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Abstract

In English

Nowadays, when speaking about flood management, flooding is one of the main
concerns, in the urban areas, where flood consequences might be critical. In order to decrease
the negative consequences, the flood assessment and management need to be done. Therefore,
the European Commission put into force the European Directive 2007/60/EC (Protection,

2007). According to the Directive flood risk and hazard maps should be designed.

This study was based implemented upon the request of the municipality of the city of
Verl, Germany. The municipality has already developed a plan for a new residential area,
however the construction cannot be done as planned due to the reason that the planned
residential area lays in the flooded area according to the risk map. Hence, this study was done
in order to check the planned area upon the flooding and to suggest mitigation measures if the
flooding occurs.
Keywords: Inundation area, hydraulic modelling, Olbach, North Rhine-Westphalia (NRW),

Germany, Geographical information system, flood protection, flood area estimation.

In Czech

Kdyz dnes hovoiime o povodiiovém fizeni, povodné v méstskych oblastech jsou jednim
z hlavnich problémi, kde nasledky mohou byt kritické. Za ti€elem sniZeni negativnich
diisledkt je tfeba provést hodnoceni a fizeni povodni. Evropskéa komise proto uvedla v
platnost Evropskou smérnici 2007/60 / ES (Protection, 2007). Podle smérnice by mély byt

navrzeny mapy povodnovych rizik a nebezpeci.

Tato studie byla zaloZena na Zadost obce mésta Verl, Némecko. Obec jiZ vypracovala
plan pro novou obytnou plochu, avSak vystavba nemiiZze byt provedena podle planu kvili
tomu, Ze planovana obytna oblast lezi v zaplaven¢ oblasti podle rizikové mapy. Proto byla
tato studie provedena s cilem zkontrolovat planovanou oblast pii zdplavach a navrhnout

zmirfyjici opatfeni, pokud dojde k zaplavam.

Kli¢ova slova: Inundaéni oblast, hydraulické modelovani, Olbach, Severni Poryni-
Vestfalsko (NRW), Némecko, Geograficky informacni systém, protipovodiova ochrana,

odhad povodinovych oblasti.
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1 Introduction

Traditionally, most communities, from village to city, were built close to water. It can
be explained by the fact that most human activities and basic needs depended on water
resources. There are two main factors for cities to be built near a water body: - commercial
and - sustainable development. The first one was economic: before the invention of such
means of transportation as trains and cars, ancient civilisations had to settle closer to water in
order to trade with other citizens located not only on the sea coast but also on the river banks.
Thus direct access to water allowed both fast communication and convenient exchange of
goods, not least due to the fact that it was easier to deliver goods by water means. The second
factor was the sustainability of the community as a water body was a reliable food source.
Moreover, people could get access to fresh water which was also used for agriculture, i.e.
irrigation. The abovementioned improved the quality of human life, hence facilitated
sustainable development of communities. Therefore, most big cities are placed near a water

body.

Water use has risen significantly since the appearance of manufacturing, the invention
of electricity and increasing consumption of energy. Today, in percentage correlation water
consumption 10 % of all water consumption goes for domestic use, 20 % for industry
demands and 70% for agricultural needs worldwide (Worldometers, 2016). According to
United Nations (2013), the population of Earth will continue to grow and will reach 9.6
billion in 2050. Since water is a natural fuel, there is an increasing number of dams
constructed and as the population is growing in order to increase electricity production much
more dams will be constructed (Robbins, et al., 2011). Therefore, water use will increase in
the next decades too. Moreover, according to United Nations (2014) 34% of the total
population will live in rural area, the rest 66% of the population in the urban area by 2050.
The substantial part of sustainable urban development highly relies on water supply, sewer,
and stormwater drainage systems. Therefore, a sustainable water supply, sewer and

stormwater drainage systems development will be required for future decades.

Once snow, rain or hail reaches the surface of the ground it starts moving. Part of it will
infiltrate into the soil. The remained part of the water - from the saturated or sealed surfaces -
will form a flow on the surface, which is called ‘runoff’. On the reasons that influence the
increased amount of runoff is urbanisation, as the latter leads to coating surfaces with artificial

materials that, in its turn, hinder infiltration. Furthermore, roads and roofs fasten runoff from



the surface to the river. During the snow or rain event, runoff is continuously generated from
urban and rural surfaces. However, from the rural watershed, runoff stops as soon as
infiltration capacity of the soil exceeds the intensity of snow or rainfall. Runoff moves faster
on artificial and sealed surfaces than on natural surfaces, therefore there is a high risk of
abrupt flooding in rivers. Thus urbanisation is creating higher and more sudden peaks in river
flow (Butler and Davies, 2010). Since impermeable surfaces make it difficult to infiltrate
runoff, stormwater has to be moved out of the city in order to prevent flooding. Therefore, it
can be seen that an extreme rainfall event is one of the major concerns and challenges of

urban and rural river basins and it needs to be estimated.

Different sets of diagnostic methods and models are used to define future extreme rain
events. According to Beniston, et al. (2007) heavy winter precipitation increases in central
and northern Europe and heavy summer precipitation increases in north-eastern Europe, these
changes in precipitations are expected to keep growing in the next years. Therefore, it is
necessary to design and model how current urban and river areas will react on heavy rains in
order to decrease a potential damage for cities. The main purpose of models in urban drainage
engineering according to Butler and Davies (2010) “...is to represent a drainage system and its
response to different conditions in order to answer questions about it, usually in the form
‘What if ...? ©”. Modeling is used for different reasons, there are several of them mentioned
below. First, modelling is used to design and build a new modern efficiently working drainage
system. Second, modelling helps to analyse the existing drainage system under changing
circumstances and assess if the current drainage system is capable of handling these
conditions. Furthermore, it might be moderated into a design that would help to estimate

mitigation measures that should be done for the existing drainage system.

Nowadays there are is a lot of different software programs developed. These programs
are constructed on the basis of various physical and mathematical formulas. As mathematical
and physical approaches are different per se, their models might be implemented in different
fields and for different purposes. Some of them focus on sewer and stormwater, others on
combined or natural drainage systems. Therefore, the choice of software depends on the type
of task that engineers aim to perform or problems to solve, as well as on the availability of

time and money to spend.
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2 Purpose and aims

As it was mentioned before, urbanisation will grow in the next decades that will put a
significant pressure on the natural water circle. Moreover, the precipitation forecast shows the
increase of extreme events over central and northern Europe in the winter time and over
north-eastern Europe in the summer (Beniston, et al., 2007). Therefore it is essential to design,
evaluate and optimise flood measures in order to prevent any potential damages. Nowadays,
there is a big amount of software programs with the tools that can give different flood
mitigation measures under changed circumstances. Therefore it is necessary to choose the
most appropriate software, furthermore to design, compare, and evaluate the most suitable

mitigation measures.

The main purpose of my Diploma Thesis is to design an accurate model and evaluate
the most appropriate flood mitigation measures for the study area. The following steps are

made to achieve this purpose:
- A flood basin at the area of interest is estimated;
- Inundation measures are suggested in order to decrease flood impacts.

The goal is to make recommendations regarding the modelling of the most suitable

mitigation measures within the diploma thesis.

11



3 Literature research

General definitions, provisions and current knowledge about flooding, its risks and
management are presented in this chapter as well as approaches (procedures) of surface flow
modelling. The importance of flood management is described based on the European water

framework directive and scholarly literature.

3.1 Flood and flood risks
Until now, floods are one of the natural hazards that affect many regions and endanger
lives and well-being of individuals worldwide. For the last decades, the number of huge

floods was acquired. Table 1 shows ten most severe flood hazards and the economic damage

between years 2000-2016, (EM-DAT, 2016).

Table 1. Ten most severe floods (EM-DAT, 2016)

Country Date Total damage
Thailand 05/08/11 5 A0, 000,000,000
China 29/05/10 g 18,000,000,000
India 00/03/14 g 16,000,000,000
Germany 28/05/13 5 12,900,000,000
Germany 11/08/02 g 11,600,000,000
USA 09/06/08 5 10,000,000,000
Pakistan 28/07/10 5 9,500,000,000
USA, 09/08/16 g 8,733,000,000
China 21/07/12 5 8,000,000,000
ltaly 14/10/00 5 &,000,000,000

Between 2000-2016 Europe suffered from 376 floods, and 6.6 million people were
affected, 1.751 people died. The economic loss was $ 95.5 billion (EM-DAT, 2016).

According to the Protection (2007) flood is “... the temporary covering by water of land
not normally covered by water. This shall include floods from rivers, mountain torrents,
Mediterranean ephemeral water courses, and floods from the sea in coastal areas, and may
exclude floods from sewerage systems”. Floods might occur due to different reasons and
spread at the different range. Flood reasons constitute the base for flood differentiation and
systematisation. Floods can be divided according to Klijn (2009) into the following categories

with the regard to their origin, which can be seen from their names:
- excess rainfalls create inland floods;
- storms - coastal

- earthquakes - tsunamis
12



- man break - man-induced.

It is possible to see that all these floods are caused by natural phenomena. Flooding
might be seen as natural behavior of a water body, but when natural behavior might harm to
humanity the term ‘hazard’ is added. Therefore, in flood risk management only floods that

pose hazard are considered (Klijn, 2009).

What is flood risk then? Flood risk is defined as a combination of probability with
potential negative consequences (Protection, 2007; Klijn, 2009). The consequences are
considered to be negative when people suffer or property is damaged as the result of flooding
(Klijn, 2009). Thus, the combination of both factors: flood probability and possible harmful

consequences define a flood risk.

The chain of causes and their effects can help to identify flood risk formation.
Therefore, the Source Pathway Consequence Model (further referred to as SPCM) (Figure 1)
was created by Institution of Civil Engineers in order to illustrate steps of flood risk

formation.

SOURCE PATHWAY RECEPTOR CONSEQUENCE
il ' riwer channel ' property ' material and
W es oy el i people economic losses
rainfall coastal cell environment loss of life
pollution

Figure 1. Source Pathway Receptor Consequence Model. Modified from (ICE, 2001)

The SPCM is an illustration of the components interaction that is based on the cause-

effect chain.

The term ‘flood management’ includes analysis and assessment of all flood components
in order to reduce possible damage caused by floods. According to (Schanze, et al., 2007)
flood, risk management is a comprehensive analysis, assessment, and reduction of flood risk.

Three main elements of flood risk management are presented in Figure 2.

13



Flood risk management

v

‘Riskanalysis |

‘ Risk assessment |

‘ Risk reduction |

Figure 2. Structure of flood management activities. Modified from (Schanze et al., 2006)

Risk analysis aims to find flood probability distribution, water level, the velocity of the
flow, sediment transportation and content of pollutants (Klijn, 2009; Schanze et al., 2006).
The analysis results in creating flood risk maps and warning systems that help to prevent

floods.

Risk assessment deals with risk perception and risk weighing, where risk perception
takes into account risks of local people to probable adverse flood consequences and risk
weight based on a decision of risk degree as a cost that might be admitted in the context of

some options as benefits (Schanze et al., 2006).

Risk reduction is the final part of flood risk management. There is a range of different
measures and instruments, which are implemented in different ways to decrease a flood risk.
Measures can be characterised as physical actions to be taken, they are divided into two main
categories: - permanent, measures that include permanent engineering construction (dams,
reservoirs, retention ponds, embankments), and - temporary, measures that focus on better
planning and development of better natural condition to reduce a flood risk (good planning of
evacuation, land use planning and alarm waning flood) (Klijn, 2009; Schanze et al., 2006).
Instruments or so called policy instruments can be characterised as non-direct actions that
influence human behaviour towards flood reduction. Instruments can be divided into three
main groups: communication instruments, which are supposed to increase flood awareness,
financial instruments that ensure people’s economic security and regulatory instruments,
which are regulations that contribute to the creation of common for all society normative or
standards. Instruments and measures are inter dependable, one cannot be implemented

without the other, hence instruments and measures are always continuously interconnected.

Schanze et al.(2006) introduced a framework for the flood risk management process

where he linked all components of flood management with social influence on the decision

14



making process. More important, his flood risk management process is mainly based on the
societal conditions of decision-making, as the implementation does not have a linear structure
in the real world, it always requires analysis, reconsideration, and evaluation of interim
results. Thus, actions plan is tightly connected to these interim results and is being constantly
updated in accordance with them. Integration of all processes is the main challenge, thus, the
flood management requires constant interaction between management and decision-making

(Figure 3).

Decision making and development process of actors with their

strategies
Risk analysis | | Risk assessment | | Risk reduction |
Determination Classification Strategic alternatives
of flood risk _’ of flood risk _» for flood risk reduction

v

Figure 3. Full structure of flood management activities (Schanze et al., 2006)

3.2 DIRECTIVE 2007/60/EC on the assessment and management of flood risks

In the year of 2007, the Parliament and Council of the European Union agreed, adopted
and put into force the European Directive 2007/60/EC on the assessment and management of
flood risks. With the main goal to establish a framework for the management of inland,
coastal and groundwater flood risks and aim to reduce negative consequences. The Directive
contains the following parts: preliminary risk assessment, flood hazard map and flood risk
maps, flood risk management plans, public information, and consultation, implementing
measures and amendments and final element is reviews, reports and final provisions

(Protection, 2007).

The first part allows to identify regions prone to flooding and to refuse those parts of
water bodies that do not need further flood analysis. Preliminary risk assessment includes
maps of river basins with the description of floods that occurred in the past and where there is
a need to assess potential negative consequences concerning human health, environment, and
economical losses. Second part - flood hazard and risk maps, in accordance with three
scenarios: floods with a low probability, floods with a medium probability and floods with a
high probability. These maps should be available online for free. Moreover, the maps should

include the information on flood extent, water depths, and flow velocity as well as potential
15



negative consequences for people. Moreover, should be given a possible number of people
affected, and types of economical activities that might be damaged and environment risks

(Protection, 2007).

The third part is flood risk management plans. The development of these plans is
framed to reduce potential negative consequences considering permanent and temporary
measures. Moreover, prevention, protection, and preparedness are the main factors to consider
as measures to be taken when developing warning systems and defining characteristics of the
flooding area. Public information and consultation is the fifth part, where all data on flood

areas shall be in free access (Protection, 2007).

Implementing measures and amendments is the next part that requires technical formats
including statistical and cartographic data to be provided. The final element is represented by
reviews, reports and final provisions that contain the preliminary flood risk assessment, the
flood hazard and flood risk maps, and the flood risk management plans that shall be reviewed

every six years (Protection, 2007).

As at can be seen that the abovementioned steps are followed by the Directive, which in
its turn corresponds to the theory and practice of the flood management that was described by

(Schanze et al., 2006).

3.3 Examples of flood management methodologies within Europe

3.3.1 Flood Risk Management in Nordrhein-Westfalen, Germany

As soon as the Directive 20007/60/EC on the assessment and management of flood
risks was approved within the European Union, each of 16 federal states of Germany was
obliged to implement it. Thus, the Flood Risk Management department in North Rhine-
Westphalia designed a plan “Hochwasserrisiko-Management. Schritte zum zukunftsfihigen
Umgang mit den Risiken durch Hochwasser in Nordrhein-Westfalen” with duties and
possibilities for organisations and stakeholders to cooperate and work together on flood risk
problems (MKULNYV, 2015). The plan follows all the stages of the Directive. Firstly, the
possibility of flooding shall be evaluated, and further the results of the preliminary evaluation
shall be published on an available website for free. Secondly, based on the evaluation, flood
hazard and flood risk maps shall be created and remain in open access. The latter aims at
helping to minimise life and property loss risks, as companies and citizens, being aware of
flood risk areas, will be able to act correspondingly. In accordance with the requirements of

the Directive, flood hazard maps should include possible extent, depth of floods and velocity
16



of a flooding flow. The extent of flooding is calculated based on different scenarios. A ten
year return period HQ 10 corresponds to floods with a high probability, HQ 100 corresponds
to floods with a medium probability and HQ extreme flood that might occur statistically not
more than once every 100 years. These three types of floods have significantly adverse

consequences.

The flood risk maps show the land use of the areas, which might be affected by the
flood. The maps also provide information on risks that require particular attention. The flood
risk maps also indicate a number of residents that are considered to be vulnerable (MKULNYV,

2015).

Further, the local district authorities analyse negative consequences for the main
following groups of risks: human health, environment, cultural heritage and economic
activity, and determine appropriate objectives for the flood management. Together with the
municipalities the flood risk management group prepares the action plan. The plan is designed
to minimise harm influence according to the mitigation measures and means. All the
procedures described above correspond to the first step in the Flood Risk Management
Planning that is called ‘risk assessment with the determination of the appropriate objectives’

(MKULNYV, 2015).

The second step is the core for the implementation of the flood management plan -
measurement planning. The municipality creates a catalog of the measurements that should be
implemented in order to decrease flood risks. The catalog consists of different duties,
measures, and objectives and assigns stakeholders responsible for their implementation. The
municipality, in its turn, monitors the implementation of the specified measures and controls
if the results lead to the achievement of the main goals. Moreover, the municipality constantly
checks the existing situation so the upstream measures do not cause an adverse effect on

downstream society (MKULNYV, 2015).

As a final step of MKULNYV (2015) the plans about the flood management activities
shall be published and reported to the EU. All measurement plans are to be published together
with a creation of the whole region database. The database helps to combine the measures per
region and prioritise them. All measures plans are available online for free on the internet

platform.

When comparing the German implementation of the Directive with the management

plan introduced by Schanze et al., (2006), they both include decision-making processes as a
17



part of action planning, where constant interaction between municipality and action group

occurs.

3.3.2 UK

The flood Directive was transformed into the law for England and Wales as The Flood
Risk Regulation. To fulfill this regulation a Surface Water Management Plan (further referred
to as SWMP) was established. The plan was developed for local authorities with an aim to
facilitate their flood risk management activities (DEFRA, 2010). Moreover, the plan aimed to
increase understanding of the establishment of “ ...a long-term action plan to manage surface
water in an area and should influence future capital investment, drainage maintenance, public
engagement and understanding, land-use planning, emergency planning and future

developments (DEFRA, 2010).

The SWMP contains four main steps: preparation, risk assessment, options and
implementation and review. Firstly, the preparation step identifies whether an SWMP study is
required, who has to take part in planning. Moreover, the first preparation step contains aims
and identifies data availability. Secondly, the risk assessment step consists of strategic
(identification of the vulnerable area), intermediate (identification of hotspots within
vulnerable area and establishment of possible fast mitigation measures) and detailed (aims to
calculate future probabilities and consequences of flood risk) assessments. The outputs of the
assessments contribute to a detailed map. Thirdly, an optional step, which identifies the most
appropriate mitigation measures for the study area based on the test results of effectiveness,
robustness, cost and benefits. Fourthly, the implementation and review step where a
coordinated plan is developed. As soon as it is implemented, it should be monitored in order
to assess benefits. Furthermore, SWMP should be reviewed and updated minimum once every

six years (DEFRA, 2010).

The SWMP also takes into account a step of evaluation and redirection according to the
results, thus, it proves the main aspect indicated by (Schanze et al., 2006) with regards to

decision-making and development processes.

3.4 Surface flow modelling

All the water that flowing or is stored on the Earth is called surface water, the main
form of surface water considers to be a channel flow. Thus, the main task for hydrology is to
define a flow rate of the channel flow. The land area that drains into a particular stream is

called catchment or watershed (Chow, et al., 1988). Rain, snow or hail, so called
18



precipitations, contribute to the surface water either by storing or flowing on surfaces and
eventually all water that falls into the catchment and does not evaporate, reaches the channel
flow. Therefore, precipitation and size of the catchment are essential parameters for surface

flow modelling.

Urbanisation has become the central concern for the surface flow modelling. Effects of
urbanisation on surface flow are presented as an increased amount of runoff as well as a high

peak in the runoff rate that is shown in Figure 4 (Chow et al., 1988).

a b
Total rainfall

g Additional excess rainfall ©

] / 4+

® caused by urbanisation ®
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Time Time

Figure 4. Urbanisation effects on (a) infiltration, where 1 infiltration before urbanisation, 2
infiltration after urbanisation; (b) runoff , where 1 runoff after urbanisation, 2 runoff before

urbanisation. Modified from (Chow et al., 1988)

The precipitation excess as a result of urbanisation increases the amount of runoff due
to an enhanced construction of impervious surfaces. Moreover, the impervious artificial
surfaces increase flow velocity due to less friction factor, thus increased a range of runoff

peaks.

Urban drainage systems have a long development history. From the beginning,
wastewater and stormwater are two main concerns in urban areas. Therefore, there are two
main types of urban sewerage systems in Germany: separate - where stormwater and sewer
water flow in separate pipes, and - combined where storm and sewer waters are mixed and

flow in the same pipe.

In the last 10-15 years, new approaches regarding the discharge of water surface- runoff
regulations were implemented in Germany in order to decrease the volume of stormwater in
the sewerage urban systems. The core principle is to dispose stormwater within a private
property, in other words, to use a decentralised stormwater system. Disposing within a
property helps to reduce a big amount of stormwater in the sewerage system, thus to reduce a
runoff peak and abrupt flooding. Disposing of stormwater on a property might be done by

using sustainable urban drainage systems (further referred to as SUDS). SUDS are becoming
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widely used in Germany due to the fact that it helps to deal with stormwater locally and in a
natural way. There are some examples of SUDS measures: green roofs, rain barrels, gullies,

stormwater planters, infiltration and etc. (Dunnett and Clayden, 2007).

However, nowadays, there is no federal law that regulates surface water runoff in
Germany. Nevertheless, some federal states of Germany such as North Rhine-Westphalia
(NRW), introduces regulation (Werker et al., 2012) on the discharge of surface water runoff
where stormwater is categorised depending on the pollution concentration and treatment

measures, which are suggested in order to reach a sufficient stormwater quality.

In order to present, study and design suitable stormwater systems, computational
models might be used. Model is a convenient and cheaper way to present study area (real
study conditions). However, it is necessary to remember that the model is a simplification of
reality. Hydrological and hydraulic calculations are two main parts for urban stormwater
modelling. Hydrological calculations consider the hydrological water cycle with intention of
runoff estimation. A hydrological part contains an estimation of a rainfall-runoff process as
soon as a runoff is generated by rainfall so it depends on rain event and watershed
characteristics. In other words, the hydrological model uses input parameters (watershed
parameters and rainfall characteristics) and as the output gives runoff characteristics for this

particular watershed.

One of the outputs of hydrological calculation is a discharge hydrograph. The discharge
hydrograph presents stormwater flow as a function of flow rate over the time at a given
location. A hydrograph is a graphical representation of the river or stream flow reaction to

precipitations (Figure 5).
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Figure 5. Discharge hydrograph form rain event. Modified from (Chow et al., 1988)

The hydrograph shows the base flow, which occurs due to the subsurface flows rather
than as a result of this specific rainfall event. Moreover, this hydrograph represents direct

runoff volume and the maximum flow value.

Hydraulic calculations include flow characteristics and water motion in pipes and
channels that require the use of hydrodynamics. Hydrodynamic models require high
resolution terrain information as an input data in order to give accurate results of hydraulic
calculations. A high resolution terrain information enables to give roughness and relief of the
area of interest. Moreover, general inputs for hydraulic calculations are results of hydrological

calculations, topography and various parameters for numerical calculations (Schumann,

2011).

The great amount of stormwater software programs available nowadays. In Germany
STORM, InfoWorks and SWMM are tools that are used widely. The InfoWorks ICM by
Innovyze was chosen for my diploma thesis. The choice of InfoWorks ICM based on its
integrated catchment modelling that couples hydrological and 1D/2D hydrodynamics
calculations for urban and river catchments that allows to represent flow path both below and
above the surfaces. Thus, InfoWorks ICM enables to assign one model for natural and

manmade elements of the stormwater calculations as it in real life (Innovyze, 2017).
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3.5 Infoworks ICM

Infoworks Integrated Catchment Modelling (ICM) is a modelling tool from Innovyze

and one of the tools from product series of InfoWorks.

3.5.1 Model layout

Infoworks ICM might be applied for studies with urban and river catchments for short

and long study periods. Infoworks ICM able to do hydrological and hydraulic modelling, to

model floods, to study water quality and sedimentation in the pipes and also allows to include

in the model structures such as bridges, weirs, and pumps in order to create an accurate

model that is the most similar to reality.

Total study area shall be divided on non-overlapping sub catchments in order to

complete calculation in InfoWorks ICM. InfoWorks ICM allows assigning six different

systems types for sub-catchments that are displayed as a separate layer on GeoPlan InfoWorks

Window (Figure 6).

Storm Rainfall collection

Foul Wastewater collection

Sanitary Wastewater collection

Combined Both rainfall and wastewater collection
Overland Overland floodwater collection

Other Other system type

Figure 6. System Types that might be assigned for sub-catchments (Innovyze, 2017)

Each catchment represents an area from which water is collected. There are several

ways how water might drain from sub-catchment in InfoWorks ICM:

a single inflow node;
a single lateral link;
a multiple lateral link;

another sub-catchment.

Urban area catchments include urban sewerage systems. The urban sewerage network

might be built containing conduits and manholes. Moreover, the urban sewerage network

might be assigned as a storm, foul and combined types depending on city sewerage systems.

Rural area catchments might include channels and inflow nodes.
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To describe sub-catchment area (drain area) several parameters need to be defined. Such
parameters as System Type, Land Use, Soil Type, Contributing Area etc. need to be defined
directly in sub-catchment window. Each sub-catchment might be assigned with only one
value for each required parameter in the sub-catchment window. However, there is a separate
window for Land Use in InfoWorks ICM where up to twelve Runoff Surfaces might be
defined. Runoff Surface describes the runoff characteristic of a specific surface type. Each
Runoff Surface, in general, might be defined as the Impervious or Pervious type and might

require its own parameters to be assigned.

In order to build a model the Master Database needs to be created in Infoworks ICM.
The Master Database is organised into a flexible hierarchy. On the top position in the
database, the hierarchy is either Model Group or Master Group. All other database items
reside within either Model Group or Master Group. Such database items as Model Network,
Rainfall event, Inflow and Level Hydrographs are added to illustrate a hierarchy within the

Master Database (Figure 7).

i Master Database

OE@mA-A-TN

4 Master Database
=1l Model group

<+ Model network

¥ Inflow

[=Leve

L Rainfall event
J Recycle Bin

Figure 7. Master Database when building a model in Infoworks ICM

There are different input database needed to build a model in InfoWorks ICM. The
necessary amount of the database items for running the model is needed. Moreover, the
necessary amount parameters are needed for each database items in order to use the item in

modelling.

3.5.2  Surface hydrology model
One part of the model is a surface hydrology model that is used to calculate a rainfall-
runoff relation. The surface hydrology model takes into account the amount of rainfall that
might be trapped by surfaces, the losses that associated with rainfall-runoff formation process,
the routing process that accounts time for runoff to enter storm or combined sewerage (Figure
8).
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Figure 8. Principle scheme for surface hydrology model (Innovyze, 2017)

Two main processes are calculated during a rainfall-runoff modelling in InfoWorks

ICM: initial and continuous losses and overland flow routing. Runoff volume model is used in
InfoWorks ICM to calculate the amount of rainfall after accounting any initial losses that runs
off the catchment into the drainage system (Innovyze, 2017). There are several Runoff
Volume models included in Infoworks ICM: Constant Infiltration, Fixed Percentage Runoff,
Deficit and Constant Loss Model, New UK, Wallingford, Horner, PDM, USA SCS Method,
SRM, Green-Ampt, ReFN, Horton, Horton SWMM and UKWIR. Each of the Runoff volume
model process rainfall in different ways and which Runoff Volume model to use in the model

depends on the sub-catchment surface type and aims of the model.

For example, the Fixed Percentage Runoff volume model is advised for impervious
areas and pervious areas where runoff does not vary significantly with antecedent conditions,
as the Fixed Percentage Runoff volume model defines a fixed percentage of the net rainfall,
which becomes runoff. The fixed percentage depends on a type of runoff surfaces and

manually assigned for each surface by the user (Figure 9).
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High guality paved roads with

gullies < 100m apart LoD

High quality paved roads with
gullies > 100m apart

3 Medium quality paved roads 0.85
4 Poor quality paved roads 0.80
11 High density housing 0.55
12 Medium density housing 0.45

Low density housing or industrial

12 areas

0.35

14 Open areas 0.25

Figure 9. Typical values of the runoff coefficient for the Fixed Percentage Runoff

volume model (Innovyze, 2017)

As soon as the Fixed Percentage Runoff volume model is not suitable for most pervious
areas, as it does not account for soil decreasing infiltration capacity during a rain, another type
of runoff volume model need to be used. Simple Runoff Model (further referred to as SRM)
uses a soil moisture deficit time series with a constant runoff coefficient in order to get an
effective rainfall. Where the soil moisture deficit is calculated with use of the Probability
Distributed Model (further referred to as PDM). PDM runoff model in its turn is the only one
model that calculates baseflow in InfoWorks ICM.

The runoff overland flow is calculated by routing model that is set to calculate how
quickly the rainfall enters the drainage system (Innovyze, 2017). There are thirteen types of
routing models in InfoWorks ICM.

3.5.3 Hydraulic equations

In order to calculate channel and pipe flows in Infoworks ICM it is assumed that one
component of local velocity dominates over the two others, so two others might be neglected.
Hence, to calculate 1D water flow Saint-Venant equations (one momentum and one continuity

equations), which are partial differential equations, are needed to be solved.

Those formulas for continuity (conservation of mass) (Equation 1) and momentum

(Equation 2) equations are applied in InfoWorks ICM.
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Where Q-discharge (m3/s), A- cross-sectional area(rnz), g- acceleration due to

gravity(m/s?), 8- angle of bed to horizontal (degrees), So- bed slope, K- conveyance.

In order to calculate hydraulic roughness, the user might choose either a Colebrook-

White or Manning equations for hydraulic roughness.

3.5.4 Result presentation
In InfoWorks ICM the results of the simulation might be presented in Geo Plan
Window, Long Section Window, the 3D Manhole Window or spatial results versions of the

Grid Windows (Figure 10, 11).
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Figure 11. A screenshot of two options for displaying the results in Geo Plan Window

and Long Section Window of chosen conduits.
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4 Characteristics of the study area

The selected study area is the city Verl of the German state North Rhine-Westphalia and
the eastern upstream catchment of the river Olbach. Verl is located between the cities of
SchloB Holte-Stukenbrock and Giitersloh, approximately 6 km to the west of Schlof3 Holte-
Stukenbrock. The study area includes the river Olbach, which is 29 km long, however, the
area of interest covers only 3.9 km of the river. The total study area is about 6600 hectares,

including urban and natural catchments (Figure 12).

Figure 12. Map of the study area

The urban area is about 290 hectares. The urban sewerage consists of sewer, combined
and separated stormwater systems. This study will focus on the combined and stormwater
systems. The combined system takes both in one system, sewage and stormwater. The
combined system consists of pipes with dimensions of 150 - 1200 millimeters. The combined
sewer overflow (further referred to as CSO) occurs in a retention device that is constructed in
order to redirect water flows above 88.145 metres, in this study case, out of the system to one
of the outfalls during the heavy rain event. The principle scheme of the retention device is

illustrated in Figure 13.
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Figure 13. Principal scheme of the combined sewer retention device with overflow

As shown in Figure 14, retention volume is 960 cubic meters. The retention device
stores mixed flows during the storm event. A part of the stored water continuously flows to
the local treatment plant with a discharge capacity of 50 liters per second. However, as soon
as device is filled, the additional mixed water overflows to the ditch that is connected to the
river in this study. It is important to mention that the retention device consists of elements
that enable to direct most solids to the treatment water plant rather than to allow mixed water

to spill into nature. The latter is made in order to protect the nature.

As for the separate system, it consists of pipes with dimension of 200-1000 millimeters.
These pipes serve as a connection for water to flow into ditches, which, in their turn, are
connected to the river Olbach. The stormwater outfalls from the urban area are shown in

Figure 14.

Bahnhof’

Figure 14. Map of the combined and stormwater systems for the study area of city Verl
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A large area, that is about 6000 hectares, is located to the east of the study urban area.

This area consists of typical landuse (mixture of forest and agriculture) for this part of the

Germany. The land use for the entire study area is presented in the diagram (Figure 15).

2% 39
2% 0 3% 7%

W Roads

M Industrial area
W Forest

W Agricaltural area
M Residential area

43%
° mParks

33%

Figure 15. Percentage of each land use class for the entire study area

From the diagram below it is seen that the fully permeable area covers 80 % of the
entire area. The permeable land uses are divided into several classes: parks, forests and

agricultural areas. The industrial area is usually divided as 20 % of permeable and 80 % of

impermeable areas. As for the residential area, it includes 60 % of the permeable and 40 % of

the impermeable area.
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S Methodology

5.1 Data

Several data sets have been ordered to complete the study model.

1.

5.

Digital Elevation Model (further referred as DEM) with high resolution of 1, that
means 1 pixel represents 1square meter of the ground surface. DEM is represented
as a continuous raster data. DEM 1 has been used for the area of interest (Figure 13)

while the DEM with the resolution of 4 for the rest of the area.

The map with the land use that is vector file and a vector file containing the data for

buildings.
The meteorological data and the flow data in the river.

The urban sewerage system that contains a pipe network of the storm, foul and
combined systems. Moreover, data have information of pipe roughness coefficients

as well as ground and pipes levels.

The river cross sections and construction along the river were ordered.

All sets of data that are mentioned above are considered to be enough to build a model

of the river Olbach.

5.1.1 Precipitation, evaporation and flow data

Flow data were collected at the water depth gauge. In this study, data from 1998 to 2003

is used with a five-minute interval. Moreover, flow data with extreme events are given for the

period of 1981 - 2004 (Table 2).

Table 2. Ten most severe runoff events from 1981 to 2003

Flow in m3/s Date
6.18 30 .12.1986
6.07 19 .12.1985
5.99 02 .01.1987
5.9 03 .01.2003
5.85 28 .10.1998
5.1 01 .11.1998
565 30 .05.1984
bb 29 .01.1993
555 30 .06.1981
516 12 .01.1993

Precipitation data were collected from rainfall gauge with a five-minute interval for the

period from 1982 to 2012 (Figure 16).
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Figure 16. Long rain record for the period 1992-2012

The illustration shows that the highest rain peaks per day appear during the winter time.
A long rain record from the period 1998 to 2003 is chosen for the calibration of the study
model (Figure 17). It is used because of the amount of input data, which is comprehensive for
this period and, furthermore, three most severe runoff peaks occurred during this chosen

period (Table 2).
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Figure 17. The chosen rain record for the period 1998-2003

Evaporation data were given with a one-day interval for the period from 1993 to 2007

(Figure 18).
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Figure 18. Evaporation record for the period 1993-2007

The data for the urban sewerage systems are given by municipality of city Verl and
imported into InfoWorks ICM. Foul sewerage system is excluded from the model due to the
needlessness for study case. The given sewerage model maintains such parameters as pipe
material as well as pipe roughness coefficients, ground and pipe level, however an accurate
information about manholes is missing. Nevertheless, given parameters are enough to assign

separate and combined sewerage systems of the city Verl for this study case.

5.2 Data analysis methods
In this study, the model of the urban network and catchments was carried out with
Infoworks ICM version 7.5 to simulate a coupled modelling with a one-dimensional pipe and

a river model and two-dimensional surface models.

5.2.1 River model

The construction of the model was started with the building of a river. There are two
main parts needed to be imported in order to build a river: the river center line and the cross
sections. Firstly, cross-section data are imported. Cross section data are imported from .csv
file. Once the cross sections are imported, the river center line as a .shp file is imported. To
complete the river model, the banks of the river are built. Since the information about the
structures along the river is not available at that stage, the construction is followed by setting a

collection system model.
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5.2.2  Collection system model

The collection system of the city is given in .idbf format. The sewer system is excluded
from the model due to its uselessness for the study case, so the separate and combined
systems remain to continue building of the model. To transport the stormwater to
InfoworksICM, .csv files are used. The .csv file with all the information about manholes is

imported then a .csv file with information about conduits is imported.

Once all manholes and conduits are imported their interconnections might be validated.
However, some of the manholes and conduits have missing data which need to be added
before the model can be used for a hydraulic simulation. There are two possibilities to fill the
missing information either manually add all necessary data or use the InfoWorks ICM
Inference tool. The InfoWorks ICM Inference tool estimates missing manhole cover levels,
missing pipe levels, undefined pipe sizes and also to set an appropriate Head Loss
Coefficients based on the angle that pipes enter/leave a manhole (Innovyze, 2017). In this

study, the missing items are added manually.

Moreover, it can be seen that the ground surface gradient is assigned with the same
slope as the pipes. That is actually a simplification of reality: however, in general pipes are
needed to be built with the same slope as the ground. The material for all pipes is assigned as
concrete. The Colebrook-White roughness coefficient is used with the value of 1.5. That is
according to Hosang and Bischof (1998) is appropriate value for a used concrete pipe. The
detailed information about manhole is also missing. The ground level of pipes is assigned as a
floor level of the manhole as well as a roof level of the manhole is assigned as a ground level.
The dimension varies for all study manholes from dimensions of 0.7 square metres to 3.7

square metres for chamber plan area and its level is assigned conforming to ground level.

The combined system contains a retention device that is mentioned in “Characteristics
of the study area” part. To implement the retention device in Infoworks ICM, additional
structures are assigned, such as weirs and an outflow rule (regulator) for the pipe from the
retention device to the Water Treatment Plant, where max flow is 50 liters per second (Figure

19).
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Figure 19. (A) Sketch of the retention device (B) model in InfoWorks ICM where 1,

reservoirs; 2, weirs; 3, pipe to the treatment plant with the max flow 50 I/s; 4, pipe to the river.

Moreover, the combined sewer system of the city of Verl includes the temporary
reservoir-pipe with the D= 2000 millimeters in order to store water during a high rate rain
event. During a long intense rain event, the temporary reservoir-pipe might be filled with
water. When it occurs and water rises to the level of the weir in the manhole 2, water
overflow to stormwater system. This temporary reservoir-pipe and its connections to the

manhole are shown below (Figure 20).

Figure 20. (A) Sketch of pipes network with the temporary reservoir and (B) the same
pipes network in InfoWorks ICM where 1, temporary reservoir-pipe; 2, manhole; 3, weir; 4,

pipe to the stormwater system
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The underground sewer network is now complete. In order to provide flow inputs into
the underground sewer system and complete the rural area model, delineation of the
catchments is necessary. Flow inputs will come from rainfall as a runoff from the impervious
areas and in dry periods by the wastewater produced by local population, which is living
within the catchment. The first step in the delineation is to import main catchment boundaries.
The second step is to subdivide the catchment to create individual sub-catchments within the
catchment boundaries. The catchment polygon can be automatically subdivided using the
“Create within selected polygon” tool within InfoWorks ICM. InfoWorks ICM divides the

catchment considering the fact that each sub-catchment will drain to a specific manhole.

Since the study model consist of a combine sewer system, a wastewater profile is
required during the model simulation in InfoWorks ICM. Population density, the water

discharge norm per person in day and a day distribution curve are set in the study model.

At this point, the urban part of the model might be considered as an assigned

(complete) one.

5.2.3 Sub-catchments

To process a hydrological modelling, the area needs to be divided into sub-catchments.
However, there is no tool for sub-catchments delineation in InfoWorks ICM. Thus, the whole
study area is divided into sub-catchments that are delineated in GIS with the use of ArcHydro
tool (Maidment, 2002). DEMI1 is used to delineate sub-catchment in the area of interest (the
city of Verl) and DEM4 for the rest study area. Then catchments as a .shp file are loaded to
InfoWorks ICM to proceed a modelling. DEM shows that study catchments are mostly flat
except for the upper catchments. The downstream catchments have a hilled area at their east

part. That is also proved while visiting the study area.

5.2.4  Runoff volume models

At the beginning the GreenAmpt model that is developed by Mein and Larson (1973)
was planned to be used as this model is used for rural and pervious surfaces and takes into
account initial soil deficit. However, it is proved that the interflow and the baseflow in the
sub-catchments cannot be calculated with Green Ampt model in InfoWorks ICM. The user
requires to assign the baseflow value for this model manually. The baseflow and interflow can
be calculated only with the use of PDM model (Moore, 2007). Since the interflow and the
baseflow calculations are essential for the river modelling, the PDM model is chosen for the

underground calculation. The Simple Runoff Model (further referred to as SRM) is chosen to
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calculate the effective rainfall from the runoff surfaces. The Equation 3for the effective

rainfall calculation is presented below.
Effective Rainfall = Catchment rainfall *RC * (1- SMD) 3)
Where, RC-constant runoff coefficient, SMD- Soil moisture deficit factor

The soil moisture deficit (SMD) is calculated by using PDM in this study. Constant
runoff coefficient (further referred to as RC) can be estimated from land use and soil types
GIS files for each sub-catchment. Once effective rainfall is estimated, it is applied to a

simplified PDM model to calculate the baseflow.

5.2.5 Implementation of constant runoff coefficients

InfoWorks ICM allows setting of the RC for a sub-catchment from GIS data. To do this,
the GIS file with information about land use (surface type) and soil types is required.
Moreover, a table .csv format file with a runoff appropriate to a pair land use-soil type needs
to be added. InfoWorks overlaps GIS files and assign the corresponding value of runoff

coefficient from the table to the sub-catchment data grid.

The vector data of land use is given. The study area is divided into 11 main surfaces and

for each surface type abbreviation is given in Table 3.

Table 3. The land use surfaces for the study catchments

Surface types Area (ha) | Abbreviation
Roads: gravel 4 F
Paved parking lots, roofs etc 178 G
Industrial area 549 H
Open spaces, parks, cemetries 163 J
Woods and Scrub 2782 K
Agricaltural area 2151 M
Irrigated Pasture 3 0
Range and Pasture 22 U
Wegetation free area 3 v
Water bodies 52 ]
Residentia area 752 *

The distribution of the land use is represented in Figure 21.
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Figure 21. The distribution of the land use in the study area

Concerning the soil data, four main soil types are represented in the study area: sandy
soil, sandy loam, clay and silt loam. InfoWorks ICM uses British soil classification that
contains four soil types. British soil classification is shown in Figure 22 and is based on the

following characteristics:

(Low runoff potential)
High infiltration rates even when thoroughly wetted.
Chiefly deep, well/excessively drained sands or gravels.

High rate of water transmission.

Moderate infiltration rates when thoroughly wetted.

Chiefly moderately deep/deep, moderately well/well drained soils with moderately
fine/moderately coarse textures.

Moderate rate of water transmission.

Slow infiltration rates when thoroughly wetted.

Chiefly soils with a layer that impedes dewnward movement of water, or soils
with a moderately fine/fine texture.

Slow rate of water transmission.

(High runoff potential)
Very slow infiltration rates when thoroughly wetted
Chiefty:
@ clay soils with a high swelling potential
® soils with a permanent high water table
® soils with a clay pan or clay layer at or near the surface
o shallow soils over nearly impervious material

Very slow rate of water transmission.

Figure 22. The soil types classification (Innovyze, 2017)

Hence, the study soil types are classified according to the table from InfoWorks and

abbreviated as A,B,C,D. The soil type distribution is represented in Figure 23.
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Figure 23. Distribution of the soil types in the study area

The land use surface determination and soil reclassification are done in order to assign
runoff coefficients according with the pair soil type-land use. The values for RC are

suggested within a model description in InfoWorks ICM. The table below represents the

assigned RC (Table 4).

Table 4. Runoff coefficient that appropriate to a specific pair land use-soil type
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Land Use/Soil type A B C D
F 70 85 89 91
G 98 98 98 98
H 81 B8 91 93
] 39 61 74 80
K 36 60 73 79
N 439 69 79 24
0 35 48 65 70
U 25 39 75 83
WV
X
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5.2.6 PDM Descriptor

One of the important objects within the PDM calculation is the PDM Descriptor. The
PDM Descriptor consists of all parameters for underground calculations, for example,

minimum and maximum storage capacities, baseflow and interflow time constants, interflow

rate etc.

InfoWorks allows calibrating automatically values that are used by Descriptor in a sub-
catchment. The process of calibration uses the observed rainfall, evaporation, flow and
temperature to optimise set of parameter values used by the PDM Descriptor. However, the

calibration can be done just for one sub-catchment, in other words Infoworks does not




consider the connection of the catchments. Hence, the observed data need to be available for
each study sub-catchment in order to optimise the PDM Descriptor parameters. For this study,
the flow data are only available at one gauge which is located in the urban part of the river

Olbach (Figure 24).

/’v: A
Figure 24. Location of the gauge

In order to use PDM model and the PDM calibration options in InfoWorks, the

following procedures are cogitated.

As a first step, the entire model is divided between two models. One model consists of

all catchments above the gauge and the second - below the gauge.

As a second step, it is decided to simulate only the urban part within the second model
in order to see the runoff peak flow in the river from the city. The runoff volume model for
this simulation is assigned as the Fixed Percentage Runoff since this model is recommended
for sealed surfaces and defines a fixed percentage of the net rainfall. Three Percentage runoff
coefficients are set for three main urban runoff surfaces: roofs, roads and urban green area.
Values for the RC are: roofs - 1.00, roads - 0.95, urban green area - 0.05. Hence, it is assumed
that 100 % of the rainfall from roofs, 95% from roads and 5% from urban green area goes

directly as a runoff.

As for the third step, the difference between the observed flow in the gauge and flow
that comes from the city is calculated. This manipulation is done in order to prevent any loss
of the runoff peak from the urban area in the river during the following calibration. The

resulting flow values are used as observed data for the following step.

The fourth step is to merge all delineated catchments in one big catchment for the entire
area above the gauge, in order to automatically calibrate the parameters used by the

Descriptor in the sub-catchment. Once, the Descriptor parameters are calibrated, they are set
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for the simulation of the first model with a design rain event with 100 year return period. As a
result of the simulation flow, an input flow for the second model occurs, later this model is

simulated with the inflow from the first model and design rain event.

5.2.7 Design rain event

Design rain event represents statistical characteristics of rainfall. It is derived from the
analysis of the data with many years of rainfall records. Design rain is usually used to cover
future rain events. In this study design rain events with 100 year return and duration of 60, 90,
120, 180, 240, 300, 360, 720, 1080, 1440, 2160, 2880, 4320 minutes are created based on
Pecher and DVWK distributions (LANUYV, 2004). The model with the catchments above
gauge is simulated with all design rains in order to choose a rain event that gives the highest

runoff (Figure 25).
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Flow (m3/s)

— Runoff with Pecher design rains

—— Runoff with DVWKO design rains
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Figure 25. Design rain events HQ100 with duration of 60, 90, 120, 180, 240, 300, 360,
720, 1080, 1440, 2160, 2880, 4320 minutes

A line chart depicts flow over a period of time, showing upward moving till the next-to-
last (2880 minutes) peak, where flows reach the highest values and moderately stop rising and
start falling. That means that the Pecher design rain for two days gives the biggest runoff at

the study considered river spot. This rain event is chosen for the flood modelling.
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5.2.8 Baseflow

The model above the gauge calculates the baseflow within the calibration of PDM
Descriptor. The mean average value of the baseflow is estimated and assigned as a constant
value for the model below the gauge. The mean average baseflow is calculated to 0.4 cubic

metres per second.

5.2.9 Coupled 1D-2D model

To complete model, the 1D network model is connected to the created 2D mesh. In
order to calculate exchange flows between 1D and 2D zones, each manhole in the 1D network
model needs to be assigned with the flood type. InfoWorks ICM allows to assign a manhole
with one of the presented further flood types: “2D”, “gully 2D” or “inlet 2D”. By choosing
“2D” type, the exchange water is calculated with use of weir equation. With “gully 2D” type,
water is calculated using a Head Discharge relationship. And “inlet 2D” type uses user-

defined inlet parameters. “2D” flood type is chosen for the study manholes.
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6 Current state of the problem

According to the European Directive 2007/60/EC (2007), the authority of the German
state North Rhine-Westphalia identified regions that might be flooded. Moreover, flood
hazard maps and flood risk maps are prepared for the flood event with the probability of 10,
100, 500 year return period (Figure 26 and 27).
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Figure 27. The flood risk map for the study area with HQ100 (ELWAS Karte, 2016)

The municipality of the city of Verl developed a construction plan in the new residential
areas. However, planned constructions lie within the hazard and risk areas. Thus, the
municipality is not allowed to begin building any structures within areas located in flood risk

areas. However, the municipality doubts that this part of the city reside in flooding area due to
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the reason that none flooding occurred before in Verl. Therefore, the municipality is interested
to make analysis and careful calculation for the river Olbach.
My Diploma Thesis is implemented upon the request of the municipality order to assign

accurate computational model and to provide accurate results from the model in accordance

with the flood area of the river Olbach in the territory of the planned constructions (Figure

28).
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Figure 28. The flood hazard map for the study area with HQ100, where 1, the area of

the planned constructions (ELWAS Karte, 2016).
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7 Results and Discussions

7.1 Field trip and usage of the observed data

In this study a field trip takes place before the study model is assigned. The field trip is
focused on the collection of the data relating to the area of the planned residential areas.
Furthermore, the past and current condition of the catchments along Olbach, appearance of
high rain events, all unknown data regarding to the separate and combined systems and

related problems are discussed with the authority during the field trip.
The following observed data are considered during the study modelling.
1. Location of the area of interest
2. Location and dimension of culverts around the area

The Figure 29 shows the most important points for the flood modelling in this study

case.

Figure 29. (A) the culvert that connects area 1 and 2 ( photo D), (B) the trench along

the road at the area 2 , (C) the channel of the stormwater system, that connects area 1 and 2.
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7.2 Calibration

As it is mentioned in the Methodology part the parameters for the study model are
automatically calibrated using the PDM Descriptor. In order to use calibration the following
observed data are used: flow, rain and evaporation records from 01/07/1998 to 01/03/2003.

Calibration results are presented in Figure 30.
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Figure 30. Calibration results

The mean of the squares of the differences at each time step are used as function for the

comparison of simulated and observed flows. The Figure 32 shows that the study model is
calibrated for the period from 1998 to 2003 with the R*= 0.8032 value of the coefficient of

determination or goodness of fit.

Further, the goodness of fit is checked for three most severe rain events within the

indicated before period (Figure 31 and 32).
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Figure 31. The calibration result for period 1/10/1998- 30/11/1998

During the period 1/10/1998-30/11/1998 two most severe rain events appeared, the

coefficient of determination for entire period is R*= 0.7527.
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Figure 32. The calibration result for the rain events 25/12/2002-05/01/2003
The coefficient of determination for the period 25/12/2002-05/01/2003 is R* = 0.8898.
The model is validated due to the time limits and because of unexpected issues, and,

furthermore, the calibration of the model is considered to be enough for this study.

7.3 Flood hazard assessment
The maximum flood extent for the design rain event of 100 year return period is

calculated and shown in Figure 33.
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Figure 33. Flood extent for the HQ100 (A) calculated in this study (B) taken from
ELWAS Karte (2016)

The Figure 33 illustrates the calculated flood extent by the study model and the one
presented in the ELWAS Karte (2016). As it can be seen, the study model has proved that the
planned constructions lie within the flood hazard area. However, the north part has a
difference in the extension of the flooding. This might be explained by the difference in

Digital Elevation Models.

In order to prevent the flooding in the area of interest, the model is modified. The
network modifications are chosen with the consideration of the modeled flood areas, the local
topology and the future expenses. InfoWorks ICM allows to view the replay of the results
throughout the study simulation. Hence, this tool allows to view where the water, that flooded
the area of interest, comes from. When viewing replays of the study simulation, it is captured
that the water flows from the eastern field through culverts. Therefore, following changes in

the network are done.

1. Since there is only one small spot with few buildings in the eastern field and the rest
area is used for agriculture, it is decided to accumulate all water in the eastern field.
As it is mentioned above, two culverts that connect the eastern area with the area of
interest are found and their dimensions are measured during the field trip. Moreover,
it is has been found that one of the channels is filled with mixed water but the
second channel is dry and the reason for its existence is incomprehensible. Hence, it

is decided to block the dry culvert.

2. In order to prevent the flooding flow from spilling into the channel the wall along

the second channel has been set in the study model.

3. Since few buildings are located on the east field, the second wall has been set
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around buildings to avoid their flooding.
All these modifications intended to prevent the area of interest from the flooding.
7.4 Flood hazard assessment with the implemented modifications

The maximum flood extent with the implemented modifications for the design rain

event with 100 year return period is calculated and shown in Figure 34.

Figure 34. Flood extent for the HQ100 (A) without modifications (B) with

modifications

Figure 34 illustrates that there is no flooding acquired in the area of interest with the use
of network modifications. However, it is important to check that network modifications do not
cause bigger flooding downstream. Therefore, the cross-section that is located downstream of
the simulated part of the river has been chosen to compare the water level, velocity and flow

for both simulations. The results in graphs are presented in Figure 35.
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Figure 35. Comparison of two simulation results at the downstream cross section

As seen in Figure 35, the simulation results state that all the above mentioned

parameters are not significantly varied, slightly higher values correspond to the first
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simulation, where scenario with no measures has been simulated. According these graphs it
might be concluded that the mitigation measures do not cause an adverse effect on
downstream areas. The eastern field (area of accumulation) is analysed further for following
characteristics: 1- highest depth and 2- accumulative volume. Results are presented below

(Figure 36 and 37).
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Figure 36. Highest depth for (A) the simulation without modifications (B) the

simulation with modifications

As seen from graphs above the highest flood depth is appeared for the simulation with

applied measures.
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Figure 37. Accumulative volume for (A) the simulation without modifications (B) the

simulation with modifications

Both results (Figure 36 and 37) are reasonable as the approach was to handle as much as

possible water within the agriculture area (eastern field) for the simulation with modifications.

In order to completely evaluate the differences in the simulated scenarios the water
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balance has been checked for both simulations, results are presented in Table 5.

Table 5. 2D results with the calculation of mass balance error

Morth Mesh Zone South Mesh Zone
Without modifications| With modifications |Without modifications| With modifications

Initial volume {m3) 0.00 0.00 0.00 0.00

Final volume {m3) 63,820.44 68,281.64 56,456.27 30,892.19

Inflow {m3) 380,695.43 985,897.54 2,690,499.78 2,520,385.85

Total outflow (m3) : 368,420.02 964,954.11 2,647,652.63 2,498,082.97

1. ouflow to river banks 816,552.88 905,244.00 2,647,652.63 2,498,082.97
2. boundaries 51,867.14 59,710.06

Water balance error | %) 5.85 4.80 0.51 0.34

As seen, the mass balance of the North Mesh is higher than of the South one. It might be

explained by the following causes:

1. A high timestep for the simulation, a timestep of 60 seconds has been used in this
study, although the recommended value for a 1D-2D calculation is 10 seconds or less

(Innovyze, 2017).

2. Instabilities in 1D model due to oscillations between the 1D and 2D and poor
convergence are considered as the second appropriate cause of mass balance error in

this study case (Innovyze, 2017).

Furthermore, regarding to Table 5, by closing the culvert between two fields more water
has been flowing at the North Mesh zone. However, as it is seen from the study, the
simulation has a different area of flooding than the estimated by the state. The latter is
assumed due to the accuracy of the Digital Elevation Model. The high resolution DEM is used
in this study case, however, it is not clear if the study DEM has a better quality than DEM that
is used at calculations by the federal state. According to Alrajhi, et al. (2016) and Peckham, et
al. (2007) DEM has a crucial role in the flood modelling. Hence, it is important to check its

quality and accuracy for the project results.

Moreover, the Digital Surface Model (further referred as DSM) is not available for this
study, so it cannot be concluded that during this study the real impact of the flooding is
estimated. According to Aktaruzzaman (2011) and Nalbantis, et al. (2017) in order to assess
the adequate impact of the flooding on the urban area and to take appropriate measures for

flood mitigation the high resolution surface data are required. Therefore, the use of high
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resolution DSM would be beneficial for our study case and it is strongly recommended for

studies similar to this case.

In order to find the best measures for the flood inundation in the area of interest,
alternative scenarios are needed. Due to time limits, the only one scenario has been applied.
Chosen measures are considered to be beneficial as the study results are successful. However,
alternative scenarios are needed to be implemented for the final results in order to find
measures with lower society and environmental costs and higher efficiency. There are several
tools that help to rank mitigation measures. One of the tools that might be used and become
an essential tool for the flood management in Netherland according to Jonkman, et al. (2017)
is cost-benefit analysis (further referred as CBA). The main principle of CBA is to assess all
benefits that are generated by measures implementation over the cost of the measures (Jha, et
al., 2012; Jonkman et al., 2017). CBA is considered to be time consuming and does not have a
standard framework to apply in order to estimate all cost and benefits. Nevertheless, CBA
provides rational information to the decision maker and gives her power to decide which

options to use (Jha, et al., 2012; Jonkman et al., 2017).

The other tool and an alternative way to assess the mitigation measures is key figure
assessment. According to DEFRA (2010) with the key figure assessment it is easier and
quicker to make a decision about appropriate mitigation measures for a modeller. The key
figure assessment helps to estimate effectiveness of mitigation measure by determining the
main assessment indicators, more specifically: area of roads in square metres, number of

flooded properties etc. (Ahlman, 2011; Larsson, 2012).

If to compare the both methods, CBA is more complicated and time consuming method
however more reliable and strong tool (DEFRA, 2010). Moreover according to Larsson(2012)
in small flood areas, as my case study, to use the key figure method is recommended as it is

more beneficial and easier method than CBA.
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8 Conclusion

In this study, InfoWorks ICM software has been used in order to create a coupled
1D/2D model and to estimate a flood extend along the river Olbach in North Rhine-
Westphalia federal state of Germany. At the beginning all geographical data are set in GIS,
later all prepared data are imported to InfoWorks ICM. The model has been calibrated and
flood area has been estimated. The impact analysis could not be done as the man-made terrain
data were not available. However, the mitigation measures are suggested and flood area with
consideration of suggested measures was estimated. The study model has shown that one of
the culvert needs to be closed. Furthermore, it is required to build two walls in order to
prevent the area of interest from flooding and to have permission to build new residential area

in this area. During this study all established goals have been met.
The suggestions for future studies are formulated below:

1. According to Innovyze (2017) InfoWorks ICM has the ICM RiskMaster tool with
the option to estimate the economic impact of floods relative to an estimated annual
damage (EAD) value. Hence, it is recommended to use ICM RiskMaster for further

analysis and projects similar this study case.

2. According to (DEFRA, 2010; Jha et al., 2012) the cost-benefit analysis as well as
key figure methods are becoming a standard tool for the flood management and help
to estimate the most beneficial mitigation measures. To make cost-benefit or key
figure analysis of suggested measures seems to be reasonable in this project as well

and can be recommended for projects similar to this study.
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