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Abstract

Due to the extreme damages, dangers and costs associated with flood events, hazard maps
are produced to help understand the risk involved and make decisions. In Switzerland, gen-
erating hazard maps are a requirement for each canton. This task is carried out by a modeler
via the use of a flood modeling software. Flood models are tested and compared often in
research to assist modelers in determining which tool to utilise for their project and generate
trust in the outputs. This thesis aimed to compare two freely available models: HEC-RAS
and BASEMENT. As well as explore the latest version of HEC-RAS, which recently added
2D modeling capabilities. The HEC-RAS and BASEMENT comparison was done using a fully
2D approach, while the intra-model comparisons for HEC-RAS were done using 1D, 2D
and linked 1D2D models, as well as testing parameters. The outputs from BASEMENT and
HEC-RAS in the case study area were found to be similar, as well as when utilising extreme
hydrology inputs. For the flood plain in the case study area, a 1D2D modeling approach
could be utilised over a fully 2D to save on computation time as outputs were also similar.
Geometry representation was found to be very important, especially grid cell alignment in
HEC-RAS.
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Chapter 1

Introduction

1.1 Flooding in Switzerland

In Switzerland, a landlocked nation, the threat of floods to a population of 8.5 million is
relevant as streams and rivers traverse the country. It is considered a flood prone coun-
try, especially in the mountainous regions, but the plateau region also is subject to intense
thunderstorms as described by MeteoSwiss precipitation data ([46]). Severe floods have
occurred in the past and are likely to occur in the future. It is a natural hazard of such
importance that since 1972, the well-maintained National Platform for Natural Hazards
(http://www.planat.ch/ records floods and damages caused in CHF in its database, with
floods accounting for 86% of damages in the history of the database.

1.1.1 Recent Events — Costs and Dangers

The effects of flooding vary from minor, to expensive up to dangerous. Examples include
traffic delays, property or infrastructure damage, crop losses, population displacement and
death [51]. Whether a large river crossing many countries or a first order stream, there is
a possibility of flooding to occur and effects to be felt. The relatively small Krebsbach has
been spending its recent summers causing the A1 motorway to close, as recently as 2015,
2018 and 2019 (www.hallowil.ch.)

In PLANAT, from 1972 to 2016, 16,800 entries for flood damage were entered [7]. The
most expensive damage recorded for an event was 3 billion CHF in 2005 due to intense
rainfall across a large part of the country. In October 2000, 669 million CHF of damage
was recorded as well as fatalities after several days of rainfall. When damage from flood-
ing can become so expensive, another part of the cost equation is introduced: protection
investments. In the same paper the authors reported reported CHF 1.45 is spent annually
on natural hazard prevention measures, which includes the development of hazard maps.


http://www.planat.ch/
www.hallowil.ch

Overall flooding becomes of interest for the danger but also for the cost/investment.

Figure 1.1: A portion of the A1 Motorway in the region of Wil was flooded by the Krebsbach
after an intense rainfall event in June 2015. Image from the official website for the flood
protection project in Wil (www.hws-region-wil.ch).

1.1.2 Future outlooks

It is generally accepted that flooding is a re-occuring theme in Switzerland. There is a
diversity in terrain and also in weather patterns, and the benefit of this in terms of flooding
is that the "big floods” which cause damage of gross proportions across the country are
less likely to occur. ([46] and [9]). The downside is that it makes studying future events
and forming projections more complex. Thus studying effects of climate change on flooding
is more than a research topic in Switzerland, but rather a large community of scientists
working to evolve this subject as more information and research becomes available.

The theory is that warmer temperature will provide more thermal energy to processes
which drive extreme events [9]. A warmer air temperature causes the air to be able to hold
more moisture, leading to rainfall of a greater intensity. Recent large projects [22, 23]
couldn’t for certain say the flooding pattern in Europe will change. When not looking at
seasonality, but event magnitudes, other work from Switzerland has found generally due to
increased temperature, enhanced snowmelt and earlier precipitation that the peak value of
mean annual floods is likely to increase for northern Switzerland [9, 28]. And Alpine areas
will see a 20% increase [46]. As more information is obtained, more research questions
emerge and scientists will re-visit old research to update it [27].

10



The number of events and their magnitude are one aspect of floods, another aspect is
the risk and subsequent costs which can be narrowed down to societal processes [34].
Several studies explicitly note that aside from meteorological or hydrological reasons, risk
and damage from floods has increased substantially due to the amount of population or
valuables (property and belongings) put in or near risky areas [5, 9, 10, 30]. An interesting
finding from Rothlisberger et al. [44], when they examined all buildings in the entire country,
the newer buildings - the ones built since 1980s - take a greater proportion of the risk
exposure. Going forward, to avoid this type or risk or mitigate it as much as possible, it
important for planning to have a hazard map. With hazard maps risk can be accepted and
understand risk and one can choose how much risk to take wisely.

1.1.3 Hazard Mapping System

As long ago as the 19th century Switzerland began to recognise the importance of pro-
tection measures by enacting laws in the late 1800s which meant the federal government
would support cantons and municipalities with their protection work. Approximately 100
years later they increased the law and mandated cantonal authorities to perform hazard
assessments and produce maps [24]. The maps are directly used in many important sectors
of administrating society: land use planning, zoning, building codes, emergency manage-
ment and cost efficiency determination for protection measures. They provide the basis for
assessment of hazards and are a step toward protection measures to be sufficient [24].
Beyond this they can also aid in the public’s perception and can help people realise they live
near risk and to take precautions [47]. Several types of maps are generated, which fall into
two categories. A hazard map is used to show information related to a natural hazard — like
where a flood plain is or areas affected by past events — and a danger map outlines the de-
gree of danger in a particular area. For a flood map the risk is expressed as a combination of
intensity (depth and velocity) and probability of occurrence. Overall, this is a long process
-as evidenced by cantons being at different stages- that requires experts to produce very
detailed outputs [24, 47].
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Figure 1.2: Example of a hazard map from the GIS portal of the canton of Thurgau. This
map depicts flood water depths and speed

1.2 Flood Modeling - Link to industry

The flood portion of a hazard map is generated by an expert via the means of a flood model.

Traditionally, experts, or practitioners, producing the flood portion of hazard maps have
been hydrologists, (water resources) engineers and statisticians [33]. And they often are
working with a flood model in order to serve a range of industries who may have commis-
sioned the information: planning, development, construction, emergency services, infras-
tructure, tourism [Cook 2009]. The information obtained aids decision makers [48] plan
for a safer future. While a large interest in flood modeling revolves around development
and safety, floods also serve ecological purposes [21] and modeling results combine with
research done in the natural sciences on ecosystems. The information can also be required
to interface with other models [19, 27].

This imperative need to have the information for modeling, the inherent variation in any
modeling (when taking a natural system turning it into numerical computations) and the
reliance by many crucial projects in society on flood modeling means that flood modeling
becomes a very relevant and also deep topic in research.

1.3 Flood Modeling in Research

“Flood modeling has become a global endeavour” [48]. Just as climate scenarios and hy-
drological extremes have come together to form a large research community, (which is gen-
erating one main part of data that is fed into flood models), the same can be said for flood
modelling as a whole. When focusing on a flood model to produce an inundation map, for
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example, a simple description of a flood model is hydrology + terrain + boundary condi-
tions + hydraulic process to achieve an inundated area [15], a number of components are
present. When cascading from these components a wealth of research has been generated
and continues to be generated. This is definitely a topic which changes as developments in
technology occur and practitioners should always be on the lookout for the latest scientific
work [48].

The research on inundation modeling tends to divide models into 3 broad groups: Empirical
— which relies on measurements and more recently remote sensing, Hydrodynamic — which
are mathematical models based on physical laws and require input data, and conceptual
(sometimes called O dimension) which are based on simplified hydraulic concepts and do
not involve the actual solving of an equation [48]. The inputs and outputs of these models,
and to a large degree the computation time will vary [8]. Users try to seek the model that
balances the needs of their project, the computational demand and to some extent their
knowledge. The overall process of modelling and its accessibility and a balance between
data and computational demands is also important [38, 48].

This thesis will focus on the use of hydrodynamic models. These models can be divided into
groups as well, based on the number of dimensions flow is computed for. The focus will be
on 2 dimension (2D) and to a lesser extent 1 dimension (1D). This can also be referred to
as the model type.

Teng et al. [48] breaks down the most widely studied parts of the model process: model
parameters, model inputs, so-called validation data, change in floodplain landscape over
time, change in climate conditions and a big part is choice of model structure.

1.3.1 Parameter - Manning's n

An important parameter to set for a numeric hydraulic model is the surface roughness as
this value is empirically related to flow velocity and eventually used to derive depth. This
value is usually represented by a roughness co-efficient, like Manning's (or Strickler). An
earlier paper [20] concluded that the Manning’s value should not be relied on for geomor-
phological research and if used, with extreme caution. The authors however did acknowl-
edge that there are few alternatives that could be used. It is common when modeling to
need to find a solution to carry on with the work. Many studies do not stick to focusing
on only one portion of the modelling process and often combine processes or parameters
as part of one greater study. For example, a later paper by savage2016, also examined
the roughness parameter but involved the hydrograph input and topographic data as well.
Papaioannou et al. [37] focused on roughness coefficient uncertainty but minimising uncer-
tainty from other sources.
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1.3.2 Inputs

The major input to a hydrodynamic model is the topographic data as this is often how ge-
ometry is represented (although geometry could be collected via field surveys). Geometry
is important as it forms the basis of computations. This is one of the larger research topics
and if not done as the sole focus of a study [1, 14] it is a part of others [15, 37]. It was
generally accepted that a finer resolution DEM is better for accurate results [37] but re-
searchers are also looking at how coarse the DEM can go or realising its full effect to know
when to be able to extract useful information but save on computation time or still carry on
with modeling when a fine resolution isn’t available [savage2016, 41, 45].

Another part of the research is the hydrological input, which could be derived from a sepa-
rate hydrological model first. The interface/coupling of these models is a topic of study, as
well [4, 19].

1.3.3 Validation Data

Several studies must become creative — in an educated way — when it comes to calibration
and validation of their models. In many instances the measurements or evidence of past
floods simply does not exist. However, it is a clear problem that the observations or mea-
surements needed to perform these steps are not robust and, more often than not, lacking.
Research acknowledges this and is actively searching for a solution, or at least robust work
arounds to this issue, for example focusing on smaller areas for local calibration [17, 35,
39, 53]. A very novel approach was done by Zischg et al. [53], who sought to validate
inundation models using insurance claims and saw good results.

1.3.4 Model Structure - Modeling Approach

Model structure is a very important part of uncertainty on model process, but can be less
studied than inputs [18]. What falls under model structure is the choice of tool that the
modeler will use and this can also be called the modelling approach. Many modelers opt
for a software rather than programing their own computations and utilise research to find
which software is suitable for their needs. Often within a study on inputs, different modeling
approaches are used to compare those as well [15, 32, 37]. Previously, Apel et al. [8],
wanted to see how complex the model approach must be to satisfy a demand, similar to
how DEM data was simplified to see what is the minimum needed.

Many researchers who investigated uncertainty in modeling inputs, have also conducted
their study using more than one tool to generate a comparison [15, 16, 18, 26, 29, 32,
42]. The Environment Agency of the UK (DEFRA) has conducted a very large investigation on
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2D hydraulic models which includes 15 suppliers [36]. The study has the aim of “delivering
benefits through evidence” and the main objective is the ensure that the Environment Agency
and the flood risk consultants they hire are utilising reliable package as important decisions
are based on the predicted variables. Following the DEFRA report, a benchmarking study
for HEC-RAS was released to compare and highlight how this model can stand against the
others [13].

Comparison studies are crucial in helping identify strengths and limitations of the modeling
approach Alfieri2018, for example, what was conducted by Ahmadian et al. [3] or Cook
and Merwade [15].

1.4 Tools for Modeling — Software

The modeling approach is often chosen or limited based on accessibility —ie cost. A variety
of software are publicly available to practitioners for download and are called “freeware”.
Modeling approach can also be determined based on usability — ie knowledge required.

One model that is prevalent in research and used around the world is HEC-RAS [31].

The River Analysis System from the Hydrologic Engineering Center of the United States
Army Corps of Engineers, commonly known as HEC-RAS, is a freeware model that is one
of the most commonly used for hydrodynamic simulations [31, 37]. It has been availabe
for over 2 decades and is capable of performing 1D modeling and is trusted to do so [25,
45]. The 2D modeling capability — and along with this the 1D/2D combined modeling - is
relatively new, being first released as part of version 5.0 in spring 2016. Patel et al. [40]
list several locations where HEC-RAS 1D was used or used in conjunction with another
tool successfully for hydrodynamic simulations, but acknowledge that overflow analysis is
limited in 1D and 2D would be more appropriate.

This 2D release opened the door to researchers exploring the 2D capabilities and integrat-
ing these capabilities into their projects. For example, Vozinaki et al. [50] immediately used
both 1D and 1D/2D to investigate high-res topo data. Patel et al. [40] could apply the re-
sults of Vozinaki et al. [50] to integrate the 2D capabilities for assessing inundation in low
lieing areas of the large Lower Tapi Basin. And the Brunner [13] report compared this re-
lease to other models. But perhaps because it is new or because the practitioner/researcher
was more comfortable with another approach, Petroselli et al. [42] missed a chance to ap-
ply the 2D capability and study intra model variations, even though they conducted 2D
modeling using another software.

Another freeware available is BASEMENT, which was created by the Swiss Federal In-
stitute of Technology Zurich (ETHZ). It has been presented in research as a tool among
another study [12, 43, 49, 52, 53]. The depth of peer reviewed research of the model
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itself is not as far reaching as other models, like HEC-RAS, although BASEMENT was re-
leased in 2006. Despite this limitation, it is being applied as the model of choice in a present
day flood protection project: the Hochwasserschutz Region Wil Project (HWS) in eastern
Switzerland (www.hws-region-wil.ch).

1.5 Research Questions

Within the scope of the latest version of HEC-RAS, and BASEMENT, being featured to a
limited extent in research, and keeping in focus a flood modeler’s practical needs, 3 research
questions are proposed to explore the use and results from these softwares.

1.5.1 Question 1l

How do the outputs of BASEMENT and HEC-RAS compare to one another?

1.5.2 Question 2

How do intra-model results from using varying dimensionality in HEC-RAS compare to one
another?

1.5.3 Question 3

How do intra-model results from varying parameters in HEC-RAS compare to one another?
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Chapter 2

Study Site

This section will outline the location and characteristics of the flood protection project in
the region of Wil in East Switzerland and describe the study site used for this thesis.

2.1 Hochwasserschutz Projekt

In East Switzerland a flood protection project is currently underway (fig 2.1). The Hochwasser-
schutz Region Wil Project (HWS) has been commissioned by the Swiss Federal Roads Of-
fice, the Canton of St. Gallen (SG), the Canton of Thurgau (TG), the City of Wil, and the
communities of Rickenbach, Sirnach and Wilen. Research relating to HWS began long ago
and consultations, optimizations and planning are ongoing - construction has not started.

The HWS studies have been conducted in stages. Deficits in flood protection were al-
ready recognised as early as the 1980s and a feasibility report on the area was conducted
in 2009. As Hall et al. [23] states, humankind has manipulated rivers for centuries for
navigation, flood protection, food production and hydropower production among other pur-
poses. The HWS region is no different. According to the project pre-study [6], the region of
the HWS has always undergone some hydrological change. The report examined old maps
and concluded that streams had their courses adjusted over time and, in addition, most
marsh/swamp areas were drained. This aligns with the fact that the area was mainly used
for agriculture. As development started in the 1900s and steadily increased, agricultural
area was converted to residential and the natural space available for infiltration decreased.
The annual population growth remained at +5% and beginning in 2000 the rate doubled to
+10%. At present, there is residential, commercial and industrial properties in the area, as
well as the A1 motorway, an SBB track and a regional train track. ALl of this infrastructure,
combined with inhabitants, is of high value and needs to be protected from the dangers of
floods.

The pre-study presented an in-depth examinination of various combinations of protection
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measures and their cost estimates [6]. In 2015 a decision was made in selecting protection
measures: the Alpbach channel is to be enlarged, with the Meienmattelibach joining it via
an open channel south of Wilen, the Huebbach is to be routed south of the A1 Motorway
and an additional culvert is to be installed for the Krebsbach (fig 2.2). In 2018 the HWS
project was presented to the public and from 2019 onwards further technical and eco-
logical specifications were conducted as well as meetings with stakeholders. From 2020,
further project optimisations and legal proceedings are to be carried out and construction is
expected to begin in 2021 and last 2-3 years. The overarching aim of HWS measures is to
protect a population of approximately 35,000 inhabitants in the region from flooding and
prevent damage costs estimated between 20-50 mil CHF. The project involves a number of
engineers and scientists from various backgrounds who work in consultation with the local
residents (www.hws-region-wil.ch).

B+S AG is an engineering and planning firm, with headquarters in Bern, Switzerland, that
has been tasked with finding solutions to the hydraulics of this project (www.bs-ing.ch).
One section of their work involved flood modeling pre- and post- HWS measures and a
sub-section of this work formed the basis of the case study for this thesis .

B Wilen Admin
Thurgau
St. Gallen
[ Switzerland

b)
;
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N
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Figure 2.1: Bottom left image highlights the cantons Thurgau and St.Gallen in east/north-
east Swtizerland. Right image highlights the project location along the border of the can-
tons. Top left image highlights the study area for this thesis.
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Figure 2.2: HWS measures to be implemented and watercourses to be modified. Image
provided for information for public as part of HWS (www.hws-region-wil.ch)

2.2 Catchment Characteristics

The streams in the region -Krebsbach, Meinenmattelibach, Huebbach and Alpbach (fig 2.3)-
are all sub-catchments of the Thur River and relatively small compared to it. However, it
shouldn’t be forgotten that they have already proven their ability to exceed their banks
and cause damage. For example, the Alpbach was recorded to cause flooding in Wilen in
1972 and the Krebsbach has caused closure of the A1 Motorway 3 times in recent history
(www.hws-region-wil.ch). When considering only the 4 streams in the project, the Alpbach
is the main channel with the other 3 streams feeding into it as tributaries and the total
HWS catchment area is 22.9km?. The Meienmaettelibach is the smallest stream and has
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been deemed ephemeral in the past. It begins on the Hummelberg hill and flows to the
edge of Wilen where a structure is in place to route the flow into a storm water line. The
Huebbach begins in the town of Busswil in Thurgau and serves to drain this area, it joins the
Alpbach at the water treatment facility Freudenau. The Krebsbach begins near the Hofberg
area, north of the City of Wil and flows into the Alpbach along the western edge of the
town of Rickenbach. The Alpbach headwaters are in the town of Kirchberg SG. For surface
conditions, the streams flow over morraine (Wiler Niederterrassenschotter and at the area
before the Thur, at the mouth of the Alpbach, is a drained marsh/reed [6]. The time of
heaviest precipitation for the region occurs in June, July and August and it is an area which
sees thunderstorms.
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Figure 2.3: This image from the 2015 pre-study delineates the cathcments in the HWS. The
yellow delineation is the Alpbach catchment, the blue is for the Huebbach. The study area
for this thesis is within the Alpbach catchment. After the Huebbach is redirected as part of

the HWS, the catchment will terminate within the study area.
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2.3 Study Site

The case study for this thesis took place over an area extracted from the area covered by
HWS and investigated by B+S AG. The fields Sooret, Bachwis, Flurhof and Engi make-up the
case study area and cover approximately 221,642 m?. They are bound by Egelseestrasse
along the west and south, Bachwissstrasse along the north and the Alpbach along the east.
Within the project (sec 2.1) the Huebbach will be relocated to run as an open channel along
Alpbachstrasse and join the Alpbach in the region on the eastern corner of the Bachwis (fig.
3.1).

Figure 2.4: From the DEM the general slope of the terrain in the study area can be observed.
Water leaving the channel would follow the terrain sloping down toward Wilen.

This area has been selected for both its relatively small size, which allows for faster model
computation times, and its hydrological points of interest. The terrain in the area means the
town of Wilen has an unfortunate position downslope of the flood plain (fig. 2.4). As the
Alpbach runs in a northerly/north-easterly direction, it is predicted to overflow its left bank
and water will flow overland in a north-westerly direction, across fields and eventually
funneling into the residential area of Wilen. The new layout of the Huebbach running along
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the southern edge of Wilen should act to capture this flow and direct it back into the Alpbach
at the new junction of the two streams (fig.3.1).
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Chapter 3
Methodology

The goal of this thesis was to research similarities and differences between a subset of the
results obtained via BASEMENT within HWS, with those obtained via the latest version of
HEC-RAS. As well as examining the intra-model aspects and parameters within the latest
version of HEC-RAS. This was conducted with model runs in HEC-RAS 2D as similar as
possible to those from BASEMENT, while still utilising HEC-RAS, and its features, in an
efficient and appropriate manner. Then, further model set-ups with HEC-RAS allowed for
an intra-model and parameter investigation. Analysis and presentation of the results was
completed using R Programming, QGIS and RAS-MAPPER (a geographic information system
built into HEC-RAS that can be used for setting up models and viewing/extracting results).
The present day scenario of HWS is referred to as IST and the scenario after protection
measures have been implemented is referred to as NACH. The results extracted had to be
narrowed down for processing and analysis and the time of end-peak flow was chosen as
the flood plain was approximately at max indundation. This time corresponds to 1h50m for
IST and 1h20m for NACH. Start-peak flow corresponds to 1h20m and 40m respectively
for IST and NACH and post-peak flow corresponds to 2hO5m and 1h35m. The results
were extracted in GeoTIFF format for post-processing and carried a pixel size of 0.5m x
0.5m.

3.1 Models

The modeling approaches compared are the freeware softwares: HEC-RAS and BASE-
MENT. The HWS results generated with BASEMENT and received from B+S AG were ob-
tained using a fully 2D modeling approach - called BaseMESH. 1-, 2- and linked 1- and
2- dimensional approaches were utilised in HEC-RAS. In the case of the Alpbach flooding,
the flow is considered unsteady and both models contain the capability to model unsteady
flow. Streamflow is governed by the Principle of Conservation of Mass and the Principle of
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Conservation of Momentum and the computational equations used in both models are based
on these principles. They are known as the Shallow Water Equations (SWE).

3.1.1 HEC-RAS

The River Analysis System was created in the Hydrologic Engineering Center of the United
States Army Corps of Engineers. Known by its acronym HEC-RAS. It is capable of solving
unsteady and steady flow hydraulics, and also includes modules for water temperature,
water quality and sediment transport. The latest version of HEC-RAS, version 5.0.7, was
available for download in March 2019 and is the version used for this thesis (https://
www.hec.usace.army.mil). Along with the model documentation, tutorials and example
datasets are available as well. Version 5.0.7 allows for 1D and 2D modeling. Support
from the creators is not available, however bug reports can be submitted and a considerable
community has built up around assisting users and enhancing the model’s usability.

3.1.2 BASEMENT

BASEMENT was developed at the Laboratory of Hydraulics, Hydrology and Glaciology
(VAW) at the Swiss Federal Institute of Technology (ETH). It stands for BASic EnvironMENT
for simulation of environmental flow and natural hazard simulation. It was created as the
result of a proposal submitted to build a new software tool for the Rhone-Thur project.

BASEMENT is a freely available numerical software which is a BASic EnvironMENT for the
simulation of environmental flow and natural hazard events in 1 and 2 dimensions. It was
developed by the Laboratory of Hydraulics, Hydrology and Glaciology (VAW) at the Swiss
Federal Institute of Technology (ETH) and the first version was released in autumn 2006.
It was created as the result of a proposal submitted to build a new software tool for the
Rhone-Thur project (??. A handful of tutorials and sample data are packaged with the model
and an online forum is available to potentially provide support. (www.basement.ethz.ch).

3.1.3 Computations

The computations in both HEC-RAS and BASEMENT are based on the Shallow Water Equa-
tions (SWE). The reach being modeled needs to be a match for the tool and set-up em-
ployed. The requirements for the use of the SWE and, in turn, the models are: a gradually
varied bed slope, constant pressure distribution (hydrostatic) and the length of the reach is
much greater relative to the water depth. In the case of HWS these assumptions can be met.
Furthermore, in the case of using a purely 1D approach for a multi dimensional phenomenon,
the flow moving along the overbank area is mainly orientated downstream. The full deriva-
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tions for the SWE are provided in the reference manuals of each model [basement, 2]. A
unique analytical solution to the SWE equations is only possible for very simple and idealised
conditions. Instead the equations must be discretized and turned into a set of algebraic
equations and co-efficients. The method of discretization in HEC-RAS is primarily a finite
difference scheme, the method in BASEMENT is a finite volume scheme. The points of com-
putation also vary between the models. BASEMENT utlises a triangular mesh to represent
the underlying geometry and computations occur at the node points on the mesh where flow
variables are determined. HEC-RAS uses a flexible grid composed of cells which can have
up to 8 sides and the computational point is the cell center. Although the principles behind
the computations are the same for each model, the methods to solve them vary slightly.

3.2 HWS Results

The 2D BASEMENT results were generated by Engineers at B+S AG in late 2018 and serve
as a basis for planning for future flood protection measures. 2 results were generated
using a 300 year flood event (HQ300). The first result covered the scenario of the current
state of the Alpbach and surrounding floodplain (IST scenario). The second result covered
a future scenario after protection measures have been implemented (NACH scenario). The
main changes for NACH: the Huebbach running as an open channel south of Wilen and joining
the Alpbach at an open junction and raising select streets (see figure 3.1).

The results’ output files were viewed and extracted as raster files using QGIS with the
Crayfish plugin.
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Figure 3.1: The new Huebbach channel (hashed blue line) flows openly east to west along
the southern edge of Wilen and joins the Alpbach (solid blue line) at the confluence (red
circle) located near the north-eastern corner of the Bachwis field. Selected streets (yellow
lines) in the flood plain have been raised compared to the IST scenario.

3.3 Input Data

To conduct the modeling, two sets of input data were required: geometry and boundary
conditions. The numerical computations are based on the geometry and this was extracted
from a digital elevation model (DEM). Stream flow values for a HQ300 event were used as
the input boundary conditions.

3.3.1 Terrain

The DEM needed for the IST and NACH scenarios for this thesis were created using QGIS,
from x,y,z files received from B+S AG. As HEC-RAS does not accept DEMs with No Data
values, these were replaced with a value of 575. The areas lacking a value represented
structures (homes, barns, sheds) and there were few structures in the study area, and
none are expected to be completely overtopped with flood water from the Alpbach. The
BASEMENT models did not lay a mesh over these areas (A.1). As analysing flow around
each structure was also not the aim of this thesis, a value of 575 m MSL was tall enough to
ensure that these cells would not interfere with the results.
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The x,y,z files were generated by the Engineers at B+S AG by overlaying a triangulated
mesh over elevation data - which was a combination of Lidar, photogrammetric, drone survey
and survey data near the channel - to capture details in the terrain. Then values were
extracted on a regular square grid spaced at 0.5m x 0.5m to be able to represent enough
terrain detail and create a GeoTIFF file with z values representing elevation.

The final DEMs used for the IST and NACH scenarios are seen in figure 3.2, the new
Huebbach channel can be seen in the NACH terrain.

Figure 3.2: Image A shows the input DEM for the IST scenario and Image B shows the input
DEM for the NACH scenario as viewed in RAS-MAPPER.

3.3.2 Hydrology

The hydrology for the HQ300 event, as well as HQ30 and HQ100 (see Calibration and
Validation, sec.3.4) was provided by B+S AG and is identical to that utilised in BASEMENT.
Estimated flow values were available to B+S AG for each stream from the environmental
departments responsible in SG and TG. As the HWS region transects these two cantons,
and each canton utilised a different method for estimation, two varying sets of data were
available and especially the Huebbach had a large discrepancy. The Engineers at B+S AG
conducted a thorough hydrological re-analysis using the data available and derived flow
values to use in HWS ?? which correspond to peak flow values of 35m?>/s for the Alpbach
and 6m?3/s for the new Huebbach.

Additional hydrology was used for this thesis to examine how the models compared in
more extreme situations. An additional hydrograph using HQ1000 values was utlised to see
how the models handle larger events. This corresponds to peak flow values of 43.1m3/s
and 11.5m3/s for the Alpbach and Huebbach, respectively. Another set of hydrographs
was utlised to observe the behaviour at the confluence in extreme events for the NACH
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scenario. The Alpbach and Huebbach are seperate catchments and there is the possibilty
that the smaller Huebbach could be hit with a very intense rain cell while other streams in
the region are not. This is the type of situation which occured during the recent Krebsbach
flood (sec.1.1.1.) For the Huebbach a hydrograph for HQ1000 + 30% of the peak value
and another of HQ1000 + 50% of the peak value were created to be run with only a HQ30
for the Alpbach in a NACH scenario.
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Figure 3.3: Plots of the hydrology used as input data for calibration, validation and different

scenarios
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3.4 Calibration and Validation

Calibration and validation of a flood model, or any environmental model, is an integral step
in the modeling process (sec. 1.3.3) but data is often desperately lacking. For HWS, the
same problem exists. There was a lack of past records and the streams are ungauged.
To counteract this dilemma, a work around of utilising the information from the present-
day hazard maps as calibration and validation data was devised (www.map.geo.tg.ch.) At
present, these maps are considered the go-to and these are the values upon which decisions
are made on in the area (section 1.1.3). As different return periods are available, HQ100
was used for calibration and HQ30 was used for validation. This method was in line with
the recommendations from a recent validation in flood modeling paper, and, although not
as robust as having records from one (or, in a better case, multiple) flooding event, is a
suitable method which was complimented by expert opinion from B+S AG ([35]). The focus
for calibration and validation was placed locally at the bend along the Alpbach, next to the
Wouereholz hill (red circle in figure 3.4), where the majority of overflow into the study area
occurs.
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Figure 3.4: The Kanton Thurgau publicly available flood depth hazard maps were employed
as calibration (Image B, HQ100) and validation (Image A, HQ30) data. The red circle indi-
cates the location where calibration and validation was focused.

3.5 Model Set-ups

In total, five base models were set-up in HEC-RAS to address research questions 1 and 2
(sec. 1.5). This was comprised of three models using the IST DEM as input and two using
the NACH DEM as input. For research question 3, a variation of one of the five models was
used and it depended on which parameter was being explored. All of the models could be
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created and edited using RAS-MAPPER and the geometry editor GIU in HEC-RAS.

The overarching steps to create stable models were: initiate the model in a small upstream
section with a baseflow value hydrograph until a geometry leading to model stablity is
achieved, expand the geometry to cover to channel and determine the model warm-up time
(if applicable), input the HQ100 hydrograph to calibrate, adjust geometry or parameters,
and input the HQ30 hydrograph for validation.

Figure 3.5 outlines the grouping of model set-ups per research question and figure 3.7
illustrates the final set-up for the five base models as viewed in RAS-MAPPER.

The following sections describe each model set-up.

Set1 Set2 Setl 2D Equation sets Mo
2D BASEMENT IST 2D BASEMENT NACH CD HI';CTRAS 4 "I':;W 1D?DI:$C-RAS o-eff
- Roughness
B B Set2 Mesh Size Set6 -
2D HEC-RAS IST 2D HEC-RAS NACH
Setl set2 Set3 Mesh Alignment Set7 Timing
Channel
represen- S Set4 Junction Equation
N represen-
S * tation

Figure 3.5: Overview of models and scenarios in relation to the research questions

3.5.1 2D Models
2D IST

This model contains a default grid value of 2m x 2m, as it was found to be small enough
to capture flow moving along the terrain while allowing for a reasonable computation time.
The channel and overflow region along the bend of the Alpbach was refined to a grid size
of 1m x 1m as these regions are hydraulically important and require more detail. After trial
runs, further refinement was done and areas not being flooded were refined to 4m x 4m
to save on computation time. Breaklines were laid to align cell edges along roads. Normal
depth boundary conditions were drawn to release flow along the north edge of the study
area and also downstream.

Surface roughness was determined by attaching a manning’s n layer to the terrain input
(fig. 3.6). The roughness layer had to be created in QGIS by georeferencing an image
which outlined various roughness patches and then drawing shapefile polygons over these
areas. The polygons were converted into raster format and then input into HEC-RAS via
RAS-MAPPER. The manning's layer could then be used for subsequent model set-ups which
used a 2D flow area.
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Figure 3.6: Image A is the Manning’s roughness layer for the IST and NACH scenarios.
Image B shows the Manning’s override polygon used to set a Manning's value for the new
channel in the NACH scneario.

2D NACH

The 2D NACH geometry was set-up as the IST, with the exception of additional 1m x
1m refinement regions in the area of the raised road, the new Huebbach channel and the
cofluence area. As well as applying a manning’s n override polygon to the new channel.

3.5.2 Models to explore dimensionality

Additional base models were created to address research question 2.

1D IST

The 1D model was set up by arranging cross sections along 10-20 metre sections of
channel at a time, working in the upstream direction. By adjusting the terrain visualisation
in RAS-MAPPER, the areas of the channel with steep drops or where the water had carved
out the channel bottom could be located and cross sections could be placed strategically
to ensure a gradually decreasing slope in the downstream direction. The inflow area terrain
was very steep and flow was entering the system with too much energy causing model
instability. Mock cross sections had to be used rather than extracting geometry from the
terrain to achieve a more gradual inflow slope and model stability. This area is located very
far from the study area though and the strategy of applying mock cross sections should not
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affect the study area. Bank stations were defined and levees added at high elevation values
on the channel edge. A zero-height weir was added along the left bank and set to remove
flow out of system.

1D2D IST

Setting up the 1D2D was a combination of what was learned in setting up the 1D and 2D
separately. Due to the varying elevation and steepness of the channel bottom, the cross
section placement was very sensitive and their positions were not adjusted. A 2D flow
area was drawn over the flood plain and refined and then connected to the lateral structure
along the left channel bank. The 2D flow area along the structure was then aligned and
refined to Im x 1m.

1D2D NACH

The 1D2D NACH was also a combination of what was learned in setting up the other base
models. As the terrain of the newly designed Huebbach was smooth, it was possible to use
the cross section interpolation tool in the geometry editor GIU to arrange the new cross
sections. These were connected to the 2D flow area via a lateral structure. An additional
lateral structure was connected along the left bank of the Huebbach to the cross sections.
A junction was added at confluence and set to use the water surface balance method.

The 2D cell alignment was very sensitve along the structure and the 1D2D IST grid needed
to be imported to achieve stability. When 2D flow areas are imported, the orginal refine-
ment regions are blended into the grid and this means they are not available as a separate
layer to edit. For these reasons the final geometry of the flood plain appears different. The
1D2D NACH cells along the structure were kept as imported and additional refinement
regions were added where the roads were raised and over flow-free areas.

33



Legend

Channel Thalweg (1D only)

Cross section

2D Flow Area

Refinement Region

Breakline

Boundary Condition

IR

Lateral Structure

Figure 3.7: Illustration of final geometry and boundary condition layout for each base
model. A: 1D IST, B: 1D2D IST, C: 2D IST, D: 1D2D NACH, E: 2D NACH

3.5.3 Exploring parameters

These models were set-up to address research question 3.

Roughness

The 1D2D IST scenario was chosen to vary the surface roughness value. Values were
increased and decreased by 30%, in intervals of 10% (see Table 3.1 for values).

Time

Within the calculation options, there is a choice to have a flexible time step for the model
run which will be based on the courant condition. A courant value of 1 indicates that a
particle of water will move through a grid element in 1 time step [2] and is the ideal courant
value. By varying the range of this value the model will alter timesteps. This could shorten
or lengthen the computation time depending on the model set-up, but it is also meant to
lead to stability as the time step will adjust if the model cannot converge to a water surface
value and it is meant to be more efficient and focus the time step value on areas seeing flow.
This value was set to the range of 0.5-3.0 to observe the computation time reaction.
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2D Equation

The 2D modeling in HEC-RAS offers a setting to use the diffusive wave approximation for
the numerical computations. This approximation can speed up processing time and also can
help to stablise a model. This setting is activated in the Calculation Options and Tolerances
in the Unsteady Flow Simulation settings.

Junction Equation

When two reaches meet at a junction in HEC-RAS, there are two options available to com-

pute the flow at this point. The water surface balance method was utilised in the 1D2D
NACH model. This option was changed to the energy balance method in the junction set-
tings dialog.

Weir Co-efficient

Within the lateral structure settings, the weir co-efficient is entered. It is recommended to
use low values when the weir is representing the channel bank and not a physical structure
[2]. This value was varied systematically from .1 - .5, in .1 intervals.

See table of weir co-efficients 3.2

Grid Size

Default grid size is set in the 2D flow area editor. The default size for the HWS study area
was 2m x 2m. Using the 1D2D NACH scenario (faster computation time than fully 2D),
this value was adjusted once to 3m x 3m, and 4m x 4m in a subsequent run. An additional
model was set-up using a complete 4m x 4m grid, it contained no refinement regions (see
B in figure 3.8).
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Figure 3.8: Sample of grid from near the raised road. A: Grid with refinement region in-
cluded. For the 1D2D NACH, 2m x 2m and 3m x 3m runs the refinement region was
included. B: One run was conducted with a 4m x 4m grid, breaklines were kept but the
refinement region with 1m x 1m cells was not.

Grid Alignment

Grid alignment is a very important part of setting up the geometry. It is a manual pro-
cess which involves examining the study area and terrain closely and applying breaklines or
refinement regions where necessary. Thus, the exploration of grid alignment was realised
during the setting up of the base models.
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Table 3.1: Table of adjusted Manning’s n values

Default | Value1 | Value2 | Value 3
+30%|  0.039| 0.03939| 0.04329] 0.026
+20%|  0.036| 0.03636| 0.03996| 0.024
+10%|  0.033| 0.03333| 0.03663| 0.022
1D2D IST 0.03] 0.0303] 0.0333 0.02
-10%|  0.027| 0.02727| 0.02997| 0.018
20%|  0.024| 0.02424| 0.02664| 0.016
30%|  0.021] 0.02121| 0.02331] 0.014

Table 3.2: Table of adjusted weir co-efficient values

Plan Weir Co-eff
Weir Testb 0.1
Weir Test 0.2
Weir Test4 0.3
Weir Test 3 0.4
102D 15T 0.5




Chapter 4

Results and Discussion Q1

41 1:1ist2D

Results comparison for HEC-RAS 2D IST and BASEMENT 2D IST. As discussed in method-
ology, have taken the results at end peak flow which is 1h50 for IST scenario and 1h20 for
NACH (see sec.A.2 for results at start, end post peak flow)

4.1.1 Peak Values

Location of top 10% values for depth (fig.4.1) and velocity (fig.(4.2). The peak depth
values have a greater concentration at the outlet to Wilen for Basement but velocity peak
values are similar. This could be attributed to slightly different terrain elevation represen-
tations because the models do not use the same grid to extract elevation values.
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Depth

BASEMENT HEC-RAS

Figure 4.1: Mapping the top 10% of values for depth (blue) for BASEMENT and HEC-RAS
2D IST scenario.

Velocity

BASEMENT HEC-RAS

Figure 4.2: Mapping the top 10% of values for velocity (green) for BASEMENT and HEC-
RAS 2D IST scenario.

4.1.2 Metrics and Statistics

Accuracy metrics for the performance of HEC-RAS compared to BASEMENT are based on
wet/dry cells and do not take into account the actual pixel value. The metrics are modeled
after those in Bennett et al. [11].
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In addition to the overall study area, two areas of importance are looked at closer (fig.
4.3))
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Figure 4.3: Main study area for the IST scenario. The area at the outlet to the village of
Wilen and the area infront of Engistrasse 95 are key areas. Profile lines have been extracted
from within each of these areas which are used to examine how the models behaved over
time.
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Figure 4.4: Hits, misses, false alarm and correct negatives for HEC-RAS, assessed at 0.5m
pixel size

Table 4.1 summarises the accuracy metrics and summary statistics.

The overall flood area index (FAI) is 0.54 but at Engistr. 95, an area of importance because
of the residence located there, the FAl increases to 0.86. Overall accuracy is high and false
alarm rates are very low. The mean values and ranges for depth and velocity are also similar
between both models, with the exception of velocity for the overall study area having a
greater range for HEC-RAS.

4.1.3 Residuals

Residuals help to gauge a better understanding if the outputs of the models were similar.
In the case of 2D IST, both models produced similar outputs.

Depth

Depth residuals are close to O, with a slight tendency to being negative
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Figure 4.5: Depth residual values in metres for the IST study area and key areas. Based on

a pixel size of 0.5m.

Velocity

Velocity residual were close to O with a slight tendency to being positive.
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Figure 4.6: Velocity residual values in metres per second for IST study area and key areas.
Based on a pixel size of 0.5m.

The histograms for residuals are based on the overall study area.

The histogram of depth residuals 4.7 shows most values were close to O.
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Figure 4.7: Histogram of residuals for depth for the 2D IST scenario. Frequency indicates
number of pixels.
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And the histograph of velocity residuals 4.8 also shows values being nearly O.
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Figure 4.8: Histogram of residuals for velocity for the 2D IST scenario. Frequency indicates
number of pixels.

Including Time

In these plots, model run duration is on the y-axis and the x-axis represents a terrain pro-
file. The colour scale represents the value of the variable (depth or velocity) for each model
and the third plot represents residuals.The black horizontal lines in the images are marking
the start, end and post peak flow times. This visualisation is help gauge how variables were

output over time.

In the small valleys in the terrain, the residuals show HEC-RAS is faster on velocity and
reduced on depth, especially during the peak flood time.

The depth at Wilen (4.9) is modeled higher by BASEMENT, especially at the lower eleva-

tions.
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Depth across a terrain cut line near the outlet to Wilen for the duration of model run time
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Figure 4.9: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the key area of Wilen. The colour scale indicates the range
of values. The horizontal markings are the start-, end- and post-peak flow times. The
terrain profile is included for reference in the last plot.

The velocity (4.10) at Wilen varies between the two models, in general it was higher with
HEC-RAS.
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Velocity across a terrain cut line near the outlet to Wilen for the duration of model run time

-
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Figure 4.10: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the key area of Wilen. The colour scale indicates the range
of values. The horizontal markings are the start-, end- and post-peak flow times. The
terrain profile is included for reference in the last plot.

At Engistrasse 95 depth (4.11) was also higher for BASEMENT and velocity (4.12) faster
for HEC-RAS.
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Depth across a terrain cut line near Engistrasse 95 for the duration of model run time
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Figure 4.11: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the key area of Engistrasse 95. The colour scale indicates
the range of values. The horizontal markings are the start-, end- and post-peak flow times.
The terrain profile is included for reference in the last plot.
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Velocity across a terrain cut line near Engistrasse 95 for the duration of model run time

4h30
HEC-RAS 1.21m/s
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4h30 BASEMENT
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Figure 4.12: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the key area of Engistrasse 95. The colour scale indicates
the range of values. The horizontal markings are the start-, end- and post-peak flow times.
The terrain profile is included for reference in the last plot.
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4.2 1:1 NACH?2D

42.1 Peak Values

Depth

BASEMENT HEC_RAS

Figure 4.13: Mapping the top 10% of values for depth (blue) for BASEMENT and HEC-RAS
2D NACH scenario.

Velocity

onsevENT

Figure 4.14: Mapping the top 10% of values for velocity (green) for BASEMENT and HEC-
RAS 2D NACH scenario.

The top 10% values for depth( 4.13) and velocity (4.14) were similar among both models
for 2D NACH.
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4.2.2 Metrics and Statistics

The 2D NACH study extent plus two key areas (fig. 4.15).
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Figure 4.15: Main study area for the NACH scenario. An area stretching across the north of
the Sooret field and the intersection located near the Alpbach are keys areas. A profile line
has been extracted from within the Sooret field area and another from the area where the
Alpbach overflows and are used to examine how the models behaved over time.

The contingency rasters (4.16) show mostly hits for 2D NACH.
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Figure 4.16: Hits, misses, false alarm and correct negatives for HEC-RAS compared to
BASEMENT, assessed at 0.5m pixel size

Table 4.2 summarises the accuracy metrics and statistics for 2D NACH. The accuracy for
this scenario was higher than for IST, which could be attritbute to a better grid placement.
The mean values and ranges are also similar between models, with the exception again of the
HEC-RAS velocity having a greater range. The largest velocity values occur in the channels
and it is possible the small 1m x 1m grid of HEC-RAS is better suited for representing small
changes in the channel.

4.2.3 Residuals
Depth
The mapped depth residuals (fig. 4.17) and velocity residuals (fig. 4.18) indicate values

near O. At the area of the newly raised road, depth was predicted slightly higher by HEC-
RAS.
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Figure 4.17: Depth residual values in metres for the NACH study area and key areas. Based

on a pixel size of 0.5m.
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Figure 4.18: Velocity residual values in metres for the NACH study area and key areas.

Based on a pixel size of 0.5m.

The histogram of depth residuals 4.19 and velocity residuals 4.20 show values to dominate

near O, like 2D IST.
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Figure 4.19: Histogram of residuals for depth for the 2D NACH scenario. Frequency indi-
cates number of pixels.
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Figure 4.20: Histogram of residuals for velocity for the 2D NACH scenario. Frequency
indicates number of pixels.

Including Time

The plots of the profiles lines for 2D NACH over model run time again point toward HEC-

RAS being slightly lower for depth and slightly higher for velocity. With areas of lower
terrain, mini valleys, showing the slightly higher residuals. This could be attributed to how
the mesh and grid in the models is aligned at the small ridges. Gradually varied terrain

shows a more uniform distribution of the residuals.
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Depth across a terrain cut line over Sooret Field for the duration of model run time
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Figure 4.21: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the key area of the Sooret Field. The colour scale indicates
the range of values. The horizontal markings are the start-, end- and post-peak flow times.
The terrain profile is included for reference in the last plot.
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Velocity across a terrain cut line over Sooret Field for the duration of model run time
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Figure 4.22: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the key area of the Sooret Field. The colour scale indicates
the range of values. The horizontal markings are the start-, end- and post-peak flow times.
The terrain profile is included for reference in the last plot.
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Depth across a terrain cut line near channel overflow for the duration of model run time
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Figure 4.23: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the overflow area. The colour scale indicates the range of
values. The horizontal markings are the start-, end- and post-peak flow times. The terrain
profile is included for reference in the last plot.
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Velocity across a terrain cut line near channel overflow for the duration of model run time
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Figure 4.24: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the overflow area. The colour scale indicates the range of
values. The horizontal markings are the start-, end- and post-peak flow times. The terrain
profile is included for reference in the last plot.

42.4

Intense Hydrology

HQ1000

When increasing the hydrology to HQ100O, residuals of depth 4.25 and velocity 4.26
show a greater range but are still low. The most extreme values occur at pixels in the

channels. The biggest change compared to the HQ300 is the depth residuals being positive
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and larger for HEC-RAS in the area where flow overtops the raised road.
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Figure 4.25: Depth residual values in metres for the NACH study area and key areas. Based

on a pixel size of 0.5m.
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Figure 4.26: Velocity residual values in metres for the NACH study area and key areas.

Based on a pixel size of 0.5m.

The histogram of depth residuals (4.27) and velocity residuals (4.28) show values being

close to O, with a slightly greater tendency toward negative values for the depth.
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Figure 4.27: Histogram of residuals for depth for the 2D NACH scenario using an intense
hydrology of HQ1000. Frequency indicates number of pixels.
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Figure 4.28: Histogram of residuals for velocity for the 2D NACH scenario using an intense
hydrology of HQ1000. Frequency indicates number of pixels.

The residuals over time at the profile lines for HQ1000 hydrology show a similar output
to those for HQ300.
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Depth across a terrain cut line over Sooret Field for the duration of model run time

3h20

0h0DO

3h20

0h0Oo

3h20
Residuals

g.

0h0o 0.117m

565.2
Terrain Profile

sas Sooret Field

564.8

564.6

564.4

564.2

o] 20 40 &0 g0 100 120 140 160 120 200

Figure 4.29: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line across the Sooret Field. The colour scale indicates the range
of values. The horizontal markings are the start-, end- and post-peak flow times. The
terrain profile is included for reference in the last plot.
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Velocity across a terrain cut line over Sooret Field for the duration of model run time
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Figure 4.30: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line across the Sooret Field. The colour scale indicates the range
of values. The horizontal markings are the start-, end- and post-peak flow times. The
terrain profile is included for reference in the last plot.
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Depth across a terrain cut line near channel overflow for the duration of model run time
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Figure 4.31: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the overflow area. The colour scale indicates the range of
values. The horizontal markings are the start-, end- and post-peak flow times. The terrain
profile is included for reference in the last plot.
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Velocity across a terrain cut line near channel overflow for the duration of model run time
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Figure 4.32: The y-axis for the plots represents model run-time and the x-axis represents
distance along the profile line at the overflow area. The colour scale indicates the range of
values. The horizontal markings are the start-, end- and post-peak flow times. The terrain
profile is included for reference in the last plot.

Varying Hydrology — Junction

For the Huebbach, the hydrology was altered by increasing HQ1000 flow by 30% and 50%
to represent a situation where only this catchment experienced intense rain and then how
this effected outputs at the region of the confluence was observed.
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When flow meets another stream the velocity decreases (see fig 4.33 and a lake effect
could occur at this area. In the case of BASEMENT and HEC-RAS, both models had similar
outcomes (see fig. 4.34 at the confluence area and even at 50% increased flow, water did
not leave the channel in either model, aside from a very small amount on the south side of
the channel in the HEC-RAS model.

Figure 4.33: As the Huebbach flow joins the Alpbach its velocity is slowed at the stream
junction as expected. An upwellng of water is possilbe into the Huebbach and a lake effect
could be observed where the flows meet.
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HQ1000 + 30% HQ1000 + 30%

BASEMENT HEC-RAS
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Figure 4.34: The two left images are for the BASEMENT models and the two on the right
for HEC-RAS. Neither model produced a noticable lake effect. Although a small amount of
flow did leave the channel for the HEC-RAS HQ1000 + 50% scenario.
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Table 4.1: Flood area index, accuracy metrics, contingency table and summary statisitcs for
2D IST scenario.

Full Study Area|Outlet Wilen| Engistr 95
Total Area (m?) 219,514 11,962 6,102

Flood Area Index 0.54 0.52 0.86

Contingency Table
Hits 183156 22682 16198
Correct Negatives 536688 4398 5595
Misses 147357 19350 2019
False Alarms 10711 1196 591

Accuracy Metrics
Accuracy 0.82 0.57 0.89
Bias 0.59 0.57 0.92
Hit Rate 0.55 0.54 0.89
False Alarm Ratio 0.06 0.05 0.04
False Alarm Rate 0.02 0.21 0.10
Critical Success Index 0.54 0.52 0.86
Success Index 0.58 0.32 0.56
Peak Difference 0.19 0.25 0.10
% Error Peak 6.45 37.26 18.01
[summarystatisties [ [ [ ]
Mean Valug BASEMENT 0.08 0.25 0.09
S N Mean Value HEC-RAS 0.04 0.06 0.07
R &

Q Range BASEMENT 2.96 0.68 0.58
Range HEC-RAS 2.77 0.43 0.48
Mean Value BASEMENT 0.14 0.15 0.36
.;',\’é \;,\ Mean Value HEC-RAS 0.16 0.09 0.44
& Range BASEMENT 4.54 0.82 1.00
Range HEC-RAS 7.30 0.97 1.32
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Table 4.2: Flood area index, accuracy metrics, contingency table and summary statisitcs for

2D NACH scenario.

Full Study Area Sooret Intersection
Total Area (m?) 230,510 6,752 14,410

Flood Area Index 0.72 0.82 0.87

Contingency Table
Hits 260313 20996 34650
Correct Negatives 561496 1296 17768
Misses 91150 3348 4458
False Alarms 8926 1360 757

Accuracy Metrics
Accuracy 0.89 0.83 0.91
Bias 0.77 0.92 0.91
Hit Rate 0.74 0.86 0.89
False Alarm Ratio 0.03 0.06 0.02
False Alarm Rate 0.02 0.51 0.04
Critical Success Index 0.72 0.82 0.87
Success Index 0.67 0.46 0.60
Peak Difference 0.15 0.00 0.07
% Error Peak 5.14 -0.26 6.42
[summaryStatisties [ ] [ ]
Mean Value BASEMENT 0.11 0.06 0.13
- Mean Value HEC-RAS 0.07 0.06 0.12
SN 2.97 0.33 1.10
< Range BASEMENT

Range HEC-RAS 2.81 0.33 1.03
Mean Value BASEMENT 0.14 0.06 0.27
o“'}é \;’\ Mean Value HEC-RAS 0.23 0.06 0.47
R Range BASEMENT 4.78 0.33 1.33
Range HEC-RAS 8.22 0.33 3.72
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Chapter 5
Results and Discussion Q2

The intra-model dimensionality was explored in two sets. The channel was compared be-
tween the 2D and 1D models and the floodplain between the 1D2D and 2D. Although it
has been featured in research [26], it is not appropriate to use 1D results to judge flow in
a 2D domain, like a flood plain (expert opinion, personal communcation).

5.1 1D and 2D - Channel

The thalweg was used as a profile line to plot the depth 5.1 and velocity 5.2 along the
channel for the 1D and 2D models. Higher depth values are approximately the same be-
tween 1D and 2D, but the low values are much lower for the 2D. This is likely occuring
because the channel was represented much smoother in the 1D model as the terrain be-
tween cross sections is interpolated. The steep drops or locations where the channel bed
has been carved out by the streams and has a lower elevation, are not represented in the
1D terrain. Whereas the 1m x 1m grid along the channel was able to pick up this variation
in elevation. The velocites between the two domains are also not equivalent because of
this variation in terrain representation. However, the peak values for the 1D are similar at
many points to the 2D. It is unclear why at approximately halfway along the channel the 1D
velocity shows a strange result and hovers around 3m/s, this could be the area where the
Alpbach bends and the channel terrain variation was too great to allow cross sections to be
placed there, thus the interpolation distance is longer.
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As stated, the actual flood plain cannot be compared because the flow should not be
modeled in 1D. Instead the depth over time at a point (see fig 5.3 in the area of overflow
was plotted (see fig 5.4.) to gauge approximately how the 2 models compare in this region.
The pattern of depth is similar between the two models, but the 2D depth was greater by
arange of O - 0.23m. However, peak values are the same between both models.

: _ ?\\

Figure 5.3: Point selected to compare depth values over model run duration. For the 1D
model this point is located along the channel bank but before the lateral structure
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Figure 5.4: Depth values vs model run duration at a point located along the overflow region
in the Alpbach. Red points represent values from the 1D model and blue points represent
values from the 2D model.

5.2 1D2D and 2D - Floodplain

It was observed that between the 1D and 2D there was a similar pattern for depth, with
2D values being slightly higher than 1D during the pre and post peak flow times, but peak
values being similar. At the time of peak flow the floodplain between the 2D and 1D/2D
should not show great variation therefore. The residuals for depth and velocity were com-
puted as 2D compared to the 1D2D and highlight pixels where the 2D output is greater
than or less than the 1D2D.

The image of residuals shows that over the floodplain there was little variation between
the models, aside from the 2D velocity being slightly greater in the overflow area compared
to the 1D2D. The pixels over the channel have been included and the greater variation is
visible there, but, for the histrogram, as the floodplain area is far greater than the channel
area, the channel pixels do not skew the clear result that residuals are hovering close to
0. For velocity, the histogram shows the highest frequency as being slightly above O, which
corresponds to the slighty higher values (green areas) when mapping the residuals.
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Figure 5.5: Depth residuals over the floodplain for 2D compared to 1D2D
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Figure 5.7: Velocity residuals over the floodplain for 2D compared to 1D2D
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Chapter 6

Results and Discussion Q3

6.1 Roughness

In fig 6.1 the velocity at a profile line extracted from the overflow area is plotted. De-
creasing the roughness value in intervals of 10% lead to an increase in velocity values at the
profile line and increasing the roughness values lead to a decrease in velocity values. Fig
6.2 shows the flow for the duration of model run time over a profile line orientated in the
direction of outflowing water. Decreasing the roughness value lead to a greater flow and
increasing the roughness value lead to a reduced flow over the line. In these systematic
cases, the model is behaving as expected as the manning's equation describes the relation-
ship between velocity and surface roughness to be inversely related.

[Pt Table |
Velocity on "overflowd"

1.6 — 1D2DIST

~— Roughness/30'Max'

— Roughness 20 'Max'

= Roughness_10'Max'
Roughness minus_10'Max'

— Roughness| minus_20'Max'
Roughness minus_30'Max'

4

[N
|

Value [meters/sec)

1

0.8

0.6 -

o 5 10 15 20 25 30 35 40 45
Station [meters]

Figure 6.1: The max profile velocity is plotted over a profile line extracted from the over-
flow area.
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Figure 6.2: The flow along a profile line in the overflow area for the duration of model
run-time

Ultimately, the flood extent between decreasing 30% and increasing 30% did not change
substantially, as viewed in RAS-MAPPER (see fig 6.3)
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Figure 6.3: The purple region is decreasing Manning's n value by 30% and the yellow region
is increasing by 30%.

6.2 Time

For the 2D model runs, a fixed time step of 2 seconds was used as it allowed for accept-
able results within a manageable computation time. A 4.5 hour model run time could be
computed within 1h45m35s. By switching this setting to allow the time step to be con-
trolled by courant condition, with the courant range set from 0.5-3.0, the computation time
substantially increased. A 1h45m model run time took 2h32m27s to compute. This could
be expected because the smaller a grid cell, the smaller a time step is required to ensure
flow crosses it within 1 time step. The channel and refinement region cells were 1m x 1m
and in the base model scenarios the 2 second time step was long for these areas. By using
the courant condition the time step was at times reduced to 0.625s. In this case, the re-
sults with a 2 second time step were still acceptable but should a modeller require more
precision and have the computational resources available, then the courant condition should
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be applied.

6.3 2D Equation

The 2D diffusive wave approximation was not an appropriate method for use on the Alp-
bach. This approximation is only valid when there is primarily sub-critical flow. In the case
of the Alpbach, with it's varied channel bed, there are many instances where water is flow-
ing down a steep, and occasionally vertical slope. At these points the water is rapidly
accelerated and the flow is super-critical, therefore any results generated by using this ap-
proximation would not be valid, even if the model remains stable until completion. When
applying this approximation inappropriately, the results show no overflow from the channel
and extremely high flow velocities.

6.4 Junction Equation

Using the energy balance method at the junction was tested. The model initially ran and at
approximately 1 hour of model run time, it became unstable and crashed. This corresponds
to the onset of peak flow. As the peak flow for the Alpbach is approximately 6 times
greater than for the Huebbach, this imbalance meant the energy difference was likely too
large for the model to handle and it was not able to find a balance which lead to the eventual
instability. However, the water surface elevation method does allow a stable model run and
this is what was used in the 1D2D NACH scenario.

6.5 Weir Setup

The table of weir co-efficient results (6.1) shows the total flow crossing the lateral struc-
tures. A negative value indicates that flow was crossing the structure and entering the
channel. Increasing the weir co-efficient leads to more flow moving from the 1D domain
into the 2D domain and decreasing the co-efficient produces the opposite effect. The model
appeared not to produce any obscure results in this systematic test.

6.6 Grid Size

The plots in fig 6.4 show the max profile velocities at 3 different lines. The models that
included refined regions show velocity values behaving similarly in pattern. In the overflow
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area the velocity increases as grid size increases. The dark blue line represents the 4m x
4m unrefined model. At the overflow area and after the raised road, this set-up is showing
a much smaller velocity and unchanging (flat) velocity relative to the other models. At line
C, the flow at the northern end of the field, the velocities are represented similarly, even
for the large grid size. The smaller grid size obtained via refinement regions is necessary
to capture hydraulic effects in areas where terrain is changing, as well as in the channel. In
areas of relatively smooth terrain (line C, flat terrain), there is less variation in the flow and
it is possilbe to utilise a larger grid size, as shown with the 4mx4m grid size producing a
similar velocity.

Flood extent results are shown in figure 6.5. The different max depth profile extents are
plotted over the flood plain, as viewed in RAS-MAPPER. As default cell size was increased,
the flooded area decreased for the models that included the refinement region. For the
model set up with only a 4m x 4m grid the flooded extent was similar to that of the 2m x
2m, except valleys in the terrain showed deeper water depths. The HEC-RAS manual [2]
highlights that in the new 2D availability, the mesh can take into account underlying terrain.
This can explain why the water can find its way to areas of lower elevation and pool there
when viewing plots of all of the models. But, as depicted via the plots in fig ??, the large
grid size over the relatively narrow channel is not appropriate to obtain accurate overflow.

Table 6.1: Table of values

Plan | Weir Co-eff | Alpbach Structure m’/s | Huebbach Structure m/s
WeirTest6| 0.1 3.02 -2.98
WeirTest5| 0.2 4.82 -4.83
Weir Test4| 0.3 531 -5.39
WeirTest3| 04 522 -5.42

102D IST 0.5 6.3 -5.39
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Figure 6.4: Max velocity profiles for the varying grid sizes extracted at three areas
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Figure 6.5: Image A is the 2m x 2m default grid. Image B is the 3m x 3m default grid. Image
Cis the 4m x 4m default grid. Images A-C had refinement regions of 1m x 1m in place over
areas of hydraulic importance. Image D is a 4m x 4m grid size over the entire study extent,
including channel

6.7 Grid Alignment

Alignment of cell edges was found to be very important and this was realised when seting
up the models. The model reacts with high sensitivity to cell alignment and even though
the HEC-RAS user’s manual emphasises that the 2D grid can take into account underlying
terrain, it also states cell faces should be aligned to high ground [2].

In setup of a 2D grid (figure 6.6), with only adding a channel refinement area, not even
reducing the cell size, a big difference was observed in the flow being contained in the
channel. This flow exceeding the channel in Image A was not for a flood event, but only a
base flow to begin setting up and testing the geometry.
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Figure 6.6: Images from setup phase of a 2D model. Image A shows the outcome with a
grid laid over the channel area. Image B shows the outcome after a refinement region was
added to align the cell edges along the channel bank and bed.

Images D and E in figure 6.7 illustrate overflow leaving the channel and flowing away from
it or being directed back into the channel. Image D corresponds to the grid alignment in
Image A, where the grid is connected to the structure but care was not taken to align the
cell edges along the structure. Image E corresponds to the grid alignment in Image B, where
a strip of cells are refined to have their edges parallel to the structure.
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Figure 6.7: Image A is an unrefined grid along the 1D2D connection structure. Image B
has a refinement done to the grid. Image Cis a comparison of the refined/unrefined grids.
Image D and E show the depth results for these models with particle tracing switched on.
The particles in image D are leaving the channel and then curving back towards it a short
distance later, while those in image E continue to move away from the channel.

Figure 6.8 shows the flow over the structure for the duration of model run time. The total
flow is very limited in plot A (O - .12) and corresponds to a grid not aligned to the structure
and water being directed back into the channel (considered a negative direction over the
structure). Whereas in plot B, which corresponds to a well aligned grid, the total flow is
over 6m3/s. (y-axis scale is different in each plot).
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Figure 6.8: For the entire duration of the model run, Plot A shows the limited total flow
over the connection structure between 1D and 2D when the cells are not refined and Plot
B shows the total flow increase substantially
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Chapter 7

Discussion

7.1 Further Discussion

When it comes to computation time, the full 2D NACH scenario took approximately 2.5
computational hour in HEC-RAS and approximately 2 hours in BASEMENT. The HEC-RAS
was set to use a 2 second time-step to save on computation time and this was the biggest
that could be used. So if using a smaller time step or courant condition then computation
time will only increase. Also to mention is that the study area for this thesis amounted to
less than 1% of the study area for the HWS, thus computation time would be very large
for a fully 2D model covering the whole of HWS. The fully 1D model ran in 17s and if a
fully 1D model can meet the modeling requirements, and a skilled modeler is working on
the geometry placement, then this will save a lot of time and should be used.

Furthermore, the results need to be taken with caution as there was no accounting for
atmospheric or land surface conditions during the model run. For example, during a flood
event caused by heavy precipitation, it is likely that the surface would be saturated and an
additional flood volume would be present from the precipitation directly falling on the land
surface. As well, sediment was not modeled in these scenarios, but realistically, stream
flow can contain high sediment loads.

It is difficult to compare exactly the use of both models, as the model set-up for BASE-
MENT was carried out at B+S AG. But what can be commented on is the features. HEC-RAS
is more of an all in one software because it contains all of the features needed to set-up a
functioning model with input conditions. This is a time saving benefit because for BASEMENT
additional softwares would need to be downloaded and learned to set-up the model and
process the results. As well, likely due to it being around longer, the community of users
for HEC-RAS is very large and it is possible to troubleshoot many problems by searching
online.
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Chapter 8
Conclusion

In this thesis, the flood models HEC-RAS and BASEMENT were compared within a region
contained in HWS, as well, the latest version of HEC-RAS examined in greater detail. The
main findings are outlined in this section, grouped by the research questions.

How do the outputs of BASEMENT and HEC-RAS compare to one another?

For the IST scenario, velocity peak values were similar between both models and mainly
occured in the overflow area. Peak depth values between both models showed some vari-
ation, with BASEMENT modeling larger depths near the outflow to Wilen and HEC-RAS
closer to Engistrasse 95. This was noticed in the contingency outputs with a lower accu-
racy over the Sooret field and at the outlet to Wilen. For the NACH scenario, there was
less variation between the models and higher accuracy values. This could be attributed to
greater care being taken in the NACH scenario to arrange the mesh and grid along the newly
raised road. Model residuals in general were close to O in the study areas, with greatest
variation occuring within the channel. In general, HEC-RAS outputs depth slightly less than
BASEMENT and velocity slightly higher than BASEMENT. The models also behaved similarly
when increasing the hydrology to extreme situations, especially at the junction. The mapping
of residuals shows that the residuals over the floodplain instensified slightly.

How do intra-model results from using varying dimensionality in HEC-RAS compare
to one another??

In the case of the Alpbach, the channel bed is varied and due to the need to stablise the
1D model by strategic cross section placement, as well interpolation of terrain between
cross sections, this terrain variation is dampened in the 1D model. Yet, the overflow depth
over time between the 1D and 2D model was still found to be similar. And with this the
outputs for depth and velocity over the floodplain between the 1D/2D and 2D were similar.
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A drawback of the 1D model was the set-up time as the cross sections had to be placed to
ensure a gradually decreasing channel slope representation. However, this time is gained
back in computation time as the 1D model computational demand was miniscule compared
to the 2D demand (17s vs 2h+). For an experienced modeler, a 1D model could be a
quick and far less computationally intensive means to understand the channel dynamics and
produce estimates for flood volume and timing. If it is necessary to model the flood plain
then, for the area concerning this case study, the 1D2D results were very close to the 2D
and 1D2D could be used to save on computational time.

How do intra-model results from varying parameters in HEC-RAS compare to one
another?

Via exploring parameter settings in HEC-RAS, it was found that many parameters and set-
tings are available in the software, but not all of them are applicable for every setting and
careful consideration should be taken when setting up the model, to ensure that it suits the
study area. In the case of the Alpbach in the HWS, it was found that using the diffusive wave
approximation did not apply, even if computation time could be saved and results could be
obtained, the results were not valid. As well, the junction equation could be tested but as
these Alpbach and Huebbach have large flow discrepancies, only the water surface method
could be applied. Adjusting surface roughness values and weir co-efficient values did not
result in obscure results and these settings could be tested in calibration to arrive at a
suitable value. Computaional time step could also be tested and chosen by the modeler de-
pending on their needs and resources. Allowing the model to determine the computational
time step based on courant condition could lead to lengthy computation times, especially
when a small grid is used. Grid size should be determined based on the modeling needs and
terrain as well. It is possible to use a larger grid size in flatter areas to allow for quicker
computation, but in areas where flow is highly varied or greater details is needed from the
outputs, the grid size should be reduced. The model was found to be incredibly senstiive to
grid alignment. Results could be obtained with poor alignment but they were not valid. The
modeler must take great care to study the terrain and set-up the geometry to ensure grid
cells are aligned appropriately.

Overall, in this study area, the two softwares produced similar outputs. However, this
study area is relatively small and the results here may not apply to larger areas or with
different channels. What can be concluded via setting up model geometry, and especially
via exploring parameters is that the models are performing computations at points which
are ultimately determined by the modeler. Thus the model is highly dependent on how
the modeler chooses to represent the system. The geometry set-up is an important link
between reality and model results and care should be taken to ensure that study area is
well understood by the modeler to provide an accurate as possible connection.
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Appendix A

A.l BASEMENT Computational Meshes
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Figure A.1: Computational geometry for the BASEMENT IST scenario over the study area.
As received from B+S AG.
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Figure A.2: Computational geometry for the BASEMENT NACH scenario over the study
area. As received from B+S AG.
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A.2 Flood area maps: start-, end-, and post-peak flow
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Figure A.5: Depth and Velocity outputs for the BASEMENT NACH extreme flood scenario.
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Figure A.6: Depth and Velocity outputs for the HEC-RAS 1D2D IST scenario.
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Figure A.7: Depth and Velocity outputs for the HEC-RAS 1D2D NACH scenario.
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Figure A.8: Depth and Velocity outputs for the HEC-RAS 2D IST scenario.
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Figure A.9: Depth and Velocity outputs for the HEC-RAS 2D NACH scenario.
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Figure A.10: Depth and Velocity outputs for the HEC-RAS NACH extreme flood scenario.
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