Hu and Guo et. al, 1999; Ahmed, 1999). On the other hand, howe\
rehabilitation of rivers, channels and sewers lags far behind the developr
municipal constructions. Consequently, the existing drainage capacities
enough to drain away the runoff discharge and the risk of floodir
accordingly increasing.

In short, rapid development is deteriorating natural ecosystems, reducin
capacity of infiltrating, conveying and retaining water, and conseqt
increasing the risk of floods. The lessons from floods tell us that eco
development, flood defense, conservation of water resources an
environmental protection must be taken into consideration as a whole.

1.2 Objectives of Flood Management

Protection of human beings, material properties, business and social ac
from flooding is the aim and major challenge of flood control. Earlier emp
was placed on floods in rivers, and reliance was on engineering meas
control the volume of floodwater until 60s; then, policies were made comt
structural and non-structural measures; in the last decades, the aware
living with flooding has been perceived. Consequently, flood managem
very comprehensive. It addresses a wide spectrum of flood forecastir
warning, flood evacuation, flood protection and mitigation and recovery
floods.

1.2.1 Flood Forecasting and Warning

The accurately and timely forecasting and warning of likable floods is extr
important for flood protection and mitigation. The reliability of forecas
greatly depends on the understanding of hydrological process, the
collection and processing, as well as telecommunication systems. As the
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radar technology, satellite imagery and GIS increase, the accuracy of
forecasting and warning improves.

1.2.2 Flood Control and Mitigation

Reducing the risk of floods, minimizing the magnitude of floods and allevi
the consequences from floods are the objectives of flood control. In engir
practice, flood defense mainly relied on capital works and control structure
direct physical attempt to protect vulnerable objects in floodplains and to 1
the greatest damage from floods. In recent decades, the flood abe
approach, i.e. living with flood measure, has been used as an additional ¢
to flood mitigation. It intends to create natural interdependence among
environment and water resources. In the global scope, an extensive aw
has been perceived to consider environment, resources and developm
whole (Qian and Zhang, 2001; Maksimovic and Tejada-Guibert, 2001)
emphasis has given to cope with floods instead of merely protecting ¢
them. The third group solution, non-structural measures comprise regu
and polices, organizational and social support, such as emergency flood
disaster aid and flood insurance, which have formed an effective systt
flood recovery.

In addition, special attention should be paid to flood control in combinatior
drought mitigation. This is due to the dual problems of flooding and
shortage in the same area but different seasons. It is the situation ir
regions in the world. Therefore, storing the floodwater and then releasin
dry period for irrigation and other reuses is the supplementary aim of
control. It has succeeded in many projects (Cheng and Liu et al., 2002; (
Zhang et al., 2001)

1.2.3 Urban Flood Management Issues

As described in section 1.1, floods not only happen in river basins, the |
urban flooding is also increasing due to rapid urbanization. Unlike river fl
urban flooding happens more frequently and causes large amot
accumulated damage, though the damage per event is relatively ¢
compared with the severe consequences caused by river flooding (TM,
1999; if, 2000; Gjensidige, 2000). In addition, urban flooding has brutal im
on municipality's activities when it happens. Therefore, more attention shc
paid to it. Urban flood management addresses the following aspects:

» Urban flood protection and damage mitigation: protecting life, reducin
tangible damage and intangible adverse consequences and lessening
to public health and safety are the main objectives of urban flood cont
addition, urban flood control seeks for solutions to minimize the annoy

5
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or even the interruption on community activities. The interruption doe
only exist during flood period but also after flooding during the clear
repair period. Besides, the impact often extends beyond the floodec
and affects people and activities elsewhere. Therefore, urban floodi
been a concern of flood topic.

» Storm water quality control: protecting channels and sewers from block
by branches and other large buoyant materials transported by flooc
and sewer sediment from heavy substances drained in floodwater is
the aims of urban storm water quality control. In addition, attention s
be paid to bacteria, heavy metals and other sewage constituents dis:
from polluted sources, particularly when storm water is drained by com
sewers. The sewage must be properly treated before it drains in
receiving water, or is reused. The research on this topic started from
70s (Lindholm, 1974; Yen, 1987; Schilling and Bauwens et al., I
Thorolfsson, 1997; Schilling and Milina et al. 1999).

e Urban environment and aesthetic issues: As urbanization proceed
consideration should be given to retaining natural water storage capi
such as swales, ponds and wetlands, and incorporating them as part
drainage systems. Meanwhile, the quality of life in urban areas c
enhanced by conservation, or even restoration of these featur
recreational, aesthetical, ecological, and cultural function. In the persg
of urban environmental conservation, the urban flood control can be v
as more an opportunity than a problem.

Overall, the goals of flood management tell us that we have a long way t
cope with floods. This thesis focuses only on the risk of urban flooding, i.
guantity control of the stormwater.

1.3 Study Objectives and Procedures

This study aims to provide approaches and models to unde
comprehensively the problems of urban flooding. The study procedure
objectives are demonstrated in Fig. 1.3.

The study proceeds in two main steps: extensive analysis and ini
simulation. The former one is carried out by a risk-based approach. Whe
focal objectives are to identify flood hazards, to estimate frequency
consequences of flooding and to evaluate the flood risk. Then, an int
study follows to develop urban flooding simulation models and procedure:
developed models are examined through two case studies, and on thes
the capacities of existing sewer systems in two case studies are examir
the solutions for flooding mitigation are tested.

6

URN:NBN:no-3477



Study procedures Objectives

. « |dentify flood hazards;
Flooding J ; ' .
Risk Analysis :: e Estimate flooding frequency;

« Evaluate the risk of flooding.

¢ Delineate watersheds and surface

. .GIS . ——— > drainage networks;
in Flooding Analysis « Evaluate existing sewer systems;
« Preliminary analysis of flooding.
Urban Flooding * Develop flooding models;

Simulation :>. Model calibration;

 Flooding simulation.

Flooding Mitigation & =——* Estimate flooding damage;
Damage Evaluation » Study flooding mitigation measures.

Figure 1.3 Study paradigm

Case studies from Norway and China are carried out through the estat
methods, models and measures.

1.4 Organization of the Thesis

The introductory chapter of this thesis addresses flooding relevant prot
where the growing risk of flooding is highlighted. Then the objectives of f
management are discussed, and emphasis is given to urban flooding cont
this basis, the study objectives are promoted and procedures are illustrate«

The second chapter is a literature review. It begins with the basic con
flood definitions and types. Then, the state-of-the-art of urban drainage sy
is introduced and the design standards from several countries and regic
presented. After that, an overview of risk management programs and re
development follows. Then, urban flood model development together wit
use of GIS is reviewed. The problems of today's models and the nee
further development close the topics of Chapter two.

Chapter three is describing the risk-based study, where the risk of
flooding and the urban flooding system are defined. The causes of floodil
identified and the probable flooding scenarios are analyzed. The formi
calculate flooding frequency and potential consequences are introduce
flood mitigation measures are discussed according to risk acceptance c
Finally, a case study of Trondheim, Norway, illustrated the process.
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GIS technology is able to process, analyze, store data and data managerr
also an ideal intermediate tool of flooding analysis. Chapter four introduc
basic GIS concepts and major models used in flooding analysis. In additio
is used to produce the basic hydrological elements for the flooding |
development and flooding simulation in Chapter five.

Three flooding models are introduced in Chapter five: the MOUSE mode
its fictive surface flooding tank, and two other models, the “basin” mode
the dual drainage model, developed on the basis of the MOUSE progre
these three models are examined through two case studies. On the |
flooding simulation, flooding mitigation measures are tested in Chapte
where, in addition to flood mitigation, flood damage evaluation is
addressed.

Main results and conclusions are summarized in the last part of this
Chapter seven. In addition, suggestions for future research are also put fo

Other relevant information and results are bound into the appendices
thesis.
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Chapter 2

Literature Review

“Through wisdom is a house built, and by understanding it is establish

0 King James (1S
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2. LITERATURE REVIEW

Chapter two introduces the basic concepts of flooding, explains the mecl
and characteristics of urban flooding and describes the state-of-the-art o
drainage systems. The research progress of urban flooding model devel
is overviewed, and the role of GIS in urban flooding analysis is highlighte
a result, the needs for further development of urban flooding analysi
flooding model improvement are figured out.

2.1 Concepts of Flooding

Flooding is one of the most severe natural disasters. It is extremely impol
know when it happens, how it propagates and how large the magnitude \
They are all factors valuable to know for flood control and protection
making development plan and for environmental issues.

2.1.1 Definition of Flooding
Flooding has been defined in a number of ways as follows:

- Aflood is relatively high flow, which overtaxes the natural channel pro\
for runoff (Chow, 1956).

— Aflood is a body of water, which rises to overflow land that is not norr
submerged (Ward, 1978).

— Flooding is defined as temporary inundation of all or part of the flood
or temporary localized inundation occurring when surface water r
moves via surface flow, gutters and sewers (Walesh, 1989).

- Extremely high flows or levels of rivers, whereby water inund
floodplains or terrains outside of the water-confined major river char
Floods also occur when water levels of lakes, ponds, reservoirs, aquift
estuaries exceed some critical values and inundate the adjacent I
when the sea surges on coastal lands much above the average s
(Rossi, Harmancioglu and Yevyevich, 1992).

— Flooding is defined as a condition, where wastewater and (or) surface
escapes from or cannot enter into a drain or sewer system and either |
on the surface or enter into buildings (NS-EN 752-1, 1996).

Chow (1956) defines the floods in relation to rivers. Ward (1978) spe
floods to inland. Later, Walesh (1989) attempts to embrace floods b

10
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floodplains and on urban surfaces. Rossi, Harmancioglu and Yevyevich (1992)
provide more comprehensive definition for floods from rivers, detention and
retention storage as well as storm surges. Recently, NS-EN 752 (1997) defines
the floods scenarios on urban surfaces.

2.1.2 Types of Flooding and Their Characteristics

According to the above definitions, floods are classified in terms of induced
causes in combination with geographical locations (Table 2.1).

Table 2.1 Types of flooding (Parke2000).

Agent Details and examples
Rainfall Riverine or inland
Slow on-set or flash flood
Snowmelt Overland flood
Riverine flood
Icemelt Flood caused by glacial melt water
Flooding during freeze-up Riverine
Flooding by ice breakup Riverine (also called ice-jam floods)
Mudfloods Floods with high sediment content
Storm surge Coastal/sealtidal floods
Dam Dam-break flood
Dam overtopping
Urban drainage flooding Storm discharge exceeds capacity of sewers or
drains
Water mains Flood caused by pipe burst
Raising water tables (high Land subsidence, rising sea level, temporal
Groundwater levels) reduction in water abstractions from aquifers
Combined events Rainfall/tidal flooding/snow melt/ice melt...

Apparently, flooding often occurs in river floodplains, coastal areas or inland
surface. Therefore, flood control has to do with locations regarding to the
induced causes.

The magnitude of flooding in large river basins is generally larger than flooding
in local urban areas and the consequences of river flooding are severe.
Historically, emphasis was given to extreme floods in natural watercourses.
Hydrological and hydraulic models have been developed and structural and non-
structural been evaluated in order to formulate mitigation strategies and take
effective protective action. This focus has undoubtedly increased awareness of
government and publicans and played a significant role in formulating rational
floodplain management schemes.

11
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With the development in urban areas and the expansion of urbanizatic
frequency of urban flooding increases and so do the consequence
considerable adverse impacts of flooding on private dwelling and properti
municipality facilities and activities have been concerned by government
planners, researchers, engineers and the publicans. National ste
engineering measures and research towards urban flood control have be:
great progresses in recent years. The literature review focuses on the
standards of urban drainage, storm sewers and the development of urb:
models.

2.2 Definition of Urban Drainage Systems

Urban drainage systems are defined as “physical facilities that collect,
convey, and treat runoff in urban areas. These facilities normally in
detention and retention facilities, streets, storm sewers, inlets, open ch
and special structures such as inlets, manholes, and energy dissipaters”
and WEF, 1992).

Urban drainage systems are needed in developed urban areas becaus
interaction between human activity and the natural water circulation.
interaction has two main forms: the abstraction of wastewater fron
systematic cycle after providing for the needs of human life, institu
activities, and the consumption of industrial and commercial products
secondly, diverting rainwater from the covering lands of impermeable si
away from local natural areas or systems.

Although cities are in contact with water from various origins such as g
water, streams flowing through or near the city as well as the sea being re
water, the major concern of urban drainage systems is water originating
city itself, i.e. water from local rainfall and its interaction with the w
originating from other water bodies (Maksimovic and Prodanovic, 2001).

The urban drainage systems can be completely artificial, or combination «
made sewer facilities and natural watercourses.

2.3 The State-of-the-Art of Urban Drainage Systems

Urban drainage systems can be thought of consisting of two main parts (v
1989): the convenience-oriented, or the minor system, which contair
components that accommodate frequent, small runoff events; an
emergency, or major system, which comprises the components that
infrequent but large runoff volume. Although many of the component
common to both of convenience and emergency systems, their r
importance in the two systems varies significantly.

12
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2.3.1 Components of Urban Drainage Systems

2.3.1.1 The Convenience-oriented (Minor) Systems

The convenience (minor) system is generally called the sewer systemarz
be represented conceptually as a network consisting of catchment
subcatchments, nodes, links, ancillary structures and outlet. The system r
inflow from nodes, i.e. manholes or inlets, and then transports the sew
wastewater treatment plant (WWTP), or drains directly to receiving water
2.1).

Manhole

Subcatc hment

W TR

Dutlet f

Figure 2.1 Representation of sewer systems

A summary of system components and their functions of urban storn
drainage are given in Appendix B. The major components of sewer syste
explained as follows.

Catchment and subcatchment A catchment is the area collecting water fr
nearby higher terrain surface, which is delineated by topographic contoul
In order to collect surface runoff efficiently and to reduce the waterloggin
ponding of water, in local areas, a catchment can be further divided into ¢
subcatchments according to the variation of topography. A catchme
subcatchment is usually described by its parameters: catchment ar

13
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percentage of impervious area, average slope, the longest flow leng
approximate shape.

Nodes are junctions to link the sewers. They also provide storm water trar
between surface and subsurface systems. Typical examples of noc
manholes or storm water inlets.

Links transport flow in the system, and are often open channels or closed
with regular or irregular cross sections.

Ancillary structures  Ancillary structures include weirs, gates and pt
stations. They are designed to relieve the load of sewer systems. Weirs o
extra sewage to outside of the system, or to receiving waters, or inside
system to higher capacity conduits. Gates are used to regulate the flow
transportation. Pumps lift the sewage from lower sewers to higher ones, o
sewage from sewer systems to wastewater treatment plants.

Outlet The most downstream component of the urban drainage system,
discharges the sewage from the system to receiving waters, or in an o
way, it may bring back water into the sewers while the water level in rec
water is higher than the level of outlet, so-called backwater effects.

The sewer systems are designed either as separate systems, where th
and stormwater are conveyed separately, or combined systems, in whick
sewage is transported within one pipe. Typically, combined sewers are olc
can be founded in the city centers.

In addition, combined sewer overflow (CSO) are diversions of a blel
sanitary and storm sewage into receiving waters that often adversely aff
water quality in receiving water, which should be avoided as far as possibl

2.3.1.2 The Emergency (Major) Systems

In addition to the sewer system, other system components composed
networks, detention or retention facilities will take into action when the r
system components are full of their capacities.

As described in Appendix B, roadways with ditches or gutters and curl
only transport, but also provide temporary storage for surface stormwate
2.2). In addition, natural ponds, parking lots, flat roofs and other imper
open surfaces can also service as temporary storage of the exces:
Moreover, man made detention and retention facilities can put intc
whenever they are needed.

14
URN:NBN:no-3477



|| House sewer

Y 2

e
_‘.'b-__\_\_
e

- =
= -

s Storm sewer

Linking sewar 7 E

T
Minor sewer system operation Major sewer system operation

Figure 2.2 Minor and major urban drainage systems (Walesh, 1989)

2.3.2 Design and Practice of Urban Drainage Systems

Due to the difference in climate, topography, land use, the progre
urbanization and financial situations, the status of sewers vary greatly
country to country. An overview of sewer design standards available
several countries and regions is presented in this section and the con
discussion follows.

The terminology applied in the sewer design will be introduced at first.

2.3.2.1 Terminology in Sewer Design

Design frequency or return period  Concerning the stochastic characteris
of rainfall, the frequency {) of occurrence should be included in the de

criteria. Ideally in practice, the frequency or return peridd, (f :%) IS

selected for sewer design on the basis of cost-effectiveness analysis. Hi
in establishing tolerable flooding frequencies and the acceptable risk, pe
safety must be given the first priority (Schmitt, 2001)!

IDF-curve A convenient form to summarize rainfall information in a cer
catchment is given by the intensity-duration-frequency (IDF) relationsh
sample of IDF is displayed in Fig. 2.3. It indicates that at given frequ
rainfall intensity and duration are inversely related, i.e. heavy rainfall con
short period; and so do the relationship between intensity and frequency
rainfall event tends to have a higher intensity, given the same duration.

Design storms Design storms are hypothetical processes of rainfall inte
derived from the statistics of investigated historical heavy rainfall event:s
long period of observed rainfall time series. A simple design storm i
constant block rainfall, which is widely applied in many national standards

15
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Figure 2.3 The Intensity-Duration-Frequency (IDF) Curve for Beijing, Chi
(HGSB, 1991

example, the Austrian and the Dutch standard. In addition, the synthetic
storms defined by frequency, duration, time interval and rainfall depth, so
typical storm distribution, can be derived through analysis of historical rain

Sewer surcharge Is defined as a “condition”, in which wastewater and/or sl
water is held under pressure within a gravity drain or sewer system, but d
escape to the surface to cause flooding (NS-EN 752-1, 1996). It is disple

Fig. 2.4.
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Figure 2.4 Representation of sewer surcharge
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Flooding In NS-EN 752-1 (1996), flooding is defined as a condition, w
wastewater and/or surface water escapes from or cannot enter into a (
sewer system and either remains on the surface or enter into buildings (Fi
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Figure 2.5 Representation of sewer surface flooding

2.3.2.2 Sewer Design Standards

In order to know the state-of-the-art of current sewer systems, the
standards and engineering practice available from different region:
countries are summarized in Appendix C. Their brief descriptions are
below:

- EN752

The European Committee for Standardization (CEN) mandated stand:
Drain and sewer systems outside buildings, which consists of seven part
in table 2.3.

European standards shall be given the status of national standards ir
European countries since it mandated. Both “design storm frequency
“design flooding frequency” are applied in NS-EN 752-4 (1997) for s
design and flood checking.

Before mandating EN752, the standards of sewer design varied so great
country to country that the status of sewer systems was rather complic
practice. Efforts have been made in individual countries to follow the ne'
standard since its mandating. However, the engineering practice indicate:
is difficult to apply a uniformed standard to different places due to differer
climate, topographical conditions and economic consideration.
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Table 2.2 Contents of EN752 (NS-EN 752-1, 1996)

Section Title

Part 1 Generalization and definitions

Part 2 Performance requirements

Part 3 Planning

Part 4 Hydraulic design and environmental consideratior
Part 5 Rehabilitation

Part 6 Pumping installations

Part 7 Maintenance and operations

In the following section, standards and engineering practice of several co
both inside and outside Europe are discussed.

- Germany Standard

ATV-Al118, the national regulation for hydraulic design of urban drail
systems in Germany, was first produced in 1956 and revised in 1977
A118, 1977).

Unlike EN752, ATV-A118 considers flooding frequencies to be
inappropriate criterion for direct computational assessment due to two
reasons: firstly, in practice, physical data are not available to accurately d
surface characteristics; and secondly today’s simulation models are not a«
to simulate all the hydraulic phenomena associated with surface floodir
relevant physical constraints on the surface. As a result, another critel
hydraulic performance, surcharging frequency, rather than flooding freqt
has been applied in ATV-A118 (Schmitt, 2001). It considers that the rise
maximum water level at manholes up to ground level (street surface) t
critical flow situation

— Austrian Standard

Telegdy (2002) explained the sewer design situation in Austria, where n
the sewer systems are designed according to the rational method

frequency of 1 in 1 year, though the guideline 11 of the national star
suggests heavier events with a lower frequency for city centers. On
requests for a series of five-year block rairisq0.2) remain sewage under t

ground level, so this comes nearer to the ATV-A118 approach.

In addition, Telegdy also addressed the status and problems in existing
design standards in Austria:
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— The existing guidelines do not reflect recent development in cities;

- The EN 752 has become a new national standard in Austria, bu
different to introduce it as the design guideline;

- The German ATV A118 has an influence, but there is no clear staten
or how it should be used in Austria.

As a result, the Austrian Water and Wastewater Board have formed a sp
group to revise the existing guideline for sewer design.

— Dutch Standard

The traditional hydraulic design of sewer systems in the Netherlands is be
simple rules. They are characterized by steady flow simulation, a design
intensity of 60 |.8.ha™ for flat areas, 90 I’5ha*for in inclined areas, and a fr
board of 0.2m between maximum water level and ground level (Van Luijt
1999). The sewer system is checked on two aspects: firstly, the dis
capacity of the system is checked under extreme rainfall conditions to |
the buildings from flooding, where a maximum intensity of 118.ha' at a
return period of 2 years in 5 minutes is applied; and secondly, the s
capacity of the system in a long-term simulation with continuous rainfall
(1955-1979) to limit the emission of polluted water from the system to st
or receiving water.

In addition, Van Luijtelaar (1999) stated that application of the Eurc
standards in the Netherlands is impossible due to the small difference b
ground elevation and the surface water.

- Norwegian Standard

Before EN752, there was no national standard of sewer design in Norwe
sewers were designed to discharge storms of 1 in 10 years and 1 in 15
most cities or counties so far. The system analysis and flood checki
existing systems are rarely done. Oslo is an exception, though (Schilling,
The engineering practice has often been to fix a problem when floods rep:
happen (TM, 1990-99).

- United Kingdom Standard

The traditional standard of designing sewers in the UK depended c
surcharge frequency. However, Orman (2002) states that, in the Ul
weakness of sole reliance on surcharge frequency as design criterion h
recognized for many years. The use of more complex hydraulic mod
optimize designs to protect against flooding is now well established p
practice. It is used as part of rehabilitation planning.
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Since its publication, EN752 has been a national standard in the UK.
progress and situation are described below (Orman, 2003):

For new development, the system should initially be designed with a «
surcharge frequency as given in appendix C. In addition, the design
checked to ensure that all parts of the site exceed a design flooding frequ
30 years.

For upgrading existing systems, there is no published standard. A genere
and the level of flooding checking are taken from the Sewerage Rehabil
Manual (SRM), which is also included in appendix C. It should be notice:
the minimum target for upgrading should meet regionally acceptable lev
service; figures quoted in appendix C are generally accepted as ma
values. Surcharge frequencies are sometimes limited to prevent damagt
pipes.

Additionally, the sewer design standards available from several other co
outside European are given below:

— Chinese Standard

China has its own standards for sewer design. Referring to the existing n
standards of sewers design (GBJ14-87, 1997), the sewers are designed f
ranging from 3 in 1 year to 1 in 10 years and the design frequency varie
city to city. Storm frequencies used in some cities are given in Appendi
illustrate the situation in China.

Neither surcharge nor flooding frequency is recommended in today’'s Cl
criterion. Consequently, sewer flooding checking has not been done exc
few case studies in research projects (Cheng, 2001).

- Japanese Standard

Concerning the design frequency for sewer systems, the Japanese
guideline indicates that sewers should be designed to protect floodin
recurrence intervals ranging from 1 in 5 to 10 years.

Due to climate change, some cities have been trying to improve their ¢
system by means of constructing new storm sewers or runoff control fa
such as infiltration facilities and storage ponds (Zaizen, 2003; Funayan
Shinkawa et al., 2002).

- Thailand Standard

In Thailand, another Asian country, sewers are designed in two levels:
storms of 1 in 2 years are applied for secondary/lateral sewer; and 1 in !
for primary/main drain (Wangwongwiroj, 2003).
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— USA and Canadian Standards

In USA and Canada, unlike European countries, the drainage systel
designed as major and minor system (Appendix C). Higher design criteric
in 100 years is applied for major drainage systems, whereas recurrence i
ranging from 1 in 1 year to 1 in 5 years are applied for minor sewers (ASC
WEF, 1992).

— Conclusions

Comparing the available standards above, EN752 comes to be the
comprehensive and advanced one, which embraces different operations
situations and considers designing sewer system capable of trans
flooding of 1 in 100 years. The UK standards have progressed closest
752. Other countries are attempting to combine EN752 with their
guidelines, or are still performing their rules in engineering practice.

2.4 Risk Management

Uncertainties are unavoidable in the design and planning of engin
systems, particularly for those systems that relates closely to the sto
events such as meteorological phenomena. Therefore, the methodol
system analysis should include concepts and approaches for evaluat
significance of uncertainty on system performance and design. With this 1
the concepts and methods of risk management consist of an important
flooding analysis.

2.4.1 Definition of Risk

Risk has been defined slight differently in the literature. Examples are gi
follows:

- Risk designates the danger that undesired events represent for humar
the environment or material values. Risk is expressed in the probabili
consequences of the undesired events (NSF, 1991).

- Risk is a measure of the probability and severity of an adverse effect
or health, property or the environment (CAN/CSA, 1991; Fell, 1
Salmon, 1997).

- Risk is often estimated by the product of probability and consequen
undesired events (Kjellen, 2000).

— Risk is an expression of probability for and consequence of one or ¢
accidental events, where risk is expressed qualitatively as we
guantitatively (NTS, 1998).
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Obviously, risk is evaluated by a product of probability and the adverse ¢
of unexpected events. It is expressed both quantitatively and qualitatively.

2.4.2 Risk Management Programs

Fell (1997) presented the risk management process (Fig.2.6) adapte
CAN/CSA (1991), where the risk management was defined as an unity
analysis, risk assessment and risk mitigation.

Risk analysis | Scope definition|
1
| Hazard identificatior{
Failure mode and effects analysis
Frequency Risk Consequengy
analysis estimatior analysis
Risk assessmenRisk acceptance:
values; . Risk mitigation
. ) Risk .
judgement; — . options
X - evaluation . J
risk-based decision alternative analysig
criterioa
Risk management Decision Risk control an Monitoring
making communication

Figure 2.6 Risk management process (CSA, 1991)

In addition to the risk management procedures applied in Australia and C
the Norwegian Technology Standard Institution (NTS, 1998) also worked
risk management diagram illustrated in Fig. 2.7, which is supposed to es
requirements for effective planning, execution and use of risk and eme
preparedness analysis in Norwegian offshore fields.

Comparing the procedures displayed in Fig. 2.6 and Fig.2.7, it is obviot
risk management has been addressed similarly in the two programs. Wh
risk management consists of risk analysis, risk evaluation and mitigation.
procedures have been extensively applied in the analysis of risk manage
different disciples given in next section.
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Risk Analyses
Planning

y
y System

Risk Acceptance Definition
Criterion ¢

Hazard
Identification Risk R

educing
| Measures

v v X

Frequency Consequence
Analysis Analyses

v

Risk Picture

Risk
Evaluation

Further Risk
Reducing
Measures

Figure 2.7 Risk estimation, analysis and evaluation (NTS, 1998)

2.4.3 Risk Management Applications

Kjellen (2000) introduced basic concepts, advanced methods and models
management for general accident prevention. Jenssen (1997), Alfredo &
(1997) carried out risk analyses of dam safety. Blaikie and Cannon et al. |
Ahmed (1999) presented case studies of seeking root causes, dynamic p
and unsafe conditions regarding to Bangladesh flooding. In addition,
numerical models were presented on the title of risk analysis of floc
However, from the point of view of risk management, those studie
restricted to risk estimation, i.e. estimating the frequency of flooding by
rainfall intensities, or design storms. Hence, a comprehensive study (
management of flooding is needed.
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2.5 Urban Flooding Modelling Development

2.5.1 Urban Flooding Modelling Introduction

Flooding is not a new natural disaster. Throughout history, flood contrc
been being one of the key tasks of governments, municipalities and
institutions as well as city planners, designers and engineers. It is also on
major research subjects. Great efforts have been made to protect vul
objects from flooding. Among them, plenty of models have been develoj
simulate different flooding situations, which range from single process-
models, such as various loss models, rainfall runoff model, channel or pip
model, to integrated modeling package that combines several single-prc
models. Those models definitely play significant roles in flooding fore
protection and mitigation.

In this section, only the integrated models, which have the potential to sii
urban flooding, or which are able to simulate urban flooding are reviewed.

2.5.2 Integrated Stormwater Software

Many integrated stormwatemodels have been developed to cope
stormwater related phenomena. A few of them have been become |
software and applied in many projects. MOUSE, SWMM and Walling
program are among such products that are applied globally in storn
transportation. These programs will be reviewed below.

2.5.2.1 The MOUSE Program

The MOUSE program developed by Danish Institute of Water ¢
Environment (DHI) is an advanced and comprehensive software pa
consisting the submodels dainfall-Runoff, Hydrodynamic (HD), Water
Quality process (WQ) and Sedimentation Transportation (ST) etc. It provides
powerful facilities to solve water quantity and quality problems in u
catchments by running one model, or combing several submodels (DHI, 2

MOUSE is one of the most popular programs applied broadly, with applic
documented in the proceedings of several DHI software user conference:
literature and project reports. However, MOUSE was developed original
sewer design and implement both of stormwater and (or) sanitary quant
quality control, but not for simulating urban flooding. The fictive urban floo
tank in MOUSE is used to keep overall water balance in flooding man
Nevertheless, the possibility to simulate urban flooding exists by improvin
combining several existing MOUSE modules.
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2.5.2.2 The Storm Water Management Model (SWMM)

SWMM was developed by a consortium of American engineers for th
Environmental Protection Agency (EPA). It is used in the United State f
design of stormwater drainage systems and has been incorporated in 1
water quality management planning. In addition, it has been applied globe
stormwater planning, design and rehabilitation purposes (Hsu, Lei anc
1990; ASCE, 1992). SWMM takes the rainfall and catchment charactel
determines quantity and quality of runoff, routes the runoff through a cormr
or separate sewer system and identifies the effluent impact on receiving
Thus, it is a mathematical model capable of representing urban storm
including sewage storage and treatment and combined sewer o\
phenomenon (Huber and Dickinson, 199&8how, 1988). Howeve
improvements have to be done, or additional modules or structures hav
added on SWMM in order to simulate urban flooding.

2.5.2.3 The Wallingford Procedure

The Wallingford Procedure describes the hydraulic design and analysis «
networks for both new schemes and existing systems. It can accommodsz
stormwater sewers and combined sewers. The whole package provides
of methods from which a series of calculation techniques can be selectec
the conditions of any particular design scheme. It comprises: (& ¢dgied
Rational Method which still gives peak flow only; (b) theydrograph Method
models surface runoff and pipe flow, which provides a pattern of discha
time; (c) theSimulation Method, which is developed from Hydrograph Mett
and is able to analyze the performance of existing systems or proposed
operating under surcharged conditions.

The application of the Wallingford procedure in storm water drainage des
the UK has greatly assisted local authorities and engineers dealing w
complex renewal problem of old systems. It has also provided a compret
tool for the developer and consulting engineer to evaluate the pipe ¢
precisely. Additionally, the suite of the programs has been adapte
application outside the UK (Shaw, 1988).

As the rapid progress of urbanization, the risk of urban flooding is obvi
increasing, and flood paths, when flood happens, are getting complicated
the changes on surface. On the other hand, the existing models are not ¢
to simulate urban flooding. Thus, new procedures have to be develo
simulate overloaded sewer systems that, if possible, should be made b
the existing models.
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In short, the three commercial programs mentioned above were made or
for sewer design. Additional module must be developed, or improvemen
be made on the existing models to simulating sewer flooding.

Examples of user made improvements based on MOUSE module
introduced in the following section.

2.5.2.4 Flood Simulation by Two Dimensional Tank Modelling (Japan)

Kinoshita, Sato and Terayama (1996) presented a model, called

Simulation by Two-Dimensional Tank Model, which was composed of ru
conduit, network, pump station and ponding model. Among thleenRunoff
Model was used to produce inflow hydrograph to the sewer systtra:
Conduit Model was constructed by the same principle as the Mouse pipe r
the Network Model was used to simulate confluence and divergence of the
The flow diversion at a diversion manhole was calculated by using the ov
weir formula and orifice formulahe Ponding model was a fictitious tank use
to store excess water located on the top of the overflow manhole. |
assumed that when the water level at the overflow manhole would exce
level of the ground surface, the ponding model would start to work. Conve
this overflow was absorbed into the sewer through the manhole when th
would decrease and the amount was assumed to be equal to the amount
space brought by the reduction of the water level at the manhole. Takir
account the two-dimensional and the irregularity of flow, the inundation an
was done in the ponding model. Grids covered the drainage area. One ¢
regarded as one tank. The flood flow was moving from one tank to anothu
the flow between two tanks was performed as an open channel. The
equations were continuity equation and momentum equation. The
conditions were applied at four sides of the grids as boundary conditions.

2.5.2.5 Dynamic Waterlogging Modelling (DHI, Dhaka)

Dhaka, the capital of Bangladesh, suffers from a severe waterlogging p!
recurring several times each year due to even moderate rainstorms, bec
the unplanned or poorly planned urban development along with mai
intervention in the natural drainage systems. A loidy was carried out
order to understand the flooding problem (Kamal and Rabbi, 1998), whe
MOUSE program was used in combination with GIS. In addition to the rai
runoff and pipe flow models, a surface flow model was developed consi
the interaction of underground pipes and street drainage networks, so
Dynamic Waterlogging Modeling. GIS technique was applied for prodt
flood maps and visualizing simulation results.
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2.5.2.6 Urban Flood Dynamic Simulation Modelling (UFDSM, China)

China is a country frequently suffering from flood disasters. Particularly i
twenty years, as a consequence of rapid urbanization, urban floodir
become a severe problem. In order to study the risk of urban floodin
implment effective measures for flooding control, a project sponsored |
Chinese National Natural Science Fund was implemented during 199!
(Liu, 1998). A flood model, called An Urban Flood Dynamic Simulation M
(UFDSM) was developed by this project team (Hu et al., 1999), whert
submodules: infiltration, rainfall-runoff, pipe flow, surface flow and link
model were integrated into the modeling package. That modelling can si
urban flooding in sewers and on the surface.

2.5.3 Special Topic: GIS in Urban Flooding Modelling

On the one hand, urban flooding simulation generally requires a broad re
spatial data, such as catchments or subcatchments, their geomet
hydrologic characteristics, flow routes on surface and the database of
elements. On the other hand, GIS is an ideal tool of data manag
processing and analysis. Therefore, the integration of numerical flood mc
and GIS is a natural trend of flood modeling development (Djordj
Prodanovic and Maksimovic, 1999; Makropoulos, Butler and Maksim
1999; Zech and Escarmelle; 1999). In addition, the commercial prograi
proceeding in the incorporation of GIS and numerical models. Exampls
given below.

2.5.3.1 MOUSE GIS

MOUSE GIS is a module added to the Mouse program and works |
ArcView GIS environment, which consists of two parts: The Network E
and The Results Presentation.

The Network editor allows to extract data from a number of different a
management systems, to condense the network automatically according
specified criteria and still maintain consistency of physical system and, fin.
store the data as a model for further analysis in MOUBRe Result
Presentation allows presenting results from fully dynamic simulations in Mc
(DHI, 1997).

The import and export of sewer networks and results between GIS and M
the advanced graphic presentation are the advantages of MOUSE GIS.
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2.5.3.2 MIKE 11 GIS

MIKE11l GIS integrates the Mikel1l river and floodplain modelling technc
with the ArcView GIS of Environmental System Research Institute (E:
Through a generated DEM, MIKE11 GIS works as an auxiliary tool to e:
longitudinal and cross section data to Mike 11, and then import the simt
results back to Mike 11 GIS, create flood maps and present the result o
simulation of MIKE 11 HD (DHI, 1998). MIKE 11 GIS is not only an ide¢
suited tool for river and flood plain management, but also possible for
flooding simulation (Nielsen, 2001; Boillat, Ihly, and Mardini, 2001).

Mike 11 GIS requires spatial analyst extension of ArcView GIS and worl
DEM model.

2.5.3.3 HEC _GeoRas

HEC-RAS is designed to perform one dimensional steady or gradually un
flow hydraulic calculations for networks of natural and artificial channels (t
1997).

HEC-GeoRAS is an extension to work under ArcView GIS environment. |
GeoRAS provided similar functions as Mikell GIS. It is able to create a
files of geometrical data, such as river longitudinal profile and cross se
from the Digital Terrain Model (DTM), and then to extract into HEC-RAS
hydraulic simulation. It also enables viewing of exported results from |
RAS.

Unlike Mike 11 GIS, HEC-GeoRAS requires 3D extension of ArcView
DTM represented by a Triangular Irregular Network (TIN) (HEC, 2000).

2.5.4 Recent Progresses

The review above is mostly based on the literature published before
Research on urban flooding has been progressing since then. The
significant progress is reviewed in this section.

Maksimovic and Prodanovic (2001) developed GIS-assisted flood moi
urban areas based on the dual drainage concept. The Research Proje
European EUREKA framework - Risk Management for Urban Drai
Systems - Simulation and Optimization (Schmit and Schilling et al., 2002
fulfilled in the beginning of the year 2003. The overall objective of this pr
is the development of an integrated planning and management tool tc
cost-effective  management for urban drainage systems. In additiol
development and applications based on DHI software, i.e. MOUSE, M(
GIS, MIKE 11 and MIKE 11 GIS have progressed integrating GIS
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numerical models (DHI, 2001). Many models and results have been pre
during the Ninth International Conference of Urban Drainage (9ICUD) (I
Fujiwara, et al.,, 2001; Apirumanekul, and Mark, 2001; Boonya-aroc
Weesakul and Mark, 2002; Freni and Schilling et al., 2002).

2.6 Conclusion of Literature Review: The Needs for Flooding
Analysis and Flooding Modelling Development

Reviewing the research progress of urban flooding analysis and flc
modeling development in recent years, risk analysis of flooding was carri
focusing on flood frequency analysis and creating flood maps. It is incor
from the point of risk management. Secondly, many commercially ava
models, for instance MOUSE and SWMM, are relatively reliable when de
with free surface and pipe flow separately. However, when the under¢
drainage system becomes surcharged, the reliability of these models turn
be strongly dependent on the assumption or restriction of models al
interactions among different sub-systems, particularly surface and under
(Maksimovic and Prodanovic, 2001). The improvements on the present r
should focus on these two aspects: the proper interaction of different part:
flooding systems and the better presentation of the terrain in flooding area

Therefore, the following aspects constitute the framework of the present tf
— Performing complete risk analysis from the risk sources to risk mitigatic

- Searching for GIS information support with respect to sul
characteristics, such as: information on land use, flow paths on the ¢
and carrying out hydrological analysis based on the available terrain d:

- Establishing advanced model capable of modeling underground sewe
and flow on the surface, with proper transition between free surfac
surcharged flow and proper interaction with flows in sewers and o
surface;

- Seeking for effective flooding mitigation measures in combination
flooding simulation.

The contexts have been depicted in Fig. 1.3 of Chapter one. Progresses ¢
step by step through Chapter three to Chapter six.
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Chapter 3

Risk Management of Urban Flooding

Risk exists due to the stochastic characteristics of natural phenomenon and 1
vulnerability of physical objects.

Higher protection means lower risk but higher investment and needs for moi
efficient management and vice versa.

There is no absolute safety. However, man can reduce the risk by vario
efforts.
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3. RISK MANAGEMENT OF URBAN FLOODING

- Why do floods happen?

- How do they happen?

- How often do they happen?

— What are the potential consequences?

- How to alleviate the flooding problems and mitigate the pote
consequences?

Chapter three concerns the understanding floods from their occurrence tc
and aims to:

- ldentify the potential hazards or threats of flooding;

— Analyze the likely flooding scenarios;

— Estimate the frequency of individual or joffdoding events;

- Assess the potential consequences; and

— Mitigate the risk of flooding and alleviate the potential consequences.
A Norwegian case study is applied throughout the analysis process.

3.1 Risk Management Concepts and Methodology

3.1.1 Terminology
The following terminologies are used in this chapter:

Hazard means a potential danger, either an event or a condition, whicl
cause damage or other adverse effects. It might be controlled or redu
maintenance or protection measures.

Incident indicates a small operational obstacle without or with limited dam:

Event expresses either a large operational accident or a natural disas
probably has severe consequences.

Accident can be between an incident and an event, with small or me
damage.

Root causeis the most basic and important origin, which leads to either ¢
incident, or large event.

Contributing factors are others hazards except for root cause.
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3.1.2 Definition of the Risk of Urban Flooding

Flooding may be triggered when a large volume of stormwater is transpot
drainage systems. Consequently, the objects in flooding areas, such as
estates and assets as well as public infrastructure, may be damaged. Ti
the risk of urban flooding is expressed by the products of probability ©
flooding and the corresponding consequenceX is illustrated in Fig. 3.1. Fc
a certain urban drainage system, the rare the storm event, the higl
frequency of flooding is; and the more vulnerable the physical objects a
more severe the consequences will be. In one word, the higher risk of fl
is.

Meteorological
events

- > Vulnerable objects

Risk of
urban floodin

Urban drainage systems

Figure 3.1 Urban flooding system

3.1.3 Risk Management Procedures

Applying the procedures displayed in Fig. 2.7 and the system defined i
3.1, a risk management study is performed in the following section 3.2.

3.2 Risk Management Progress
3.2.1 Risk Analysis

3.2.1.1 Risk ldentification

The threat of flood may exist in any stage and at any time during a ¢
performance. For analysis purpose, the hazards of flooding are identifie
three main risk domains: the natural meteorological events, the drainage ¢
and human errors. Among them, the natural causes are relatively clear a
to distinguish. The technical and structural hazards are rather complicatec
may exist in any stages ranging from preliminary investigation and field si
design, construction, operation and maintenance. Human errors also sg
different stages, for instance, strategy mistakes may occur at higher
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others human induced defects, such as planning or design may be poorly
out, insufficient maintenance or mis-operation may happen at operation
In the contexts of mentioned above, the potential flood hazards are diac
for general situation of in urban drainage systems and summarized in table

Table 3.1 Checklist of urban flooding hazards

Risk Technical/Natural hazards Human errors/Other hazards
domain (A) (B)

1) Inaccurate or incorrect locationsl) High survey cost;
of streets, buildings, ditches and?) Heavy workload;
streams; 3) Less work efforts;

Technical | 2) Inaccurate or incorrect 4) Human error/deviation
risk in elevation, high and low points
preliminary and changes in the surface
investigation slope;
and 3) Inaccurate or incorrect locatior
field work of water and gas mains, powel
stage and heating lines; and other
underground structures;

4)  Unclear ground water
condition.

5) Buildings sills or basement 5) Lower design standard;
windows lower than ground 6) Inadequate investment:
surface; q '

6) Building sewers lower than 7) Without consideration of
lateral/main sewers; snow melting;

7) No backwater valve or siphon | 8) Lack of data about design
in basement; storm and connected areas;

8) Inadequate sewer capacities; | 9) Human deviation.

9) Under dimensioned inlet

Technical capacity and sewer hydraulic
risk in bottleneck;
design stage 10) Sewer diameter smaller than
200mm,;

11) Inadequate sewer slope and
flow velocity less than the valug
of self-cleaning velocity;

12) Too steep sewer and flow
velocity larger than erosion ong;

13) Missing grinder pump in
pressure sewers, or missing
valve in vacuum sewers;

14) Poor material quality; 10) Higher material price;

Technical | 15) Improper connection of pipes; | 11) Inadequate specification;
risk in 16) Incomplete cleaning 12) Heavy workload
construction construction site and sewer; | 13) Less work efforts.
stage 17) Cross connection storm sewers 14) Human error/deviation
with other pipes; 15) Insufficient supervision

To be continued
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Continued from table 3.1

Technical
stage in
operation
and
maintenance
stage

18)

19)

20)

21)

22)

23)

24)
25)
26)
27)

28)
29)

Pipes partially or completely
clogged by construction faults;
Pipes partially or completely
clogged by debris (branches,
roots, clothes and other waste
Pipes partially or completely
clogged by deterioration
(broken, collapse, displaced
joints);

Pipes partially or completely
clogged by large sedimentatior
Inlets clogged by weeds and
other wastes (leaves, papers,
concrete debris, sands);

Inlets frozen or clogged by
snow;

Screen clogged;

Gate can not be lifted properly
Pump out of order;

Overland flow directly flows
into basement or house.
Break of main water pipes
Break of in-house pipes.

5)19)

I

16) High maintenance cost
(material and labor);

Lack of maintenance targets
Heavy workload;

Less work efforts.

Human error/deviation;

17)
18)

20)

Natural risk:
overloading

30)
31)

32)
33)

34)

35)
36)

37)

Catastrophic short term rainfal
Long term rainfall with high
intensity at the end;
Unfavorable combination of
snowmelt and rainfall;

Higher rainfall on frozen
surface;

Sewer backwater caused by
higher receiving water; or high
tidal level;

Surcharge from open conduit
and receiving water;
Obstruction due to landslides,
uprooted trees;

Higher inflow from upstream
flooding.

21) Low design criterion;
22) Insufficient protection
measures.

Urbanization

38)

39)
40)

41)

Increasing degree of
imperviousness;

Increasing connected areas;
Increasing inflow due to
upstream urbanization;
Development inside the
floodplain

23) Non-balanced development
of human activities and
infrastructures as well as
resources;

Lack of regulations of land
use and floodplain
management;

24)

Ground
water

42)

43)

Basement wetting or flooding
caused by high ground water
level;

Blocked soil drainage pipes.

25) Poor design soil drainage

system
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3.2.1.2 Causal Analysis

In order to distinguish the root cause(s) and contributing factors of flo
from the hazard checklist and to guide the actions of flood contro
mitigation, causal analysisis performed in two ways, fault tree and event
illustrated in Fig. 3.2. Théault tree analysis employs an analytical tree
display the results of analysis. It starts with a top accident event, a pr
flooding event in the present analysis, and proceeds backwards to find ou
prerequisite conditions until the analysis reaches the root cause(s) (k
2000). As a result, the logical relations between causes and consequer

obtained in table 3.2.

Fault tree

Start: flooding/failure

Prerequisite conditions

Root cause(s)

Event tree

Start:hazard/loadin

\

Flood/Failure

g condition

Figure 3.2 Underlying principle of causal analysis

Table 3.2 Tabular fault tree of urban flooding hazards*

Top event Flooding
o Sewer Inlet Other .
Events/incidents blocking blocking obstacles Overloading
Direct and
. . A8, A24-26,
o |n_1med|ate A18-21 9.22.23,27 28.29 A30-37
Contributing impacts
factors Indirect and
graduate A10, 11,16 A5, 6,7 Al12-14 Al-4, 15,17,
- 38-43
impacts
Strategy error: B22, 23;
Inadequate resources: B1, 2,6,8,10,12,[15;
Root causes Inadequate standards: B5, 7,11,16,20,21God’s power
Inadequate compliance: B3,
4,9,13,14,18,19

*The same codes of flooding hazards have been applied in table 3.2 as in table 3.1.
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Unlike the fault treegevent tree analysis starts from a hazard, or a load
condition and then propagates to find out the potential failure modes, her
probable flooding chains displayed in Fig. 3.3. It is carried out according
following criteria:

* River flooding is regarded as a major flooding scenario, if a river p
through or passes by a city;

* In very wet weather condition, the runoff discharge generated by |
rainfall dominates the magnitude of flooding, so that the impacts of :
incidents may be neglected;

* In moderate wet weather condition, the joint probability of precipit
events and sewer incidents controls the risk of flooding;

* In the dry weather condition, the risk of flooding is predominated by ¢
operational incidents;

* Flooding may be caused by high tidal level or storm surge at sea;

» Catastrophic flooding might be aggregated by all the hazards
occurring simultaneously.

Where, the values of flood frequencies given in Fig.3.3 will be explained
following case study in section 3.2.5.

3.2.1.3 Frequency Analysis

From the point of view of probability and statistics, the probability of floods
be calculated by formulae in combination with the flooding situations k
(Ang and Tang, 1984).

Probability of Flooding Caused by Single Event

In this simple case, the probability of flooding is equal to the frequency
flooding event:

EQ. 3-1 Pyoung = PE]

looding

Where, Py, and P[E] represents the probability of flooding and
frequency of induced events respectively.

Probability of Flooding Caused by Joint Events

The probability of flooding caused by logical sum of sevdegdendent even:
can be calculated by the following formula:

Eq 3-2 I:f)looding = F{ELU E2 UDEmJ En}
=3 de]- > AE NE |+ (™ HENE NINE,]
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Where, E, (i=1, ..., n) are dependent evenE[;Ei] is the frequency of eveht ,
and HE, N E, NINE, ] is the probability of multiplication of dependent
eventsk; .

When the events armdependent then the calculation of the frequency
flooding can be simplified as below:

Eq 3-3 I:f)looding = F{Elu E2 UD]]IHJ En}

-7l

Where, E; (i=1, ..., n) are independent events, a?[&i] is the frequency ¢
E

The probability of flooding caused by logical multiplication of dependent e
can be calculated by following formula:

Eq 3-4 Pflooding = F{Ein EZ ﬂn En]

= PEOPE/ HOPE/ EE].HE/EE, MIE,,]
Where, E; (i=1, ..., n) are dependent event%[Ei] is the frequency oE,, and
P[E /EjJ is the conditional probability of everl; and E; .

When the induced events are independent, then:
Eq 3-5 I:?Iooding = F{Ein E2 N..N En]

= RE]HE,|mIP[E,
Where, P[Ei] is the frequency of independent evént(i=1, ..., n)

3.2.1.4 Consequence Analysis

Flooding consequences are generally classified into three main categor
people related intangible consequences, including the loss of lives, i
health problems and lack of their basic life needs; (b) Tangible prc
damage: damaged goods, lost income, and the cost for flood contr
Intangible environmental destruction.

e The Loss of Life and People at Risk

The number of lost lives due to flooding is a very important indicatc
flooding consequence. The number of people at risk is used to decide uj
level of protection in pre-flooding condition, and the number who migt
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evacuated from flood prone areas. It is generally estimated according t
maps. As rule of thumb, an inundation depth of 0.3 m or more at a
dwelling, worksite or temporary use area can be used to indicate a hazart
(USBR, 1988). In addition, after flooding deluge, many people are still la
for their daily needs. Therefore, to heal the injured and sick people, to ¢
the spreading of disease, to provide the people in flood-exposed site
proper shelters, clothes and food, and even to help them to start their n
and production are all challenges of post-flooding.

e Property Damage and Other Economic Losses

Property damage is unavoidable when flooding takes place, which may i
damage to private and institutional properties, commercial produc
infrastructure and livestock.

Particularly today, the entire society works as a whole, any interruption
neural systems, such as electricity lines, water pipes, gas lines and road ¢
may cause temporal disorder or even disruption of community activities b
the inconvenience to the residents’ livelihood.

« Adverse Environmental Impact

Consideration of environmental deterioration caused by flooding would a«
situations inside and outside of buildings, public areas, receiving water t
which may harm human beings or aquatic life or stream habitat, or ev
quality of groundwater. The destruction of the environment may last a lont
in the future.

3.2.2 Risk Acceptance Criterion

Risk mitigation is, on the one hand, a matter of cost-benefit analysis. The
the risk is accepted, the lower the cost for risk control will be. On the
hand, deciding an acceptable risk of flooding is not only a balance of inve:
and profits, since the safety of people should always be given the
consideration; In addition, political, social, environmental and long-
impacts are among important issues to be concerned on. Therefore, 1
acceptance criterion can be specified in cost effectiveness, but it shou
consider comprehensively the risk and the tolerability of vulnerable object:

For urban flooding, there is no simple and generally applied risk acce|
criterion. Concerning the practice of sewer engineering, however, the
standard is actually applied as the risk acceptance criterion and the tal
administration and operation as the lower boundary of As Low As Reas
Practical (ASARP) criteria displayed in Fig. 3.4.
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3.2.3 Risk Evaluation

As far as the risk acceptance criterion is specified, the risk of flooding ¢
evaluated in combination with historical flooding events, design storm:
status of existing sewer systems and the ability of vulnerable object
instance, as a rule implemented in Trondheim municipality, if a place hac
flooded more than one time by rainfall with recurrence intervals of 1 in 10
or more, then it means the risk of flooding is high, or in other word,
unacceptable. Hence effective measures must be taken to incree
withstanding ability of that area.

Risk
5
High Risk acceptance criterion
X
Medium ALARP Range
Target
Y
Low
\ 4

Figure 3.4 Relation between risk and risk acceptance criterion

For purpose of flood forecasting, generally, flood maps are created ba
flood simulation. Where, the people and properties in danger at c
frequency of flooding are highlighted. Accordingly, the risk of floodin
defined, and the effective measures of flood mitigation can be takel
consideration.

3.2.4 Risk Mitigation

Risk of flooding may be reduced by structural measures and non-stri
measures. According to Hadden’s strategies (Kjellen, 2000), Flood mitis
measures are classified into the following three main categories as given
3.3.

According to specified risk acceptance criterion, appropriate mitig
measures can to taken.
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Table 3.3 Flooding mitigation measures

Measures related to
sources

Measures related to barriers

Measures related to
vulnerable objects

Prevention measures

Prediction and defense measurs

S Proofing measure

Preventing floods from

Predicting flooding:

Non-structural flood

%)

its occurrence: » Forecast incoming floods; mitigation measures:
* Modifying the * Floods warning; ¢ Making flood map
distribution of «  Evacuating floods-prone and evaluating

precipitation along population and properties; flooding risk;

temporal and spatial | Defense from floods: +  Zoning land use

profile (limited); + Reinforcement of dams, levees, and coding
Control human-induced dikes and walls; activities and
floods: . construction based

Using retention and detention
facilities;
Restoring channels and sewe

* Floods from
operational obstacle;| .

on flood risk;

¢  Educating people

urbanization «  Building of temporary defense|  floods.
* Flooding due to structures: * Flood insurance
management «  Executing regularly monitoring
oversight and and maintenance.
omission.

3.2.5 Case Study

3.2.5.1 The Frequency of Flooding

Deciding the risk of flooding is fairly complicated in reality because
flooding situations vary from case to case. A case study is carried out acc
to the situation in Trondheim Municipality. The frequency of single event i
displayed event tree of Fig. 3.3 is calculated in the following conditions
The frequencies of precipitation and temperature are calculated ba
the data at Svarttkjgnnbekken hydrological station (1980-1989).

The frequency of snow melting is estimated based on the simulat
HBV model using the same data.

The frequency of a major river flooding event is set to such a freq
that flooding damage may be caused when it happens (Beevre,
Killingtveit, 1995).

The frequency of sewer incidents is estimated based on the
operational records of water and wastewater systems of Tror
Municipality (TM, 1990-1999; Nie and Schilling, 2001). The frequencie
incidents are calculated by following formulae:

f., =Sewer blocking length per year / total length of sewers

f, = No. of manhole incidents per year / No. of total manhole
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Where, f_, and f_ represent the frequency of sewer blocking and mar

incidents respectively. In addition, the frequency of high water level at se
affect the sewer discharge in form of backwater effects. It is estimated acc
to the frequency analysis of sea level versus the crest height of the
overflow weir. Another index, the damage cases per year, is also use
valuable indicator.

Assuming all events in the event tree are independent, the frequency of fl
of each chain of the event tree is the product of joint events (“and” event:
the total frequency of flooding is equal to the sum of all probable frequer
flooding chains (“or” events). Therefore, frequencies of probable floodin
the Trondheim case are simply estimated in two main categories given il
3.4.

Table 3.4 Flooding frequency for the Trondheim case study (in events per

Flooding situation Flooding scenarios Frequency of flooding
1 River flooding 0.01
I 2 Sewer flooding caused by heavy rainfall 0.067
Sum Large flooding 0.077
Moderate rainfall plus melt snow and sewer
3 L 21.3
incidents
I 4 High tidal level at Trondheim fjord* 0.0062*
Sum Flooding caused due to sewer operation 21.87

* The average annual damage cases include the impact of high sea level.

In table 3.4, the individual flooding frequency is set according to the follo
rules:

* River flooding is one of the major flooding conditions in Trondheim
this case study, a flooding of 1 in 100 years is considered regard
flooding damage;

* In Trondheim, sewers are designed to protect flooding from 1 in 10 ye
1 in 20 years. Hence, rainfall of 1 in 15 years is used as the freque
sewer flooding.

* In moderate rainfall condition, flooding may be caused by joint ever
rainfall, snowmelt and sewer operational incidents. Therefore, the a\
annual damage cases are used as an indicator.

* Flooding may also be brought about due to high tidal or storm surge
It is estimated at frequency of 0.0062 according to frequency analy
water level in Trondheim fjord versus the crest level of sewer outflow
(Beevre, 2001; TM, 2003).
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The total frequency of flooding in Trondheim is the sum of all the frequenc
events above. However, the frequency and the consequence of large f
and those caused by sewer deficiencies in moderate and dry weather c
are very different. Therefore, two different types of flooding situations
calculated in table 3.4. The large flooding frequency is 0.077. Wheree
frequency of flooding caused by operational defects of sewer systems is 2

According to the operational reports of sewer systems in Trondheim (TM,
1999), the sewer damage cases per year and corresponding annual
compensation are displayed in Fig. 3.5 and 3.6, where one case is def
one event and in which one house or several houses were flooded.

Annual Sewer Damage Cases
50 -
40 A
. 30
10 - N N

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999

Sewer damage cases
(No./per.year)

Year

Figure 3.5 Annual sewer small flooding cases recorded by Trondhein
municipality

Annual Sewer Damage Compensation

c
2 € 8
23 A
Ece
80 4
-
clg)g 2 P
3 8 -——l—/ \-\I/ \-_—.\l
U)E 07 T T T T T T T 1
o
o

1990
1991
1992
1993
1994
1995
1996
1997
1998
1999

Year

Figure 3.6 Annual sewer flood damage compensation paid by Trondhe
municipality
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In contrast to the sewer flooding damage, there were very rare flooding d
records caused by river flooding (Milina, 1999; Roald, 2003). Obviously, ¢
flooding occurs more frequently than river flooding in Trondheim. There
attention of flood control and mitigation should be paid to sewer floodii
addition to large river flooding.

3.2.5.2 Flooding Mitigation

In order to reduce the risk of sewer flooding and sewer related problen
administrative targets have been worked out by the Water and Wast
Department of Trondheim Municipality. The targets together with
achievements achieved in 1999 are given in the following table 3.5.

Table 3.5 Goals of sewer operation and achievements in the year 1999

Items Goal Descriptions Goal achievements

(%)

108 unforeseen interruption
were registered, which
slightly more than the
targets.

No more than 90 unforeseen
operational interruptions in
transport of sewage per year.

Sewer
interruptions

No more than 10 unforeseen
interruptions in operational pump
stations and treatment plant per
year.

5 unforeseen interruptions
were registered. The target
was achieved.

Interruptions in
pump station &
treatment plants.

2-3 cases in lla district, had
flooding previously,

Basement flooding No more than once every 10 years improvement were made to

per residence. the sewers there in 1999.
The result indicator will be Total NOK. 1,200,092 had
compensation payment been paid in 1999 to the 18

claims for damages.

The main 15 of total 89 CSO
had been monitored

properly. The work is on its
way, but not completed yet.

Monitoring program must be
Pollution incidents| established to find acute pollution
incidents

Fig. 3.5 and Fig.3.6 as well as the achievements of sewer operation i
indicate that both of the number of sewer damage cases and the am
compensation paid by Trondheim Municipality is improving over ti
Considerable operational effectiveness has been attained to reduce the
sewer problems in Trondheim practice.

3.3 Summary

Main results Sixty-eight (68) potential hazards of urban flooding have |
identified for general urban flooding situations. Among them, root cause

45
URN:NBN:no-3477



contributing factors have been distinguished by the fault tree metho
probable flooding scenarios have been discovered by event tree anal
addition, the theorem of probability and statistics to estimate flooding freq
are introduced. Flooding consequences, risk evaluation and mitigatic
discussed as well. On these bases, a case study of risk of flooding h:
carried out based on the situations in Trondheim, Norway.

With regarding to the Trondheim case study, the results reveal that the
sewer flooding is remarkable. It happens more frequently and cause:
accumulated damage. Among the flooding scenarios that may induce
flooding, heavy rainfall in summer and autumn, rainfall plus snow melt or
soil in late winter or early spring are the two most critical condition:
addition, another root cause of triggering flooding is regarded to resc
restriction, which leads to insufficient capacity of sewers, and lir
rehabilitation of vulnerable sewers. Besides, insufficient supervision c
construction and insufficient maintenance in operation, as well as human
are among important contributing factors for flooding. Moreover, in
Trondheim case, sewer flooding may be caused by high tide level or storn
in the fjord, which may result in backwater in basement, and further on
basement flooding. Therefore, using sewer backwater valves is an op
avoid such problems in the affected basements.

In addition, risk acceptance criterion has been introduced for flood mitigati
current practice, the design standard of drain and sewer systems is use
alternative. Moreover, the ALARP criterion is commonly applied as
operational or administrative targets in many cases. Trondheim municipal
made very good practice.

Discussions As a natural phenomenon, flooding can happen at any time
often the joint consequences of natural event, technical, structurs
operational defects as well as human negligence. It is a cognitive proces
aware of the flooding risk comprehensively and perceptively. This pr
consists of the main contents of Chapter three. Such a study may give re
to the operation and management of urban drainage systems towards a
and defensive direction in order to control the hazard before it releases.

Suggestions for future study To evaluate risk of flooding is rath
complicated, where the frequency of induced events must be calculated a
dependences must be decided carefully. In this sense, the quantitative ¢
Chapter three, for instance flood frequency analysis, is rather gross. The
the values should be improved simulations and when long series d¢
available.

The influence of organizational elements and strategy on the risk of flooc
not included in this study, which is also an important hazard doma
addition, further study should be aware of the dynamic features in floc
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Chapter 4

GIS Technology in Flooding Analysis

Information is the source of advanced science and technology.
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4. GIS TECHNOLOGY IN FLOODING ANALYSIS

GIS and its basic concepts start the subject matter of Chapter four. It is fo
by the description of one major spatial analysis model: Digital Elevation N
(DEM) and GIS hydrological spatial analysis modeling. These models ar
applied to delineate stream networks and watersheds. On these bases, G
preliminary flood risk analyses are performed.

Both Norwegian and Chinese cases are applied under the supposed objec

4.1 Introduction of GIS

4.1.1 Definition and Interpretation of GIS

Geographical information system (GIS) is a computer based information ¢
that enables capturing, modeling, manipulating, retrieval, analysis
presentation of geographically referenced data (Worboys, 1995). The st
GIS has emerged in the last decade as an exciting multi-disciplinary enc
spanning over such subjects as geography, cartography, remote sensing
processing and computer science. It has played an extremely important
land use, resources management, environmental monitoring sciences ar
planning activities. An overview of GIS applications is given in Chapter twc

4.1.2 Geographical Objects

Spatial objectsare delimited geographic areas, with a number of different
of associated attributes or characteristEgoint is a spatial object with ze
areaA line is made up of a connected sequence of points. Lines have no
Nodesare special kinds of points, usually indicating the junction between
or the ends of line segmeni&. polygon is a closed areahains are specis
kinds of line segments, which correspond to a portion of the bounding ed:

polygon.

4.1.3 Data and Variables in GIS

Nominal variables are those, which are described by name, with no sp
order. Ordinal variablesare lists of discrete classes, but with inherent orde
instance, the classes of the streami®rval variables have a natural sequen:
but in addition, the distance between the values has meaning, for exam
temperature measured in degrees Celsius. Findlyio variables have the
same characteristics as the interval variables, but the ratio variables hi
natural zero or starting point, whereas, an arbitrary zero point is used in il
variables.
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In addition to these four kinds of data, two other different types of data fol
most geographical information systems are spatial data and non-spati
(attribute data)Spatial data record the geodetic location of a spatial ob
whereasattribute data provide other information, which is logically connec
to the spatial locations.

4.1.4 Data Structure

4.1.4.1 Raster and Vector Data

Raster and vector dataare the two main data structures in GIS. In rémsger
data structure, values for the attributes of interested are relate for ever
frequently regular, in an array over space. In contrast to the rastevelta,
data structures are based on elemental points whose locations are knov
arbitrary precision. For the spatial data in geographical information syster
coordinate data is encoded, and stored in some combination of points, lin
polygon (Star and Estes, 1990).

4.1.4.2 Attribute Data

Attribute data describes the features represented by spatial data, which i
in a vector or raster data structure; and corresponding attribute data is sto
set of tables related geographically to the features they describe. This
known as a geo-relational data structure.

4.1.5 Data Presentation in GIS

Spatial data can be thought of as a template composed of cells and or po
lines, to which specific information is linked. As more than one Kin
information is usually handled at the same time, e.g. catchments an
boundaries, drainage networks, soil characteristics, land use etc., several
each containing the spatial structure associated with a single category
map, can be defined. In general, categories are implemented separately
the attributes that describe specific objects in the map are scatted among
disconnected themes of information (Fig. 4.1). As a result, one must wi
several data themes to fulfill one analysis.
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Buildings

: Drainage networks

P

;: Watersheds

; Contour lines
%

Figure 4.1 Presentation of GIS data

4.1.6 Fundamental Functions of GIS

GIS has five essential functions: data acquisition, pre-processing,
management, data manipulation and analysis @oduct generation. Detal
can be found irStar and Estes (1990). These functions make GIS suitak
applications in various disciplines.

4.1.7 Overview of GIS Applications

The early users of GIS in hydrology were municipalities and water distrik
authorities and companies (Wallis, 1988); Star and Estes (1990) review
applications of GIS in master planning, evaluation of proposed darr
irrigation and water resources potential and agriculture production. Zhan¢
(1990) presented overview of hydrological modelling with GIS. DeVantie
Feldman (1993) overviewed GIS application in hydrological modelling,
particular references to rainfall-runoff models, floodplain managemen
forecasting, and drainage utility implementations. Meyer et al. (1993) apr
physically based, spatially distributed urban watershed model for storm
management in Fort Collins, Colorado. GIS applications in hydrology and
resources management were presented by Singh and Fiorentino (1996)
urban planning and decision support system8irkin and Clarke et al. (199€
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Prins (2001) and Sample and Heaney et al. (2001). Moreover, GIS applit
in flooding analysis have been reviewed in section 2.5.3. These examples
that GIS has been playing important role in a broad range of subjec
disciplines.

4.2 Terrain Analysis Models

Terrain analysis is a special category of GIS spatial analysis. Terrain base
hydrological model and its major products are very useful in flooding analy

4.2.1 Digital Elevation Model (DEM)

Digital Elevation Model (DEM) is an ordered array of numbers that repre
the spatial distribution aflevationsabove an arbitrary datum in a landscap
generally consists of elevations sampled at discrete points, or lines, i.e. «
lines. DEM is an indispensable tool for presenting and analysing the feat
topography.

4.2.2 Models for Creating DEM

The ideal structure for a DEM may be different if it is used as a structure
dynamic, hydrological model rather than for determining the topogr.
attributes of the landscape (Moore, Grayson and Ladson, 1992). Two p
models are commonly used for DEM analysis are regular grid mode
triangular irregular networks (TIN).

4.2.2.1 Regular GRID Model

In regular grid model, the data structure consists of a matrix of elevation \
These values refer to equally spaced points (mesh points) (Fig. 4.2 (a))
different cases need to be considered in order to calculate mesh point
from sample points: (1) if sample points are regularly spaced and the d
between them coincides with the desired grid size, then no interpolal
needed; (2) if sample points are regularly spaced but with a distance b
them not coincident with the desired grid size, then usually either a bi
interpolation method or a cubic convolution method can be used to resam
grid; (3) if sample points are irregularly spaced, then several methc
interpolation can be used for estimating elevation values at positions di
from sample point locations. The most commonly used are Inverse We
Distance and the Kriging method (Singh and Fiorentino, 1996).

Regular grids have been used for a long time because of the simpli
handling their data structure and the ease of computer implementatio
choice of grid size is crucial. A small grid size gives a more acc
representation of uneven terrain but generates a large amount of redund
for representing uniform terrain in the same study area. In contrast, a lar
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size, which would be able to represent efficiently uniform terrain wit
redundancy, but would not be capable of representing complex topoc
feature accurately in the mean time.

4.2.2.2 Triangular Irregular Networks (TIN)

In TIN model, the data structure is based on two basic elements: sample
with their X, y, z values, and a series of edges jointing these points tc
triangles (Fig. 4.2 (b)). Different from regular grid model, the TIN can gi
better representation of areas with complex topography using less data.

(a) GRID (b) TIN
Figure 4.2 Representation of two DEM models

4.2.3 Data Needs for Creating DEM

4.2.3.1 The Basic Data

The basic data for creating DEM consists of the observation of elevatic
features of terrain surface with particular attention to surface discontin
such as edges of roads, ridges of mountains, so called breaklines; and
locations, e.g. pits, peaks, points of change in slope and ridges. The
attributes that represent the variation on uncovered terrain and the water
of the terrain.

Terrain varies over time, particularly with the development of land
Therefore, terrain database should be kept up-to-date. Consequently, th
should be modified in time according to the changed database.
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4.2.3.2 Additional Data

In addition to the basic data, other surface features on that may impi
variation of terrain, such as buildings, artificial channels or water tanks, ¢
be included in the terrain data as well.

4.2.4 Major Hydrological Products Derived from DEM

A great deal of information products can be derived from DEM (ESRP6;
ESRF, 1996; ESRI, 1997). The products that play an important role in flo
analysis are particularly slope, watersheds and drainage networks. They
introduced in the following sections.

4.2.4.1 Slope

Slope is one of the important features to define the surface flow direction
defined by a plane tangent to the surface modeled by DEM at any poi
comprises two components: gradient, the maximum rate of change of a
Slope can be expressed in decimal degrees or percentage in GIS.

4.2.4.2 Watersheds

Using flow direction and accumulation as essential intermediate pro
watersheds can be created according to the needs of applications. In &
the hydrological characteristics of watersheds can be calculated autom
based on either grid DEM or created watersheds.

4.2.4.3 Surface Stream Networks

By identifying concave-upward portions of a DEM, where surface runoff
to be concentrated, the algorithm marks the highest pixel in a window ¢
grid cell going throughout the terrain of the study area, and at the end
process, all the unmarked cells represent the estimated drainage netw
threshold value of contributing cells has to be specified to define the den
the stream networks.

In addition to surface flooding, the stream networks are valuable referer
sewer design and rehabilitation.

4.2.4.4 GIS Hydrological Modeling

The delineation and quantification of the hydrological elements ment
above is tedious and time-consuming when they are implemented ma
Thus, there is a need for computer modeling and program to fulfill the
GIS software provides for the solution. Using a GRID DEM as input
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hydrological modeling running on the template of ArcView GIS (ERSI, 1
can carry out slope, flow direction and accumulation analyses. On these
the program delineates watersheds and stream networks automatical
calculates the hydrological characteristics specified by the user. The proc
of GIS hydrological modeling operation are explained in Fig. 4.3 below.

Input GRID Digital Elevation Model (DEM)

y
Identify Sinks on Original DEM and Fill Sinks

y
Delineate Flow Direction and Flow Accumulation

Specify a threshold to create
watersheds and stream networks

y
Create Watersheds and Calculate Their Characteristécs

2
Delineate Stream Networks

Figure 4.3 The structure and procedures of Hydrological Modeling

Step 1. The hydrological modeling works ongaid DEM. Therefore, importin
or creating a GRID DEM is essential to run hydrological modeling.

Step 2. Working on theSink request, any sinks or depressions, usually
lower cells than its surrounding cells in the original DEM, can be identifie(
then filled by a proper correction, which ensures proper flow on surface.

Step 3. Running theFlow direction request, the directions to which water w
flow out of each cells is determined.

Step 4. Performing thdé=low accumulation request, the number of upslope c
flowing to a location is specified.

Step 5. On theses bases, watersheds and stream networks can be delin
user specified threshold values.
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4.3 GIS in Flooding Analysis

4.3.1 Data Needs of GIS Based Flooding Analysis

GIS is information based analytical tools. Data collection is its the first ar
most important step. For flooding analysis, the data that are relevant to
generation and stormwater transportation are all needed. Examples ar
below.

4.3.1.1 Drainage Systems

Drainage system data are the basic information to describe the gec
features of sewer system elements and surface channels. They include:

— Complete data of sewer systems, e.g. nodes, conduits, weirs, pum
gates, retention and detention facilities, their spatial attributes
operational functions; longitudinal profiles and cross sections of arti
channels;

— Topographical data that are necessary to present or extract surface cl
including the channel routes, flow directions and cross sections

4.3.1.2 The Hydrological Data

The hydrological attributes of the studied area can be described by a si
pertinent parameters, for instance catchment and subcatchments, catchm
slope, length, width and shape, the percentage of imperviousness, flow di
and flow path, land use, or soil type etc. Accordingly, the following dat
required:

— Precipitation data and design storms;

— Digital topographic data, including contour lines and elevation points,
up-to-date data version and any storage of the previous version of tt
required,;

— Land use types, which reflect the percentage of imperviousness and 1
of infiltration of the study catchment;

— Other distinctive information, which reflects any depression, or st
capacity of the catchment.

4.3.1.3 The Hydraulic Data

When flow proceeds in pipes or on surface, the information, which represi
reflects the flow hydraulic performance in the systems, should be collectec
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— Sewer hydraulic parameters, such as sewer material and Mz
coefficient; sewer expansion and abstraction coefficient; change in dir
and elevation of sewers and relevant loss factors; outlet shape of
and loss coefficients, overflow and energy loss coefficient etc.

— The Manning coefficient of surface channels.
4.3.1.4 Other Data

In addition, the following data are also needed for flooding analysis. They
— Dry weather flow (DWF);
— Domestic water consumption for combined sewers;

— Boundary conditions at upstream and downstream of the sewer syste
surface channels.

4.3.2 GIS in flooding Analysis

As introduced in an earlier section of this chapter, GIS technology has
applied in broad fields and disciples. Flooding analysis is among
applications. Samples of GIS related flooding analyses are displayed in Fi

Flooding

Buipoo4

I
o
o}
2
=
Q

Flooding

Figure 4.4 GIS based applications in flooding analysis
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4.4 Case Studies

With respect to different flooding situations, two case studies, Trond
Norway and Jingdezhen, China, are applied in this section to carry o
following analyses: (1) Present DEM models; (2) Delineate major hydrolc
products; (3) Check the status of existing sewers; (4) Analyze the r
flooding.

4.4.1 Trondheim Case Study

4.4.1.1 General Situation of Study Area

Trondheim, or Nidaros, as it used to be called, was the first capital of Nc
Now it is the third largest city. It is situated along the Trondheim fjor
displayed in Fig. 4.5. The study area is about 137km
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'D’nmmun"
'hau'-}w
* Kristiany
Bymarka
Lian
M
J."\ Hakasen
(1:100,000)
GECDATAAS T RN, o

Figure 4.5 Map of Trondheim

The available digital data of sewer systems, topography and other spatial
on terrain make this case study possible. All the digital data used in this

57
URN:NBN:no-3477



are produced in SOSI data format, which is described in Appendix D. The
different elevation systems are illustrated in Appendix E.

4.4.1.2 Precipitation Distribution

Precipitation, the major cause of flooding, varies with spatial locations
horizontally and vertically. The average annual precipitation in Trond
varies with altitude is displayed in Fig. 4.6 (Killingtveit, 1998).

Elavation range
=2.407 - 32.03

B 32.03 - 66.466
B 65.466 - 100.903
[ 100.903 - 135.339
B 135.339 - 169.775
[ | 169.775 - 204.212
[ 204.212 -238.848
[ | 238.648 - 273.084
[ | 273.084 - 307.521

(1:100,000)

Figure 4.6 Distribution of average annual precipitation along altitude ir
Trondheim

4.4.1.3 The TIN and GRID DEM Model of Trondheim

The TIN model of DEM displayed in Fig. 4.7 (a) is created using the 3D Ar
of ArcView GIS; then it is converted to a regular GRID DEM model
resolution of 20m*20m (Fig. 4.7 (b)). These two representations show
shaped terrain with higher lands at eastern and western sides, the Nidel
meanders through the lower land areas of the city from southeast down
fiord in the north.
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(b) GRID Model

Elevation Range

B -7.97 - 27.138
[ 27.138 - 62.246
[ 62.246 - 97.353
97.353 - 132.461
132.461 - 167.569
167.569 - 202.677
[ 202.677 - 237.784
] 237.784 - 272.892
[ ]272.892-308

Elevation range

[ -2.407 - 32.03
[ 32.03 - 66.466

66.466 - 100.903

100.903 - 135.339
135.339 -169.775
[ ]169.775 - 204.212
[ ]204.212 - 238.648
[ ]238.648 - 273.084
[_]273.084 - 307.521
[ ] No Data

Figure 4.7 Digital Elevation Model (DEM) of Trondheim
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4.4.1.4 Watersheds Derived From GRID DEM

Different sizes of watersheds can be derived from GRID DEM, and the pi
watershed characteristics can be calculated as well. Samples of wat
derived from the grid of 20*20m with threshold value of 10,000 cells in
watershed are displayed in Fig. 4.8.

# Centroids of watersheds.shp
| Watersheds.shp

{1:100,000)

Figure 4.8 Sample of watersheds derived from grid DEM (cell size: 20m*2

As displayed in Fig.4.8, the study area is divided into 25 watersheds
primary characteristics of each watershed are automatically calculated
program and given in table 4.1.

Other watersheds created by different grid cell resolutions and watershe
are displayed in Appendix Ryhere cell sizes of 20m*20m and 1m*1m
applied respectively. Obviously, the smaller the grid cell size is, the
representation of surface features is, but the larger the PC storage sp
memory are needed and the longer the data processing time takes. In ¢
the influence of buildings has been studied and displayed in Appendix F a
The comparison of generated watersheds with and without including build
given in table 4.2The results indicate that the smaller the watershed is
larger the influence of buildings i$herefore, the resolution of the grid moc
the size of watersheds and the influence of buildings should be ca
specified according to the needs of applications.
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Table 4.1 Characteristics of watersheds

BASINID [CENTROIDX CENTROIDY BASINAREA HERIMETER MFDIST MEANELEV BASINSLOP
2 871.5 3120.9 26680 6400 23465 2179 1.t
1 3091.5 2810.p 708440 4840 17856 21.50 4,
4 1031.9 2510.p 1918800 900 23409 14d.45 2}
10 4681.5 -1330.p 6472800 211p0 10%26 169.23 6
6 4381.5 1510.p 400 40 170p9 161 0.3
3 -8.5 1980. 1964000 8320 76R1 2|35 0.
7 -3498.9 590.9 60472Q0 176p0 7434 127.40 4
8 -1768.5 390.0 72168(0 208p0 6910 56.88 4,
5 3741.9 350.0 43124Q0 162p0 61193 5§8.55 3.
11 2361.9 70.0 69476(0 223p0 7806 81.70 3.
12 -378.9 -530.9 14923200 295p0 2027 64.06 5
13 -1118.49 -3180.p 1193600 10960 13172 91.75 7
14 1341.9 -3430.p 4854000 154440 4817 94.47 6
9 7061.5 -1110.p 22559600 32080 15776 91.03 6
15 -1128.9 -4190.p 1059200 61p0 8473 74.03 10
19 2261.9 -4530.p 45936(0 13760 5419 143.21 6
16 -3078.4 -4110.p 9782400 20640 6482 179.24 8
17 -58.9 -5460.9 55464(0 160p0 12481 71.72 8]
20 2061.9 -5960.p 4031600 148p0 8345 149.66 7
23 3701.9 -6020.p 4582400 1780 6457 223.24 5
22 1441.9 -7860.p 3304¢0 41p0 6968 90.83 7,
18 -2488.9 -6780.p 6923200 1840 4486 148.31 6
21 -38.5 -7980.9 4492000 131p0 5424 141.28 44
25 -2128.9 -8760.p 6346800 23160 8444 15¢.01 4
24 1881.9 -8430.p 7640400 30680 6065 144.60 6

Table 4.2 Watershed resolutions and the influence of buildings

Watershed Number of watersheds
division : — - —
(No. of cells) With buildings Without buildings
1 96265 98410
100 1807 1811
500 350 333
1,000 184 179
5,000 43 43
10,000 23 23

*Grid cell size of 20m*20m is used in the watershed delineation

URN:NBN:no-3477
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441

The

.5 Stream Networks

stream networks displayed in Fig. 4@ delineated from GRID DEM 1

20m*20m in terms of a series of threshold value of streams: 10,000-, 100

cells
netw

and 1 cell respectively in each level of streams. Other resolutions of
orks including the influence of buildings are given in Appendix F.

Stream networks are very valuable for deciding flow paths in case of s

flood

ing and for designing or modifying the layout of existing sewers. Fig.

displays the natural streams and the delineated streams. Apparently, th
streams fit well with the natural ricers.
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Figure 4.9 Stream networks delineated from GRID DEM of 20m*20m
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Figure 4.10 Comparison natural rivers and delineated streams
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4.4.1.6 GIS Based Preliminary Analysis of Flooding

The risk of flooding generally depends on the distribution of rainfall,
topography and the drainage systems. Regarding to its meteorologic
topographical characteristics as well as geographical location of Tronc
there exist three major potential threats of flooding: flooding from the
Nidelva (Fig.4.5), flooding in urban drainage systems and the influence frc
sea.

During heavy rainfall period, or snow melting time, the surface streams
be full of their capacities. Generally, the closer to the major streams, the
lying and the flatter area are, the higher risk of flooding will be. Based o
point of view, the flood risk zones in Trondheim are identified and display
Fig. 4.11.Where, the risk zones 1 and 2 present the subcathments that «
to the stream level | and Il respectivelly.addition, the three highlighted are
were among the areas flooded in 1997 and 1999.

N Sream netwaorks (10,000cells)
g Stream networks (1,000cells)

Risk zone 1
B Risk zone 2
[] Other areas

M

A

(1:100,000)

Figure 4.11 The potential flood risk zones of Trondheim

As displayed in the following Fig. 4.12, Nidelva originates from the Selbu |
which receives discharge from the Nea river upstream. Nidelva runs tt
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forest and farmland areas in the Klaebu municipality down to meet Leirelv
tributary comes from Trondheim Bymark and merges to Nidelva at Sl
Bridge. Further on, Nidelva flows through the city center of Trondhiem

merges to Trondheim Fjord.
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Figure 4.12 River systems and river catchment description of Nidelva

(Kartulf, 2003)

The flow rate in Nidelva gradually increases when it passes through th
The flow variation between flooding period and low flow period is decre
due to the regulation of Selbu Lake. For that reason, it is the Selbu Lal
protects Trondheim from the risk of river flooding. Moreover, the no
discharge of Nidelva in winter is relatively stable and is about ¥&0mhich is
far less than 1 in 10 years’ flow discharge of 5&&nHagen, 2000).

Therefore, the risk of flooding of Nidelva is reasonably low. Several st
have got the similar results (Geir, 2000; Baevre, 2001; Nie and Schilling, 2

In contrast, some areas in the city of Trondheim highlighted in Fig. 4.1
been flooded due to large runoff generated by heavy rainfall, or rainfal
melt snow, or encountering sewer problems such as hydraulic bottl
backwater caused by high tides in Trondheim fjord (TM, 1988-1999; M
1999; IF, 1997-2000). Some observed damage cases in 1997 and 1!

displayed in the following Fig.4.134.15.
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Figure 4.14 Observed flooding events in Trondheim, 1999

Fig. 4.13 and 4.14 clearly display that the flooding events occurred in the
with densely surface streams. Figure 4.15 shows flooding events in 1999,
some basements were flooded by higher sea level. Meanwhile, it also d
some inland flooding events without the influence of the sea level.

Overall, from the preliminary analysis of flooding for Trondhiem case stu
is concluded that attention of flood control should be paid to flooding of |
drainage systems in addition to probable large river flooding.
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i « Flooding cases 1999
; =-"-.~‘": " Buildings

Figure 4.15 Example of basement flooding events in Trondheim, 199¢

4.4.1.7 The Status of Sewer Systems

In addition to understanding the characteristics of precipitation and the fe
of topography, knowing the status of existing sewers is important for flo
analysis and for sewer system performance. Taking the Fredlybakken cat
in the city of Trondheim as an example, the system components and the
status are carefully checked by using GIS tools. The errors in sewer d:
and the potential deficiencies of existing sewer systems are identifie
displayed in Appendix G.

Examples are given in Fig. 4.16 and 4.17 to demonstrate the potential vuli
sewers. In Fig. 4.16, sewers from node 447659 to node 25980 may have
risk of flooding because two large subcatchments connect to this part at ir
447659 and 447632, i.e. large amount of surface runoff may flow int
system at these two manholes, where there is no equivalent increase i
size. Thus, flooding may be caused due to insufficient capacity in this are
observed flooding cases (Fig.4.16) proved the analysis. Fig. 4.17 di
another damage case, the highlighted house was flooded 2000 (TM, 20(
to insufficient sewer capacities. The sewers were changed after flooding.
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Figure 4.17 Sewer deficiency and observed flooding case in 200(

URN:NBN:no-3477



4.4.2 Chinese Case Study: The City of Jingdezhen

Another case study is carried out using GIS to analyze the risk of flood
Jingdezhen city, Jiangxi Province of China. Due to lack of detailed digital
this case had to be simplidied.

4.4.2.1 General Information

Jingdezhen is situated in Jiangxi province, the southeast part of Chini
4.18). The city area is around 408%with population of 403,000. As display
in Fig. 4.19, the Changjiang River flows through the city areas from no
south; one tributary, West River, flows from west to east and converge
Changjiang River at Sanlvmiao. Another tributary, Nanhe River flows fron
to west and joins the Changjiang River at the southern part of Xiguazhou.

The Yutian reservoir situates at upstream of the Nanhe River, 19km
Jingdezhen city. The large discharge of Yutian reservoir at flood period t
the downstream areas being along the Nanhe River banks

Higher mountains surround the lower city center of Jingdezhen. The ele
varies from 13m to 218m above the Yellow sea level in that region. Hov
the city center locates lower at elevation of 20m to 50m. A GRID DE
displayed in Fig. 4.20.

Jugisng '!'ilﬂifl"
Yusyaneg -
Nanchang
Changsha
Proice - |
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Fujian
-, Gusngdong Province
= Provine e

Figure 4.18 Geological location of Jingdezhen city
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Figure 4.19 Digital map of Jingdezhen city
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[ ] NoData

Figure 4.20 GRID DEM of Jingdezhen city (cell size: 5m*5m)
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4.4.2.2 The Characteristics of Storms and Historical Floods

The weather of Jingdezhen city belongs to the subtropical climate witk
winter and hot summer with ample rainfall. According to the statistics, 46
the annual rainfall occurs in April to June. After July, due to the effect ¢
typhoon, there are frequently storms of short duration. The average

rainfall is 1763.5mm, the maximum annual, daily and hour rainfall is 2673
(1994), 228.5mm (June $81955) and 82.7mm (Juné”,31992) respectively
The floods are mostly triggered by storms from April to June. After July, fl
are generally caused by Typhoons. In addition, continuous flood peaks
occur because of series of subsequent storms. A single flood peak usua
2-5 days, whiles double or multiple floods peaks will take more than 6 day

According to flood records, the investigation of historical flood events
statistical analysis, the most severe floods happened in 1884, 1916 an
and the corresponding flood peak discharges were 130§0ii000mnYs and
10000n/s respectively.

In addition, large floods attacked the city in 1955, 1996, 1998 and 1999 a
The main characteristics of floods and the gross damage are given in tabl

Table 4.3 Characteristics of floods and gross damage of the large flooding
events in Jingdezhen since 1949

Flow rate at . Economic
Water level at Inundation
. Dufengkeng damage
Time Dufengkeng > Causes areas .
e station 2 (Million
station*(m) (m¥s) (km®) Yuan)
1955 33.85 8500 Heavy storm
July 1, River flooding
1996 33.18 7580 plus storm 15.0 1305
June . .
26, 34.27 geap | Rverfooding| 5y 4 1593
1998 P
July 23, River flooding
1999 31.94 5960 plus storm 9.2 713

* Dufengkeng is the only hydrological gauge station at downstream of the Changjiang F
Jingdezhen, see Fig.19

4.4.2.3 Flood Risk Zones

Unlike the Trondheim case, major risk of flooding in Jingdezhen comes
the rivers, i.e. the Changjiang and the Nanhe River, flowing through the
During large storm periods, flash floods from upstream hilly areas hit the
Meanwhile, large discharges also come from the Nanhe River. Moreowv
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flooding in urban areas was deteriorated because of the insufficiency
storm drainage systems (JDZ, 1999).

The potential flood risk zones are delineated from DEM and displayed i
4.21. Flood map of 1 in 50 years is highlighted in Fig. 4.22.

/™ River.shp
Rizk_zane1[100celiz).shp
GRID DEM
I 13.501 - 36.362
B 35362 - 55.103
] £9.103 - 81,654
] #1.854 - 104,605
[ ] 1045606 - 127356
I 127 366 - 160,107
B 150,107 - 172858
[ 172668 - 195,609
[ 196609 - 218.351

[ | Mo Data
Figure 4.21 Flood risk zones of Jingdezhen
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[L] 1045606 . 127.356

B 127356 - 150.107
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No Data

Figure 4.22 Flood risk map of Jingdezhen for flooding of 1 in 50 years

As displayed in Fig. 4.22, the flood areas of 1 in 50 years (dark red) are
the delineated potential flood risk zones (light red). It is concluded that a
as the rivers are full, the low areas besides rivers have higher risk thal
areas. In such cases, advanced flooding simulation should be performed -
accurate flood maps.
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4.5 Summary

Main results and conclusions  Chapter four introduces basic GIS concepts
two important spatial analysis models: TIN and GRID DEM model. The'
applied for hydrological analysis to delineate watersheds and stream ne
on the surface. Two case studies are introduced to examine these moc
methods.

The following analyses have been carried out in the Trondheim case study

Digital Elevation Models (DEM) in TIN and GRID format are created. -
different grid resolutions with cell sizes of 20m*20m and 1m*1m are studi
indicates that the smaller the cell size is, the more accurate of the DEM,

large PC storage space and memory is needed and the longer the data pi
time takes. Therefore, appropriate grid cell size must be defined according
needs of applications in order to get the desired results under reasonat
and cost control.

Two major hydrological products, watersheds and stream networks
delineated from DEM. Meanwhile, the sizes of watersheds and the ley
stream networks are analyzed. The analysis reveals that size of watersh
levels of streams can be produced flexibly to meet the requiremel
applications and under reasonable time and cost control. In additio
influence of buildings on the delineation of watersheds and streams are ¢
The smaller the watersheds and the finer of streams, the more sensi
influence of buildings is. Similarly, it depends on the needs of applic:
whether the influence of buildings is considered or not.

As an example, the status of the existing sewer systems of Fredlyt
catchment in the city of Trondheim is carefully checked using GIS.

Watersheds, stream networks and sewer systems are important inter
products for flooding analysis. On this point of view, Chapter four proc
basic data for Chapter five.

In addition, the preliminary flood risk is studied in the two case stu
Trondheim in Norway and Jingdezhen in China. The Trondheim case
indicates that more attention should be put on sewer flooding and floodins
small streams in the city. There exists the risk of flooding from the

Nidelva, but it is relatively lower due to the regulation of the Selbu L
upstream.

Unlike the situation in Trondheim, the major risk of flooding in Jingde:
originates from the rivers passing through the city. Large discharge may
from upstream hilly areas during storm period. As the rivers are at
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capacities, the topography, particularly the elevation and the slope, dor
the magnitude and consequences of flooding.

The above case studies illustrate that GIS builds a bridge between digit
and applications. It is a useful analytical tool in flooding analysis.

Restrictions and suggestions for further research It should be noticed th:
the delineation of watersheds and stream networks simply neglects tl
condition, or in other words, it assumes that the solil is saturated. Therefc
soil infiltration is actually not taken into consideration in the analysis. Be:
the depressions, so called "pits" or "sinks" on DEM, are filled by
hydrological modeling to ensure continuous flow paths on surface. Moreo
the terrain based GIS flooding analysis does not take hydrodynamic effe(
the account, numerical simulation using hydrological and hydraulic shot
applied.

Finally but very important, the quality of digital data dominates the accure
analysis to a large extent. Digital data are generally produced by speci
departments for administrative purposes, although they have been incre
used for research, planning and operation. The two case studies in this
indicate there is still a gap between available data and the need for
applications. Therefore, the cooperation between data producers and 1
encouraged.
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Chapter 5

Development of Urban Flooding Models
and Flooding Simulation

A mathematical model is a simplified representation of a physical syst
reality. Through a group of structures, equations and assumptions, it des
how this system works in reality.
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5. DEVELOPMENT OF URBAN FLOODING MODELS AND
FLOODING SIMULATION

The aim of Chapter five is to develop models and procedures to sir
flooding of urban drainage systems, i.e. flooding in underground sewers i
the surface. Two models are developed on the basis of the MOUSE mode
2000Db). All togetherthree flooding models are introduced in this chapter:

- Model I: MOUSE model. Emphasis is given to the fictitious surface floc
tank;

- Model II: “basin” model. It is developed based on the “basin” structu
the MOUSE model;

- Model lll: dual drainage model where both sewer flow and surface floy
be simulated simultaneously by combining several structures in the Mt
model.

The techniques of GIS are incorporated into the modeling development.
The above three models are examined using two case studies.

5.1 Mechanism of Urban Flooding

Urban flooding is greatly different from the flooding in rivers and river fl
plains. It is characterized by underground sewer systems, surface open cl
such as roads, walking paths, other open spaces, and underground struct
instance basements, subways and other underground plots etc. Moreove
flooding may be affected by receiving waters, particularly in coastal or e
areas. Therefore, the mechanism of flooding in urban areas is

complicated. The following physical progresses should be taken into accol

- Rainfall-runoff;

— Flow in separate, or combined sewer systems;

— Flow along surface streams;

- Flow or ponding in other open surface spaces;

— Flooding in basement or other underground structures, and

- Flow exchange between different parts of the drainage systems.

The above descriptions of flows in urban drainage systems are illustrated
5.1.
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Figure 5.1 Sketch of urban drainage system

5.2 Needs for Urban Flooding Model Development

A detailed overview has been given in Chapter two. The prerequisitt
flooding model development are summarized into following aspects:

a) The need for topographic data with good quality, i.e. sufficient acc
to perform the flooding analysis, good resolution in horizontal
vertical profile, and different temporal resolutions;

b) The need for sewer data with complete information to carry out ¢
simulation;

c) The need for observed meteorological and discharge time ser
calibrate the developed models;

d) The need for informatics tools to process, analyze the available de
to present the analytical results;

e) The need for advanced hydrological and hydraulic model to dea
rainfall runoff, pipe flow and surface flow, as well as their interactior

The GIS-based analyses performed in Chapter four produce watershe
stream networks that are very useful for flooding simulation. In addition,
also provide very detailed sewer information. On these bases, Chapter fi
focus on the development of urban flooding models in combination with G

5.3 Components of Urban Flooding Model

77

URN:NBN:no-3477



As described in previous sections, a comprehensive urban flooding

should be able to cope with rainfall runoff, flow conveyance botl
underground sewers and on the surface, and to consider the storage in bz
or other underground structures. In addition, proper structures and fur
should also be designed to model the water exchange between different
the system, and the water exchange between the system and its surro
Overall, an ideal urban flooding modeling package should embrace th
models included in the following Fig.5.2.

_ Rainfall
<
58 v
S 3 Catchment characteristics
g =
£ v
Runoff hydrograph
A
Surface streams
T 2 J Basement/Surface
) ly 'L flooding
= é Underground sewer flow
S8 1 2 .| Receiving
T "| water body
T [ Waste water treatment plant ]

Figure 5.2 Components of urban flooding model

5.4 Introduction of Basic MOUSE Models

The flooding models are developed on the basis of the MOUSE sof
Therefore, the basic MOUSE modules: rainfall-runoff model, pipe flow n
and relevant structures as well as resistance calculation will be introducec
section.

5.4.1 MOUSE Rainfall-Runoff Model A

The MOUSE runoff model A is constructed according to Thee-Area
method. It is assumed runoff is generated only from impervious areas, wr
described by the percentage of total catchment areas in the model. Th
rainfall is reduced by initial losg,, and the lumped, constant hydrologi

reductionF due to imperfect imperviousness and evaptranspiration, affeci
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the catchment shape (Fig.5.3) and the concentration tinG@HI, 2000).

Therefore, the proportion of impervious areas, the initial loss, the hydrol
reduction factor of imperviousness and the type of time/area curve as wel
concentration time of each catchment (subcatchment) have to be specifiec

G:Ih@' <
SEEZN

Reclangular [y gl Cavmve nge nil

FiFp
Lo Rectangular
= [ g el
—— T
(1]
vty
s (1]

Figure 5.3 Standard MOUSE Time/area curve (DHI, 2000)
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5.4.2 Governing Equations of MOUSE Pipe Flow Model

The MOUSE Pipe Flow Model is a computational tool for the simulatiol
one-dimensional unsteady flows in sewer networks with alternating free s
and pressurized flow conditions. The computation is based on the free <
one-dimensional Saint Venant equation (Appendix K). Both subcritica
supercritical flows can be treated by means of the same numerical s
which adapts according to the local flow conditions.

In addition to the assumptions described in Appendix K, the follo
hypotheses are also applied:

- Lateral inflow q, =0;

— The water is incompressible and homogeneous, i.e. the variation in de
neglected;

— The wavelengths are large compared to the water depth. This ensui
the flow everywhere can be regarded as having a direction parallel
bottom, i.e. the vertical acceleration can be neglected and a hydr
pressure variation along the vertical can be assumed.
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Thus, the conservation of mass, i.e. the continuity equation, can be ex|
below:

Eq. 5-1 - t—>-=0

The conservation of momentum, i.e. momentum equation, is expressed as

Q2
do(a—"-)
0Q A oy
_ —+ + gA— + gAS=0A
Eq. 5-2 p x T T P=0AS

Where:

Q = pipe dischargdm®/s;
A = flow area[m?;

flow depth[m];

acceleration of gravitym/s];

distance in the flow directiofin];

y
g
X
t time,[s];
a

velocity distribution coefficient;
S, = bottom slope;

S; = friction slope.

The mechanism described by the above equations is presented in Fig.5.4.

Figure 5.4 Sketch of pipe flow (DHI, 2000)
The solution themes to solve the above equations are described in Appen
In addition, fictitious slot is introduced when the flow in sewers bect
surcharged, see Appendix L.
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5.4.3 Energy Losses Described through Links, Manholes and Other
Node Structures in MOUSE

In MOUSE, the energy loss caused by friction resistance in free surface c
is introduced as friction slope into the momentum equation. The head |
pressurized pipes is calculated on the basis of the continuity equatic
pressure distribution. The losses at the node inlet and outlet, losses du
change in flow direction and in elevation as well as loss due to contracti
expressed by the head losses through a node. More details are desc
Appendix L and MOUSE reference manual (DHI, 2000).

5.5 Development of Urban Drainage Flooding Models

On the basis of the MOUSE model, two flooding models are devel
Including MOUSE virtual surface flooding tank, the three models wil
introduced in this section.

5.5.1 Flooding Model I: MOUSE Fictitious Surface Flooding Tank

In MOUSE, a simple facility for simulating surface flooding is introduce
order to keep the water volume balance at each node. Where, if the wat
in a node reaches the ground level, an artificial tank (Fig.5.5) wi
automatically initiated above the node. The surface area of the tank is gr:
increased from the manhole area at the node to an area of 1000 times
When the outflow from the node surmounts the inflow, the water stored
artificial tank re-enters into the underground system again.

A=1000Am o
w Water level at time step (n+1) I

Surface water . N . . .
volume at time - C Fictive basin
step (1) Am [ Water level at Manhole |- Am

time step n

Storm sewer ==l

Figure 5.5 Surface flooding facility of the MOUSE program (DHI, 2000’

The MOUSE fictitious surface flooding modeling acts to keep the water bz
at each node during flooding, but it does not take the proper flow exc
between sewer and surface into consideration. The water stored in a fi
tank will go back to the system at the same node, which may not be -
reality. In addition, the fictitious tank of 100QAsurrounding the floodin
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manhole represents hardly the real flood area and the flood routes in
Consequently, the simulation results of surface flooding based on this
might deviate from reality. This model needs to be improved.

5.5.2 Flooding Model II: “Basin” Model

Unlike flooding Model I, Model Il treats manhole and surface storage abo
manhole as a whole and runs it as one “basin” in MOUSE. A “basin” is d¢
at the location of each manhole and its storage is a sum of the volume
manhole and the flooded areas on the surface between the two manholes
specified from the topography.

Computationally, a “basin” is a type of node in MOUSE. Unlike manhao
“basin” might have much larger volume. In addition, the structure of a “b
(Fig.5.6) is expressed differently from the structure of a manhole in the M(
program (Appendix L).

5.5.2.1 Description of Surface Flooding “Basin” Model

As displayed in Fig. 5.6 (a), each basin is specified by a group of charac
points: (1) the bottom of a manhole (pipe); (2) the top of a manhole, wf
also the connecting section of a manhole and corresponding surface ab
manhole; (3) the position of street curbs; and (4) a hypothetical position tl
highest floodwater may reach. The structural features of a basin are defin
group of parameters consisting dfl(A., A,,,K) , where:

H = elevation at a specified point of a bagm];

A, = cross section area of flow at a specified position of a biasfi,
A, = water surface area at a specified position of a basfi,

K = outlet shape of a basin.

Among them, the cross section arRas used to calculate the flow velocity

the basin, the surface aréa to compute the water volume and water heigt

the basin, and the outlet shape of the bakin,to estimate the energy Ic
through it.

The parameter sets of point 1 and 2 can be taken directly from the
network data of MOUSE, whereas the parameters of point 3 and 4 haw
extracted from DEM in combination with the layout of roads and the positi
buildings. The surface storage volume of the basin between two manh
calculated by the volume of the manhole, i.e. the width of a basin at the Ic
of the manhole, the distance between two manholes and the correspondir
level of the basin (Fig. 5.6 (a) and (c)).
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(a). Cross section A-A of a “basin”
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(b). Vertical profile of “basins” model
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(c). Longitudinal profile of “basin” model
Figure 5.6 Structure of the “basin” model
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5.5.2.2 Principles of “Basin” Model

The “basin model” is comprised of submodels of rainfall runoff, pipe flow
the routine of basin. The underlying theory of rainfall-runoff model and
flow model are the same as the MOUSE modules described in the earlier
5.4. A “basin” is run as a node in MOUSE. Therefore, the options of not
MOUSE are applied for basins.

5.5.2.3 Discussions of “Basin” Model

The “Basin model” has been developed to consider sewer flow and the ¢
of manhole and surface flooded areas. In addition, the manhole and the
flooded areas are treated as a whole, which guarantees a continuou
accumulation in each basin. Moreover, the basin is extracted from terrair
and the basin height is assumed very high to keep all the water within the
In flooding situations, the floodwater is the part of water from ground leve
manhole to the calculated water level in the basin.

Comparing with the MOUSE fictitious surface flooding facility, the “ba:
model fits the flooding surface better because the shapes and sizes of th
are close to the real flooded areas. However, it still acts as a storage ta
function to simulate the water transportation between two “basins”, i.¢
surface flooding, is not available yet. Thus, further improvement of the flo
model is still required.

5.5.3 Flooding Model llI: Dual Drainage Model

On the basis of Model I and Il, the third flooding model, dual drainage mo
developed. It consists of underground sewers and surface channels. |
illustrates this model, where, (a) displays the longitudinal overview o
flooding model, (b) and (c) show the cross section and the connect
different parts of the model.

5.5.3.1 Structure of Dual Drainage Flood Model

As illustrated in Fig. 5.7 (b) and (c), pipes and surface channels are cor
by corresponding manholes at their bottom level and ground level respet
At the top of each manhole, a fictitious weir is applied to transfer the
between the two layers, and where the water can flow in both directions b
underground sewers and surface channels (Appendix L; DHI, 2000
addition, the original manholes are extended from their ground levels up
levels where the expected maximum water levels on the surface may
These “fictive” manholes are used to connect flow in surface channels.

84
URN:NBN:no-3477



URN:NBN:no-3477

—-— Manhaole
B

——| Storm
SEWEr

O gower
ST

(b). Cross section of dual drainage systems

(c). Connection of underground sewer and surface cha
Figure 5.7 Structure of dual drainage flood model
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The sewer data, such as pipes and manholes are taken from the sewer (
The surface channels are extracted from the generated DEM as demons

Fig 5.8 (a) and (b).
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(a) Extracted channel cross-section from DEM (grid size: 1m*1
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(b) Geometrical and hydraulic characteristics of cross section

Figure 5.8 A sample of extracted cross section of surface channel and its
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5.5.3.2 Underlying Principle of Dual Drainage Flood Model

This model consists of submodels of rainfall runoff, pipe flow and su
channel flow. The rainfall runoff model is the same model as descrit
Model scheme I. The flow in pipes and surface channels is calculated acc
to the one-dimensional Saint Venant equations, which have been desci
Model I. In addition, pipe flow can be calculated both as free surfaces flo
as pressurized flow, whereas surface channel flow simulation runs &
surface flow only.

5.5.3.3 Discussions of the Dual Drainage Flood Model

Comparing with Model | and Il, Model Il has two main advantages. First
can simulate both sewer flow and surface flow including the water exc
between them; secondly, the surface channels are extracted from DEM,
represent better the real flooding areas. Therefore, from the point of view
representation of reality, Model Il is regarded as being the best one
these three models. However, due to the complexity of the model structt
the influence of initial condition, as well as the impact of the default MC
fictive surface flooding tank, the simulation results from this model shoulc
be checked carefully.

5.6 Case Studies

Two case studies, Fredlybekken catchment in Trondheim, Norway
Baiwanzhuang (BWZ) catchment in Beijing, China, are applied to examir
models developed in the section above. Model calibration and flo
simulation constitute the main contents of these case studies.

5.6.1 Case Study I: Fredlybekken Catchment of Trondheim, Norway

5.6.1.1 Catchment Description

Fredlybekken, one of the catchments in the city of Trondheim (Fig. 5.9
flooded several times in early spring 1997, in winter 1999 and in the sumi
2000 (Adresseavisen, 1997; Adresseavisen, 1999; TM, 2000). It is use
case study to examine the flood models developed in section 5.5 and
check the sewer capacity to withstand flooding.

The catchment area is 485 ha (level I). It is divided into 9 subcatchments
II) displayed in Fig.5.10. The corresponding subcatchment characteristi
calculated from DEM and given in table 5.1, where the percenta
imperviousness of each subcatchment is calculated by the proportion of
roads and areas occupied by buildings, paved roads and other areas ider
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impervious in the digital map. Then, each subcatchment is further on d
into sub_subcatchments at level 1ll, which are displayed in Fig.5.10 as wel

Fredlybekken
Rivers
Buildings
GRID DEM {20m"20m)
0-34.222
34.222 -68.444
[ 52.444 - 102,667
- 102,667 -136.889
[ 136889 -171.111
E 171111 -206.333
|:[ 205,333 -239.5566
239.556 -2T3.778
273,778 -308

[ ] Mo Data
{1:100,000)

%,=f [ catchment boundary.shp
[ Watershedgrid20m{1000<ells).shp
[ | Watrshedgridim[2000cells).shp

A 11:20000)

Figure 5.10 Subcatchments at three levels
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(level I: black boundary; level II: dark blue boundary; level Il1I: green bounc

Table 5.1 Subcatchment characteristics at level Il

Mean "
Subatchment ,(Ahr:a)\ ELIZSJ Meaz(r)}o)slope F(. r|r_1)* Mea?mlilev :
90 3.88 33.79 6.200 462 58
91 4.64 21.26 6.100 359 60
92 87.8 28.34 6.262 3142 96.17
98 66.56 18.84 6.955 1867 110.44
102 74.84 23.37 6.046 2487 130.26
103 55.76 24.80 5.737 2078 104.21
104 51.28 42.22 6.257 3760 57.82
105 114.36 24.52 8.223 2804 88.46
106 26.08 37.69 2.939 4817 34.57

* F.L.: Flow length; Elev.: elevation.
5.6.1.2 Sewer System of the Fredlybekken Catchment

Fredlybekken catchment is serviced by mixed sewer systems with se

systems upstream (part I) and combined sewer systems downstream (
(Fig.5.11).

" Combined sewers

A5 SO Sewers
Sanary sewers

[ cateherent boundary

(1:20,000)

Figure 5.11 Sewer system of the Fredlybekken catchment
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Because there is no proper receiving water, the discharge, both stormwe
sanitary sewage, from the separated system upstream is drained il
combined sewers downstream. At the outlet of the system, the sewage i
be pumped to a wastewater treatment plant, or discharged as overflow
river, Nidelva. In practice, the separate sewers upstream in the cat
unfortunately do not play the role of pollution control they are supposed to

In correspondence to catchment level | and level Il, the sewer syst
Fredlybekken is simplified at the two levels displayed in Fig.5.12

Lével 1) (Level 1)

Figure 5.12 Simplified sewer systems of Fredlybekken Catchment

Where, the simplified sewers at level | only include the sewers that transp
runoff from the whole catchment. The simplified sewer systems at le'
consist of main sewers that connect to the subcatchments at level II.

In addition, the dual drainage systems of model Ill, the original sewers a

Il and corresponding surface channels extracted from DEM, are displa
Fig. 5.13.
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Figure 5.13 Longitudinal profile and cross sections of dual drainage at Le

In the Trondheim case study, the inverted levels of manholes are not avai
the existing sewer database. Measurements have been made at some p
are not complete yet. For those manholes that their inverted levels a
unknown, three meters beneath the ground level of the manholes is assur
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The sewer system elements for two levels of the above three flooding ma
the Trondheim case study are summarized in the table 5.2 below.

Table 5.2 Sewer elements

Model
Sewer elements Model | Model Il Model Il
Subcatchments 1 1 1
Manholes 2 - 4
= Sewers 2 2 2
g Basins - 2 -
3 Weirs - - 2
Channels - - 2
Outlets 1 1 2
Subcatchments 9 9 9
Manholes 59 - 118
= Sewers 73 73 73
? Basins - 59 -
3 Weirs - - 59
Channels - - 73
Outlets 1 2 2

5.6.1.3 Modeling Calibration

The flooding models of Trondheim are calibrated in this section using
summer rainfall event of 15 August 1998 displayed in Fig. 5.14 an
corresponding discharge at the outlet sewer of the study catchment (Fig. £
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Figure 5.14 Rainfall on 15 August 1998
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Measured Discharge
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Figure 5.15 Discharge of the outlet sewer of 15 Aug. 1998

First of all, the three models are run applying the simplest drainage sys
level I. The concentration time of 120 minutes of the whole catchment giv
best fit of the measured and simulated discharge. On this basis, the cal
focuses on the drainage systems at level Il, and results are displayed in F
(Model I) and Fig. 5.16 (Model Il and IIl). Fig. 5.16 (a) displays the mea:
discharge and simulated results of the drainage systems at level Il for the
event on 15 August 1998. Three different hydrological parameter se
applied in the simulation scheme of SM198 1, 2 and 3. The results indice
a set of hydrological parameters can fit well with the measured values f
period rather than the whole simulation process, particularly when rainfal
longer. This is because constant hydrological parameters, for examg
percentage of imperviousness and hydrological reduction factor, are ¢
during simulation period. In reality, these parameters vary with time d
rainfall. Hence, variable hydrological parameters are applied for modific
The modified result of model | is displayed in Fig. 5.16 (b) and results of r
Il and Il in Fig.5.16 (c). Apparently, the modified results fit better with
measured process than the results from constant hydrological parameters

Using the adjusted parameters by the rainfall events on 15 Aug. 1998, ¢
simulation is carried out on an autumn rainfall event of 19 Oct. 1995 (Fig.
The results are displayed in fig.5.18.
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Measured versus Simulated Discharge
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(c). Measured and simulated discharge from model Il and Il
gure 5.16 Measured and simulated discharge at level Il on 15 Aug
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Figure 5.17 Rainfall on 19 Oct. 1995

Measured versus Simulated Discharge
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Figure 5.18 Measured and simulated discharge at level 1l on 19 Oct. 1¢

In addition, the hydraulic parameters given in table 5.3 are applied in the
calibration.

Table 5.3 Hydraulic parameters used in model calibration

Parameters Value Objects in models
Round edged outlet 0.25/km Manhole
Contraction head .
loss C (HLC) 0.5 Sewer connection
Normal .
[)]
E concrete 0.0133 Normal pipes
§g| Roush 0.0147 Old pipes
5 concrete
T Others 0.02 Surface channel
94
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5.6.1.4 Flooding Simulation

Applying the calibrated flooding models in 5.6.1.3, the risk of flooding
sewers at level Il is checked applying block rainfall intensities of 10, 30, 4!
90 and 120 minutes duration with frequency of 1 in 10, 20 and 50 year:
IDF curve is displayed in Appendix H. Meanwhile, another IDF curve n
from older but longer data series is used as a reference (Bgyum and Thort
1999).

The simulation indicates that rainfall intensities of 90 and 120 minutes du
give the most critical situation of flooding. Taking 90 minutes rainfall a:
example, flood maps and other relevant simulation information are disg
below from Fig.5.19Fig.5.21. Others are presented in Appendix H. Si
important numerical simulation results are summarized in table 5.4
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(b). Longitudinal water level profile of rainfall of 1 in 10 years
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Figure 5.19 Results of flooding simulation of rainfall of 1 in 10 years
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(b) Longitudinal water level profile of rainfall of 1 in 20 years
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Figure 5.21 Results of flooding simulation of rainfall of 1 in 50 years

5.6.1.5 Results Discussion

The sewers of Fredlybekken are designed to drain storm water with freque
1in 10 years$1l in 20 years. The flooding simulation shows if the rainfall of
10 years lasts less than half hour, no flooding occurs from the sewer <
However, when it lasts longer, then some manholes will become full an
are flooded. For 1 in 20 years’ events, a few manholes may flood even
rainfall is shorter than half an hour. When the rainfall lasts 90 minutes or |
almost half the number of manholes is flooded.
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As a result, it is concluded that most of the main sewers have a capau
rainfall events of 1 in 10 years. Flow of 1 in 20 years can be carried out
rainfall duration is shorter than approximately half an hour. Otherwise, me
should be taken to protect the few vulnerable sewers from flooding.

For verification, sewer flooding is also checked for rainfall of 1 in 50 yea
indicates that the flooding situation is severer than flooding of 1 in 10 yea
1 in 20 years. However, the flood simulation for rainfall of 1 in 50 years it
reliable because the observed rainfall data series are shorter than 50 year

Table 5.4 Summary of flooding simulation results

. Flooding information
. Rainfall
Frequency | Duration | . . No. of No. of Max. flood
. . intensity . .
(Linnyears)| (min.) : flooding | pressurized Water level
(mm/min)
manholes sewers (m)
10 0.7843 0 0 0
30 0.3219 0 1 0
45 0.3203 5 54 0.48
10
60 0.2047 7 60 0.56
90 0.1578 15 60 0.79
120 0.1278 16 61 0.98*
10 0.9597 0 0 0
30 0.3726 5 43 0.46
45 0.2596 6 54 0.52
20
60 0.2308 7 60 0.60
90 0.1754 26 63 0.98
120 0.1401 17 62 1.02*
10 1.1964 5 34 0.41
30 0.4379 6 51 0.51
=0 45 0.2971 7 54 0.56
60 0.2641 11 60 0.65
90 0.1979 28 63 1.03
120 0.1558 31 63 1.06*

* During the simulation, highest flood water levels occur mostly at location of manhole 4
(except for rainfall of 120minutes, which the highest flood water levels shift to ma

447710)
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Geographically, some flooded manholes, for example 447622, 44763
among the inflow points, where the discharges from large subcatchment
into the main sewers. Due to the restriction of inlet capacities, floodinc
occur in these locations in shorter periods. In addition, the simulation inc
that the capacities of the sewers between manholes 447632 and 25983
be sufficient. As displayed in the Fig.5,22me sewers in these areas v
among the inundation aread the flooding event in early spring in 19¢
Therefore, operational attention should be paid to those sewers, and res
may be considered for them.
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Figure 5.22 Simulated flooding manholes for rainfall of 1 in 20 years in
minutes versus flooding cases in 1997 in the Fredlybekken

Moreover, the simulated flood water levels are rather different applyin
three models. According to Fig. 5.19 (d), Fig. 5.20 (d) and Fig. 5.21 (d), M
gives the highest values and Model Ill the lowest ones. The results from
I and Model Il are relatively similar, though. From the point of mc
structure, Model Il is the most advanced. However, the necessarily comp
modeling components, such as fictive weirs and manholes on surface cl
may lead to errors or instability of the simulations. Therefore, these
models will be examined further by anotlcase study.

5.6.2 Case Study Il: Baiwanzhuang Catchment of Beijing, China

5.6.2.1 General Information of Beijing

Beijing, the capital of China, is situated around®S89 north latitude an
116’30’ east longitude (Fig. 5.23). It has a mild continental climate with
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and dry winter, hot and wet summer and generally the rain season. The
average precipitation is 595 mm. Due to the impacts of atmospheric, geog
and topographic characteristics, the precipitation is not homogens
distributed in time and space. According to the historical records, the |
annual precipitation is merely 242mmhereas the highest is 1406 mm. Eig
percent of the annual precipitation falls during summer from June to Sept
Therefore, floods may be brought about during these periods. Meanwhile
shortage has been incredibly severe in recent years due to limited rainfall
large amount of water consumption (Nie and Schilling, 2001).
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Figure 5.23 Map of Beijing

Regarding the risk of flooding, there are two major types of threats: flo
from the rivers passing by the city and flooding in local urban areas ¢
heavy rainfall overloading sewers with limited capacity. This case stud
focus on the latter situation, i.e. flooding of urban drainage systems.

In Beijing, the storm sewers are designed to transport flow of 1 in 0.5~3
for general areas and roads, and 2~5 years for important regions and mai
ways (GBJ 14-87, 1998). In some areas, however, the storm sewer
designed even smaller, yet about ten percent of areas do not have sewers

5.6.2.2 Description of Baiwanzhuang Catchment

Baiwanzhuang (BWZ) is a densely populated residential area. The cat«
size is about 42.6 ha (Fig. 5.24). The average percentage of imperic
increases from 30% in the 1970s’ to about 90% today. It is a gentle slopir
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with slight slope of 1.65%.. A main road, Chegongzhuang (CGZ) Road,
through this catchment.
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Figure 5.24 Map of Baiwanzhuang case study catchment

BWZ catchment is provided by a separate sewer system. It consists c
branched sewers on Wen Xing Jie (WXJ) Street, in Bai Wang Zhuang
(BWZN) residential area and one main sewer line alone CGZ main road
length of the storm sewer is 1582m. The storm water in the sewer sys
transported by gravity. Node 40, the outlet of BWZN subcatchment conne
the downstream main sewer line with free outflow. The outlet of CGZ
sewers discharges freely to downstream channel at node 18, which me:
no water flows back to the system.

The digital data of Beijing are described in Appendix I. Subcatchment
stream delineated from grid DEM together with sewers of BWZ catchme
displayed in Fig. 5.25.
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Figure 5.25 Subcatchments of BWZ case study catchment
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5.6.2.3 Modeling Calibration

The three developed models are calibrated by BWZN subcatchment acc
to the rainfall events on 22 July 1974 (Fig. 5.26) and measured disch:
nodel8, 22. Results of node 18 are displayed in Fig. 5.27. Results of node

given in Appendix J.

Rainfall on 22 July 1974

o Lo
o vk UN

d

Rainfall (mm)

Time (hh:mm)

Figure 5.26 Observed rainfall event on 22 July 1974 at BWZN catchme

In Fig.5.27, Sim_i (i=IB) represent the simulation results from three diffe
sets of hydrological parameters. Comparing with the measured dischar
same simulation trends have been achieved as in the Trondheim case st
the difference between observed and simulated discharge increases ov
This is because constant impervious catchment area and hydrological re
factor were applied for the whole simulation period. In reality, howevel
runoff contributing areas increase over time because the soil depression
up and soil infiltration is at capacity, although the physically paved imper
area is the same. Therefore, a set of constant hydrological parameters

calculate an accurate runoff hydrograph.
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Measured versus Simulated Discharge
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(c). Measured and simulated discharge at node 18 of Model Il
Figure 5.27 Modeling calibration of BWZN catchment
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There is no flooding occurring during the simulation. Therefore, the calibi
achieved very similar results from the three models. In addition, three dif
sets of hydrological parameters applied in the calibration are given in Tabl

Table 5.5 Hydrological parameters of BWZ catchment

cote arameters Pinp. (%) | o (mm) F T (Min.) T/IA
! ° 2 0.95 s\tjzgz?cl:vr:gnt
! I ? 0-95 s\ljﬁgzg:;’]vrggnt
. > 2 0.95 s\ljzgg'g:r\:vrlr:gnt

5.6.2.4 Flooding Simulation

Applying the three calibrated models, the risk of flooding of BWZ catch
has been checked applying the synthetic design storms of 1 in 2 years ¢
10 years with 10 minutes time resolution and 120 minutes dur
Additionally, a synthetic storm process of 1 in 20 years with 1hour
resolution and 24 hours duration was applied (HGSB, 1991; Appendix J).

The flooding manholes of flooding of 1 in 2 years and 1 in 10 year
displayed in Figures of 5.28.30. The simulated maximum flood water le\
of 1 in 10 years from the three models are displayed in Fig. 5.31 and Fi
There is no flooding for rainfall of 1 in 20 years in 24 hours. In addition
numerical results of flood simulation are summarized in table 5.6.

e
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Figure 5.28 Flooding manholes of BWZ sewers (Model I)
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Figure 5.29 Flooding manholes of BWZ sewers (Model II)
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Figure 5.30 Flooding manholes of BWZN sewers (Model IlI)
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Figure 5.31 Simulated maximum flood water level of manholes in B\
catchment (rainfall of 1 in 10 years)
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Figure 5.32 Simulated maximum flood water level of manholes in CGZ ¢

WXJ catchment (rainfall of 1 in 10 years)

Table 5.6 Summary of flooding simulation of BWZ catchment

Recurrence MOdel | Model Il Mode” 11
interval
(1 in n year) Flooded Hmax. Flooded Hmax. | Flooded | Hmax.
manhole (m) manhole (m) manhole (m)
, | wis 0.55m | W2-4; 0.14m \évlzl;'vg/gg_ 0.14m
B36-37. at W4; | B25; B36-37. | at W5 37 ' at w4
c :
£ W1-5; . W2-4;
E 36 flooded N e 28 flooded
o 10 manholes on | 0.95m manholes on 0.26m | manholes | 0.28m
BWZN; at w4 . at W 4. | on BWZN; | at W4.
BWZN,;
C5-10 on C6-8 on CG7 C6-8 on
CGZ. ' CGZ.
< No surface No surface No surface
<
N 20 flooding . flooding . flooding D

According to the simulation, the lateral sewers on WXJ Street all react

capacities when rainfall is at frequency of 1 in 2 years. Only few manhol

flooded in BWZN subcatchment as the same rainfall occurs. When rain
frequency of 1 in 10 years falls, almost all lateral sewers and manholes
of their capacities and consequently flood water comes to the surface. !
main sewers along CGZ main road get flooded as well.

Finally, it is concluded that the capacities of sewers on WXJ Street ar
sufficient for rainfall events less than 1 in 2 years. Sewers in BWZN catcl
can convey stormwater of 1 in 2 years. The main sewers along CGZ roa

the capacity of transporting safely storm water under 1 in 10 years.
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In addition, the flood water levels from these three models are rather dif
As displayed in Fig. 5.31 and Fig. 5.32, Model | gives the highest flooding
level, and Model Ill calculates the lowest flood water levels for most manl
With respect to modeling principles, modeling structure and the geom
representation of the flooded areas, the results from Models Il are regai
being the most reliable.

5.7 Summary

Main developments and results of Chapter five:

Two urban flooding models have been developed based on MOUSE. Inc
MOUSE surface fictive flooding model, three models are introduced and a
in this chapter. They are:

Model I: MOUSE fictive surface flooding tank;
Model II: Integrated “basin” model;
Model IlI: Dual drainage flooding model.

Model | is a special facility included in the MOUSE program to deal
flooding problem when it occurs during simulation. It is designed to contr
water balance at flooding manhole(s), but it cannot simulate the flow hyc
behavior of the surface water. A virtual tank up to 109GAIrrounding th
flooded manhole will be automatically activated as flooding occurs. How
such a tank neither represents the flood area nor the flood routes in re¢
that improvement needs to be made.

On the basis of Model I, Model Il, the integrated “basin” model, is develof
define the flood water level and volume on the surface. It treats the manht
the corresponding surface storage as a basin to keep the entire storr
within the basins. As flooding occurs, the floodwater is the water stored i
surface from the ground level of a basin, which is equal to the ground le
the original manhole, to the highest water level at the basin. In additio
model considers manhole and connecting surface flooding area as a
which guarantees a continuous water accumulation in the basin. In other
no additional linking structure between manhole and surface is ne
Moreover, the surface storage of the basin is extracted from the -
surrounding the flooding manholes, which makes the water levels in |
close to the real situations on the surface. However, the basin functior
storage tank, and surface flow routine is not available yet.

The model Ill, dual drainage flooding model, is developed to simulate flo
both in sewers and on the surface. In this model, the two layers, i.
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underground sewers and the surface channels, are connected by fictitiot
at each manhole. The flow in connecting sewers is transferred by a con
manhole. Similarly, fictitious manholes are allocated on the surface to tr
flow in the surface channels. The longitudinal profile of surface cha
proceeds along the layout of manholes, and cross sections of the chan
extracted from the DEM at the location of each manhole.

Two case studies, Fredlybekken in Trondheim, Norway, and Baiwanz
(BW2Z) in Beijing, China, have been applied to examine the developed n
and check the sewer capacities for given design storms.

The sewer capacities in the Fredlybekken catchment have been chec
floods at several combinations of block rainfall intensity and durations. W
rainfall with 90 and 120 minutes duration gives the most critical floo
situation. Operational attention or modification is suggested for sewers
manhole 447632 to 25983.

In the BWZ case study, synthetic design storms of 1 in 2 years and 1 in 1
with 10 minutes time resolution during 120 minutes, as well as synthetic r:
of 1 in 20 years with 1 hour time resolution during 24 hours are applied
flooding simulation. The simulation results show that the capacities of |
sewers on WXJ Street are insufficient to transport stormwater of 1 in 2
the capacities of lateral sewers on BWZN subcatchment can convey stori
from rainfall of 1 in 2 years except one sewer section from manholeBE336
The main sewers on CGZ road can transport the storm discharge from rai
1in 10 years, but measures have to be taken to protect flooding from me
C6-C8.

Restrictions and deficiencies of the simulations in Chapter five,
suggestions for future research

Simulated flood water levels from the three models are rather different. M
calculates the highest flood water levels, while model Ill gives the lowest
According to the modeling structure and the geometrical representat
flooded areas, Model lll is the best among these three models. Howev
necessarily complicated structures, their options and initial conditions ma
to inaccuracy of the calculation. Therefore, the results from Model Il shot
checked carefully.

In the Trondheim case study, there are two major flooding conditions:
rainfall in summer and autumn; rainfall plus snowmelt in late winter or
spring. However, this study focuses on the development of flooding moc
sewers and connecting surfaces, where a simple hydrological mode
applied, and in which no snowmelt routine was included. Therefore,
summer and autumn rainfall events were selected for model calibi
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However, it is possible to model winter flooding, i.e. taking snow melt
consideration, if a rainfall-runoff module with snow routine is connected t
modeling package.

In addition, the Trondheim case study has good topographic data, k
measurement of the inverted level of the manholes is not complete
Therefore, three meters difference from the top of a manhole to its bot
assumed at manholes, where the measured levels are not available. As
the flooding simulation should be updated when measured levels are av
Besides, the observed discharge is only available at the outlet «
Fredlybekken catchment. Therefore, the modeling calibration is obvi
insufficient. Due to the above two reasons, the flooding simulatio
Fredlybekken were carried out only on main sewers.

If possible, the sewer discharge should be observed at several places
sewer systems in order to calibrate the established models properly.

Moreover, one particular feature in the Trondheim case is that most of bu
are built with basements. The storage volume in basements is not include
developed flooding models. In case of basement flooding, the storage
basements will alleviate the flooding on the surface but cause damage i
basements.
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Chapter 6

Flood Damage Evaluation and
Flood Mitigation

It is difficult to avoid flooding completely because of its stochi
characteristics. However, man can reduce the risk of flooding by taking v
mitigation measures.
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6. FLOOD DAMAGE EVALUATION AND FLOOD
MITIGATION

Chapter six focuses on the last two topics of flood management: Fl
DAMAGE EVALUATION and FLOOD MITIGATION. Under these topic
special concern is given to flood mitigation in urban drainage systems. Tw
studies are introduced to examine the promoted mitigation measures.

6.1 Introduction

Flooding is the consequence of natural phenomena. It is difficult to

flooding completely due to its stochastic characteristics of occurrence. Ho
the risk of flooding can be reduced to some extent. In addition, it is impori
assess flood damage properly in order to make emergency flood plan
implement flood mitigation measures.

Over time, government and publicans have learnt living with floods in ad
to traditional flood defense. Therefore, sustainable water resources conse
has become a concerned topic, particularly in areas prone both floot
drought in different periods, such that flood control and drought mitig
should be considered as a whole.

6.2 Flood Damage

6.2.1 Flood Damage Category

Flood consequences range from loss of life, damage of private proper
public facilities as well as adverse influence on daily life, such as powel
interruption of water and gas systems, halting of traffic and environn
deterioration. In addition to the damage at flood inundation sites, the ir
impacts to activities in other areas, and ever the prolonged impacts ir
future should also be concerned.

Walesh (1989) divided flood consequences into two categories: direc
indirect, then tangible damage and intangible losses under each categc
table 6.1).

6.2.2 Flood Damage Assessment

Flood damages are generally estimated at two levels: regional level anc
house level. Government and local authorities usually use the regional r
to evaluate flood damage in large flood areas. Municipalities and inst
companies need to assess the damage to single flooded houses fc
compensation.
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Table 6.1 Types of flooding damage (Walesh, 1989)

Form of Tangible damage Intangible losses
losses Private Public Private Public
Loss of Loss of public | Loss of life; Disruption of
properties; properties; Health hazards} normal
Loss of Loss of Psychological | community
animals, crops | commercial stress caused | activities;

purchasing and
storing flood-
fighting
equipment and
materials;
Incremental
cost for life

flood
engineering
and planning
studies and of
implementing
structural and
non-structural
management
measures.

and livestock; | and industrial | by current Interruption of

Loss of contents and | flood. traffic, power,

commercial lands; water, gas,

and industrial | Cost of telecommunica
Direct contents and | repairing or tion system;

lands; replacing Loss of

Cost of water, power, archaeological

cleaning, roads, bridges, or cultural

repairing or culverts, site(s);

replacing of sewers, park, Deterioration

residential & | public lands to

other contents.| and other environment.

facilities.

Cost of Incremental Reluctance by | Reluctance by

temporary costs to individuals to | business

evacuation and governmental | inhabit flood- | interests to

relocation; units and other| prone areas; | continue

Loss of wages;| institutions as g Psychological | development of

Loss of result of flood | stress caused | flood-prone,

production and| fighting by possibility | thereby

sales; measures; of future adversely
Indirect Cost of Cost of post- | floods. affecting the

community tax
base.

6.2.2.1 Regional Method

For pre-flooding defense, e.g. flooding warning and deciding people who
to be evacuated, the following factors are important:
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— Potential inundation areas and people at risk.

Unlike pre-flooding estimation, post-flooding damage is generally asses:
the following indicators:

- Loss of life;

- Inundation areas and affected people;
— Direct property damage;

— Costs for flooding defense and rescue;
— Affected activities;

The regional method is commonly used for flood damage assessment i
floodplains. Chen (1999) and Wan (1999) presented several methc
evaluating the indicators mentioned above.

6.2.2.2 Single Property Damage

As flood happens, damage might be caused in flooded buildings. In such
flood compensation consists of following two parts: the direct property de
counted in each flooded house or public building; and the remedial e»
calculated to repair the damaged items, such as water pipes, sewage dr
damage to the building itself etc.

Walesh (1989) presented a method to assess flood damage of single h
constructing frequenéytagetdamage curves for different types of structu
Herath, Dutta and Musiake (1999); Wang and Lu et al. (2001) introc
method of flood damage evaluation based on property distribution in
district using GIS. KonigSeegrov and Schilling (2002) analyzed the fl
damage relates to individual flooded houses. They are valuable referen
other flooding cases. However, flood compensation must be assessed by
according to the losses on flooding sites.

6.2.3 Urban Flood Damage: Trondheim Case Study

Flooding damage has been described in Chapter one and section 6.2. H
the damage varies greatly from case to case. Taking Trondheim municipi
an example, the average annual sewer damage compensation [
municipality is about 1.44million Norwegian Crown (NOK) (see Fig.3.6
addition, the damage compensation per case paid by Trondheim municip.
on average, no more than 10,000 NOK, and the excess damage is |
insurance companies. When large floods occur as in 1997, which means
rainfall was heavier than the designed storms that sewers can accomi
then the damage is covered by the government, or by insurance com
Therefore, in addition to the compensation paid by Trondheim municipality
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insurance companiesif and Gjensidige, also paid large amounts
compensation for flood related damage (if, 2000; Gjensidige, 2000).

6.3 Flood Mitigation

As described in the above section, floods have severe adverse influer
objects and activities in flooding and flooding affected areas. Ther
effective mitigation measures should be taken to reduce the risk of floodi
alleviate the flood damage.

6.3.1 Flood Mitigation Measures of River Basins

In river floodplains, flood mitigation measures are generally classified into
categories: structural measures, non-structural measures and living with
see table 6.2.

Table 6.2 River flooding mitigation measures (Saul, 1992)

Category Measures

Structural measures Storage facilities: reservoirs, lakes and other art
retention tanks
Dams, river channel embankments, earthen plat
and polders built in floodplains

Non-structural Regulations and policies

Measures Flood defense: flood forecasting, warning and
Evacuation and emergency rescue
Flood insurance programs

Living with flood Avoid floodplain occupacy
Restricting floodplain use for wildlife habitat
Land conservacy

6.3.2 Flood Mitigation Measures of Urban Catchments

Unlike the river floodplains, urban catchments are relatively small and 1
are caused by local drainage problems. For given rainfall, runoff from
catchment depends greatly on the degree of imperviousness and t
infiltration. Further on, the drainage of the runoff depends on the topoc
and the capacity of drainage system.

During rapid urbanization, particularly in developing countries, the perce
of impervious areas of urban catchments is sharply increasing, consel
both the total volume of runoff and peak flow increase. Additionally,
existing sewers deteriorate and loose part of their capacities d
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sedimentation and other operational problems, and it is difficult to rehak
those sewers because of financial limitation and disturbing residents’ act
Therefore, the risk of flooding is increased, and effective mitigation me:
have to be taken into consideration.

Regarding to the causes of urban flooding, the common flooding miti¢
measures focus on the following aspects:

— Reduce the impervious areas;

— Increase the soil infiltration;

- Modify the sewers of insufficient capacities;

— Construct water detention or retention facilities.

The first two measures are intended to reduce runoff at the source, wr
latter two are supposed to increase the sewer capacities to convey or s
stormwater that otherwise would contribute to flood. In addition, suffi
supervision and maintenance is always essential in order to reduce the
flooding, which has been described in detail in the Chapter three.

6.4 Urban Flood Mitigation: Case Studies

The flood mitigation measures introduced in the section 6.3 above w
examined in the following two case studies in combination with the floc
simulation in Chapter five.

6.4.1 Trondheim Case Study

Regarding to the flooding situation in Trondheim, the effectiveness o
flooding mitigation measures, reducing impervious areas of a catchme
increasing the existing sewer capacities, are examined in the Trondhei
study.

6.4.1.1 The Impacts of Catchment Imperviousness on Flooding

According to the statistics of land use for Trondheim-Fredlybekken (Ct
five), the average percentage of imperviousness of this catchment is abo!
It told us that the degree of urbanization in this catchment is relatively
comparing with other areas, for example Beijing-Baiwanzhuang catcl
(Chapter five). However, it is increasing gradually in recent years, and «
longer period, its hydrological effects can be significant. Therefore,
essential to check the impact of urbanization on flooding, and to
recommendations to compensate for the impact, if possible, and fo
development plan.

In combination with the flooding simulation in Chapter five, the impac
catchment imperviousness is illustrated by comparing current imperviol
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with a 10% reduction, rainfall of 1 in 10 years and 1 in 20 years in 90 m
are applied for the simulation. The results are displayed in Fig.Fegl 6.5.

Effectiveness of Reduced Imperviousness
(1in 10 years)

16

12

No. of flooding
manholes

Model 1
Model 2
Model 3

Pimp1.
Pimp2.

Figure 6.1 The effectiveness of 10% reduction of catchment imperviousi
with block rainfall of 1 in 10 years

Effectiveness of Reduced Imperviousness
(1in 20 years)

No. of flooding

manholes Model 1

Model 2

Model 3
Pimp1.

Pimp2.

Figure 6.2 The effectiveness of 10% reduction of catchment imperviousi
with block rainfall of 1 in 20 years

Fig. 6.1 and Fig.6.2 illustrate the change of the number of flooding mar
comparing original and 10% reduced imperviousness of each subcatchme
following Fig.6.3Fig.6.5 display the difference of maximum floodwater le
from the three models. These results indicate that the impact of catc
imperviousness on flood is sensitive, and people should be awere of i
they rebuild old urban areas, and make land use plan for new developing .

However, it is difficult to reduce the impervious areas in highly developed
cactments. So that alternative solutions have to be considered to so
current flooding problem.
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Effectiveness of Reduced Imperviousness (1 in 20 years)
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Figure 6.3 The effectiveness of 10% reduction of imperviousness with
rainfall of 1 in 20 yeargvodel 1)

Effectiveness of Reduced Imperviousness (1 in 20 years)
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Figure 6.4 The effectiveness of 10% reduction of imperviousness with
rainfall of 1 in 20 yeargvodel II)
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Figure 6.5 The effectiveness of 10% reduction of imperviousness with
rainfall of 1 in 20 yeargModel I11)
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6.4.1.2 The Effectiveness of Increasing the Sewer Capacities

According to the flooding simulation of Fredlybekken case study in Chi
five, the trunk sewers from manhole 447632 to manhole 25980 have high
of flooding. In the original sewer system, there are two parallel sewer lir
downstram of manhole 25980 but only line at upstream of manhole 2
Therefore, the sewer capacities in this section are potentially insufficient ¢
large discharge period. Thus they are optimised in this study. Inste
changing the size of existing sewers, a fictive parallel line of sewers, whicl
the same size as the existing ones, are added to the existing sewer syst
effects are displayed in Fig. 6.Fig. 6.10.

Effectiveness of Structural Mitigation Measure
(1 in 10 years)

No. of
flooding
manholes
Model 1
Model 2
Model 3

D1

Figure 6.6 The effectiveness of enlarged sewer capacity for block rainfal
1in 10 years

Effectiveness of Structural Mitigation Measure
(2 in 20 years)

No. of
flooding
manholes Model 1
Model 2
0 Model 3

Figure 6.7 The effectiveness of enlarged sewer capacity for block rainfal
1in 20 years
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The Effectiveness of Increased Sewer Capacity
(1 in 20 years)

O original sewers BEnlarged sewers

Max. flood water
level (m)

Figure 6.8 The effectiveness of increased sewer capacity for rainfall of 1
years (Model 1)
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Figure 6.9 The effectiveness of increased sewer capacity for rainfall of 1
years (Model II)

The Effectiveness of Increased Sewer Capacity
(1in 20 years)

‘ @ Original sew ers @ Enlarged sew ers ‘

Max. flood water
level (m)

Manhole

.

Figure 6.10 The effectiveness of increased sewer capacity for rainfall of :
years (Model I11)
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Fig. 6.6 and Fig. 6.7 illustrate the change of flooded manholes before an
the modification of sewer capacities. Fig. [%8L0 display the difference
maximum flood water level. The highlight parts with red dash-line are whe
sewers are optimised. It is indicated that the flood water level of the opti
sewers are reduced, meanwhile, however, the water levels of down
sewers is increased, but there is no flooding from downstream sewers, t
the downstreams sewers have very large capacities in this case study.

6.4.1.3 Discussions of Flood Mitigation of Fredlybekken Case Study

Two flooding mitigation measures are examined in the Trondf
Fredlybekken case study: the effectiveness of reducing -catcl
imperviousness and increasing capacities of the existing sewers. Accor
the simulation and analysis above, keeping lower catchment imperviousn
good solution for flood control, because it is able to reduce the risk of flo
at the source, i.e. reducing the value of runoff. It is a solution so called *“
control”. Regarding to today’s land use of Fredlybekken catchmnet, i.e.
imperviousness, the risk of flooding is not high for rainfall less then 1

years within 1-hour. For those sewers that have higher risk of flooding
rainfall becomes heavier, a structural flood mitigation measure of incre
sewer capacities is tested. The simulation indicates the flood water le
optimised sewers are reduced, but the adverse effect is that the water I
downstream sewers is increased though there is no flooding from down
sewers.

It is concluded that keeping the percentage of imperviousness of Fredlyl
catchment under 30% and increasing the sewer capacities from manhole
to 25980 are two possible solutions for flood mitigation in the TrondfF
Fredlybbekken catchment. However, it should be cautious enlarging the
sizes to aviod deterirotating flooding situation of downstream sewers.

6.4.2 Chinese Case Study

The Beijing-BWZ catchment, applied as a case study for flooding simulat
Chapter five, is also used for flooding mitigation. Compared with Trondf
Fredlybekken catchment, the flooding situation of BWZ catchment is diff
because of the different sewer systems, their design standards and the lar

Regarding the probable risk of flooding of BWZ catchment, the effectiven:
the following mitigation measures are examined:

— Changing the catchment imperviousness;

— Increasing the soil infiltration;
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- Replacing the existing sewers on WXJ lateral sewers by large
sewers to ensure that the lateral sewers have a capacity for floodit
in 2 years.

— Constructing off-line retention water tanks at the main sewers of C(
to ensure the main sewers having capacity to transport storn
generated from rainfall of 1 in 10 years.

6.4.2.1 The Effectiveness of Catchment Imperviousness

Keeping other parameters in the rainfall-runoff model constant, floc
simulation is carried out assuming the percentage of catchment impervic
of 90% (the current value), 70%, 50% and 30% (the value in 70s) indivic
The results are displayed in Fig. 6.11 and 6.12.

Fig. 6.11 (a) presents the number of flooding manholes for rainfall of 1
years. Where, when the percentage of imperviousness is under 50%, no r
is flooded. However, when the catchment imperviousness increases t(
about 10% manholes are flooded and more than 50% manholes are
when catchment imperviousness increases to 90%. Fig. 6.11 (b) and (c) ¢
the change of peak discharge and discharge time series at outlet of
subcatchment.

As displayed in Fig. 6.12 (a) for rainfall of 1 in 10 years, there is no floc
manhole when the percentage of catchment imperviousness is 30%. Hc
25% manholes are flooded when the imperviousness increases to 50% al
than 50% manholes are flooded with 70% catchment imperviousnes:
number of flooding manholes remains almost the same when the percer
imperviousness increases from 70% to 90%. This is because most
manholes of lateral sewers are at capacities with 70% of imperviou
Therefore, the number of flooding manholes will be almost the same for
sewers with even a higher percentage of imperviousness, and meanwh
few main sewers are flooded when catchment imperviousness increases
The changing of peak flow and flow hydrograph are displayed in Fig. 6.:
and (c) and numerical results are summarized in table 6.3.
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Effectiveness of Reduced Imperviousness
(1in 2 years)

No. of flooding
manholes

Percentage of
imperviousness
(%)

(a). Number of flooding manholes

Effectiveness of Reduced Imperviousness
(1in 2 years)

3
Peak discharge
(m?/s) 1
Model 1
0 Model 2
Model 3

30 g 0 4
Percentage of
imperviousness
(%)

(b). Peak discharge

Effectiveness of Reduced Imperviousness
(1in 2 years)

—s— Pimp.=90% —— Pimp.=70% Pimp.=50%

(m?3/s)

Discharge

Time(hh:mm)

(c). Hydrograph at BWZN sewer outlet
Figure 6.11 Effectiveness of catchment imperviousness for rainfall of
years
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Effectiveness of Reduced Imperviousness
(1in 10 years)

No. of flooding

manholes ~ .
I Model 1
Model 2
30 Model 3
50 79

Percentage of
imperviousness
(%)

(a). Number of flooding manhole

Effectiveness of Reduced Imperviousness
(1in 10 years)

3
Peak 2
discharge
(m3s) 1
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0 Model 2
Model 3

30
50 49 %
Percentage of

imperviousness
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(b). Peak discharge

Effectiveness of Reduced Imperviousness
(1in 10 years)
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(c). Hydrograph at BWZN sewer outlet
Figure 6.12 Effectiveness of catchment imperviousness for rainfall of 1
years
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Table6.3 Summary of flooding mitigation of BWZ case study: the impacts of catchment impervic

Model |

. Model Il Model Il
Flooding
frequency Flood index
(linnyears 90% | 70% | 50% | 30% | 90% | 70% | 50% | 309, | 90% | 70% | 50%
WXJ 5 5 0 O 3 3 0 0 4 2 0
No. of
flooding | BWZN | 35 2 0 0 29 3 0 0 25 5 0
manholes
2 CGZz 6 0 0 O 3 0 0 0 3 0 0
H
Il‘) Peak
discharge | BWZN | 2.149| 1.837| 1.205| 0O | 2204 1.887| 1.303| 0O | 2.013| 1.931| 1.31:
(m’s)
WXJ 5 5 5 0 4 |a 3 0 5 5 3
No. of
flooding | BWZN 34 34 12 0 34 31 13 0 34 28 13
manhole
10 CGZ 7 3 3 0 5 3 0 0 3 3 0
Peak
discharge BWZN | 2.261 | 2.201| 2.007 | 1.191| 2 083 | 2.047 | 1.948 | 1.048| 2.140| 2.024 | 2.00
(m’s)
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6.4.2.2 The Effectiveness of Increased Soil Infiltration

Reduction of catchment imperviousness is an effective mitigation measi
reduce the risk of flooding. It is, however, difficult to implement in hig
developed urban areas, such that other alternatives have to be considered
the effectiveness of increasing soil infiltration is examined, which couls
achieved replacing the current paved areas by using percolated materials
and Zhu et al., 1996; Thorolfsson, 1997; Fujita, 2002).

In the rainfall-runoff model A of Chapter five, runoff is assumed generated
only impervious areas, the reduction due to soil infiltration, envaptranspit
and imperfect imperviousness is expressed by a lumped hydrological red
factor. In the flooding simulation of Chapter five, a constant value of 0.
applied. Here, other two hydrological reductions of 0.85 and 0.75 are exa
and the results are displayed in Fig. 6.13 for rainfall of 1 in 2 years and Fig
for rainfall of 1 in 10 years.

Fig. 6.13 (a) illustrates that the number of flood manhole reduces to ze
design rainfall of 1 in 2 years when the hydrological reduction factor is rec
from 0.95 to 0.75. However, as displayed in Fig. 6.14 (a), the reductit
flooding is very minute for rainfall of 1 in 10 years. The reductions of disch
are displayed in Fig. 6.13 (b) and (c) for rainfall of 1 in 2 years, and Fig.6.1
and (c) for rainfall of 1 in 10 years. They indicate that the effectivene:
increasing soil infiltration is relatively less sensitive, especially for rainfall
in 10 years, such that the other flood mitigation measures are still needed.
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Effectiveness of Increased Soil Infiltration
(1in 2 years)

No. of
flooding
manholes

Rate of
infiltration

(a). Number of flooding manholes

Effectiveness of Increased Soil Infiltration
(1 in 2 years)

2
Peak
discharge 1
3
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38 e
Rate of S g
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(b). Peak discharge at sewer outlet

Effectiveness of Increased Infiltration Rate
(1in 2 years)
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(c) Hydrograph at BWZN sewer outlet
Figure 6.13 Effectiveness of increased soil infiltration for rainfall of 1 in 2\
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Effectiveness of Increased Soil Infiltration
(2 in 10 years)
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(a). Number of flooding manholes

Effectiveness of Increased Soil Infiltration
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(c). Hydrograph at BWZN sewer outlet
Figure 6.14 Effectiveness of increased soil infiltration for rainfall of 1 ir
years
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6.4.2.3 The Effectiveness of Structural Mitigation Measures

According to the flooding simulation in Chapter five, the sewers in B\
catchment have capacities to drain stormwater of 1 in 2 years rainfall exce
section between manhole 36 and 37. The capacities of sewers on WXJ S
insufficient to drain stormwater of rainfall of 1 in 2 years and sewers on
Road can transport less stormwater of 1 in 10 years rainfall, where
manholes are flooded. Flood mitigation measures of reducing the percen
catchment imperviousness and increasing the rate of soil infiltration havi
examined. Through the simulation, the risk of flooding can be reduced to
extent. However, on the one hand, it is difficult to implement these
measures in highly developed urban areas; on the other hand, the mi
merely depending on soil potentials is limited. Consequently, two
mitigation measures are, in turn, examined to ensure the lateral sewers
to drain stormwater safely for rainfall of 1 in 2 years, and to ensure main ¢
have the capacities to drain stormwater for rainfall of 1 in 10 years.

Enlarging sewers on WXJ Street Assuming the sewer diameters are increi
from 0.6m and 0.7m to 1.0m, as displayed in Fig. 6.15 (a) at 70% of catc
imperviousness for rainfall of 1 in 2 years, all the manholes are flooded or
original sewers, while there is very small flooding from manhole 4 and &
enlarged WXJ sewers. Fig.6.15 (b) displays the flooding situation of en
sewers when the percentage of catchment imperviousness increases
where manholes WXJ2-5 are still flooded. The legends in Fig.[16.18
illustrate the flood water level.

,"cczs' [
L

"CGZ4 CGIS | CGIECGIT ,"'u::st' } 048 Cof, Losbeed
2 " " - L % ! . .

(a). Pimp. =70%: Original sewers (left); Enlarged sewers (right)
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(b). Pimp. =90%: Original sewers (left); Enlarged sewers (right))
Figure 6.15 Flooding mitigation of WXJ sewers for rainfall of 1 in 2 year
For sewers in BWZN catchment As displayed in Fg.6.16, flooding occurs
manhole 36 and 37 for rainfall of 1 in 2 years. Problem could be solved |

replacing the vulnerable sewer 36-37, or replacing the branch sewers fror
39 by larger sewers, if necessary, to avoid flooding shifted to s

downstream.
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Figure 6.16Flooding simulation result of BWZN sewers of 1 in 2 years

For main sewers on CGZ Street In case of flooding of 1 in 10 years,
displayed in Fig.6.17, the mitigation measure has to be considered to
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flooding from manhole CGZ6-9 on CGZ main sewers. Meanwhile the I
sewers in BWZN along the main road (Fig. 6.18) should be considered as
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Figure 6.17 Flooding of CGZ sewers for rainfall of 1 in 10 years
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Figure 6.18 Flooding of BWZN sewers for rainfall of 1 in 10 years

Considering stormwater reuse and reducing the flooding of connecting
without deteriorating flooding situation of sewers downstream, an of
storage tank is inserted to original sewer system as displayed in Fig. €
works based on water level control at connected manholes. As the water
these manholes reaches the critical level of flooding, then the extra storr
will be diverted to the storage tank by an overflow weir. The stored water «
pumped back to the system via pumps after the flooding ceases, or be p
for other uses. In the case of BWZ catchment, the off-line storage tank ci
provide capacity for BWZN sewers (Fig. 6.19). The potential floodwater
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might be diverted into the storage tank is illustrated in Fig. 6.20. The storn
on-line and off-line storage facilities have been widely and succes
implemented in Japan (Funayama, Shinkawa, et al., 2002).

________ iy . L.
BwW.Z20 | BWZ22

| B Z19
IBWZ17
&

Elwiﬂ

Figure 6.19 Sketch of an off-line storage tank
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Figure 6.20 The effectiveness of the off-line storage tank
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6.4.2.4 Discussions of Flood Mitigation of BWZ Case Study

Four flood mitigation measures have been examined in the BWZ case
The effectiveness of reducing the catchment imperviousness is the
effective if it could be achieved in real catchment. Increasing the rate «
infiltration is sensitive for light rainfall, for example, rainfall of 1 in 2 years.
flooding situation of WXJ lateral sewers for rainfall of 1 in 2 years ca
reduced by increasing the current sewer sizes to 1.0m. Replacing BWZN
from manhole B36 to B37 (B39) can protect BWZN sewer from flooding of
2 years’ rainfall. In addition, considering the water situation in Beijing, ar
line storm water storage tank was tested for CGZ main sewers from (
which might be an advisable solution because it not only reduces the
flooding but also stores the stormwater for other uses.

6.5 Summary

When flooding happens in urban areas, either on the main road, or
residential districts, damage in deluged houses and other habited areas,
as adverse impacts on activities in the flooding areas are inevitable. Traff
be halted, and lines for supplying electricity, water and gas may even be |
Therefore, flooding mitigation must be taken into consideration.

Two flooding mitigation measures, i.e. reducing catchment imperviousne:
enlarging the sewer capacity, were examined in the Trondheim case
Through the analysis, it is effective to reduce the risk of flooding by red
the catchment imperviousness. The simulation also indicates that k
catchment imperviousness under 30% is a good solution for flood control
Trondheim case. The sewer capacities from manhole 447632 to manhole
where it is indicated having higher risk of flooding, are increased. Throu
simulation, the flood water levels of optimised sewers are indeed reduced
the water levels of downstream sewers are increased though there is no 1
from downstream sewers. It tells us that it is possible to reduce the
flooding problem by enlarging the sewers there, however, it should be ce
to aviod deterirotating flooding situation of downstream sewers.

Four different flood mitigation measures were examined in the BWZ case
Reducing the percentage of catchment imperviousness is the most effecti
In addition, increasing the soil infiltration is sensitive for light rainfall,
example, rainfall of 1 in 2 years. In addition, two other mitigation meas
enlarging the sewer size and designing an off-line stormwater storage tan
tested. The simulation indicated that increasing the sewer size to 1.0m o
Street could reduce the flooding situation for rainfall of 1 in 2 years. |
solution of replacing BWZN sewer from manhole B36 to B37 (B39) can pi
BWZN sewer from flooding of 1 in 2 years’ rainfall. An off-line stormwe
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storage tank was examined to protect the main sewers from flooding of :
years; meanwhile the stored floodwater can also be provide for other purp

Overall, the combination of non-structural and structural flood mitig:
measures is the best solution for flood control. Thus, a sustainable solu
living with flooding could be achieved.
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Chapter 7

Main Results, Conclusions and Suggestions for Future
Research

One has definitely got a lot of results from a period of research. Some me
out as seeds; others perhaps just as sermon.
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7. MAIN RESULTS, CONCLUSIONS AND SUGGESTIONS
FOR FUTURE RESEARCH

7.1 Main Results and Conclusions

The risk of urban flooding increases during the progress of urbanization. |
cause severe consequences as they happen. This thesis set aims to
potential flood hazards and to analyze how floods happen, further on, to d
models and procedures to calculate the propagation of the flow in sewers
the surface. Advanced GIS technology was applied into the model develc
and flooding simulation. The final procedure of this study was to tes
effectiveness of flood mitigation measures for giving recommendations to
or compensate the flooding problems in urban catchments, or to

development plan of rebuilding the old areas or developing new area
research in this thesis achieved the following main results and lead

subsequent conclusions:

1. A total of 68 potential hazards were identified in Chapter three. 7
hazards range from natural hazards, technical defects to man made n
and errors. These potential threats lead to urban floods having haj
frequently and cause large amount of damage. In particular, they caus
inconvenience to municipality activities and residents’ daily life. There
attention should be paid to urban flooding in addition to large river flooc

2. The GIS-based analysis in Chapter four produced the following results

2.1Watersheds and surface stream networks are two important pr
delineated from the DEM, which were illustrated in the Trondheim
study.

2.21t is possible to produce proper sizes of watersheds and suitable le
stream networks applying GIS hydrological model to meet the nee
applications.

2.3The resolution of the grid DEM should be specified according tc
needs of applications. A small grid size gives a more acc
representation of uneven terrain but generates a large amol
redundant data for representing uniform terrain in the same study
and vice versa.

2.4The influence of buildings, which consist of part of “elevation conto
or “elevation points”, on the delineation of watersheds and sL
streams should be considered when people check the flow situati
small streams, branch or lateral sewers which connect to buil
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Otherwise, it can be omitted when one is only interested in the
sewers and runoff from large subcatchments.

2.5GIS also provides an ideal tool to analyze other digital data. T

sewer data in the Fredlybekken of Trondheim case study as an ex
they were checked carefully using GIS. The errors in the sewer da
and defects in the existing sewers were identified.

2.6 GIS-based preliminary flooding analyses delineated the flood risk .

for the Trondheim case study in Norway and the Jingdezhen case
in China, which are valuable for making floodplain development
and for further intensive flood simulation.

Concisely, GIS build a bridge between digital data and wide rang
applications.

3. Two flood models, the “basin” model and the dual drainage model,
developed in Chapter five on the basis of the MOUSE program:

3.1 The MOUSE model consists of submodels of rainfall-runoff, pipe

and a virtual surface flooding tank to deal with flooding problem wh
occurs during simulation. It is designed to control the water balar
flooding manhole(s), but it cannot simulate flow on the surface. A vi
tank up to 10004 surrounding the flooded manhole will
automatically activated as flooding occurs. However, such a tank n
represents the flood area nor the flood routes in reality, so
improvement needs to be made.

3.2 The “basin” model consists of submodels of rainfall-runoff, pipe flon

the routine of basin. A “basin” treats manhole and surface flooding
as one. The surface flood area is extracted from DEM. The floodwe
a basin is the water from the ground level of a manhole to the h
water level in the basin. The advantages of the “basin” model &
simple structure and comparatively reliable representation of flc
areas on the surface. However, a “basin” merely performs as a ¢
tank, no hydraulic routine to simulate surface flow between neighb
basins.

3.3 Further on, the dual drainage flood model was developed in Chapt

URN:NBN:no-3477

combining several structures in the MOUSE program. It consis
rainfall-runoff model, pipe flow model and surface channel flow mc
In addition, fictive weirs were added to each manhole to transfer
between sewers and surface channels, and fictive manholes were
at the location of each manhole but stands on the surface to trans
flow between neighboring surface channels. Therefore, the dual dr:
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model is able to simulate flow in underground sewers and on si
channels, and to calculate the flow exchange between these two
From the point of view of modeling structures, the dual drainage mc
regarded as being the most advanced one.

4. The flooding capacities of existing sewer systems in two case studie:
checked by three models: the MOUSE model, the “basin” model ar
dual drainage model. The flooding simulation in the Trondh
Fredlybekken catchment in Norway was carried out using the co
rainfall intensities with recurrence intervals of 1 in 10 years, 1 in 20
and 1 in 50 years respectively. The flooding simulation of Beijing-E
catchment in China was carried out using available synthetic design r
of recurrence intervals of 1 in 2 years, 1 in 10years and 1 in 20 year
simulation results indicate that the present sewer capacities in these tv
studies are less than the design capacities. Therefore, flood miti
measures should be considered.

5. Both non-structural and structural flood mitigation measures were exa
in Chapter six applying the same case studies as flood simulations:

5.1 The effectiveness of reducing catchment imperviousness was prc
be an effective mitigation measure to reduce the risk of floodin
reducing the value of runoff from its generation, i.e. at the source
percentage of impervious areas of a catchment should be kept L
certain level, for example 30% in Trondheim. The current catch
imperviousness in the BWZ catchment was very critical. The test r
could give recommendation to the city planners when they restore t
urban areas and making development plan for new areas.

5.2 Increasing the rate of soil infiltration can be achieved by constrt
infiltrated paved areas. The changing of soil infiltration of 0.01 and
were tested in Beijing-BWZ catchment. It was proved to be sensiti\
light rainfall, for example rainfall of 1 in 2 years.

5.3 The capacities of sewers with high risk of flooding in Trondh
Fredlybekken catchment were increased by adding extra sewers il
existing sewer system. The flood water levels of these sewers
reduced, however, the water levels of downstream sewers were inc
but no flooding occurs from these sewers. This is because the
capacities of downstream sewers are very large in the Fredlybekkel
study also told us that one should be cautious increasing the sewer
avoid deteriorating flooding situation of downstream sewers.
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5.4 An off-line stormwater storage tank was tested in Beijing-E
catchment. It was designed by water level control to protect main s
at CGZ road from surface flooding. The stored stormwater ca
pumped back to the sewer system after flooding ceases, or it ¢
provided for other uses.

5.5 Comparing with on-line pipes added in the Trondheim case stuc
advantage of the off-line stormwater storage tank is able to redu
risk of flooding without increasing the flooding of sewers downstrear

6. It cannot be over emphasized that appropriate management and st
supervision are always essential to reduce the risk of flooding
operational obstacles in all stages of drainage system developme
operation.

Overall, the research in this thesis concludes that the combination of str
and non-structural flood mitigation measures is regarded as the best solu
flood control, or in other words, urban development, land use and flood ¢
should be considered as one.

7.2 Suggestions for the Future Research

The research presented in this thesis primarily focuses on the subject me
finding out the risk of urban flooding, the use of GIS in flooding simula
flood model development, flooding simulation and mitigation. However,
years period is limited, and consequently the results are not yet p
Improvement ought to be made in future.

The suggestions for future research are divided into two main part
improvements toward the studies in this thesis and the ideas not being ir
in this thesis but optimistic for the development of the studied subjects.

1. Regarding studies carried out in this thesis, the following
improvements are suggested for future research:

1.1 Floods may be caused by joint events. To decide about the freque
flooding of joint events is, however, very complicated. The study ii
thesis proceeds simply by considering few events with known frequ
It should go forward to embrace more flooding scenarios. Mean\
the present frequencies should be corrected when the observe
series are longer.

1.2 GIS builds a bridge between digital data and hydrological as w
hydraulic analysis, which makes it possible for hydrologists
hydraulics to use the digital data in many ways. However,
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requirements for digital data and their characteristics vary with mc
or programs, which lead to large amount of time in transforming
from one format to another, or adding the characteristics that
need. It cannot be over emphasized that the better understanding
application, the better database will be produced. Further or
collaboration of data producer and program developer or ust
encouraged.

1.3 Moreover, GIS-based hydrological analysis should proceed to cc
the vertical characteristics of soil, if available.

1.4 The dual drainage flood model developed in Chapter five shot
carefully checked together with MOUSE developers of [
Particularly, the connecting and disconnecting of the MOUSE sL
flooding tank and the weir options.

1.5 The flood simulation for the Fredlybekken catchment in the Tronc
case study should be corrected when the measured invert le\
manholes are available. Likewise, the flood simulation should go ft
to catchment level 111, i.e. smaller catchment, in order to know the
of flooding of lateral sewers. Moreover, winter flooding situation sh
be studied as well in the Trondheim case.

1.6 For flooding mitigation in the Trondheim-Fredlybekken catchn
adding extra sewers to the existing sewer system to increas
capacities of transporting stormwater is a common measure tal
practice. The sizes of these sewers should be further checked care
ensure that the flooding situation of sewers downstream doe
deteriorate.

2. In addition to the improvements suggested to the research presented in
this thesis, the following ideas might be integrated into future research as
well:

2.1 The dynamic characteristics of flood hazards should be cons
because natural events, technical properties of physical systen
human behavior all vary with time. Thus, it is incomplete to neglec
impacts of time effect.

2.2 In addition, the time in GIS digital data are important as well. A d
database is generally built assuming static geographical feature co
at a certain time. It is a known fact, however, that geographic fei
evolve through time. Many of them change as a result of ni
processes; but in other cases, they change as a result of
intervention. Land cover, surface terrain, stream networks are exe
that may change over time, and that may have significant impas
urban hydrology and flooding analysis. However, the developed
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and methods merely take the spatial variation of characteristic:
consideration, further research should also analyze the risk of
flooding over time.

2.3 Design flooding frequencies for major and minor drainage systems
between in cities and countries. The protection standards of rive
generally higher than sewers. Higher standard, such as flo
frequency of 1 in 100 years, has been applied to protect cities fron
flooding, but less than 1 in 10 years for sewers. Obviously, there e
gap between these two standards. According to river prote
standards, cities should be safe when rainfall does not exceed the
limit. However, the city will be flooded because of limitation of se
capacities. Then the question is: how do we cope with such a pr
that standards do not match in minor and major drainage systems
same areas?

Sustainable urban water management is a concerned topic of reseal
management. Flood control is one of the branches. Improvements of the ¢
models and problems have to continue and challenges of the new tasl
during the development and over time...
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SUMMARY

In spite of the great efforts made in flood control and protection, we still w
severe flood disasters: less common but large river flooding and more fr
small urban floods, which disturb cities’ activities and citizens’ lives in se
ways besides the economic damage. As such, the basic questions w
forward to:

— Where do the hazards of urban flooding come from and how do 1
happen?

- Do we have adequate methods and models to analyze the mechal
floods in the present dynamic society?

— Do we have effective measures to alleviate the flood problems as soor
know the risk?

This thesis answered the above questions in a stepwise manner thro
following chapters:

Chapter one described flood-related problems: the global damage, the
and the increasing risk. It illustrates the objectives of flood management,
emphasis was given to urban flood control. Himas of the present study a
the organization of the thesis were introduced in this chapter as well.

Chapter two was literature review. It introduced the basic concepts of flo
described the mechanism and characteristics of urban flooding and the <
the-art of urban drainage systems (Appendix B and C). The research prog
risk analysis, urban flooding model development, GIS in flooding analysis
overviewed. As a result, the needs for further development were obtainec
last part of this chapter.

Chapter three was one of the core parts of this thesis. It sought answer
following questions Why do floods happenPlow do they happenPlow often
do they happenWhat are the potential consequencék®v do we alleviate th
flooding problems and mitigate the potential consequences? A total

potential flood hazards were identified. Among them, root causes
contributing factors were distinguished by the fault tree method and pr¢
flooding scenarios were discovered by event tree analysis. In additio
theory and formulae of probability and statistics were introduced to es
flooding frequency. Flooding consequences, risk evaluation and mitigatior
discussed as well. On these bases, a case study of estimating flooding fre
was carried in the Trondheim, Norway.

Experiences told us that large river flooding is a tragedy. Sewer flooding
catastrophic compared to large river flooding. However, it happens
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frequently and affects the cities’ activities and citizens’ lives in many asg
Therefore, it was concluded that management attentions should be p
flooding from sewer systems in addition to large river flooding, and men sl
also pay attention to the interaction of sewers, rivers and the sea, if ¢
situation exists.

Information is definitely indispensable for scientific analyses. Geograp
Information System (GIS) is a one of the most powerful tools to col
produce, store, analyze and process digital data. Chapter four is GIS
analysis. It introduced the basic concepts of GIS. Focus was given to [
Elevation Model (DEM) and its applications in hydrological analysis. ~
important hydrological elements, watersheds and stream networks on s
were delineated. The resolution of grid, the size of watersheds and the le
stream networks, the influence of structures on surface were si
individually. In addition, a GIS-based method of preliminary flooding anal
was introduced in combination with two case studies. Moreover, the sewe
were analyzed on the template of GIS, where the errors in the databa
defects of existing sewers were identified.

The analysis in Chapter four provided basic products for flooding simulati
Chapter five.

Chapter five focused on flood model development of urban drainage sy:
Where, two flood models, the “basin” model and the dual drainage model,
developed on the basis of the MOUSE program.

The MOUSE model consists of submodels of rainfall-runoff, pipe flow al
virtual surface flooding facility to deal with flooding problem when it occ
during simulation. It is designed to control the water balance at floc
manhole(s), but it cannot simulate flow on the surface. A virtual tank
1000A, surrounding the flooded manhole will be automatically activate:
flooding occurs. However, such a tank neither represents the flood area 1
flood routes in reality, so that improvement needs to be made.

On the basis of the MOUSE program, a “basin” model was devel
Compared to the MOUSE surface flooding tank, the “basin” model include
volumes of surface flooding areas extracted from DEM, which represent
the surface flood areas and flood volume than the fictitious flood tank i
MOUSE. The dual drainage model was further developed to simulate the fi
underground sewers and on surface channels, and to describe the
interaction of these two layers. From the point of modeling structure, the
drainage flood model was regarded the most advanced one. All these
models, the MOUSE model, the “basin” model and the dual drainage
model were examined through two case studies; and then applied to flc
simulation to check the flow capacities of existing sewers in two case studi
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Chapter six went forward to flooding mitigation. Several mitigation mea
were examined through the two case studies. The effectiveness of chang
percentage of catchment imperviousness and increasing the rate
infiltration were tested. The effect of catchment imperviousness was pro
be very sensitive. The impact of increasing soil infiltration is effective for
rainfall. These two flood mitigation measures were proved being effect
reduce the risk of flooding by reducing the value of runoff at the sources.
are valuable recommendations for flood control while making plan to restc
old urban areas and developing new areas. In addition, structural
mitigation measures, increasing sewer size and constructing off-line <
tank, were examined as well. The simulation in the Trondheim-Fredlyb
case study indicated that increasing on-line sewer capacities could red
risk of flooding of connecting sewers. However, the sizes of larger sewer.
to be designed carefully to avoid shifting flooding to downstream. U
adding the on-line sewers, the off-line stormwater storage tank design
Beijing-BWZ case study can reduce the flooding of connecting sewers w
deteriorating the flooding problem of sewers downstream. In addition, the
stormwater can be provided for other purpose.

Chapter seven summarized the main results and conclusions attained fr
study and suggestions were given for future research.
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Appendix A Global Flooding Album

Several flooding scenarios from different regions in the world are collecte
presented in this appendix.

Figure A.1 Flooding in Dhaka, Bangladesh, 19&&alken and Mark, 1999)

"Flood in Bangladesh is a part of the normal cycle of the seasons. Depenc
its nature, magnitude and duration, flood is considered both as an asset
a hazard:

0 Rafiqual and Rumi (2002)
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(a) The Mississippi River lapped at the City of Keokuk on July 7, 19!
(Photo by Robert Buchmiller, USGS

(b) A flood-ravaged roadPiotot by Brian Glenistgr
Figure A.2 Flooding in Mississippi river, 1993 (Mississippi, 1993)

"In the wake of the great flood, unprecedented numbers of people retreated
the banks of the Mississippi, deeply shaken by the river's fury and power.
the vast majority of riverbank dwellers have chosen to stay, keeping alive n
of the issues raised in the film

[0 Lessons from Mississippi flooding
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Sllbreéf cavifen B

1. APRIL 1997

Mﬂhonskader etter flom

Rundt 100 hus
fikk vannskader
i Trondheim

Det er helt
hadde trodd de
miat i Trondhe
rik Carstens

Side 16 og 17

(a). Flooding in Trondheim, Norway, 1997
Adresseavisen, 01/04/19p7

(b). Flooding in Oslo, Norway, 20023\ftenposten, 12/04/2003

"In Norway, rain, often in combination with snow melt, is the chief caus¢
floods

[7 Living With Floods (NVE, 2000
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(c). Flooding in River Glomma at Lauta, Norway, 1995
Phdto by Hallvard Berg)

(d). Flooding in River Leira at Frogner, Norway, 2000
Photd by Hallvard Berg
Figure A.3 Flooding in Norway

"Living with floods is a summary of the key results of Norwegian res
programme, HYDRA- on Floods"

O NVE (Hydra, 2000
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[CLOHA d6)

Figure A.4 Flooding in Britain, 2000 (http://www.flooding in britian_2000)
Floods threaten the ancient city:

"Rising flood waters which caused thousands of people to be evacuated from the
ancient city of York in northern."

"More than 140 flood warnings are in force in England and Wales."
"The main problem now is that the ground is saturated with water so any

amount of rain -- even a small fall -- will complicate the situation even more."

O CNN News (04/11/ 2000)
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The electric bus out of trac

(a). Flooded residential areas in Guangxi  (b). Flooded tram in Chongging

|p|m

N

N\,

(e).Flooding i Xinjiang (f). Flooding in Fupand
Figure A.5 Flooding in China, 200N eb news/2002)

In June 2002, many cities in China were flooded due to the incessant
rainfall. Governments and publicans concern on the capacity of dra
systems. 0 Beijing Daily (2002)
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Figure A.6 Flooding in Europe, August 2002
(http://www.news.bbc.co.uk/2/hi/europe/2193167)stm

"Around 100 people are thought to have died in severe flooding in cer
Europe. Several hundred thousand people have been moved into emer
accommodation while they wait for the waters to subside. Troops and civil
have joined forces in a massive sandbagging operation along the Danube

other rivers." O Europe flood chaos (2002)
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Appendix B Components of Urban Stormwater Drainage Systems

TableB.1 Components of urban stormwater drainage systems (Walsh, 1989)

Catchment and
subcatchment

imperviousness from impervious
surface; b. Permit interception and
infiltration and provide for surface
runoff after self-saturated from
pervious surface.

Components Functions Comments
a. Contribute to surface runoff aftena
reduction due to the imperfect Paved open

surface, roof tops
and associated
surface with
vegetable cover

Swale and open
channel

Receive and transmit surface runof
to subsurface storm sewer systemg

Swale and open
f channels may be

.natural, constructed

or a combination.

Culvert

Provide for the passage of storm
water flowing beneath highways,
streets and private drives and
driveways.

Roadway with
roadside ditch or
curb and gutter

a. Provide, during minor runoff
events, for the collection of surface
runoff and its conveyance and then
transmit surface runoff to subsurfag
storm sewer systems.

b. Provide, during the major runoff
events, for transport or temporary
storage of storm water and
conveyance to minimize the
inundation problems.

e

Provide, primarily during minor
runoff events, for storm water

Permit access to the storm sewers
inspection, maintenance, repair an
system expansion.

Inlet transition between the surface and
subsurface components.
a. Provide for the intersection of
storm sewers having different grade,
elevation, direction, or size; b.
Manhole

for

Storm sewer

Provide, during minor runoff eventg
for the collection and conveyance ¢
storm water and provide for

temporary storage during the majo

=

runoff events.
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Detention facilities

a. Provide, in a normally dry area o
enclosure, for the temporary storag
of storm water for subsequent slow
release to downstream channels of
storm sewers; b. provide for the
settling of sedimentation and other
suspended materials in storm wate
thus reducing the load of potential
pollutants on receiving water.

=

€A detention facility
is normally dry, or
contains very little
water and designeq
to fill only during

Ir
runoff events.

Retention facility

Provide, in a reservoir or natural la
that normally contains a substantia
volume at a predetermined
conservation pool level, for the
temporary storage of additional
storm water for subsequent slow
release to downstream channels of
storm sewers; b. provide for the
settling of sedimentation and other
suspended materials in storm wate
thus reducing the load of potential
pollutants on receiving water.

e

The volume of
water contained
normally in a
retention storage
facility serves
recreational and

! aesthetic functions

Detention/
Sedimentation basir]

Trap suspended solids, suspended
and buoyant debris and absorb the|
potential pollutants, which are varie

by storm water.
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Appendix C Collection of Design Standards for Drain and Sewers
Outside Buildings

* The standards are arranged in alphabetic order
Austrian standard
Design storm

Design flooding

frequency Location frequenc
(1 in n years) q y
lin 1years General areas of the city No
1in 5 years City center Rainfall of 1 in 5 years is

checked in one city.

Chinese standard
Design storm

Design flooding

frequency Location frequenc
(1in n years) q y
3inl-2in1 Residential areas and roads
o |2inl-1in1 Dangerous areas
= R X X 4 No design flooding
S linl-1in2 City center and main roads frequency is suggested
@1 1in2-1in3 Cross section of main roads
1in3-1in10 | Important areas
£ .~2in1-1in1 General city areas No design flooding
0 <|1in1-1in5 | Industrial area frequency is suggested
2(1linl-1in2 Small area (A<30ha)
S 1in5 Residential area No design flooding
5 (A=30~50ha) frequency is suggested
ey
O [1in5-1in10 Large or important area

European Standard (EN 752-4)

Design storm Design flooding
frequency Location frequency
(1 in n years) (1 in n years)
linl Rural areas 1in10
lin2 Residential areas 1in 20

City centers/
Industrial /lcommercial

areas 1in 30
lin2 -with flooding check
1lin5 -without flooding check
1in 10 Underground 1in 50

railway/underpasses
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Germany standard (ATV-A 118)

Design storm

Design surcharge

frequency Location frequency
(1in n years) (1in n years)
linl Rural areas lin2
linl-1in2 Residential areas 1lin3
City centers,
Industrial /commercial
areas <lin5
1in2 -With flooding check
1lin5 -Without flooding check
1lin5-1in20 Underground <1in10

railway/underpasses

Japanese standard

Design storm
frequency
(1 in n years)

Location

Design flooding
frequency
(1 in n years)

1in5-1in10

Urban areas

No design flooding
frequency.

New pipes or runoff
control facilities such as
infiltration facilities and
storage ponds are
constructed for flooding.

Dutch standard

Design storm

(I/s. ha.) Location Flooding Checking

60 Flat area 0.2m free board between
maximum water level in
90 Inclined area manhole and ground levg
110 Flooding
Norwegian standard
Design storm
frequency Location Design flooding standart

(1 in n years)

1in 10-1in 15

Urban areas

No acceptable flooding
frequency, the problems
are fixed locally.
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Thailand standard

Design storm

frequency Location

Design flooding

(1in n years) frequency
1in2 For secondary/lateral No
sewers
lin5 For primary/mail sewers No

The United Kingdom (UK) standard

Design . .
> surcharge _ Design flooding
[} Location frequency
S g | frequency (1in n years)
2§ | _(Linnyears)
E» ‘Q linl Average slope of site > 1%
@ v lin2 Average slope of site % 1i
a - in 30
. Sites where consequences
1in5 .
of flooding are severe
Flooding checking frequency
(@] .
= - (1 in n years)
Z Location Tri
2 rigger for early Target for New design
o g rehabilitation updating
29 Inside
§ ” occupied 2in 10 1in 30 1in 50
s premises
Streets 2in1 1in 20 1lin25
The United States (USA) and Canada standar(ASCE, 1992)
. Design
Design storm return :
Land use . flooding
period (Frequency) frequency
Minor Drainage Systems:
* Residential 2-5 years
» High value general commercial areja 2-10years No available
« Airports (terminals, roads, aprons) 2-10years
 High value downtown business areas 5-10years

** Acknowledgement to the people who provided with sewer design stan

and relevant information in their countries. They are:

Nick Orman from United Kingdom (UK) (2003);

Mitsuyoshi Zaizen from Japan (2003);

Nittaya Wangwongwiroj from Thailand (2003).
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Appendix D Description of Digital Data of Trondheim Case Study

D.1 Introduction of SOSI Data Format

At the national level, SOSI format is the first and most concrete res
standardisation work under the auspices of the Department of Environ
Protection of Norway. The digital data of Trondheim case study are produ
SOSI format.

The formal core of the SOSI-format is not basically limited to geogr:
information, and certainly not only to coordinate data. It is a very general f
which may be used in many contexts, e.g. to represent economic and :
information as readily as geographic information. This basis must be so
for geographic information is itself a very broad concept, encompassini
administrative and personal data in the Norwegian registry of real estate, i
and buildings, as well as coordinate data for topographic maps, The
attributes including in the concept geographic information is anything but <
Every database may be considered as consisting of two basic parts:

— The data, or the information, which lies in the database or file structure

— An underlying data model or data structure to which the inform
adheres;

The standard consists of three parts:
— Basic syntax;
— Standard elements and guidelines for practical use;

— Object catalogue including data models together with thematic and at
codes.

D.2 Structure of SOSI File
SOSiI file consists of following components:

— HEADER Identifies information about the whole file;

— DEFINITION LIST specifies the characteristics included in the data g
take a group of people: name, address (consisting of township numbel
ID code, house number and postal code) for example:

— DATA include names, values and attributes;
— END ends the data-file.

D.3 Data Group and Code System in SOSI Data Files
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Taking the data groups used in the Trondheim case as example, tt
introduces several data groups and the code systems in SOSI format (Tal
Where, the Norwegian terminology and corresponding English translatic

included.

Table D.1 Sample of code systems of SOSI data

Data group | Codes Norwegian terms English terms
2001 Hgydekurve Elevation contour
2003 Forsenkningskurve Countersink contour

T h 2101 Terrainpunkt Terrain point

opograp 2102 Haydepunkt/kolle Fr:gvrﬁit;lo n points/ Top of
2200 Terrainlinje Terrain lines
3001 kystkontur Coast contour
3009 kystterskel Coast boundary
3099 Fiktivt-havdel Fictive ocean division
3101 Innsjg-kontour Lake contour
3109 Innsjg-terskel Lake boundary
3201 Kant elv/bekk Edge of river/creak
3203 Kant kanal/graft Edge of channel/ditch
3209 Elv-terskel River boundary
River 3211 Midt elv/bekk Central line of river/creak
3213 Smagroft midt (<1m)| Central line of small ditc
4051 ggdkj.grensemerke Unknown border mark
4053 Kors Cross
4054 Ror Control surface/point
4055 Grensestein/roys Border stone
6701 Fyr Light house
6702 lykt Ground plant
Building | 5001 Takkant Roof edge

5002 Veggliv Brick wall
5003 Bygningsdel Building division
5005 Bygard Flat
5041 Overbygg Super structure
5061 Veranda Stairs
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5081 Taksprang Roof crowd
5820 Mgnelinje Roof
7002 Vegkant Edge of road
7003 Midt veg Central line of road
Road 7007 Annet vegareal Other road area
7013 Midtdeler/trafikkoy Central part/traffic pier
7021 Kjarefeltavgreanseing Border of driving area
7041 Sentralinje gangbru Central line of path brid
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Appendix E Different Elevation Systems versus Water Level at
Trondheim Fjord
Different elevation systems versus water level at Trondheim fjord are illus

in the Fig. E.1. This sketch is made by the Department of Norwegian Ne
Map (Statenskartverk) and updated on 31.12.2002 (Torresen, 2003).
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TRONDHEIM

Nivaskisse med de viktigste tidevannsnivdene samt observerte ekstren

450 —
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419 cm

346 cm

287 cm

254 cm

222 cm

171 cm
162 cm

102 cm

70 cm

37cm

-37 cm

Alle verdier er gitt i cm relativt til sjgkartnull.

Hgyeste observerte vannstand (1971)

Hagyeste astronomiske tidevann (HAT)

Middel spring hgyvann (MHWS)

Middel hgyvann (MHW)

Middel nipp hgyvann (MHWN)

NN 1954
MIDDELVANN (MSL)

Middel nipp lavvann (MLWN)

Middel lavvann (MLW)

Middel spring lavvann (MLWS)

Laveste astronomiske tidevann (LAT)
Referanseniva for dybder i sjgkart (Chart Datum)

Laveste observerte vannstand (1980)
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Appendix F Watershed and Surface Stream Networks Derived from
DEM for the Norwegian-Trondheim Case study
Different solutions of watersheds, surface stream networks derived from

DEMSs, as well as the influence of buildings on the delineation are displa
this appendix.

(1:20,000) (1:2,000)

(c). Watersheds (Min_100 cellsjd). Watersheds (Min_1 cell)
Figure F.1 Watersheds delineated from GRID DEM (cell size: 20m*20m)
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(1:20,000) (1:20,000)

(a). Watersheds (Min_10,000 cellg)b). Watersheds (Min_1,000 cells

\ (1:5,000)

(c). Watersheds (Min_100 cells)
Figure F.2 Watersheds delineated from GRID DEM (cell size: 1m*1nr
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Fig. F.3 Surface stream networks delineated from GRID DEM
(Cell size: 20m*20m)

_ 5/ Rivers

Stream networks (10,000cells)

S . Vi
- ,/ AN/ Stream networks (1.000cells)
| 5 Stream networks (100 cells)
-

A

¥ {1:100,000)

Fig. F. 4 Natural Rivers and delineated streams from GRID DEM
(Cell size: 20m*20m)

179

URN:NBN:no-3477



7 mm Sweam netwarks{10,000cells) shp
& Sueam networks{1000cells).shp
Stream networks (1cells).shp

A

{1:100,000)

(a). Surface stream networks at different levels
(Cell size: 20m*20m)

!
/\&anmgnmmnmmu].shp
¥ & S Mstreamgridim_10000 cells.shp
! Streamgridim(1000ce/ls).shp

\,_\__ [ cathment boundary
- (1: 20,000)

5

(b). Surface stream networks with different levels
(Cell size: 1m*1m)
Figure F.5 Surface stream networks delineated from GRID DEM
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(a). Major streams delineated from GRID DEM without (blue) & with (gre
considering buildings on surface (Min_5,000 grids)

(1:2,000)

(b). Minor streams delineated from GRID DEM without (blue) & with (gre
considering buildings on surface (Min_100 cells)

Figure F.6 Influence of buildings on the delineation of stream networks
(Grid cell size: 20m*20m)
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Figure F.7 Influence of buildings on the delineation of surface streams ar
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Appendix G The Status of Sewer Systems in the Fredlybekke
Catchment

ez
e
RS

f

3, RV
BTN
25

Sanitary sewerns@2id)shp
S/ 1953 1871
A

N 1972 . 1977

/1978 - 1985
1966 - 1996
Storm sewersfl?d).shp

N 1950 - 1971
1872 . 1977
o/ 1978 . 1985

1986 . 1998

M Comb. sewarsEZ0Z)shp

1946 . 1960
A N 1961 . 1970
1971 . 1979

1980 . 1997
{120,000 [ Catchmant Boundary.shp

Sanitary sewers.shp
I A/125-160

ANS 301600
601 -900
sewers.shp

/100 - 180
161 - 250
281 . 450
451 - 800
801 - 1600

ombined sewers.shp

32 -160
181 - 315
316 - 526

%5@3 - 800

801 - 2050
{1:20,000) Catchment boundary.shp

Figure G.2 Dimension of sewers
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./ REB

 RGB

3D

S K
[_] catchment boundary.shp

\ Sanitary sewers.shp

E

Storm sewers.shp

o

Combined sewers.shp
K

=]
[ Catchment boundary.shp

Figure G. 4 Sewer owners
* (K: Public sewer; P: Private sewer)
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Table G.1Explanation of notation of sewer materials

Sewer Explanation
material Norwegian English

AKB (Avlgp) Betong kanal (Sewer) Concrete canal

BAE Betong amert falsrar, (Enkelt Concrete groove fold pipe (groove
amert) only)

BAM Betong amert falsrgr m/fot, NS 462  Concrete groove fold pipe with he

BAN Betong amert falsragr, NS3026 Concrete groove fold pipe

BFA Betong amert falsrar, BN Concrete groove fold pipe

BMN Betong muffergr, NS461 Concrete bell pipe (1890-1948)
Betong muffergr, tykkvegede . .

BMT NS3027 eller BN Concrete bell pipes, thick walled

BMU Betong mufferar, NKIF-norm Concrete bell pipes (1949-1965)

BUF Betong uamert falsrgr, NS3028/BN  Concrete ungrooved fold pipe

PEH Polyetylen med hgy densitet High density polyethylene sewer|

PVC Polyvinylklorid Plastic sewer (PVC)

REB Betong renov. med skjgt.injisert Concrete renovation with gel
akrylamidgel

RGB Betong renov. med Inpipe-strrz;mpeconc.rete renovation with inside

stocking

Stepejern, duktilt med innv. o . I

SJD Mgrtelforing og utv. Bitum. Sink eD;Zt:Lea:rOPOfégﬁovx'th internal and
og bitumen fra 1975-1978 P
Stepejern, duktilt. Ingen

SJK beskyttelse, elle evt. Utvendig Ductile iron pipe without protection
bitumen

Table G.2 Explanation of notation of sewer types

Explanation
Sewers
Norwegian English
AF Fellesavigp Combined sewers
KF Felleskanal Combined Cannel
oL Overlgpsledning Overflow pipes
ov Overvannsledning Stormwater pipes
PS Pumpestasjon Pumping station
SP Spillvann avlgp Wastewater sanitary sewers
ST Trykkeavlgpsledning Pressurised sewers

URN:NBN:no-3477
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98T

Table G.3Checklist of suspected errors/deficiencies of existing sewers and their veri messages or comme

Street Tysgv\?grtshe Suspected error massages (SID) f:\é]%'rg; Confirmations/Col
. Separate sewers:|1. Missing SPsewergrom node 25595 to nodg . Having been fixed ir
Othiliensborgveger Fig. G.5 (a
9vedelsp, ov 24761; fromnode 25319 to 25550. 9- 6.5 (@ lsewer database
. . These three sewers
2. Suspected errors / hydraulic bottleneck 24333Fig. G.5 (b
Arme Fiellbusveq [SEParate sewers: P y g () changed to 400mm.
! 9 Isp, ov - :
3. Suspected errors at Ole Nordgaardsvei sewgrgig. G.5 (c) rerﬁg\?endnferg:;]?h%j;:
. Separate sewers:4. Complicated sewers connections from node| _.
E.B.Schieldropsv. SP. OV 196209 to node 496220. Fig. G.5 (d) |Water storage tanks
Blaklihggda glejpz?)ri\te SEWeT |5 suspected bottleneck at Blaklihggda sewers. Fig. G.5 (e) [Not clear ye
Utleirveaen Mixed sewers: ARS. Suspected errors from node 24969 to node Fig. G.5 (f) No error in sewer dz
9 SP, OV 24960 9.5 Check the real sewe
Torsve Combined sewers?. Suspected Error/bottleneck on Torsveg SeWErs. . < ¢ ) Having been fixed ir
9 AF from node 24655-24653-24814. 9-%-219) lsewer database
Tempenvegen Combined sewers8. Suspected bottlenecks on sewers: 22955-21 9i4_£|">g G5 (h) Not really hydraulic

AF

22939-22935.

bottlenecks
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hd
23486

24761 a00

25255 2525 25263
_,,,._',::,400 o ::@-Q::.—:::'____

o5a51 ™ 25284

% 24385

24386

i . Manhole.shp

24397

(b). Suspected sewer hydraulic bottleneck at Arne Fjellbusveg s

24385 400 24378

STENTREVEGEN

o280

200 24199 e

200 * o Manhole.shp

(c). Suspected errors at Ole Nordgaardsvei sewers
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(d). Complicated sewers connection on E.B.Schieldropsv:
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i - gt ""-'.‘.E-me__GEH
. B0 g g
] o aam,
| p——_—
P
Ve e o
& L 5w %
2 AN
&£ & T
¢ 3|4
Sape
1, o SRR
(T o shp
g : R i -
e P N

(f). Suspected errors on Utleirvegen sewers
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(h). Suspected bottlenecks on Tempenvegen sewers
Fig. G.5 Sample of suspected errors or deficiencies of existing sewer syst

in the Trondheim-Fredlybekken case study
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Appendix H Results of Flooding Simulation of Tondheim-
Fredlybekken Case Study

H.1 IDF Curve

The Intensity-Duration-Frequency (IDF) curve of Trondheim-Fredlebekker
study and flooding simulation results for the sewers at level Il of Fredlybt
catchment are given in this appendix.

INTENSITY--DURATION--FREQUENCY CURVE
— T=50Y

300 — T=20Y
w
g 250 + T=10Y
S 200 \ sy
2 150 +
2 —T=2Y
£ 100
8 —T=1Y
.% 50 =

e ——— o
12 0 :::2=:=:::EE§§§§§§E§§=====F===== T=0. 5Y
0 50 100 150 ——T=0. 33Y
Duration(min)

Fig.H.1 Intensity-Duration-Frequency (IDF) curve of Fredlybekken catch
(Deng & Nie, 2001

H.2 Results of Flooding Simulation

The results of flooding simulation, flooding manhole and sewer pressu
constant rainfall of 1 in 10 years, 1 in 20 years and 1 in 50 years in 10, .
60 and 120 minutes are gathered in this appendix. In the following maps,
figures represent the flooding manholes and corresponding floodwater
while the right figures display the pressure of the sewers in meter.

PRESSURE - Maximum_Tu10y10m prf

ooooo e B B I L L
L L |
uuuuu
| | | | | | | | | |
nnnnn i ity Bt e e il et Bl Foggie|
PR Y S
| | | | | | | 5 | |
e e e R - e i B
00000 s N [ |
| | | | A | | | |
oo miliy Hlls Ml M) St i St ettt i Bt
JJJJJJ Bod — — 4 — — e L b e e - o — - —
) T | | adod | | | | |
I 1 1 [ i | | | | i
uuuuu F— 4 ——+— -+ — - —— k- —————l——d——
| | | ! | | | | | |
7777777777777777777777777777777777
| | | | | | | | | |
00 2000 00 G000 o0 10000 500 MO00 | IB00 34000 herre e mie s b e b e e e e e e

o
m a0 1200

Fig.H.2 (a). Flooding manhole (left) and sewer pressure (right) of rainfall o
10 years in 10 minutes
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m FLOOD - Maximum_Tu10y30m prf m PRESSURE - Maximum Tu10y30m pri
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Fig.H.2. (b). Flooding manhole (left) and sewer pressure (right) of rainfall
1in 10 years in 30 minutes

PRESSURE - Maximum_Tu10y45m prt

FLOOD - Maximum _Tu10y453.prf
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Fig.H.2. (c). Flooding manhole m(left) and sewer pressure (right) of rainfa
1in 10 years in 45 minutes

el FLOOD - Maximum _Tu10y603 prt m PRESSURE - Maximum_Tu10y60m prt
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Fig.H.2. (d). Flooding manholem(left) and sewer pressure (right) of rainfa
1in 10 years in 60 minutes

[m FLOOD - Maximum_Tu101203 prf m PRESSURE - Maxdmum_Tu10y120.prf
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m I

Fig.H.2. (e). Flooding manhole (left) and sewer pressure (right) of rainfe;II
1in 10 years in 120 minutes
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tnl FLOOD - Maximum_Tu20y10m prf l PRESSURE - Maximum_Tu20y10m prf
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Fig.H.3 (a). Flooding manhole (left) and sewer pressure (right) of rainfall
1in 20 years in 10 minutes
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Fig.H.3 (b). Flooding manhole (left) and sewer pressure (right) of rainfall
1in 20 years in 30 minutes
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Fig. H.3 (c). Flooding manhole (left) and sewer pressure (right) of rainféll
1in 20 years in 45 minutes
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Fig.H.3 (d). Flooding manhole (left) and sewer pressure (right) of rainfall of
1in 20 years in 60 minutes
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Fig. H.3 (e). Flooding manhole (left) and sewer pressure (right) of rainfgll
1in 20 years in 120 minutes
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Fig. H.4 (c). Flooding manhole (left) and sewer pressure (right) of rainfall «
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Appendix | Description of Digital Data of Beijing-BWZ Case Study

The digital data of BWZ case study is provided by the Institute of Surveyin
Mapping of Beijing, China. It is produced in Arc/info format in the scal
1:2000. The data themes applied in this case study are described in the fc

table I.1.

Table 1.1 Description of digital data of BWZ case study

URN:NBN:no-3477

Data themes Spatial objects Spatial objects
1 BID Buildings Polyline
2 TRENET Central line of road Polyline
3 ROADP Road area Polygon
4 ROAD Border of road Polyline
5 WALL Walls Polyline
6 CONTOUR Contour points Point
7 VEGLP Vegetation Point, Polyline
8 ANNO Information Point
9 COVERALL Graphical notes Point, polyline
10 COVERZJ Point notes Point
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Appendix J Synthetic Design Storms and Flooding Simulation
Results of Beijing-BWZ Case Study

J.1 Synthetic Design Storms

The synthetic design storms applied for flooding simulation in Chapter fiv
flooding mitigation in Chapter six for Beijing-BWZ case study are displayt
the following Fig. J.1 (a), (b) and (c).

Synthetic Design Storm of 1 in 2 Years
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Figure J.1 Synthetic design storms of the BWZ case study
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J.2 Model Calibration of BWZN Case Study

Measured versus Simulated Discharge
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(b) Results of Model
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Figure J.2 Results of modelling calibration at node 22 of BWZN catchr
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Appendix K Governing Hydraulic Equations and Solution Schemes
of the MOUSE Pipe Flow

K.1 Saint Venant Equations

One dimensional Saint Venant equations are globally applied as gov
equation for describing free surface hydraulic behaviors, which is deriv
following assumptions (Sturm, 2001):

— The vertical acceleration is negligible so that the shallow v
approximation applies, which results in a hydrostatic vertical pre
distribution, and the water depth, y, is small compared to the wave leng

- The channel bottom slope is small, so thab9f=10 , and
sirB = tan@ =S, the channel bed slope, wheas the angle of the chanr

bed relative to the horizontal and the channel bed is stable, so that i
elevations do not change with time.

— The flow can be represented as one-dimensional with (a) a horizontal
surface across any cross section, such that the transverse velc
negligible and (b) an average boundary shear stress can be appliec
whole cross section.

— The frictional bed resistance is the same in unsteady flow as in stead
so that the manning or Chezy equation can be used to evaluate th
boundary shear stress.

With reference to the control water volume in Fig. K.1, the continuity equa
is expressed by:

0Q 9A
Eq. K-1 —<+— =
g x ot

Where, A is the cross-sectional area of flo@, the flow rate of any cross
section andy, the lateral inflow rate per unit length.

Similarly, the momentum equation is derived as:

0Q o9 ,Q* 0
Eq.K-2 —+—@—)+— A= -5 )+
q Frirw A) aX(gy gAS - S )+ q.v, cosp
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Where Q= AlV, the flow rate;S, =T%R, the friction slope;R= A/P, the

hydraulic radius and), the lateral inflow rate per unit length with velocity,,
and the anglap, of flow with respect to the x direction.

DT P

Fig. K.1 Control water volume of one dimensional Saint venant equatic
(Sturm, 2001)

Above equation (K.1) and (K.2) are applied to MOUSE pipe flow calcul.
with lateral infowq = O

K.2 The Implementation Algorithm of Saint Venant Equation in MOUSE

The two governing equations in MOUSE are solved by an implicit 1
difference method. The numerical scheme of Double sweep algorithm e
the preservation of the mass balance and the compatibility of energy le
the network nodes (DHI, 2000).

K.2.1 Computational Grid

The transformation of above two equations to implicit finite difference eqt
is performed by on a computational grids consisting of alternating Q, disc
and h, water level, points (Fig. K.2).

Manhole 1 Manhole 2 Manhole 3
p— L
H1 h a h =} [ & h Ha h & h Ha -
] - [ —— - JE—
] 5 & T B 'L 13
o S e

Fig. K.2 A sample of computation grids of sewer networks (DHI, 2000
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In each conduit, the Q and h points are equally spaced with digkanegual
to:

Eq. K-3 Ax=—
N-1

Where, | is the length of conduit.

The computational grids are automatically generated by the program witt
defined number of grid points.

K.2.2 Numerical schemes

The implemented numerical theme is a 6-points Abbott-scheme displa
following Fig. K.3.

T Timestep

_@Lj" ey "'-..]_r" f?éB_ n+1

N/

X&nmr.-ulnt M2 o
"
™™

Fig. K.3 Centered 6-points Abbott scheme (DHI, 2000)

As only Q has deviation with respect to x direction, the continuity equat
centered on an h-point (see Fig. K.4).

Fatr ']

Timestep

e+ 12 Fil |

"
" AG;}_..H kEJ' — r\’?}
—»Gridpoint

k1 ¥ 1

Fig. K.4 Continuity equation | Abbott scheme (DHI, 2000)
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Such that, the finite difference of continuity equation is transferred int
following format:

EQ- K-4 aj anll + 18]' hjn+l + yj QJn:11 = 51'

J

Where,q, B, y, 0 are intermediate parameters, which depend on Q and h &
step n+1

Unlike continuity equation, the momentum equation is centred on h-point:
K.5).

n+172 als

B O —
—mGridpoint

i1 i j+1

Fig. K.5 Momentum equation in Abbott scheme (DHI, 2000)
The finite difference format of momentum equation is expressed as below

Eq.K-5 o, W +B,Q™ +yhi =0

j
Where,a, B3, y, 0 are intermediate parameters, which depend on Q and h at

step n+1.
K.2.3 The “Double Sweep” Algorithm

Using, instead of Q and h, a general variable Z, the general format of
equation (K-4) and (K-5) can be changed to the format below:

Eq. K-6 a, Z;‘_*ll +pB, ZJT‘*l + V,-Z?:ll =0,

Where, the variable, Z, becomes Q at even grid points or h at odd grid poi

The general equations can be illustrated in a matrix format in Fig. K.6 belc

201

URN:NBN:no-3477



T, oy,
Hf W © B @ h @ h MWz wn @ h Hz h
n = L n
1 2 3 4 5 [ T 8 w1 13
o Sy o S

oo o Yo dp Energy E. Q.
o froy 5 Mom E Q.
w2 fiz 4 52 Cont. E. G.
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Fig. K.6 Breach matrix with coefficients derived from the node energy |
momentum and continuity equation (DHI, 2000)
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Appendix L Basic Structures in the MOUSE Program

The MOUSE structures and options that are relevant to flooding 1
development in Chapter five are described in this appendix.

L.1 MOUSE node

Manhole, a common node in the MOUSE program (Fig. L.1 (a)), is define
X- and Y- coordinate, the diameter of round manhole, the ground leve
inverted level of the manhole, the outlet shape and the critical level.

e round
i e

. ] 9l
X-coordinate LN

Y-coordinate

Ciameter [m]
Ground Level [mabs.] o
Invert Level [mahbs.] D

Crilical Level [mabs.
Cutlet Shape Invert
o e vel ()

MANHOLE DATA:

Fig. L.1 (a). Node defined in the MOUSE program (DHI, 2000)

“Basin’, another type of node defined in the MOUSE program, is illustrat
following Fig L.1 (b). Where, a “basin” is defined by X- and Y- coordinai
group of parameters consisting of (He, As, K) which specify the storag
volume of a basin at different time steps.

Fig. L.1 (b). Basin defined in the Mouse program (DHI, 2000)
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L.2 Weirs

As displayed in following Figure L.2, two different types of weirs are defin
the MOUSE program. Such that both free overflow and submerged owv
can be simulated by the weirs.

eir
in this node Q —

Welr Crest Weir Crest

Fig.L.2 Overflow Weir: free overflow (left) and submerged overflow (right
(DHI, 2000)

L.3 Fictitious slot

When the flow in sewers becomes pressurized during simulation, a
longitudinal slot is introduced in the crest of the pipe (Fig.L.3) to €
continually the Saint Venant equations.

Assuming the density of wat@r constant over the cross section, for a circ
pipe, the density of the water can be expressed approximately as:

Eq. (L-1) p=p, A+ %)

Where:

p,= the density of water for free surface flpheg/m”;

a = the speed of sound in wafer/g;
y = the water deptfm];
D = the pipe diametdm].

The width of slot is specified as:

Eq. (L-2) b, = g%

Where, A, is the cross section area without extra pressuepresents the
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speed of sound in water, and it is in the order of 0¥ for mostpipes.

B=Bgi = gAlla

B ﬂ-!u

Figure L.3 Fictitious slot in the MOUSE program (DHI, 2000)

L.4 Flow Resistance

L.4.1 Friction losses in free surface flow links

Head losses caused by the friction resistance in free surface flow lin
introduced as friction slope derived from the Manning’s equation below:

n"QQ

Eg. (L-3) |, =——

q ( ) f AZR%
Where,

n = roughness coefficient;
Q = pipe discharggm?s];
A = flow area][m?;

R =hydraulic radius[m], (R=A/P,whereP is the wetted parametg¢m]);

L.4.2 Head losses from nodes

L.4.2.1 Heal loss at node inlet

Assuming that the water levels in the inlet conduit and in the manhole, ol
node, are the same, such that the head loss of the flow entering and expa
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the nodes amounts to the difference of the velocity heads in the inlet co
and the node m:

VA Ve

29

Eq. (L-4) AH, =

L.4.2.2 Head losses at outlet from nodes

The outlet loss from manhole j is summed up by the loss due to individual
at the node, which is estimated by the formula below:

2

V&
Eq. (L-5) AHj=%ZW§é

Where,

¢ is the head loss coefficient at manhole j through individual link k. MO
distinguishes among the following situations:

* Flow resistance calculation of manhole consisting of 2 inlet links and 1
outlet link (Fig. L.4.1)

Pipe 1

Q. Vg, Aq
13 )

#: — O3 V3. A3 Fipe 3

Pipe 2

Figure L.4.1 Manhole consisting of 2 inlet links and 1 outlet link (DHI, 20C
* Flow resistance calculation of manhole consisting of 1 inlet link and 2 «
links (Fig. L.4.2)

Q2. V2. A2

Q1. Vq, Ay = Am S

Q3. V3. Ag

Figure L.4.2 Manhole consisting of 2 inlet links and 1 outlet link (DHI, 20C
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The head loss coefficient is calculated for each outlet link as follows:

2

Q 4

Eq (L-G) Zdir(j) :sz w

Where, i stands for inlet links, and j for outlet links.

* Flow resistance calculation of manhole with difference in elevation of i
and outlet links (Fig. L.4.3)

i z‘q
DDLJ1
rzvaul
Figure L.4.3 Manhole with difference in elevation of inlet and outlet links
(DHI, 2000)

The head loss is calculated by the following formula:

nQ (Z -Z)(Z +D, -Z -D,
Eq (L'7) Zlevel(j) :|Z=‘1Q_J z |:J)iDj ]

The total head losses through a node are summed up by the above releve
in the equation (L-5).
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