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Abstract

The precise description of our environment is highly important, as our civilisation is very
sensitive to changes in natural systems. We are very much affected by meteorological
phenomena and extreme events like thunderstorms, flash floods or, conversely, droughts
and heat waves. Computational models are widely used to describe natural processes and
make predictions about the future or estimate the impact of planned measures. However,
some processes in nature are too complex to describe in terms of their physics or to
measure adequately and are thus neglected or only represented in simplified models.

In this thesis, the focus is on riverine processes, in particular on sediment transport in
gravel-bed rivers - an underestimated phenomenon. The heterogeneity in the composition
of the riverbed, the different transport phenomena and the difficulty of measuring these in
quality and quantity, make the precise description of sediment transport challenging. For
instance, no comprehensive formula so far exists for sediment transport; there are only
empirical parametrised transport equations, derived from small scale laboratory experi-
ments. There is therefore a clear demand for improvements in this field, as sedimentation
and erosion can lead to severe problems. For instance, it is estimated that sedimentation
causes an annual loss in worldwide reservoirs of around 0.5-1%, which will finally result in
a loss of around 1/4 of the world’s dams in the next 25 to 50 years. Moreover, floodings
and inundations are affected by sediment transport processes. For example deposition of
sediments can cause riverbed levels to rise in critical sections and thus led to inundation
and damages to households. On the other hand, riverbed erosion as a consequence of
sediment deficit, can led to groundwater level reduction and thus have negative ecological
consequences.

This thesis investigates approaches to overcoming limitations in existing modelling
methodologies, caused by data scarcity and uncertainty, as well as computational limita-
tions. A real world study area, the Saalach River in south Germany, is selected to study
existing methodologies and develop new approaches and make improvements. The work
is structured as follows: (I) Improvements to the sediment calculation methodology in the
numerical solver TELEMAC-SISYPHE, (II) Impact assessment of sediment transport on
inundations and flood risk, (III) Development of an approach to precisely quantify sedi-
ment loads at the location of interest, (IV) Investigation of the suitability and possibilities
of numerical modelling to re-establish sediment continuity at a hydropower plant, and (V)
Proposing alternative sediment modelling approaches. This chain of steps were developed
at the Chair of Hydraulic and Water Resources Engineering at the Technical University of
Munich to provide tools for authorities and consultants who have to deal with sediments.

By studying the 2013 flood event at the Saalach River, it becomes evident that rivers
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are not only water. Long lasting and heavy rainfall caused an extreme discharge, which
led to enormous inundations and damage. Due to sedimentation, the riverbed was at
this time, unfortunately, much higher than a few years earlier. The analysis performed,
using an improved numerical model, showed that in previous years this discharge would
have passed through this region more or less harmlessly. This clearly demonstrates that
we should consider the morphology in the assessment of flood risk and possible damage.
Furthermore, the processes observed during such a flood event can only be explained and
reproduced with an integrative hydro-morphological model as opposed to a hydrodynamic
alone.

Moreover, it was shown that sediment loads at a specific location in the river can be
estimated precisely and reliably by using a sediment budget approach. This information
was used as boundary condition for numerical models. The proposed methodology ef-
ficiently allowed accurate calibration and validation of a numerical hydromorphological
model over a period of multiple years. In addition, the approach also enabled the sediment
loads to be evaluated directly at the domain of interest, thus reducing computational load
as well as computation time.

The model was developed to offer a more sustainable sediment management strategy
based on reservoir flushing at an existing run-of-river hydro power plant at the Saalach
river (Germany). The simulation results showed that a more balanced sediment regime
could be achieved than before, and yielded fresh insights into important factors for flush-
ing, such as effective intensity and duration. Overall, the developed model and insights
gained might serve as a reference case for other domains.

Finally, an alternative modelling approach was studied using artificial neural networks
(ANN) to predict morphological developments for rivers. An ANN can in theory learn very
complex patterns or correlations between different data sets. Combining this approach
with data derived from conventional numerical modelling might provide innovative tools
for sediment management. The results obtained show, for instance, that a well trained
ANN can efficiently predict the total volume of sediment mobilised by reservoir flushing.
In addition, a more complex structure deploying several ANNs shows promising results for
the prediction of the temporal development of the riverbed along a certain river stretch.
This last section concludes with possible avenues for future research on river sediment
transport and management.
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Kurzzusammenfassung

Die genaue Beschreibung unserer Umwelt ist für unsere Gesellschaft von großer Bedeu-
tung, da wir sehr anfällig für Änderungen in diesem System sind. Wir spüren unmit-
telbar die Auswirkungen verschiedener meteorologischer Phänomene wie Gewitter und
Sturzfluten, aber gleichzeitig auch Dürren und Hitzewellen. Weitverbreitet sind deswe-
gen computergestützte Modelle, um die Natur und ihre Prozesse zu beschreiben sowie
Vorhersagen zu geben oder die Auswirkungen von Maßnahmen zu bewerten. Jedoch gibt
es auch Prozesse, die sich auf Grund ihrer Komplexität kaum beschreiben oder messen
lassen. Diese Prozesse werden oftmals vernachlässigt oder nur sehr vereinfacht dargestellt.

In dieser Arbeit geht es um die Prozesse, die in Flüssen ablaufen, genauer gesagt um
Sedimenttransport - ein unterschätztes Thema. Die Heterogenität in der Zusammenset-
zung der Gewässersohle, die verschiedenen Transportphänomene sowie die Schwierigkeit,
diese zu messen, macht eine genaue mathematische Beschreibung zu einer Herausforderung.
So existiert aktuell keine einheitliche Transportformel für Sediment, sondern nur em-
pirische Beziehungen, abgeleitet aus kleinskaligen Laborversuchen. Es bedarf hier ver-
schiedenster Verbesserungen, da Sedimentation und Erosion große Probleme verursachen
können. So wird beispielsweise geschätzt, dass allein durch Sedimentation weltweit das
Volumen von Reservoirs um 0.5-1% zurückgeht. Das bedeutet, dass in den nächsten 25 bis
50 Jahren rund ein Viertel aller aktueller Sperren verloren sind. Darüber hinaus werden
auch Hochwasser und Überschwemmungen von Sedimenten beeinflusst. Beispielsweise
kann Sedimentation in ungünstigen Stellen im Fluss zu verstärkten Ausuferungen führen,
welche ein großes Schadenspotential haben. Andererseits kann eine starke Erosion der
Gewässersohle als Konsequenz eines Sedimentdefizits zum Absinken der Grundwasser-
stände führen, was wiederum negative Folgen auf die Ökologie hat.

Entsprechend der aufgeführten Probleme, werden in dieser Dissertation Möglichkeiten
studiert, um bestehende Grenzen und Limitierungen in der Modellierung zu überwinden.
Diese Grenzen ergeben sich neben dem Mangel an Messdaten auch aus Limitierungen der
Modellsoftware oder Hardware. In der Arbeit wird ein real existierenden Flussabschnitt
als Pilotgebiet bearbeitet, um neue Ansätze zu entwickeln und zu testen. Dabei han-
delt es sich um die Saalach, ein voralpiner Fluss an der Deutsch-Österreichischen Grenze.
Die folgende Arbeit gliedert sich wie folgt: (I) Überarbeitung des Sedimentmoduls des
numerischen Gleichungslösers TELEMAC-SISYPHE, (II) Bewertung der Auswirkungen
von Sedimenttransport auf Hochwasser, (III) Entwicklung eines Ansatzes zur präzisen
und verlässlichen Definition von Sedimentfrachten im Untersuchungsgebiet, (IV) Unter-
suchung der Möglichkeiten mittels numerischer Modellierung, ein Sedimentgleichgewicht
an einem Kraftwerk wieder zu etablieren, (V) Aufzeigen von alternativen Ansätzen zur
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Sedimentmodellierung. Diese Reihe an Aufgaben wurden am Lehrstuhl für Wasserbau
und Wasserwirtschaft der Technischen Universität München durchgeführt, um Werkzeuge
für Behörden und Berater zu liefern, die sich mit Sedimentprozessen beschäftigen.

Dass Flüsse nicht nur aus Wasser bestehen, wird spätestens klar, wenn wir das Juni-
Hochwasser 2013 an der Saalach betrachten. Andauernde und schwere Niederschläge
führten zu einer extremen Abflussspitze, welche letztlich zu großflächigen Überschwem-
mungen und enormen Schäden führte. Infolge von Sedimenttransport war die Gewässer-
sohle zu diesem Zeitpunkt deutlich höher als nur wenige Jahre zuvor. Die durchgeführte
Untersuchung mit Hilfe des verbesserten numerischen Modells zeigte, dass damals das
gleiche Hochwasser noch weitgehend schadlos vorbeigeflossen wäre. Dieses Beispiel führt
eindrucksvoll auf, dass morphologische Prozesse bei der Bewertung von Hochwasser und
Hochwasserrisiko berücksichtigt werden sollten. Darüber hinaus können die beobachteten
Prozesse nur mit einem numerischen hydro-morphologischen Modell korrekt erklärt und
dargestellt werden. Ein rein hydrodynamisches Modell reicht hierzu nicht aus.

Ferner wurde gezeigt, dass mittels einer Sedimentbilanz die Sedimentfrachten entlang
des Flusses präzise und konsistent beschrieben werden können. Diese Information kann
eingesetzt werden, um Randbedingungen für die numerische Modellierung zu bestimmen.
Die Verknüpfung der Sedimentbilanz mit dem numerischen Modell gibt ein konsistentes
Paket, mit dem ein Fluss über mehrere Jahre genau simuliert werden kann.

Das entwickelte und kalibrierte Modell wurde herangezogen, um ein nachhaltiges
Sedimentmanagementkonzept an einem Laufwasserkraftwerk in der Saalach zu entwick-
eln. Das Konzept basiert hierbei auf Stauraumspülungen bei größeren Abflüssen. Die
Ergebnisse zeigten, dass mit Änderungen in den Spülungen ein ausgeglicheneres Sedimen-
tregime erzielt werden kann. Ebenso etabliert sich so ein niedrigeres Hochwasserrisiko,
da die Gewässersohle stabiler und tiefer liegt. Das entwickelte Modellkonzept mit der
verbesserten Software kann als Referenz für andere Studiengebiete dienen.

Im letzten Schritt dieser Arbeit wurde eine alternative Modellierungsmethode basierend
auf künstlichen neuronalen Netzen (ANN). Ein gut trainiertes ANN kann in der Theo-
rie komplexe Muster oder Beziehungen zwischen verschiedenen Daten erkennen. Eine
Verknüpfung dieses Ansatzes mit den Daten aus der klassischen Numerik könnte inno-
vative Werkzeuge für ein Sedimentmanagement liefern. Die erzielten Resultate zeigen
beispielsweise, dass ein entsprechend konzipiertes ANN sehr effizient das Sedimentvol-
umen bei einer Stauraumspülung vorhersagen kann. Zusätzlich zeigt ein anderes ANN
vielversprechende Ergebnisse bei der zeitlichen Vorhersage der Sohlentwicklung entlang
eines Flussabschnittes. Letztlich gibt dieser Abschnitt der Arbeit einen Ausblick auf
mögliche Richtungen und Aspekte bei der Sedimentforschung.
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Chapter 1

Introduction

1.1 Research background

Flow in rivers is commonly described in mathematical models by purely hydrodynamic
approaches, thus neglecting sediment transport. The reasons for this are, for instance, the
complexity of the morphological processes, scarcity of morphological data and computa-
tional limitations. However, sediment transport in rivers may greatly alter the shape and
characteristics of the river course, and thus requires a different approach to river manage-
ment. In the following, the importance of numerical sediment transport modelling and
necessary developments are described in detail:

1.1.1 TELEMAC-SISYPHE

Fluvial processes can be numerically described by a set of mathematical equations derived
from physical laws and empirical observations. These governing equations are solved
iteratively on a time and space discretised domain. In the literature a broad range of
different programs can be found, for instance HYDRO_AS, MIKE, BASEMENT, and
TELEMAC (which is used in this thesis). The TELEMAC open-source modelling suite
consists of several modules, in particular the flow solver TELEMAC2D and TELEMAC3D
and the main morphological package SISYPHE (Version 6.3). The open-source character
of the software makes it preferable for research as the source code is freely available and
additional features can be integrated.

The hydrodynamic solver calculates the flow quantities, e.g. velocity, water depth,
and turbulence. The three-dimensional solver TELEMAC3D is based on the Reynolds-
Averaged-Navier-Stokes equations (RANS). The averaging of the original Navier-Stokes
equations (NSE) by the Reynolds number smoothes the turbulent chaotic behavior of
the fluid. This treatment simplifies the equations and thus makes computation faster
compared to a direct numerical solution (DNS) of the NSE. The second available flow-
module, TELEMAC2D, consists of another set of equations: the depth-averaged shallow-
water-equations (SWEs). These equations simplify the NSEs by averaging them over the
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vertical water depth. This assumption is valid in the case of rivers where the length (L)
and width (W) is significantly greater than the depth (H) (L,W»H), and vertical velocities
are negligible (vz � 0) [7, 8]. Both flow modules are wel-established and frequently applied
in research and project work [9, 10, 11, 12, 13, 14].

The morphological module SISYPHE can be coupled to one of the above-mentioned
flow modules. The coupling is conducted using a quasi-steady-state approach assuming a
constant flow field (i.e. velocity and water depth) during the morphological calculation,
and mutatis mutandis, a constant morphology (i.e. riverbed and roughness) during the
flow calculation. This assumption allows the equations of both modules to be solved
independently and not simultaneously. In general, depending on the present flow and
morphological conditions, SISYPHE calculates the transport rates of sediment and the
concentration of particles in motion. This information determines the future riverbed
elevation and composition resulting from sedimentation and erosion. So far, no unique
equation exists to describe sediment transport in a comprehensive way. However, several
researchers have obtained different semi-empirical relations between the flow and the
morphology - which are applicable under specific conditions - from laboratory experiments
and field observations (e.g. [15, 16, 17, 18]). SISYPHE thus includes several formulas
and parameters to model different aspects of sediment transport processes such as slope
effect or hiding-exposure [19, 8].

One outstanding feature of TELEMAC is that it has two simulation modes, namely
scalar and parallel mode. Whereby the first uses one computational core to solve the
equations on the domain, the second uses the parallel mode multiple cores. In theory,
the speed-up in parallel mode is linear, meaning that the use of two cores decreases the
computational time required by 50% compared to one core, and so on. Since TELEMAC
shows good scalability and performance in the parallel mode up to dozens of cores, it can
be used on high-performance-computational (HPC) systems [20, 21, 22]. For domains
with a larger number of numerical elements and for long simulation times, this mode is
unavoidable and necessary.

However, in SISYPHE, the updating of the riverbed is prone to errors for fractional
sediment transport, i.e. if more than one-grain class is available in the river, and for long
term simulations. This is a critical issue, which limits the suitability of the software for
complex and real study cases.

1.1.2 Flood risk assessment

River floods happen when the discharge, and thus the corresponding water level, exceeds
the embankments. In our densely populated world, many cities and settlements are lo-
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cated close to rivers and, therefore, must be protected from such inundation. In Bavaria,
Germany, the administration together with the municipalities are responsible for ensuring
flood safety up to a design discharge, which corresponds to the statistical 100-year dis-
charge [23, 24, 25, 26]. Flood protection measures such as dykes, levees or flood retention
basins are constructed around the cities according to this design value. Such technical
structures can be designed, optimised or evaluated using numerical methods. In recent
years, two-dimensional, depth-averaged hydrodynamic models have been widely applied
to predict the water level in rivers and the extension of floods [25, 26]. However, such
purely hydrodynamic models represent only a static state of the topography and the
riverbed, and cannot not take into account temporal and spatial changes. This limits
their usefulness, as rivers are more than just water.

Morphology and sediments can have a great impact on the characteristics and de-
velopment of a river, especially on the riverbed elevation. This impact becomes clear
when comparing a historical river with its present state [27]. But rivers can also change
over shorter periods. Especially in mountainous regions, huge amounts of coarse gravel,
the bedload, are transported by the river, which can rapidly lift or lower the riverbed
significantly. In addition to natural variability and changes, anthropogenic river training
(i.e. straightening, channeling) and engineering structures in rivers (e.g dams, weirs and
ramps) can radically unbalance the natural sediment regime. The consequences of this
might be erosion and sedimentation in an unexpected and unwanted intensity. These mor-
phological processes can have a great influence on flood risk and inundation intensities.
An issue which the public are generally not aware of.

Developing tools that describe hydromorphological processes in more detail and more
comprehensively, therefore, is an ongoing research aim. Various stakeholders are interested
in applying such tools: municipal authorities, as they have to ensure the flood safety in a
cost-efficient way; insurance companies, who benefit from such developments as it enables
them to calculate risk more precisely; hydropower plant owners, who want to operate in
a sustainable and efficient way.

1.1.3 Sediment management strategies

As highlighted above, sediment transport should be considered as part of a comprehen-
sive flood risk assessment for river sections or systems. Despite this, the structure and
composition of sediments in rivers have additional functions: they form and determine
the riverbed and the morphology, they structure biological habitats, regulate groundwater
infiltration and contribute to nutrient transport. The bed condition in respect of sediment
processes can be separated into three categories: sedimentation, erosion and equilibrium:
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One of the biggest reasons for unnatural sedimentation is the interruption of the river
continuity and so the sediment flux caused by dams and barrages across the channel.
The damming causes a deceleration of the flow and reduces shear stresses, which are the
driving force for sediment transport. As a consequence, the material starts to deposit, on
the ground, raising riverbed levels. If this process goes on, it leads finally to a reduction of
the retention space of the reservoir and so limits the efficiency and purpose of the structure.
Worldwide, sedimentation causes a loss of reservoir volume of around 0.5-1% per year, an
amount which cannot be compensated by newly build dams. This includes storage dams
but also run-of-river hydropower plants. Such unintended sedimentation has to be taken
into account in the operation of the reservoir. Several management possibilities exists in
theory, but their implementation is challenging and requires detailed knowledge of the
site-specific characteristics [6].

Erosion, on the other hand, is a result of a sediment deficit, due, for instance, to
excavation of sediment for industrial purposes or the retention of sediments in upstream
dams and reservoirs, which are then missing downstream. Straightening of the river can
also cause erosion, as the slope of the river has to be increased and the flow resistance
decreases due to the uniformly straight shape. Both effects lead to higher velocities and
thus a higher sediment transport potential. As a result, the river takes material from the
bed, which can destabilise the river embankments or, finally, lead to lower groundwater
levels in the surroundings with a negative impact on ecosystems. Figure 1.1 shows the
influence of a dam on upstream and downstream sections of a river.

Dam

Incoming sediment

Sedimentation

Erosion

Figure 1.1: Sedimentation and erosion due to damming. Adapted from [6].

When erosion and sedimentation alternate and balance out over time, we can speak
of an equilibrium condition. However, this balance might not be directly visible, since
such morphological processes have a long response time of several years. The aim of man-
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agement strategies is the establishment of a balanced system, which fits the needs and
conditions of the system. This goal can be achieved by technical measures, river restora-
tion, different operation modes of hydropower plants or integrative solutions, taking into
account all catchment processes (e.g. sediment yield and land use). What all strategies
have in common are the challenge that each hydrological year is unique and generally
the morphological processes are difficult to describe on account of their complexity. In
addition, the response time of a river system to some morphological measures can be quite
long (>10 years), which requires modelling tools suitable for long periods.

Numerical models offer be a valuable and efficient option to develop such strategies,
as they can be used to predict future developments and to test multiple scenarios flexi-
bly. The challenge is here the lack of data for the models, which are needed for model
generation, calibration, and validation. Furthermore, high uncertainty attaches to the
evaluation of the quantity and quality of sediment load entering a particular river section.
However, this information is necessary to obtain reliable boundary conditions. Moreover,
computational resources limit the applicability of some numerical models for long-term
predictions over several years. Research must address these points if the suitability of
numerical modelling for sediment management is to be improved.

1.2 Study area

For this thesis, a real-world study area was selected to apply new developments under real
conditions and obtain new insights on sediment transport and management. The selected
area is located in southeastern Germany, close to the Austrian border.

Figure 1.2 provides an overview of the study region. Starting at the Kibling Dam
at river kilometre x=20.6 km the Saalach river passes at x=8.0 km an unregulated weir,
which stabilises the riverbed. Following its straight course, a step-pool ramp is passed,
as well as a railway bridge, until the run-of-river hydropower plant Rott at x=2.4 km is
reached. Finally, the river contributes to the bigger Salzach river. The Saalach is an
important supplier of coarse sediment for the Salzach to stabilise the riverbed.

The Alpine Saalach river is, in the lower section, the natural border between Austria
and Germany. This particularity has made the river historically important. Originally,
the Saalach formed a meandering, braided river network, which did not provide a clear
border between the two countries, as after each flood event new branches occurred and old
disappeared. Therefore, in 1820, the river was straightened and a fixed straight channel
excavated, now clearly demarcating each side of the border. One additional objective
was to generate benefits for flood protection and gain land for agriculture. Moreover,
several engineering structures (e.g. dams, weirs, ramps) were constructed along the river,
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Figure 1.2: Overview of the study site (Adapted from [2]).

to produce energy, to regulate the water level or lower the ongoing riverbed deepening.
The combination of all these engineering measures has led to critical riverbed deepening
of 4.5m in the last 80 years, measured 600m upstream of the confluence to the Salzach
(Figure 1.3).

Furthermore, in 2013, a flood event on the scale of the statistically one-hundred-year
event HQ100 occurred, and, despite the regulations, led to enormous inundations and
damage in this region, especially in the city of Freilassing. That this was possible also
surprised the responsible authorities. Figure 1.4 shows the official flood inundation for the
region. In the area of Freilassing, where the Saalach meets the Salzach, it was predicted
that a flood of the size of HQ100 should have passed the region without harmlessly as no
inundation is depicted. It is only in further downstream regions that inundation should
occur (colored blue). The reasons why this was not the case are unknown and therefore
addressed in this research.

This short overview illustrates that the river is greatly impacted by humanity and
various serious problems exist. This makes the lower Saalach river an ideal study area for
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Figure 1.3: Riverbed erosion of the Saalach 600m upstream of the confluence with the
Salzach.

this research. The changes led to severe problems, which are described, investigated and
solutions offered in the following chapters.
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Figure 1.4: Inundation map of a HQ100 for the region of Freilassing.
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