FCTUC DEPARTAMENTO DE ENGENHARIA CIVIL
FACULDADE DE CIENCIAS E TECNOLOGIA
UNIVERSIDADE DE COIMBRA

Quantification of flood risk in urban areas with dual
drainage 1D/2D models

Dissertacdo apresentada para a obtencdo do grau de Mestre em Engenharia Civil na
Especialidade de Hidraulica, Recursos Hidricos e Ambiente,

Autor

Joao Miguel Valenca Enes Gongalves

Orientador

Prof. Nuno Eduardo da Cruz Simodes
Prof. José Alfeu Almeida de Sa Marques

Esta dissertacéo é da exclusiva responsabilidade do seu
autor, ndo tendo sofrido correcdes apds a defesa em
provas publicas. O Departamento de Engenharia Civil da
FCTUC declina qualquer responsabilidade pelo uso da
informagéo apresentada

Coimbra, Janeiro, 2015



Quantification of flood risk in urban areas with dual drainage 1D/2D models ACKNOWLEDGEMENTS

ACKNOWLEDGEMENTS

Os meus sinceros agradecimentos a todos 0s qu@udsaan, aturaram e contribuiram para
gue eu conseguisse realizar este trabalho.

Gostaria de agradecer aos meus orientadores, sooflsino Eduardo da Cruz Simdes e
Professor José Alfeu Almeida de Sa Marques peloagp®in, disponibilidade, partilha de
conhecimentos e incentive.

Agradeco aos meus amigos e colegas que me companlaar longo destes cinco anos e
meio de percurso académico.

Quero agradecer a minha namorada Inés pela ajpdai@ncia para me aturar nos piores e
melhores momentos.

E um especial agradecimento a minha familia, ppalonente aos meus pais e irma por
puxarem por mim e me incentivarem ao longo da miahraacéo: sem eles nada de isto seria
possivel.

Jodo Miguel Valenca Enes Gongalves i



Quantification of flood risk in urban areas with dual drainage 1D/2D models ABSTRACT

ABSTRACT

Floods affect millions of people and cause uncduet&conomic and social losses every
year, making up more than half of the natural desasin the World (WMO, 2009). Urban
floods and their prevision, prevention and mitigatmethodologies are increasingly worrying
topic for today’s society, due to the raise of emte hydrological condition cases (Furumai
and Matsuura, 2006), the ever-increasing urbawzatf the environment, and the high
concentration of inhabitants in urban centres.

In the last years, this combination of a continuousease of urbanization of spaces and
extreme rainfall events have shown that drainagstesys do not always respond
appropriately to the resulting increase of flown(la et al, 2013), leading to an intensification
of flood risk. Consequently, this situation causled need to create measures to undermine
this serious problem in urban drainage: in Octd#¥7, the European Union published the
2007/60/CE Directive, in which the reasons thad leathis increase of likelihood of floods
were highlighted, as well as its consequences twerpopulation and environment. The
Directive also recommends the elaboration of fll@@ard and flood risk maps by all the
Member-States.

The objective of this dissertation is to use a dir@inage 1D/2D model on the software
Infoworks ICM to create flood risk maps, and to emss the risk with a quantitative
methodology. The methodology will be applied tawdy case in the Zona Central catchment
in Coimbra. The impact of the floods is displaysdflaod risk maps based on depth-damage
and depth-velocity curves by analysing the resnlthe software ArcGIS.

Keywords. Floods, urban drainage, dual drainage 1D/2D magélood risk, flood risk maps,
guantitative methodology.
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RESUMO

As inundagbes afectam milhdes de pessoas e causamtiveis prejuizos econdmicos e

socias todos o0s anos, perfazendo mais de metadéndero de desastres naturais em todo o
Mundo (WMO, 2009). As inundac¢des urbanas e suasdukigias de previsdo, prevencédo e

mitigacdo s&o um assunto cada vez mais preocupandea sociedade de hoje, devido ao
aumento de casos de condi¢des hidroldgicas extregnaada vez maior urbanizacdo do

ambiente, e & elevada concentracdo de consumagidesdabitantes em centros urbanos.

Nos ultimos anos, esta combinacdo de um aumentibnaonde urbanizacdo de espacgos e
eventos de precipitacdo extrema tem mostrado quastamas de drenagem nem sempre
conseguem responder adequadamente ao aumento deal caesultante destes
fendmenos(Lima et al, 2013), levando a uma subidanivel de risco de inundacao.
Consequentemente, esta situacdo leva a necessldaske criarem medidas para contrariar
este problema grave na drenagem urbana: a Unidapé&arpublicou em Outubro de 2007 a
Directiva 2007/60/CE, na qual sao realcadas asesazfue levam a este aumento de
probabilidade de ocorréncia de inundagbes e as cmasequéncias sob a populacdo e
ambiente. Esta Directiva recomenda também a elefom@e mapas de risco de inundagéo por
parte dos Estados-Membros.

O objectivo deste trabalho é elaborar mapas de rigr inundacdo usando modelos de
drenagem dual 1D2D no software Inforworks ICM, eamjificar o0 risco com uma
metodologia quantitativa. A metodologia serad aplica um caso de estudo numa bacia
urbana de Coimbra. O impacto das inundagcfes € dgrado em mapas de risco de
inundacdo baseados em curvas altura-prejuizosum-aktlocidade, através da andlise dos
resultados no software ArcGIS.

Palavras-chave: Cheias, drenagem urbana, modelos de drenagemldii@D, risco de
inundacao, mapas de risco de inundacgéo, metodolgggantitativa
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A Cross-sectional area of channel segment [m2]
C Runoff coefficient

g Acceleration due to gravity [ms-2]

h Water depth [m]

I Rainfall intensity [mm/h]

Jeapac Maximum infiltration capacity of the solil at thiene t
fc Initial infiltration capacity of soil at initialime
fo Final constant infiltration capacity of infinitene t
K Decay time constant.

Q Flow rate [ms]

p(h) Probability of occurrence of the hazard [-]

R Risk [-]

S¢ Friction slope [-]

Six Friction slope in x direction [-]

Sy Friction slope in x direction [-]

So Bottom slope [-]

Sox Bed slope in x direction [-]

Soy Bed slope in y direction [-]

t time [s]

u Velocity in x direction [mig]

% Velocity in y direction [mg]

X Primary flow direction [m]

y Perpendicular flow direction to x [m]
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ABBREVIATIONS

ABBREVIATIONS

1D — One-dimensional

1D/1D — Dual drainage model (1D sewer and 1D owerlaetwork)
1D/2D - Dual drainage model (1D sewer and 2D owerlaetwork)
2D — Two-dimensional

AOFD — Automatic Overland Flow Delineation

CS — Collection Systems

DTM — Digital Terrain Model

DEM - Digital Elevation Model

EA — UK Environmental Agency

EN — European Standart

EPA — Environmental Protection Agency

GBP — UK Pound Sterling

GPD - Gross domestic product

ICM - Integrated Catchment Management

IFM — Integrated Flood Management

LIiDAR — Light Detection and Ranging

GIS — Geographical Information System

SUDS - Sustainable Urban Drainage Systems

SWWM - Storm Water Management Model

UNISDR - United Nations International Strategy Risaster Reduction
UWRG - Urban Water Research Group

WMO — World Meteorological Organization
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1 INTRODUCTION

1.1 General framework

Urban floods and their prevention and mitigatiortmeologies are an increasingly worrying
topic for today’s society, due to the raise of exte rainfall events, the ever-increasing
urbanization of the environment, and the high catre¢éion of inhabitants in urban centre.
The combination of a continuous increase of urtaimn of spaces and extreme rainfall
events have shown that drainage systems do noyslkeapond appropriately to the resulting
increase of flow, leading to an intensificatiorflobd risk.

In October 2007, the European Union published t6@7&60/CE Directive, in which the

reasons that led to the increase of likelihood lobds were highlighted, as well as its
consequences over the population and environmemg. Directive also recommends the
elaboration of flood hazard and flood risk mapsabyhe Member-States. It also refers to four
different types of flood events: coastal, urbanyitl and flash floods. This study will be

focused in the urban flood events.

1.2 Objectives of this study

The main objective of this dissertation was to @e#ood risk maps using dual drainage
1D/2D models, to assess the risk with a quantgathethodology and apply it to an area
prone to flooding. The case study chosen was theaZoentral catchment in Coimbra, in
which the Praca 8 de Maio and Igreja de Santa @rezcontained. Studies about this area
have already been made, like Dias (2014) and Ra0iB3), but they involved a 1D/1D dual
drainage model: this study provides a different amate complex approach to the case study
area by considering two-dimensional overland fla®w/2D dual drainage model).

The more specific objectives derived from the mdtiogy adopted were:

« An extensive literature review on the subjects orbdrainage, flooding and
elaboration of flood risk maps;

* Implementation of hydrological/hydraulic modellingn a dual drainage urban
drainage network with a 1D/2D model on the softwafeworks ICM;

Jodo Miguel Valenca Enes Gongalves 1
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* Elaboration of floodable area and flow velocity mapsing 1D/2D dual drainage
models;

» Quantification of the flood risk using depth-damaael depth-velocity curves, and the
creation of different flood risk maps;

* Analysis of the resulting maps regarding its impacwards buildings, pedestrians,
vehicles and public transports.

With the software InfoWworks ICM and the 1D /2D dudiainage model provided,

computational simulations were made for differestumn period values, from which the
results were then used to create flood risk mape. quantitative methodology adopted to
analyse the consequences of the floods took intsideration three different aspects: the
direct monetary losses caused to buildings by tbed§, the risk created in terms of the
combination depth-velocity, and the impact upongysorts.

1.3 Thesis Structure

In the first chapter a general framework of thigdstis displayed, with a brief introduction to
urban drainage modelling, floods causes and coesegs, and flood risk maps.

The second chapter serves as a literature revievirdroduces the backgrounds to urban
drainage systems, modelling, whilst showing themnésoftwares and data management tools
that researchers nowadays use. A brief introdudiiofiood risk and the elaboration of its
maps is also done in the final subchapter of tieediure review.

The third chapter describes the case study of éiehment of the city of Coimbra, and the
methodology adopted regarding urban drainage madedind elaboration of flood risk maps
in order to solve the real life case study.

The fourth chapter shows the results and discussioom the studies by analysing the
modelling of overland flow and the results from theal drainage network simulations on the
software InfoWorks ICM, with a geographic infornaatisystem (GIS) called ArcGIS.

The last chapter concludes this dissertation withkey points. Further studies and possible
research topics are also listed in the last papdgra

Jodo Miguel Valenca Enes Gongalves 2
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2 LITERATURE REVIEW

2.1 Introduction

According to the European Standart EN 752 (EN Z2®)8), the design of urban drainage
should make them capable of withstanding periodg$laafding of 10-50 years in range,
considering the network of infrastructures and tgpeirbanized area. But, due to the recent
climate changes and increasing urbanization, teporese from traditional urban drainage
systems often cannot prevent and mitigate the tsffet floods adequately (Schmitt et al,
2004). As a result there is a need for a new agpr@sm urban drainage management, in
which the flood risks are quantified and displayednaps, so the most vulnerable areas can
be identified and intervened (Moel et al, 2009).

In this chapter, for a better understanding andecdnalization of this dissertation, some key
concepts of urban drainage will be addressed, sischainfall and runoff models, dual
drainage and 1D/1D, 1D/2D models. Some of the mestl commercial softwares and data
management tools will be briefly described. Finallhe concepts of flood risk and elaboration
of the flood risk maps will be explained and denrated.

2.2 Urban drainage

The core purpose of urban drainage systems isllect@nd re-direct the waste and storm
water, and eliminate the excess surface runofherost efficient and rapid way possible
through a close conveyance system, in the apptepc@nditions (Sa Marques et al, 2013).
Evidences of the most basic urban drainage sysfgutters and drains for the collection of
surface runoff) have been dated as far as 2500, Bi@he ancient cities of Ur and Babylon
(Matos, 2003) (Figure 2.1).
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Figure 2.1 — Sewer pipe in the ruins of Ancient Y8ab (U.S. National Archives)

The first system of noticeable dimension was @oacla Maximan Rome: an underground
sewer pipe connected to several different chanthasdrained the wastewater and surface
runoff from the city, and re-directed the excessawaoming from the aqueducts that supplied

the inhabitants of Rome and their public baths @#d 992) (Figure 2.2).

nitor =
ACHOLA RANTHE T

Figure 2.2 — Coacla Maxima (Hopkins, 2004)
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According to Matos (2003), it was not until the XMentury that the urban drainage
strategies came to any sort of breakthrough, ahdefore the XVIII century that the need of
having a functional and efficient drainage systezodme one of the main concerns of the
society. The main advances in urban drainage ctsicapd designs were only achieved
during the XIX and XX centuries, as is showed iniBu et al (1999): (Figure 2.3):

mprovements in Construction Practices
:Enrl:r 1800s)
« improved materials
+ slape and velocity standards 1o
prevent deposition
+ increased attention to maintenance

Identification of Water-Borne Diseases
(umid-18005)
+ bhacteriology research of Pasteur and

= 1500

ntroduction of Comprehensive Design of
Hd.“rmgt Systems (mid-1300s)
e*:.am;:le st in Hamburg, Germany.
1843
* London and Chicago followed in the
1850s
| + use of engineering caleulations to
size sewer pipes

Koch
* Massachusetts Board of Health
Lawrence Experiment Station

Combined versus Separate Sewerage Debate
(late 18705-1880s)
* Hering visits Evrope to study their
pracrices
+ ineline versus off-line storage
considerations

Environmental Awareness and Recelving

“-:llﬂ ].Inllll'[h (1960519705}
increased investigation into
characterizing wet weathar flows and
receiving water impacts (NURP)

« incorporation of water quality concerms
in storm drainage design

egiskation (1970 - )
» Federal Warer Pollution Coniral Aet of
Je7
* Clean Warer Aet af 1977
* Water Qualify Act of 1987

T ||:-nn Hyvidrology Advances (mid-1800s - )

— r:il'llTl‘l‘IL:Il fenmnlae

= rational metlod

+  design stonms

+ it lydrograph

+ mathematical representation of
rainfall-runo ff processes

* statistical applications

Development of Sewage Treatment

(late 18005)

+ cormmon methods included sand
filtration, chemical precipitation, anc

- land application
+ inferceptor would transport as much
of the combined sewage as possible
19040

Te-:lm!tal Tools and Design Methods (1070s)
« application of computer technioues
+ modeling (STORM and SWMM)
+ plaming and de sign uses
fes + mproved design efﬁclenc:\
» awrban munefT contrel and treatment
alternatives investigated

« statistical and mathematical imethods
applied o WWF management

Time

Figure 2.3 — Main advances on urban drainage id8®s and 1900s (Burian et al, 1999)

As it is possible to see in the Figure above, thveeee many important advances in the last
century. This transformation was only achievable dgo some key factors: the change of
mentality regarding the importance of sanitatiord dasic hygiene, the technologic and
computational advances, the new construction tectesi and the raise of environmental and
public health awareness in the society (Burian,et399).
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Two of the major benefits achieved by learning frpast societies were the mitigation of the
spread of diseases by preventing the exposureatmaint and still water in open cesspools
(Butler and Davies, 2011), and, as mentioned befbeeprevention of floods by re-directing
the excess surface runoff from the urban areas.

In general, the urban drainage systems can beaegainto two different types: artificial
where the storm water conveys to a closed pipetesysnay or may not contain the
wastewater from urban areas, and the more natudhivater sensitive mean of drainage,
consisting in soakaways, infiltration trenches, ader sustainable systems, that rely on
infiltration and storage properties of semi-natumaiterials (Butler and Davies, 2011).

Following the line of thought of Lima et al (2013he artificial urban drainage systems can
be divided into 4 types, according to the origiwatter:

* Fluvial Combined: a single pipe network in whicle tivastewater and stormwater
flow together;

» Separated: two different and non-connected pip&orkt so the wastewater and
stormwater are kept separately;

* Hybrid or partially separated: a system where péithe pipe network is separated
and the other is combined;

* Pseudo-separated: in which, due to the lack ofrst@ter collectors, the connection
between the wastewater pipes and stormwater froorty@rds and balconies is
tolerated.

2.2 Flooding

According to the European Standart EN 752 (EN (73@)8), the concept of flooding can be
described as a ‘condition where wastewater andiidace water escapes from or cannot enter
a drain or sewer system and either remains onutiace or enters in buildings’. According to
(EEA 2012) and the 2007/60/CE Directive, flood @gezan have different sources and occur
in rural or urban areas, being the latter whereddweger is higher, and can be divided into
several different types. For this study it is intpot to highlight the three most relevant types
of floods regarding the urban environment:

* Fluvial flooding, which happens when the water lesfea channel or river rises above
the crest elevation of the bank, causing the watepread and cover nearby dry lands.
Whilst varying in severity and pattern of flow, shiype of flood can occur regularly
through the yearly hydrological cycle, lasting étays or weeks (Figure 2.4).
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Figure 2.4 — Fluvial flood in Coimbra (umpingodefiz2013)

e Pluvial flooding is usually caused by a heavy ls=d storm where the drainage
system has an insufficient capacity to deal witht trolume of water, generating high
levels of surface runoff, leading to an excess atew and possible damage to the
drainage system. These floods are difficult to mtedisually have a higher impact
than fluvial or coastal floods and last no morentaaday (Figure 2.5).

Figure 2.5 — Pluvial flood in Coimbra (Simdes et24110)

» Coastal flooding occurs when the water's sea levdligh enough to drive ocean
water inland and flood the river's mouth or dettays causing damage to the drainage
system. (Figure 2.6).
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Figure 2.6 — Coastal Flood in North Devon, UK (tgéph@, 2010)

In this dissertation only the pluvial flooding evewill be studied.

As mentioned before, one of the main factors tlzst led to an increase of frequency and
intensity of floods is the continuous urbanizatafnthe environment, due to public demand
for living space in the cities and urban areasNBaques et al, 2013). In the last decades it
has become obvious that, while the growth of theemaeveloped countries has slightly
declined, the developing countries are expectexttount for more than 80 % of the world’s
urban population by 2030, as it can be seen inreiguw:
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Figure 2.7 — Regional share of total world urbapyation percentage (United Nations,
2007)
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It is also expected that in the coming years theamirpopulation will surpass the rural
population: according to Lima et al (2013), aboQ¥%®%of the world’s inhabitants will most
likely be living in cities and highly urbanized are

It becomes clear, by looking at these results filhas, of extreme importance that the cities
possess an efficient urban drainage system capébealing with this increase of population

and urbanized areas. For a better understanditigeofeason why the urbanization of areas
leads to more flow in the drainage systems, iteisessary to explain some basic hydrological
concepts.

When stormwater falls on the surface it can irdtirthe soil and become groundwater, return
to the atmosphere by transpiration or evaporatomyun off the surface. The construction of
building and streets leads to an increase of impabie surface, therefore to a decrease of
infiltration and raise of the amount of surfaceatfir{Butler and Davies, 2011). Since the run
off travels much faster than the groundwater, arghdaster on artificial surface and pipes,
the flow will get to its destination sooner andlwlilssipate faster: the peak flow increases and
reached faster, causing a higher probability addl@ccurrence. In Figure 2.8 it is possible to
visualize the evolution of the hydrograph of a har@a through several steps of urbanization:
when the area is considered rural, when it has bdsamized and after mitigation procedures
have been applied.

A
urbf. ...
Q,
Hydrograph for an urbanized area
- Hydrograph after mitigation procedures
Qnat ]
P ’, ~En
’l ‘% Hydrograph for a rural area
"/ “‘h:\
'I h,‘“
/i o
"y
'Iy -'::: —
-
>
tpurb tphat Time (h)

Figure 2.8 — Hydrograph for different steps of unilzation (adapted from Lima et al, 2013)

It is also more likely to have more pollutants aedliments on the catchment surface, which
may lead to the deterioration of some elementi@firainage system, therefore to a decrease
of the quality of water in its final destination.
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The input elements can also become obstructedgget!, causing the pipes to surcharge and
increasing the intensity of floods in the low areashe catchments (Lima et al, 2013) (Figure
2.9).

Figure 2.9 — Clogged inlet in Lake Wingra, USA (giawatershed@, 2012)

2.3 Data management
2.3.1 Overview

In order for the decision makers to have the necggaformation to take the best decisions
possible when attempting to plan, operate or miairda urban drainage network, data must
be collected, organized and analysed (Fletcheridtic, 2008). The data can be one of
several characteristics of the urban water syssawer pipe network data, water levels and
flow rate, terrain elevation and land use, amorgei Only when all of these data is
obtained and looked through is it possible to usided the behaviour and interactions
between the drainage systems and the environmgaoé @hd Vojinovic, 2011). The data can
be divided into two main distinct groups of infortioa: spatial and temporal.

As the word suggests, spatial data is referrechéophysical characteristics from both the
drainage pipe network and the external environrfeatures, like land use characteristics and
terrain elevation. In addition, details from aranill structures like weirs, pumping stations,
storage tanks and inlets/outlets are also reqtined proper spatial data collection.

According to Price and Vojinovic (2011), temporata can be described as the measurement
of a physical variable over time, in which the nuiced value can be assigned by a sensor at
specific time steps. Some examples of temporal détn collected to describe an urban
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drainage system are meteorological data, flow yatelcity, depth and pressure of water,
biological and pollution parameters, and pumpintad®leteorological data collected from
urban areas often refers to temperature, predigitathumidity and wind speed: these
characteristics tend to be highly variable in tiamel space and dependant of the climate and
topography of the localized areas (Fletcher aneix|2008).

Apart from the spatial and temporal data, therstiis relevant information that needs to be
taken into to consideration that doesn’t fit in tio groups like: economic and
environmental indicators, geological data, infrastuire condition, maintenance and
construction costs.

After all these data is collected it needs to lecessed and analysed before being used by the
decisions makers, otherwise the solutions mightinaecurate due to possible measuring
errors. With the removal of biased and abnormalitiethe data through statistical methods, it
can then be stored in a database. The creatioratabases whether using object-oriented
technology or not, allows the data to be at hamdrost users, cutting down on planning,
design and maintenance costs (Price and Vojin@@t]).

2.3.2 Geographical Information Systems (GIS)

Whenall the data has been analysed and stored projpedgtabases, it can be manipulated
and used through a system capable of such. Thigpisally done in a data management
framework that allows the interactions between ausitypes of databases: Geographical
Information Systems (GIS).This tool is a versatdehnology that has been developed in
order to geo-reference the several types of datairma spatial framework, thus allowing the

link between databases and property history, acdrbang and efficient urban planning tool.

It also allows to user to perform digital terrainodels, slope maps and catchment
delineations, among many other features.

Nowadays there are several commercial softwardsatitav the use of the GIS framework,
like ArcGIS, GeoMedia, SmallWorld GIS, which feauseveral plug-in applications for
more specific spatial data procedures or data psépa procedures. There are also some
open-source software choices that deserve mengpsuch as MapWindow and Quantum
GIS. There is a great number of possible applioatior the GIS tool: in Price and Vojinovic
(2011) an extended list of uses for the tool isented.

In the last years several models based on the @Gi®efvork have been presented, like
Lhomme et al (2005) and Boonya-aroonnet et al (ROURe development of this tool as

provided a more accurate simulation of real woracpsses, more specifically, water events:
as so, it is clear its importance when regardimgsiimulation of urban floods, and creation of
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flood and hazard maps (Leitdo, 2009). But, for ecuaate solution to be found, the GIS tool
needs to be combined with a digital terrain model.

2.3.3 Digital terrain models

All modelling needs precise and up-to-date terraformation in order to provide accurate
responses to the problems at hand: for that ditgtahin models (DTM) and digital elevation
models (DEM) need to the deployed (Fletcher andetikl 2008). A DTM refers to a
topographic map used to represent the terraina&irand properties that contains terrain
elevations, whereas a DEM refers to any type ofaserelevation (Figure 2.10). There are
multiple ways of structuring a DEM such as line ralgd triangular irregular networks and
grid networks (Price and Vojinovic, 2011).

Figure 2.10 — Example of a DEM (Price and Vojingw011)

Some of the possible ways to obtain the data reqdor a DTM model are through:

» Digitalization of points/lines of contour from anaogue format;
e Ground surveys;
« Aerial or satellite stereo imagery;

« Airborne laser scanning.
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Whereas the digitalization of points and ground/sys is the most time consuming method
and usual way of getting terrain data, there hagenbseveral important advances in
technology in this area (Leitdo, 2009). One of ast recent breakthrough was the use of
airborne laser scanning or Light Detection and RangLiDAR), which provides a more
economically efficient and accurate solution (Paoel Vojinovic, 2011).

A scanner is deployed in an aircraft also with GR&itioning devices and an inertial
navigation system to capture the data: the las@senpulse of light along a vector that scans
from side to side as the plane flies. As a remaindeéhe pulse is returned to the device the
distance is calculated by measuring the time ik tmoreturn, and the spot is identify and pin
pointed through the GPS positioning system. Thetp@btained are usually spaced of 0.5 to
0.5 m with an accuracy of 0.3 m horizontally antb0Om vertically (Figure 2.11).

GPS satelites

/\ Scan angle
/% ofthe scanner
GPS ground station 3 4

| -

= IR

y | 3 "_\_\\ Up to 66 scanlines
‘ . ."‘.:‘" »\\ every second
Scan width 100 m to 2 km,~ 1 \
o il =
# /] o
// “.‘ ‘.‘ {/

" { s
‘ T Upto 500
measurements
every scanline

Figure 2.11 — LIDAR scanning (Price and Vojino\2011)

The post-processing of these data produces a éangeint of topographic data that needs to
be thinned, filtered and interpolated so it carvigle a manageable set of points. The thinning
Is usually done by removing neighbouring pointshimta defined level of tolerance, whereas
the filtering is done through the use of algorithersl some od the interpolation methods
normally used are the inverse spline, natural regh and kriging (Price and Vojinovic,
2011) (Figure 2.12).
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Kriging

Figure 2.12 — Interpolation techniques to creat&DTPrice and Vojinovic, 2011)

2.4 Modelling
2.4.1 Overview

The main purpose of urban drainage models is talabe real-life rainfall/runoff processes

and the drainage system behaviour, allowing théysisaof different scenarios under normal

or extreme rainfall circumstances (Lima et al, 20Mithin the topic urban drainage, two

distinct types of models can be found: hydraulid Bgpdrological models that serve to test the
behaviour of the drainage system, and water qualitgels. In this dissertation only the

hydraulic and hydrological models will be descrilzed then applied to a case study.

The breakthrough caused by the appearance of catigndl modelling of urban drainage
systems, in the 1970s, lead to the need to impitwe/eainfall and geographical data collection
systems, since these models need up to date awster@formation to provide reliable

simulation results (Butler and Davies, 2011).

Models, as stated in Tucci (1998) regarding thélesapproaches, can be classified as:

e Continuum when the phenomenon is unchanged overdinese of time, or discrete if
there are changes of state through non-continuuiadseof time;

» Conceptual if the equations used to create the hiale into consideration physical
processes, or empiric when the calculated valuesadjusted to the ones observed
without the influence of physical processes;
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* Concentrate models do not take into consideratibe s$patial and temporal
distribution, whereas the variables and parametetise distributed models depend on
time and space;

» Stochastic models programs, for several simulatigaserate different outputs for the
same input, while the results generated from detestit models programs are
constant for the same input, independently of tmalver of simulations;

Another type of model described in Butler and Daw2011) is the deterministic models,
which are considered by Butler and Davies (2011hasmost commonly used approach for
commercial softwares, since it allows the simpdifion of the treatment of relevant
information for the programs. The fact that thegpes of models do not take into
consideration the randomness enables the useat¢b eeconcrete solution instead of a broad
spectre of answers to a problem (Butler and Davies]1).

As stated in Estellés (2010) deterministic modela be divided into two distinct types:
empiric models (as explained before), and physichthsed models where a numerical
solution of equations describes the physical peesf the fluid in the environment that is
mapped and deconstructed into cells and elements.

Within the simulation modelling of urban drainagestems, the hydrological and hydraulic
processes need to be separated, because of thesigrcamount of data required to recreate
realistically the situation (Butler and Davies, 2P1 Hydrological models allow the
simplification of the conversion of rainfall to roff, and try to estimate the quantity of water
that reaches the drainage network. One of its tlgscis to obtain the runoff hydrograph, by
crossing the rainfall information (duration, intégsand variability) with geographical data
(areas, permeability, and land use). This can bgedaout by standart surface runoff models
like the linear reservoir models and others thditlvea more extensively described in the next
chapters.

Hydraulic models deal with the way that the watewfgenerated by the hydrological models
travels along all the pipe network’s elements igofinal destination, formally described as
flow routing. According to Mark et al (2004), themee two distinct areas that can be found
within hydraulic models:

» Surface model that deals with the water flow in sheface, taking into consideration
street systems, alternative flow paths and locdlameas of water accumulation;

* Pipe flow model where the inlets, manholes, guttard pipes are also simulated
through elements that lead the water to the pipadge network.
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In the Figure 2.13 it is possible to get a bettedarstanding of how the models and its
different phases are connected, from the rainfalithe discharge of water in the final
destination.
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Figure 2.13 — Interactions between various stagesodelling an urban drainage system
(Mark, 2004)

2.4.2 Rainfall:

As mentioned in the previous chapters, rainfallegates flow in an urban drainage network.
Therefore, before any type of more detailed desonpof hydrological/hydraulic models, it is
best to properly characterize what a rainfall eveatly is.

A rainfall event occurs over a time period (raihf@lration) with a life-spend preceded and
followed by periods of unmeasurable rainfall, asccharacterized by its variable temporal
and spatial distribution. Its nature is also vdeaddong the year, since the rainfall events tend
to intensify in the winter and diminish in the suemDunkerley, 2008). The rainfall is most
of the times described through a mass curve (wtinereainfall depth is cumulated in relation
to time) or by a hyetograph, in which the rainfalpresented in a histogram form.
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According to Chow et al (1998), the rainfall is maily classified into three different types,
regarding the processes of air mass elevatiordhdtto rain:

» Orographic rain: caused by the presence of highrgtavhen the air passes through a
ridge;

e Cyclonic rain: through the large-scale vertical imotassociated with depressions and
fronts;

* Convective rain: by the vertical ascending motioh ao mass of air, since its
temperature is warmer than the environment.

Price and Vojinovic (2011) states that rainfall da@ defined typically by the following
parameters:

* Intensity: the rate if rainfall (usually expresseanm/h);

* Duration: a period of rainfall event (usually exgsed in min or h);

« Depth: thickness of the water layer in the surfaseially expressed in mm);
« Area: geographical extent of the rainfall (usuaypressed in kA);

* Frequency: the number of repetitions of a particuéanfall event per unit of time
(usually expressed in return period values).

In urban drainage system modelling it is to the@iency in which a rainfall event can occur
is where most of the attention is turned to (Pad Vojinovic 2011), since a design of urban
drainage systems needs to properly prevent andatetithe effects of an extreme rainfall
events. This makes the analysis and treatmentiidbliadata a key factor whilst designing a
drainage system, whether by using synthetic dat&er(sity-duration-frequency curves,
hyetographs and stochastic time series), timesssaainfall or forecast rainfall.

2.4.3 Rainfall to runoff

In order to better understand the concepts regaitie hydrological and hydraulic models, it
is necessary to first explain some important aspetthe conversion of rainfall to runoff.
When the rainfall reaches the urban surface it igus a series of transformations: some of
it is retained in building or vegetation befordits the ground, other reaches the surface and
infiltrates the ground through cracks in the pavenwe directly in the soil, and of the amount
of water that reaches the ground exceeds the fateception of the drainage systems and
infiltration it generates the so called overlarwil
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The rainfall loss that proceeds from the interaaptiinfiltration, retention of water can be
described in different ways. Since the initial lass be directly removed from the effective
rainfall volume, it is possible to use a runoff ffméent that | used to determine the
percentage of water volume that actually reaches aif. However, since the surfacé% not
always homogenous with the same properties (thdathican hit roofs, gardens, streets), a
continuing loss model may need to be taken intcsiclemation, where the most impervious
areas are considered as a constant loss and thee paoneable might vary according to its
infiltration rate (Price and Vojinovic, 2011).

The empirical equation provided by Horton to cadtelthe infiltration parameter is one of the
most used options (Dunkerley, 2008):

fcapac =f. + (fO - fc) ekt (1)
Where:

feapac — Maximum infiltration capacity of the soil at thiene t;
fe — Initial infiltration capacity of soil at initigime .

fo — Final constant infiltration capacity of infinitene t;

k — Decay time constant.

The equation describes that the infiltration cafya(ftapag Starts at a constant ratg)(that
decreases exponentially over time (t), and whersthlesaturation reaches a certain level, its
rate of decline will level off to the rate)f

The rainfall/runoff routing models present in comom@ softwares are, in most cases,
conceptual and empiric: they simulate the processfesainfall transformation in the
catchment based in physical processes (Adeyem@,) 200

The most used methods are:

* Rational method: The simplest hydrological model possible to egpris the rational
method, which is usually used to estimate the gleak in small catchments, as it is
stated in Sa Marques e Sousa (2008). The expressaintranslates the rational
method is shown below :

Q=ClA (2)
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The expression above represents the method, irhwhécvariable Q is the peak flow s C

a non-dimensional coefficient related to rainfabdes and runoff diffusions (varying from 0
to 1), | to the rainfall average intensity (mmi)kand A the area of the catchment (ha). Some
of the limitations of this method are the fact ttia rainfall is not considered as a spatial and
temporal variable, the transformation from raintallrunoff is considered as linear, and that
the peak flow is only possible when all of the batent is contributing to the surface runoff,
as it is stated in Sa Marques and Sousa (2008).

* Time-Area method: Considers that the surface runoff is influencg®bmain factors:
initial losses, the catchment area and the hydrodbgontinuous loss. The time-area
diagram assumes the plot of each individual pigecaichment as linear, and is made
of lines of flow travel time to the final outfalhamed isochrones (Adeyemo, 2007).
By adding up all of the isochrones of local subchatents (since the method allows
the overlaps of plots), the response of the whatehmment is easily visualised in the
diagram. The maximum travel time of the flow is ta&chment’s concentration time.
An example of time-area diagrams for three diffetgpes of catchments is shown
below (Figure 2.14):

Flectanguiar
Dnvergent
Comergent

Divarzant

Figure 2.14 — Time-area method according to thehcaént’'s area (Leitdo et al, 2008)

According to Butler and Davies (2011), this methsdan improvement over the rational
method, since the shape of the catchment is takensome account, making it possible to
create an output hyetograph that considers somectsspf a rainfall time’s variability.
Despite this, it still doesn’t account for storagfeects in the catchment and the flood wave is
still considered as linear.

* Unit hydrograph method: Defines a resulting unique and time-invariantriegglaph
from effective rainfall over a catchment, in whitte outflow from a unit depth of a
uniform effective rainfall over a catchment at astant rate for a unitary duration is
represented: as it can be seen below in Figure 2.15
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¥

wi

Figure 2.15 — Unit hydrograph of a catchment (Budled Davies, 2011)

The construction of the catchment’'s response to ramyfall event, whilst using the unit
hydrograph, is based on three guiding principleselemo, 2007):

1. Constancy: independently of the rain’s intensitige ttime base of the unit
hydrograph is constant;

2. Proportionality: the volume of effective rainfal idirectly proportional to the
ordinate of the hydrograph;

3. Superposition: by adding up the runoff hydrograpifsindividual effective
rainfalls, each starting at particular times, ip@ssible to obtain the response of
the accumulated rainfalls in a single hydrograph.

* Reservoir models: The flow routing is modelled as a series of emusive linear
reservoirs: it considers the mass conservation lamt, not the conservation of
momentum law, thus the response of the catchmeagsgmed as instantaneous. The
simplification to linear reservoir allows a rapithsilation, but prevents backwater and
pressurized flows from being directly simulatedyu¥e 2.16 illustrates the cascade of
reservoirs methodology:
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Figure 2.16 — Depiction of the reservoir cascadéhote(Adeyemo, 2007)

Despite the fact that these and others similar aasttihat were originally applied for river
flow modelling, like the Muskingum-Cunge (Chow ¢t1888), are still used nowadays, they
do not provide the modelling capabilities to acteisa represent the rainfall/runoff flow
dynamic interactions in urban catchments (Leitd@09. This becomes even clearer in
extreme rainfall conditions, when the flow ratefaster and more intensified and the sewer
system is caused into surcharge, as it is desciib8d Marques et al (2013).

2.4.3 Hydraulic models

As mentioned before, when there are extreme daicdaditions, there is a need for a more
advanced way of representation of the overland .fldWwe more traditional approach to
represent the overland flow it is the Manning-ec formula, but it is only valid for steady
and uniform flow. When there are sudden variatioihow rate, and thus unsteady flow, the
hydrodynamic models portrait a more realistic vi@ley are based on the conservation of
momentum and mass laws.

The Saint-Venant equations are the mathematicaltmms that better describe the behaviour
of overland unsteady flow, whether it is in one J1dD two dimensions (2D). They originate
from the depth-integration of the Navier-Stokesagouns and, according to Butler and Davies
(2011), are based on the following assumptions:

e The distribution of pressure is hydrostatic;

* The average channel slope is small and fixed, filwuow routing the effects of scour
and deposition are negligible;
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* The channel is considered as prismatic and itsitiodigal axis as a straight line: any
variation is represented as a series of prisma#clres;

* At any cross-section the distribution of velocgyuniform;

« Friction losses are only valid if they are estindaby steady flow equations, like the
Manning-Strickler equation;

« Lateral flow is negligible.

The 1D model can be applied if the direction ofaffims well defined and the cross-section is
constant along the pipes. The Saint-Venant equapantraying the 1D model are described
in the following way, according to Lima et al (2013

o4, 00 _ @3)
at = ax
19Q ., 10 (Q? oh _ 4
st (%) + 95 =960 - 5p “)

Where:

A - cross-sectional area of channel segmeA};[m
Q - flow rate [nis™];

X - longitudinal distance [m];

t - time [s];

g - acceleration due to gravity [ifis

S, - bottom slope [-];

Sy - friction slope [-];

oh
5, ~ Pressure force term;

100Q )

—— - |local acceleration term;
A at
19

2
e (Q—) - convective acceleration term.

A

On the other hand, when the conditions mentionéaréeare not applicable, the 2D Saint-
Venant equations have to be used:
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Where:

u — velocity in x direction [mé];

v - velocity in y direction [m3];

X — primary flow direction [m];

y — perpendicular flow direction to x [m];
S, — bed slope in x direction [-];

Soy — bed slope in y direction [-];

S — friction slope in x direction [-];

Sg,, -friction slope in y direction [-];

The Figure (2.17), from Mark (2004), summarizesgimeplifications and application range of
the equations mentioned above:

Accoumnts for Einematic wave 1] Diffusion wave (2] Diynamic wave (3}
Wave transkion " o 4
Backwater X 4 v
WWave attenuation X v v
Flow acceleration X X v

Figure 2.17 — Hydraulic conditions by simplificat®of wave equations (Mark, 2004)

2.4.5 Dual Drainage

Occasionally, under extreme rainfall circumstanties,system may surcharge and spill on to
the urban surface, causing the appearance of odeflaw. It is then possible to occur two
types of flow inside the pipes: pressurized in spaws and flow in open channels in another.
In order for the Saint-Venant equations to be agbto pressurize flow in pipes, the concept
of the Preissman slot needs to be considered (Bartkk Davies, 2011).
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It translates as an imaginary slot in the tophef ¢onduit that allows the flow to exceed the
diameter of the pipe, simulating the effect of preized flow. When this phenomenon

occurs, the excess flow may spill into the surfaxaysing problems related to floods: the
solution to this problem was to admit the loss aiume of water when it reaches the surface
or the unlimited rise of the water level in the@ffFigure 2.18):

Praissmann slot

Plpe

Figure 2.18 — Preissman slot (Butler and Davie§,120

But recently, a more precise solution to this peablwas found: in the 1990s, by resorting to
new urban drainage modelling tools, the connedberveen geographical data and drainage
models lead to a new concept known as dual drai(iagier and Davies, 2011). According
to Djordjevic et al (2005) the concept was firdraduced in North America in the eighties,
but Smith (2006) refers that it may have been smamne years previously.

According to the AMK Associates, International, L{2l004) the concept of dual drainage
states that an urban drainage system is dividedvad different and separate components:

* A major system (surface), consisting of streetshais and others natural and artificial
channels;
* A minor system composed by the actual storm sevper metwork.

The concept of dual drainage gives a more realgéig of modelling the process of urban
drainage, especially when it is required to dedhwituations of possible flooding events, by
enabling the simulation of the sewer and overldod fand its interaction by a link of weir-
orifice-type elements, such as inlets and manh@esk et al, 2004): the Figure 2.19 below
depicts the interaction between the two systems.
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ST 1

JL Total rain \/

= Flow in the sewer<
9 Overflow from depressiofi~__

== Surface runoff

= Effective rain g
ﬂ“r Outflow to the surface

Figure 2.19 — Dual drainage concept (Simoes, 2011)

As present by Djordevic et al (1999) the simulatidrihe two groups of systems (major and
minor), is very time-variable and spatially distribd, and so it requires the combination of
three basic tools to deal with the interactionha&f two systems:

* Advanced hydraulic models capable of modelling fseeface and its transition to
surcharge state, and surcharge flow with properaations between all the phases of
flow (surface and sewer pipe flow);

« Computer-based information support tools that cartgss data on land use (terrain
depressions and flow paths), surface flow patteans| the links between the pipe
network and storage units;

* Tools that enable the presentation of the dynamicgsses and the statistics of the
results.

2.4.5 1D/1D and 1D/2D models

Currently there are two distinct ways of approaghdual drainage models: despite both
having a one-dimensional (1D) for the sewer netyworle represents the overland flow as 1D
and the other as a two-dimensional surface (2DJ Gé Marques et al, 2013). The drainage
network 1D model coupled to a 1D surface model {IDModel) can distribute the runoff
directly into to the drainage system or on theazefnetwork, and the exchange between the
two system (major and minor) is made through laedlilinks, like manholes or gullies
(Hénonin et al, 2010).
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One of the issues of the 1D/1D model is the faat the flow exchange between the two
systems needs to be considered bi-directionalrdpeply simulate the drainage of water and
cases of surcharge and spilling. According to Mgtril (2004), the 1D surface model consists
normally in a 1D hydrodynamic model of the surfgmthways with a storage function
attached to handle situations of floods. The dmwekent of this type of model requires a
large amount of terrain and land use data.

One solution to the creation of 1D/1D models wagettgped by the Urban Water Research
Group (UWRG) of the Imperial College: the Automaieerland Flow Delineation (AOFD)
(Maksimovic et al, 2009).The tool generates an laner flow model, by automatically
delineating several possible surface pathways,doaseterrain slope that interacts with the
underground drainage system. The quantificationaaradysis of the overland network is done
through several GIS routines, which search thee@iTM for low terrain points. According
to Simdes (2012) the analysis of the DTM can beiddw into four steps: (1) pond
delineation; (2) pathway delineation; (3) pathwapmetry; and (4) generation of input files
for the urban drainage models (Figure 2.20).

Figure 2.20 — Pond delineation in the AOFD methodgl(Simdes, 2011)

Studies like Boonya-aroonnet et al (2007), Markakt(2004), Allitt et al (2009), have
demonstrated that 1D surface modelling while bdagjer to simulate than the 2D surface
models, its results are only acceptable if the ttacdy in relation with alternative surface
flow pathways is small (when the water overflows streets it is unreliable, because the flow
becomes multi-directional). Studies like Leandr600@2) and Simdes et al (2011) have also
been made where the results of improved 1D/1D nsoded compared with 1D/2D model.
Nevertheless, it provides a good solution wherflthe channels are well delimitated (Figure
2.21)
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Figure 2.21 — Example of 1D/1D modelling princigitéenodnin, 2010)

The drainage network 1D model coupled to a 2D serfaodel (1D/2D model), whilst still
modelling the sewer flow in 1D, it models the oaed flow as a 2D problem, and so
reproduces in a more accurate way the urban topbygrébuildings, street crossings, ponds)
(Leitdo, 2009), since the 2D surface model enatdésulations using the flow velocity in two
directions components (Hénonin et al, 2010). Auassf the 1D/2D models is the high
dependence on the accuracy of the terrain datéutesyg requiring a pre-treatment of data, as
it will be explained in the chapters below.

While the 1D/2D model provides a more realisticfate flow behaviour when compared

with the 1D/1D, it requires a much longer amountaltulation time, which leads to the use
of small catchments or a lower resolution of theaie data in order to have an acceptable
period of calculation (Simdes et al, 2011). (FigRr22).
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Figure 2.22 — Example of 1D/2D modelling princiitéendnin, 2010)

The 1D/1D and 1D/2D models are available in mostroercial softwares, such as
InfoWorks (Wallington, 2003) and MIKE FLOOD and MEKURBAN (DHI, 2005).

2.5 Softwares
2.5.1 SWMM

The software Storm Water Management Model (SWMM)swdeveloped by the
Environmental Protection Agency (EPA) in 1971, am@s been through several
improvements since then. It is considered a dynaaiidfall-runoff simulation model, as it
allows the simulation of quantity and quality offsge runoff in single or long-term events,
for urban and non-urban areas. According to théwsoé’'s manual (Rossman, 2010) the
primary use of this software is to plan, analysd dasign existing or non-existing drainage
systems that may include pumps, regulators, pipdstorage elements. It can also be applied
for flood control and water quality protection issu

Ultimately, the software SWMM can not be utiliseddolve problems requiring the use of
1D/2D models, since the surface model (2D modetukites two-dimensional unsteady flow
on the urban morphology that can not be simulatetie software.
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In reality, 1D model overflow is considered as gual storage on top of the manholes, not
being able to reproduce a realistic behaviour aofase overflow. Thus it is needed to call
upon more advanced simulation models like InfowpltE<E, or SOBEK.

2.5.2 Infoworks ICM

In the 1990s the company Wallington Software redddsfoworks: a commercial package of
softwares capable of dealing with the differentessp of the water cycle. The component
most relevant for this dissertation is InfoworksMCsince it refers to the urban drainage
systems modelling (Wallingford, 2003).

The software provides a database to store netwankis hydraulic data by combining a
relation database with a geographic analysis, bewpmn practical method for operation and
real-time control of urban drainage networks. lowypdes a fully integrated solution to
backwater and reverse flow modelling, as well asnophannels and complex pipe networks
and connections modelling issues. allows the arsabrsd prediction It has several tools that
allow it to deal with data integration and modeilting problems, fully integrate 1D and 2D
modelling environments, optimization of multiplerf&ices meshes designs, and, among all of
the many visualisation tools, a 3D terrain viewt thifows the viewing of ground surface for a
more complete picture of the networks performance.

It is a very powerful hydraulic simulation tool tharovides a fully integrated and real time

control of water quality, whilst supporting sustdde urban drainage systems (SUDS)
structures and infiltration modules for groundwatdluences. It can also provide a sediment
modelling and a real life modelling of complex pwsrgnd network behaviours. One of its
applications is the ability to assess the impactclahate changes, flood and pollution

prediction on urban drainage systems.

2.5.3 Other available softwares

Another widely used software is the commercial pgek MIKE developed by the Danish
Hydraulic Institute: beyond the several componetiits, most important to highlight are the
MIKE URBAN CS (for urban drainage network modelljrand MIKE FLOOD (for urban,
coastal and riverine flood modelling).

The software SOBEK developed by the researchtumstiWL/Delft Hydraulics, is also a
powerful comprehensive modelling package of toolsdesign and optimization of drainage
systems, flood and surface water quality predictiand control of irrigation systems. It
provides an integrated approach to the simulatiomanagement issues along the several
aspects of the water cycle. It has a powerful hggnamic 1D/2D simulation engine that can
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simulate pipe, river and overland flow through amplicit coupling of 1D and 2D flow
equations.

2.6 Flood management
2.6.1 Introduction

According to the Global Water Partnership Techniéalvisory Committee (2000), an
effective management of water resources requiregpanoach that provides a link between
land and water use, and socio-economic developmigmtthe protection of the environment.
As mentioned in the first chapters, the social awvass towards floods as increased in the last
years, since floods may cause the loss of livesagsdts, environmental damages and forced
dislocation of population (Directive 2007/60/CEpdatherefore play an important role on
defining the sustainable solution for a location.

The Hyogo Framework for Action 2005-2015: Builditige Resilience of Communities and
Nations (UNISDR, 2005) is a response from the waoldhis serious issue. As this crucial
topic needs to be considered while managing themrassources of a river basin or urban
area, the need for a more integrated solution teadjng to the instatement of the Integrated
Flood Management (IFM) framework (WMO, 2009a).

The IFM approach aims to integrate the land andewedsources of a catchment, whilst
maximizing the net benefits from the use of floaips, minimizing loss of life from
flooding, and lowering flood risk and vulnerabilifgoncepts explained in the next chapters).
The approach must take into consideration the adiorebetween all the components of the
catchment, from the coastal aspect, to risk asss#sand water resource managing: the
Figure 2.23 below demonstrates an IFM model.
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Figure 2.23 — Depiction of a IFM model (WMO, 2009a)

As discussed in several World Meteorological Orgaton (WMO) documents, the IFM
must address certain key elements in order to neafi@gds in an integrated manner (WMO,
2009b):

* Managing the water cycle as a whole;

Integrate land and water management;

* Managing risk and uncertainty;

* Adopt a best mix of strategies;

« Ensure a participatory approach;

* Adopt integrate hazard management approaches.

In the concept paper on Integrated Flood Manager(&MO, 2009a) a more extensive
explanation of the six elements presented abogevem: it is also important to highlight in

this document the table showing the possible gfi@éeand solutions for flood management,
as it is shown below (Figure 2.24). Within the feamork of an IFM plan, Rocha (1998)

presents also similar measures to be implementedrder to perform a better flood

management.
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 Strateqy __[Options _____|

Dams and reservoirs
Dikes, levees and flood

i bankments
B ami
Fooding High flow diversions

Catchment managemeant
Channal improvements
Floodplain regulation

Development and radeval-
opment policies

Design and location of
facilities

R
to Damage Housing and building codes
Flood proofing

Flood forecasting and
warning

Information and education
Disaster preparedness
Post-flood recovery

Flood insurance

the Matural Fioodplain zoning and
Resourcas of | regulation

Figure 2.24 — Strategies and options for flood genzent (WMO, 2009a)

Another key feature in the flood mitigation and \metion, which needs to be referred is
SUDS (Sustainable Urban Drainage Systems), which fan important role within the
integrated drainage design framework (Balmforthalet2006): examples of SUDS are the
artificial ditches, infiltration drenches, permeabpavements and retention storage tanks
(Butler and Davies, 2011).

Their main objective is to reduce the surface rtifroim rainfall by controlling the flow of
water, and thereby diminishing the negative effeftsirbanization: more permeable areas,
storage and retention elements lead to much snfidled event, since the excess runoff is
lower (Butler and Davies, 2011). According to Babmtfi et al (2006) the SUDS approach
follows three main principles: sustainable manageneé environmental risks, minimization
of the impact of flow quantity and quality develogpmi, and maximization of biodiversity
(Figure 2.25)
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Amenity and
biodiversity

(16)

Figure 2.25 — SUDS objectives (Woods et al, 2007)

But, in order for all this measures, strategies plads to be applied, certain issues and topics
need to be properly explained: such as flood riseasment.

2.6.2 Flood Risk

Since the European Directive 2007/60/EC calledtfoMember States to prepare preliminary
flood risk assessment plans and flood risk, manynt@es have already flood risk
management plans in action, as it is mentionedaeyaévland Messer (2005). The management
of an urban flood risk plan has to start with tlssessment of present and future flood risks,
and therefore can not be static and need to béncatiy revised and updated (Rocha, 1998).

But what is risk? Risk is both a scientific and iabconcept: it is the combination of the
probability of an event and its negative conseqasr(®/MO, 2009b). Betamio de Almeida
(2004) presents a more theoretical definition axplans the development of the concept.
According to WMO (2009b), mathematically speakingk is expressed as:

Risk (probable loss) = probability - consequence (=)
(=) p(h) =v(d) *s(h,d)
Where:
p(h) - probability of occurrence of the hazard,;

v(d) - value of the elements at risk, which is adiion of the development in the exposed
areas, the land use and the probability of pres@mnqmsure);
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s(h,d) - the susceptibility of the elements dt,nshich is a function of the magnitude of the
hazard as well as the socio-economic construdteekposed elements (vulnerability).

The concept can be explained by words as the catibmof the magnitude of the hazard (in
terms of frequency and severity), the exposurdefalements to floods and the vulnerability
of the elements at risk (Figure 2.26).

Hazards

Exposure ' Vulnerability

| Flood risk mitigation measures

Figure 2.26 — Concept of flood risk (WMO, 2008)

This definition of risk is also made by the Unitidtions International Strategy for Disaster
Reduction (UNISDR), as it is stated in Hora and &sn(2009), that classifies risk as the
probability of harmful consequences or expectedgdssthat result from natural or social
hazards in vulnerable circumstances.

The probability is associated with the return periof the rainfall event, whilst the
consequences are obtained through the quantificatidhe flood impact. In addition to the
concept of risk, it is also important to highlighe existence of various types of damages that
floods might cause: damage can be categorized timto possible distinct flood losses
situations, as shown below (WMO, 2008):

+ Direct losses: resultant from direct contact ofasfructures with flood water;

e Indirect losses: caused by the event but not dyrecfluenced, like transportation
disruption due to closure of flooded roads;

e Tangible losses: the loss of something with a mamyedr replacement value;

« Intangible losses: loss of things that can be medsor transacted, like lives and
memorabilia,;
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The aim of an IFM, as mentioned before, is to minenthese losses, whilst making
sustainable and beneficial choices for the peopl@ #he environment. However as the
damage can never be completely avoided, thereéed for management of the risk of flood
events, a process that, according to the WMO (20@8a be summarized into three stages:

* Risk assessment;
* Planning and implementation;
+ Evaluation and reassessment.

2.6.3 Flood risk assessment and management

According to WMO (2008), the main basis for a floothnagement plan is a extensive

assessment of the current and future flood risksdan identify all the possible hazards, their

future development due to an increase of urbawmzatlimate change or land use changes. In
order for that to happen, the hydrologic and hylitazharacteristics of the hazards need to be
modelled in the context of the river basin, andash, the assessment should begin with the
analysis of the meteorological data.

The surface flow pathways within an urban area laghly modified due to day-to-day
activities (dumping of waste in the drainage sy3teand have a direct impact on the carrying
capacity of surface runoff drainage, therefore dieermination of the likely flood areas is
complicated and difficult to estimate. The use &% ®ols enables an early assessment of the
flood endangered areas, and its combination witlveuof the economic value of the
infrastructures on the areas and flood frequencdyraagnitude data, allows an economic risk
can be calculate.

In addition with the identification of floodableess and the damages caused, a quantitative
comparison of the components of risk can be done:aj$ the products resulted from a flood
risk assessment that enables such is the floodragls.

2.6.4 Flood risk maps

Flood risk maps are a great tool for risk assessiaeth planning, that allow the users to see
accurately where and how the impact of flood watercesses, and to possibility to identify
where the most vulnerable locations to floodingcdtding to the Decreto-lei n°115/2010, in
each hydrographic and managed area, the floodanskcorresponding mitigation measures
have to be evaluated. The flood maps made instiidy will be classified in a quantitative
manner, as each zone of a determined area wittothesponding flood risk (Figure 2.27).
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Hazard Map: |nundation
simulation

Vudnerability Map:
spafied distribution of
vulnerable socio-economic
and srvirenmaental cenditions

—— AT Risk Map: comblnation of hazasd

- and vulnerability map which enables
the identfication and ranking of
endangered areas

Figure 2.27 — Risk map with geographical informatfaVMO, 2008)

In order for that to be possible, it was necessamake into consideration the probability and
consequence of a specific flood: therefore theeensed to clarify in regard of the probability
levels (rare, unlikely, probable, likely, and velilkely to happen) and the consequences
considered in the analysis. Also, the elaboratibflomd maps involves a hydrological and
hydraulic analysis. Through the study of a rainfaith different return period times it is
possible to obtain an indication of the probabtmdable zones when a precipitation event
with a determined probability is checked. As saafobe, the consequences of the flood taken
into consideration in this study also need to bindd. According to the European Directive
2007/60/CE the issues that can be quantified feerd@l consequences, can be the following:

* Number of potential affected population (directhjirdirectly) by the flood,;
* Type of potential affected economic activitieshe area;
« Infrastructures that may cause accidental pollutiocase of flood;

* Areas where there is a high probability of a higilume of debris or soil being
dragged.

Another important aspect in the flood map procedsra risk matrix, which translates the
interconnection of the probability and consequenpesviding a classification for each area
accordingly to the flood risk map. As such, aftaving both the issues needed, the matrix can
be made, as it is shown below in Figure 2.28.
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Figure 2.28 — Example of a risk matrix (Leitdo ke2812)

Since the gualitative approach can be very subeend requires a great deal of information
and data to be properly used (Leitao et al, 204 2)ore clear approach that revolves around
guantifying the monetary costs caused by floodsahasen.

The analysis of the flood impact can be made tHiahg quantification of the resulting cost

of the damages caused by it. Normally the costslizeetly associated to height of the water
and the velocity of the flow in a flood event: heghheights and velocities lead to bigger costs
and impacts on infrastructures and people’s lives.

In spite of the fact that it is a more narrowedrapph in terms of quantity of information
needed, it still depends on a number of factor pathmeters to quantify the different
monetary losses caused (direct-indirect and taegritangible).

Several studies like Leitdo (2009) and HR Wallindf¢2006), focused in the direct losses,
while other like Penning-Rowsell (2005) and Balnttioet al (2006) made a more generalised
guantification of costs, including both culturalksad and demographical influences (Figure
2.29).
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Figure 2.29 — Flood risk assessment (BalmfortH €2G06)

Leitdo et al (2009) and Balmforth et al (2006) atsafirmed that there are several influential
factors to the resulting losses, from the duraéind intensity of the precipitation, to the depth
and speed of the overland flow, to the use and bfpbuildings, and to the occupation,
density and social classes of the inhabitantsetithhan catchment.

But, when a faster and more generic idea of timeagg@s caused is needed, a more simplified
approach for the quantification of costs can bepgeth some studies such as Hammond et al
(2012), Cancado et al (2008) and Machado et al5po0nsidered the damage cost per meter
of height of water (Figure 2.30).
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Figure 2.30 — Depth-damage curves regarding thgeusgbuildings (adapted from
Hammond et al, 2012)
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3 CASE STUDY / METHODOLOGY

3.1 Introduction

Concluded the literature review needed to enlighaed obtained the required knowledge
about the subject, it is possible to present thehoumlogy adopted as well as a brief
description of the case study.

3.2 Case study: Coimbra

The catchment studied in order to approve this odlogy is the medium sized city of

Coimbra, which has been recently affected by séweban floods, for instance in 2006, 2008
and 2013 as it can be seen in the figures belogu(Es 3.1 and 3.2), therefore reinforcing the
fact that more precise study needed to be donbdmatea. It has a total area of 1.5 km2
approximately, with a sewer system 34.8 km longwbich only 1.2 km are exclusively

towards storm water drainage. The time of concéaotraof the catchment, according to

studies already made (Simoes, 2012), is estimatbd 45 minutes.

Figure 3.1 — Praca 8 de Maio in the 09/06/2006M8&ues and Pina, 2013)
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Figure 3.2 — Praca 8 de Maio in the 21/09/2008 {@&mret al, 2010) and 24/02/2013C¢.@,
2013 floods, respectively

According to S& Marques et al (2013), the catchnaea of the city of Coimbra can be
divided into three distinct zones:

« “Baixa”: referred to the low ground area with aeaof 0.4 km2, that contains mostly
services and local commerce infrastructures, witbrabined drainage system;

« “Alta”: a high ground and steep slopes area thattains the highly urbanized area
with an area of 0.2 km2;

« The remaining area: which is also a highly urbahiseea of the city with
approximately 0.9 km2, where most of the flood [eots arise.

As such, the quantification of flood risk will beaimly focused in a more restrict area that has
shown to be more prone to the influence extremefathievents: the area in question is
highlighted below (Figure 3.3), which concerns slecalled “Zona Central” of Coimbra that
envelops the Praca 8 de Maio and Camara Municipa&re some of the most noticeable
flooding events have happened (Figures 3.1 and 3.2)
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Figure 3.3 — Zona Central of Coimbra highlightedine (adapted from Sa Marques et al,
2013)

3.3 Rainfall

The rainfall events considered we're obtained tghothe alternating block method described
in Chow et al (1988), where the standart IDF curaes used to obtain the intensity of
precipitation.

According to Sa Marques et al (2013) the estimataucentration time for the Coimbra’s
urban catchment is 45 minutes. Despite this fdw, gimulations we’re carried out for a
duration of 135 minutes, 3 times the concentratiime of the catchment: Portela et al (2000)
conducted a study that concluded that a rainfa#newvith thrice the duration of the
concentration time could lead to a peak flow higtiem by using a duration equal to the
concentration time. Therefore, a safer approachtter catchment was chosen where the
duration of the rainfall event is 3 times the corication time.

The return periods chosen for the simulations v&&re50 and 100 years, as shown below
(Figure 3.4). Since the urban drainage systemsisually dimensioned for a return period of

5 to 10 years, but can be increased so far as 2B years for catchments with a high level of

urbanization (Sa Marques et al, 2013), as is tlse of the catchment in this study. Another

reason is the fact that any value of return petmaer would not cause any noticeable

disturbances that could be of interest in this wtsihce the depth and speed of the overland
flow would be too small in comparison with the atbases.
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Sa Marques et al (2013) suggests that for projettgreat economic significance return
periods of 100 and 50 years have already been hesfede. The return period of 100 years
was also chosen as a maximum limit because anyg Vadjner for a rainfall event would have
a very low probability of happening in an urbancbatent. The 50 years were chosen as a
middle ranged value that could represent well avaidsituation.

100 -
90 -
80
70 A M 100 years
60 -
50 -+

i 50 years

M 20 years

Intensity (mm/h)

15 30 45 60 75 90 105 120 135

Time (min)

Figure 3.4 — Precipitation by the alternating bloo&thod for return periods of 100, 50 and 20
years

3.4 Modelling and dual drainage

In order to obtain the results for the elaboratérthe flood risk maps a modelling approach
had to be chosen: in this situation a 1D/2D dualirdrge model was used to get to the
necessary results (Figure 3.5). The model had bsed before in Simdes (2012) and Pina et
al (2014) through the softwares InfoWorks CS (fdpam flood forecasting) and Infoworks
ICM (to compare urban flood models: semi-distriloutnd fully-distributed) respectively.
The digital terrain model was obtained through tbeehnology LIDAR, the sewer data
obtained from AC, Aguas de Coimbra E.E.M, and tliéase network from the 1D/2D model
was modelled as a 2D surface using a mesh of trlanglements.

The software Infoworks ICM was used to perform diraulations in the 3 distinct rainfall
events chosen. The results were then exported doGiographical Information System
ArcGIS, where the analysis and elaboration of tbhed risk maps was made.
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Figure 3.5 — 1D/2D semi-distributed dual drainagelel used for the elaboration of the flood
risk map

3.5 Flood damage estimation

In this study, the cost damage function used cdsnée depth of water with the monetary
losses, according to the type of usage of the imgiJdas shown in the Figure mentioned
before (Figure 2.30). Since in the area in quedtorthis study, the majority of the buildings
are of commercial usage on the ground floor, thhgecused was the non-residential.

Since the expression that better describes thesatins not take into consideration the local
currency exchange rate, and are displayed in Ukn@®&terling (GBD) regarding the gross
domestic product (GDP), some adjustment had to &dgenn order for the expression to be
relevant for a Portuguese city.

A relation made between the value of the GDP oflgai and the UK was made: according
to the World Bank, in 2014 the GDP per capita oftigal was 26.759 US dollars and the
UK’s was 38.452 US dollars, and so the relationween them is of approximately 1.437
(WorldBank@2015). The currency exchange rate ofRiinds Sterling to Euros, in th& 5
of January 2015, is 1 UK Pound Sterling to 1.3100E{BancodePortugal@2015).

Therefore, the depth-damage function used to oli@monetary losses is:

—16.072-h5 4+ 130.2-h*— 347.74-h3 + 227.29-h% + 504.95-h + 66.337
Cost (€/m?) = — -1.310 (17)
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Where:
h — Water depth [m];

3.6 Elaboration of flood risk maps
3.6.1 Depth-damage flood risk maps

Before any flood risk maps could be made, a metloggofor the classification of the actual
flood risk had to be established. Taking into cdagktion the time available to perform this
study, only the direct costs were quantified, sitieeindirect and intangible losses required a
more detailed set of information regarding the yapon density and demographic of the
city of Coimbra, and a clear distinction betweer ttifferent types of buildings and
occupations. Therefore, a quantitative approachimpemented in this study to quantify the
direct costs. The following sequence of steps veasiu

+ |dentification of the floodable areas;

Identification of the affected infrastructures;
» Estimate of the depth of water for each floodaléaa

« Estimate of the damages caused by the flood, bygaikto consideration water
depth-cost functions;

* Registration of the results and creation of thedloisk maps.

3.6.2 Depth-velocity flood risk maps

Another type of flood risk maps created took inbmsideration both the depth of the overland
flow as well as the speed of the flow, in orderbietter understand the risks, since they
provide a more complex view of the situation by sidering depth and water velocity.

These maps allow the user to evaluate other risksgdbs monetary losses, such as risk to
pedestrians, vehicles or the impact on public parts (topics that will be addressed later on)
(HR Wallingford 2006). The sequence of step foirtleesation is similar to the one before,
except both parameters are estimated (depth amtityg] and the risk was estimated by
using different depth-velocity risk functions: thigure below as used to extrapolate the
equations needed (Figure 3.6).
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Figure 3.6 — Depth-velocity risk curves (adaptenhfiProjectsUmwelt@2014)

With the equations obtained, zones of classesskfwiere created (from Low to Very High),
whilst a minimum was assumed as 0.1m of depth ahdnds of velocity: any value below
these limits were considered as insignificant, eitteey would not affect the pedestrians or
vehicles present, as the risk towards buildingles@nt. This reason of choice of this
minimum limit derived from other studies that uslked same value, like Cancado et al (2008).

3.6.3 Transports impact flood risk maps

With these depth-velocity maps created, there aneesanalyses that can be made: one of
which is the influence of flood events to the palilansports of the city of Coimbra (more
specifically the bus lines, presented in Figure).3l7 Leitdo et al (2012), it defined that a
route is considered as affected to the level dfirsgathe bus line when the water depth is
above 0.3 meters for over an hour.
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Figure 3.7 — Map of bus lines of part of the cifyCmimbra (SMTUC@2014)
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4 RESULTS AND DISCUSSION

4.1 Floodable area maps

As mentioned before, only a specific area of thielwaent of Coimbra was chosen due to
higher probability of flood events occurring, espélg in the surroundings of the Praca 8 de
Maio (Figure 4.1), and because in order to andllysenvhole catchment more time would be
necessary and the limit of pages would be greatlgeeded to contain all the relevant
information. For the same reason only the resdltsvo rainfall events will be displayed: 20
and 100 years.

Figure 4.1 — Highlight of the area of the Coimbreaschment studied

After the analysis and exportation of the mostvate results had been made to ArcGIS, the
elaboration of the flood risk maps could initiaBy. performing a spatial intersection between
the shapefile of the buildings and the shapefilehaf mesh zone’s pond areas where the
rainfall event has caused overland flow, the deptivater affecting each building could be
estimated (Figure 4.2).
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Figure 4.2 — Example of a spatial intersection leetwthe two shapefiles: buildings and pond
areas

This was only made possible by performing a fiitgrof the results, because a number of
pond areas surround each building and it had téaken into account only the maximum
value of water depth, for that value is the onet tbeeates a bigger impact on the
infrastructure. Also a minimum of water depth hadbe established: it was considered as
relevant water depth to affect negatively a buidine value of 0.12m, since any value below
would be lower than the usual Portuguese sidewealghih (Euroacessibilidade@2001), and
therefore the water would not reach the groundrfiidhe infrastructure or cause significant
damages. To consider the buildings unaffected byowerland flow it was considered that
any value below 0.02m, which is a normal height ftve doorstep of buildings
(Euroacessibilidade@2001), would be discriminated.

With the intersection of shapefiles done, a divisaf water depth into distinctly coloured
classes was made: yellow for the lower values démaepth (0.12 to 0.25m), orange and red
for intermediate and dark red for the highest vgtu®.75m). The unaffected buildings were
portrayed in the colour grey. Regarding the porehsiof the mesh zone a colouring of light
to dark blue was chosen (lower to higher values)o®, the resulting floodable area maps are
displayed for two distinct rainfall events with wet periods of 20 and 100 years, respectively
(Figures 4.3 and 4.4):
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Figure 4.3 — Floodable area map for a return pesfd2D years
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Figure 4.4 — Floodable area map for a return pesfdDO years

By observing the resulting maps, it can be eagignghat from the return period of 20 to 100
years, that the water depth increases towardsitfiehvalue of return period, which means
that the higher the intensity of precipitation Egher return period=higher intensity of
precipitation due to the lower probability of happe in a time period), a more negative
impact it will have upon the infrastructures (biunlgs and urban drainage system). Despite
the gradual increase, the majority of the buildirsyaffected by small water heights (0 — 0.12
m), but in the situation of 100 years of returnigerthe class of 0.25 — 0.5 m presents a
respectable number of affected buildings.

It is also visible that there are two area wheeewvifater depth levels are higher: one located in
the upper part of map at the end of the Rua Direitd the other zone in the opposite end of
that street (Praca 8 de Maio) .Since they areivelsitplain zones with elevated surroundings
and streets connected to it, the water tends tonaglate there. Below the increase of water
depth classes can be seen through two resulting rffeigure 4.5) where the number of
buildings in each water depth class for each rgbenod is displayed:
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Figure 4.5 — Increase of buildings water depthsdasfrom return period of 20 to 50 years,
and 50 to 100 years, respectively

By looking at the maps it is possible to concluldat tthe increase of classes is much more
noticeable in the transition from the rainfall eve 50 to 100 years of return period than
from the 20 to 50 years of return period: it rencts the idea of increase in water depth and
negative impact towards the buildings as rainfedire tends to be less likely to occur (higher
return period = smaller probability of occurring).

4.2 Flood risk maps for monetary losses

With the floodable area maps already made, theeseguof steps towards the flood risk maps
can advance, and for that the depth-damage equaliamed in the chapter before was used.
By replacing the variable height with the valuesdach building, two maps that represented
the monetary damage pef mere created regarding the return period situati@igures 4.6
and 4.7).
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Figure 4.6 — Depth-damage flood risk map (retumiopleof 20 years), expressedéfm?” per
building
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Figure 4.7 — Depth-damage flood risk map for arreperiod of 100 years, expressed,m?
per building

Subsequently, the areas of every building wereutatied using one of the commands of the
software ArcGIS and multiplied with cost pef,nproviding the monetary damage to each
building (Figures 4.9 and 4.9). The classes defioedhe two sets of three maps considers 5
different categories coloured from the lightestyellow (lowest monetary value) to the
darkest in dark red (highest monetary value).
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Figure 4.9 — Depth-damage flood risk map for arreperiod of 100 years, expressed iper
building

By analysing the resulting flood risk maps, a fesmarks can be made: as expected (by
having read others studies, like Leitdo et al (2G08% Cancado et al (2008)), the higher the
return period of a rainfall event is, the more ntang damages it causes on the building
present in the catchment.

Since the water depth changes are not so accedifubéeclasses of damage per building do
not change because they stay in the same intefvabst per class: an example is shown
below (Figure 4.13).

On the 100 years return period it is possible ® @&esubstantial increase of costsEiper
building, since the higher intensity of precipitati lead to higher water depths and
consequently to more monetary losses. Another osimat to be made is that, despite a
building subjected to a high water depth, if itsé@ is small the cost associated to it is not
high, since the depth-damage equation depend®ftke building’s area.
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4.4 Flood risk maps for depth-velocity combination

The 1D/2D model, as stated before, allows the amalyf the velocity of the overland flow
for a rainfall event. Therefore, maps of velocitgr pond area of the mesh zone for the
overland flow can be created: for that it was omgeded to export the velocity parameter
from Infoworks ICM to the software ArcGIS and thaplementation of different coloured
classes for lower to higher velocity values (light deep blue, respectively). Below the
maximum velocity per pond area maps for each repgmod are shown (Figure 4.10 and
4.11).
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Figure 4.10 — Maximum velocity per pond area mapafeeturn period of 20 years
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Figure 4.11 — Maximum velocity per pond area mapafeeturn period of 100 years

As it was expected by viewing the orography of #wme in study, that velocity of the
overland flow is the highest in the end of descegditreets (in front of the bank Caixa Geral
de Depositos, near the Praca 8 de Maio) and im pli@@as where the water from its’ elevated
surroundings flows to (at the end of the Rua DaeifAs in the water depth maps, it is also
clear the gradual rise of the velocity values altivggthree situations of rainfall events (20 and
100 years of return period).

By combining the floodable area and velocity pengbarea maps and replacing the variables
in the equations of depth-velocity risk that defiribe intervals of classes of risk (Figure 3.6),
three flood risk maps regarding the return periagations (20 and 100 years) were made.

It is important to note that the height and velpcdpresented in the maps above (Figure 4.3,
4.4, 4.10, and 4.11) are the values for the molstvairable instant of the simulation, and so
they are both related to the same instant (theniiBbte instant).
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The 5 classes adopted went from Unaffected to Hitgzard with light damage to
infrastructures (grey to dark red). From the thiisk level and above it is unsafe of
pedestrians to walk in those areas, with the rfdlalting and drowning, and vehicles start to
become unstable to drive: the risk maps are displéglow (Figures 4.12 and 4.15).
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Figure 4.12 — Depth-velocity flood risk map foredurn period of 20 years
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Figure 4.13 — Depth-velocity flood risk map foreaurn period of 100 years

By observing the three maps displayed above ibidion what was expected by seeing the
water depth and velocity maps: since the risk dépem these two parameters the two areas
mentioned before (Rua Direita and Praca 8 de Ma@ye some of the higher risk levels of
the studied zone. Like the depth-damage risk nthpsdifference in risk levels is much more
significant in the transition from the rainfall exteof 50 to 100 years of return period, due to
the same facts stated before.

Passing to the flood impact maps, with the maefiius lines of the city of Coimbra in mind
(Figure 3.7), it is clear that there are only twests, Rua da Sofia and Rua Visconde da Luz,
where buses drive through, and one much more mtig¢liat the other, because of the much
higher number of bus lines that it involves (RuaSi#Hia).With that in mind, calculations
were made, by exporting the tables from ArcGIS xeadt and imported back to ArcGIS, to
identify the areas where the stall situation ociriThe Figures below (4.14, 4.15 and 4.16)
show the resulting maps for the rainfall situatidescribed several times before:
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Figure 4.14 —Flood map for depths above 0.3 mver & hour (return period of 20 years)
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Figure 4.16 — Flood impact map towards the buslofehe Zona Central catchment

It is visible that the Rua da Sofia only sufferenfr stalling of the bus lines in the rainfall

event of 100 years of return: that's because theemlavel and duration required for the
situation to occur is difficult to attain (that veatdepth for the two other rainfall events is not
high enough, or when it is, it does not stay ab@Bmeters for a whole hour). But with the

stalling of the bus lines there is a serious nggatnpact towards the flow of traffic and the

people riding the bus, with traffic delays occugripeople arriving late at their destinations.
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6 CONCLUSION

6.1 Concluding points

The cities growth through the urbanization of sgaaed increase of extreme rainfall events
through climate changes, have consequently ledhigleer frequency of flood events. In this
study a 1D/2D dual drainage model was used to parémmputational simulations of rainfall
events for different return periods, and with tesults flood risk maps were created, in order
to evaluate quantitatively the consequences ofiflaents.

The maps displayed are referred to an area of thiela’s urban catchment (the Zona
Central of the Coimbra catchment) for rainfall essanwith return periods of 20 and 100 years.
The return periods chosen represent an acceptabig rof rainfall events that may occur in
the catchment.

Three types of flood risk maps were created: depiinage flood risk, depth-velocity flood
risk, and flood impact on transports. Focusinglanftrst mentioned type of flood risk maps,
it is possible to conclude that the monetary lossesed to buildings increase along with the
value of the return period, as the probabilityred tainfall event occurring decreases. It is also
possible to visualise the areas where the wateistemaccumulate.

Passing to the depth-velocity flood risk maps, whée risk associated to the flood events is
displayed through classes of risk, it shows thatdahare concentrated areas with a high risk
for pedestrians and vehicles even with rainfallnésevith lower return periods. The increase
of risk is also evident, with some areas becomingate to walk by and difficult to pass
through in a vehicle.

The flood impact maps demonstrate that only fohargvalues of return period (100 years)
are the bus lines affected by flood events, buertbeless it involves a street where several
lines pass through, and may cause traffic jamslenod

To sum up, the methodology adopted in this studynatestrated the importance of the
elaboration of flood risk maps in growing urbanest in order to prevent monetary losses
and risk towards pedestrians and transports, camsédure flood events. It gave also a good
insight on the fields of urban drainage, dual degmand flood risk. This study may help the
development of future studies in dual drainage Miogdeinvolving the 1D/2D model used.
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6.2 Further Study

In the sequence of this study, further developmeatsbe made within the field of flood risk
map elaboration towards the quantification of thenetary losses in the remaining areas of
the city of Coimbra, with the possibility of disgjnishing the different occupation types of
buildings in order to better use the depth-damagees related to the types of buildings.
Other depth-velocity risk curves could be used rdeo to make a comparison between the
different approaches, and a more detailed anabfsiee hazards caused by each risk class
could show a more insightful view of the dangeflobd events.

Another suggestion for future studies is the elaton of the flood risk maps with more
detailed dual drainage models which could provideranreliable results. A comparison
between the results of rainfall events simulationshe case study area and the flood risk
maps created by using the 1D/1D, 1D/2D and hybridiets could be made to demonstrate
the differences in accuracy and reliability betwésndifferent types of models.

The impact upon transports and vehicles can alsodye thoroughly studied by analysing the
number of buses per day that pass through floodssbaand quantifying the average number
of people using that mean of transportation, that#fected by a flood event. Another aspect
that may be studied is the combination between shisly and prevention and mitigation
measures of flood effects through the use of SUDSoptimizing the localization of the
SUDS through the quantification of construction tsoand the level of risk reduction
achieved.
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