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Foreword by the editor

Hydro power plants contribute substantially to the supply of electrical energy from renewable
resources, particularly in alpine regions. Tapping this potential energy requires water retention by
means of a reservoir or a channel from the original watercourse. These backwater areas experience a
reduction in their flowrate and, in the case of sediment loaded rivers, result in deposition and gradual
sedimentation within the retained volume. This negatively affects the storage capacity, the plant’s
efficiency and the situation downstream from the site. Reduced sediment transportation can in
addition lead to riverbed erosion and groundwater depletion, thus negatively affecting vegetation.

Hydraulic plants are also constructed in order to protect the population and infrastructure from
flooding. Their protective effect can be significantly reduced by sedimentation and the consequent
reduction of the effective flowrate cross section.

Thus, after pre-determining appropriate volumes of water, desedimentation of the backwater and
withdrawal areas, the — even partial — prevention or control of sedimentation processes is desirable in
regard to the sustainable and long-term utilisation of plants. The necessary measures to be taken are
based on objectified principles and vary according to the specifics of each plant and local situation.

The dissertation at hand supports the assessment of sedimentation and desedimentation in reservoirs
and thus contributes to sustainable sediment management with regard to a long-term, reliable
utilisation of river power plants. In her research, Dipl.-Ing. Dr.techn. Gabriele Harb investigates the
sediment transport processes, sediment inflow and the occurrence of flood events to identify efficient
desedimentation measures. Measures of sedimentation in cross sections of the reservoir prior to and
after flood events serve as points of reference for her investigations. Based on these outcomes,
strategies for desedimentation of reservoirs are developed and further measures are introduced.

Graz, June 2016
Univ.-Prof. Dipl.-Ing. Dr.techn. Gerald Zenz






Vorwort des Herausgebers

Wasserkraftanlagen tragen insbesondere im alpinen Raum maligeblich zur Bereitstellung elektrischer
Energie aus erneuerbarer Quelle bei. Zur energetischen Nutzung der Potentialdifferenz ist dazu ein
Aufstau mit einem Speicher oder eine Ausleitung aus dem urspriinglichen Gerinne erforderlich. In
diesen Staubereichen kommt es zu einer Reduktion der FlieRgeschwindigkeit und im Falle von
Feststoff flihrenden Fliissen zu einer Ablagerung und einer sukzessiven Verlandung von Stauraum.
Dieser Umstand hat negative Auswirkungen auf die Speicherkapazitat, den Wirkungsgrad der Anlage
und die Situation im Bereich unterhalb der Sperrstelle. Es kann bei fehlendem Sedimenttransport
unter anderem zu Eintiefungen der Flusssohle und Absinken des Grundwasserspiegels und damit zu
negativen Auswirkung auf die Vegetation kommen.

Wasserbauliche Anlagen werden auch zum Schutz der Bevodlkerung und der Infrastruktur vor
Uberschwemmungen errichtet. Deren Schutzwirkung kann durch Verlandung und damit Reduktion
des durchflusswirksamen Querschnittes signifikant reduziert werden.

So ist sowohl in Hinblick auf die nachhaltige, dauerhafte Nutzung von Anlagen die — auch teilweise —
Unterbindung bzw. Lenkung der Anlandung und bei Erkennen zuvor ermittelter, geeigneter
Wassermengen eine Entlandung des Stau- und Entnahmebereiches zweckmalig. Dazu werden
unterschiedliche, spezifisch von der Anlage und der ortlichen Situation abhéngige MaRnahmen zu
ergreifen sein, die auf objektivierten Grundlagen basieren.

In Hinblick auf eine dauerhaft zuverldssige Nutzung von Laufkraftwerken stellt die vorliegende
Dissertation einen Beitrag zur Beurteilung fur An- und Entlandung in Speichern und damit der
nachhaltigen Sedimentbewirtschaftung dar. Frau Dipl.-Ing. Dr.techn. Gabriele Harb untersucht in
ihrer  Arbeit  Sedimenttransportprozesse,  Feststoffeintrdge und das  Auftreten  von
Hochwasserereignissen zur Erarbeitung effizienter Entlandungsmafnahmen. Messungen der
Verlandung von Stauraumquerschnitten vor und nach Hochwasserereignissen dienen als Referenz fur
die Untersuchungen. Basierend auf diesen Ergebnissen werden Strategien zur Entlandung von
Staurdumen erarbeitet und weiterfiihrende MalRnahmen vorgestellt.

Graz, Juni 2016
Univ.-Prof. Dipl.-Ing. Dr.techn. Gerald Zenz






ABSTRACT

Sedimentation processes are in a “dynamic balance” in most natural rivers, but the con-
struction of dams and reservoirs influences these natural conditions. The flow velocities,
turbulences and bed shear stresses in reservoirs are reduced compared to free flow con-
ditions, which lead to the deposition of the transported sediment particles. As a further
consequence the sediment depositions reduce the storage volume by “filling up” the reser-
voir. This “reservoir sedimentation” is a problem in many Alpine reservoirs. However,
the sediment transport processes in reservoirs are very complex and an appropriate knowl-
edge is necessary to solve these problems.

This thesis focus on the sediment deposition problems and the sediment transport pro-
cesses in reservoirs of river power plants with a small storage volume compared to the
annual inflow. The aims of this thesis are the improvement of the sediment management
in Alpine reservoirs and the analysis of the effect of sediment deposition in reservoirs
on the operation of the reservoir and the flood protection of the surrounding area. This
aim requires the knowledge of sedimentation, erosion and sediment transport processes
together with field measurements and an adequate model to assess the impact of the se-
lected sediment management method. Numerical modeling is already state-of-the-art for
hydrodynamic calculations; whereas the modeling of sediment transport processes still
needs further development and research. However, numerical models are able to repro-
duce the sediment transport processes. The enhancement of numerical modeling in Alpine
reservoirs in case of flood and flushing events is thus also part of this thesis.

The thesis discusses first the processes of reservoir sedimentation and the reservoir sedi-
mentation problems. The reservoir sedimentation and the storage loss worldwide and in
Alpine reservoirs are connected with the sediment yield and the erosion in the catchment.
Human impacts and climate change influences the sediment supply in the river systems.
In the next step, the sedimentation processes are summarized. The understanding of the
sediment transport processes in the rivers and reservoirs is necessary to limit the sedimen-
tation in the reservoirs and enhance the erosion of deposited sediments for a sustainable
sediment management to increase the usable lifetime of reservoirs.

In the literature, several sediment management methods can be found. These methods
are discussed with respect to the application in Alpine reservoirs. Hydraulic removal like
flushing is one of the most common ways to manage deposition problems in reservoirs.
Reservoir flushing is normally conducted at higher discharges. The water level in the
reservoir is lowered, which lead to increased flow velocities, bed shear stresses and ero-
sion rates. The different types and stages of reservoir flushing are described including
several parameters, which have an effect of the flushing efficiency. The sediment depo-
sitions in reservoirs often contain silt and clay fractions. The cohesive forces increase
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the critical shear stress of the depositions. Additional flume tests were thus conducted to
estimate the critical shear stress of cohesive sediments samples from different reservoirs.

In this thesis two different three-dimensional computational fluid dynamic programs were
used to simulate the sediment transport processes and effects during flushing and flood
events in two Alpine river reservoirs. The results of the simulations were calibrated and
validated with measurements conducted in the prototype or in the physical model test.
Several sediment transport algorithm were tested and validated with the measured bed
changes. The simulated bed changes and sediment transport processes showed a good
correlation with the measurements. The effects of sediment depositions and the remobi-
lization of deposited sediment in reservoirs could be analyzed. Based on the results of
the numerical modeling it is possible to recommend sediment management strategies for
small Alpine reservoirs.



KURZFASSUNG

In den meisten natiirlichen Fliissen sind die Sedimentations- und Erosionsprozesse in
einem dynamischen Gleichgewicht. Die Konstruktion von Stauddmmen und Staurdumen
beeinflusst dieses natiirliche Gleichgewicht, da die FlieBgeschwindigkeiten, die Turbulen-
zen und die Sohlschubspannungen in Staurdumen geringer sind als in freien FlieBstrecken.
Dieser Effekt fiihrt zu einer Anlandung der transportierten Sedimente. In Folge reduziert
sich das Stauraumvolumen durch das ,,Auffiillen” des Stauraums. Diese ,,Stauraumver-
landung” ist ein Problem in vielen alpinen Staurdumen. Aufgrund der Komplexitit der
Sedimenttransportprozesse ist ein umfassendes Verstdndnis notwendig, um dieses Prob-
lem 16sen zu konnen.

Der Schwerpunkt dieser Arbeit liegt auf den Verlandungsproblemen und den Sediment-
transportprozessen von Flusskraftwerken mit einem relativ kleinen Verhiltnis von Stau-
raumvolumen zum Jahresabfluss. Die Ziele der Arbeit sind die Verbesserung des Sedi-
mentmanagements in alpinen Staurdumen und die Analyse der Auswirkungen der Stau-
raumverlandung auf den Betrieb der Kraftwerke und die Hochwassersicherheit der Umge-
bung. Diese Ziele setzten das Verstindnis der Sedimentations-, Erosions- und Sedi-
menttransportprozesse voraus. Zusitzlich sind Naturmessungen und geeignete Modelle
notwendig, um die Auswirkungen der gewihlten Sedimentmanagementmethode evalu-
ieren zu konnen.

Die Verwendung von nummerischer Modellierung ist bereits Stand der Technik im Bere-
ich der Hydrodynamik. Bei der Modellierung von Sedimenttransportprozessen ist allerd-
ings noch weiterer Forschungs- und Entwicklungsbedarf gegeben, obwohl einige nu-
merische Modelle schon fdhig sind, zahlreiche Sedimenttransportprozesse zu reprodu-
zieren. Die Verbesserung der numerischen Modellierung von Hochwasserereignissen und
Sedimenttransportprozessen in alpinen Staurdumen ist daher ebenfalls Teil dieser Arbeit.

In der Arbeit werden zuerst die Verlandungsprobleme und Verlandungsprozesse von Stau-
rdumen analysiert. Die Stauraumverlandung und der weltweite Verlust von Stauraumvol-
umen sind eng mit der Sedimentfracht und der Erosion in den Einzugsgebieten verbunden.
Menschliche Einfliisse und klimatische Verdnderungen beeinflussen die Sedimentfracht
in den Einzugsgebieten. Im néchsten Schritt werden die wesentlichen Sedimenttransport-
prozesse, die zur Verlandung von alpinen Staurdumen fiihren, zusammengefasst.

In der Literatur werden zahlreiche Sedimentmanagementmethoden erldutert. Diese wer-
den in der Arbeit in Hinblick auf die Anwendbarkeit in Alpinen Staurdumen untersucht.
Das hydraulische Entlanden von Staurdumen, z.B. durch die Nutzung von natiirlichen
Hochwissern ist dabei eine der meistgenutzten Moglichkeiten, um die Verlandung in
Staurdumen zu reduzieren. Bei einer zusitzlichen Absenkung des Wasserspiegels am
Wehr werden die FlieBgeschwindigkeiten, die Turbulenzen und die Sohlschubspannungen
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zusitzlich erhoht und die Erosion im Stauraum begiinstigt.

Die Anlandungen in den Staurdumen enthalten oft auch Schluff- und Tonpartikel. Die
kohésiven Krifte zwischen den Partikeln erhdhen dabei die kritische Sohlschubspan-
nung dieser Sedimente. Die GroBenordnung der Kohésion ist aber von vielen Faktoren
abhéngig. Daher wurden im Rahmen der Arbeit Erosionsversuche in einem Glasgerinne
zur Bestimmung der kritischen Sohlschubspannung von kohésiven Sedimentproben aus
unterschiedlichen Staurdumen durchgefiihrt.

In dieser Arbeit wurden zwei dreidimensionale nummerische Modelle verwendet, um
die Sedimenttransportprozesse und deren Effekte bei Hochwasserereignissen und Stau-
raumentlandungen zu simulieren. Die nummerischen Ergebnisse wurden mit Naturmes-
sungen und mit Messungen in einem hydraulischen Modell kalibriert und validiert. Sed-
imenttransportalgorithmen wurden getestet und die berechneten Sohlinderungen mit den
gemessenen Sohldnderungen validiert. Die simulierten Ergebnisse zeigten eine gute iibere-
instimmung mit den Messungen. Auf Basis der Ergebnisse der nummerischen Model-
lierung werden Empfehlungen fiir Sedimentmanagementstrategien in hydrologisch klei-
nen, alpinen Staurdumen gegeben.
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NOMENCLATURE

C'/I — Ratio initial storage capacity to mean annual inflow ratio -

C constant in the logarithmic Law method, usually set equal to 8.5 -
Cy dimensionless friction coefficient -
C } friction coefficient for the skin friction correction -
Ch Chezy coefficient m'/?/s
D, sedimentological diameter -
Fr Froude number -
Fr, dimensionless shear stress or Shields parameter ©’ -
G eroded amount of sediments m?
I energy slope -
K correction factor by Brooks (1963) -
N number of sediment fractions -
P pressure N/m?
Py production of the turbulent kinetic energy Joule/kg
Ry, hydraulic radius m
Re,  dimensionless diameter of the sediment also called grain Reynolds number or

shear Reynolds number -
Ri Richardson number -
S, Schmidt number -
U,V, W alternative indication of velocities in the X,y,z direction m/s
Un mean or depth-averaged velocity m/s
Ui averaged velocity components in the numerical model m/s
Uz, Uy, U, velocities in the X,y,z direction m/s
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(&%)

(€51

Vs

Yw

elevation of the river bed

elevation of the water surface

bed form height

dimensionless bed-load transport rate
dimensionless total-load transport rate
Shields parameter

critical Shields parameter

critical, dimensionless shear stress or critical Shields parameter

angle between the flow direction and the normal to the surface of the river bed

direction of the sediment transport in relation to the flow direction

angle of the slope perpendicular to the direction of the velocity vectors

empirical factor in the formula of Koch and Flokstra (1981)
direction of the bottom shear stress in relation to the flow direction
Kronecker delta

dissipation of the turbulent kinetic energy

correction factor for hiding/exposure

specific weight

specific weight of the sediment

specific weight of the water

Karman constant (usually considered as x = 0.4)

bed form length

dynamic fluid viscosity

skin friction parameter for the correction of the total bed shear stress
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1 INTRODUCTION

Sediment transport processes like erosion and deposition are in a “dynamic balance” in
most natural rivers. The construction of dams and reservoirs influences this balance. In
reservoirs the flow velocities, turbulences and bed shear stresses are reduced and this leads
to sedimentation of the transported bed and suspended load. As a further consequence
the bed levels raise and reduce the storage volume by “filling up” the reservoir (Harb
et al., 2011). Decreased reservoir volume reduces and - in extreme cases - eliminates the
capacity of hydro power production, water supply, irrigation and flood control benefits
(e.g., Morris and Fan, 1998). The raise of the bed levels may also change the flow pattern
in the reservoir.

Reservoirs in alpine areas can be divided in reservoirs of run-off river plants, diversion
plants and reservoirs of storage and pump-storage hydro power plants. In case of reser-
voirs of storage and pump-storage hydro power plant the annual water inflow is small
compared with the storage volume of the reservoir. Because of the large water depth and
the resulting low flow velocities also the small sediment fractions settle in these reser-
voirs and the fine sediments, which are usually transported in suspension, presents the
main part of the deposited sediments. However, due to the size of these reservoirs and
the usually small catchment and therefore relatively small sediment yield, the deposition
of sediments may not be a problem in these reservoirs for many years. High sediment
yields with lots of fine sediments can create huge impacts, for example at the Margaritze
reservoir in Austria.

The water depth of reservoirs of run-off river and diversion plants are usually lower than in
reservoirs of storage and pump-storage hydro power plants. A larger part of the suspended
sediments is thus transported through the reservoir and deposition of bed load fractions is
the main problem. The deposition of coarse sediments at the head of the reservoir may
cause problems regarding flood protection by raising the bed level and thus, raising the
water level too. Furthermore massive sediment depositions in front of the turbine intakes,
upstream or downstream of the weir or at the water intake can limit the operation and the
electrical energy output of the hydro power plant.

Reservoir sedimentation reduces the sediment supply downstream of the dam additionally,
which can cause erosion downstream of the reservoir or the coarsening and armoring of
the river bed. This effect impacts also the habitat suitability and the spawning suitability
for fishes.



CHAPTER 1. INTRODUCTION

1.1 Methodology and Methods

The methodologies and methods for the evaluation of a suitable sediment management
strategy can be divided into the data acquisition, the preselection of a sediment man-
agement strategy, the simulation of the preselected sediment management method, the
verification of the capability of the method and their results and the evaluation of the effi-
ciency of the selected method. A further subdivision, applied in the thesis is given in the
following part:

* Observation and measurements: The analysis of reservoir sedimentation is based
on observations and measurements of the sediment inflow into the reservoir, the
sediment deposition itself and the erosion processes in the reservoir. Different fac-
tors may influence this processes e.g., the operation plan of the power plant and
have to taken into account accurately. The measured amount of transported and de-
posited sediment as well as the sedimentation pattern, is one of the key parameters
for the selection of a sediment management method.

» Selection sediment management method: Based on the conditions in the reservoir,
in the catchment and downstream of the reservoir a sediment management method
or a combination of sediment management methods is chosen for a detailed analy-
sis. In general, mechanical and hydraulic methods are available for the removal of
deposited sediments from reservoirs. Every reservoir is unique regarding the pur-
pose, the geometry, and other specifications like hydrological and hydraulic condi-
tions. Consequently not every management method is suitable for every reservoir.

* Numerical simulation: Numerical modeling has become an important tool in fields
of hydraulic engineering. There are various numerical models available, which
are able to handle hydraulic problems. However, numerical models with with im-
plemented sediment transport algorithm are relatively rare and often not validated.
Two of these models are used in this thesis to simulate the sediment transport pro-
cesses, including deposition and erosion, and their effects to evaluate the effect of
the sediment management method.

* Case studies - Numerical modeling of the sediment transport processes: The ge-
ometry, hydrological and sedimentological conditions of the case studies are im-
plemented in the numerical model. The numerical model is calibrated using field
measurements in the prototype or measurements in a physical model.

* Case studies - Verification and results: The results of the numerical simulations are
validated with a second independent flow dataset derived by Acoustic Doppler Cur-
rent Profiler (ADCP) measurements conducted in the prototype or Acoustic Doppler
Velocimeter (ADV) measurements in the physical model. Echo-soundings can be
used for the validation of simulated erosion and deposition processes.

* Conclusion and outlook: The results are summarized and discussed. Recommen-
dations for a sustainable sediment management and for further research are given.

The motivation and objectives are discussed in the next section.
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1.2. MOTIVATION AND OBJECTIVES

1.2 Motivation and Objectives

Reservoir sedimentation is a problem in many Alpine reservoirs. Many rivers must deal
with the consequences of reservoirs sedimentation like the coarsening or the armoring of
the river bed. However, the sediment transport processes in reservoirs are very complex
and appropriate knowledge is necessary to solve these problems.

Only a few documented flushing events can be found in literature. The reason may be
that the documentation and the description of sediment transport processes and occurring
bed forms during flushing events is difficult, because of the lack of appropriate measure-
ment systems and techniques to acquire the spatial and temporal changes in the river bed
and of the sedimentological parameters. Even the sediment balance derived from the
echo soundings of the reservoir before and after the flushing events are often inconsistent,
because of the frequently occurring time gap between the flushing event and the echo
sounding. The eroded amount of sediment may thus be underestimated (Badura, 2007).
Furthermore the sediment inflow during the flood or the flushing event is often unknown.

This thesis focus on the sediment deposition problems and the sediment transport pro-
cesses in reservoirs of river power plants with a small storage volume compared to the
annual inflow. The aim of this thesis is the improvement of the sediment management
in Alpine reservoirs and the analysis of the effect of sediment deposition in reservoirs on
the operation of the reservoir and the flood protection of the surrounding area. This aim
requires the knowledge of sedimentation and sediment transport processes together with
field measurements and an adequate model to assess the impact of the selected sediment
management method. Numerical modeling is already used for hydrodynamic calcula-
tions; whereas the modeling of sediment transport processes still needs further develop-
ment and research. However, numerical models are able to simulate the sediment transport
processes. The enhancement of numerical modeling in Alpine reservoirs in case of flood
and flushing events is thus also part of this thesis.

First the processes of reservoir sedimentation and the reservoir sedimentation problems
are discussed. The reservoir sedimentation and the storage loss worldwide and in Alpine
reservoirs are connected with the sediment yield and the erosion in the catchment. Hu-
man impacts and climate change influences the sediment supply in the river systems.
In the next step, the sedimentation processes are summarized. The understanding of the
sediment transport processes in the rivers and reservoirs is necessary to limit the sedimen-
tation in the reservoirs and enhance the erosion of deposited sediments for a sustainable
sediment management to increase the usable lifetime of reservoirs.

In the literature, several sediment management methods can be found. These methods are
discussed and reviewed with respect to the application in Alpine reservoirs. Hydraulic
removal like flushing is one of the most common ways to manage deposition problems
in reservoirs. Reservoir flushing is normally conducted at higher discharges. The water
level in the reservoir is lowered, which leads to increased bed shear stresses and erosion
rates. The different types and stages of reservoir flushing are described including several
parameters, which have an effect on the flushing efficiency. The sediment depositions in
reservoirs often contain silt and clay fractions. The cohesive forces increase the critical
shear stress of the depositions. To take this effect into account, additional flume tests
were conducted to estimate the critical shear stress of cohesive sediments samples from
different reservoirs, which still represents a gap in knowledge.

3
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In this thesis the two three-dimensional computational fluid dynamic programs SSIIM
and TELEMAC are used to simulate the sediment transport processes and effects during
flushing and flood events in two Alpine river reservoirs. The results of the simulations are
calibrated and validated with measurements conducted in the prototype or in the physical
model test. Several sediment transport algorithm are tested and validated with the mea-
sured bed changes. The simulated bed changes and sediment transport processes show a
good agreement with the measurements. The effects of sediment depositions and the re-
mobilization of deposited sediment in reservoirs could be analyzed. Based on the results
of the numerical modeling it is possible to recommend sediment management strategies
for small reservoirs in the Alpine region.




2 RESERVOIR SEDIMENTATION

Several parameters concerning the sedimentation of reservoirs can be found in the liter-
ature. More than 50 percent of streams and rivers are dammed and the greater part of
transported sediments, in fact some 80 percent, are trapped in reservoirs. This fact cor-
responds to a volume of about 8 to 16 km ? (Lempérier and Lafitte, 2006). Morris and
Fan (1998) quantified the world’s total sediment deposit between 15 and 40 Gt per year.
White (2001) estimates that more than 0.5 percent of the total reservoir storage volume is
lost worldwide due to reservoir sedimentation. Mahmood (1987), Yoon (1992) and Bruk
(1996) estimated a worldwide loss of storage volume of about 1 percent of the initial
reservoir volume per year.

The full extant of this problem becomes clear, if we consider the fact that around 20 per-
cent of the cultivated areas are irrigated and that about 16 percent of the electrical energy
is generated by hydro power (IEA, 2007). According to ICOLD (1998) more than 25,400
large reservoirs are used for multiple purposes and a large part of these reservoirs has to
deal with sedimentation problems. The costs for restoring these losses and rebuilding the
dams can be estimated at US$ 13 billion per year (Palmieri et al., 2003).

One of the most cited examples is the Camare irrigation reservoir in Venezuela, where it
took only 15 years of operation until the storage volume was lost. This reservoir differs
from other ones in only one aspect, the speed of the total sedimentation of the reservoir
(Morris and Fan, 1998).

The average rate of sediment deposition in reservoirs is normally expressed in volume
units such as cubic meters (m?) per year. However, for comparing different reservoirs the
deposition rate in percent of the original storage volume is used (Morris and Fan, 1998).

The loss of storage in a reservoir can be expressed with the sediment release efficiency of
the reservoir. The sediment release efficiency is the mass ratio of the released sediment
of the total sediment inflow over a specific time period (Morris and Fan, 1998). Churchill
(1948) developed a relationship based on the sediment release efficiency.

The sediment trapping efficiency, which is the complement of the sediment release effi-
ciency, was used by Brune (1953). This empirical relationships is based on the ratio of
reservoir volume to mean annual inflow (C/I-ratio). Today, the sediment trapping effi-
ciency is more commonly used. However, from the sediment management point of view,
the sediment release efficiency is the more useful concept, because in cases where more
sediment is released than entering the reservoir, the sediment release efficiency increases
over 100 percent. Expressed in trapping efficiency the value would be negative.

Figure 2.1 shows the relationship between the release efficiency and the inflow ratio de-
veloped by Brune (1953). This function illustrates, that the sediment trapping efficiency
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Figure 2.1: Function for the estimation of sediment trapping or release efficiency in con-
ventional impounding reservoirs in relation to ratio of reservoir volume to mean annual
inflow (C/I-ratio) (Brune, 1953)

of small reservoirs is nearly zero. However, in Alpine catchments, small reservoirs are
mainly affected by sediment depositions. One explanation for this effect is the relation-
ship derived by Brune (1953) does not take coarse sediment into account. This expla-
nation was also found by Frenette and Julien (1986). Dendy et al. (1973) investigated
the sedimentation rate in 1105 U.S. reservoirs and found a inverse relationship between
the initial storage volume of the reservoir and the sedimentation rate (Table 2.1). This
relationship is also quite interesting, because most of the Alpine river reservoirs have an
initial storage volume smaller than 10 million m?.

Table 2.1: Relation of the initial storage volume and the sedimentation rate of U.S. reser-
voirs according to Dendy et al. (1973)

Initial Number of Annual Annual
storage investigated | sedimentation rate | sedimentation rate
volume [million m?] | reservoirs mean [%] medium [%]
0-0.012 190 3.56 2.00
0.012-0.123 257 2.00 1.20
0.123-1.23 283 1.02 0.62
1.23-12.3 176 0.81 0.55
12.3-123 107 0.43 0.27

123 - 1230 69 0.23 0.14

> 1230 23 0.16 0.11




2.1. STORAGE LOSS IN ALPINE RESERVOIRS

2.1 Storage Loss in Alpine Reservoirs

Alpine river reservoirs are usually small compared with storage reservoirs worldwide.
In this thesis small and mediate river reservoirs are defined as reservoirs with a initial
storage volume up to 10 million m? and a ratio between initial storage volume to annual
mean inflow (C/I-ratio) of 1072 to 10~°. Unlike large reservoirs with a large ratio between
initial storage volume to annual mean inflow, the main part of the suspended sediments is
transported through the reservoir. Thus, the bed load is the decisive factor for reservoir
sedimentation in Alpine river reservoirs.

Figure 2.2 shows the mean annual sedimentation rate of selected reservoirs.

The variation of the sedimentation rates can be explained by (e.g., Badura, 2007):

Parameters of the catchment - geology, topography, vegetation cover, hydrology
and climate

Parameters of the reservoir - geometry, size, slope and sedimentological parameters

* Human impacts - land use in the catchment, trapping of sediments in the tributaries
and in upstream reservoirs, desiltation of upstream reservoirs

Volume errors caused by measurement and analysis failures

However, the storage loss is only one aspect of many sedimentation problems in reser-
voirs. The deposition of sediment in reservoirs may affect the operation of the reservoir,
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increase the flood risk in certain areas near the reservoir or can block bottom outlets or
turbine inlets. The sediment yield in the catchment is one of the main factors influencing
the sedimentation rate in reservoirs.

2.2 Sediment Yield and Erosion in the Catchment

The land cover of an area is influenced by the topography, geology, soils and climate of
the region. These factors also determine the land use by humans (White, 2001). The

effect of cultivation or lack of land cover by vegetation on erosion rates is illustrated in
Table 2.2.

Table 2.2: Erosion rates for different land use categories according to Morris and Fan
(1998)

Land use Erosion rate | Relative erosion rate
[t/km?/yr] forest = 1

Forest 8 1

Grassland 84 10

Abandoned surface mines 840 100

Croplands 1680 200

Harvest forest 4200 500

Active surface mines 16800 2,000

Construction sites 16800 2,000

In the WARMICE project (“Water resources management in a changing environment”,
funded in the FP4 of the European Union) erosion rates were measured in the Solk valley
located in Styria, Austria (Kohl et al., 2003). The erosion rates can be compared to the
values given in Table 2.3. However, this measured erosion rates are calculated from seven
field measurements and should therefore used as indicating values only. The measure-
ments show that not only the land use, also other factors like e.g., the slope, the intensity
of the land use, the soil structure, and the grain-size distribution may influence the erosion
rates.

Table 2.3: Measured erosion rates for different land use categories according to Kohl et al.

(2003)

Land use Erosion rate | Relative erosion rate
[t/km?/yr] 8 t/km?/yr = 1

Forest 0.02 - 25 0.0025 - 3.13

Grassland/meadow 3-8 0.375-1

Low vegetated alpine areas 90 11.25

Consolidated construction sites 10 - 800 1.25-100

The erosion in the catchment is one of the most important factors influencing reservoir
sedimentation, but the loss of agricultural land and the erosion of soil in the catchment

8
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may be much more important in the future. On a global scale, the growth in population is
intensifying the change in land cover. In many parts of the world, increased population can
also lead to expansion of commercial land use, land use changes and exploitation of native
forests. These changes may cause increased erosion and sediment yield. Furthermore,
increased population may be linked to increased industrial activity and exploitation of
natural resources, for example through mining, building construction and infrastructure
development, which again lead to changes in land use and the probability of increased
sediment yields (Walling, 2006).

Syvitski et al. (2005) investigated the human impact on the global sediment balance using
simulations and calibration measurements (suspended load measurements). [In addition
to human impacts on global runoff, there are many anthropogenic influences on global
sediment yield, including urbanization, deforestation, agricultural practices, mining, and
the retention of sediment by reservoirs (Syvitski et al., 2005). Figure 2.3 illustrates the hu-
man impact on the natural sediment load evaluated for 217 rivers with good observational
data (before/after damming) according to Syvitski et al. (2005). The analysis indicates
that rivers would move more sediment to the coasts, but lots of sediments are trapped in
reservoirs. The red (with Yellow River) and the black line (without yellow river) exclude
the impact of reservoirs. The green line demonstrates the basin-wide trapping of sus-
pended sediment load by the large reservoirs (>0.5 km® maximum initial storage volume)
that account for about 70% of the filled initial storage volume. The blue line highlights
the impact of the smaller reservoirs (Syvitski et al., 2005).

Walling (2006) stated that the sediment yield in rivers should not be viewed as a static
measure of the functioning of the system, but rather as providing a snapshot of the func-
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Figure 2.3: Comparison between pre-anthropocene and modern sediment loads, using 217
global rivers with good observational before- and after-dam data. The red (with Yellow
River) and the black line (without yellow river) had trapping by reservoirs removed and
represent the increased sediment yield caused by human activities (e.g., deforestation).
Two other curves show the impact of sediment trapping in large (green line) or small
(blue line) reservoirs (Syvitski et al., 2005)
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Figure 2.5: Changes in the sediment load of the Kolyma River, W.Siberia; (i) time series
of annual water discharge and (ii) annual sediment load and (iii) associated double mass
plots (Walling, 2006)

tioning of an ever-changing system. The River Nile, for example, has a near zero sediment
load since the construction of the Aswan High Dam (e.g., Milliman and Meade, 1983;
Milliman and Syvitski, 1992), whereas the pre-dam sediment load was likely about 100
million tons per year.

The human impact can increase or decrease the sediment yield in the rivers. The progres-

10



2.2. SEDIMENT YIELD AND EROSION IN THE CATCHMENT

iii)
3500 Iron Gate Dam
1972

!

Runoff (10°m?)

3000 -

2500

2000

1500

=

Sediment load (10°t)

1000

500

T T T T T T T 1
0 2000 4000 6000 8000 10000 12000 14000 16000
Runoff (10°m?)

Sediment load (10°)

Figure 2.6: Changes in the sediment load of the Danube, Europe; (i) time series of an-
nual water discharge and (ii) annual sediment load and (iii) associated double mass plots
(Walling, 2006)

sive reduction in the water discharge and suspended sediment load of the Yellow River
(Figure 2.4) is partly caused by climate change. However, it is mainly a reflection of
human impact like increasing water abstraction, sediment trapping by an increased num-
ber of large and small reservoirs. An extensive program of soil and water conservation
improves local agriculture and reduce sediment inputs to the river, where sediment depo-
sition causes major problems for effective flood control and water use in the lower reaches
of the basin (Walling, 2006). All these effects lead to a decreased runoff and a more or
less proportional decreased sediment load.

Figure 2.5 shows the upper Kolyma River above Srednekansk in western Siberia with a
catchment of 99,400 km?. Over the years 1941 to 1988 exists a statistically significant
trend of increasing sediment loads, but no significant change in runoff occurred. These
effects can be affiliated to extensive gold mining activity within the catchment (Walling,
2006).

At the Danube the trend in sediment yield contrasts with that at the upper Kolyma River
(Figure 2.6). Close to the delta at the Black Sea, at Cetail Izmail in Romania (Catchment
Area 807,000 km?), the Danube shows a declining trend in sediment load. Again, no
significant trend exists in the annual runoff. A main reduction in the sediment load started
in the mid-1960s and resulted in a reduction of about 70% by the 1990s. The Iron Gate
Dam on the River Danube implemented a major sediment trap into the river in 1972, but
the reduced sediment load also reflects the construction of a substantial number of other
dams and reservoirs in the main river and the tributaries (Walling, 2006).

Schoberl et al. (2005) investigated the influence of hydro power plants and torrent control
measures on the bed load yield of the Drau river near Lienz in Austria by using an one-
dimensional numerical model. The study showed a significant reduction of the bed load
yield due to the sedimentation in the reservoirs and sediment traps of the torrent control.
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Reservoir sedimentation is a result of the erosion processes in the catchment and the
sediment yield. Human impacts can influence the sediment yield in rivers and therefore
one of the main factors of reservoir sedimentation.
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3 SEDIMENT TRANSPORT

Sediment transport processes are one of the greatest issues in river engineering. Extensive
literature is available concerning this topic. A short overview is given in this thesis. The
sediment transport processes, which are relevant for the case studies, are described more
detailed.

3.1 Introduction to Sediment Transport

Sediment transport is the general term used for the transport of solid particles (e.g., clay,
silt, sand, gravel or boulders) in rivers and streams. The transported solid particles are
called the sediment load.

Generally the total sediment load can be subdivided in

e Bed load

* Suspended sediment load

A special form of suspended sediment is wash load with a density close to the density
of water. Wash load is washed through the fluvial system without significant interaction
with the river bed. It is not possible to specify a clear threshold between bed load and
suspended load. A wide range of definitions is given in the literature. Usually bed load
is defined as the sediment particles which slide, roll or jump along the river bed, while
suspended load refers to grains maintained in suspension by turbulence (Einstein et al.,
1940; Van Rijn, 1984a). When the initiation of motion is reached, the sediment particles
will first roll and slide in continuous contact to the river bed. With increasing force, the
particles will be moved along the river bed by more or less regular jumps, which are
called saltations. If the value of the bed shear velocity exceeds the fall velocity of the
particle, the sediment particle can be lifted from the river bed. The particle may stay in
suspension, if the turbulence forces are comparable or higher than the submerged weight
of the particle (Van Rijn, 1984a). Graf (1971) gives indicating values, which uses the ratio
of the shear velocity u,, and the settling velocity of the particles wy:

* u,/wy > 0.10 beginning of bed load transport

* u,/wy > 0.40 beginning of suspended load transport

Engelund (1965) and Bagnold (1966) gives a value near 1 for the beginning of significant
suspension.
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Figure 3.1: Definition and sketch of suspended sediment transport (Van Rijn, 1993)

According to Van Rijn (1993) the particle velocity in longitudinal direction is almost
equal to the fluid velocity for suspended load (Figure 3.1). Usually, the behavior of the
suspended sediment particles is described using the sediment concentration, which is nor-
mally given by the solid volume (m?®) per unit fluid volume (m?®) or by the solid mass
(kg) per unit fluid volume (m?®). Observations showed that the suspended sediment con-
centrations decrease with increasing distance from the river bed. The rate of decrease
depends also on the ratio of the shear velocity wu, and the settling velocity of the particles
wy. Thus, the depth-integrated suspended load transport (g .) is defined as the integration
of the product of velocity (u) and concentration (¢) from the edge of the bed load layer
(z = a) to the water surface (z = h).

Fine sediments like silt and clay particles are probably always transported in suspension,
whereas gravel and cobbles are normally transported as bed load. However, depending
on the turbulent energy, sand particles may stay in the river bed, move as bed load or be
carried in suspension. Thus, the suspended sediment load in a river can consist of silt
and clay particles at lower discharges, but include sand particles at higher discharges. In
many rivers, the bed load constitutes only a small fraction of about 15 percent of the total
sediment load (Morris and Fan, 1998).

3.2 Deposition and Erosion of Sediments

Erosion occurs, if the forces (turbulence, shear stress) responsible for the transportation
of the sediment is sufficient to overcome the weight, fall velocity or the friction (7 > 7.)
of a sediment particle. If the force responsible for the transportation of the sediment is
not longer sufficient to overcome the weight, fall velocity or the friction (7 < 7.) of a
sediment particle, the sediment particle deposits again (Yalin, 1977). Cohesive forces
are important, if the sediment contains clay and silt particles. The driving forces are
highly related to the local near-bed velocities. In cases of turbulent flow conditions the
velocities fluctuate in time and space. Thus, with the randomness of particle size, shape
and position of the sediment particle on the river bed, the initiation of motion is not merely
a deterministic phenomenon but a stochastic process as well (Van Rijn, 1993).

One of the main factors concerning the deposition of suspended sediments is the settling
velocity. A sediment particle can be transported in suspension only if its settling velocity
is smaller than the vertical component of the hydraulic turbulence (Rouse, 1938). The
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settling velocity of a sediment particle depends on the size, shape and the density of
the particle, but also on the characteristics of the fluid, like temperature, salinity and
suspended sediment concentration. The settling velocity of particles is given by Stoke’s
law or by using of empirical values.

Clay and silt particles have extremely low settling velocities, but short-distance van der
Waals forces may cause the aggregation into flocs. The flocs are large enough to settle
several orders of magnitude faster than individual clay particles. This effect is referred to
as flocculation. The cohesion of very fine-grained sediments, i. e., silt and clay fractions,
determines this flocculation processes (Hillebrand et al., 2012). Two different processes
can be detected, either colliding particles bond and form larger particles, called flocs, or
break up due to the collision-induced shear stress. If the shear stress, imposed by either a
collision or by fluid forces, exceeds the particles strength, flocs disaggregate into smaller
particles. Hence, both flow-induced shear stresses, causing flocs to break up into smaller
particles, and collision-induced shear stresses, leading to aggregation or disaggregation
processes, play an important role regarding the range of particle sizes and thus have a
major impact on the settling velocity (Klassen et al., 2011). Therefore, these processes
play an important rule for the deposition of fine suspended sediments.

3.2.1 Initiation of Motion of Sediment

In the literature, several parameters for the initiation of motion of sediment particles can
be found. An overview over the different formulae describing the initiation of motion
is given in Batuca and Jordaan (2000). Schoklitsch (1935) used the critical specific dis-
charge depending on the bed slope and an characteristic grain diameter. This approach
can also be found in the formula of Rickenmann (1991), who extended the tests made
by Smart and Jiggi (1983) and modified the formula developed by Bathurst et al. (1987).
Hjulstrom (1935) used the critical velocity to describe the initial sediment motion in Fig-
ure 3.2. The stream power was used by Yang (1984) as critical parameter. However, in
most cases the shear stress is applied.

Shields (1936) developed a relation to describe the initiation of motion for sediment par-
ticles (Figure 3.3). This diagram is widely used to determine the condition of incipient
motion based on the bed shear stress. The Shields curve in the diagram represents the
critical conditions corresponding to the motion of sediment particles. Points below the
curve correspond to no sediment motion and points above the curve correspond to motion
of sediment.

This initiation of motion is related to the dimensionless diameter of the sediment Re,
(also referred to as grain Reynolds number or shear Reynolds number; Equation 3.1) and
the dimensionless shear stress F'r, (also referred to as Shields parameter ©’; Equation
3.2). Therefore, the motion of sediment is a function of the size of the sediment particle
and the hydraulic conditions (Shields, 1936):

Re, = = 3.1
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T

Fr,=0 = ————
9(ps — puw)d;

(3.2)

where u, is the shear velocity, d; is the diameter of the it" sediment fraction, 7 is the bed
shear stress, p; is the grain density of the sediment, p,, is the density of the water, g is the
acceleration due to gravity and v is the kinematic viscosity.

The grain Reynolds number and the dimensionless shear stress can be related to the sedi-
mentological diameter D, (Equation 3.3).

Re? : (ps — Pw)9 3

Zanke (1982) calculated the probability of motion (called R according to Zanke) of the
sediment particles and added the probability curves to the Shields-diagram (3.4).
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Figure 3.4: Diagram after Shields including the probability of motion derived by Zanke
(1982)

The function derived by Zanke (1982) related the probability of motion (R) to the current

and the critical shear stress.
-9
10 x (1) 1
Te

The critical bed shear stress is the main parameter for the initiation of motion for sediment
particles. A large number of articles and books can be found in the literature discussing the
relation of the bed shear stress to the sediment transport in hydraulic rough flow conditions
(e.g., Shields, 1936; Zanke, 1982; Van Rijn, 1993).

-1

R = (3.4)
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The critical, dimensionless shear stress after Meyer-Peter and Miiller (1948) is given by

Te
=<  =0.04 3.5

where s is ps/ pu-

Depending on the author of the different sediment transport formulae and the definition
of initiation of motion ©, varies from 0.03 to 0.06.

3.3 Evaluation of the Bed Shear Stress

This section is mainly cited from Harb et al. (2013c).

The bed shear stress is one of the key parameters for sediment transport processes. A large
number of options can be found in the literature to predict the bed shear stress (Rowinski
et al., 2005). The most widely used methods are the gravity/bed-slope method and the
logarithmic wall law method. If measurements with time series of the fluctuating velocity
components u' and w’ near the bed are available, e.g., from ADV or PIV measurements in
the laboratory or from a numerical model, the Reynolds Stress method may also be used
(Harb et al., 2013c¢).

The shear stress at the wall for laminar flow is defined by

0
Thw = ua—Z (3.6)

where 7;,, is the shear stress at the wall for laminar flow, . is the dynamic fluid viscosity
and g—;‘ is the velocity gradient at the wall (e.g., Yalin, 1977). Therefore, the shear stress

dependéu on the velocity gradient at the wall, which is at the same time the difficulty in
evaluating the shear stress in an appropriate way. For the evaluation of the shear stress
both, direct and indirect methods can be used. These methods are based on the determi-
nation of the shear velocity u,. The relation of the shear velocity to the shear stress is
given by

T=0p u? 3.7
where p is the density of the fluid.

The shear stress also depends on the roughness of the wall. The roughness of the wall
is characterized by the shear Reynolds number Re* given in equation 3.1), where d;, the
diameter of the i*" sediment fraction, is substituted by ks, which is the equivalent sand
roughness.
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ks w,
Re, = s (3.8)
14

Flow conditions with Re, < 5 are referred to as hydraulic smooth, which means that all
roughness elements are inside the viscous sub-layer. If Re, > 70, the flow regime is
hydraulic fully rough (e.g., Yalin, 1977). In this case the viscous sub-layer is so thin that
the roughness elements penetrate the logarithmic layer (Yalin, 1977; Graf and Altinakar,
1998). Between 5 < Re, < 70 a hydraulic transitional flow occurs.

3.4 Methods for the Evaluation of Bed Shear Stresses

This section is mainly cited from Harb et al. (2013c).

3.4.1 Gravity or Bed-Slope Method

The gravity method determines the bed shear stress based on the control volume approach

and reflects strongly one-dimensional flow conditions. In case of steady, uniform flow the
shear velocity can be evaluated by:

T=~Ry1 (3.9)

where 7 is the specific weight, 7, 1s the hydraulic radius and [ is the energy slope, which
is in case of uniform flow equal to the channel slope.

3.4.2 Logarithmic Law Method
The logarithmic Law method is based on the Karman-Prantl equation. The shear velocity

u, in the wall region (y/h < 0.2) can be estimated in case of hydraulic rough conditions
by fitting measured velocity profiles to the following equation:

1
ut=Zind 10 (3.10)
k kg
with
Un
ut = G.11)
(1

where U, is the mean velocity, ~ is the Kdrman constant (usually considered as x = 0.4),
y is the vertical distance from the river bed and C; is a constant equal to 8.5 (Nezu and
Nakagawa, 1993).
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3.4.3 Reynolds Stress Method

The Reynolds Stress method can be used in a fully turbulent two-dimensional flow. For
the calculation of the shear stress a time series of the fluctuating velocity components '
and w’ near the bed is used. The bed shear stress is then given by

T=—puw (3.12)

where v is the velocity fluctuation in the longitudinal direction and w’ is the velocity
fluctuation in the vertical direction.

3.4.4 Turbulent Kinetic Energy Method

The bed shear stress can also calculated using the turbulent kinetic energy & close to the
bed in cases, where it can be assumed that close to the wall the production and dissipation
of turbulence is in equilibrium (Rodi, 1980).

T=\/Gpk=300k (3.13)

where ¢, 1s a constant empirical values usually set equal to 0.09 given by Launder and
Spalding (1972).

3.5 Sediment Transport Formulae

The different available sediment transport formulae were developed under different con-
ditions by the analysis of flume and field experiments. Therefore, a wide range in the
results can be expected by using different formulae. A detailed overview over different
sediment transport formulae is given in Graf (1971). In this thesis, the following sedi-
ment transport formulae were used in the calculations and are therefore discussed in the
following sections:

* Engelund-Hansen (1967)
* Meyer-Peter-Miiller (1948)
* van Rijn (1984)
The parameters of the experimental setup used to develop the different sediment trans-

port formulae are listed in Table 3.1. The listed parameters were taken from U.S. Army
Corps of Engineers (1998) and Van Rijn (1984a).

The overall grain diameter d or the mean diameter d,,, gives the range in the grain sizes of
the sediment used in the experiments. The variable U,,, denote the average velocity, I the
energy gradient and h the flow depth.

The listed parameters are not limiting factors. Hence, several sediment transport formulae
have been applied successfully outside of the range of the experimental setup.
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Table 3.1: Parameters of the sediment transport formulae

Sediment transport d Un h I
formula [mm)] [m/s] [m] [%]
Engelund-Hansen (d,,) 0.19-0.93 0.20-1.93 0.06-0.41 0.0055-1.9
Meyer-Peter-Miiller 04-29 0.37-2.87 0.009-1.19 0.04-2.0
van Rijn 032-144 036-129 02-0.73 -

3.5.1 Sediment Transport Formula Derived by Engelund-Hansen

Engelund and Hansen (1967) established the following sediment transport formula, based
on the stream power concept of Bagnold (1966):

f'd, = 0.1 072 (3.14)
with
29
== (3.15)
i
and
o, = - (3.16)

vs\/ (Ys/ 7w — 1)gd3,

where f’ is a friction parameter, @, is the total-load transport rate per weight/time/unit
width, ©’ is the dimensionless Shields parameter, v, is the specific weight of the sediment,
C}, is the Chézy-coefficient, v, is the specific weight of the water and d,,, s is the mean
fall diameter of the sediment.

3.5.2 Sediment Transport Formula Derived by Meyer-Peter-Miiller

The sediment transport formula derived by Meyer-Peter and Miiller (1948) is one of the
most widely used sediment transport formulae for alpine rivers, because of the range of
sediment size and slope. The Meyer-Peter-Miiller formula is a bed load formula and uses
the approach of the critical shear stress.

N

d, =8(0' — O,) (3.17)

with
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R (3.18)

(s —1)gds,

where @, is the dimensionless bed-load transport rate, ©' is the dimensionless Shields
parameter, O, is the critical Shields parameter, which is 0.047 according to Meyer-Peter
and Miiller (1948) given in Equation 3.5, g, is the volumetric sediment transport rate, and
s is the specific density (ps/pw)-

The formula derived by Meyer-Peter and Miiller (1948) can be also found in the following
form (Wu, 2008):

3
e ko k) 2y Ry T 2
dsb _g |Bsi/ks)2 v Rl (3.19)

Vs \/(75/710 - 1>9d§n (’Vs - 'Yw)dm

where ¢, ;. 1s the sediment transport rate per weight/time/unit width, d,,, is the mean di-
ameter of the sediment mixture, kg, is the reciprocal of the Manning coefficient n,, of
the channel bed and k%, is the reciprocal of the Manning coefficient n/, due to the grain
roughness. The value kY, can be calculated with

Ky, = 26/d5, (3.20)

The (ks:/ kgt)% is a roughness parameter, which takes the roughness of the bed forms into
account. In the absence of bed forms, it is recommended to take (kg;/ k:’St)% = 1; but
1> (ksi/ kgt)% > (.35, if bed forms are present (Graf and Altinakar, 1998).

3.5.3 Sediment Transport Formulae Derived by van Rijn

The empirical bed load formula derived by Van Rijn (1984a) was developed for sand
particles originally.

2.1
o -0,
o, = 0.053D*0'3< = ) (3.21)

where @, is the dimensionless bed-load transport rate, © is the dimensionless Shields
parameter and O.. is the critical Shields parameter and D, is the sedimentological diameter
given in Equation 3.3.

The formula of Van Rijn (1984a) can also be written in the following form:
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3.6. SEDIMENT TRANSPORT IN MEANDERING RIVERS

2.1
( r— rc>
Te
& —0.053 (3.22)

where ¢ ; 1s the volumetric transport rate of the fraction of the bed load (per unit width),
d; is the particle diameter, 7 is the bed shear stress, 7. ; is the critical shear stress, p; is the
density of the sediment and v is the kinematic viscosity.

Van Rijn (1984b) also developed a suspended load formula.

1.5
T = Tc,i
di ( Teyi >
Ched,i = 0.015 — (3.23)

“ ( d(ps/(pw 1) g>>

where ceq; 1S the concentration of the suspended sediments at the bed for the ith sedi-
ment fraction, d; is the diameter of the i*" sediment fraction, a is equal to the height of the
center of the bed cell, 7 is the bed shear stress, 7. ; is the critical shear stress for d;, p; is
the grain density of the sediment, p,, is the density of the water, g is the acceleration due
to gravity and v is the kinematic viscosity.

3.6 Sediment Transport in Meandering Rivers

A meandering river consists of pool and riffle sequences (Figure 3.5). The sections C-C
and B-B show the typical pattern of the river bed in river bends.

The water flow and the sediment transport in river bends are influenced by the helical flow
of the water. This process occurs due to the centrifugal forces accelerating water particles
on the water surface, which are transported to the outer part of the river bend (Figure
3.6). Therefore, the pressure difference between the outer and the inner streamlines are
balanced by the spiral motion the water flow in the river bend. The lateral components of
this helical flow are called secondary currents.

Caused by the secondary currents in the river bend the sediment particles are slightly
moving to the inner side of the river bend, where they deposit due to lower velocities,
forming a point bar. This process is also associated with a lateral grain sorting. The
sediment depositions forming the point bar consist mainly of finer sediment eroded at the
outer river bend or at the river bed upstream and transported to the inner part of the river
bend. This effect causes erosion at the outer part of the river bend. Hence, the transversal
slope increases with greater scour depth and higher point bars and the cross section in
the river bend becomes strongly asymmetric. At a certain transversal slope the gravity
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Figure 3.5: Pool and riffle sequences in a meander system (Riither, 2006)

Figure 3.6: Sketch of the flow direction V e, and of the direction of the sediment trans-
port V geqiment in a river bend (Riither, 2006)
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force acting on the sediment particle forces deflects the sediment particle. In this case the
particle is no longer transported in the direction of the bed shear stress (compare Riither,
2006). The deviation angle of the direction of the sediment particle to the direction of the
bed shear stress is denoted with W in Figure 3.6.

3.6.0.1 Influence of a Sloping Bed on Sediment Transport

The slope of the river bed and the river banks affect the sediment transport and the trans-
ported particle size in the river. Hence, the critical shear stress is modified in case of a
sloping bed. A sloping river bed increase the sand transport rate in the downslope direc-
tion and reduce it in the upslope direction. Several formulas have been developed to take
this effect into account.

In the formulae of Koch and Flokstra (1981) a correction factor for the magnitude is
calculated to increase the downslope direction and reduce it in the upslope direction.

0Zs
By =qo| 1 — s (3.24)

where ¢, is the modified sediment transport rate, ¢, is the original sand transport rate, 3
is an empirical factor with a default value of 1.3, Z; is the elevation of the river bed, and
s 1s the coordinate in the current direction (EDF-R&D, 2010).

Brooks (1963) gives a formula for the correction of the critical shear stress in respect to
a sloping bed. In this formula a correction factor K is applied to the critical shear stress
(Equation 3.25). Figure 3.7 gives an overview over the parameters of the formula.

Figure 3.7: Perspective view of the shear stress on a river bank (Brooks, 1963)

2
L stng sino stng sino o, B tang\?2
K= tan i ( tanf > cos’¢ [1 (tan@) ] (3-25)

where « is the angle between the bed shear stress and the channel axis, ¢ is the angle of
the side slope and 6 is the natural angle of response of the sediment.
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Sediment particles move in the direction of the bed velocity and the bed shear stress
usually. However, if the river bed is sloping normal to the direction of the velocity vector
(side slope), the sediment particle will also move in this direction caused by gravity.

Kikkawa et al. (1976) developed an approach to calculate the angle ¢, between the sed-
iment transport vector and the velocity vector. In this approach ¢, is a function of the
angle of the slope perpendicular to the direction of the velocity vectors («;) and the di-
mensionless shear stress 7.

N

G5 = tanay (3.26)

The change in the direction of sediment transport can be also taken into account by using
the formula of Koch and Flokstra (1981).

0Z;
tanay = tand — T — (3.27)
on

with the coefficient 7', which according to Koch and Flokstra (1981), is depending on the
Shields parameter O.

T = —— 2
) (3.28)

where «; is the direction of the sediment transport in relation to the flow direction, 9 is
the direction of the bottom shear stress in relation to the flow direction, n is the coordinate
along the axis perpendicular to the flow and © is the Shields parameter (EDF-R&D, 2010).

3.7 Bed Forms

Bed forms are structures on the river bed, which are influencing the sediment transport.
Bed forms in rivers results from complex sediment transport processes. The main param-
eters, which affect the bed form are the slope of the river bed, the flow depth, the flow
velocity, and the grain size of the sediment. At low velocities, no motion of the bed oc-
curs. With increasing flow velocities, the motion of the sediment particles is initiated and
the sediment begins to move on the river bed and in suspension.

Bed forms are produced by the water flow over the river bed. They have an important
feedback effect on the water flow and also influence the sediment transport. The bed
forms can be classified in the bed forms of the lower flow regime, as with flat bed, ripples,
bed load sheets and dunes, and the bed forms of the upper flow regime (Figure 3.8). In
general the initial river bed develops with increasing flow velocities first ripples and then
dunes. With further increasing flow velocities a transition phase with a plain river bed
occurs, which is referred to as transitional bed. Finally standing waves and antidunes are
formed.
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Figure 3.8: Typical bed forms (Chanson, 2004)

The development of bed forms depending on the sedimentological diameter D, and the
grain Reynolds number Re, are summarized in Figure 3.9 (Vollmers and Giese, 1970).
However, these diagrams are mostly based on laboratory data obtained in shallow flows
over sand-size sediments. Consequently, a lack of experimental data for the transition
from dunes to antidunes in sediments coarser than 5 mm exists (compare Carling, 1999).
There is also a lack of experimental data concerning the development of bed forms in
gravel bed rivers with wide grain-size distributions. The typology of the bed forms was
developed for sandy sediments originally. These definitions are thus also applied here.

Carling (1999) extended the diagram after Allen (1984) with additional data from the
literature (Figure 3.10). The diagram relates the non-dimensional mean shear stress ©
with the mean size diameter D). The effect of the relative depth and of the Froude number
cannot be accommodated easily. This information is thus lacking in this diagram.

3.7.1 Bed Forms in Sediment Mixtures

The development of bed forms in sand beds has been widely studied in experimental
flumes and rivers. In most experimental studies uniform sand grains were used. Carling
(1999) found that the empirical diagrams developed for uniform sand grains can be ex-
tended up to coarse gravel. It has also been observed that the transitional bed might not
develop in case of coarser sediment sizes. There is little information available concerning
the effect of sediment mixtures on the bed forms at the transition or near to the transition
between upper and lower flow regime.

Chang (1988) stated that the bed forms in gravel-bed rivers tend to be poorly developed
and do not contribute significantly to the flow resistance. Nuifiez Gonzdlez and Martin-
Vide (2010) found in flume experiments with sand, gravel and sand-gravel mixtures that
bed form amplitudes were higher the higher the sand content in the mixture was. In this
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Figure 3.9: Development of bed forms depending on the sedimentological diameter D,
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manner, amplitudes of sand bed forms were 3 to 5 times higher than in mixtures and
gravel. Similar results were obtained by Tuijnder et al. (2010), who found that a small
percentage of immobile gravel in the sediment mixture is able to limit the sediment supply.
The bed forms, bed roughness and sediment transport are thus reduced. With increasing
gravel content, the formed immobile layer becomes thicker and the limitation of sediment
supply stronger. If the gravel content is higher than about 20 percent, the transport layer
forms directly on top of the gravel layer (Tuijnder et al., 2010). Parker et al. (1982a)
stated that in his experiments about the pavement of gravel bed rivers dunes and related
smaller bed forms were entirely absent. He related this fact also with the bed shear stress
conditions in gravel bed rivers. Even at bankfull conditions, the bed shear stress is rarely
more than two or three times the critical value (Parker et al., 1982b).

According to Carling (1999) it is a common misconception that the bed forms in gravel, as
with lower stage plane bed and upper stage plane bed respectively, these correspond sim-
ply with subcritical and supercritical flow. Theoretically, high Froude numbers exceeding
1.0 can be associated with the lower stage plane beds in gravel and shallow flows. As the
relative depth increases the transition from dunes to the upper stage plane bed or antidunes
can occur at Froude numbers progressively less than 1.0 (Carling, 1999).

As stated before, bigger bed forms such as dunes do not occur in case of grain sizes
smaller than 0.2 mm (Zanke, 1982). Therefore, the shear stress due to bed forms is lim-
ited.

The range of the development of the bed forms and the influence of gravel is discussed in
the following sections.

3.7.2 Lower Stage Plane Bed

When the critical shear stress of the sediment is reached, the sediment is first transported
over the lower stage plane bed. Most of the available data used to define the lower stage
plane bed are from experimental studies of fine gravel bed rivers with d5 less than 5 mm.

3.7.3 Ripples

Ripples occur in sand bed rivers with grain sizes up to 0.6 mm (D, ~ 15) (Zanke, 1982).
Ripples migrate in downstream direction by erosion at the upstream face and deposition
on the downstream side (Figure 3.11). The ripple length is proportional to the grain size
or more precisely to the grain Reynolds number Re, and less to of the water depth. The
height A (up to a few centimeters) and the length A (less than 0.6m) of the ripples are
small related to the water depth (Carling, 1999). The water surface stays undisturbed in
case of ripples.

3.7.4 Bed Load Sheets

Bed load sheets are low-relief bed forms and develop in sediment mixtures of coarse sand
and gravel (dsy 2-5 mm). These bed forms may have a similar wavelength to dunes, but
are poorly documented in well sorted gravels. Bed load sheets can grow in thickness
resulting in asymmetric dune-like bed forms up to 0.10 m height. In pure gravel beds no
sheets develop according to the flume experiments obtained by Iseya and Ikeda (1987)
and Dietrich et al. (1989).
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Figure 3.11: Migration of bed forms in the lower and the upper regime (Van Rijn, 1993)

3.7.5 Dunes

If the grain size is larger than 0.6 mm and the shear stress exceeds the critical shear stress,
the sediment is transported over the flat river bed. With further increased shear stress,
dunes are formed. According to Zanke (1982) dunes and other bigger bed forms do not
occur in river beds with grain sizes smaller than 0.2 mm (D, ~ 5). The dimension of
dunes are highly related to the water depth h. They are usually about 5-10 A (>0.6 m)
long and 0.1-0.5 A (>0.1 m) high, but smaller dunes may also develop when dunes overlap
with ripples. As dunes occur in the subcritical flows, the water surface is depressed above
the dune crest and elevated over the dune trough (Carling, 1999). Dunes migrate like
ripples in the downstream direction (Figure 3.11).

According to Carling (1999), who investigated data from the literature for sediments with
a mean grain size larger than 2mm, dunes have been developed in flumes with median
grain sizes up to 28.6 mm. In case of field conditions, data up to grain sizes of 60 mm are
available. There is little data concerning the hydrodynamic development of gravel dunes
available. Carling (1999) gives the Froude number with a range up to 0.75 and a non-
dimensional mean bed shear stress (O) exceeding 0.1 as a guide for the development of
gravel dunes. Dunes reach their maximum height at © = 0.25. The dune height reduces
again, if © exceeds 0.3. Froude numbers of 0.84 and higher lead to flattening of the dunes
and dune diminution.

There are some formulas for the prediction of the bed form height available. In the for-
mula of van Rijn (1987) the bed form height A is calculated.

0.3
A d50 _(1=7c T —Tc

The van Rijn equation was developed for mainly uniform sediments. Hence, the bed
forms will be smaller for non-uniform sediment mixtures.
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3.7.6 Upper Stage Plane Bed

The upper stage plain bed may develop in the transition phase between the lower flow
regime and the upper flow regime. After the flattening of the dunes in the lower flow
regime in case of Froude numbers of 0.84 and higher, the upper stage plane bed can occur
depending on the grain size distribution and other parameters. However, owing to lag
effects described by Carling (1999), transitional bed forms have been recorded for Froude
numbers near 1.

3.7.7 Antidunes

Antidunes develop mainly in supercritical flows. Antidunes may migrate short distances
downstream, but they commonly migrate in the upstream direction (Figure 3.11). The
antidune bed is normally separated from the dune bed by an upper stage plane bed. The
transition state to an upper stage plane bed is narrow and well defined for relatively large
flow depth, but little data exists for coarse sediments in shallow water. The critical Froude
number for the development of antidunes in sandy river beds according to empirical data
is 0.84. Antidunes may be replaced again by an upper stage plane bed in case of higher
Froude numbers. However, again only little empirical data exists for this transitions in
gravel beds (Carling, 1999).

3.8 Evaluation of the Effective Grain Shear Stress

Several formulae have been developed to describe the influence of the bed forms on the
sediment transport. The most familiar ones are derived by Einstein and Barbossa (1952)
and Engelund and Hansen (1972). Engelund and Hansen (1972) deduced the modification
of the shear stress caused by bed forms by experiments. The total roughness can be
divided into grain roughness and bed roughness (Equation 3.30).

=7 +7"(+7") (3.30)

where 7 is the total shear stress, 7’ is the shear stress due to the grain roughness (skin
friction) and 7” is the shear stress due to the bed roughness and 7" is the shear stress due
to suspended sediments (Zanke, 1982). The shear stress due to the suspended sediments
can be neglected in cases of lower suspended sediment concentrations.

Engelund and Fredsce (1982) investigated the influence of bed forms on the distribution
of the shear stress (Figure 3.12). In case of higher bed forms such as dunes, the shear
stress due to the bed roughness increases and hence, the grain shear stress decreases.

Zanke (1982) stated that in his opinion not only 7’ should be used in the sediment transport
formula, because this value does not take the increased turbulence caused by the bed
forms into account. These increased turbulences affect the sediment transport directly.
According to Zanke (1982) the calculation of the sediment transport rates using the total
bed shear stress 7 gives more accurate results. Velocity measurements derived by Zanke
(1982) also shows higher shear stresses over the bed forms.
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Figure 3.12: Influence of the bed forms on the shear stress (Engelund and Fredsce, 1982,
modified)

Van Rijn (1993) noted, that a particle resting on the surface of a bed form will be set in
motion by the friction force T or by the turbulent fluctuations in the eddy region down-
stream of the crest .. This means that the critical total shear stress T, is always larger
when bed forms are present than when the bed is flat.

The effective grain shear stress depend on the grain size distribution, the occurrence of
cohesive sediments and bed forms. As a result it can be very difficult to determine the
effective shear stress for the calculation of the sediment transport rates.

Van Rijn (1984c) developed an approach to calculate the total bed roughness:

—25A
ks = 3.0 dgo + 1.1A 1.o—e( * >> (3.31)

where dy is a characteristic grain size, A is the bed form height and \ is the bedform
lenght, calculated as 7.3h.

3.9 Armoring of the River Bed

The armoring or the pavement of the river bed was investigated by many researchers.
Both terms describe a thin, coarse surface layer with a large amount of finer sediment
underneath. The main distinction between armor and pavement is that the former is asso-
ciated with an immobile surface layer while the latter is associated with a mobile surface
layer (Jain, 1990; Parker et al., 1982a).
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The pavement of the river bed can often be found in graded rivers with poorly sorted gravel
and is a result of a mobile bed response by which the river tends to equalize the relative
mobility of the different grain sizes (Parker and Klingemann, 1982). In the pavement
experiments of Parker et al. (1982a) the bed motion was almost entirely as bed load. At
any time, only a small part of the surface grains were in motion, but the moving particles
interchanged with the pavement constantly. However, grains in the subpavement layer
were only rarely mobilized. In the experiments of Parker et al. (1982a) dunes and related
smaller bed forms were entirely absent.

The armoring of the river bed is a natural process and occurs in gravel bed rivers with a
wide range in the grain size distribution. The evolution of the armor and the pavement
is shown in Figure 3.13. The eroded amount of sediments (G increases with the shear
velocity u,. The critical shear velocity is too low to transport the larger grains in the river
bed, but the fine sediment particles are carried away. Thus when the river bed is armored,
the amount of eroded sediments decreases over time ¢ and the grain size distribution in
this top layer gets coarser than the river bed before the armoring occurred. The river bed
stabilizes over time (Jain, 1990).

The armor evolution develops only in rivers with a wide range in the grain size distribu-
tion, which is typical for Alpine rivers. The bed load transport may decrease to zero at
discharges, which are too low to destroy the armor layer. The coarse surface layer of the
armored river bed will become mobile (pavement) and finally rip open when the critical
shear stress of the coarser fractions is reached, e.g., in case of floods. After the rip open
of the river bed, the sand fraction under the armor layer may be transported in suspension.

Pavement Evolution
Region

Armor Evolution
Region

Equilibrium Pavement
Regian

Equilibrium Armor
Region

No Coarse Surface Layer {CSL)

Figure 3.13: Development of armor and pavement (Jain, 1990)

A coarse surface layer can develop either by limiting the sediment inflow through the
upstream section of the channel reach (e.g., Gessler, 1967) or due to varying bed shear
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stress and a different relative mobility of the grain sizes, which lead to the evolution of
the coarse surface layer (Parker and Klingemann, 1982). The processes of the armoring
of the river bed in case of Alpine rivers were investigated by Badura et al. (2008) for the
upper Mur river in Austria, who found similar results than Jain (1990).

3.10 Hiding and Exposure Effect

The initiation of motion of sediment particles depends on the current location of the sed-
iment particle in the river bed. Smaller grains are often hidden by larger grains. Hence,
these smaller particles will not move, although the shear stress of this particles is reached
and the initiation of motion should occur theoretically. This effect is called “Hiding Ef-
fect”. At the same time, larger grains are more exposed to the drag force of the water flow
and peaks in the shear stress and will be transported over the river bed. Several formulae
has been developed to take this effect into account.

Wau et al. (2000) developed a formula to calculate the effect of the hiding and exposure.

P\
o= = 3.32
U] ( PM>1 (3.32)
with
N
d.
Pei: i . 333
>t 659
7=1
and
N
d;
Pui= i o 7 (3.34)
=1

where 7); is the correction factor for hiding/exposure, /V is the number of sediment frac-
tions, f; and d; are the fraction and the grain size of the i** sediment fraction and m is a
constant equal to 0.6.

Egiazaroff (1965) developed a formula to determine the incipient motion of non-cohesive
sediments by introducing a correction factor (; as function of the non-dimensional grain
size D;/ D,,.

O, = 1 % 0.047 (3.35)
with
log(19) 1’
0g
! [log(lQDi/Dm)] (3.36)
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where O, is the modified Shields parameter according to the hiding and exposure effect,
O is the Shields parameter, 7); is the hiding/exposure factor, D; is the grain size of the
sediment class and D,,, is the mean diameter.

Another formula was developed by Karim and Kennedy (1982), who used a correction
factor to modify the sediment transport to take the hiding and exposure effect into account.

qs1 = 1i X gs0 (3.37)

with

0.85
_ (& (3.38)
Th - dm .

where ¢, 1s the modified sediment transport rate according to the hiding and exposure
effect, g0 1s the initial sediment transport rate, 7); is the hiding/exposure factor, D; is the
grain size of the sediment class and D,, is the mean diameter.

3.11 Initiation of Motion of Graded Sediment

Stelczer (1981) stated that the critical mean velocity of each sediment fraction in a graded
river bed is almost identical to that for uniform sediment sizes. However, the initiation
of motion of graded sediments can be affected by the hiding of smaller grains by the
larger ones and the armoring of the river bed. These topics are discussed in Section 3.9
and 3.10. Graf (1971) stated that in case of graded sediments or river beds that contain
cohesive sediments, the critical shear stress will be higher than predicted in the Shields
diagram. Results from flume and field tests led Stelczer (1981) to the conclusion that
the movement of graded sediments is controlled by the particle size around dgy. Smaller
sediment fractions as well as the larger ones are set into motion almost simultaneously at
the same critical shear stress than the dgg-fraction. Therefore, this fraction tends to shield
the smaller fractions, whereas the large ones seams to get also in motion if the surrounding
sediment fractions are moving.

3.12 Erosion of Cohesive Sediment

In the case of silt, clay or mud material in the river bed, cohesive forces between the
sediment particles become important. Sediment mixtures with a fraction of clay particles
larger than about 10 percent (Van Rijn, 1993) have cohesive properties because of elec-
trostatic forces acting between the particles. Consequently, the sediment particles do not
behave as single particles. They tend to stick together forming flocs. The size and the
settling velocity of the flocs is much larger than the size or the settling velocity of the
individual particles (Van Rijn, 1993). The cohesive forces cause an increase of the critical
shear stress. Depending on the amount of silt or clay particles, this effect can be more or
less important. Several researchers (e.g., Kamphuis and Hall, 1983; Mehta et al., 1989;
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Berlamont et al., 1993; Kothyari and Jain, 2008, 2010) investigated the influence of silt
and clay particles on the critical shear stress or the erosion rates of cohesive sediments.

An important factor governing the erodibility of cohesive sediments is the consolidation
rate. Fresh cohesive depositions have a very loose texture of silt particles or clay flocs,
which have a low density. In this stage the cohesive forces in the depositions are still very
low. Erosion occurs readily as a result. When the sediment depositions are not eroded
again, the consolidation increases the bulk density and the critical shear stress. Older,
compacted sediments are highly resistant against erosion (Van Rijn, 1993).

The evaluation of the critical shear stress of the cohesive sediments in Alpine reservoirs
are presented in Chapter 7.
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4 SEDIMENT MANAGEMENT METHODS

Reservoir sedimentation is a common problem in dam engineering today. At any reservoir
where a sustainable long-term use is required, it will be necessary to manage sediments
as well as water (e.g., Morris and Fan, 1998).

Traditionally, reservoirs have been designed and operated with the assumption of a usable
life of about 100 years, which will eventually be terminated by sediment deposition in the
reservoir. The reservoirs have often been planned with a large volume of dead storage,
which provided enough space for the sediment depositions of 20 - 40 years. Usually
little thought was given to the fact that the reservoirs would have to be replaced, if the
storage is lost. The assumption was always made that someone else in a future generation,
will find a solution for the sedimentation problem. However, reservoir sedimentation is
an increasing problem worldwide. Sediment management in reservoirs is not longer a
problem that can put off to be dealt with in the future; it has become a contemporary
problem. Traditional approaches of sediment management have not taken into account
the need for a sustainable sediment management (Morris and Fan, 1998).

The implementation of a successful sediment management needs appropriate knowledge
of the sedimentation and erosion processes in reservoirs. However, every reservoir is
unique regarding the purpose, the geometry, and other boundary conditions like hydro-
logical and hydraulic conditions. Consequently not every management method is suitable
for every reservoir. An overview of reservoir management methods is given in this chap-
ter. The success of the different management methods is often investigated using theoret-
ical approaches and physical models. However, all theoretical approaches and physical
models may contain uncertainties or scaling effects. Therefore it is important to include
a sensitivity analysis in the investigations of the reservoir management methods. There
is a large amount of literature available concerning sediment management methods, e.g.,
Morris and Fan (1998); Batuca and Jordaan (2000); White (2001) or Atkinson (1996), the
focus here is on the principles behind the problems of reservoir sedimentation and on large
storage reservoirs. The sedimentation problems in reservoirs of river power plants, which
have often a small ratio between initial storage volume to annual mean inflow (C/I-ratio
of 1072 to 107°) are handled in the literature of lesser significance.

Several projects have been carried out to develop reservoir management tools. An exam-
ple of a reservoir management tool is the Rescon model (Palmieri et al., 2003; Kawashima
et al., 2003). This model was developed using the knowledge gained from several Chinese
reservoirs. Hence the Rescon model should be used with caution for other reservoirs.

The use of physical models has been state-of-the-art for several decades for the modeling
of reservoir sedimentation and flushing processes. However, in case of fine or cohesive
sediments the application of physical models is limited by the model scale.
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4.1 Purpose of Reservoirs

Reservoirs are often designed with more than one function. Multiple functions are the
general rule, especially in the case of large dams. This multiple functions may create
problems in the management of the reservoir, because the targets of these multiple func-
tions may differ. The purposes of a reservoir may limit the usable strategies in terms of
sediment management.

Some of the intended purposes of reservoirs are listed below:

Flood protection and flood control

* Irrigation (agriculture)

* Drinking water supply

* Electric power generation including pumped-storage operation

» Water level increase during low flow periods (navigation, cooling water)

* Groundwater enrichment

» Sedimentation basins (suspended particles, bed load)

* Stabilization of the stream or river bed (gradient reduction)

 Leisure and recreation

* Fishing

* Tourism projects
Reservoirs are intended to store inflow for a certain period - on a daily, monthly, seasonal
or year-to-year basis - to bring about a temporal and quantitative balance between water
yield and water requirements as well as to control the flow regime. Resort is made to the
stored water during periods of insufficient flow for the purposes of electricity generation,
drinking water supply or supply to waterways. Retention of flood flows through storage

may prevent inundations, and disastrous droughts may be avoided, or at least mitigated,
through irrigation (Bechteler, 2000).

4.2 Choosing a Sediment Management Method in Reservoirs

Not all sediment management methods can be applied in all reservoirs or catchments. The
measures should be designed and implemented according to the aspects of water resources
management, ecology and economy as well as technical feasibility. Each reservoir has
different specification and the sediment management methods have to be designed to suit
each specific case. The natural sediment concentrations for example varies depending
on the catchment and the hydrological conditions. Hence, a definition of standard limits
(sediment concentration, oxygen concentration, chemistry, duration of a measure, flow
etc.) 1s not appropriate, because the special conditions in the reservoir and downstream
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has to be taken into account (e.g., ecosystem and fish habitat). As mentioned before, the
multiple functions of a reservoir may also limit the sediment management methods that
can be applied for it.

Atkinson (1996); Shen (1999) and White (2001) defined some main parameters, which
influence the feasibility and the efficiency of sediment management methods in reservoirs.
The design and assessment of a sediment management measure should be planned with
respect to these main parameters.

An overview over these parameters is given below:

* Type, geometry and configuration of the hydro power plant, the reservoir and the
tailwater section (flood protection of urban areas)

* Main purpose of the reservoir

* Legal aspects

* Ratio of maximum usable storage volume/inflow

* Maximum outlet discharge and minimum draw-down of the water level
* Forecasted duration of the flood and minimum flood forecast time
* Allowed water level lowering per hour

* Discharge

* Bed shear stresses in the reservoir

* Season of the event

* State of sedimentation - grain-size distribution of the sediment

* Possible duration of the measure/event

 Substances contained in the water and sediments (organic, anorganic, oxygen, toxic
etc.)

¢ Solids concentration

Beside these parameters, additional parameters designed to suit the investigated plant may
be needed, like morphology and type of land use in the catchment area, coordination with
upstream and downstream riparian areas. In case of toxic contamination of the sediment
depositions the allowed sediment management methods may be limited by the public
authorities. In extreme cases, the toxic sediment has to be disposed of as hazardous waste.
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4.3 Sedimentation in Reservoirs

There are three main processes in reservoir sedimentation:

* Reduced transport of coarse solids as bed load
* Transport of fine fractions in the form of a density current

* Transport of fine fractions in a stochastic distribution

The resulting sedimentation patterns mirror these topics. It is therefore essential to know
the processes determining the sedimentation in order to choose the adequate measures.

Three sedimentation zones can be distinguished along the longitudinal section of a reser-
voir (Morris and Fan, 1998) (Figure 4.1):

» Upstream portion ( “topset bed”) - In the topset bed the coarser sediments are usu-
ally deposited. However, depending on the morphology of the delta, finer and very
fine sediment depositions may be also found there.

* Middle portion “foreset bed”) - The foreset bed is actually the head of the delta,
which is characterized by an increasing longitudinal gradient along with decreasing
grain sizes.

* Downstream portion ( “bottomset bed”) - The bottomset bed is the area next to the
dam structure, where usually the finest particles are deposited. These sediment
particles are carried by the density currents and stochastic transport processes in
this area. The provision of additional dead storage can create additional volume
and thus help to reduce the sedimentation problems in the reservoir.

4.4 Sediment Management Methods

Every reservoir has different specifications and different functions. The sediment man-
agement methods must thus be designed to suit each specific case. Flood management
approaches and sedimentation problems vary widely from site to site. Due to the com-
plexity of flood and sedimentation processes governed mainly by hydrological, geologic,
topographic and geographic characteristics, neither an all-embracing description of the
problem nor an analytical approach exits to predict or manage sedimentation processes
accurately. The most promising way to face the occurring problems is to study specific
sites with their conditions and best practice examples. One example of a combination
of different sediment management methods for a river reach is given in Schoberl et al.
(2005) for the river Drau near Lienz in Austria.

The measures against reservoir sedimentation can be divided into three groups, which are
deposition control, removal of deposited sediments and compensation of reservoir silting
(Batuca and Jordaan, 2000). These measures are schematically presented in Figure 4.2.
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Figure 4.1: Deposition zones in the longitudinal section through a reservoir (Morris and
Fan, 1998)
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Figure 4.2: Sediment management in reservoirs; modified after Batuca and Jordaan (2000)
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4.5 Deposition Control

Deposition control includes all methods to limit the erosion in the catchment and in the
tributaries, the reduction of the sediment inflow rate into the reservoir and the reduction
of the sediment depositions in the reservoir (Figure 4.3). These practices could be either
independently or better jointly applied in the river catchment, in the reservoir basin and at
the dam site.

Sediment management in reservoirs
|

+
Deposition
control

Soil conservation:
— - non- structural measures: vegetative practice, ..
- structural measures:diversion canals for agriculture, ...

™ Conservation

measures in the

catchment area : - :
Sediment trapping reservoirs

River regulation works

Slope and bank protection works
Bypassing structures

Off-stream reservoirs

Reduction of the
sediment inflow
rate

Reduction of - Sediment sluicing
sediment - Turbidity currents venting
deposition

Figure 4.3: Deposition control in reservoirs, modified after Batuca and Jordaan (2000)

4.5.1 Conservation Measures in the Catchment Area

The sediment yield coming from the catchment of a reservoir is the main source of reser-
voir sedimentation. The key parameters of the soil erosion are water, wind, ice, and also
human activities. At global scale, the growth in population intensify the change in land
cover. In many parts of the world, increased population can also lead to expansion of
commercial land use, land use changes and exploitation of native forests. The annual
erosion rate in the main catchments of Europe is estimated with 50 t/km? (Batuca and
Jordaan, 2000). The erosion rates in different countries and at different catchments may
vary by several magnitudes. A detailed discussion on sediment yield is given in Section
2.2. Soil erosion is a critical subject around the world. Some figures may help to illustrate
this fact (Walling and Webb, 1989):

* Loss in agricultural land since the beginning of organized agriculture: 530 million
hectares

Annual loss in agricultural land due to soil erosion: 3 million hectares

Annual loss in soil: approx. 33 billion tones

Annual loss in soil resources: 0.7 percent
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Erosion protection is the most effective conservation measure against reservoir sedimen-
tation in the catchment area. Depending on the climate conditions, surfaces should be
protected by vegetation. Areas with vegetation have much lower erosion rates than areas
without vegetation. Hence, grassing and afforestation works in catchment areas could be
extremely effective in terms of soil stabilization and and soil erosion reduction (Batuca
and Jordaan, 2000). Unfortunately, these measures show their positive effect only in the
long term. But they are also necessary to preserve valuable cultivated soils for agricul-
ture and to provide protection against floods, mudslides and landslides. In vegetation-
free catchment areas, such as the higher altitudes of Alpine catchment areas, erosion can
only be prevented by technical means, such as stabilizing slopes, riverbeds and banks
(Bechteler, 2006).

Generally speaking, erosion protection in the catchment area should take priority over
any other measures. Vegetation works are usually effective and inexpensive, but are not
able to solve the sedimentation problem of reservoirs in its entirety. These non-structural
soil conversation measures are recommended to be used combined with other reservoir
management methods (e.g., Batuca and Jordaan, 2000; Morris and Fan, 1998).

4.5.2 Conservation Measures in and at Tributaries
Engineering structural works are frequently used to control steep tributaries in the catch-
ment, like torrents or gullies. The following measures can be considered for this purpose;

in many cases a combination of several approaches will prove most efficient and economic
(Batuca and Jordaan, 2000; Bechteler, 2006):

* Stabilization of the banks

* Reduction of flow rate

* Training works / groynes

* Energy dissipation works

* Stabilization of the river bed

* Ramps

* Artificial riverbed widening
In most cases, the operator of a hydro power plant is not responsible for the catchment
and the tributaries upstream of the hydro power plant. In this case the local or regional
authorities may be responsible for the necessary conservation measures in the catchment

area to reduce the sediment input in the rivers and to protect the soil in the agricultural or
alpine area.

Some structural measures for the conservation and stabilization of the river bed are de-
scribed in Section 4.8.
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4.5.3 Reduction of the Sediment Inflow Rate

Measures to reduce the sediment inflow rate are usually sediment trapping reservoirs, river
regulation works, slope and bank protection works, bypassing structures and off-stream
reservoirs (Batuca and Jordaan, 2000).

Sediment Bypass - Flushing Tunnel - Sediment Routing Sediment bypasses are part
of the sediment routing methods described by Morris and Fan (1998):Sediment routing de-
scribes any method of influencing either the passage of the flow through the reservoir or
its geometry or both, in order to make the sediment pass through, or bypass, the reservoir
with minimum sedimentation. Special importance should be given to the identification
of the particularly sediment-rich inflow. Sediment routing should, however, not be con-
fused with reservoir flushing, which remobilizes already deposited sediments by suitable
methods, whereas sediment routing is intended to reduce or avoid sediment deposition
in the reservoir from the start of the operation of the reservoir. Sediment routing largely
maintains the natural solids flow in a body of water whereas flushing alters it significantly.
However, these methods require a large inflow in relation to the reservoir volume in order
to transport the sediment around or through the reservoir (e.g., Knoblauch, 2006).

Examples of sediment bypass tunnels are at the Nunobiki dam, the Asahi dam, the Miwa
dam and the Matsukawa dam all located in Japan as well as the Palagnedra dam, the Pfaf-
fensprung dam, the Rempen dam and the Runcahez dam located in Switzerland (Sumi,
2004).

For the design of a sediment bypass it is important to know, if bed load or suspended
sediments cause reservoir sedimentation problems. Bed load bypasses certainly create
the greater problems in design, because higher bed shear stresses are necessary to initiate
the transport process and the abrasion of the bypass has to be taken into account. The
This method will be chosen mainly in cases where the reservoir length is limited and
provides a sufficient gradient to ensure transport along the entire length. A disadvantage
is the often necessary steel lining of the tunnel, depending on the composition of the bed
load (Vischer, 1987). Figure 4.4 is a schematic drawing showing the combination of an
upstream debris dam with a bypass tunnel.

Main dam

Check dam

Inflow

Reservoir

~ — s
s‘--—— — — o —_7'
Flushing tunnel

Figure 4.4: Reservoir with upstream sedimentation basin that can be flushed through a
tunnel ending in the river bed downstream from the dam (Vischer, 1981)
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Sediment traps - upstream debris dams Bed load retention basins, gravel traps as well
as debris dams are used in torrents, gullies and mountain streams to prevent sedimentation
in downstream sections in case of flood events. These basins practically intercept most
of bed load material as soon as they fill with flood discharge. These basins have to be
excavated periodically. Bed load retention basins have often only local impact on the
transport capacity of a water body and retain only small amounts of suspended sediments
usually. Sedimentation basins in the tributaries are similar to gravel traps in function.
They may be pass-through or bypass basins, where the topography is conducive to a
reduction in flow velocity. The maintenance requirements are the same as for gravel traps.
They need to be continually evacuated in order to ensure their functionality (Bechteler,
20006).

Another possibility to reduce the sediment inflow rate is the provision of sand and gravel
traps or sediment retention basins at the inflow or upstream of the reservoir. In these
facilities, depending on the size, at least the coarse sediment fraction is deposited. The
deposited sediments must be removed by mechanical means and may be re-introduced
downstream of the dam. One example of a reservoir with a gravel trap at the inflow is the
Solk reservoir in Austria.

4.5.4 Reduction of the Sediment Deposition

The reduction of the sediment deposition in reservoir requires extensive knowledge about
sedimentation processes in a certain reservoir. Measures to reduce the sediment depo-
sition are mainly sediment sluicing and turbidity current venting (Batuca and Jordaan,
2000). It is also possible to build structures to reduce the sediment deposition in reser-
voirs. Most of these structures can be used to reduce the sediment deposition or enable
the sediment transport through the reservoir in case of higher discharges.

Turbidity and density current venting Density currents are generally defined as strat-
ified flows caused by differences in density. They develop if a fluid with higher density
plunges in a fluid with lower density. A turbidity current is a special case of a density
current and usually refer to stratified flows caused by differences in sediment concentra-
tion. Density currents can be observed in nature, e.g., at the inflow of the river Rhine
in the Lake Constance in Austria. These turbidity currents in reservoirs can carry large
amounts of sediments. Hence, they could be important for the sedimentation of reser-
voirs. Depending on the density conditions in the lake or reservoir, 3 different turbidity
flow conditions can be observed (e.g., Morris and Fan, 1998):

* Top flow (overflow)

¢ Intermediate flow (interflow)

¢ Bottom flow (underflow)
The largest fraction of the sediments carried into a reservoir usually consists of suspended
load (80 to 90 percent in the case of smaller and medium-sized reservoirs, 90 to nearly 100

percent in the case of larger reservoirs). Usually the bed load is of less significance for
reservoir deposition, except in case of small Alpine reservoirs, where the flow velocities
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are higher and a large part of the suspended load is transported through the reservoir also
in case of normal flow conditions.

Large suspended sediment loads are transported in rivers during flood periods. The inflow
from the catchment area is heavily loaded with fine sediments and has a higher unit density
than the stored water in the reservoir. Normally, the entering sediment-laden water flow
in the reservoir first pushes the clear lake water ahead until a state of impulse equilibrium
is established. Then the denser and sediment-laden water flow dives under the less dense
water in the reservoir. An underwater current develops, the so-called turbidity current,
consisting of a mixture of water and suspended sediments. Physically, this turbidity flow
could be compared to a loose-snow avalanche moving down the slope of a mountain. The
turbidity current moves at considerable speed towards the dam within the former river
bed, comes to a halt when reaching the dam and transforms into a so called submerged
“muddy lake” (e.g., De Cesare, 2006; Schneider et al., 2012a). The barrier of the dam
causes the suspended material to settle, which may influence the operation safety of the
bottom outlets. Depending on the gradient of the thalweg, turbidity currents may reach
high velocities. This may remobilise already deposited sediments and carry them towards
the dam. The introduction of additional fine sediments into the suspension increases the
density of the turbidity current, which in turn increases its velocity. It slows down again in
shallow sections so as to deposit sediments, which eventually leads to the disappearance
of the turbidity flow (De Cesare, 2000).

Turbidity flows are often the decisive process for the re-distribution of sediments within a
reservoir. The probability of the occurrence of turbidity currents is a matter of correlation
between hydrological and sedimentological conditions, as well of the topography of a
reservoir, as e.g., its geometry. For the development of a turbidity current the reservoir
has to be relatively short and straight with a substantial gradient and the valley should
be V-shaped with steep slopes. The stability of turbidity currents also depend on the
geometry, the slopes of the reservoir and on the difference gradient in the flow densities.
Turbidity currents may be dissolved, either continuously or in an enforced and accelerated
manner on their way down (Schneider et al., 2012b). The following conditions lead to the
development of turbidity currents (e.g., Oehy et al., 2000; Schneider et al., 2012b):

High concentrations of suspended particles in the inflow

* Lower temperature of the inflow than in the reservoir

Greater water depths at the entrance of the inflow

Nearly stagnant water in the reservoir

Steep slope of the reservoir bed

Pipe-shaped, straight reservoir geometry

These conditions are nearly always present in larger Alpine reservoirs (e.g., in storage
or pump storage reservoirs) so that even minor annual floods may lead to the formation
of turbidity currents. Figure 4.5 is a graph showing the maximum transportable grain
diameter plotted against the flow velocity of the turbidity current (Morris and Fan, 1998).
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Figure 4.5: Maximum transportable grain diameter versus flow velocity of the turbidity
current (Morris and Fan, 1998)

Typical turbidity currents may reach flow velocities of up to 0.5 to 0.8 m/s, with a max-
imum transported diameter between 0.01 and 0.03 mm (Figure 4.5). Turbidity currents
normally occur during the annual flood events. Thus, they are the main cause for the
transport of fine sediments along the thalweg of Alpine reservoirs to the dam. Whereas
the sediment volume is small compared with the overall volume of the reservoir, the sedi-
ment deposition near the dam may affect the operation of the outlet works such as bottom
outlet and power intake after a few years of operation (De Cesare, 2000).

Bottomn sluice used
ta vent tun%ﬁ current.

Figure 4.6: Schematic representation of a turbidity current in a reservoir (Morris and Fan,
1998)
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In principle turbidity currents could be vented through a reservoir by opening the bottom
outlets when the turbidity current reaches the dam (Figure 4.6). The advantage of the
venting of turbidity currents is the desired reduction of sedimentation, the less frequent
necessary variant of flushing, and the more ecological justifiable way to release sediments
out of a reservoir (Schneider et al., 2012a). However, the location of the bottom outlets
may limit the feasibility of turbidity current venting, if they are located to high at the dam.

Morris and Fan (1998) describe a successful venting e.g., at the Lost Creek reservoir in
Oregon, USA, at the Steeg reservoir in Algeria, the Sefid-Rud reservoir in Iran as well as
at the Sanmenxia reservoir in China. Further observations concerning density currents and
turbidity currents are given in Batuca and Jordaan (2000); Cook and Richmond (2004);
Biihler et al. (2004) and Molino et al. (2001), who did additional 2 dimensional numer-
ical calculations. Firoozabadi et al. (2003) also used numerical models and compared
the results with physical models. The venting of density currents resulted from tempera-
ture gradients at the Whiskeytown reservoir, California was observed by Knoblauch and
Simdes (2000). A lot of research in avoiding and scattering of turbidity currents was
done by EPFL in Lausanne, Switzerland mainly at the Reservoir Luzzone and the Lake
Lugano (e.g., Oehy et al., 2000; De Cesare and Schleiss, 2004). In the Solk reservoir in
Austria Schneider et al. (2007) used temperature, conductivity and turbidity as well as
velocity measurements to detect inflowing and traversing turbidity currents even for very
small “floods”. Schneider et al. (2007) also observed that the inflowing turbidity currents
plunge at the head of the reservoir into deeper layers, flowing along the thalweg up to the
dam and might be vented through the bottom outlet.

Finally, the venting and controlling of turbidity currents can reduce the sedimentation in
reservoirs.

Sediment Pass-Through - Sediment Sluicing In the literature sediment pass-throughs
are listed as part of the sediment routing methods (Morris and Fan, 1998) or as sediment
sluicing (Batuca and Jordaan, 2000). According to Morris and Fan (1998) this term de-
scribes any method of influencing either the passage of flow through the reservoir or its
geometry or both, in order to make the sediment pass through, or bypass, the reservoir
with minimum sedimentation. This method should not be confused with reservoir flushing,
which remobilizes already deposited sediments, whereas sediment sluicing is intended to
reduce or avoid sediment deposition in the reservoir by sluicing high sediment laden flows
through the reservoir. Sediment routing largely maintains the natural solids flow in a body
of water, whereas flushing alters it significantly (Knoblauch, 2006).

Morris and Fan (1998) classify the following categories of sediment pass-throughs:

» Seasonal draw-down (partial or complete)
* Draw-down before floods through upstream gauge or hydrological forecast
* Density current venting

The seasonal partial draw-down is carried out during the flood periods, to use the high
inflow rates necessary to reduce or avoid the retention of sediment in the reservoir. This
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Figure 4.7: Removal of deposited sediments; modified after Batuca and Jordaan (2000)

method is practiced e.g., at many Chinese dams, Egyptian dams and dams located in In-
dia (Batuca and Jordaan, 2000). The largest part of the sediment load is carried into the
reservoir during flood periods. The draw-down of the reservoir level increases the ve-
locities, the turbulences and the shear stresses in the reservoir. The complete emptying
of the reservoir produces effects similar to flushing. As a result a high percentage of
the sediment load is sluiced through the reservoir. Short-term draw-down has the aim of
passing through as much sediment as possible. The water-level draw-down can be con-
trolled by upstream gauges for smaller reservoirs, and by hydrological forecasts based on
precipitation-runoff models for large reservoirs. However, the coarsest sediment fractions
will in most cases deposit in the reservoir (Knoblauch, 2006).

4.6 Removal of Deposited Sediments - Desilting

Once sediments are deposited in the reservoir, only retro-active or passive measures can
be taken in order to remove them or to limit their negative effects. Sedimentation can be
delayed or prevented by periodical removal of the deposited material. Figure 4.7 gives an
overview of the different methods.

The removal of deposited sediments is one of the most challenging management tasks.
Hydraulic removal of deposited sediments comprises sediment flushing and syphoning,
whereas mechanical removal includes dredging and excavation of sediments. A very
efficient measure is the flushing of the reservoir with the lowering of the water level
until free flow conditions occur. However, flushing may cause ecological problems and
sedimentation downstream from the dam.

The mechanical removals such as dredging or excavation, with a full reservoir or with
the water level drawn down, from the banks or from boats can be applied in almost all
reservoirs. Depending on the grain size of sediments and the depth to be dredged, suction
dredgers or conventional, purely mechanical dredgers can be used.
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4.6.1 Hydraulic Removals - Reservoir Flushing

Reservoir flushing is one of the most widely used approaches for the desilting of reservoirs
(Scheuerlein, 1990; Atkinson, 1996). In case of reservoir flushing the sediment transport
capacity in the reservoir is increased by lowering the water level at the weir. The gates or
bottom outlets are opened to draw down the water level in the reservoir. The lowered water
level leads to increased flow velocities, turbulence and bed shear stress in the reservoir.
The increased shear stress facilitates erosion on the river bed in the reservoir and the
turbulence keeps sediment particles in suspension (e.g., Morris and Fan, 1998).

Flushing can be distinguished from sediment routing by the fact, that flushing operations
focus on the removal of deposited sediments, where as sediment routing focus on the
pass-through of high sediment concentrations through the reservoir.

Reservoir flushing is discussed in detail in Chapter 5.
4.6.2 Syphoning of Sediments

Syphoning has a limited effectiveness and is usually practiced only for the local desilting
of intakes or outlets (Batuca and Jordaan, 2000). Jacobsen (1997) investigated the sy-
phoning and the sluicing of sediment. A special application of hydraulic removal is the
suction of sediments by means of a piping system placed on the reservoir bottom. These
pipes have special openings on the bottom side through, which the sediments are sucked
in, when a valve is opened at the end of the pipe (SPSS - Slotted Pipe Sediment Sluicer).
Due to the difference in height between the reservoir bed and the downstream river bed,
no additional pump is required to suck the sediment slurry through the pipes (Jacobsen,
1997).

4.6.3 Mechanical Removals

Mechanical removal includes the removal of coarse and fine sediments by technical means
without support from the drag of the flow. Mechanical removal measures are dredging
or excavation. Dredging is an excavation activity carried out at least partly underwater.
Dredging or excavation are among of the last methods resorted to when the conditions in
the reservoir make other sediment management methods inefficient. Batuca and Jordaan
(2000) stated, that dredging operations should be limited to small reservoirs or certain
locations in a reservoir (e.g., at the intakes). Only in some cases dredging can be preferred
to sluicing or flushing, because of its higher efficiency or the possibility provided for
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dealing with overbank sediment depositions. The excavation or dredging of sediment
depositions in reservoirs is usually the most expensive method. Normally it is also time
consuming, involves transportation and disposal problems, including also environmental
effects in the reservoir and downstream of the weir or dam.

The selection of the dredging method depends on factors like the volume of sediment
deposition in the reservoir, the grain-size distribution and the location of the sediment
depositions, the available disposal or reuse options, the water level in the reservoir, and
environmental criteria. All these factors will influence the feasibility and the costs of the
mechanical removal of the sediment depositions. All kinds of mechanical removal are
costly because of the large sediment volumes involved and in most cases the difficulties
involved in disposal. However, sometimes the excavation or the dredging of sediments is
the only sediment management available (e.g., Morris and Fan, 1998). The dredging in
reservoirs often focus on the removal of sediments near the intakes or the outlets. Mor-
ris and Fan (1998) mentioned that the dredging costs in the United States start at about
$2.50/m? and increase as a function of longer pumping distances, deeper dredging depth
and increasing complexity of disposal.

Dry Excavation Dry excavation means that the sediments are removed from the sediment-
filled reservoir area by use of conventional earthmoving equipment with a draw-down of
the water-level and under low-flow conditions, while turbine operation is normally main-
tained. The advantages of this measure are the capacity and number of conventional
equipment available enabling speedy and less expensive execution of the work. This
measure allows the wide shallow-water areas to be drained temporarily; this can be done
only during a low flow phase and may cause local high turbidity (Bechteler, 2006). Dry
excavation is in most cases limited to the removal of coarse sediment deposited at the
head of the hydro power plant.

Wet Dredging Wet dredging can be divided into suction dredging, which is also called
hydraulic dredging, and any mechanical dredging using e.g., grab dredgers, scrapers, pon-
toon dredgers. In the case of suction dredging the removed sediments are pumped through
pipes as slurry of water and sediments. Suction dredging can be carried out without the
draw-down of the water level and not only at times of low flow, but also during medium
flow conditions. In contrast to dry excavation, the area to be evacuated could be extend
across the whole reservoir. The disadvantages compared with dry dredging are the lower
efficiency and the limited choice of special equipment available. Also the grain size of
the removable sediments is limited in case of hydraulic dredging. The additional transport
equipment required to haul the sediments to the banks should also be mentioned (Batuca
and Jordaan, 2000).

Re-Introduction of the Sediment in the Reservoir In case of large and wide reser-
voirs the sediment can be re-introduced in other parts of the reservoir (DWA, 2006). The
sediment can be redeposited using special boats or pipelines. The artificial sediment de-
positions may be used to provide additional structures and shelters for aquatic life with
protection against high flow velocities. However, the re-introduction of the sediment in
the reservoir will not reduce the sedimentation rate.

Disposal The disposal of the dredged sediments can be a problem. In some cases the
sediments can be used, e.g., for building material, final landfill or re-introduction down-
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Figure 4.10: Compensation of Reservoir Silting; modified after Batuca and Jordaan (2000)

stream (Batuca and Jordaan, 2000). However, anthropogenic, chemical and organic fine
fractions in the dredging can disqualify the material for the use as building material. Land-
fills cannot be seen as a long term solution due to the large volume of sediments, the lack
of suitable sites and the unresolved problem of the bed load deficiency in downstream
sections (Bechteler, 2006). The re-introduction of sediments further downstream should
also be planned carefully to avoid increasing flood risk in these areas. The disposal of sed-
iment can be complicated if the sediments are wet and need to be dried before transport,
wood, root stocks or waste is contained in the sediments, some fractions of the sediment
can not be used or if the sediment contains toxic substances (DWA, 2006). The processing
of the sediment should be economically feasible.

4.7 Compensation of Reservoir Silting

A common measure used world-wide to maintain the usable storage capacity of a reser-
voir is to over-size its volume. This ensures sedimentation capacity for a certain period,
typically about 50 years, where sediments can be deposited. Where not available for any
other use, this space is termed dead storage (Figure 4.10).

4.7.1 Reorganization of Operation

The reservoir operation rules have a very significant influence on the sediment deposition
pattern. A change in the operation rules can change the sediment deposition processes in
the reservoir (e.g., Morris and Fan, 1998).

In some cases effective flushing is not possible because the outlet works of the dams are
affected by sedimentation. Thus, the outlets have to be raised to a higher level in order
to ensure effective operation. A recent project of this kind is the alteration of the bottom
outlet and the water intake at the Mauvoisin dam (Hug et al., 2000; Schleiss et al., 1996).
Pressure flushing normally creates a cone-shaped hollow whose slope corresponds to the
friction angle of the deposited sediments only. If the outlet is already fully covered by
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sediment depositions, the opening of the gates may cause the further consolidation of
the sediment and prevent the erosion of the cone. This can be avoided by installing an
injector shaft to introduce sufficient flushing water during the initial phase (Krumdieck
and Chamot, 1981). Power intakes need to be combined with a flushing outlet placed
immediately below to allow a cone to be washed out from the sediments (Hug et al.,
2000; Schleiss et al., 1996).

In other cases the outlets may be too small for effective flushing operation. Additional
outlets with sufficient design discharge must then be built.

4.7.2 Raising the Dam

If a large proportion of the usable storage volume has been lost to sedimentation, the
heightening the dam may be a suitable solution. Such measures have been resorted at
several dams in North Africa (Cornut, 1992). Raising the dam may also be a sensible
alternative to the above measures in cases where reservoir sedimentation is beginning to
jeopardize the flood safety of the surrounding areas (Bechteler, 2006). The raising of the
dam to compensate for some lost storage capacity due to silting is in most cases one of
the last options (Batuca and Jordaan, 2000).

4.7.3 New Reservoir

The abandonment (decommission) of a reservoir, which can no longer achieve its original
designed functions, and constructing a new reservoir have similar functions to the above
mentioned points (e.g., Batuca and Jordaan, 2000). But due to the high population density
in Europe this approach is in most cases not viable. Also in other parts of the world the
sedimented reservoirs cannot be replaced by new reservoirs at new sites indefinitely.

The decommission of dams is becoming more common in the United States as dams
age and environmental concerns increase (USSD, 2012). The removal of a dam can be
an alternatives to solve a specific problem at an existing facility, including dam safety
concerns, high repair costs, high operation and maintenance costs, reservoir sedimentation
or significant impacts on the aquatic ecosystem and water quality. The decommission and
the full and partial removal of any type of dam requires the consideration of a variety of
technical, environmental, social, and political issues (USSD, 2012). One example of the
partial removal of a large dam in the United States is the Glines Canyon Dam. This dam
was deconstructed between September 2011 and January 2012 (Figure 4.11 and 4.12).

Other examples of the decommission of dams are the Kernansquillec dam at the Léguer
river, removed 1996, the Maisons-Rouges dam at the Vienne river, removed 1998, and the
St-Etienne du Vigan dam at the Allier river, also removed 1998 (Aelbrecht, 2006).

The main arguments behind the removal and the decommissioning of dams are safety

reasons, sedimentation problems and ecological aspects.

4.8 Optional Structures

Several optional structures can reduce the sediment supply from the catchment and the
tributaries. Some structures like groynes or guide walls can also enhance the sediment
transport through the reservoir during sediment sluicing or reservoir flushing.
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Figure 4.11: Glines Canyon Dam Figure 4.12: Glines Canyon Dam af-
before deconstruction in September ter deconstruction in January 2012
2011 (USSD, 2012) (USSD, 2012)

The following options are mainly cited from Bechteler (2006) and Batuca and Jordaan
(2000).

4.8.1 Stabilization of the River Banks

The stabilization of the river banks is often required for flood protection and in most
cases relatively economical. The stabilization also protects the land next to the river (e.g.,
agricultural area) from erosion. But it forces the stream in the river bed and the lack of
the erodible sediment at the banks increases the erosion at the river bed.

4.8.2 Guide Walls

Guide walls are longitudinal structures usually introduced into wide flowing water bod-
ies in order to concentrate sediment transport into defined main channel portions. They
usually separate shallow zones from the line of maximum velocity in the reservoir and
provide excellent shelters for aquatic life during floods. Subsequent installation in reser-
voirs already affected by sedimentation is difficult and expensive (Bechteler, 2006).

4.8.3 Training Works / Groynes

Groynes are lateral structures starting from the river banks and reaching into the river.
They reduce the cross section of the river and increase the local bed shear stress and
channel the water flow. Furthermore, groynes provide additional structures and shelters
for aquatic life with protection against high flow velocities. Groynes can also be used
to enhance reservoir flushing or sediment sluicing. In most cases groynes and training
structures are relatively economical and may help to reduce the sedimentation at the head
of the reservoir, in the tailwater or in free flow areas by increasing the drag forces. They
can also be used to stabilize river banks in the upstream area of the reservoir. A stable
construction is needed, especially of the head of the groyne, to avoid the destruction in
case of medium to higher floods (DWA, 2000).
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Figure 4.13: River Salzach before the regulation works inl1817 and nowadays (graphics by
Wasserwirtschaftsamt Traunstein in Hopf (2006))

4.8.4 Energy Dissipation Works / Ramps

Ramps and energy dissipation works may be required to stabilize the river bed in critical
sections, for example near bridge piers. Ramps and energy dissipation works are also in
most cases relatively economical. They can be constructed in a way, which enables the
passage of aquatic life up- and downstream and facilitate sediment transport.

4.8.5 Stabilization of the River Bed

A balanced and stabilized river bed is sustainable, but the stabilization could be very
difficult depending on the grain size and the sediment inflow.

4.8.6 Artificial River Bed Widening

An artificial river bed widening is sometimes required for flood protection, in most cases
relatively economical, and at least the coarse sediment is deposited. However, the widen-
ing of a river bed requires area and space and it takes a longer time period to stabilize the
river bed again.

One example for the application of optional structures are the rehabilitation works at
the river Salzach in Austria. The degradation of the river bed at the “Untere Salzach”
was caused by regulation works in the river reach at the beginning of the 19th century,
which increased the bed slope and decrease the width of the river bed (Figure 4.13). The
river bed of the “Untere Salzach” lays in a layer of quaternary gravels with fine grained
lacustrine clay under it. Due to the degradation in the last centuries, the gravel layer has
decreased and has even vanished in some areas. Now there is thus a huge risk of a sudden
and unforeseeable severe further degradation of the riverbed, which consists of a fine clay
layer with a very low critical shear stress (“Sohldurchschlag”). This “Sohldurchschlag”
happened several times in the last decades, the last time during a flood event in August
2002 over a length of several kilometers with regional erosion rates of several meters.
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To stop the erosion and to achieve a dynamic equilibrium of the system a rehabilitation
concept has been developed, which also causes a significant ecological improvement. The
main aspects of the the rehabilitation are the widening of the river bed and the installation
of ramps and groynes (Spannring, 2012).
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S RESERVOIR FLUSHING

Reservoir flushing is one of the most widely used approaches for the desilting of reser-
voirs (Scheuerlein, 1990; Atkinson, 1996) as stated in Chapter 4.6. In general, reservoir
flushing involves the lowering of the water level at the weir by opening the weir gates or
low-level outlets. The lowered water level increases the bed shear stress in the reservoir
and facilitates erosion on the river bed in the reservoir (compare Morris and Fan, 1998).

Flushing can be used to reduce or to limit the sediment depositions in a reservoir and has
been successfully applied in several reservoirs. Batuca and Jordaan (2000) and White
(2001) listed reservoirs all over the world with successful applied flushing strategies.

The periodical flushing of sediments from reservoirs has many advantages from a river-
morphological as well as economic point of view. The connectivity of river systems is
also in terms of sediment transport important for the ecosystem of the downstream area.
This type of desedimentation is most effective in the case of sufficient discharge and free
surface flow in the reservoir. Therefore, reservoir flushing is normally performed during
natural floods or higher discharges.

Atkinson (1996); White (2001) and others describe successful flushing events. An ex-
treme example is the Mangahao reservoir in New Zealand, where 57 percent of the origi-
nal storage volume of the reservoir was lost in the first 34 years of operation. At the first
flushing event approx. 75 percent of the deposited sediments were removed during one
month. In this case, the sediment concentrations at the outflow can be very high and can
create unacceptable impacts on the ecosystem downstream of the reservoir.

In the case of Alpine reservoirs of river power plants the storage volume is small com-
pared to the mean annual inflow. Hence, the time interval between the flushing operations
should be short enough to limit the sediment deposition in the reservoir. If there is a chain
of power plants in the river, the coordination of the flushing operation of the different
reservoirs is very important. The draw-down of the water levels and the refilling of the
reservoirs has to be coordinated to prevent the deposition of sediment flushed out of one
reservoir in the next downstream located reservoir. The problems occurring by flushing
of chains of power plants are discussed in Badura (2007).



CHAPTER 5. RESERVOIR FLUSHING

5.1 Kinds of Flushing

A main factor in reservoir flushing is the possible draw-down of the water level in the
reservoir. Therefore, the water-level in the reservoir is often used to describe the different
flushing methods:

* Without draw-down of the water level
* Partial draw-down of the water level (also referred to as “soft flushing”)

¢ Full draw-down of the water level

The efficiency of flushing processes depends on the ratio of the inflow to the reservoir
volume and on the draw-down of the water level. Flushing can also be efficient without
the draw-down of the water level, if the inflow is high compared to the reservoir volume.
The lowering of the water level is often necessary to increase the success of the reservoir
flushing. Generally flushing operations should be carried out under free-flow conditions
(with full draw-down of the water level) rather than under pressure conditions (Batuca
and Jordaan, 2000). The free flow conditions should be kept as long as possible to ensure
the transport of sediment through the reservoir.

5.1.1 Flushing without Draw-Down of the Water Level

Flushing without draw-down of the water level is also called pressure flushing. Pressure
flushing can be effective in two cases:

* A large inflow compared to reservoir volume can increase the bed shear stress in
the reservoir and hence, remove the deposited sediments. Otherwise the sediment
is removed only close to the outlets forming flushing cones.

* The approach of reservoir flushing without draw-down of the water level can be
combined with the density current venting (Morris and Fan, 1998; Batuca and Jor-
daan, 2000).

Flushing without draw-down of the water level can occur at flood event if the lowering
of the water level in the reservoir is not allowed due to regulations of local authorities or
limited by the other purposes of the reservoir. A prevention of such a flushing operation
is not possible generally (DWA, 2006).

5.1.2 Flushing with Partial Draw-Down of the Water Level

In the literature flushing with partial draw-down of the water level is also called “pressure
flushing” and “‘soft flushing”. The partial draw-down of the water level move the head of
the reservoir towards the weir. Thus, the velocities are increased mainly in the upper part
of the reservoir, where the water depth is lower. This kind of flushing is performed if the
bottom outlets are constructed as high level outlets, the capacity of the outlets is limited or
if local regulations limit the draw-down of the water level (Haun, 2012). However, in the
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literature flushing with partial draw-down of the water level is often stated as inefficient
(Mahmood, 1987; Fan and Morris, 1992; Atkinson, 1996; Morris and Fan, 1998). In most
cases quoted in the literature erosion occurred only close to the flushing gates (White
and Bettess, 1984; Batuca and Jordaan, 2000). Most of these stated cases are reservoirs
impounded by dams with 50 to more than 100 meters height, where the partial draw-down
of the water level by several percent of the dam height is indeed inefficient. Soft flushing
can be very efficient in reservoirs with high inflow in relation to the reservoir volume and
relatively shallow water depths at flood events (Harb et al., 2011). This kind of flushing
can be combined with sediment routing to increase the efficiency.

In Alpine reservoirs with larger fractions of coarse sediments flushing with partial draw-
down involves another challenge. The mobilized coarser sediment from the head of the
reservoir may start to settle in the middle part of the reservoir again, caused by the de-
creasing velocities, turbulences and shear stresses as a result of the partial draw-down
of the water level (Scheuerlein, 1990). However, previous studies also showed that the
success of reservoir flushing depends on the in-situ conditions, like the geometry of the
reservoir. In some reservoirs flushing with partial draw-down can also reduce the deposi-
tions in reservoirs and remove deposited sediments (Harb et al., 2011, 2012).

The discharge and the water level in the reservoir control the bed shear stresses and there-
fore, the sediment transport capacity and the transportable grain sizes in the reservoir.
Flushing processes with partial draw-down can be used to limit the suspended sediment
concentrations in the downstream area.

5.1.3 Flushing with Full Draw-Down of the Water Level

In the case of flushing with full draw-down of the water level free flow conditions oc-
cur. Therefore, the velocities, turbulences and bed shear stresses in the whole reservoir
are increased. In the literature flushing with full draw-down is often stated as the only
effective kind of reservoir flushing (Mahmood, 1987; White and Bettess, 1984; Atkinson,
1996; Shen, 1999). Consequently this kind of flushing is mainly used for the flushing of
all kinds of reservoirs.

In large reservoirs the lowering of the water level dries a part of the reservoir. The dried
sediment banks can be eroded only by geotechnical failures of the banks.

It should be noted that in the event of higher floods the water level in river run-off reser-
voirs reaches the maximum operation level in the reservoir again. These reservoirs are
usually designed with an outlet capacity in the range of the 100-year flood.

5.2 Parts of the Flushing Process

The flushing process can be divided into the following parts (Morris and Fan, 1998;
Badura, 2007). These different parts of the flushing process are illustrated in Figure 5.1.

* First stage - draw-down of the water level to minimum operation level (electricity
production is possible in this stage); the outflow of the reservoir is larger than the
inflow into the reservoir

* Second stage - draw-down of the water level from minimum operation level to the
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Figure 5.1: Suspended load concentration and water level draw down during the flushing
process, modified after Badura (2007) based on Morris and Fan (1998)

level of dead storage or to free flow conditions; the outflow of the reservoir is also
larger than the inflow into the reservoir

* Third stage - the so-called erosion phase with partial draw-down of the water level
or free flow conditions; the outflow of the reservoir is equal to the inflow into the
reservoir

 Fourth stage - post-flushing phase; the outflow of the reservoir is equal to the inflow
into the reservoir

* Fifth stage - the so-called refill phase with rising water level for the refilling of the
reservoir; the outflow of the reservoir is lower than the inflow into the reservoir

In Alpine reservoirs the draw-down of the water level (first and second stage) is usually
initiated during the rising part of the flood wave is reaching the reservoir, to ensure free
flow conditions when the peak of the flood wave arrives. Then the whole force of the
flood wave can be used to remove deposited sediment in the reservoir. The absolute
height of water draw-down and the maximum lowering of the water level per hour are the
significant parameters for the duration of the draw-down (see also Badura, 2007).

In the third stage the erosion of the sediment depositions in the reservoir take place. In
this stage the suspended sediment concentration is normally decreasing. But the forma-
tion of a flushing channel in the reservoir may cause instabilities at the river banks and
geotechnical failures may increase the suspended sediment concentration abruptly. Fig-
ure 5.2 shows the water level draw down and the corresponding measured suspended load
concentrations at the hydro power plant in Bodendorf at the river Mur in Austria in 2004
(Badura, 2007).
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Figure 5.2: Water level draw down and measured corresponding suspended load concen-
trations at the hydro power plant in Bodendorf at the river Mur in Austria, 2004 (Badura,
2007, modified)

The post-flushing phase can be effective, if the discharge is sufficient to enable further
sediment removal in the reservoir. Otherwise the post-flushing phase would be skipped for
reasons of economy. From an ecological point of view a longer flushing of the reservoir
can be reasonable to avoid the deposition of fine sediment in the downstream river section.
In the refill phase a minimum outflow is usually defined by the public authorities. This
minimum outflow is necessary to avoid negative surge waves and enable the suspended
sediment transport in the downstream area.

5.3 Main Parameters for Reservoir Flushing

The main parameters for choosing sediment management methods were given in Chapter
4.2. Additional parameters beside the technical ones are defined to take the financial and
the ecological effects of reservoir flushing into account:

* Type, geometry and configuration of the HPP, the reservoir and the tailwater section
(flood protection of urban areas)

* Main purpose of the reservoir and legal aspects

Ratio of inflow/maximum usable storage volume

Maximum outlet capacity and minimum draw-down of the water level

Discharge and possible duration of the flushing event

Forecasted duration of the flood and minimum flood forecast time and allowed wa-
ter level lowering per hour
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Season of the flood events and possible duration of the flushing event

Status of sedimentation - grain-size distribution and the cohesion of the deposited
sediments and the spatial variation in the reservoir

Substances contained in the water and sediments (organic, anorganic, oxygen etc.)

Suspended sediment concentration and ecological impact

Costs of reservoir flushing

It is almost impossible to find universal flushing criteria which are valid for every reservoir
in the world. White (2001) for example listed a collection of more than 200 reservoirs.
Each reservoir is unique in geometry, purpose, annual inflow, storage volume and many
other parameters.

The main flushing parameters will be discussed in detail in the following sections. All
these parameters are linked and can not be discussed as a stand-alone topic.

5.3.1 Type and Geometry of the Reservoir

The type and the geometry of the reservoir are one of the most important parameters
concerning reservoir flushing. Reservoirs with a large width to length ratio often show the
formation of a flushing channel, which limits the lateral erosion in the reservoir during
the flushing event. Additional erosion can occur due to instabilities at the banks of the
flushing channel. But it is almost impossible to erode a large amount of sediment in
shallow water areas or areas, which dry up because of the lowering of the water level.
These facts are the reason for the greater efficiency of flushing events in narrow reservoirs
with steep river banks. Flushing is most effective in reservoirs where the width of the
flushing channel is almost identical with the total width of the reservoir (Atkinson, 1996;
White, 2001; Badura, 2007; Harb et al., 2011). White (2001) also stated that long and
relatively narrow reservoirs are better suited for flushing than short, wide and shallow
reservoirs. The slope of the reservoir is also an important factor in terms of reservoir
flushing (Batuca and Jordaan, 2000). Due to the deposition of sediments in the reservoir
the slope may vary over time.

5.3.2 Main Purpose of the Reservoir and Legal Aspects

The main purpose of the reservoir and the associated legal aspects may limit the feasi-
bility of flushing. The legal aspects can permit the full lowering of the water level in the
reservoir.

5.3.3 Ratio of the Inflow/Maximum Usable Storage Volume

The feasibility of reservoir flushing is related to the ratio of storage volume to the mean
annual inflow. If the ratio is large, e.g., the ratio is over 50 percent, the opportunity of
periodical draw-down is limited, because the loss of water would be unacceptable. Morris
and Fan (1998); White (2001) gives an initial storage capacity to mean annual inflow ratio
(C/1-Ratio) of 0.3 as a limit for successful flushing operations. In the case of reservoirs
with a reduced storage volume caused by sediment depositions flushing can also be an
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option. The inflow should be sufficient for reservoir flushing, if the ratio is less than about
0.3. Reservoir flushing becomes more practicable with smaller C/I-ratios, because the
probability of sufficient inflows is higher. Most hydrological small reservoirs (C/I-ratio
< 0.05) have been flushed successfully. Examples are the Gmiind reservoir in Austria,
the Palagnedra reservoir and the Gebidem reservoir in Switzerland, the Cachi reservoir in
Costa Rica, the Santa Domingo reservoir in Venezuela and the Baira reservoir in India.

5.3.4 Maximum QOutlet Capacity and Minimum Draw-Down of the Water Level

The lowering of the water level is one of the main factor for reservoir flushing. Without
a lowering of the water level the velocity, the bed shear stresses and the turbulence will
be insufficient in most cases. In general, a flushing process is most successful with full
draw-down of the water level and free flow conditions in the reservoir.

Sometimes the bottom outlets are an additional limiting factor. If the design capacity of
the bottom outlets is too small, the discharge for flushing is limited. If the bottom outlets
are constructed as high level outlets, the full draw-down of the water level is not possible
and thus the flushing efficiency is reduced. But this is not the case for river reservoirs
in the Alpine area, because of the large design capacity of the weirs, which are usually
designed with a capacity larger than the 100-year flood.

5.3.5 Discharge and Possible Duration of the Flushing Event

The hydrological conditions in the catchment influence the discharge, the duration, and
thus, the efficiency of the flushing process. Reservoir flushing needs a sufficient discharge
to enable erosion in the reservoir. The minimum required discharge for reservoir flushing
depends on the slope of the reservoir, the draw-down of the water level, the deposited sed-
iments in the reservoir and the duration of the discharge. Reservoirs with a clogged river
bed need higher discharge rates for the initiation of the erosion process (Knoblauch et al.,
2005). A high discharge rate also has the advantage of the reduction of the suspended
sediment concentration, which may minimize the impacts on the ecosystem downstream
of the weir.

Reservoirs with a large annual inflow compared with the storage volume of the reservoir
are more suitable for higher annual flushing probabilities. Usually flood events or higher
discharge rates (e.g., because of snow melt) can be used. The occurrence of flood events
has a statistical character, so planned reservoir flushings with a longer intervall and higher
flood events have a hydrological uncertainty. Additional in case of longer flushing inter-
vals a relative high discharge is necessary to remove enough sediment for a sustainable
flood management.

A common empirical value for the initiation of a flushing process in Alpine Reservoirs is
a discharge of approximately 0.5 to 0.7 of the 1-year flood (threshold value) in order to
achieve the required flushing effect while keeping a firm control about the essential pa-
rameters (sediment load, the content of chemical and organic matter, oxygen consumption
rate, etc.). If the selected discharge for initiating a flushing process is too high, the proba-
bility of periodical reservoir flushing may decrease due to the variability of the discharge
(Bechteler, 2006).

White (2001) mentioned that a successful reservoir flushing in large reservoirs often re-

63



CHAPTER 5. RESERVOIR FLUSHING

quires a flushing discharge of about twice of the mean annual flow. In regions with wet
and dry seasons flushing conditions can be achieved during the rainy season. An addi-
tional benefit of flushing during the wet season is that the high sediment laden inflows can
be routed through the reservoir at the same time (Fan and Morris, 1992). Other advan-
tages of a scheduled flushing in the wet season are the planning ability and the possible
fast refill of the reservoir.

Badura (2007) stated that by flushing events in chains of power plants the water volume
released by the draw-down of the water level in the upstream reservoirs can be used to
enhance the flushing effect in the downstream reservoirs at hydrological small reservoirs
with a small reservoir volume related to the annual inflow.

As already stated, a flood event or higher discharges are normally used for flushing pro-
cesses. The necessary flushing interval depends on the sediment inflow in the reservoir,
the amount of deposited sediment and the reservoir volume. The flushing interval should
be short enough to enable a sustainable sediment management.

5.3.6 Forecasted Duration of the Flood and Minimum Flood Forecast Time and
Maximum Allowed Water Level Lowering per Hour

The maximum lowering of the water level per hour should be defined with respect to the
slope stability in the reservoir, the added water volume on the discharge in the downstream
area and the coordination with other power plants. The rapid lowering of the water level in
the reservoir may enhance bank failures due to the pore pressure in the river bank. In the
case of constant lowering rate the probability of a positive surge wave in the downstream
river section is high, since the volume of the upper “lamella” of the reservoir is larger than
the lower ones. During the further lowering of the water level the added water volume
decreases. If the added water volume should be constant, the lowering rate have to be
varied. Hence, the lowering rate has to be increased according to the water level and the
remaining water volume in the reservoir (Badura, 2007). Furthermore, the lowering rate
of the water level can be used to control the concentration rate of the suspended sediments
(Badura, 2007).

During the refilling phase of the reservoir the outflow should be decreased slowly to pre-
vent negative surge waves in the downstream area. If there is a chain of power plants the
harmonized interaction of the reservoirs during a flushing operation is one possibility to
reduce the negative ecological effects on the river system (Badura et al., 2008).

The forecast duration of the flood is connected with the magnitude of the flood event. The
flood forecast time depend on the size of the catchment. In the case of large catchments
the flood forecast in based mainly on data provided by upstream gauges and additional
data of hydrological models. If the size of the catchment decreases, a hydrological model
is necessary to provide a appropriate flood forecast time. An appropriate flood forecast
time is desired to enable the management of the flood operation at the power plant.

5.3.7 Status of Sedimentation - Grain-Size Distribution of the Sediment
The status of sedimentation in the reservoir and the grain-size distribution are also impor-

tant parameters. Fine sediments like sand are relatively easy to erode. Coarser sediments
like gravel or stones are more difficult to flush out of the reservoir. The coarser fractions
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may be eroded in the upper part and the head of the reservoir but tend to settle again further
downstream of the reservoir, especially in Alpine reservoirs with only partial draw-down
of the water level.

Very fine sediment like silt and clay are due to the cohesive forces among the sediment
particles another challenge in reservoir flushing. The cohesion of the sediment increases
the critical shear stress and reduces the sediment erosion rate significantly.

An annual sedimentation rate of 1-2 percent probably represents the threshold value
among reservoirs, where flushing should be planned and started early and reservoirs,
where it may be delayed for perhaps 20 years (White, 2001). At sedimentation rates
of 5 percent or higher, flushing operations should be planned in the design stage of the
reservoir and implemented from the start of operation. Hydrological large reservoirs, ex-
cept those which where located in areas of very high sediment yields, tend to have low
mean annual sedimentation rates. Therefore, no active flushing operation may be needed
during their economic life. However, most of the river reservoirs in the Alpine area are hy-
drological small and have sedimentation rates from 1-60 percent. In most of these cases,
flushing would be the most effective sediment removal approach. Although several reser-
voirs have sedimentation rates below 1 percent, the sedimentation problem may increase
in the next decades also in these reservoirs, because a large part of the sediment may be
trapped in upstream reservoirs. If these reservoirs are flushed, the sediment inflow will be
increased in the downstream reservoirs.

5.3.8 Substances Contained in the Water and Sediments

Toxic substances in the sediment, caused e.g., by industrial waste water or mining activi-
ties in the last decades, can limit the possibility of flushing. The risk of the reintroduction
of these substances may be too big and hence, they have to be dredged and disposed of as
hazardous waste.

5.3.9 Suspended Sediment Concentration and Ecological Impact

Flushing also creates problems from other perspectives, e.g., environmental issues or
flood protection downstream of the reservoir. Due to the fact that the purpose of reservoir
flushing is the remobilization of the sediments that were trapped during longer periods of
time, flushing leads to a higher sediment concentration in the downstream section of the
river. This concentration could be harmful to the downstream ecosystem (e.g., fish). If
the suspended sediment concentration is over a certain threshold, it can damage fish and
fish breeding areas, over strain the river fauna and clog the river bed in the downstream
area (Knoblauch et al., 2005; Schneider et al., 20006).

The impact on the ecosystem can be reduced by limiting the suspended sediment con-
centration so that the upper natural concentration during natural floods is not reached
(Scheuerlein, 1995). Therefore, reservoir flushing programs often require extensive regu-
lations and monitoring. An example is the Bodendorf reservoir in Austria (Badura, 2007).
In the ALPRESERV project (“ Sustainable Sediment Management of ALPine RESER-
Voirs considering ecological and economical aspects”, funded from the European Union
in the Alpine Space Programme, 2004-2007) ecological investigations with special inter-
est on the development of fish larvae and juvenile fish through the year. The results of
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these investigations were compared with the monitoring of the fish stock from 1999 to
2006.

The analysis showed that flushing processes as well as natural flood events influence the
juvenile fish stock. The negative effect on the juvenile fish depends on the time of the
year and the stage of the development of the juvenile fish. Hence, the sediment manage-
ment has to be planned for the specific river type with respect to the existing fish species
(Eberstaller et al., 2008).

5.3.10 Costs of Reservoir Flushing

Reservoir flushing is most efficient when free flow conditions occur in the reservoir.
Hence the total draw-down of the water level is required. The discharge used for the
reservoir flushing is lost for the generation of electrical energy. Consequently, the to-
tal draw-down of the water level is a large economical loss in the case of large reservoirs.
The reservoir flushing may thus be combined with maintenance works, which requires the
emptying of the reservoir. A general rule is that the resulting costs of reservoir flushing
should not exceed the benefits.

The ALPRESERV project investigated the flushing costs of the hydro power plant in the
Bodendorf reservoir in Austria (Badura et al., 2008; Bischof, 2006). The costs of reservoir
flushing can be divided into three categories:

* Preparation costs

— Planning costs of the flushing process
— Costs related to the flushing permission

— Preparation costs
* Flushing costs

— Loss of electricity energy generation
— Costs for supervision in terms of the water act

— Costs for rehabilitation works
* Costs related to ecology

— Costs for ecological monitoring and preservation of evidence

— Restitutions for the fishery

The preparation costs include the planning costs of the flushing process and the prepa-
ration costs like the development of operation instructions or meeting with stakeholders.
The flushing costs consists of the costs obtained by the loss of electrical energy gener-
ation, the costs for the supervision in terms of the water act and the monitoring cost.
The monitoring costs include the flood forecast system, the echo-soundings, and mea-
surements of different parameters at various locations at the reservoir and upstream and
downstream of the weir during the flushing event. The post-processing costs include the
costs for rehabilitation works caused by the erosion of river banks or at the power plant.
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Figure 5.3: Distribution of the flushing costs at the Bodendorf reservoir in Austria based
on data from 1996 - 2006 (Badura et al., 2008, modified)
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Figure 5.4: Flushing costs in the Bodendorf reservoir based on data from 1996 - 2006
(Badura et al., 2008; Bischof, 2006, modified)
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The other categories are the costs for the ecological monitoring to assess the damage to
fish and to find an agreement on the restitutions to the fishery (Badura et al., 2008).

Figure 5.3 illustrates the distribution of the flushing costs. The flushing operation includ-
ing the loss of electrical energy generation and the monitoring costs during the flushing
process and the rehabilitation works causes only 29 percent of the total costs. The prepa-
ration costs are about 13 percent. In Austria a large part of the costs refer to the cost
for ecological monitoring and the restitutions to the fishery for the loss of fish. In the
context of the case study in the ALPRESERV project the ecological monitoring and the
restitutions to the fishery cover 58 percent of the total costs.

The costs per cubic meter of flushed sediment were also calculated by Badura et al. (2008)
and Bischof (2006). The flushing costs are more or less constant, thus, the amount of
flushed sediment determines the costs per cubic meter flushed sediments (Figure 5.4).

5.4 Increasing Flushing Efficiency

The flushing efficiency can be increased by optional structures in the reservoir. These
optional structures can enable the sediment transport through the reservoir and reduce the
sediment deposition at higher discharges and higher sediment inflow rates.

5.4.1 Initial Channels

An initial channel can be located near the weir or at the head of the reservoir. The flushing
channel may enhance the sediment transport if cohesive sediments or clogged river beds
occur. The deposited sediments are eroded not only retrogressive but also lateral to the
initial channel. The width and depth of an initial channel depends on the local hydraulic
situation and the available dredging capacity. Initial channels have been used at the reser-
voir Bodendorf (Austria) and in a reservoir in the River Isar (Germany), where the initial
channel was filled with sediments after the first flushing events (Bechteler, 2006; Badura,
2007).

5.4.2 Groynes

Groynes are lateral structures starting from the river banks and reaching into the river.
Groynes reduce the cross section of the river. Hence, groynes are used to increase the
velocities and the bed shear stresses at flushing events to enhance the local erosion of
sediments, for example at the head of the reservoir (Bechteler, 2006; DWA, 2006). In
Austria there are several field sites where groynes are used to stabilize the river banks,
structure the river or increase the sediment transport. One example of the installation
of groynes in a reservoir is the Friesach reservoir at the river mur. There are shallow
water groynes installed upstream of the weir to increase the sediment transport in the case
of reservoir flushing. Unfortunately, the minimum discharge for flushing according to
the operation permission is relatively high and therefore, flushing events are rare in this
reservoir. Other examples of the installation of groynes are at St. Stefan at the river Mur,
at the river Kainach near Dobl, and at the river Salza near Gusswerk, where micro groynes
are used to stabilize and structure the river (Sindelar and Mende, 2009).
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5.4.3 Guide Walls

Guide walls are longitudinal structures usually introduced into wide flowing water bod-
ies in order to concentrate sediment transport into defined main channel portions. They
usually separate shallow zones from the line of maximum velocity in the reservoir and
provide excellent shelters for aquatic life during floods. Subsequent installation in reser-
voirs already affected by sedimentation is difficult and expensive (Bechteler, 2006; DWA,
2006). Guide walls are used in reservoirs at the river Drau in Austria.

5.5 Advantages and Disadvantages of Flushing

Flushing is often the most economic method to decrease the sedimentation in the reservoir.
In river reservoirs normally a large part of the deposited sediment are sand and gravel
fractions. The transport of coarser fractions in the downstream river sections at flushing
events may also have a positive effect on the morphological and ecological system in the
river. This transportation can provide new spawning areas for different fish species, avoid
the lowering of the river bed caused by the lack of available sediments and can activate
the sediment dynamics (Badura et al., 2008). A lack of sediment in the downstream areas
can enhance the armoring effects of the river bed.

The negative effects of flushing are often related to the ecological system in the river.
These negative effects may be the loss of aquatic invertebrates, the loss on fish caused by
too high sediment concentrations, the bed clogging caused by the sedimentation of fine
sediments like silt and clay at the river bed with the consequence of less spawning habitat
for fish (Badura et al., 2008).

A monitoring program can observe the important parameters in terms of ecology and,
therefore, limit the negative ecological effects caused by reservoir flushing.

5.6 Monitoring of the Flushing Process

In most cases a monitoring of the flushing process is necessary to evaluate the economic
and ecological aspects. If negative impacts are expected, the flushing scenario should be
changed to meet the requirements (Morris and Fan, 1998). Examples of flushing monitor-
ing are e.g., given by Schneider et al. (2006), where the suspended sediment concentration
and the oxygen concentration were measured downstream of the weir.

The preservation of evidence and the monitoring of the operations has to be carried out in
most cases of flushings processes and other sediment management operations. The moni-
toring ensures that the operations comply with all technical and legal regulations and that
the requested effect has been obtained. A preservation of evidence is generally required
for all operations, which require a permit under the water act. The effort of the necessary
preservation of evidence is directly related to the chosen sediment management method.
Small measures (e.g., the installation of small groyne fields) require a smaller monitor-
ing effort, operations with greater effect on the environment requires a larger monitoring
effort. In this case certain investigations and measurements are needed to asses the po-
tential effect of the desedimentation measures on the water body and the complex aquatic
ecosystem. The extent of such investigations generally also depends on whether a first
desedimentation operation is planned or a so-called follow-up operation or a periodically
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repeated desedimentation operation will be performed (Hartmann, 2009). The amount
and the grain-size of the deposited sediment in the reservoir must also be taken into ac-
count.

The preservation of evidence may be require the monitoring of the following parameters:

* Monitoring issues before flushing
— Documentation of the morphology in the reservoir, in the tailwater and in the
downstream area
— Measurements of the suspended sediment concentration
— Documentation of the fish population in the reservoir and downstream

— Documentation of the fish population in a reference river stretch (upstream of
the reservoir)

— Documentation of the macrobenthos
— Measurement of the water quality

— Echo-sounding of the reservoir bed

— Grain-size distribution of the reservoir

— Measurements of the oxygen concentration
* Monitoring issues during flushing

— Measurements of the suspended sediment concentration

— Measurements of the oxygen concentration
* Monitoring issues after flushing

— Documentation of the morphology in the reservoir, in the tailwater and in the
downstream area

Documentation of the fish population in the reservoir and downstream

Documentation of the macrobenthos

Echo-sounding of the reservoir bed

Grain-size distribution of the reservoir

5.6.1 Monitoring Issues before Flushing

The planning of the flushing operation requires the calculation of the amount of deposited
sediment, which should be removed. This is usually done by echo-soundings in the reser-
voir and the comparison of the measured profiles to previous measured profiles. Usually
the distance between two profiles should not exceed 100 m to obtain a proper analysis of
the data. Also the characteristic gravel banks and flow-controlling cross-sections down-
stream of the dam should be surveyed and mapped. Furthermore, a photo-documentation
of the river is useful, starting from the head of the reservoir down to the downstream
sections.
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The suspended sediment concentration should be measured at different inflow rates in-
cluding flood events to evaluate the natural suspended-sediment loads in the river section.
In terms of ecology and fishery, it could be necessary to carry out an investigation to
evaluate the stock of fish in the reservoir as well as downstream of the weir structure
and down to the section where detrimental effects are not longer expected. In addition,
an investigation of the stock of fish in a section of comparable ecological characteristics
(a so-called reference site) upstream from the head of the reservoir is required. Addi-
tional investigations may be needed, such as e.g., macrobenthos surveys, water quality
surveys, or reservoir-sediment investigations. The requirements of the monitoring pro-
cess have to be adapted to each particular case. The determination of the content of
oxygen-depleting substances in reservoir sediments (analysis of ignition residue) is also
necessary (Knoblauch, 2006).

5.6.2 Monitoring Issues during Flushing

The monitoring during flushing operations should include the determination of suspended
sediment concentrations at characteristic locations downstream from the reservoir, as well
as a reference measurement upstream of the head of the reservoir. The number of mon-
itoring points downstream of the dam may be reduced for the follow-up operations in
the light of experience gained during former operations. Measurements of the oxygen
content downstream of the dam can be required as well, especially in cases, where the de-
posited sediments in the reservoir show a substantial concentration of oxygen-depleting
substances (Knoblauch, 2006). The water level and the inflow rates in the reservoir should
also be documented for the planning of future events or the recalculation of the flushing
events.

5.6.3 Monitoring Issues after Flushing

After the end of the flushing event, the characteristic gravel banks and flow-controlling
cross-sections downstream of the dam should be surveyed and mapped again. The photo-
documentation of the river should be repeated and the differences analyzed. The echo-
soundings have also to be performed again in order to evaluate the volume of removed
sediments. All the investigations carried out before the flushing operation as preservation
of evidence for ecological and fishery purposes should be repeated after a suitable period.
The results of these investigations should be compared and analyzed (Knoblauch, 2006).
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6 NUMERICAL MODELING

6.1 Current State-of-the-Art in Numerical Modeling

Over the past few decades physical models have been used to analyze processes and im-
prove knowledge regarding water flow and sediment transport in rivers and reservoirs.
Due to the rapid development of computational fluid dynamics (CFD), the increased com-
puter power and the availability of clusters and parallel processing, numerical modeling
has become an important tool in fields of hydraulics. There are various numerical models
available which are able to handle hydraulic problems. However, numerical models with
implemented and tested sediment transport algorithms are relatively rare.

In general, CFD models are classified by the calculated flow dimensions and the appli-
cation range. There are a large number of one-dimensional, two-dimensional and three-
dimensional numerical models available. One-dimensional models are well documented
but the results are limited to the averaged water depth and the averaged flow velocity
in the implemented cross sections. An alternative are two-dimensional numerical mod-
els, which are able to take floodplains or more complex river geometries into account.
Two-dimensional models can be used if the three-dimensional nature of the flow pro-
cesses is of minor importance, as in straight river reaches with a large width-to-depth
ratio. Three-dimensional numerical models are able to model many processes in complex
river geometries, such as meandering channels. The correct modeling of the secondary
currents is of major importance there, due to the fact that the secondary currents play an
important role in the evolution of the channel topography.

The benefits of the use of a numerical model compared with theoretical approaches, given
by White (2001), are that the following factors could be taken into account:

* Reservoir geometry and topography
* QOperation rules

¢ Sediment characteristics

Additional the long-term development can be investigated. White (2001) concluded that
at the moment numerical models are able to give only approximative estimations of the
reservoir sedimentation processes. However, since this statement the increased computer
power has expanded the opportunities in numerical modeling. Additional several new
algorithms has been implemented, numerous numerical models have been developed and
improved.
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The use of numerical models for the calculation of sediment transport processes in reser-
voirs started in the 1980s. White and Bettess (1984), Peng and Niu (1987), and Lai and
Shen (1996) used a one-dimensional model for sediment transport calculations in reser-
voirs. Olsen (1999b) used in a previous study a two-dimensional numerical model for sim-
ulating the flushing process of the Kali Gandaki reservoir in Nepal. Badura et al. (20006)
and Badura (2007) simulated flushing processes in Alpine run-off-river reservoirs with
a two-dimensional model. However, most two-dimensional depth-averaged approaches
are not able to model secondary currents in rivers and reservoirs appropriately. Three-
dimensional models are thus used with increasing frequency, examples are the simulation
of the sediment transport in the Three Gorges project (Fang and Rodi, 2003) or the sim-
ulation of the sediment transport in the Garita reservoir in Costa Rica (Olsen, 1999a).
A detailed review of sediment transport simulations with CFD is given by Papanicolaou
et al. (2008).

In this thesis the CFD codes SSIIM and Telemac were used to perform the numerical
simulations of the case studies. The CFD code Telemac was used to model sediment
transport processes by Huybrechts et al. (2010) and grain sorting effects by Merkel and
Kopmann (2012). Goll and Kopmann (2012) simulated the influence of groynes on dunes.
The two-dimensional model of Telemac was used to simulate flood events at the Danube
(Kopmann, 2010).

The three-dimensional CFD code SSIIM was also used in previous studies. Olsen et al.
(1999) and Bihs and Olsen (2008) modeled a scour hole. Olsen (2003) and Riither and
Olsen (2007) simulated the formation of a free forming meandering channel. The model
was used by Fischer-Antze et al. (2008) to model the bed changes in the Danube during
the flood event in 2002. Feurich and Olsen (2011) modeled the sediment transport in an
S-shaped channel. Olsen and Haun (2010) and Haun and Olsen (2012b) improved the free
surface algorithm for the modeling of a flushing event in the physical model of the Kali
Gandaki reservoir in Nepal. SSIIM was also used for the modeling of sediment deposition
and flushing processes in the Angustura reservoir in Costa Rica (Haun and Olsen, 2012a;
Haun et al., 2012).

The two numerical models and their differences are described in the next sections.

6.2 Numerical Model SSIIM

The CFD code SSIIM was developed by Olsen (2012). It is a three-dimensional numerical
model for free-surface flows and sediment transport in open channels.

6.2.1 Governing Equations and Discretisation

In SSIIM the three-dimensional flow and pressure field are described by the Navier-Stokes
equations. The equations can be solved by using the Reynolds-averaging and a turbulence
model together with the continuity equation with respect to the mass and momentum
conservation in three dimensions (Versteeg and Malalasekera, 1995).

oU;
81‘2-

=0 (6.1)
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where U; is the averaged velocity, x is the spatial geometrical scale, p,, is the water den-
sity, P is the dynamic pressure, d;; is the Kronecker delta and —p,,u;u; are the turbulent
Reynolds stresses.

In the Reynolds-averaged Navier-Stokes Equations (6.2) the transient term and the con-
vection term are placed at the left side; the right side consists of the pressure term and the
Reynolds stress term. The turbulent Reynolds Stress term is calculated using the Bussi-
nesq approximation (6.3).

, 9
—u; = Vt(% 90 —koy;
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(6.3)

where 1/, is the turbulent eddy viscosity and k is the turbulent kinetic energy. The turbulent
kinetic energy k is calculated with

1

In Equation 6.3 the turbulent eddy viscosity 14 is unknown and has to be calculated using
a turbulence model described in the next section.

The program applies the finite volume method as discretization scheme. The convective
term in the RANS-equations can be modeled using the power law scheme, which is a first
order upwind scheme, or the second order upwind scheme (Olsen, 2012).

The power law scheme is a weighted average of the six direct neighbor cells, whereas the
second order upwind scheme uses the twelve neighbor cells. Usually the use of the power
law scheme gives a more stable solution, but sometimes tends to give too diffusive results.
The use of the second order upwind scheme reduces the false diffusion, but may overes-
timate eddies in the numerical model. An implicit time discretization is implemented in
SSIIM and hence, the use of large time steps is possible. The largest time step used in
the case studies is 60 seconds for the flushing cases. However, it is possible to use much
larger time steps e.g., for the modeling of sediment depositions.

6.2.2 Turbulence and Pressure Model

The standard k£ — € model, the £ — w model and the RNG two-equation model are im-
plemented in SSIIM (Olsen, 2012). In general, the standard £ — € model gives the most
accurate results for the simulation of flushing and deposition processes in reservoirs and
river systems. The £ — w model is not quite standard in SSIIM, as it uses the wall laws
from the & — € model.
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The standard £ — € model is a two equation model and the turbulent eddy viscosity v,
given in Equation 6.5, (Launder and Spalding, 1972) can be solved with

2
cuk

€

(6.5)

Vy =

where 1 is the turbulent eddy viscosity and k is the turbulent kinetic energy and e is the
dissipation of the turbulent kinetic energy k.

The equations for k and € are given below:
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where P is the production of the turbulent kinetic energy. The used constant empirical
values given by Launder and Spalding (1972) are:

¢, =009 cc=144 =192 0,=100 o,=1.26 (6.9)

6.2.3 Grid Structure in SSIIM

SSIIM uses an unstructured, non-orthogonal and adaptive grid. Because of the adaptive
grid, only the water body is modeled. The unstructured grid allows the use of a varying
number of grid cells in all three spatial directions and moves according to the changes
in the water levels and the bed levels (Olsen, 2012). The grid is made of tetrahedral and
hexahedral cells and can be regenerated and updated after each time step.

The Rhie and Chow (1983) interpolation is used for the non-staggered grid to calculate
the fluxes and velocities at the surface of the cell.

In the case of reservoir flushing the wet and dry areas in the grid may change very quickly.
Consequently, an algorithm for wetting and drying is implemented in SSIIM to avoid
distorted cells (Olsen, 2012). A decreased water depth due to the draw down of the water
level will decrease the number of cells in the vertical direction of the grid, due to an
implemented algorithm.
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The algorithm used specifies how many cells are generated in the z-direction, depending
on the water depth (h). Two limiting values are required as boundary conditions, where
the first value ((y) specifies if a cell is generated or if the water depth is too shallow and
the domain dries up and disappears from the grid (h < (y). If the water depth is sufficient
a second value () indicates if one cell is generated and a two-dimensional calculation
is done ((; < h < (3) or if the number of cells is calculated by equation 6.10 (h > (;)
(Harb et al., 2013b).

p
h
= Nmax 6.10
n=mn X (hmaz) ( )

where n is the number of grid cells in the vertical direction, 7,,,, is the maximum number
of grid cells in the vertical direction and p is a parameter for the number of grid cells. In
all studies presented in this work, the grid is updated after each time step so that changes
in the bed and water levels during the computations are taken into account accurately.
In SSIIM also a multiblock grid option and a nested grid option is possible. The grid
is an important factor in numerical modeling regarding the accuracy and stability of the
simulations. Hence in most cases a sensitivity analysis for the grid is necessary to find
grid independent results.

6.2.4 Pressure and Water Level Calculation

SSIIM applies the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE method)
to find the unknown pressure term in the RANS-equations (Patankar, 1980). The princi-
ple of this method is to guess a pressure field and to use the following continuity defect to
obtain a pressure correction. This pressure correction is then added in the next iteration
until the continuity is satisfied.

The numerical program SSIIM was configured to take changes in the water level into ac-
count and enable large time steps to decrease the computation time of longer simulations.
The used algorithm in SSIIM is implicit and changes in the water level were computed
in accordance to the pressure gradient between the cell and the neighbor cell (Haun and
Olsen, 2012b).

oP 0z
a9 P95, (6.11)

where P is the pressure, g is the acceleration of gravity, and z is the water level elevation.

A method used by Riither and Olsen (2005) was based on a specified reference cell in the
computation domain. In this method the water level in a cell was related to a specified
reference cell with a known water level during the entire simulation time. This method
was adapted for the reservoir flushing cases modeled by Olsen and Haun (2010) and Harb
et al. (2013b) so that the water level in a cell is a function of the water levels of the
neighboring cells. Depending on the location of the neighbor cell, the flow direction and
the Froude number, a weighting coefficient is involved in the algorithm, which takes the
location of the neighboring cell and the Froude number into account (Equation 6.12).
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min (2 — Fr;1.0)  for w> —0.1and Fr < 2.0
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with
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where a; is the weighting coefficient for the neighbour cell, F'r is the Froude number, w
is the dot product of W and 7, W is the velocity vector of the cell and 7 is the direction
vector pointing to the center of the neighbor cell.

The coefficient a; is used in the following discretized equation (Haun and Olsen, 2012a):

8 8
;ai Zp = ; a; (zz + é(pp — pl>> (6.14)

with z, is the water level elevation in the cell, z; is the water level elevation in the it
neighbor cell, p, is the pressure in the cell and p; is the pressure in the i*" neighbor cell.

6.2.5 Boundary Conditions in SSIIM

In the case of hydraulic rough conditions - as in natural rivers - the boundary conditions
at the walls and at the river bed are an important factor. The values in the boundary cells
are computed according to the boundary conditions defined at the following locations in
the computational domain (Riither, 2006):

Inflow

Outflow

Wall

e Surface

The following variables must be set at these locations:

* Velocities U,, U, U,

e Turbulence variables k and e
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The variables at the inflow boundary are defined by the Dirichlet boundary condition,
which means the variables are set to a specific value. A zero gradient boundary condition
is used for the outflow, i.e., they were set equal to the values of the next upstream cell.
The variables U,, U, P and € have a zero boundary condition at the water surface, where
as U, is set to a certain value and k is equal to zero (Riither, 2006).

SSIIM uses the wall laws by Schlichting (1979) to describe the velocity profiles near the
wall and the center of the cell next to the bed (Equation 6.15).

|
v _ _ln(30 y) 6.15)
Uy K ks

where u, is the shear velocity, « is the Karman constant equal to 0.4, k, is the roughness
coefficient and vy is the distance between the center of the bed cell and the wall. Often &,
is specified by 3 times dgy. Another approach is the use of the Manning roughness value

N, (Equation 6.16).
26 ’
ks = (—) (6.16)
kst

This approach is limited by the size of the bed cell. As long the roughness is small
compared to the bed cell size, the use of the Manning-Strickler roughness works well.
Otherwise another formula has to be used to reduce the velocity close to the bed and the
walls (Olsen and Stokseth, 1995; Haun, 2012).

6.3 Sediment Transport in SSIIM

The computation of the sediment transport in SSIIM is subdivided into suspended and
bed load transport (see Chapter 3).

6.3.1 Suspended Sediment Transport in SSIIM

The suspended sediment transport in SSIIM is calculated by solving the transient convection-
diffusion equation. The convection-diffusion equation describes the two main transport
processes: the convection and the turbulent diffusion for sediment flow.

dc oc oc 0 oc
= el = T = Nl
ot T Vige, TV 5; T o ( amj> ©17)
with
vy =S5, T (6.18)
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where wy is the fall velocity of the particle, I" is the turbulent diffusivity, c is the sediment
concentration over time ¢ and over the spatial geometrical scales = and z, v is the turbulent
eddy viscosity and .S, is the Schmidt number.

The convection is the dominating transport process in rivers; mainly driven by the velocity
of the water and the fall velocity of the sediment particle. In reservoirs the influence of
the turbulent diffusion is increased due to the reduced velocities. In the case of multiple
grain sizes the convection-diffusion equation is solved for each sediment size separately
(Olsen, 2000).

An equilibrium sediment concentration is specified as boundary condition close to the
bed. SSIIM uses the formula of Van Rijn (1984b) (Equation 3.23 in Section 3.5).

The critical shear stress 7 ; is calculated according to the Shields curve. A specified sed-
iment concentration in the bed cell was used as boundary condition for the computations
(Van Rijn, 1984b).

6.3.2 Bed Load Transport in SSIIM

In SSIIM different sediment transport formulas are coded. The default sediment transport
formula is the empirical formula derived by Van Rijn (1984a) (Equation 3.22 in Section
3.5). This formula was also used in Harb et al. (2011, 2013b). Previous studies showed
also good results with this formula originally developed for sand particles (e.g Haun and
Olsen, 2012a; Haun et al., 2012).

6.3.3 Bed Shear Stress in SSIIM
6.3.3.1 Calculation of the Bed Shear Stress

SSIIM calculates the bed shear stress using the wall law by Schlichting to derive the shear
velocity.

(6.19)

where U,  is the velocity in the bed cell,  is the Karman constant equal to 0.4, & is the
roughness coefficient and y is the distance between the center of the bed cell and the wall.

The bed shear stress 7 is derived from the turbulent kinetic energy k close to the bed
(Equation 3.13 in Section 3.4), if the & — ¢ turbulence model is used. The critical bed
shear stress of a sediment particle is evaluated using the empirical approach derived by
Shields (1936).

6.3.4 Other Sediment Transport Algorithms in SSIIM
6.3.4.1 Correction of the Critical Shear Stress - Sloping Bed

The slope of the river bed affects the sediment transport and the transported particle sizes
in the river. Hence, the critical shear stress is modified for sloping river beds. SSIIM
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uses the formula by Brooks (1963). In this formula a correction factor K is applied to the
critical shear stress (Equation 3.25).

6.3.4.2 Correction of the Direction of Sediment Transport - Deviation of the Sedi-
ment Particle

Sediment particles usually move in the direction of the velocity vectors. However, if the
river bed is sloping normal to the direction of the velocity vector, the sediment particle
will also move in this direction caused by gravity. The formula of Kikkawa et al. (1976)
is used to calculate this deviation in SSIIM.

6.3.4.3 Sand Slide Algorithm

The sand slide algorithm used in SSIIM is based on the angle of repose of the bed mate-
rial. After each update of the mesh the angles of the river banks are checked if they are
steeper as the pre-specified angle of repose. In such a case the angle of the river banks is
corrected to the pre-specified angle of response to take the potential geotechnical failures
into account (Olsen, 2001). This algorithm was first tested in Olsen and Kjellesvig (1998),
but does not take cohesive forces into account.

6.3.4.4 Hiding and Exposure Effect

The sediment transport in rivers is unsteady and non-uniform with multiple grain sizes.
Depending on the grain-size distribution the smaller sediment particles may hide behind
the larger ones. This effect is called “hiding/exposure effect” (see Section 3.10) and
results in the reduction of the eroded amount of smaller sediment particles. In SSIIM the
formula derived by Wu et al. (2000) is implemented (Equation 3.32 in Section 3.10).

6.3.4.5 Roughness Caused by Bed Forms

Bed forms occur in many reservoirs and rivers during flushing operation or flood events.
These bed forms are ripples, dunes or, in some cases, antidunes, depending on the grain-
size distribution and the flow conditions (see Section 3.7). In SSIIM the increased rough-
ness caused by the bed forms is added to the roughness caused by the grain-size distribu-
tion (Olsen, 2012). The approach derived by Van Rijn (1984c¢) is implemented in SSIIM
(Equation 3.31 in Section 3.7).

6.4 Numerical Model Telemac

The TELEMAC suite consists of several parts of numerical models in the field of free-
surface flow. In this study the three-dimensional model TELEMAC-3D and the sediment
transport module SISYPHE have been used. TELEMAC was developed by Electricité de
France R&D and distributed by Laboratoire d’Hydraulique de France (LHF). It is man-
aged by a consortium of core organizations: Artelia (formerly Sogreah, France), Bun-
desAnstalt fiir Wasserbau (BAW, Germany), Centre d’Etudes Techniques Maritimes et
Fluviales (CETMEEF, France), Daresbury Laboratory (United Kingdom), Electricité de
France R&D (EDF, France), and HR Wallingford (United Kingdom).

81



CHAPTER 6. NUMERICAL MODELING

The following sections are mainly based on Hervouet (2007), the manuals of Telemac-3D
(EDF - R&D, 2012) and the manual of the sediment transport module Sisyphe (EDF-
R&D, 2010).

6.4.1 Governing Equations and Discretisation

In TELEMAC-3D the three-dimensional flow field is determined by solving the continuity
equation (Equation 6.1) and Reynolds-averaged Navier-Stokes equations (Equation 6.2).

In general the spatial discretization is linear, if the Finite Element method is used. Several
advection schemes are available depending on the type of flow. The options include the
method of characteristics, the streamline-upwind Petrov-Galerkin scheme (SUPG) and
residual distributive schemes (such as the N-scheme and PSI-scheme) (Hervouet, 2007).

The time discretization is semi-implicit in TELEMAC-3D. The various implicitation co-
efficients can be varied. The defaults values are between 0.5 to 1 and generally adequate.
In the case study Fisching the default implicitation coefficients with a time step of 1s was
used to model the flushing events. This time step corresponds to a Courant number of ap-
proximately 1. The Courant criteria describes the relation of the time step to the velocity
of a “water particle, which moves from one cell to another”. A Courant number equal to
1 means, that the time step is equal to the cell size broken through the flow velocity.

6.4.2 Turbulence and Pressure Model

In TELEMAC-3D, several turbulence models are implemented: the constant viscosity
model, the mixing-length model, the standard k£ — e model, the Smargorinski mode and the
k-w model. The vertical and the horizontal turbulence model can be chosen independently.
In the case study Fisching the constant viscosity model and the mixing-length model were
used after a validation of the performance of the different turbulence models. In the final
setup, the £ — € model gave almost identical results. The turbulence models are described
on the next pages.

6.4.2.1 Constant Viscosity Model

In the constant viscosity model the molecular viscosity, turbulent viscosity and the disper-
sion is given by a coefficient. The value of this coefficient has a strong effect on the extent
and shape of recirculation. By choosing a low value small eddies will tend to dissipate
only, whereas by choosing a high value large recirculations will also tend to dissipate.
The user must therefore handle this value with care (EDF - R&D, 2012). The calibration
of this value using field measurements or a physical model test is recommended.

6.4.2.2 Mixing-length Model according to Prandtl

In mixing length models, the turbulent eddy viscosity v; is calculated as a function of
mean flow velocity gradients and mixing length [,,, according to Prandtl (1925).

In Telemac a vertical mixing length model provides vertical turbulent eddy viscosities for
velocities v, (Hervouet, 2007).
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Figure 6.1: Damping function for velocities and for tracers (Hervouet, 2007)
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Above, U and V' are the averaged velocities, z is the spatial geometrical scale in the ver-
tical direction, R: is the Richardson number and f is a damping function of the velocity.
In Telemac a damping function is according to Figure 6.1 was used.

The mixing length [/,,, can be modeled in different ways. In the case studies, the classical
Prandtl model and the Nezu and Nakagawa model were used. The mixing length varies
with the distance from the river bed z.

The mixing length according to Prandtl (1925) is calculated using the following formulae:

' < 0.2h
L= kz if 2<0 6.22)

02kz 1f 2z22>0.2h
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According to Nezu and Nakagawa (1993), the mixing length vanishes at the free surface.

I =K 27/ (1 — z/h) (6.23)

where z= 0 is the bed level, h denotes the local water depth and x = 0.4 is the Karman
constant.

6.4.2.3 Modelling of Pressure in Telemac

The pressure in Telemac3D can be modeled using a hydrostatic or a non-hydrostatic pres-
sure model. The hydrostatic pressure hypothesis simplifies the equation for the vertical
velocity W, while neglecting the diffusion, the source terms and the acceleration, to ob-
tain:

Ip
— 6.24
9, P9 (6.24)
by substituting p with p = pg + Ap:
Ip Ap
- =- 1+ — 6.25
92 P09< + P ) (6.25)

from which the expression for pressure at the elevation z can be obtained:

s Ap
P = Datm + p09(Zs — 2) + poy / —dz (6.26)

The pressure p at one point depends then on the atmospheric pressure p,,, on the water
surface Z, and the hydrostatic pressure of the water column above it only.

In the case studies the hydrostatic model was used, because the results derived from the
non-hydrostatic model were more of less the same. However, the hydrostatic model re-
quires approx. 2 -5 times less computation time in the presented flushing cases. A detailed
description of the non-hydrostatic model is given in Hervouet (2007).

6.4.3 Mesh Structure in Telemac

The mesh in TELEMAC-3D is obtained by dividing the two-dimensional domain in non-
overlapping unstructured triangles. Then the mesh is extruded along the vertical direction
and partitioned into a number of layers. Some examples of the used meshes and mesh
sizes for the presented cases can be found in the description of the case studies in Chapter
8. The effect of the number of vertical layers was tested in the case study Fisching. The
results by using two, five, eight and ten vertical layers were analyzed. The computed
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water level in the two layer model was much higher than in the other models. The five,
eight and ten layer models showed no significant differences in the computed flow vectors,
water levels or bed shear stresses. Therefore, the five layer model was used for the further
calculations.

In TELEMAC-3D an algorithm is implemented to take the drying and wetting of elements
into account (Hervouet, 2007). The algorithm is called “Tidal flats” and can be processed
in two different ways. In the first case, the elements are detected and the free surface
gradient is corrected. In the second case, the elements are removed from the computation.
In this case the dry elements are still part of the mesh but “frozen”. However, in this case,
mass-conservation may be slightly altered.

6.4.4 Boundary Conditions in Telemac

The values in the boundary cells in Telemac are computed according to the boundary
conditions defined at the following locations in the computational domain:

¢ Inflow
¢ Qutflow
e Wall

e Surface

The following variables must be set at these locations:
* Velocities U,, Uy, U,

The variables at the inflow boundary are prescribed by imposing the discharge and as-
suming a constant or a logarithmic velocity profile or imposed velocities with or without
imposed water depth. A zero gradient boundary condition is used for the outflow, i.e.,
they were set equal to the values of the next upstream cell. At the side walls, the veloci-
ties tangential and normal to the boundary are set to zero (no-slip condition) (Huybrechts
etal., 2012).

The variables U, and U, have a zero boundary condition at the water surface, whereas U,
1s set to a certain value.

Telemac uses the wall laws to describe the velocity profiles near the wall (Equation 6.27).
For the hydraulic rough flow the velocity profile takes the following form

1
v_1i, (33 y) (6.27)
Uy K ks

where u, is the shear velocity, « is the Karman constant equal to 0.4, k, is the roughness
coefficient and y is the distance between the cell and the wall.
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6.5 Sediment Transport in Telemac

The sediment transport module in the TELEMAC suite is called SISYPHE. In the pre-
sented case studies, SISYPHE was internally coupled with TELEMAC. The sediment
transport was modeled using different bed load and total load formulae. The suspended
sediment option was not used for the numerical modeling of the sediment transport pro-
cesses in the case study Fisching.

SISYPHE calculates the sediment transport rates as a function of the time-varying flow
field and the sediment properties at each node of the triangular grid. The bed evolution
is determined by solving the Exner equation (EDF-R&D, 2010). In the following sec-
tions the most important algorithms used in the case studies are presented. A detailed
description of SISYPHE is given in EDF-R&D (2010).

6.5.1 Bed Load Transport in Telemac

Several sediment transport formulae are coded in SISYPHE, with respect to the literature.
Examples are the formulae derived by Van Rijn (1984a), Meyer-Peter and Miiller (1948)
and Engelund and Hansen (1972). The formulae were discussed previous and can be
found in Section 3.5.

6.5.2 Bed Shear Stress in Telemac

The bed shear stress 7, is calculated using the depth-averaged mean flow velocity and a
dimensionless friction coefficient C'y (Hervouet, 2007).

1
Toz = —5uC; U? (6.28)

where p,, is the density of water, C is a friction coefficient and U is the near bed velocity
in the case of coupling with TELEMAC-3D to account for possible veering of the flow in
the vertical direction.

The friction coefficient C is calculated based on the selected roughness option (Chézy,
Strickler or Manning formulae). In the case study Fisching the Strickler formula was
used:

29

where / is the water depth and kg is the Strickler coefficient (Hervouet, 2007).

SISYPHE assumes that the direction of the bed shear stress and the direction of the depth-
averaged velocity is the same for the internal coupling with TELEMAC-2D. In the case
of coupling with TELEMAC-3D, the bed shear stress and thus the sediment transport are
assumed to be in the direction of the near bed velocity.
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The direction of the sediment transport can be changed using different algorithms, which
are taking into account e.g., the effect of the sloping bed. These algorithm are discussed
in Section 6.5.3.

The critical bed shear stress of a sediment particle is evaluated using the empirical ap-
proach derived by Shields (1936). The Shields parameter is calculated according to
Van Rijn (1993).

6.5.3 Other Sediment Transport Algorithm in SISYPHE
6.5.3.1 Correction of the Critical Shear Stress - Sloping Bed

The slope of the river bed affect the sediment transport and the transported particle size
in the river. Hence, the critical shear stress is modified for sloping river beds. A sloping
river bed increase the sand transport rate in the downslope direction and reduce it in the
upslope direction. In SISYPHE, a correction factor for the magnitude and direction of the
solid transport rate, before the bed-evolution equation is solved.

In the case studies, the correction method based on the formula of Koch and Flokstra
(1981) was used (Equation 3.24). The second available option is based on the formula of
Soulsby (1997). The two different options gave similar results for the case studies.

6.5.3.2 Correction of the Direction of Sediment Transport - Deviation of the Sedi-
ment Particle

Sediment particles usually move in the direction of the velocity vectors. However, if the
river bed is sloping normal to the direction of the velocity vector, the sediment particle
will also move in this direction caused by gravity.

The change in the direction of sediment transport in taken into account by using the for-
mula of Koch and Flokstra (1981) (Equation 3.27 and 3.28).

6.5.3.3 Sediment Slide Algorithm

The implemented sediment slide algorithm is coded for uniform sediments only. There-
fore, this algorithm was not used in the case studies. The adaption of the sediment slide
algorithm will be a topic for further work.

6.5.3.4 Hiding and Exposure Effect

The sediment transport rates of each sediment class are calculated using classical sediment
transport formulae. Those formulae are initially valid for uniform particles and need to
be modified to take sand grading effect into account. In a sediment mixture, big sediment
particles are more exposed to the flow and smaller particles are protected by the larger
ones.

Two different hiding and exposure formulae have been used in the case studies. The for-
mula of Egiazaroff (1965) has been used in association with the Meyer-Peter and Miiller
formula (Meyer-Peter and Miiller, 1948). The formula of Karim and Kennedy (1982)
was used to take the hiding and exposure effect into account if the formulae derived by
Engelund and Hansen (1972) or Van Rijn (1984a) was used.
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6.5.3.5 Roughness Caused by Bed Forms

The influence of the bed forms on the roughness at the river bed is discussed in Section
3.7. The sediment transport rates in SISYPHE are calculated as a function of the local
skin friction component 7/. The total bed shear stress 7 issued from the hydrodynamics
model has to be corrected because of the bed forms.

7' = 1y 7o (6.30)

Physically, the skin roughness should be smaller than the total roughness (1, < 1). There-
fore, the skin friction subroutine has been modified to take this physical effect into ac-
count.

In Telemac are three options available: no skin friction correction, a skin friction correc-
tion proportional to the grain diameter and a skin friction correction based on a ripple
predictor. The options no skin friction correction or the skin friction correction propor-
tional to the grain diameter was used in the simulations of the different case studies, based
on the grain sizes and the flow conditions in the reservoir. The skin friction correction
proportional to the grain diameter is calculated using the following functions.

OI
Lty = 7; (6.31)
with
2
K
C—9 _ (6.32)
! [wg@ih)]

where C} is the friction coefficient for the skin friction correction, h is the water depth,
k. is the grain diameter, which is equal to d5,, and x, which is equal to 0.4. If the grain
sizes are small (<0.5mm), the skin friction correction factor becomes very small (<0.2).
Hence, the local skin friction component 7’ is also very small and limit the sediment
transport. This effect will be discussed in the case study Fisching in Section 8.2.
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7 COHESIVE SEDIMENTS — FLUME AND
FIELD TESTS

This chapter is mainly cited from Harb et al. (2013c).

The use of the Shields curve is the most used technique to determine the critical bed shear
stress for cohesionless depositions. However, depositions in reservoirs often contain fine
sediments like silt and clay. Even if it is possible to draw a clear threshold between
fine and coarse particles (most times 60 pm is used as threshold), using a single number
to describe the behavior of the sediments regarding cohesion (Mehta et al., 1989), as
it is implemented in some numerical models, is not a straightforward procedure. The
occurring cohesive forces increase the critical bed shear stress and the Shield curve is no
longer valid. The critical shear stress of the cohesive sediment mixtures may be up to 50
times larger as for cohesionless sediments, having similar arithmetic mean sizes (Kothyari
and Jain, 2008). Especially consolidation effects resulting in lower water content, higher
shear strength and more stable structural configuration of the deposition layers influence
the critical shear stress (Mehta et al., 1989). Kamphuis and Hall (1983) took e.g., the clay
content and consolidation pressure in their experimentally studies into account. However,
Berlamont et al. (1993) proposed a list of 28 parameters, which would be necessary to
describe the behavior of natural cohesive sediments, as a result of physical, chemical and
biological processes. Hence, additional data is required in such cases to estimate the
cohesiveness and the valid critical shear stress. So far there is no standard procedure for
the evaluation of the critical shear stresses of cohesive sediments available.

In this study the critical shear stress was developed from flume studies, where the dis-
charge rate was increased stepwise until mass erosion took place. In addition field mea-
surements with a miscellaneous device were conducted (Aberle, 2008). The vane strength
measurements have been carried out in the reservoirs to determine the undrained shear
strength of the sediments in situ. The results were used to test the transferability of the
measured vane strength values from the field into usable values for estimating the erosion
rates. In addition, a function, developed with the results of this study and with values from
the literature, was established which may be used for a further studies in these reservoirs
(Harb et al., 2013c¢).

7.1 Cohesive Sediments in Reservoirs

The sediment depositions in reservoirs often contains a high percentage of silt and clay
fractions, especially at the weir. As stated above, the critical shear stress of cohesive
sediments can be much higher than the critical shear stress of similar cohesionless sed-
iments. There is a large difference in the threshold for erosion and deposition for these
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Figure 7.1: Sediment layers in the Zlatten reservoir

fine sediments. If a particle is eroded, it need a substantial decrease in the flow velocity,
turbulences and shear stress to cause the settlement of the particle again.

Several parameters are influencing the critical shear stress of cohesive sediments. The
main parameters are (Kamphuis and Hall, 1983; Kothyari and Jain, 2010):

* Consolidation

* Grain-size distribution

* Amount of clay

* Type of clay

* Water content

* pH-value of the water

* Temperature of the water
* Thixotropy

* Bio-chemical processes

The practical application in reservoirs with cohesive sediments is complicated by the
nonuniform nature of the depositions. These deposition patterns are caused by unsteady
inflow processes and reservoir management tasks, which produce depositions of different
thickness and grain size. Also the source of the sediment depositions may vary due to
the hydrological conditions in the catchment responsible for the inflow in the reservoir.
Coarse sediment fractions and organic depositions can also influence the mechanical be-
havior of the deposited sediments (compare Morris and Fan, 1998). The different settling
velocities of different grain sizes causes a spatial distribution of sediment fractions, start-
ing with the coarser fractions at the head of the reservoir and the finer fractions at the weir
(compare Chapter 4.3). However, different discharge rates can create vertical deposition
layers in reservoirs (Figure 7.1). This vertical layering can change depending on the posi-
tion in the reservoir and is caused by the different flow conditions and bed shear stresses
at normal operation and flood events.
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Figure 7.2: Weir and diversion channel of the Zlatten reservoir in Styria, Austria

Additional, the consolidation of the cohesive sediments will increase the critical shear
stress over time. Hence, the critical shear stress is not constant over the depth due to
vertical layering of sediment depositions and consolidation effects.

7.2 Project Areas and Background

The sediment samples for the flume tests were collected in the Zlatten reservoir located
in Austria. Additional sediment samples were taken from the Angostura reservoir located
in Costa Rica to obtain a more general result concerning the shear stresses of cohesive
sediments.

The Zlatten reservoir is located on the river Mur in Styria, Austria (Figure 7.2). The
diversion power plant was built in the years 1925 to 1925. The reservoir has a maximum
operation level of 467.35 m asl. and a initial water depth at the weir of approximately 11.5
m. The reservoir is 5.1 km long, has a width of 80 to 150 m and an initial reservoir volume
of approximately 2.8 million m3. The design capacity of the power plant is 19 MW with
a design discharge of 147 m3/s and a mean discharge of 108.1 m3/s. The reservoir has a
catchment area of about 6,250 km?.

Figure 7.3 shows the sediment deposition at the weir in the reservoir Zlatten at the river
Mur in Styria (Austria) during the complete draw-down of the water level. The sampling
area is shown in Figure 7.4.

The Angostura hydro power plant is one of currently four power plants located at the
river Reventazon in Costa Rica and has been in operation since October 2000. The dam
is constructed as a rock-fill dam with a height of 38 m. The design capacity of the power
plant is 177 MW with a mean discharge of 104 m3/s. The reservoir was planned with
a total size of 17 million m®, where 2.5 million m?® are required for the daily peaking
purposes (Jiménez et al., 2004). The Angostura reservoir is filled from a catchment area
of 1,463 km?, mainly by the rivers Reventazén and Atirro.
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Figure 7.3: View from the weir of the Zlat- Figure 7.4: View of the cohesive sediment
ten reservoir upstream with total lower- banks in the middle of the reservoir with
ing of the operation level due to rehabil- total lowering of the operation level
itation works

Figure 7.5: Angostura reservoir in Costa Rica with lowered operation level at a flushing
event
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mass frequency [ %]
g
—

grain diameter [um]

Figure 7.6: Grain size distribution of the sediment samples gathered in reservoirs in Aus-
tria and Costa Rica (Harb et al., 2013c)

7.3 Sediment Sampling

In August 2010 six representative sediment samples were taken at the Zlatten reservoir
in Austria and analyzed according to the Austrian Standard ONORM B4412. An acrylic
cutting cylinder with a diameter of 140 mm was used to obtain nearly undisturbed sedi-
ment samples. The cohesive sediment samples were collected at a sediment bank on the
orographic left side of the reservoir. The water depth at the sediment bank was approx.
0.5 - 0.6 m. The grain size analysis of the sediment samples from the Zlatten reservoir
showed a dyy of 35 um and a d,,, of 17 um (Figure 7.6, green line). The water content of
the samples varied between 30 and 35 percent.

The sediment samples from the Angostura reservoir were taken in July 2012 from a sed-
iment bank, which has developed at the inflow area of the reservoir during the last years.
The water depth at the bar was approx. 0.3 - 0.4m. The acrylic cutting cylinder used
had a diameter of 100 mm and the results were also analysed with respect to the same
standards. The grain size analysis of the sediment samples showed a dgy of 5 um and a
d,, of 3 um (Figure 7.6, blue line). The water content of the samples from Costa Rica also
varied between 30 and 35 percent.

7.4 Experimental Setup

7.4.1 Flume Setup

The experimental program was carried out at the Hydraulic Laboratory of the Graz Uni-
versity of Technology. The flume is about 14 m long and has a constant rectangular section
of 0.8 m width and 0.86 m height (Figure 7.7). The glass walls of the channel enable the
installation of a Particle-Image-Velocimetry-System (PIV-System) and allow visual in-
spection of the test section. The water inflow into the flume is controlled by an upstream
located valve in the feeding pipe and measured by an electromagnetic flow meter. The
maximum discharge which could be reached with this setup was 1501/s. The flow depth
in the downstream area of the channel was controlled by a gate, located at the outflow
area of the flume. For the experiments a 6 m long double bottom was installed with a dec-
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lination of 1 percent and an open-bottomed test section. So the samples could be easily
placed and fitted, with respect to the height, into bottom of the flume. The surface of the
double bottom was a smooth acrylic glass plate.

; valve at feeding pipe

1 ==

! 1 1
i 1 Il

Il double Il gate
screen I

/F H\\l i Zﬂi \47

Figure 7.7: Experimental setup in the flume (Harb et al., 2013c)

7.4.2 Particle Image Velocimetry Measurements

A 2D Particle Image Velocimetry (PIV) system was used for the measurements of the
velocity field around the soil sample. The laser used for the PIV-measurement is a Litron
Laser — Model (LDY303-PIV) with a repetition rate of 0.2-20 kHz, an energy output up
to 20 mJ and the defined wave length is 527 nm (green light) (LitronLasers, 2012). The
camera is a Photron FASTCAM SA-1 with a frame rate of 5.4kHz and a resolution of
1024 times 1024 pixel (Dantek, 2008). For the measurements the laser light sheet was
located in the longitudinal axis of the flume directly above the sediment sample ( Figure
7.8).

The camera was oriented normally to the 2D-Laser light sheet. The laser sheet lights the
natural particles in the flume and the illuminated particles (seeding) are recorded (Figure

Figure 7.8: Setup of the PIV measurements in the flume
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Figure 7.9: Obtained picture from the PIV measurements (Harb et al., 2013c)

7.9). Based on a sensitivity analysis the frame rate was set to 2 kHz (Harb et al., 2013c).

7.4.3 Experimental Conditions

Two sets of experiments were carried out for different flow conditions and different sedi-
ment samples. The slope of the flume was kept constant (with a declination of 1 percent).
The flow was supercritical for all discharge rates. The tested flow conditions are summa-
rized in Table 7.1.

The flow variables describing the different flow conditions are the flow rate (), the mean
velocity in longitudinal direction w,,, the flow depth £, the Reynolds number Re and the
Froude number F'r. The sediment samples were fitted in the open-bottomed test section in
the flume. To avoid an influence due to a sudden increase of the roughness (acrylic glass
plate - soil sample) a working area of about 1.2 x 0.8 m around the undisturbed sediment
sample was filled and uniformly pasted with naturally disturbed material (compare Koth-
yari and Jain, 2008; Roberts et al., 2003). The result was a similar roughness and surface
structure to that in the reservoir. However, the use of field sediment samples in a labora-
tory flume has the disadvantage that the characteristics of these undisturbed samples may
change during sampling and transportation (Aberle, 2008). The sediment samples were
thus stored in the acrylic cutting cylinders in a water basin to retain the natural conditions
in the reservoir. The surface of the disturbed material had to be enforced using cement
slurry because of the lower critical shear stress. The experiments started usually with a
discharge rate of 201/s, which was increased stepwise every 10-15 minutes. The sam-
ple was visually inspected at the same time. The discharge was held constant if erosion
occurred. If no visible erosion was recognized the discharge was increased again (e.g.,
Aberle et al., 2003).
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Table 7.1: Flow conditions for the experiments (Harb et al., 2013c)

Flow Q U, h Re Fr

condition | [I/s] | [m/s] | [mm] [-] [-]

V20 20 | 0.75 23 1.3x10-4 | 1.57
V25 25 | 0.84 28 1.7x10-4 | 1.60
V30 30 | 0.94 33 | 2.2x10-4 | 1.64
V35 35 | 1.02 38 | 2.7x10-4 | 1.67
V40 40 | 1.07 42 | 3.1x10-4 | 1.68
V50 50 | 1.18 49 | 3.9x10-4 | 1.71
V60 60 | 1.28 55 | 4.8x10-4 | 1.73
V70 70 | 1.36 62 | 5.6x10-4 | 1.75
V80 80 | 1.44 68 | 6.5x10-4 | 1.76
Voo 90 | 1.50 73 | 7.3x10-4 | 1.77
V100 100 | 1.57 78 | 8.0x10-4 | 1.78
V120 120 | 1.67 89 | 9.5x10-4 | 1.80

where () denotes the discharge, u,, is the mean velocity in the longitudinal flow
direction, h is the measured water depth, Re is the Reynolds number and F'r is the
occurring Froude number in the experiments.

7.5 Experimental Results and Discussion

7.5.1 Mean Velocity Profiles

The velocity profiles were measured for all flow conditions (Table 7.1) to evaluate the
bed shear stress. The velocity in the longitudinal axis (u) are shown for the different flow
conditions in Figure 7.10. The velocity values and vertical coordinates have been nor-
malized using the maximum velocity component ,,,, and the corresponding coordinate
Ymaz respectively.

Six u-velocity component profiles are shown in Figure 7.11 for the flow condition V120,
measured over different sediment samples. Figure 7.11 illustrates that the most significant
difference among the velocity profiles occur next to the bed, probably due to the not
perfectly flat surface of the different sediment samples. Depending on the exact height of
the surface of the sediment sample and the resolution of the camera, the first measured
velocity components are 0.1 mm above the bed.

7.5.2 Evaluation of the Bed Shear Stress

The bed shear stresses was evaluated using the gravity method and the Reynolds stress
method, described in Section 3.3. In the case of the Reynolds stress method the measured
shear stresses were time averaged and also spatial averaged over the sediment sample.
This spatial averaging was necessary, because slight differences in the height of the probes
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Figure 7.10: Normalized u-velocity in the longitudinal direction (Harb et al., 2013c)

caused peak values in the obtained shear stresses.

The shear stress values obtained are presented in Figure 7.12 to show the relationship
of the values derived by the gravity method and the Reynolds stress method. The shear
stresses derived by both methods agree well, which indicate that nearly uniform flow
conditions occurred in the flume (Harb et al., 2013c). In this study six cohesive sediment
samples from Austria and two cohesive sediment samples from Costa Rica were tested
to evaluate the critical shear stresses. The erosion pattern was identified visually and
characterized based on the erosion modes defined by Kothyari and Jain (2008). According
to Kothyari and Jain (2008), the modes of incipient motion (namely: pothole erosion, line
erosion and mass erosion) depend strongly on the clay content, the antecedent moisture

40

——R1

35 ——R2

——R3

30 —=—R4

—o—R5

= ——R6

0.2 0.4 0.6 0.8 1.0 12 14 1.6 18
u - velocity [m/s]

Figure 7.11: Detail of the measured u-velocities for 6 different sediment samples (V120)
close to the bed (Harb et al., 2013c¢)
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Figure 7.12: Comparison of the shear stress values (time averaged and space averaged)

derived by the gravity method and the Reynolds stress method for different flow conditions
(Harb et al., 2013c)

Table 7.2: Evaluated critical shear stresses (Harb et al., 2013c)

Sediment | Reservoir | Q.. Terit Comment
sample [1/s] | [N/m?]

R1 Austria 120 9.1 line erosion at 80 1/s
R2 Austria 70 6.4 —

R3 Austria 120 9.1 pothole erosion at 80 /s
R4 Austria 120 9.1 mass erosion at 140 I/s
R5 Austria 60 5.7 -

R6 Austria 40 4.5 —

Cl Costa Rica | 120 9.1 —

C2 Costa Rica | 25 2.9 —

characteristics and the applied shear stress.

Table 7.2 presents an overview of the measured critical bed shear stresses and the observed
erosion pattern. In the cases R2, RS, R6 and C2 the failure occured between two natural
layers formed by sedimentation processes in the reservoirs. Figure 7.13 illustrates the
erosion pattern of the sample C2. The structure of the sediment samples R1, R3, R4
and C1 was also not uniform because of inclusions of small clay lenses. In these cases
mass erosion took place in the more or less compact sediment probe (see Figure 7.14).
Layers or small lenses in the sediment depositions develop, if the characteristics of the
inflowing sediments change during the deposition period (e.g., coarser sediments during
flood events). However, it is possible to capture disturbances of this kind on a small scale,
but an observation of these processes in a whole reservoir is almost impossible to conduct.
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mass erosion

\ g Mass erosion
failure between
silt and clay layer

Figure 7.13: Erosion pattern of the sam- Figure 7.14: Erosion pattern of the sam-

ple C2 after the final run (V 25) with a ple C2 after the final run (V 25) with a
shear stress of 2.9 N/m? with failure be- shear stress of 2.9 N/m? with failure be-
tween the silt and clay layer (Harb et al., tween the silt and clay layer (Harb et al.,
2013c) 2013c)

The critical bed shear stresses obtained in this study are relatively high compared with
previous conducted studies, e.g., Aberle et al. (2006); Debnath et al. (2007); Kothyari and
Jain (2008); Tolhurst et al. (2009) and Kothyari and Jain (2010). Only the critical shear
stresses given by Kamphuis and Hall (1983) are in the same range as the values derived in
this flume tests. The sediment characteristics and critical shear stresses given by Kothyari
and Jain (2008, 2010) and Kamphuis and Hall (1983) are summarized in Table 7.3.

The reason for the mainly lower critical shear values found in the literature may be ex-
plained by the fact that no consolidation effects were taken into account in the laboratory
produced sediment depositions. However, the sediment samples taken from reservoirs are
influenced by consolidation, which leads to higher critical shear stresses.

7.5.3 Vane Strength Measurements

The field vane is one of the most used in situ measurement methods for the determination
of the undrained shear strength of cohesive sediments (Chandler, 1988). Vane strength
measurements have thus been carried out in the reservoirs chosen for this study to test
the transferability of the measured vane strength values for the estimation of critical shear
stresses of the depositions. A Geonor H-60 hand-held vane strength tester was used for
measuring the undrained shear strength in the field (Geonor, 1995). The application range
of this device spans from soft to stiff clays in a range of 0 kPa - 200 kPa. The benefits of
a hand-held field vane are the easy handling, the repeatability of the results and economic
aspects. The vane strength measurements were carried out in the same area where the
sediment sampling for the flume test took place. The used vane size was 25.4 x 50.8 mm
and the used rod had a length of 1 m for both reservoirs.

In the Zlatten reservoir the vane strength test was repeated ten times in an area of about 0.5
x 0.5 m. In the Angostura reservoir the test was repeated twelve times in the same areas
size. Additional vane strength measurements were performed on the sediment samples
placed in the flume after mass erosion took place. The vane strength measurements were
compared with the obtained critical shear stresses from the laboratory study and with
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Table 7.3: Evaluated critical shear stresses compared with values found in the literature
(Harb et al., 2013c)

Sediment sample / d,, Water Clay“ Silt’  Sand® Terit Su
Literature content

Lpm] [%] (%] [%]  [%] [N/m?] [kPa]
R1 Austria 17.8 30.4 10 89 1 9.1 14.2
R2 Austria 17.2 329 10 89 1 6.4 10.4
R3 Austria 16.9 314 10 89 1 9.1 15.8
R4  Austria 16.5 31.6 10 89 1 9.1 17.2
R5 Austria 17.2 30.9 10 89 1 5.7 9.6
R6  Austria 17.4 323 10 89 1 4.5 7.7
C1 Costa Rica 3.1 343 15 85 0 9.1 5.0
C2 Costa Rica 34 34.0 15 85 0 2.9 4
Kamphuis and Hall (1983) - 24.2 - 37 60 35 5 8.6-184 9.6-225
Kamphuis and Hall (1983) - 35.6 60 38 2 12.2-134 17.1
Kamphuis and Hall (1983) - 34.1 62 35 3 - 27.0
Kamphuis and Hall (1983) - 37.8 60 39 1 9.9 -10.7 12.2
Kamphuis and Hall (1983) - 31.8 60 36 4 10.2-11.3 15.2
Kamphuis and Hall (1983) - 35.7 58 40 2 11.3-12.5 13.3
Kamphuis and Hall (1983) - 29.6-31.3 48 35 17 4.0-89 1.9-7.6
Kamphuis and Hall (1983) - 22.6-25.8 36 35 29 1.0-54 3.6-11.0
Kamphuis and Hall (1983) - 20.5 15 35 50 1.5-1.8 11.0
Kothyari and Jain (2008) 1500 7.2-13.4 10 0 90 09-13 -
Kothyari and Jain (2008) 1330 7.2-15.2 20 0 80 1.2-1.7 -
Kothyari and Jain (2008) 1170 9.5-21. 30 0 70 1.3-1.38 -
Kothyari and Jain (2008) 1000 10.3-19.2 40 0 60 1.0-1.6 -
Kothyari and Jain (2008) 840 10.0-20.4 50 0 50 09-1.5 -
Kothyari and Jain (2010) 1500 - 10 45 45 09-1.3 -
Kothyari and Jain (2010) 1000 - 40 30 30 09-1.5 -
Kothyari and Jain (2010) 850 - 50 25 25 08-14 -

where d,,, denotes the mean sediment diameter, 7.,;; is the critical bed shear stress and S,, is the
measured vane shear strength
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values found in the literature (Kamphuis and Hall, 1983; Kothyari and Jain, 2008, 2010,
compare Table 7.3). Figure 7.15 presents the correlation of the data from the present
study and the data from Kamphuis and Hall (1983). The new data was used to modify
the original function of Kamphuis and Hall (1983). However, the critical shear stress
of cohesive sediments depends on various parameters. Therefore, this diagram and this
function may be used for a rough estimation of the critical shear stress based on measured
vane strength values only.

7.6 Conclusion for the Flume and Field Tests

The results reflect that the behavior of natural cohesive sediments depend on a wide range
of parameters. The effects of layer structures in depositions in particular could be ob-
served as an important parameter. Even in the case of two layers with almost identical
shear stress mass erosion can take place by lifting sheets from the upper layer or by slid-
ing of the upper from the lower one. The failure or sliding zone is then often between the
layers.

The results of the experiments showed that the average shear stress obtained is above most
of the values found in previously conducted studies (e.g., Kothyari and Jain, 2008). This
is most probably because of the natural consolidation effect of the samples taken from the
reservoirs, compared to the artificially created depositions made of a mixture of clay, silt
and sand, used in other studies. In addition vane strength measurements were performed
in the reservoirs to evaluate the undrained shear strength of the depositions. The obtained
vane strength values were related to the critical shear stresses derived by the experimental
tests in the flume. These data was also correlated with data derived by Kamphuis and Hall
(1983), who developed a correlation function between the vane shear strength and the bed
shear stress:

15.0

10.0

critical shear stress (t.) [N/m?]

A Kamphuis & Hall, 1983
5.0 W data Austria present study
4  dataCostaRica present study

..... T= 3.8+ 0.55(5%) (Kamphuis & Hal, 1983)

= 0756

0.0

0 5 10 15 20 2
vane shear strength (S,) [kN/m2]

Figure 7.15: Comparison of the critical shear stress values and the vane strength values
based on data fromKamphuis and Hall (1983) modified with data of the present study
(Harb et al., 2013c)
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n:ss+0%($ﬁ (7.1)

The original function of the critical shear stress to the vane strength values obtained by
Kamphuis and Hall (1983) was modified according to the additional data.

%:0%(%0 (7.2)

The new function may be used for a rough estimation of the critical shear stress, based
on measured vane strength values in selected reservoirs. Especially for the Angostura
reservoir, where only two sediment samples were available, this rough estimation should
be handled with care in further studies. Further research is necessary to achieve accurate
data for studies regarding sediment erosion. Future research tasks include basic research
as well as the development of in-situ measurement devices, which are suitable to use in
large reservoirs.
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8 CASE STUDIES

The case studies in this thesis focus on the numerical simulation of sediment deposition
and the flushing of sediment. The presented work was published in form of scientific
papers and can be found in the appendix.

The following reservoirs have been investigated:

¢ Schonau reservoir

* Fisching reservoir

The case studies are presented in the following sections.

The critical points in the numerical simulation of sediment transport processes during
flushing or flood events are the accuracy of the numerical model and the quality of the
input and validation data.

8.1 Case Study Schonau Reservoir

The first case study is the Schonau reservoir in Austria, located at the river Enns. The
numerical simulations focused on the sediment deposition and on the removal of sediment
during flood events. In this case study two different scenarios were investigated. These
scenarios are presented in Harb et al. (2011) and Harb et al. (2013b).

In the first study (Harb et al., 2011) the sediment deposition in front of the turbines in the
case of a 1-year flood was simulated and the influence of the draw-down of the water level
investigated was in prototype scale.

The second study (Harb et al., 2013b) focuses on the prediction of morphological bed
changes. The sediment deposition in a reservoir during a 10-year flood was investigated
and the results of the simulation were validated with data derived from a physical model
study. Because of the small grain sizes in the prototype, synthetic granulate was used
in the physical model. The numerical computation domain was a reproduction of the
physical model, including the grain sizes and the density of the particles, in order to
ensure comparability.

8.1.1 Project Description and Background — Schonau Reservoir

The hydro power plant Schonau was built in 1973 in a river bend (Figure 8.1). The power
house is located at the inner side of the river bend for infrastructural reasons. In the first



CHAPTER 8. CASE STUDIES

Figure 8.1: Orthophoto of the Schonau reservoir at the river Enns (DORIS, 2013)

max. operation level /

Figure 8.2: Reservoir sedimentation in the Schonau reservoir since the start of operation
in front of the weir (Section 10)

years of operation the sediment deposition in the reservoir was not a problem, because
most of the sediments were trapped in upstream reservoirs. In the last years the sediment
load transported into the reservoir increased because of more frequently conducted flush-
ing processes in the upstream located reservoirs. Legal restrictions prohibit the lowering
of the water level of the Schonau reservoir under the minimum operation level and con-
sequently, the flushing of the prototype itself is not possible. Therefore, in the event of
higher discharges massive sediment depositions occur in the front of the turbine intakes
of this hydro power plant, caused by flushing processes at the upstream located reservoirs.
Several flood discharges were analyzed in the physical model to solve the sedimentation
problem at the turbine inlets.

But not only the turbine inlets, the whole reservoir is affected by the deposition of sedi-
ments. Figure 8.2 illustrates the raise of the bed levels in the reservoir since the start of
operation in 1973.

During the physical model tests a 10-year flood occurred at the prototype in July 2009.
At this flood event the turbine inlets were blocked with wood stocks and fine sediments
and no turbine operation was possible (Figure 8.3 and Figure 8.4). The removal of the
deposited sediments in front of the turbine inlets was conducted by wet dredging and took
eight weeks.
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Figure 8.3: Removed sediment from the Figure 8.4: Dredging at the turbine inlets
turbine inlets in July 2009 in July 2009

In this study the “soft flushing” approach (see Chapter 5) was investigated to reduce the
sedimentation and to activate the erosion of the deposited sediments. A conventional
flushing approach with free flow conditions in the reservoir is not possible in this case,
because of legal restrictions concerning the downstream located city Steyr. Steyr is often
flooded even in the occurrence of small flood events. The flushing of sediments to the
city of Steyr may raise the bed levels and increase the flood risk. Consequently flushing
operations are not allowed. Therefore, a soft flushing strategy is carried out in this study.
In this scenario the water level is lowered from the maximum operation level (400.5 m
asl) to the minimum operation level (398 m asl) during flood events to enhance the flow
velocities, the bed shear stresses and thus the sediment transport in the reservoir.

8.1.2 Physical Model Study

The physical model study study was carried out at the Hydraulic Laboratory of the Insti-
tute of Hydraulic Engineering and Water Resources Management at the Graz University
of Technology in the period between 2008 and 2010. The physical model was built in
concrete with a fixed river bed at a scale of 1:40 based on the initial bed level in 1973 at
the start of operation. The model was about 24 m long and 2.5 m wide and represented
a natural river length of 950 m. The model was divided into a 570 m long part of the
reservoir and a 380 m part downstream of the weir. Figure 8.5 shows an overview of the
reservoir part of the physical model. Not only the initial conditions in 1973, but also the
conditions in the sedimented reservoir were investigated. To do this, the bed levels mea-
sured in 2002 were installed in the physical model by filling up the cross sections with
sand. The surface of the sand was enforced with cement slurry to obtain a fixed river bed
again.

Figure 8.6 shows an overview of the reservoir in the physical model with bed levels
from 1973. The Manning coefficient in the physical model for the bed roughness was
n=0.01667 s/m'/3, determined by similarity of the water levels. The grain-size distribu-
tion of the deposited sediments in the prototype is very fine (dgp=0.9 mm and d5,=0.25
mm) and has a grain density of 2.73-2.80 g/cm®. In consequence of these small grain
sizes, synthetic granulate was used to model the sediment transport and the sediment de-
position in the physical model. The synthetic granulate had a cylindrical form with a grain
size of 2 mm, a density of 1.29 g/cm? and a in the laboratory determined fall velocity of
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Figure 8.5: Plan view of the reservoir part of the physical hydraulic model (Harb et al.,
2013b)

Figure 8.6: A photograph illustration of Figure 8.7: Deposited sediment after the
the physical model with the initial bed test run of a 1-year flood without turbine
level measured in 1973 (Harb et al, operation with the measured bed level in
2011) 2002 (Harb et al., 2011)

0.07 m/s. The larger but lighter grains are typical for models designed by taking into
account the grain Reynolds number (Yalin, 1971; Kobus, 1984). Figure 8.7 illustrates
the deposited sediments near the turbine inlets after the test run of a 1-year flood without
turbine operation for the bed level 2002.

8.1.3 Numerical Model

The three-dimensional numerical model SSIIM2 (Olsen, 2012) was used in this study.
Because of the implemented wetting and drying algorithm the number of grid cells in the
vertical direction changes according to the changes in the water level and the geometry of
the river bed.
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Figure 8.8: Contour plot of the absolute velocities [m/s] for 1-year flood and turbine op-
eration measured in the physical model in Section 10 (Harb et al., 2011, modified)
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Figure 8.9: Contour plot of the absolute velocities [m/s], 1-year flood and turbine opera-
tion computed in the numerical model in Section 10 (Harb et al., 2011, modified)

8.1.3.1 Hydrodynamic Calibration of the Numerical Model

The velocity profiles derived of the numerical model were compared to the measured
ADV profiles in the physical model. The bed roughness value was varied in the cali-
bration process of the hydrodynamic calculations. Figure 8.8 shows the velocity profile
measured in the physical model and Figure 8.9 illustrates the velocity profile of the nu-
merical computation after the calibration process. After the hydrodynamic calibration a
Strickler roughness of 60 m'/3/s was used for the further simulations.

The velocity distributions in the flow profiles show reasonable agreements. In this case the
numerical model generally overestimates the high velocities in the middle of the section
and underestimates the lower velocities near the river banks compared to the measured
velocity profiles. The pattern of the flow field compares well, the location of the highest
velocities can be reproduced in the numerical model.

8.1.4 Analysis Prototype Scale and Comparison with Physical Model and ADCP
Measurements

As mentioned above, the first study was conducted in prototype scale. The model was cal-
ibrated using ADV measurements for the 1-year flood, taken at the physical model, and
validated using ADCP measurements in the prototype. The bed shear stresses were ana-
lyzed and the sediment deposition for a 1-year flood simulated using the natural sediment
sediment in the reservoir.

107



CHAPTER 8. CASE STUDIES

8.1.4.1 Numerical Model - Prototype Scale

In the first study (Harb et al., 2011) at the beginning of the calculation about 78,000 cells
are used with a maximum cell size of approximately 5.0 x 5.0 m. At the end of the
calculation between 50,951 and 48,520 cells are left, depending on the water level at the
end of the simulation. The maximum number of cells in the vertical direction is 10. The
numerical program SSIIM is described in Section 6.2.

The calibration of the numerical model was done by using measurements from the proto-
type. In the model the bed roughness was set to a constant value. The suspended sediment
load capacity and the bed load were computed by using the empirical formulas of Van Rijn
(1984a,b).

At the “soft-flushing” approach the reservoir level is drawn down linear to the minimum
operation level of 398 m asl, if the discharge exceeds 750m3/s (1-year flood). If the
discharge increases further, the gates of the weir are opened according to the operation
guidelines of the hydro power plant.

8.1.4.2 Validation of the Numerical Model Using ADCP Measurements

Additional field measurements with an ADCP (Acoustic Doppler Current Profiler) were
used to validate the quality of the results in the numerical model. The field measurements
were performed in June 2009 with approximate design discharge by the Hydrographic
Institutes of the Styrian Government and the Upper Austrian Government. During the
measurements the water level was constant (400.35 m asl). The maximum operation level
of the reservoir is 400.5 m asl. A RDI ADCP WorkHorse RioGrande 1200 kHz was used
to measure the flow field with the Section-by-Section method. The data collected in the
reservoir were compared with the velocity profiles of the numerical model.

Figure 8.10 and 8.11 show the comparison of the flow fields derived from the ADCP
measurements and the numerical simulation in Section 10.

Figure 8.12 and 8.13 show the comparison of the flow fields derived from the ADCP
measurements and the numerical simulation in Section 8.

The flow field reproduced from the ADCP measurements and from the numerical model
correlate very well. The ADCP measurements (Figure 8.12) show that, because of the
complex geometry the highest velocities are at the inner site of the river bend. There is
also an explicit separation zone and a backflow area at the left river bank in both measured
ADCEP profiles. All these characteristics are reproduced in the numerical flow profile
(Figure 8.11 and 8.13). The bed levels of the measured cross section were derived from
the ADCP measurements in 2009. The cross section implemented in the numerical model
was measured using echo-sounding in 2002. Thus, the bed levels are slightly different,
because of the sedimentation in the reservoir.

8.1.4.3 Comparison Flow Pattern 1973 and 2002

In the numerical model of the prototype the flow field with the bed levels of 1973 and
2002 were analyzed. The velocities at the river bed for the Figures 8.14 and 8.15 show
clearly that the main flow in the river bend moved towards the outer side. This effect
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Figure 8.10: Contour plot of the absolute velocities [m/s[for design discharge and turbine
operation derived from ADCP measurements in the field in Section 10 with bed levels 2009
(Harb et al., 2011, modified)
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Figure 8.11: Contour plot of the absolute velocities [m/s] for design discharge and turbine
operation derived from the numerical model in Section 10 with bed levels 2002 (Harb
et al., 2011, modified)

may be caused by the sediment deposition in the reservoir and leads to a increased back
flow zone at the turbine intakes. This increased backflow zone additionally enhances the
sedimentation of suspended sediments in front of the turbine intakes.

8.1.4.4 Bed Shear Stresses

Figure 8.16 shows the “soft-flushing case” with a discharge of 1,000 m?/s and a water
level of 398 m asl and Figure 8.17 shows a discharge of 1,350 m3/s (10-year flood event)
with a water level of 400.5 m asl. The discharge of 1,000 m?®/s was chosen in context of
the event probability to enable a frequently soft flushing of the reservoir. In both cases the
turbines are not in operation.

The draw-down of the water level in the reservoir increases the flow velocities and the
bed shear stresses at the river bed. Because of the low water depth in the middle part of
the reservoir the bed shear stresses are also increased in this area. The shut-down of the
turbines increases the large recirculation zones near the turbine inlets at the inner site of
the river bend in the numerical model. These recirculation zones can also be observed in
the physical model and in the prototype.
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Figure 8.12: Contour plot of the absolute velocities [m/s[for design discharge and turbine
operation derived from ADCP measurements in the field in Section 8 with bed levels 2009
(Harb et al., 2011, modified)
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Figure 8.13: Contour plot of the absolute velocities [m/s] for design discharge and turbine
operation derived from the numerical model in Section 8 with bed levels 2002 (Harb et al.,
2011, modified)

8.1.4.5 Sediment Deposition — Investigations Prototype Scale

Figure 8.18 and 8.19 shows the comparison of the results obtained from the measured
deposits in the physical and the numerical model. The digital elevation model of the
sediment deposits in the physical model were measured by using the measurement data
of a three-dimensional laser scanner.

In the physical model the flushing channel is much deeper than the simulated flushing
channel in the numerical model. In addition, the numerical model shows more sediment
depositions at the outer site of the river bend (Figure 8.19). This deviation can be ex-
plained by the fact that due to the very small grain sizes (dgp=0.9 mm and d5,=0.25 mm)
of the deposited sediment in the reservoir, mineral granulates were used to model the sed-
iment transport in the physical model. As a consequence the influence of the cohesive
sediment behavior and of the flocculation processes in the prototype were neglected in
the physical model. This could lead to higher erosion rates in the physical model. How-
ever, excluding this deviation, the deposition and the erosion of very fine and cohesive
sediments is modeled well compared to the physical model (Harb et al., 2011).
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Figure 8.15: Calculated flow velocities
[m/s] and flow vectors at the river bed
for the bed levels in 2002 in the event of
a I-year flood with maximum operation
level
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Figure 8.16: Calculated bed shear
stresses derived from the numerical
model [N/m?] for the “soft flushing”
case with 1,000 m>/s and water level in
the reservoir of 398 m asl (Harb et al.,
2011)

Figure 8.17: Calculated bed shear
stresses derived from the numerical
model [N/m?] for the 10-year flood event
with 1,350 m®/s and water level in the
reservoir of 400.5 m asl (Harb et al.,
2011)
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8.1.4.6 Conclusion Schonau Reservoir — Investigations Prototype Scale

In the first study (Harb et al., 2011) the characteristic flow pattern, bed shear stresses and
the sediment transport were calculated with a three-dimensional numerical model. The
results have been compared with ADCP field measurements and ADV measurements in
the physical model. The comparisons of the flow velocities in different sections show
good agreement. The numerical model predicts the flow characteristics in the river bend
very well, but overestimates the high velocities and underestimates the low velocities in
the backflow zones. This effect could be caused by slight differences of the reservoir bed
geometry, the water level or the non-uniform distribution of the roughness in the reservoir.
The turbulence model used may also cause these slight differences in the flow field.

The draw-down of the water level in the presented case also increases the bed shear
stresses in the middle of the reservoir and not only close to the weir. The bed shear
stresses in the soft flushing case are significantly higher than the bed shear stresses during
flood events with higher discharges. Therefore, the regular draw-down of the water-level
can reduce the sedimentation and facilitate the erosion of the sediment depositions in the
reservoir compared to “normal flood-operation”. Due to the fine and cohesive sediments
in the prototype synthetic granulates were used to model the sediment transport in the
physical model. The numerical model was a replication of the prototype, including the
grain sizes of the natural sediment. The deposition and erosion pattern showed a good
agreement with the results derived of the physical model, with slight deviations in the
channel depth in consequence of the used granulates in the physical model. The model
tests showed that in the case of very fine and cohesive sediments the application of phys-
ical models is limited. The deposition height could not be reproduced by the numerical
model due to the flocculation processes of the fine sediments in the prototype. The de-
scription of flocculation processes is very complicated and depends on several parameters.
An algorithm to take these processes into account is under development and will improve
the results in future. More field data and sediment analysis is required to improve the

Figure 8.18: Measured deposition pat- Figure 8.19: Calculated deposition pat-
tern in the physical model in proto- tern in the numerical model in proto-
type scale [m asl] in the event of a I- type scale [m asl] in the event of a I-
year flood with maximum operation level vear flood with maximum operation level
(Harb et al., 2011) (Harb et al., 2011)
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results of the numerical model further.
8.1.5 Analysis Model Scale and Comparison with Physical Model

The simulations of the sediment depositions in the prototype scale showed that the nu-
merical model was not able to handle the complex flocculation processes at that time.
Therefore, a second study of the sediment deposition in model scale was conducted. In
the second study, the synthetic granulate, which was used to model the sediment deposi-
tion in the physical model, was also implemented in the numerical model.

8.1.5.1 Setup Physical Model — 10-Year Flood

In the second analyzed scenario (Harb et al., 2013b) the flow field and the hydromor-
phological changes caused by the 10-year flood in the reservoir were analyzed. For the
hydrodynamic investigation in the physical model a steady discharge rate of 133.4 1/s was
applied with a duration of 6 hours, which represents 1,350 m?/s and 12 hours in the pro-
totype, respectively. The turbines were shut down during the flood event in accordance
to the operation plan. The attached flap gates were fully opened. The left segment gate
was shut, the middle and the right ones were opened approx. 30 percent. During the
physical model simulation of the 10-year flood about 0.11 m? of synthetic granulate was
added with a continuous rate of approx. 5 g/s by an upstream located sediment feeding
equipment. A digital elevation model of the sediment deposition in the physical model
was derived from a three-dimensional scan of the depositions.

8.1.5.2 Numerical Model — Analysis Model Scale

In this scenario the maximum number of cells in the vertical direction was limited to
11. The number of total cells at the beginning of the simulation was chosen with about
50,000, representing a cell size of 0.02 m x 0.02 m in the x-and the y-direction. Caused
by changes of the bed and the water levels, 48,600 cells were left after the end of the
simulation. The bed roughness was calibrated using the similarity of the water levels
in the physical model and the numerical mode. In addition, ADV measurements in the
physical model were used for the calibration of the numerical model. The computation
was divided into two parts, the computation of the hydrodynamic flow field to obtain
a steady flow situation of the flood scenario was made first. The second step was the
simulation of the morphological bed changes. The hydrodynamic flow field was updated
during the simulation of the morphological bed changes after each time step. The real-
time computation times were 12 hours and 16 hours, respectively.

8.1.5.3 Validation of the Numerical Model Using Additional ADV Measurements

Additional ADV measurements for higher discharges were used to validate the numerical
model. The comparison of the measured ADV profiles and the calculated velocity profiles
can be found in Harb et al. (2013b).

Figure 8.20 and 8.21 show the velocity vectors in front of the intakes computed by the
numerical model close to the bed and the surface, respectively. The velocity vectors at
the surface cells are pointing to the open outlets at the outer side of the river bend (Figure
8.20). Due to the secondary currents at the bed, the bed vectors point directly to the
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Figure 8.20: Velocity vectors at the river Figure 8.21: Velocity vectors at the sur-
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year flood scenario (plan view) (Harb 10-year flood scenario (plan view) (Harb
etal, 2013b) etal., 2013b)

turbine inlets (Figure 8.21). This influences the sediment transport for the 10-year flood
simulation in a massive way.

8.1.5.4 Sediment Deposition Using Synthetic Granulates

The power house is located at the inner side of the river bend in the prototype. Hence,
the sediment is transported naturally towards the turbine inlets, which results in sediment
deposition in front of the intakes. The results of the hydrodynamic simulation of the 10-
year flood scenario show a distinctive back flow zone in front of the turbine inlets, which
increases the sediment flow in this direction (see Figure 8.20 and 8.21). This leads to
huge depositions in front of the intakes. Figure 8.22 illustrates the deposited synthetic
granulates near the turbine inlets after the simulation without turbine operation in the
physical model.

In the numerical simulation identical parameters for grain size, fall velocity and density
of the synthetic granulate were used as in the physical model. The Shields coefficient
was chosen with 0.05 following a sensitivity analysis. The sensitivity analysis conducted
showed that the results are very sensitive to changes in this parameter. The Shields pa-
rameter was therefore a main calibration parameter for the sediment transport simulation
beside the roughness, which was used to calibrate the hydrodynamic flow field.

Figure 8.23 compares the results of the physical and the numerical model. The deposi-
tion in the physical model was measured using a three-dimensional laser scanner with a
minimum accuracy of +/- 2.0 mm. The data from the laser scan showed a large amount
of sediments has deposited in front of the turbines on the orographic right side caused by
the secondary currents.

Section 7 and 8 show clearly that the deposition in the physical model starts further up-
stream as in the numerical model. This difference is most likely caused by small dif-
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Figure 8.22: Deposited synthetic granulates after the simulation of a 10-year flood in the
physical model (plan view) (Harb et al., 2013b)

ferences in the water level calculation and the used turbulence model. In the numerical
model also a general drift to the inner side of the bend occurs in Section 8, which is most
probably a result of an overestimation of the secondary currents in this area. Figure 8.24
shows the measured velocity vectors in the y-direction and the z-direction indicating the
secondary currents in Section 9.

The deposition pattern in the physical model is wider than in the numerical model (Section
9, 10 and 11). The results showed also that the slopes of the deposited material have a
steeper angle in the numerical simulation than in the physical study. This difference can
be a result of the implemented sand slide algorithm, which does not take the properties,
especially the plastic particles angle of repose completely into account. The result of
Section 11 shows that the peak piles up in front of the closed intakes at the inner side of
the bend in the numerical simulation. This agrees physically very well with the plotted
velocity vectors in Figure 8.24. The numerical model, however, produces a compact
deposition structure at the inner side of the bend and deposits too little sediments in the
middle of the reservoir. An overestimation of the secondary currents could cause this
displacement. A first order upwind scheme was used for the simulations, because the
simulation with a second order upwind scheme would increase the overestimated eddies
and secondary currents additionally.

8.1.5.5 Conclusion Schonau Reservoir — Investigations Model Scale

In the second analyses scenario (Harb et al., 2013b) presents the application of a three-
dimensional numerical model for the prediction of morphological bed changes compared
with a physical model. In both models the sediment depositions in a reservoir during a
10-year flood were simulated. Because of the small grain sizes in the prototype, syn-
thetic granulate was used to model the deposition in the physical model. The numerical
simulation was a replication of the physical model, including geometry, hydrodynamic
boundaries and sediment properties. The hydrodynamic results of the three-dimensional
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Figure 8.23: Comparison of the measured and simulated depositions (Harb et al., 2013b)
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Figure 8.24: Measured velocity vectors from the ADV measurements in Section 9 (Harb
etal., 2013b)

numerical model have been verified with ADV measurements conducted in the physical
model. The comparisons of the flow velocities and the characteristic flow pattern show
a good accuracy level. The maximum as well as the minimum flow velocities and the
flow characteristics upstream of the intakes are predicted well. However, due to the ap-
proximations in the numerical model and small assumptions in the model setup (e.g., the
complex partial opening of the gates at the weir, which could not be reproduced by the
numerical model) small differences could be recognized. The bed load transport formula
by van Rijn, developed for uniform and non-cohesive sediments, was used in this study
to calculate the transport of the synthetic granulates.

It is demonstrated, that the computed bed elevation changes are in an overall agreement
with the measured depositions. Although minor differences in the deposition pattern
could be recognized, the results of the three-dimensional numerical model are consistent
with the measured depositions in the physical model. The results support the application
of the numerical model as part of a hybrid modeling approach in further sediment studies.
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8.2 Case Study Fisching

The following analysis is partly cited from Harb et al. (2013a).

The second presented case study is the Fisching reservoir, which is located at the river
Mur in Styria. In this case study a numerical analysis was carried out to investigate the
sediment transport processes in the reservoir during two flushing events in 2009 and 2012.
During the flood event 2009 the water level was partially lowered to enable the sediment
transport in the reservoir. At the flood event in 2012 free flow conditions occurred and a
large amount of sediments was removed from the reservoir. This two cases were analyzed
and are presented in this study. The analysis focused on the hydrodynamic aspects and on
the sediment transport processes during the flood events.

8.2.1 Project Description and Background - Fisching Reservoir

The reservoir is approximately 4.5 km long and had a average width of 80-100 m. The ini-
tial storage volume was about 1.4 million m3. Previous conducted investigations showed
that 85,000 m? of sediments deposit in the reservoir annually. A small amount of the
deposited sediments has been eroded and transported through the reservoir during former
flushing events. However, echo-soundings performed in 2009 showed that approximately
860,000 m? of sediments are already deposited in the reservoir. This represents an annual
sedimentation rate of about 6.1 percent of the initial reservoir volume. Figure 8.25 shows
an overview of the meandering reservoir with the sediment sampling points.

power house

Figure 8.25: Project area Fisching with sediment sampling points (Harb et al., 2013a)

The head of the reservoir is located in an urban area. Hence, the rising of the bed levels
in the reservoir and especially in this area creates a problem concerning flood safety for
the surrounding areas. Figure 8.26 illustrates the rising of the bed levels since the start of
operation. The deposition height in front of the weir is about 4-5 m, the deposition height
at the head of the reservoir is about 0.5-1 m.

8.2.2 Sediment Sampling in the Fisching Reservoir

Seven representative sediment samples were taken from the reservoir and sieved accord-
ing to the Austrian Standard in 2010. The freeze-core method was used for taking the
sediment samples, starting from the weir (Sample 1) to the head of the reservoir (Sample
7). The locations of the sediment sampling points can be found in Figure 8.25. Large
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Figure 8.26: Rising of the bed levels caused by sedimentation in the reservoir, longitudinal
section from the head of the reservoir to the weir (Harb et al., 2013a)

variations in the grain sizes between Sample 1 and Sample 7 can be observed. The mean
diameter d,,, of Sample 1 is below 0.1 mm, whereas the d,,, of Sample 7 at the head of the
reservoir is about 20 mm, which is still relatively small for a reservoir in an Alpine river.
Figure 8.27 illustrates the grain-size distribution of all samples.
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Figure 8.27: Grain size distributions of the sediment samples taken in the Fisching reser-
voir (Harb et al., 2013a)

8.2.3 Numerical Simulations — Fisching Reservoir

The hydrodynamic simulations of the presented cases were performed with TELEMAC-
3D. A short description of the TELEMAC suite is given in Chapter 6. More detailed
information can be found in Hervouet (2007).

The simulations in the presented cases were performed with a hydrostatic pressure as-
sumption, because a conduced sensitivity analysis showed that the use of the non-hydrostatic
pressure assumption did not change the results in this kind of applications significantly.
In TELEMAC-3D the two-dimensional triangular mesh is extended to the vertical di-
mension by the implementation of a number of planes or levels. In the Fisching cases
a homogeneous distribution in the vertical direction with five levels was used. The sen-
sitivity analysis using ten levels for the vertical discretization proved that no differences
occurred in the computed water surface or in the velocity field compared to the use of
five levels. The method of characteristics was chosen, but also several other schemes are
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available for the computation of the advection terms. The solver offers a semi-implicit
scheme for the time integration. TELEMAC-3D is able to separate the vertical and hor-
izontal turbulence scales for modeling of the turbulence. In the investigations a constant
eddy viscosity was applied for the horizontal turbulence and the Prandtl mixing length
model was used for the vertical turbulence. The Prandtl mixing length model expresses
the turbulent viscosity as a function of the mean velocity gradient and the mixing length
(Section 6.4.2.2). The Strickler friction law was applied to compute the energy losses
caused by bottom friction with a constant Strickler value of 35 m'/3/s for the whole
domain. A time step of 1.0 second was chosen for the numerical simulation. For the
sediment transport simulations TELEMAC-3D was internally coupled with the morpho-
logical module SISYPHE. For the calculation of the sediment transport the formulae of
Meyer-Peter-Miiller, Engelund-Hansen and Van Rijn were used. The evaluation of the
sediment transport functions compared with the measured erosion and deposition pattern
in the reservoir is presented later. The active layer thickness was set to 0.05 m, the slope
correction function for the bed shear stress, the skin friction correction algorithm, the
hiding/exposure algorithm and the deviation formula were used. Based on the existing
bathymetry data, two three-dimensional digital elevation models were generated for each
case; one before and one after the flushing event. The mesh with approximately 211,500
prismatic cells and an average edge length of 4 m was mapped on the digital elevation
model using the free software BlueKenue (CHC, 2011).

Figure 8.28: Measured depth- Figure 8.29: Calculated depth-
averaged velocities vectors derived averaged velocities vectors at turbine
from the ADCP measurements at operation (Harb et al., 2013a)
turbine operation (Harb et al,

2013a)

8.2.4 Validation of the Numerical Model using Field Measurements

The hydrodynamic model was validated using ADCP measurements performed at the
prototype. The ADCP measurements were performed during normal turbine operation.
The velocity fields from the measurements were analyzed using the Open Source post-
processing software ADCPtool (Dorfmann and Steidl, 2013). With this ADCP tool two-
dimensional depth averaged flow velocities were calculated and georeferenced. Figure
8.28 and 8.29 compare the measured ADCP flow velocities and the computed depth av-
eraged velocities resulting from the 3-D hydrodynamic model. The figures illustrate that
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the magnitude and the direction magnitude and the direction of the calculated velocity
vectors compare well with the measured velocity vectors.

8.2.5 Analysis of the Flushing Event in 2009

In May 2009 a small flood event was used to lower the water level in the reservoir to
initiate the erosion of the deposited sediments in the reservoir. The flood event had a
maximum discharge of approximately 205 m3/s (nearly 1-year flood). The water level
was partially lowered about 1.6 m from the maximum operation level at 681.1 m asl to
679.5 m asl. Therefore, this flushing event was conducted as pressure flushing without
full draw down at the weir. The water level at the weir and the inflow hydrograph are
shown in Figure 8.30.
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Figure 8.30: Hydrograph of the flood event in May 2009, provided by the Hydrographic
Institute of the Government of Styria

8.2.5.1 Evaluation of the Bed Changes Caused by the Flushing Event 2009

Echo-soundings performed before and after the flushing event were used to evaluate the
morphological changes calculated by the numerical model. The measured bed levels
before (Figure 8.31) and after the flushing event (Figure 8.32) were used to calculate
the differences in the bed levels and the erosion pattern caused by the flushing operation.
The differences in the bed levels (Figure 8.33) were used for validation of the numerical
model. The measurements are unusual and hence very interesting, because in this case
most of the erosion occurred at the inner site of the river bends and not on the outer
side as expected. This effect may be caused by the complex meandering geometry of
the reservoir and the flushing operation itself. The massive depositions at the inner site
of the river bend are eroded in the event of higher discharges. Additional sand slides
and instabilities at the river banks lead to the erosion on the inner site and deposition on
the outer site of the river bend. The flushing was performed with a maximum discharge
of about 205 m3/s (nearly 1-year flood). The lowering of the water level during at the
weir during the flushing event was only 1.6 m. The water level in the reservoir was thus
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relatively high and the bed shear stress at the outer bends was apparently not high enough
to deepen the flushing channel. Erosion of the sediment depositions at the inner side of
the river bank was caused due to bank failures and sand slides. A part of these eroded
sediments were again deposited in the outer river bends.
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Figure 8.31: Digital elevation model of the reservoir bed in Fisching before the flood event
2009
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Figure 8.32: Digital elevation model of the reservoir bed in Fisching after the flood event
2009
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Figure 8.33: Measured bed level changes obtained by subtracting the digital elevation
models before and after the flushing event in May 2009
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8.2.5.2 Numerical Simulation of the Sediment Transport Caused by the Flushing
Event 2009

The simulation of the sediment transport caused by the flood event 2009 was not triv-
ial because of the complex erosion pattern in the reservoir. A sensitivity analysis was
thus carried out to evaluate the most important parameters for this event. The following
parameters were varied:

» Sediment transport formulae (Meyer-Peter-Miiller, Engelund-Hansen, Van Rijn)

¢ Skin friction correction due to bed forms

* Slope effect formula and deviation formula

Different hiding and exposure functions

The different sediment transport functions influenced the calculated sediment transport
rates and the calculated bed changes. The variation of the different implemented hiding
and exposure formulas (Egiazaroff, Ashida & Michiue, Karim, Holly & Yang) showed
only marginal differences. The use of a slope effect formula improved the results. How-
ever, the slope effect formulas of Koch et Flokstra and Soulsby gave similar results. The
sensitivity analysis showed that the skin friction correction and the deviation formula af-
fect the results significantly. Without the deviation formula the erosion pattern is inverted
due to the secondary currents effect and the direction of the shear stress vectors. In the
sections C-C, D-D and E-E so called “furrows” occurred in the first numerical simula-
tions. Figure 8.34 shows a typical pattern with these furrows. This erosion pattern was
a result of small differences in the water level from one node of the mesh to the other.
Therefore, the free surface gradient was varied and a value below 0.5 gave slightly better
results (the default value is set equal to 0.9). But it was not possible to get rid of these
“furrow-pattern” totally.

Calculated bed
changes [m]
Above 1.6

2t0 1.6
.8t0 1.2

Figure 8.34: Calculated bed changes using the Van Rijn formula with derived “furrow-
pattern” in the sections C-C, D-D and E-E

Figure 8.35 shows the measured and the calculated bed changes in different sections. In
the sections C-C, D-D and E-E, the calculated bed levels have been averaged to elimi-
nate the furrow pattern. The implemented skin friction correction algorithm reduces the

123



CHAPTER 8. CASE STUDIES

calculated sediment transport rates are in the areas with very fine sediment very to approx-
imately 20 percent of the total shear stresses. Therefore, the calculated bed changes were
too low in most areas (Figure 8.35). The calculated bed changes show only in section B-B
and E-E a very good agreement with the measured bed changes. Otherwise, without skin
friction correction, the calculated sediment transport rates would be much too high.

The calculated bed changes derived using the Engelund-Hansen formula showed the high-
est deviations to the measured bed changes. Although the three-dimensional model is able
to take the secondary currents into account and the use of the slope effect and the devia-
tion algorithm, the measured erosion pattern could not be reproduced using the Engelund-
Hansen formula. The calculated bed changes obtained by the Meyer-Peter-Miiller formula
and the formula of van Rijn show good agreement with the measured bed changes, but
the calculated bed levels tend to be too high. This difference may be caused by the skin
friction algorithm, which is apparently not able to take the grain sizes in these areas in
combination with the occurring bed forms correct into account.

8.2.5.3 Conclusion for the Sediment Transport Simulations of the Flushing Event
2009

This study focus on the simulation of the sediment transport processes during a flushing
event in an Alpine reservoir. The open source numerical model TELEMAC-3D combined
with the morphological module SISYPHE was used to simulate the sediment transport
processes. The results of the numerical model were compared with the measured bed
changes. These measurements are unusual and hence interesting, because in this special
case most of the erosion occurred at the inner site of the river bends. This effect may be
caused by the complex meandering geometry of the reservoir, the relatively high water
level, sand slides and instabilities at the river banks. The sediment transport formulae of
Engelund-Hansen, Meyer-Peter-Miiller and Van Rijn were used to model the sediment
transport. The calculated bed changes derived from Meyer-Peter-Miiller and Van Rijn
formula showed the best agreement with the measured bed changes. An adaptation of the
skin friction correction could thus also improve the results of the simulations.

However, the simulation results showed a “furrow” pattern in the computed bed changes.
These “furrows” are caused by small differences in the computed water level from one
node to the other node of the mesh, lead to higher shear stresses in some nodes and
result in this erosion pattern. The occurrence of these “furrows” could be limited with the
adaption of the free surface coefficient and the adaption of the positive depth algorithm,
but it was not possible to eliminate them totally.
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Figure 8.35: Measured and calculated bed level changes
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8.2.6 Analysis of the Flushing Event in 2012

In July 2012, two flood events with a probability of approximately 0.2 and 0.05 ( 5-year
flood and 20-year flood) occurred within 10 days. The water level in the reservoir was
lowered according to the operation rules of the hydro power plant and a large amount
of sediment was eroded in the reservoir. Figure 8.36 shows the hydrograph of the flood
events in July 2012.
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Figure 8.36: Hydrograph of the flood events in July 2012, provided by the Hydrographic
Institute of the Government of Styria (Harb et al., 2013a)

8.2.6.1 Evaluation of the Bed Changes caused by the Flushing Event 2012

Echo-soundings before and after the flushing event were used to analyze the morpholog-
ical changes. Based on the measurements two digital elevation models were developed.
The digital elevation model before (Figure 8.37) and after the flushing event (Figure 8.38)
were used to calculate the differences in the bed levels and the resulting erosion pattern
caused by the flushing operation. The measured differences in the bed levels are shown in
Figure 8.39. The erosion at the head of the reservoir and in the upper part of the reservoir
was limited due to the larger grain sizes and the armored river bed at the head of the reser-
voir. Massive erosion occurred in the first half of the reservoir upstream of the weir with
a lowering of the bed levels in the range of up to 2 m. At the flushing event in July 2012
approximately 240,000 m? of sediment depositions were removed from the reservoir.

The erosion pattern of the flushing event in 2012 differs significantly from the erosion
pattern in 2009. These differences may be caused by the much higher discharge and the
free flow conditions in 2012. Therefore, the deposited sediment in front of the weir was
eroded after several hours. Hence, the water level in the reservoir also lowered due to
lowering of the bed levels at the weir and this effect increased the slope in the reservoir.
The increased slope in the reservoir enhanced the sediment transport and lead to higher
erosion rates. In consequence, the water levels lowered again.
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Figure 8.37: Digital elevation model of the reservoir bed in Fisching before the flushing
event in July 2012 (Harb et al., 2013a)

676 to 677
675 to 676
Below 675

Figure 8.38: Digital elevation model of the reservoir bed in Fisching after the flushing
event in July 2012 (Harb et al., 2013a)
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Figure 8.39: Measured bed changes obtained by subtracting the digital elevation models
before and after the flushing event in July 2012 (Harb et al., 2013a)

8.2.6.2 Numerical Analysis of the Changes of the Water Level Caused by the Flush-

ing Event in 2012

The massive sediment depositions in the reservoir increased the flood risk due to the rising
bed levels before the flushing event 2012. During the flushing event in July 2012 a large
amount of sediment depositions were removed from the reservoir. The average bed slope
in the reservoir increased, because of the erosion of these sediment depositions. Hence, in
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the case of free flow conditions the water level during flood events decreases and the bed
shear stress increases. The differences in the water levels are shown in Figure 8.40. The
water level decreased in the whole reservoir. The highest differences in the water level are
in the first half of the reservoir upstream of the weir. These higher differences are caused
by the massive sediment erosion which indicates a good flushing efficiency in the zone
upstream of the weir.

water level difference
4 w

= j Above 1.8
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Figure 8.40: Differences in the water level as a consequence of the flushing event in 2012
and the desilting of the reservoir (Harb et al., 2013a)

Figure 8.41 illustrates the changes in the bed levels and the caused differences in the water
level for the cross sections A-A to E-E. The erosion of the sediment depositions decreases
from the weir (cross section A-A) to the head of the reservoir (cross section E-E). Thus,
also the lowering of the water level is higher at cross sections A-A and B-B than at cross
sections D-D and E-E. The analysis of the water levels showed that the flushing of the
reservoir lowered the flood probability of the urban areas at the head of the reservoir
significantly.

8.2.6.3 Numerical Analysis of the Bed Shear Stresses in the Fisching Reservoir -
Flushing Event 2012

The bed shear stresses in the reservoir were modeled to provide a better understanding
of the sediment transport processes in the reservoir during a flushing event. Figure 8.42
illustrates the calculated total bed shear stresses for the bed levels before the flushing
event in July 2012 in the event of a 20-year flood. The highest bed shear stresses occur
at the weir. The bed shear stresses at the upper part of the reservoir and at the head of
the reservoir are relatively low. This low bed shear stresses and the reduced slope in
the reservoir caused by the massive sediment depositions reduces the sediment transport
capacity in the reservoir during flushing events. This effect decreases the possible erosion
in the reservoir with continuous progression of the reservoir sedimentation. In the Alpine
area flushing events are linked to hydrological boundaries such as flood events. Therefore,
large flushing events like the flushing event in July 2012 cannot be planned in advance, but
can be used to remove sediment depositions from reservoirs. A large quantity of deposited
sediments caused by the previously mentioned high discharge and the long duration of the
flushing event could be eroded from the reservoir. Therefore, the bed shear stresses for the
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Figure 8.41: Changes in the bed level and in the water level caused by the flushing event
2012 in the sections A-A to E-E (Harb et al., 2013a)
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bed levels after the flushing event in July 2012 are much higher due to the increased bed
slope in the reservoir (Figure 8.43). The higher bed shear stresses will lead to enhanced
sediment erosion during future flushing events even during smaller flood events.

Total bed shear stress

Figure 8.42: Calculated total bed shear stress before the flushing event in July 2012 for a
20-year flood (Harb et al., 2013a)
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Figure 8.43: Calculated total bed shear stress after the flushing event in July 2012 for a
20-year flood (Harb et al., 2013a)

8.2.6.4 Conclusion and Next Steps - Flushing Event 2012

The study presented discussed the simulation of a flushing event in an Alpine reservoir.
The bed levels in the reservoir were analyzed using echo-soundings of the reservoir be-
fore and after the flushing event. It is shown that a large part of the massive sediment
depositions in the reservoir were eroded due to the flushing event. During the flushing
event in 2012 the highest erosion rates occurred in the first half of the reservoir upstream
of the weir with a lowering of the bed level in the reservoir of up to 2 m. In this area the
mean grain size of the sediment depositions was below 0.1 mm. The erosion at the head
of the reservoir and in the upper part of the reservoir was limited due to the larger grain
sizes (about 20 mm) and the armored river bed. The numerical analysis showed that the
removal of the sediment depositions increased the bed slope in the reservoir and led to the
lowering of the water level in the reservoir. Hence, the probability of flooding decreased
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for the urban areas near the head of the reservoir. The increased bed slope in the reservoir
and the lower water level also enhances the bed shear stresses in the reservoir. These
changed conditions could increase the flushing efficiency for performing flushing during
smaller flood events. However, the possibility of flushing is strictly linked to the hydro-
logical conditions and and the flood events associated with them in the Alpine area. The
next steps in this study will be the numerical modeling of the sediment transport processes
during the flushing event in July 2012.
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9 CONCLUSION AND OUTLOOK

Reservoir sedimentation is a problem in many Alpine reservoirs. Many rivers must deal
with the consequences of reservoir sedimentation, such as the coarsening and armoring
of the river bed downstream. However, the sediment transport processes in reservoirs are
very complex and appropriate knowledge is necessary to solve these problems. In the
case of reservoirs of run-off river and diversion plants the water depth is usually lower
than in reservoirs of storage and pump-storage hydro power plants. Therefore, a larger
part of the suspended sediments is transported through the reservoir and the deposition of
bed load fractions is the main problem. The deposition of coarse sediments at the head
of the reservoir may cause problems regarding flood protection by raising the bed level
and thus, raising the water level too. Furthermore massive sediment depositions in front
of the turbine intakes, upstream or downstream of the weir or at the water intake can limit
the operation and the electrical energy output of the hydro power plant.

The implementation of a successful sediment management needs appropriate knowledge
of the sedimentation and erosion processes in reservoirs. However, every reservoir is
unique in terms of its purpose, geometry and other factors such as hydrological and hy-
draulic conditions. Consequently, not every sediment management method is suitable
for every reservoir. Reservoir flushing is one of many possible approaches to remove
deposited sediment, but often a combination of sediment management methods will be
necessary to limit the sedimentation in a reservoir. In general, reservoir flushing involves
the lowering of the water level at the weir by opening the weir gates or low-level out-
lets. The lowered water level increases the bed shear stress in the reservoir and facilitates
erosion on the river bed in the reservoir. The periodical flushing of sediments from reser-
voirs has many advantages from a river-morphological as well as economic point of view.
The connectivity of river systems is also in terms of sediment transport important for the
ecosystem of the downstream area. Reservoir flushing is most effective in the case of
sufficient discharge and free surface flow in the reservoir. Therefore, reservoir flushing in
Alpine reservoirs is normally performed during natural floods or higher discharges.

The critical shear stress is one of the most important parameters concerning sediment
transport processes with fine sediments. Hence, a series of flume experiments and basic
tests were conducted to evaluate the critical shears stress of cohesive sediments. The
flume tests showed that the estimation of the critical shear stress of cohesive sediments
can be difficult. Cohesion, consolidation, vertical sediment layers and many other factors
influence the critical shear stress. However, the critical shear stress influences the possible
erosion rates in the reservoir and is therefore a key factor for reservoir flushing. In the
experiments the Reynolds shear stress and the gravity method were used to calculate
the critical shear stress of the cohesive sediments. The results of the two methods are
in agreement, which confirms that nearly uniform flow conditions occurred in the flume.
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The average critical shear stresses obtained are above most of the values found in previous
conducted studies. This effect can be explained by the fact that in this case consolidated
sediment samples taken from a reservoir were used in the experiments, whereas in many
other studies artificial sediment mixtures were analyzed.

In addition vane strength measurements were performed in the reservoirs to evaluate the
undrained shear strength of the sediment depositions. The vane strength values obtained
were related to the critical shear stresses derived from the experiments in the flume. The
function obtained by Kamphuis and Hall (1983) was adapted with the new measurement
data and may be used for a rough estimation of the critical shear stress, based on measured
vane strength values in selected reservoirs. However, this rough estimation should be
handled with care in further studies and additional field data to validate the function will
be necessary.

The assessment and the selection of the possible sediment management methods is an
important task and can be improved by numerical analysis. Therefore, two different three-
dimensional CFD programs were used to investigate the sediment transport processes in
two Alpine reservoirs in Austria. The aim of the study was to evaluate the success of
flushing operations in the reservoir and to assess the effect of the reservoir flushing on the
flood risk of the surrounding areas. The CFD program SSIIM was used for the simulations
of flushing and flood events at the reservoir Schonau and compared to the results derived
from physical model test. The CFD program TELEMAC-3D was validated with data
from field measurements in the reservoir Fisching.

The two investigated reservoirs have a complex geometry and hence a complex flow pat-
tern. Accurate input data is a major factor influencing the quality of the simulations. An
appropriate simulation is not possible without data about the water level at the weir, the
discharge, the sediment parameters in the reservoir and the sediment inflow in the reser-
voir. The calibration and validation of numerical models is also an important point to
ensure the quality of the simulation results. In the case studies ADV measurements in the
physical model or ADCP field measurements in the prototype were used to calibrate the
flow field. In the case of the Schonau reservoir the ADV measurements of flood events
in the physical model could be used for the validation of the flow field. The hydrody-
namic simulations showed that both three-dimensional models are able to reproduce the
complex flow fields very well, but overestimates the high velocities and underestimates
the low velocities in some areas, e.g., in the backflow zones. This effect could be caused
by slight differences of the implemented reservoir bed geometry, the water level or the
non-uniform distribution of the roughness in the prototype and in the physical model, re-
spectively. Also the used turbulence models may cause these slight differences in the flow
fields. Additional measurements of the water levels in the middle or at the head of the
reservoir may help to improve the results of flood or flushing simulations.

The sediment transport was validated with measurement data of the bed level changes in
the prototype and in the physical model. In general, the deposition and erosion pattern
showed a good agreement with the validation data, but the two case studies showed some
problems in the simulation of sediment transport processes as well.

In the first study of the Schonau reservoir the numerical model was a replication of the
prototype, including the grain sizes of the natural sediment. However, in the physical
model study, which was used for the validation, granulates were used to model the sed-
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iment transport due to the fine and cohesive sediments in the prototype. Therefore, the
cohesive behavior of the sediments was neglected in the physical model, but is taken into
account in the numerical model. Neither the physical model nor the numerical model
were able to take the flocculation processes of the fine sediments into account. Because
of these effects, the deposition height and the depth of the flushing channel could not be
reproduced by the numerical model compared with the physical model. However, the ap-
plication of the physical models is limited in the case of very fine and cohesive sediments.
In contrast to the numerical model, the consideration of cohesive forces and flocculation
processes will not be possible in the case of scale models. The implementation of floc-
culation processes in numerical models is not straightforward as well. The description of
flocculation processes is very complicated and depend on several parameters. A floccu-
lation algorithm is under development and will improve the results in future. Additional
field data and sediment analysis are required to improve the results of such simulations
further.

The second numerical study of the Schonau reservoir focused on the sediment deposition
in the physical model including the synthetic granulate. In this case the computed bed
elevation changes are in an overall agreement with the measured depositions. Although
minor differences in the deposition pattern could be recognized, the results support the
application of the numerical model as part of a hybrid modeling approach in further sedi-
ment studies.

The simulation of the flushing events of the reservoir Fisching in 2009 and 2012 were
also challenging test cases. The flushing event in 2009 resulted in an unusual and hence
very interesting erosion pattern, because in this case most of the erosion occurred at the
inner site of the river bends and not on the outer site as expected. Because of this erosion
pattern, the calibration of the numerical model was very complex and several sediment
transport algorithm were tested and validated to obtain this pattern. The algorithm, which
takes the deviation of a sediment grain by gravity on a sloping bed normal to the direc-
tion of the velocity into account, was the most important algorithm in this case. The
calculated bed changes derived from Meyer-Peter-Miiller and Van Rijn formula showed
the best agreement with the measured bed changes of the flushing event 2009. However,
the simulation results showed a “furrow” pattern in the computed bed changes. As dis-
cussed before, the occurrence of these “furrows” could be limited, but it was not possible
to eliminate them totally. Further improvement and adaption of the related algorithm will
be necessary in future.

In contrast to the flushing event 2009 the flushing event 2012 gave the typical erosion pat-
tern. In this study the effect of the reservoir flushing on the flood risk of the surrounding
areas are investigated. The numerical analysis showed that the reservoir flushing lead to a
lowering of the water level in the whole reservoir. Hence, the probability of flooding de-
creased in the urban areas near the head of the reservoir too. The flushing 2012 increased
bed slope and the bed shear stresses in the reservoir as well. These changed conditions
could increase the flushing efficiency during minor flood events. However, the possibility
of flushing is strictly connected to the hydrological conditions and in the Alpine area con-
sequently linked to flood events. The simulation of the sediment transport of the flushing
event 2012 would be part of future work too.

In the presented case studies the draw-down of the water level at the weir additionally
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increases the bed shear stresses in the middle of the reservoir and not only close to the
weir. The bed shear stresses in this cases are significantly higher than without draw-
down of the water level. Therefore, the draw-down of the water-level at higher discharges
can reduce the sedimentation and facilitate the erosion the sediment depositions in the
reservoir.

The size of the reservoirs that were studied make it almost impossible to obtain an exact
knowledge about all input parameters. One of the most important and often missing pa-
rameters is the water level at the middle or at the head of the reservoir. The measurement
of the water levels at the head of the reservoir would enhance the calibration of the nu-
merical model and thus, also improve the results of the numerical model. However, it will
not be possible to measure all parameters in the next few years, for example the grain-size
distribution in the whole reservoir including the vertical layering of the sediment deposi-
tions. Also the distribution of cohesive sediments in the reservoir and the critical shear
stress of these cohesive sediments cannot be taken into account reliably. This facts may
explain the differences in the erosion pattern in the case studies. Another uncertainty
is that the used numerical models cannot take sand slides, retrogressive erosion or other
geotechnical effects (e.g., caused by the lowering of the water level at flushing events)
fully into account. The numerical models use the Shields curve (Shields, 1936), which
was developed for non-cohesive sediments, or empirical values to estimate the critical
shear stress of sediment particles. The cohesion can be taken into account by increasing
the critical shear stress. Hence, the critical shear stress of the cohesive sediments in the
reservoir has to be known, but it is very difficult to measure the cohesion or the critical
shear stress of the sediment in situ in the reservoir.

The further development of numerical models is also an important point, but it must be
admitted that our knowledge of the complex processes, which govern sediment/turbulent
flow/bed forms interactions is still limited. Other issues like the influence of the suspended
sediment on the damping of the turbulence level are still subject of continual development
and research.

The numerical studies showed that reservoir flushing can mobilize sediment depositions
in Alpine reservoirs. The interval between two flushing events should not be too long to
limit the sediment deposition in the reservoir. In the Alpine area flushing events are linked
to hydrological aspects such as flood events. Therefore, the threshold for a flushing event
should not be to high. The value should be selected with respect to the hydrological
conditions in the reservoir. The hydrological conditions in the catchment influence the
discharge, the duration, and thus, the efficiency of the flushing process. Reservoir flushing
needs a sufficient discharge to enable erosion in the reservoir. The minimum required
discharge for reservoir flushing depends on the slope of the reservoir, the draw-down of
the water level, the deposited sediments in the reservoir and the duration of the discharge.
Reservoirs with a clogged river bed need higher discharge rates for the initiation of the
erosion process. A high discharge rate has also the advantage of the reduction of the
suspended sediment concentration, which may minimize the impacts on the ecosystem
downstream of the weir. Reservoirs with a large annual inflow compared with the storage
volume of the reservoir are more suitable for higher annual flushing probabilities. Usually
flood events or higher discharge rates (e.g., because of snow melt) can be used. The
occurrence of flood events has a statistical character, so planned reservoir flushing events
with a longer interval and higher flood events have a hydrological uncertainty. At longer
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flushing intervals a relative high discharge is thus necessary to remove enough sediment
for a sustainable flood management. A common empirical value for the initiation of a
flushing process in Alpine Reservoirs is a discharge of approximately 0.5 to 0.7 of the 1-
year flood (threshold value) in order to achieve the required flushing effect while keeping
a firm control about the essential parameters (sediment load, the content of chemical and
organic matter, oxygen consumption rate, etc.). If the selected discharge for initiating a
flushing process is too high, the probability of periodical reservoir flushing may decrease
due to the variability of the discharge.

9.1 Outlook and Recommendations for Further Work

The modeling of sediment transport processes requires further work to improve the qual-
ity of the simulation results. The most important part of this work should be fundamental
research to gather more data about sediment transport in laboratory flumes and in the
field. The improvement or adaption of sediment transport formulae will be necessary in
the future as well. Many of the algorithms implemented in numerical models are based
on empirical formulae from flume of field studies and are developed for specific sediment
characteristics and water flow conditions only. The development of bed-forms influence
the flow field and the bed roughness. As a consequence the total amount of transported
sediments is changed and the erosion and deposition pattern may not be modeled cor-
rectly in this area. The improvement or implementation of numerical algorithms to take
geotechnical and soils mechanical issues like bank failures or cohesion better into account
would also improve the numerical simulations.

However, the improvement of numerical modeling is only a part of the further work. The
collection of monitoring data of flushing events and their long term effects are necessary,
to obtain a better knowledge about this complex topic. Field measurements for calibration
and validation of numerical models have to be extended and improved additionally. An
example for the additional required field data are water level measurements in the middle
or at the head of the reservoir for the calibration of the water level. Usually, the interval
between two flushing events in Alpine reservoirs is about three to five years, depending
on the hydrological conditions and on the selected threshold for the flushing discharge.
Therefore, field measurements and monitoring data of flushing events are very important
and can improve the understanding as well as the numerical modeling of reservoir flushing
processes.

All these improvements can help to enhance the numerical simulation of reservoir flushing
and increase the flushing efficiency based on a better management of flushing events.
Sediment management in reservoirs will nevertheless continue to represent a challenge
for the future and is required for a sustainable reservoir management.
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Abstract: In the current paper the sedimentation problems in a reservoir of a run-of-river power plant
will be discussed. The hydropower plant is located at the river Enns in Austria. The reservoir is
affected by massive deposits of suspended sediment load near the turbines, which are located at the
inner site of the river bend. In case of floods, the secondary currents in the river bend further increase
the transport of suspended load to the turbine inlets. To reduce the sedimentation, to facilitate
transportation of suspended load and to activate the transportation of the deposited sediments an
operation method called “soft flushing” has to be carried out. In a three-dimensional numerical model
the sedimentation processes and the secondary currents were investigated. The results were
compared to ADCP field measurements and supplemental measurements in the physical model of the
reservoir.

Keywords: reservoir sedimentation, secondary currents, river flow, numerical studies, field
measurements

1. INTRODUCTION

Sedimentation processes are balanced in the most natural rivers. The construction of dams and
reservoirs influence this balance. In reservoirs the flow velocities, turbulences and bed shear stresses
are reduced and this leads to settlements of the transported bed and suspended sediment load. As a
consequence, the bed levels rise and reduce the storage volume by “filling up” the reservoir.
Decreased reservoir volume reduces, and in extreme cases eliminates, the capacity of hydropower,
water supply, irrigation and flood control benefits (Morris & Fan, 1998). In complex geometries
secondary currents may increase the sedimentation problems, because of the transportation of
sediments from the outer to the inner site of the river bend (Charlton, 2008).

Flushing is one of the most common ways to reduce this problem. In case of natural floods or higher
discharges the water level is lowered to increase the flow velocities, turbulences and bed shear
stresses in the reservoir. The increased shear stress causes erosion on the bed of the reservoir and
the turbulence keeps the sediment particles in suspension. But flushing creates also problems from
other point of views, e.g. environmental issues or flood protection in the downstream areas of the river.
Due to the fact that the purpose of reservoir flushing is the remobilization of the sediments that were
trapped during longer periods, flushing leads to a higher sediment concentration in the downstream
section of the river. This concentration could be harmful to the downstream ecosystem (e.g. fish).
Therefore reservoir flushing programs often require extensive regulations and monitoring. An example
is the Bodendorf reservoir in Austria (Badura, 2007). In other cases flushing can increase the flood risk
downstream of the reservoir, if the flushed sediments deposit in a specific river section. These
constraints may limit the allowable drawdown or the opening of the flushing outlets, requiring that
flushing be undertaken with only partial drawdown of the water level (Morris & Fan, 1998). One
example of this strategy is the so-called “soft flushing”. Soft flushing is a kind of pressure flushing,
which can be performed in instream-reservoirs of run-of-river power plants or in diversion plants with
high inflow in relation to the storage volume and relatively shallow reservoirs. During a soft flushing the
reservoir level is drawn down for some meters on the minimum operating level and then the spillway
gates are opened slowly. Caused by the lower water level the velocities and the bead shear stresses
in the reservoir are higher than in normal flood situations and therefore erosion takes place.

ISBN 978-0-85825-868-6 1733 Engineers Australia
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2. PROJECT BACKGROUND

The reservoir of the hydropower plant Schoenau in Austria is affected by huge deposits of suspended
sediment load near the turbines, which are located at the inner side of the river bend. In case of
floods, the secondary currents in the river bend additionally increase the transport of suspended load
towards the turbine inlets. To reduce the sedimentation, to facilitate transportation of suspended load
and to activate the transportation of the deposited sediments, operation arrangements like “soft
flushing” have been carried out. A conventional flushing approach is not possible in this case, because
of the downstream located city Steyr. Steyr is flooded even in case of small flood events. The flushing
of sediments into the area of the river which flows through the city of Steyr would raise the bed levels
and would increase the flood risk, consequently this is not allowed. Therefore a soft flushing strategy is
carried out in this study. If the discharge exceeds 750m%s (1-year-flood) the reservoir level is drawn
down linear as shown in Figure 1. After reaching a water level of 398 m asl| the gates of the weir are
opened according to the operation guidelines of the hydropower plant.
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Figure 1 discharge — water level correlation of the soft flushing strategy

The physical model study of the project was carried out at the Hydraulic Laboratory of the Graz
University of Technology in the period between 2008 and 2010. The physical model was built in
concrete with a fixed river bed at a scale of 1:40. It was about 24 m long and 2.5 m wide and
represented a natural river length of 950 m. The model was divided into a 570 m long part of the
reservoir and a 380 m part downstream of the weir. Figure 2 shows on the left an overview of the
reservoir in the physical model and on the right the deposited sediments near the turbine inlets after
the simulation of a 1-year-flood without turbine operation.

Figure 2 left: overview of the upstream part of the reservoir in the physical model (view from
the weir upstream); right: deposited sediments near the turbine inlets in the physical model
(view in flow direction)

The deposited sediments in the reservoir have very small grain sizes (dgg=0.9 mm and ds;=0.25 mm)
and a density of 2.73-2.80 g/cm®. In consequence of this small grain sizes different synthetic and
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mineral granulates, based on Kobus (1984), were used to model the sediment transport and the
sediment deposition in the physical model.

3. NUMERICAL MODEL

The three-dimensional numerical model SSIIM 2 (Olsen, 2009) is used in this study. SSIIM 2 uses a
non-orthogonal, adaptive and unstructured grid. The unstructured and adaptive grid allows a variation
of the size and the shape of the grid during the computation. Through the implemented wetting and
drying algorithm the number of grid cells in the vertical direction changes according to the changes in
the water level and the geometry of the river bed. In this case at the beginning of the calculation about
78,000 cells are used with a maximum cell size of approximately 5.0 x 5.0 m. At the end of the
calculation, through the adaptive grid, between 50,951 and 48,520 cells were left, depending on the
water level at the end of the simulation. The maximum number of cells in the vertical direction was 10
in the simulation. The numerical program solves the continuity equation and the RANS-equations for
determining the flow velocities in three directions. The turbulence is predicted by the standard k—¢
turbulence model (Rodi, 1980). As boundary condition wall laws by Schlichting (1979) are used. The
control volume method is applied for the discretization, together with the power-law scheme (Olsen,
2009). The CFD code uses the SIMPLE method for the computation of the pressure field (Patankar,
1980). The calibration of the numerical model was done by using measurements from the prototype. In
the model the bed roughness was set to a constant value.

The suspended sediment transport was calculated by solving the transient convection-diffusion
equation. The suspended sediment load capacity and the bed load were computed by using the
empirical formulas of Van Rijn (1984a,b).

4. CALIBRATION OF THE NUMERICAL MODEL

The velocity profiles derived of the numerical model were compared to the measured ADV-Profiles in
the physical model (Figure 3). Several parameters, e.g. the bed roughness value were varied in the
calibration process. Figure 4 shows the velocity profile of the numerical computation after the
calibration process.
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Figure 3 Contour plot of the absolute velocities [m/s], 1-year flood and turbine operation
measured in the physical model in Section 1
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Figure 4 Contour plot of the absolute velocities [m/s], 1-year flood and turbine operation
computed in the numerical model in Section 1
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The velocity distributions in the flow profiles show reasonable agreements. In this case the numerical
model generally overestimates the high velocities in the middle of the section and underestimates the
lower velocities near the river banks compared to the measured velocity profiles. The pattern of the
flow field compares well.

5. NUMERICAL MODELLING OF THE SECONDARY CURRENTS

Additional field measurements with an ADCP were carried out to ensure the quality of the results in
the numerical and physical model. The field measurements were realised in June 2009 during a
moderate flow near design discharge by the Hydrographic Institutes of the Styrian Government and
the Upper Austrian Government. During the measurements the water level was kept on a constant
level (400.35 m asl). The design reservoir level is 400.5 m asl. A RDI ADCP (Acoustic Doppler Current
Profiler) WorkHorse RioGrande®© 1200 kHz was used to collect the data with the Section-by-Section
method. Three transects (Section 1-3) were measured in the reservoir and compared with the velocity
profiles in the numerical model. Figure 5 and 6 show the comparison of the flow fields derived by the
ADCP measurements and the numerical simulation in Section 2.
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Figure 5 Contour plot of the absolute velocities [m/s], design discharge and turbine operation
derived by ADCP measurements in the field in Section 2
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Figure 6 Contour plot of the absolute velocities [m/s], design discharge and turbine operation
derived by the numerical model in Section 2

The flow field reproduced by the ADCP measurements and from the numerical model correlate very
well. The ADCP measurement profile (Figure 5) show that, because of the complex geometry the
highest velocities are at the inner site of the river bend. There is also an explicit separation zone and a
backflow area at the left river bank. All these characteristics are reproduced in the numerical flow
profile (Figure 6).

The numerical model also reproduces the effects of the secondary currents in the flow field.

The bed levels in the numerical model and in the prototype are slightly different, but this fact has no
important influence on the flow field and the velocities as shown in Figure 5 and Figure 6.

The secondary currents were mapped well by the numerical model. Figure 7 illustrates the simulated

flow directions at the bed level (light grey) and at the water surface (dark grey) for a 10-year flood
without turbine operation.
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Figure 7 Secondary currents in the river bend — flow direction at the river bed (light gray)
and at the water surface (dark grey) without turbine operation

The flow direction at the river bed is pointing towards the turbine inlets and therefore the main part of
the sediment is transported to the turbines. In cases without turbine operation a large backflow zone in
front of the turbine inlets occur (Figure 7). This backflow zone leads to massive deposition of
sediments in this area.

6. RESULTS

6.1. Bed shear stress

Figure 8 shows on the left the “soft-flushing-case” with a discharge of 1,000 m%/s and a water level of
398 m asl and on the right a discharge of 1,350 m®/s (10-year-flood) with a water level of 400.5 m asl.

The discharge of 1,000 m%s was chosen in context of the event probability to enable a frequently soft
flushing of the reservoir. In both cases the turbines are not in operation.
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Figure 8 Bed shear stress derived by the numerical model [N/mm?]
left: soft flushing with 1,000m®/s and a water level of 398 m as|
right: 10-year-flood with 1,350m®/s and a water level of 400.5 m asl|
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The drawdown of the water level increases the flow velocities and the bed shear stresses in the
reservoir. Because of the low water depth in the reservoir the bed shear stresses are also increased in
the middle of the reservoir. The shutdown of the turbines creates large recirculation zones near the
turbine inlets at the inner site of the river bend in the numerical model. These recirculation zones can
also be observed in the physical model and in the prototype.

6.2. Sediment transport
Figure 8 shows the comparison of the results obtained from the measured deposits in the physical and

the numerical model. The digital elevation model of the sediment deposits in the physical model were
carried out by using the measurement data of a three-dimensional laser scanner.

Figure 8 Scanned sediment depositions [m asl] in the physical model (left) and calculated
sediment depositions [m asl] derived by the numerical model (right)

In the physical model the flushing channel is deeper than the simulated level in the numerical model.
In addition, the numerical model shows more sediment depositions at the outer site of the river bend
(Figure 8, right). This deviation may be explained by the fact that due to the very small grain sizes
(d9o=0.9 mm and ds,=0.25 mm) of the deposited sediment in the reservoir, mineral granulates were
used to model the sediment transport in the physical model. In consequence the influence of the
cohesive sediment behaviour was partly neglected. This could lead to higher erosion rates in the
physical model.

However, excluding this deviation, the deposition and the erosion of very fine and cohesive sediments
is modeled well compared to the physical model.

7. CONCLUSIONS

In the present study the characteristic flow pattern, bed shear stresses and the sediment transport
have been calculated with a three-dimensional numerical model. The results have been compared
with ADCP field measurements and ADV measurements in the physical model. The comparisons of
the flow velocities in different sections show good agreement. The numerical model predicts the flow
characteristics in the river bend very well, but overestimates the high velocities and underestimates
the low velocities in the backflow zones. This effect could be caused by slight differences of the
reservoir bed geometry, the water level or the non-uniform distribution of the roughness in the
reservoir. Also the used turbulence model could cause these slight differences in the flow field.

In the present case the drawdown of the water level increases the bed shear stresses also in the
middle of the reservoir and not only close to the weir. The bed shear stresses in the soft flushing case
are significantly higher than the bed shear stresses during flood events with higher discharges.
Therefore, through soft flushing the sedimentation of particles can be reduced in these sections in
relation to a normal “flood-operation”.
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The deposition and erosion of very fine and cohesive sediments compare well with the results derived
of the physical model, with slight deviations in the channel depth in consequence of the used
granulates.

The model tests showed that in case of very fine and cohesive sediments the application of physical
models is limited. The calibration of numerical models is also very complicated in this case. More field
data and sediment analysis is required to improve the results of the numerical model.
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Numerical Analysis of Synthetic Granulate Deposition
in a Physical Model Study

Gabricle HARB!, Stefan HAUN?, Josef SCHNEIDER?, and Nils Reidar B. OLSEN*

Abstract

The current study focuses on the application of a three-dimensional numerical model for the prediction of
morphological bed changes. The sediment deposition in a reservoir during a 10-year-flood was investigated and
the results of the simulation were validated with data derived from a physical model study. Because of the small
grain sizes in the prototype, synthetic granulate was used in the physical model. The numerical computation
domain was a reproduction of the physical model, including the grain sizes and the density of the particles, in
order to ensure comparability. The CFD code SSIIM, which solves the RANS-equations in three-dimensions, was
used for the simulations. The sediment transport in SSIIM is divided into suspended sediment transport, computed
by solving the convection-diffusion equation, and bed-load transport, calculated by an empirical formula. The
results of the numerical simulation correspond well to the results of the physical model study. The simulated
location and the pattern of the sediment deposition in the reservoir are an accurate representation of the observed
distribution in the physical model.

Key Words: Physical modeling, Numerical modeling, RANS-equations, Reservoir management, Sediment

1 Introduction

The construction of dams and reservoirs influences the natural balance of sediment transport processes. The flow
velocities, turbulences and bed shear stresses in reservoirs are reduced, and the transported bed and suspended sediment
load settles. This leads to the raising of bed levels and to a reduced storage volume by “filling up” the reservoirs.
Decreased reservoir volume reduces, and in extreme cases eliminates, the hydropower capacity, water supply and also
irrigation and flood control benefits (Morris & Fan, 1998). Reservoirs formed by a dam with less than 20 m height are
usually small and the morphological evolution here has a relatively quick development compared to large reservoirs
(Wu, 2008). The sedimentation problem increases in cases of low-head hydro power plants such as these.

The investigation of these processes by using physical models in the lab was applied over the past few decades and is
still state of the art. Since the 1970s numerical models have been greatly improved and are now widely applied in river
engineering. Whereas CFD programs are already used for water flow calculations, the modeling of sediment transport
still needs further development. Olsen used in a previous study a two-dimensional numerical model for simulating the
flushing process of the Kali Gandaki reservoir in Nepal (Olsen, 1999a). However, two-dimensional depth-averaged
approaches are not able to model secondary currents in rivers and reservoirs appropriately. Three-dimensional models
are thus now being used ever more frequently. Examples are the simulation of the sediment transport in the Garita
reservoir in Costa Rica (Olsen, 1999b), the simulation of the sediment transport in the Three Gorges project (Fang and
Rodi, 2003) or the simulation of sediment deposition and erosion in the Angostura reservoir (Haun and Olsen, 2012;
Haun et al., 2012).

Physical and numerical models are the major research tools in river engineering with advantages and disadvantages in
both cases. Physical models are able to provide directly visible results, but are in most cases expensive and
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time-consuming. The hydrodynamic and morphological processes are very complex in natural rivers, which often make
it difficult to ensure the similarity between the physical model and the prototype. Distortions of the model scale (e.g., in
roughness or sediment sizes) and variations in the experimental environment may cause errors (Heller, 2011).
Numerical modeling is able to give real-scale results without scale distortion and is in most cases more cost and time
efficient (Chandler et at., 2003; Gessler and Rasmussen, 2005). However, the reliability of the numerical model depends
on the quality of the mathematical implementation of the physical processes. Hence, numerical models need to be
verified and validated using analytical solutions and measurement data. Both of the tools mentioned, the physical model
and the numerical model, must be calibrated with field measurements, in order to ensure comparability.

The “hybrid modeling approach” — the use of both model types for the same case study — is a method which is used
with an increasing frequency in hydraulic engineering (Scheuerlein et al., 2004; Feurich and Rutschmann, 2005). By
using this approach the physical model can be applied to analyze a few selected problems in detail, to calibrate the
numerical model appropriately, and to validate the numerical results. The calibrated numerical model is normally used
to analyze a lot of different scenarios (e.g., the declination of groins in rivers) and to investigate scenarios close to the
limitations of the physical model.

In this study the “hybrid modeling approach” was applied. The deposition of synthetic granulates in case of a 10-year
flood event was simulated in the numerical model and validated with the results of the physical model. Because of the
small grain sizes in the prototype, synthetic granulate was used to model the deposition in the physical model. The
numerical model was a reproduction of the physical model. However, there are small differences, such as the partial
opening of the weir in the physical model, which could not be reproduced in the numerical model due to the adaptive
grid.

2 Experimental Program and Background

The experimental program was carried out at the Hydraulic Laboratory of the Graz University of Technology in the
period between 2008 and 2010 (Zenz et al., 2010). The 24 m long and 2.5 m wide model was a representation of the
natural riverbed at the geometrical undistorted scale of 1:40. The similarity of the physical model was based on
Froude’s law. The modelled natural river length of 950 m was divided into a 570 m long part of the hydropower
reservoir and a 380 m part of the downstream section. The physical model was built in concrete with a fixed river bed.
Figure 1 shows an overview of the reservoir part of the physical model. The power house is located at the inner side of
the river bend and the three segment gates with attached flap gates are on the outer side. The prototype was built in the
1970s. In the last years the sediment load transported into the reservoir increased because of more frequently conducted
flushing processes in the upstream located reservoirs. Legal restrictions prohibit the lowering of the water level and
consequently the flushing of the prototype itself is not possible. Therefore, in case of higher discharges massive
sediment depositions occur in the front of the turbine intakes of this hydropower plant, caused by flushing processes at
the upstream located reservoirs. Several flood discharges were analysed in the physical model to solve the
sedimentation problem. Based on the experience gathered from the prototype the 10-year flood represents the key
scenario.

al inlet of the
5| ydraulic model

Fig. 1 Plan view of the reservoir part of the physical hydraulic model

The Manning coefficient of the model for the bed roughness was n=0.01667 s m*, determined by similarity of the
water levels. The grain size distribution of the deposited sediments in the prototype is very fine (dgp=0.9 mm and
dsy=0.25 mm) and has a density of 2.73-2.80 g cm™. As a consequence of these small grain sizes, synthetic granulate
was used to model the sediment transport and the sediment deposition in the physical model. The synthetic granulate
had a cylindrical form with a grain size of 2 mm, a density of 1.29 g cm™ and a in the laboratory determined fall
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velocity of 0.07 m s”. The larger but lighter grains are typical for models designed by taking into account the grain
Reynolds number (Yalin, 1971; Kobus, 1984).

In this study the flow field and the hydromorphological changes caused by the 10-year-flood in the reservoir were
analysed. For the hydrodynamic investigation a steady discharge rate of 133.4 1 s™" and a simulation time of 7,200
seconds were applied, which represents 1,350 m® s™" and 12 hours in the prototype, respectively. These conditions were
pre-specified by the initiator of the model test. In accordance to the operation plan, the turbines were shut down during
the flood event. The attached flap gates were fully opened. The left segment gate was shut; the middle and the right one
were opened approx. 30 %. During the physical model simulation about 0.11 m® of synthetic granulate was added with a
continuous rate of approx. 5 g s” by an upstream located sediment feeding equipment. To derive a digital elevation
model of the sediment deposition in the physical model, the depositions were scanned after the experiment by using a
three-dimensional laser scanner.

3 Numerical Simulation
For this study the computational fluid dynamics (CFD) code SSIIM 2 was used (Olsen, 2011). The numerical program

solves the continuity equation together with the Reynolds-averaged Navier-Stokes (RANS) equations with respect to the
mass and momentum conservation in three dimensions (Versteeg and Malalasekera, 1995).

Wi M
Ox,
with i=1, 2, 3
Wi 1y, Y :ii(—Pci -~ pu;) @
o ox, pox ! !

where Uj is the averaged velocity, x is the spatial geometrical scale, p is the water density, P is the dynamic pressure,
0;1s the Kronecker delta and — pfu, are the turbulent Reynolds stresses.

The program applies the finite volume method as discretization scheme, where the convective term in the
RANS-equations is modeled with a power law scheme (Olsen, 2011). The turbulent stresses were modeled by the
standard k- model (Launder and Spalding, 1972). The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
was applied to find the unknown pressure term in the Navier-Stokes equations (Patankar, 1980). A Dirichlet boundary
condition was used for the inflow and a zero gradient boundary condition for the outflow. Wall laws by Schlichting
(1979) were chosen at the side walls of the numerical model.

U_1/[30y €))
u K\ K,

where u* is the shear velocity, K is the Karman constant, k; is the roughness coefficient and y is the water depth.

Changes in the free-water surface were computed in accordance to the pressure gradient between the cell and the
neighbour cell (Olsen and Haun, 2010).

~. ~ P&
ox, ox,
where p is the pressure, g is the acceleration of gravity and z is the water level elevation.
Depending on the location of the neighbour cell, the flow direction and the Froude number, a weighting coefficient is
involved.

P _ e 4)

min (2-Fr;1.0) for w>-0.1and Fr<2.0
c, =1 w (Fr-1.0) for w<-05and Fr>2.0 ®)
0.0
with P ©)
7

where ¢, is the weighting coefficient for the neighbour cell, F7 is the Froude number, w is the dot product of z and
7, iiis the velocity vector of the cell and 7 is the direction vector pointing to the centre of the neighbour cell.

SSIIM 2 uses an adaptive and non-orthogonal grid, made of tetrahedral and hexahedral cells. The Rhie and Chow
(1983) interpolation was applied for the non-staggered grid to calculate the fluxes and velocities at the surface of the
cell. The unstructured grid allows a varying number of grid cells in all three spatial directions. A wetting and drying
algorithm was used to avoid distorted cells (Olsen, 2011). The algorithm used specifies how many cells are generated in
the z-direction, depending on the water depth (v). Two limiting values are required as boundary conditions, where the
first value () specifies if a cell is generated or if the water depth is too shallow and the domain dries up and disappears
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from the grid (y < ¢;). If the water depth is sufficient a second value (,) indicates if one cell is generated and a
two-dimensional calculation is made ({; <y < () or if the number of cells is calculated by equation 7 (y > ;). For this

study the pre-specified values are chosen with 0.01 m and 0.02 m for the limiting factors ¢} and (5, respectively.

P
n=n, x| P @)
*  depth

where 7 is the number of grid cells in the vertical direction, 7,,, is the maximum number of grid cells in the vertical
direction and p is a parameter for the number of grid cells.

The grid is updated in this study after each time step that changes in the bed and water levels during the computations
are taken into account accurately. The computation of the sediment transport is subdivided into suspended and bed load
transport. The suspended sediment transport was calculated by solving the transient convection-diffusion equation.

de  Ge 0 [rac] ®

o e e e | oy,
J J 7

‘max

with v, = Sl_ r
where wyis the fall velocity of the particle, /" is the turbulent diffusity, c is the sediment concentration over time ¢ and
over the spatial geometrical scales x and z, v, is the turbulent eddy viscosity and S. is the Schmidt number (with a

default value of 1.0).
A specified sediment concentration in the bed cell was used as the boundary condition for the computations (Van Rijn,
1984b). The bed load was computed by the empirical formula from Van Rijn (1984a).

2.1
[f -z, J
. T ..
. 3 ©)

=0.05 o
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where ¢, is the transport rate of the fraction of the bed load (per unit width), d; is the particle diameter, 7 is the bed
shear stress, 7., is the critical shear stress, p; is the density of the sediment and v is the kinematic viscosity.

The sand slide algorithm used in SSIIM is based on the angle of repose of the bed material. After each update of the
mesh the angles of the river banks are checked to see if they are steeper than the pre-specified angle of repose. In such a
case the angle of the river banks is corrected to the pre-specified angle of response taking the potential geotechnical
failures into account (Olsen, 2001).

In SSIIM an implicit time discretization was used, so a time step size of one second was possible. A sensitivity
analysis regarding the time step size was conducted to avoid an influence on the results. However, a decrease of the
time step size will not influence the results, so time step independent results were found. In this study the maximum
number of cells in the vertical direction was limited to 11. The number of total cells at the be-ginning of the simulation
was chosen with about 50,000, representing a cell size of 0.02 m x 0.02 m in the x-and the y-direction, respectively. Due
to the changes of the bed and the water levels, 48,600 cells were left after the simulation. The bed roughness was
calibrated using the similarity of the water levels in the physical model and the numerical model and set to 0.00862 m in
the numerical model. In addition the ADV measurements for design discharge in the physical model were used for the
calibration of the numerical model.

The computation was divided into two parts; the computation of the hydrodynamic flow field to obtain a steady flow
situation of the flood scenario was made first and followed by the simulation of the morphological bed changes. The
hydrodynamic flow field was updated during the simulation of the morphological bed changes after each time step. The
real-time computation times were 12 hours and 16 hours, respectively.

4 Results and Discussion

4.1 Hydrodynamic Validation of the Numerical Model and Discussion

The three-dimensional velocity profiles, computed by the numerical model, were validated with the measured
ADV-profiles of the flood event in the physical model. The velocity profiles of the ADV measurements are shown in
Figure 2a and 3a and the velocity profiles derived by numerical computation are presented in Figure 2b and 3b in
section 7 and section 9 in Fig. 1, respectively.

The first measured values in the velocity profiles of the ADV measurements are approx. 5 cm below the surface and
approx. lem above the bed. This is a constant value due to the distance of the sample volume to the sensors. The section
in Figure 2 represents the shallowest section in the physical model with a total water depth of only 20 cm (section 7).
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Fig. 2 (a) velocity profile of the ADV measurement and (b) velocity profile derived by the numerical computation in section 7

The comparison of the velocity profiles shows an overall agreement of the flow pattern and the flow distribution for
section 7 between the numerical and the physical model. The maximum flow velocity is at the orographic right side
(y=0.25 m) in both models with a maximum magnitude of about 0.6 m s”'. The minimum flow velocity is located at the
outer side (y=1.5 m) and shows a magnitude of about 0.15-0.2 m s™. Small differences could be observed, which is
most likely caused by differences in the water level calculation and the used turbulence model.
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Fig. 3 (a) velocity profile of the ADV measurement and (b) velocity profile derived by the numerical computation in section 9

Section 9, closer to the intakes, presents a more complex flow distribution because of the distinctive secondary
currents in this area (Harb et al., 2011). Figure 3b shows that the three-dimensional numerical model predicts a
smoother velocity distribution in this section. This effect is caused by the mathematical implementation of the physical
processes and the slightly different boundary conditions at the outflow boundary. The complex opening structure of the
weirs with overflow and underflow of the segment gates, due to the partial opening, could not be implemented in the
numerical model. The physical model as well as the numerical model show a maximum flow velocity at the outer side
of the bend (y=1.25 m) with a magnitude of about 0.40 m s™'. However, in the physical model the area of high velocities
close to the surface expands more to the inner side of the bend. At the inner side of the river bend an explicit backflow
zone with a magnitude of 0.05 m s is shown in both models (y=0.2 m).

Figure 4a and 4b show the velocity vectors in front of the intakes computed by the numerical model close to the bed
and the surface, respectively.
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The velocity vectors at the surface cells are pointing to the open outlets at the outer side of the river bend (Fig. 4 b).
Due to the secondary currents at the bed, the bed vectors point directly to the turbine inlets (Fig. 4 a). This influences
the sediment transport for the 10-year-flood simulation in a massive way.

15} 15}

y [m]

22 225 23 235 24 245 25 255 26 22 225 23 235 24 245 25 255 26
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Fig. 4 Velocity vectors at the bed (a) und at the surface (b) in the area of the intakes for the 10-year-flood scenario (plan view)

4.2 Hydromorphological Validation of the Numerical Model and Discussion

In the prototype the power house is located at the inner side of the river bend. Hence, the sediment is transported
naturally towards the turbine inlets, which results in sediment deposition in front of the intakes. The results of the
hydrodynamic simulation of the 10-year-flood scenario show a distinctive back flow zone in front of the turbine inlets,
which increase the sediment flow in this direction (Fig. 4a, b). This leads to huge depositions in front of the intakes.
Figure 5 illustrates the deposited synthetic granulates near the turbine inlets after the simulation without turbine
operation in the physical model.

gr

20 =

“ 4 t % R ,"P. i } t
Fig. 5 Deposited synthetic granulates after the

simulatlo ofa O-year-ﬂood in the physical model (plan view)

In the numerical simulation identical parameters for grain size, fall velocity and density of the synthetic granulate were
used as in the physical model. The Shields coefficient was, after a sensitivity analysis, chosen with 0.05. The conducted
sensitivity analysis showed that the results are very sensitive to changes in this parameter. The Shields parameter was
therefore a main calibration parameter for the sediment transport simulation.

Figure 6a — 6e compare the results of the physical and the numerical model. The deposition in the physical model was
measured using a three-dimensional laser scanner with a minimum accuracy of +/- 2.0 mm. The data from the laser scan
showed a large amount of sediments has deposited in front of the turbines on the orographic right side caused by the
secondary currents.
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Fig. 6 Comparison of the measured and simulated depositions

Section 7 and 8 show clearly that the deposition in the physical model starts further upstream as in the numerical
model. This difference is most likely caused by small differences in the water level calculation and the used turbulence
model. In the numerical model also a general drift to the inner side of the bend occurs in section 8, which is most
probably a result of an overestimation of the secondary currents in this area. Figure 7 shows the measured velocity
vectors in the y-direction and the z-direction indicating the secondary currents in section 9.
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Fig. 7 Measured velocity vectors from the ADV measurements in section 9

The deposition pattern in the physical model is wider than in the numerical model (section 9, 10 and 11). The results
showed also that the slopes of the deposited material have a steeper angle in the numerical simulation than in the
physical study. This difference can be a result of the implemented sand slide algorithm, which does not take the
properties, especially the angle of repose, of the plastic particles completely into account. The result of section 11 shows
that the peak piles up in front of the closed intakes at the inner side of the bend in the numerical simulation. This agrees
physically very well with the plotted velocity vectors in Figure 4. The numerical model, however, produces a compact
deposition structure at the inner side of the bend and deposits too little sediments in the middle of the reservoir. An
overestimation of the secondary currents could cause this displacement. For the simulations a first order upwind scheme
was used, because the simulation with a second order upwind scheme would increase the overestimated eddies and
secondary currents additionally.

4 Conclusions

The current study presents the application of a three-dimensional numerical model for the prediction of morphological
bed changes compared with a physical model. In both models the sediment depositions in a reservoir during a
10-year-flood were simulated. Because of the small grain sizes in the prototype, synthetic granulate was used to model
the deposition in the physical model. The numerical simulation was a replication of the physical model, including
geometry, hydrodynamic boundaries and sediment properties. The hydrodynamic results of the three-dimensional
numerical model have been verified with ADV measurements conducted in the physical model. The comparisons of the
flow velocities and the characteristic flow pattern show a good accuracy level. The maximum as well as the minimum
flow velocities and the flow characteristics upstream of the intakes are predicted well. However, due to the
approximations in the numerical model and small assumptions in the model setup (e.g., the complex partial opening of
the weir, which could not be reproduced by the numerical model) small differences could be recognized. The bed load
transport formula by van Rijn, developed for uniform and non-cohesive sediments, was used in the program to calculate
the transport of the synthetic granulates. It is demonstrated, that the computed bed elevation changes are in an overall
agreement with the measured depositions. Although minor differences in the deposition pattern could be recognised, the
results of the three-dimensional numerical model are consistent with the measured depositions in the physical model.
The results support the application of the numerical model as part of a hybrid modelling approach in further sediment
studies.
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ABSTRACT: Flushing is a possible technique to reduce sediment depositions in reservoirs. The paper presents
the application of a numerical model for an Alpine reservoir. An open source numerical model is used to simulate
a flushing process. The calibration of the morphological part of the model was complex, because no flushing
has been performed in the reservoir so far. Therefore deposition data and freeze core probes have been used to
calibrate the sediment transport capacity. The accumulated amount was compared with numerical simulations
using different sediment transport formulae. It was found that the Meyer-Peter-Miiller bed load equation showed
the best agreement with the measured data. In consequence, this bed load formula was used to determine the

sediment transport processes in the numerical simulation of the reservoir flushing during a 1-year flood.

1 INTRODUCTION

The construction of dams and reservoirs influence the
natural sediment transport processes and affect the
sediment connectivity. Due to the increase in water
depth inreservoirs, the flow velocities, turbulences and
bed shear stresses are reduced variably. This leads to
deposition of the transported sediments, increases the
bed level and often reduces the storage volume by “fill-
ing up” the reservoir. A decreased reservoir volume
reduces, and in extreme cases eliminates the capacity
of hydropower, water supply, irrigation and flood con-
trol benefits (Morris & Fan 1997). Reservoirs formed
by dams with less than 20 m height are usually shallow
and morphological evolution develops relatively quick
compared to large reservoirs (Wu 2008).

The main factors in reservoir sedimentation are the
reduced transport capacity of coarse solids as bed load,
the transport of fine fractions in a stochastic distribu-
tion, and. in some cases the transport of fine fractions
in the form of density currents The occurring sedimen-
tation pattern reflects these processes and therefore it
is essential to know the processes determining the sedi-
mentation in order to choose the adequate management
method (Bechteler 2006).

Three sedimentation zones can be identified along
the longitudinal section of a reservoir (Morris & Fan
1997 Figure 1):

a) Upstream portion (“topset bed”): at the head of
the reservoir where usually coarser sediments are
deposited. However, depending on the morphology
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Figure 1. Deposition zones in the longitudinal section
through a reservoir (Morris & Fan 1997).

of the delta, finer and very fine grain sizes are also
possible;

b) Middle portion (“foreset bed”): is characterized
by an increasing longitudinal gradient along with
decreasing grain sizes;

¢) Downstream portion (“bottomset bed”): next to
the dam structure where the fine particles are
deposited.

As described in Figure 1, fine sediments are trans-
ported to the weir, coarse sediments (gravel and
cobbles) deposit mainly at the head of the reservoir.

Hydraulic removal like flushing is one of the most
common ways to manage deposition problems in
reservoirs. The intention of reservoir flushing is the
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remobilization of sediment depositions, accumulated
during longer operation periods. In most cases the
flushing of reservoirs in the alpine area is a special
challenge, because of the deposition of coarse sedi-
ment at the head of the reservoir (Scheuerlein 1990).
During a flushing event the coarse sediment, eroded
from the head of the reservoir, may deposit again fur-
ther downstream in the reservoir (Atkinson 1996). This
effect depends on the reservoir length, the sediment
transport capacity and flushing duration.

During short flushing periods the remobilization
leads to higher sediment concentrations in the down-
stream area of the river. This concentration may
be harmful to the downstream river ecosystem (e.g.
fish). Consequently reservoir flushing programs often
require extensive regulations and monitoring pro-
grams. An example is the Bodendorf reservoir at
the river Mur in Austria (Badura 2007). These con-
straints may limit the allowable water level drawdown
in the reservoir, requiring that the flushing process is
performed under pressure and not under free flow con-
ditions. Flushing with partial drawdown of the water
level can be performed in reservoirs of run-of-river
power plants or in diversion plants. Both mentioned
types are characterized by high inflow in relation to
the storage volume and shallow reservoirs. Because of
the lower water level, the velocities and the bed shear
stresses in the reservoir are higher than at maximum
operational level and erosion takes place.

Numerical modelling is already used for hydrody-
namic calculations; whereas sediment transport mod-
elling still needs further development and research.
In a previous study Olsen applied a two-dimensional
numerical model for simulating the flushing process
of the Kali Gandaki reservoir in Nepal (Olsen 1999a).
Examples of three-dimensional modelling are the sim-
ulation of the sediment transport in the Three Gorges
project performed by Fang & Rodi (2003), the simula-
tion of the sediment transport in the Garita reservoir in
Costa Rica (Olsen 1999b) or in the Feistritz reservoir
(Dorfmann & Knoblauch 2009).

In this study a numerical analysis is carried out
to investigate the sediment transport processes in a
reservoir during flushing. Based on the grain-size dis-
tribution derived by sediment samples and the total
deposited amount of sediments, the sediment transport
formulae for the numerical simulation are evaluated.

2 PROJECT AREA AND BACKGROUND

The project area is a reservoir at the river Mur in Styria,
Austria (Figure 2). The run-of-river hydropower plant,
forming the reservoir, was built in 2006 with an initial
storage volume of about 360,000 m>. Echosound-
ings performed in 2010 showed that approximately
80,000 m> of sediments are already deposited in the
small reservoir. This represents an annual sedimenta-
tion rate of about 5.5% of the reservoir volume. Due to
this fact, the present flushing strategy has to be adapted
and optimized.

Figure 2. Project area with sediment sampling points.

Table 1. Morphology and hydrology of the project area.
Morphology Discharge [m*/s]
reservoir slope 1.5%0 mean flow 80
reservoir width 80-100 m design discharge 150
1-year flood 335
roughness kg (m'/3/s) 5-year flood 510
10-year flood 580
reservoir bed ~30 30-year flood 750
reservoir banks 15-20 100-year flood 930

The morphological and hydrological conditions of
the project area are presented in Table 1.

3 NUMERICAL SIMULATION

The TELEMAC suite has been continuously devel-
oped by EDF R&D for over 20 years. One main
code within the TELEMAC suite is TELEMAC-2D,
which solves the depth-integrated shallow water equa-
tions, which can be applied when the horizontal length
scale of the flow is much greater than the verti-
cal scale (Hervouet 2007). In the present study the
hydrodynamic model TELEMAC-2D, internally cou-
pled with the morphological sediment transport model
SISYPHE was used. The package is based on a Finite
Element approach (Moulinec et al 2011). TELEMAC
uses a triangular and unstructured grid. In general,
the space discretization is linear. Several advection
schemes are available, e.g. the method of characteris-
tics, the streamline-upwind Petrov-Galerkin (SUPG),
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Figure 3.  Sketch of the generated mesh with the conserved
break lines of the river banks, 3D view superelevated.
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Figure 4. Inflow hydrograph and outlet water level in the
numerical simulation.

the Residual Distributive Schemes (N-Scheme and
Psi-Scheme). The main results of the hydrodynamic
solver are the water depths and the depth-averaged
velocities in every node of the computational mesh.
In this study for the advection of velocities the method
of characteristics and a constant eddy viscosity model
were used.

Based on the existing bathymetry data, a three-
dimensional digital elevation model was generated.
The mesh with approximately 24,000 triangular cells
and an average edge length of 2.5 m was mapped on
the digital elevation model using the free software
BlueKenue (CHC 2010). Figure 3 shows a 3D view
of a part of the generated mesh with the conserved
break lines of the river banks.

For the numerical simulation a time step of 1.0 sec-
onds was chosen. The flushing event during a 1-year
flood was simulated. The stage-discharge function as
downstream boundary condition and the inflow hydro-
graph for the upstream boundary are shown in Figure 4.
The bed roughness was set to a constant Mannings
value of n=0.033 for the river bed and n= 0.5 for the
river banks.

In the morphological module SISYPHE the
bed load functions of Meyer-Peter-Miiller, Einstein-
Brown, Engelund-Hansen and Van Rijn are imple-
mented. The evaluation of the sediment transport
functions compared with the measured sediment
transport in the reservoir is presented later.
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Table 2. Characteristic diameters of the sediment samples.

Sediment sample doo[mm)] d,,[mm]
sample 1 1.2 0.4
sample 2 11.2 1.1
sample 3 22.5 8.4
sample 4 46.0 17.0
sample 5 72.0 22.4
sample 6 91.0 32.8
sample 7 140.0 35.0

3.1 Required input data and calibration
of the numerical model

The required input data for the numerical simulation
were the hydrographs of the last years to determine the
hydrological conditions, the stage-discharge curve, the
grain size distributions along the reservoir and the sed-
iment transport capacity in the reservoir. The sediment
transport capacity of the free flowing zone upstream of
the reservoir represents the equilibrium condition. In
consequence, the sediment transport capacity of this
upstream area was chosen as the boundary condition
for the bed load transport into the reservoir.

The calibration of the hydrodynamic model was
done using discharge and water level data collected by
a gauge of the Government of Styria, which is located
near the head of the reservoir. Additional ACDP mea-
surements, performed at the prototype, were used to
calibrate the roughness at the river bed and at the banks.

3.2 Hydrological conditions

The hydrological conditions in the years since 2006
were analysed. Six flood events with a magnitude of a
1-year flood were identified.

Due to the fact that there was no flood event higher
than a l-year flood in the study area, the amount
of deposited sediments could be correlated to these
events. Therefore, the average sediment deposition
in case of a l-year flood (approximately 13,000 m?)
was used to evaluate the applicable sediment transport
formula.

3.3 Sediment analysis

In December 2010 seven representative sediment sam-
ples were taken from the reservoir and sieved accord-
ing to the Austrian Standard ONORM B4412. The
freeze-core method was used for taking the sediment
samples, starting from the weir (sample 1) to the head
of the reservoir (sample 7).

Table 2 presents some characteristics diameters
of the sediments samples. The mean diameter d,, is
defined as

dy=XfZ{ap,d M

i

Where n, Ap; and d; denote the grain size classes of
the sieve analysis, the fraction of the grain size class i
and the mean diameter of the size class, respectively.
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The samples show big variations in the grain sizes
between sample 1 and sample 7.

Based on the measured volume of deposited sed-
iments in different areas of the reservoir and on the
sediment samples, a grain size distribution of the
incoming sediments in the reservoir was generated.

The grain size classes and the mass-frequency
obtained by the sieve analysis were used to calcu-
late the sediment transport capacities using the above
mentioned different formulae.

4 EVALUATION OF THE SEDIMENT
TRANSPORT CAPACITY

The different sediment transport formulae were devel-
oped under different conditions by the analysis of
experiments in flumes or in the field. Therefore a wide
range in the results from one formula to the other
formula can be expected. To determine the sediment
transport capacity in the reservoir, the sediment trans-
port formulae by Ackers-White (1973), Engelund-
Hansen (1967), Meyer-Peter-Miiller (1948), Laursen
(Copeland 1989), Toffaleti (1968) and Yang (1973,
1984) were compared. The parameters of developing
the different sediment transport formulae are listed in
Table 3.

All mentioned sediment transport formulae are total
bed formulae except the formula derived by Meyer-
Peter-Miiller, which is a bed load transport function.
The range in the grain sizes of the sediment used in
the experiments is given by the overall grain diameter
d or the mean diameter d,,,. The variable v,, denote
the average velocity, h the flow depth and s the energy
gradient.

The listed parameters are not limiting factors, and
several sediment transport formulae have been applied
successfully outside their development range.

None of this sediment transport formulae match
exactly with the conditions in the studied area. Due to
this fact it is important to verify the accuracy of'the pre-
dicted sediment transport capacity with the measured
amount of transported sediments. For determination

of the transported amount of sediments, the inves-
tigation of hydrological conditions and the occurred
flood events are necessary to correlate the amount of
transported sediment with the discharge.

Figure 5 illustrates the calculated sediment trans-
port capacities for the Ackers-White, Engelund-
Hansen, Meyer-Peter-Miiller and the Toffaleti formula
starting from the weir (x=0) to the head of the
reservoir (x = 1800). The sediment transport capac-
ity derived by the Yang and the Laursen (Copeland)
formula were not applicable, because of the very
high deviation compared with the measured sediment
amount in the reservoir.

The Ackers-White formula gives the highest sed-
iment transport capacity, followed by the Engelund-
Hansen formula. The calculated sediment transport
capacities of the Toffaleti and the Meyer-Peter-Miiller
formulae are much smaller. Based on the results shown
in Figure 5 the amount of transported sediment for
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Figure 5. Calculated sediment transport capacities for a
1-year flood in the reservoir from the weir (x = 0) to the head
of the reservoir (x = 1800).

Table 3. Parameters of the sediment transport formulae.
Sediment transport formula d [mm] Vi [MV/s] h [m] s
Ackers-White 0.4-7.0 0.02-2.16 0.003-0.43 0.00006-0.037
Engelund-Hansen (dp,) 0.19-0.93 0.20-1.93 0.06-0.41 0.000055-0.019
Meyer-Peter-Miiller 0.4-29 0.37-2.87 0.009-1.19 0.0004-0.02
Laursen (Copeland)
field (dm) 0.08-0.7 0.02-2.37 0.20-16.5 0.0000021-0.0018
flume (dy,) 0.011-29 0.21-2.87 0.009-1.10 0.00025-0.025
Toffaleti
field 0.062—4 0.21-2.37 0.02-17.28 0.000002-0.0011
flume 0.062—4 0.21-1.92 0.02-0.34 0.00014-0.019
Yang
field sand 0.15-1.7 0.24-1.95 0.01-15.24 0.000043-0.028
field gravel 2.5-7.0 0.43-1.55 0.02-0.22 0.0012-0.029

(Source: U.S. Army Corps of Engineers, Waterway Experiment Station. 1998).
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Table 4. Comparison of the calculated and the measured
sediment transport rates.

sediment transport transported

Sediment transport capacity amount
formula [kg/s/m] [m?]

Ackers-White 181.29 591,000
Engelund-Hansen 70.84 230,900
Meyer-Peter-Miiller 2.79 9,000
Toffaleti 19.88 64,300
measured - 13,000

a l-year flood was calculated and compared to the
measured amount (Table 4).

According to the results shown in Table 4 the
Meyer-Peter-Miiller bed load formula shows the best
agreement with the field measurements. The differ-
ence between the calculated amount using the Meyer-
Peter-Miiller formula and the measured value could be
explained by the fact that in the calculated value only
the six flood events were taken into account. However,
also during normal operation with design discharge
sedimentation takes place in the reservoir and may
causes the difference in the calculation.

5 NUMERICAL MODELLING OF THE
RESERVOIR FLUSHING

As mentioned before, no flushing has been performed
in the reservoir so far. Therefore no validation data for
the reservoir flushing case is available. The reservoir
flushing was simulated to assess the sediment trans-
port processes and the possible amount of flushed out
sediments.

In the first step the changes in the bed shear stresses
for a 1-year flood were evaluated. Figure 6 shows the
distribution of the bed shear stresses for the maximum
operation level (533.6 m a.sl.).

The highest bed shear stresses are in the free
flowing area upstream of the head of the reservoir.
In the reservoir the bed shear stresses decrease due to
the continuously rising water depth from the head of
the reservoir to the weir.

In case of a drawdown of the operation level to
531.8 m asl., the bed shear stresses increase (Figure 7)
from the river bend to the weir and facilitate the sed-
iment transport and reaches 80% of shear stress of a
free flow at the weir.

In the next step the sediment transport was calcu-
lated. The Meyer-Peter-Miiller sediment transport for-
mula was chosen according to the evaluation presented
before.

Figure 8 shows the derived erosion pattern after the
simulation of a flushing event in case of a 1-year flood.
The highest erosion rates are in the river bend and at
the weir. In these areas up to 1.0 m of deposited sedi-
ments was eroded. Depending on reservoir’s geometry,
parts of the eroded gravel in the river bend deposits
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Figure 6. Bed shear stress distribution for the maximum
operation level (533.6 m a.sl.) in case of a 1-year flood.

Figure 7. Bed shear stress distribution for the lowering of
the water level (531.8 m a.sl.) in case of a 1-year flood.

immediately downstream the river bend. In this case
the flushing period with 24 hours was too short to trans-
port these fractions through the reservoir. However, the
possible time of water level draw down is coupled with

liii



LEOBEN - RIVERFLOW 2012

EVOLUTION

Figure 8. Erosion pattern after flushing (water level 531.8
m a.sl. and 1-year flood).

the natural discharge into the reservoir. If the discharge
is higher than a 1-year flood or the flood duration is
longer a transport of the gravel fractions through the
weir is possible.

In the simulated flushing event most of the sediment
transported from upstream of the reservoir passed the
weir. In addition approximately 3,100 m* of deposited
sediments were eroded compared to only 800 m® of
deposited sediment. In case of a flood operation with-
out drawdown of the water level about 8,000 m? of
sediments are deposited in the reservoir.

The simulations showed that the main part of the
incoming sediment could be transported through the
reservoir and in addition deposited sediment can be
remobilized.

6 CONCLUSIONS

The paper discussed the application of a numeri-
cal model at an alpine reservoir. The open source
numerical model TELEMAC-2D combined with the
morphological module SISYPHE was used to simulate
the flushing process. The sediment transport formula
used in the numerical simulation was evaluated based
on the grain-size-distribution of the sediment samples
and the total deposited amount of sediment in the reser-
voir. The calculated sediment deposition derived by the
Meyer-Peter-Miiller bed load formula showed the best
agreement with the measured amount. The deviation

in the calculated and measured sediment amount could
be caused by the by the fact that in the calculated value
only the six flood events were taken into account. The
sediment depositions during normal operation with
design discharge was not taken into account and may
causes the difference in the calculation.

Based on the evaluation the sediment transport for-
mula of Meyer-Peter-Miiller was used in the numerical
simulation of the flushing.

The simulated flushing event showed the possibility
of routing sediments from the upstream free flowing
area through the reservoir and of remobilization of the
deposited sediments. Parts of the eroded sediments
in the upstream area of the reservoir resettle in the
downstream area due to a widening of the reservoir,
but compared with a flood operation without a draw-
down of the water level approximately 125 percent
more sediment was transported through the reservoir.

The flushing efficiency could be increased in case
of higher discharges or longer durations of water level
drawdown. However, the possibility of flushing is
strictly connected with the hydrological conditions and
in the alpine area linked to flood events.

The numerical simulation of sediment transport
processes and of flushing events is still a research topic
and under development. Further studies and field mea-
surements are required to improve the accuracy of such
analyses.
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Abstract

The Bodendorf reservoir is located in the province of Styria
in Austria. The high sedimentation rate of about 4 % per
year decreased the reservoir volume from 900.000 m® to
300.000 m® in only 12 operation years. To reduce the high
amount of deposited sediments, a first reservoir flushing
was carried out in 1994. Since the first flushing a more or
less frequently reservoir flushing was established. Through
the Interreg IIIb project ALPRESERV a detailed study of
the flushing event in 2004 was conducted. The recorded
bathymetry data, water levels, discharge rates and the
measured grain size distributions at the bed were used as
boundary condition for a flushing simulation. The used
numerical model solves the Reynolds-averaged Navier-
Stokes equations in three-dimensions. The turbulence is
simulated by the standard k-¢ model and the pressure is
computed accordingly to the SIMPLE method. The
program uses an adaptive and unstructured grid which
moves during the computation with changes in the bed and
The suspended transport
calculated by solving the convection-diffusion equation and
the bed-load transport by the empirical formulas from
Meyer-Peter Miiller and van Rijn. Bed forms are taken into
account in the study by an empirical formula from van Rijn.
The presented results of the simulation show agreement in
the amount of flushed out sediments. A comparison of the
measured and simulated cross sections after the flushing is
given in this study. This comparison also shows the
sensitivity of the results in relation to different bed-load
transport formulas.

water levels. sediment is

Introduction

Reservoir sedimentation is one of the challenges in dam
engineering today (Scheuerlein, 1990). Due the
construction of artificial barrages in rivers the alluvial
balance is highly affected. Small flow velocities in
reservoirs result in depositions and create a sedimentation
problem. These accumulations decrease the reservoir

to

volume and so also the available the amount of water for
irrigation purposes or producing electricity (Morris and
Fan, 1998). Also the lifetime of the reservoir may be
reduced by sediment depositions, which represents an
economic impact and should be taken into account in early
design studies. The severity problem is not uniform
distributed over the world. It depends on the hydrology, the
geology and the land use in the basin (White and Bettness,
1984). Different approaches, like the use of soil control
measure, are in use to minimize the sediment yield from the
watershed (Shen, 1999). However, a sediment inflow into
the reservoir could never be avoided completely
(Scheuerlein, 1990). An often used method for reducing the
sediment accumulations in reservoirs is reservoir flushing.
During the flushing the water level is drawn down to a level
so that free flow conditions occur. The high velocities and
an increased bed shear stress initiate the erosion process in
the reservoir. The effectiveness of a flushing depends on
existing low level outlets and the possibility to ensure the
excess runoff from the basin for a period with free flow
conditions (White and Bettness, 1984). The performance
depends also on the handling of ecological aspects. To
avoid impacts on the downstream region, limitations of the
minimum oxygen amount and the maximum suspended
sediment concentration are most time specified for the
flushing.

A special challenge is the flushing of mountain reservoirs,
like the Bodendorf reservoir in Austria. This is because of
the high amount of coarse material, which settles in the
entrance area of the reservoir. During the flushing process
this material can erode and settle further downstream in the
reservoir (Scheuerlein, 1990).

An accurate prediction of the efficiency of an upcoming
flushing is important information for designer and owner of
reservoirs. The use of only theoretical approaches is
problematic because of the complex mechanisms and the
huge amount of involved parameters (Scheuerlein, 1990).
An alternative for predictions can be a numerical
investigation. Numerical models are more and more
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common in river engineering because of a time and cost
reduction compared to physical model studies (Gessler and
Rasmussen, 2005; Chandler et al., 2003). Previous work in
this field was done by Lai and Shen (1996) with a one-
dimensional diffusion model for estimating the general
trend of the bed evaluation. A two-dimensional model was
used for simulating the flushing of the Kali Gandaki
reservoir (physical model study) by Olsen (1999). An
example for the successful use of a three-dimensional
approach is the simulation of the sediment transport in the
Three Gorges project by Fang and Rodi (2003).

For this study the Bodendorf reservoir in Austria is chosen.
Especially run-of-river power plants, like the Bodendorf
reservoir, are highly influenced by sediment deposition
(Wu, 2008). A detailed study of the 2004 flushing was
carried out in the Interreg IIIb project ALPRESERV for a
sustainable sediment management of alpine reservoirs
considering ecological and economical aspects. In addition
to the analysis of the amount of flushed out sediments,
cross section measurements were performed before and
after the flushing to get better knowledge about the areas of
erosion. Because of this, data with high quality and quantity
are available for the computation. Also CFD was involved
in this project. Badura (2007) used a commercial two-
dimensional approach and presented good agreement
between the measured bed level changes and the simulated
ones. For the current numerical study bathymetry data,
grain sizes, discharge rates and water levels from the 2004
flushing were used. The simulated results were compared
with the measured data to show flushing effects, like the
erosion pattern in three cross sections. Two different
empirical bed-load transport formulas were used to show
the dependency of the results related to the used equation.

Site description and Input data

The Bodendorf hydropower plant is located at the river Mur
in the province of Styria in Austria. It is designed as run-of-
river power plant with a drainage area of about 1,360 km®
and a capacity of 7.5 MW. The reservoir has a length of
about 2.5 km and is due to an average width of only 40 m
relatively narrow (Knoblauch et al., 2005). The reservoir
had a designed volume of about 900,000 m® in 1982. After
12 years of operation about 600,000 m® of the reservoir was
filled with sediments. So the average deposition is about
35,000 m® per year, which represents a sedimentation rate
of 4 % of the reservoir volume per year. The amount of
flushed out sediments was 47,300 m’ in 2004, where
around 31,500 m® were flushed out as bed-load (Badura et
al., 2006). This represents a special challenge for the
numerical model, where the bed-load transport is simulated
by an empirical formula. The grain size distributions show
a large variation along the reservoir. The ds at the entrance

of the reservoir was 32 mm were in front of the weir the dsq
showed a value of 1.5 mm. The density for the deposited
sediment was 2.55 g/cm’® (Badura, 2007).

During the flushing a minimum discharge of 80 m’/s is
required to increase the bed shear stress so that the
armoring layer breaks up and erosion starts (Knoblauch et
al., 2005). The flushing of 2004 showed next to this a flood
peak with a discharge of 134 m’/s during the free flow
conditions. The used discharge rates and water level
changes at the weir are shown in Figure 1.
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Figure 1: Discharge rates and water levels during the
flushing

A detailed bathymetry survey was carried out before and
after the flushing. This data is used for setting up the
numerical model and for evaluating the amount of flushed
out sediments. The bed geometry after the flushing was also
used for comparisons of the areas where erosion happens.
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Figure 2: Bed geometry of the Bodendorf reservoir before
the flushing (at the top) and after the flushing (below)

Numerical Model

The CFD code SSIIM was used for this study (Olsen,
2012). In SSIIM the RANS-equations are solved in three-
dimensions together with the continuity equation to
compute the flow field for turbulent flow (Versteeg and
Malalasekera, 1995; equation 1 and 2).

WY _y 0)
Ox,

o, _aU::li(_p@v pu,)) @
ot Tox,  pox, ! /

with i= 1, 2, 3; where U; is the averaged velocity, x is the
spatial geometrical scale, p is the water density, P is the
dynamic pressure, d; is the Kronecker delta and — pfu/ are

the turbulent Reynolds stresses.

As discretication scheme the finite-volume method is used
together with a first order upwind scheme (Olsen, 2012).
The turbulent Reynolds stresses are calculated by the k-¢
model (Launder and Spalding, 1972) and the unknown
pressure field is computed by the SIMPLE method
(Patankar, 1980). The sediment transport in SSIIM is
modelled for multiple sediment sizes, where the suspended
sediment transport is modelled by solving the convection-
diffusion equation (equation 3).

doc
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where U is the water velocity, w is the fall velocity of the
sediment, /" is the turbulent diffusity and c is the sediment
concentration over time ¢ and over the spatial geometrical
scales x and z.

For simulating the quantity of the bed-load transport, an
empirical formula by van Rijn (1984a) was used as first
approach (equation 4).

2.1
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where ¢y, is the transport rate of the ith fraction of bed load
per unit width, d; is the diameter of the ith fraction, 7 is the
shear stress, 7..; is the critical shear stress for d; which was
calculated by an analytical form from the Shields curve, p
is the density of the sediment, p,, is the density of the water,
g is the acceleration of gravity and v is the kinematic
viscosity.

As an alternative bed-load transport formula the Meyer-
Peter Miiller formula was used (equation 5). This formula is
recommended for rivers with steeper slopes and sediment
transport mainly at the bed.
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where ¢, is the transport rate of the total bed load per unit
width, ds is the characteristic sediment size, / is the slope
of the energy line and  is the hydraulic radius.

Because of the influence of bed forms during the flushing,
the bed roughness (ki) was calculated by the numerical
program as a combination of the grain-size distribution and
the bed-form height (equation 6).

[—ZSA]
kg =3.0d,+1.1A[1.0—¢\ ™ ©)

where dy is the characteristic sediment size, 4 is the bed-
form height and y is the water depth.

The bed form height was predicted by an empirical formula
(van Rijn, 1984c; equation 7).

03 0.5 et _
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where djs, is the characteristic sediment size, 7 is the shear
stress and 7..; is the critical shear stress for each fraction.

In SSIIM an unstructured and adaptive grid is used. The
adaptive grid moves accordingly to changes in the bed and
water level. An algorithm for wetting/drying is
implemented in the code, which allows a change of number
of cells. The used algorithm removes dried up cells from
the grid and generates new cells in areas which get wetted
during the time depend simulation, so also lateral
movements during the computation are possible. For
calculating the fluxes and velocities for the non-staggered
grid the Rhie and Chow (1983) interpolation is used. The
free-water surface is simulated based on the computed
pressure field (Olsen and Haun, 2010). An implicit time
discretization is used.

} 500.0 m

Figure 3: Grid for the flushing simulation with 15,358 cells
and the cross sections A — C

Numerical Simulation of the Reservoir

Flushing

Based on the existing bathymetry data, grids with a
different number of cells were made for the computation
domain. The chosen grid had 15,358 cells (Figure 3), and
showed grid independent results. In the vertical direction a
maximum number of 11 cells were selected. During the
computation the number of cells decreases, because of the
draw down of the water level, to 5,292. For the simulation a
time step of 10.0 seconds was chosen. A zero gradient
outflow boundary condition was set for the outflow and a
Dirichlet boundary condition for the inflow. At the walls of
the domain wall laws by Schlichting (1979) were used.
Changes in the water level and discharge rates during the
flushing were kept similar to Figure 1.

Due to changes of the grain size distribution along the
reservoir a distribution at the weir and at the entrance of the
reservoir was specified. Between these areas the grain sizes
were linearly interpolated. Table 1 shows the grain sizes
chosen at the weir and the entrance area with the
corresponding fractions.

Table 1: In the simulation used grain sizes and fractions at
the weir and at the entrance area of the reservoir

Grain Size Fraction at | Fraction at
the weir | the entrance
of the
reservoir
[mm] [%] [%]
100 - 72 5 25
72 -52 5 20
52-36 10 15
36-24 10 15
24-11 10 10
11-6 20 10
6-3 15 3
3-1.5 15 1
1.5-0.5 10 1




Geotechnical failures are in the program taken into account
by a sand slide algorithm. The angle of repose, used in this
algorithm, was set to ¢= 32 ©° for this study. During the
flushing simulation no sediment inflow was specified. The
active sediment thickness was set to be 0.5 m. The
roughness at the bed was set to 0.28 m.

The computation time for the flushing on two cores of the
CPU (Intel Q9650 3.00GHz) was about 12 hours.

Results

In the presented study the number of flushed out sediments
and the bed level changes after the flushing simulation were
compared. Three cross sections (A-C; Figure 1) were
presented to show the erosion pattern of the simulation
(Figure 4 a-c).
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Figure 4: Bed level changes, measured and simulated with
van Rijn and Meyer-Peter Miiller bed-load transport
formulas

The cross sections were chosen in different sections of the
reservoir, where varying effects influence the computed
erosion. It clearly can be seen that the erosion pattern in
cross section A is similar compared with the measurements.
However, the erosion is not as deep as measured for both
used bed-load transport formulas. Cross section B shows
that the erosion in the simulation occurs more at the outer
site of the small bend. The measurements show a smaller
influence of the secondary currents, and a more uniform
erosion patter over the cross section. The results by using
the Meyer-Peter Miiller formula show better agreement in
the shape and depth. Cross section C shows a distinctive
channel, which is in the simulation too narrow compared
with the measured one. In this cross section the total
erosion is much smaller compared with the measurements.
The total bed shear stress increases during the free flow
condition to a maximum value of 50 N/m? in different
sections of the reservoir and up to 22 N/m’ in the area in
front of the weir. However, during the simulation the
sediment transport capacity in this area is at a maximum
value for both formulas. So no additional sediments can be
removed from the bed.

The observed bed forms during the flushing were not
measured. The bed forms in the simulation show a height of
around 1.5 m, which is probably overestimated. This could
also influence the estimation of the secondary currents and
the erosion pattern in the bends.

The calculated amount of flushed out sediments is in the
same range as the measured ones. This is the result of an
intensive calibration process. The most important factors
are a correct distribution of the sediments and the fraction
of compacted sediments in the bed. The difference in the
used bed-load transport formulas by van Rijn (23,400 m®)
and the Meyer-Peter Miiller formula (31,200 m°) shows the
advantage of using Meyer-Peter Miiller for this case.

Conclusion

The numerical simulation of the 2004 reservoir flushing of
the Bodendorf reservoir is presented in this study.
Bathymetry data and collected field data were used for
adjusting the model. The results show that the range of the
amount of eroded sediments (47,300 m®) can be better
predicted with the formula from Peter-Meyer Miiller
(31,200 m*) compared to the bed-load transport formula
from van Rijn (23,400 m’). However, the erosion pattern
shows differences between the simulation and the
measurements. Mainly the cross sections located in the
downstream region of the reservoir show an irregular
erosion pattern in the simulation. Both used empirical bed-
load transport formula gave too little transport capacity in
the downstream area of the reservoir, which results in too
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little erosion in this area. Coarse material, eroded in the
inflow area of the reservoir, will in addition settle in the
area in front of the weir. In areas where the reservoir shows
slight bends, the program overestimates the secondary
currents, which results in too deep erosion at the outside of
the bend and into too less depth at the inner site of the bend.
Field measurements are required to compare the angle of
the secondary currents to the results derived by the model.
The influence of the bed-load transport formula is also
presented in the cross sections. Where the empirical
formula by van Rijn is successfully used in previous works
with the CFD code SSIIM, the Meyer-Peter Miiller formula
shows an advantage for this case. The equation is
recommended for steeper rivers which transport mainly
coarse sediments close to the bed. However, there is no
unique formula available at the moment, which can be used
for all cases. Further research work is required in allocating
of bed-load transport formulas for specific cases.

The observed anti dunes highly influence the erosion rates
of the numerical simulation for the flushing. Bed forms are
in the numerical program taken into account by an
empirical formula. During the flushing no measurements of
the bed form heights or a wave length were possible. So it
is not possible to compare the results regarding the bed
form height of the simulation with field data. However, the
numerical model is able to give a range of the amount of
erosion for a prediction of an upcoming flushing.
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ABSTRACT:

In this study a numerical analysis is carried out to investigate the flushing efficiency in an Alpine

reservoir. The reservoir is approximately 4.5 km long with an initial storage volume of about 1.4 Mio. m>.
Measurements show that 85,000 m® of sediments deposit in the reservoir annually. A small amount of the
deposited sediments has been eroded and transported through the reservoir in former flushing events.
However, echo-soundings performed in 2009 showed that approximately 860,000 m® of sediments are
already deposited in the reservoir. This represents an annual sedimentation rate of about 6.1 % of the
initial reservoir volume.
Echo-soundings performed before and after the flushing event were used to evaluate the morphological
changes. The water levels of the critical flood event (30-year flood) before and after the flushing event
were modelled using a three dimensional numerical model to evaluate the changes in the water level at
different sections. Additional ADCP measurements performed at the prototype were used to validate the
computed velocity fields of the numerical model.

KEY WORDS: Three-dimensional numerical modelling, Reservoir flushing, Reservoir sedimentation,
Flood risk, Field measurements,

1 INTRODUCTION

In reservoirs the flow velocities, the turbulence and the bed shear stresses are reduced in case of
normal turbine operation. This effect leads to the settlement of sediment particles in the reservoir. In
further consequence the bed levels rise and the storage volume is being reduced by “filling up” the
reservoir.
Flushing is one of the most common ways to manage sediment depositions in Alpine reservoirs. The
intention of reservoir flushing is the erosion of sediment depositions, accumulated during longer
operation periods. In case of natural floods or higher discharges the water level is lowered to increase the
flow velocities, turbulence and bed shear stress in the reservoir. The increased shear stress facilitates
erosion of the sediment depositions in the reservoir and the turbulence keeps sediment particles in
suspension.
In most cases the flushing of reservoirs in the alpine area is a special challenge, because of the massive
coarsening of the depositions from the weir to the head of the reservoir and the therefore wide grain size
distribution. At the head of the reservoir the gravel fractions are deposited, whereas silt and clay particles
deposit near the weir.
The application of numerical models for water flow calculations in river engineering can be seen as state
of the art technique. Numerical modelling of sediment transport in reservoirs and related flushing
modelling is still a complex task and the main aspects of such studies are the evaluation of the sediment
transport processes, like in a previous study, where Olsen applied a two-dimensional numerical model for
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simulating the flushing process of the Kali Gandaki reservoir in Nepal (Olsen, 1999). Examples of
three-dimensional modelling are the simulation of the sediment transport in the Three Gorges project
performed by Fang & Rodi (2003), the simulation of the sediment transport in the Feistritz reservoir
(Dorfmann & Knoblauch, 2009) or in the Angustura reservoir in Costa Rica (Haun & Olsen, 2012).

In this study a flushing event in an Alpine reservoir is presented and discussed. The deposition of coarse
sediment at the head of the reservoir increases the flood risk due to rising bed levels. The investigation
focuses on the flushing efficiency and the related decrease of the flood risk due to the lowering of the bed
levels. The flood risk was assessed by calculating the water levels of the 20-year flood using the reservoir
geometries from before and after the flood event.

2 STUDY AREA AND BACKGROUND

The reservoir is approximately 4.5 km long with an initial storage volume of about 1.4 Mio. m”.
Measurements show that 85,000 m® of sediments deposit in the reservoir annually. A small amount of the
deposited sediments has been eroded and transported through the reservoir in former flushing events.
However, echo-soundings performed in 2009 showed that approximately 860,000 m® of sediments are
already deposited in the reservoir. This represents an annual sedimentation rate of about 6.1 % of the
initial reservoir volume. Figure 1 shows an overview of the meandering reservoir with the sediment
sampling points
e\ =) =

power house

Figure 1 Project area with sediment sampling points

The head of the reservoir is located in an urban area. Hence, the rising of the bed levels in the reservoir
and especially in this area creates a problem concerning flood safety in this area. Figure 2 illustrates the
rising of the bed levels since the start of operation. The deposition height in front of the weir is about
4-5m.

head of the reservoir weir

original river bed 1992

Figure 2 Rising of the bed levels caused by sedimentation in the reservoir, longitudinal section from the head of the

reservoir to the weir
In July 2012, two flood events with a probability of approx. 0.2 and 0.05 (~ 5-year flood and ~ 20-year
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flood) occurred within 10 days. The water level in the reservoir was lowered according to the operation
rules of the hydro power plant and a large amount of sediments were eroded in the reservoir. Figure 2
shows the hydrograph of the flood events in July 2012.
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Figure 2 Hydrograph of the flood events in July 2012

3.1 Sediment Sampling

Seven representative sediment samples were taken from the reservoir and sieved according to the
Austrian Standard ONORM B 4412 in 2010. The freeze-core method was used for taking the sediment
samples, starting from the weir (Sample 1) to the head of the reservoir (Sample 7).
Large variations in the grain sizes between Sample 1 and Sample 7 can be observed. The mean diameter
dp, of Sample 1 is below 0.1 mm, whereas the d,, of Sample 7 at the head of the reservoir is about 20 mm,
which is still relatively small for a reservoir in an Alpine river.
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Figure 2 Grain size distributions of the sediment samples taken in the reservoir
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3 NUMERICAL SIMULATIONS

3.1 Numerical setup

The numerical simulations were performed with TELEMAC-3D. TELEMAC-3D is a module of the
open source TELEMAC-MASCARET suite for the simulations of hydrodynamic flow, contaminant and
sediment transport (http://www.opentelemac.org). TELEMAC-3D solves the three-dimensional
incompressible Navier-Stokes equations for free surface flow with or without the hydrostatic pressure
assumption. A detailed description of the theoretical aspects used in TELEMAC is given in Hervouet (2007).
The simulations in this study were performed with hydrostatic pressure assumption, because the
sensitivity analysis showed that the use of the non-hydrostatic pressure algorithm did not change the
results in this kind of applications significantly. In TELEMAC-3D the two-dimensional triangular mesh is
extended to the vertical dimension by the implementation of a number of planes or levels. Different mesh
discretizations for the vertical levels are implemented. In this study a homogenous distribution in the
vertical direction with five levels was used. The sensitivity analysis using ten levels for the vertical
discretization proved made clear that no differences occurred in the computed water surface compared to
the use of five levels. The method of characteristics was chosen, however several other schemes are
available for the computation of the advection terms. The solver offers a semi-implicit scheme for the
time integration. TELEMAC-3D is able to separate the vertical and horizontal turbulence scales for
modeling of the turbulence. In this investigation a constant eddy viscosity was applied for the horizontal
turbulence and the Prandtl mixing length model was used for the vertical turbulence model. The Prandtl
mixing length model expresses the turbulent viscosity as a function of the mean velocity gradient and the
mixing length. The Strickler friction law was applied to compute the energy losses caused by bottom
friction with a constant Strickler value of 35 m'*/s for the whole domain. A time step of 1.0 second was
chosen for the numerical simulation.
Based on the existing bathymetry data, two three-dimensional digital elevation models were generated;
one before and one after the flushing event. The mesh with approximately 211,500 prismatic cells and an
average edge length of 4 m was mapped on the digital elevation model using the free software BlueKenue
(CHC, 2010).

3.2 Validation of the Numerical model using ADCP measurements

The hydrodynamic model was validated using ADCP measurements performed at the prototype. The
ADCP measurements were performed during normal turbine operation. The velocity fields from the
measurements were analyzed using the Open Source postprocessing software ADCPtool (Dorfmann &
Steidl, 2013). With the ADCPtool 2-D depth averaged flow velocities were calculated and georeferenced.
Figure 4 shows the comparison between measured ADCP flow velocities and the computed depth
averaged velocities resulting from the 3-D hydrodynamic model. The magnitude and the direction of the
calculated velocity vectors compare well with the measured velocity vectors.

Figure 4 Calculated depth-averaged velocity profiles (left) and measured depth-averaged ADCP profiles (right)
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4 RESULTS AND DISCUSSION

4.1 Evaluation of the Bed Changes

Echo-soundings performed before and after the flushing event were used to evaluate the
morphological changes caused by the flushing event. Based on these measurements two digital elevation
models were developed. The digital elevation model before (Figure 5) and after the flushing event (Figure
6) were used to calculate the differences in the bed levels and the resulting erosion pattern caused by the
flushing operation. The measured differences in the bed levels are shown in Figure 7. Massive erosion
occurred in the first half of the reservoir upstream of the weir with a lowering of the bed level in the
reservoir of up to 2 m. The erosion at the head of the reservoir and in the upper part of the reservoir was
limited due to the larger grain sizes and the armored river bed at the head of the reservoir. At the flushing
event in July 2012 approx. 240,000 m3 of sediment depositions were removed from the reservoir.

Figure 7 Measured bed changes derived of the digital elevation models, after — before flushing
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4.2 Numerical Analysis of the Changes of the Water Level Caused by Flushing

Before the flushing event 2012 the massive sediment depositions in the reservoir increased the flood
risk due to the rising bed levels. At the flushing event in July 2012 a large amount of sediment depositions
were removed from the reservoir. The average bed slope in the reservoir increased, because of the erosion
of these sediment depositions. Hence, in case of free flow conditions the water level at flood events
decreases and the bed shear stress increases. The differences in the water levels are shown in Figure 8.
The water level decreased in the whole reservoir. The highest differences in the water level are in the first
half of the reservoir upstream of the weir. These higher differences are caused by the massive sediment
erosion which indicates a good flushing efficiency in the zone upstream of the weir.

Figure 8 Differences in the water level because of the flushing event and the desilting of the reservoir

Figure 9 illustrates the changes in the bed levels and the caused differences in the water level for the cross
sections A-A to E-E. The erosion of the sediment depositions decreases from the weir (cross section A-A)
to the head of the reservoir (cross section E-E). Thus, also the lowering of the water level is higher at
cross sections A-A and B-B than at cross sections D-D and E-E.

The analysis of the water levels showed that the flushing of the reservoir lowered the flood probability of
the urban areas at the head of the reservoir significantly.

4.2 Numerical Analysis of the Bed Shear Stresses in the Reservoir

The bed shear stresses in the reservoir were modelled to provide a better understanding of the
sediment transport processes in the reservoir. Figure 10 illustrates the calculated total bed shear stresses
for the bed levels before the flushing event in July 2012 in case of a 20-year flood. The highest bed shear
stresses occur at the weir. The bed shear stresses at the upper part of the reservoir and at the head of the
reservoir are relatively low. This low bed shear stresses and the reduced slope in the reservoir caused by
the massive sediment depositions reduces sediment transport capacity in the reservoir in case of flushing
events. This effect decreases the possible erosion in the reservoir with continuous progression of the
reservoir sedimentation. In the Alpine area flushing events are linked to hydrological boundaries such as
flood events. Therefore, large flushing events like the flushing event in July 2012 cannot be planned in
advance, but can be used to remove sediment depositions from reservoirs. Caused by the previous
mentioned high discharge and the long duration of the flushing event a large amount of deposited
sediments could be eroded from the reservoir. Therefore, the bed shear stresses for the bed levels after the
flushing event in July 2012 are much higher due to the increased bed slope in the reservoir (Figure 11).
The higher bed shear stresses will lead to enhanced sediment erosion in case of future flushing events
even at minor flood events.
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Figure 9 Changes in the bed level and in the water level caused by the flushing event 2012
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Total bed shear stress

Figure 11 Calculated total bed shear stress after the flushing event in July 2012 for a 20-year flood

5 CONCLUSIONS

The paper discussed the simulation of a flushing event in an Alpine reservoir. The open source
numerical model TELEMAC-3D was used to simulate the hydrodynamic processes of a flushing event in
2012. The bed levels in the reservoir were analyzed using echo-soundings of the reservoir before and after
the flushing event. A large part of the massive sediment depositions in the reservoir were eroded due to
the reservoir flushing. The highest erosion rates occurred in the first half of the reservoir upstream of the
weir with a lowering of the bed level in the reservoir of up to 2 m. In this area the mean grain size of the
sediment depositions was below 0.1 mm. The erosion at the head of the reservoir and in the upper part of
the reservoir was limited due to the larger grain sizes (about 20 mm) and the armored river bed at the head
of the reservoir.
The numerical analysis showed that the removal of the sediment depositions increased the bed slope in
the reservoir and lead to the lowering of the water level in the reservoir. Hence, the probability of
flooding decreased for the urban areas near the head of the reservoir.
The increased bed slope in the reservoir and the lowered water level also enhances the bed shear stresses
in the reservoir. These changed conditions could increase the flushing efficiency for performing flushing
at minor flood events. However, the possibility of flushing is strictly connected to the hydrological
conditions and in the Alpine area consequently linked to flood events.
The next steps in this study will be the numerical modeling of the sediment transport processes at the
flushing event in July 2012.
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ABSTRACT: In reservoirs flow velocities, turbulences and bed shear stresses are reduced, leading into set-
tlements of the transported sediment load. Depositions in reservoirs often contain fine sediments like silt and
clay. The occurring cohesive forces increase the critical bed shear stress and the Shield curve is no longer val-
id. Additional data is required in such cases to estimate the cohesiveness and as consequence the valid critical
shear stress. In this study the critical shear stress was evaluated for cohesive sediment samples taken from a
reservoir in Austria and from one located in Costa Rica. The sediment samples were placed in a flume and the
discharge was varied until mass erosion took place. A 2D PIV device was used to measure the velocity profile
and the turbulences at the same time. These values were used to calculate the bed shear stress for the specific
discharge where erosion took place. Additional vane strength measurements have been carried out in the res-
ervoirs to test the transferability of the measured vane strength values from the field into useable values for

the estimation of erosion rates.
1 INTRODUCTION

In reservoirs flow velocities, turbulences and bed
shear stresses are reduced, leading into settlements
of the transported bed and suspended sediment load.
Depending on the characteristics of the sediment
particles and the reservoir operation tasks, sediment
particles may deposit in different regions of the res-
ervoir (Morris & Fan, 1998). Hence a spatial and
temporal variability of the characteristics of the dep-
ositions can be observed.

The bed shear stress is one of the key parameters
for sediment transport processes. A large number of
options can be found in the literature to predict the
bed shear stress (Rowinski et al., 2005). The most
used methods are the gravity/bed slope method and
the logarithmic wall law method. If a time series of
the fluctuating velocity components u’ and w’ near
the bed is available, e.g. from ADV or PIV meas-
urements in the laboratory or from a numerical mod-
el, the Reynolds Stress method may also be used.

The use of the Shield curve is the most used tech-
nique to determine the critical bed shear stress for
cohesionless depositions. However, depositions in
reservoirs often contain fine sediments like silt and
clay. Even if it is possible to draw a clear threshold
between fine and coarse particles (most times 60 um
is used as threshold), it is not straightforward to use
a single number to describe the behavior of the sed-
iments regarding cohesion (Mehta et al., 1989). Oc-
curring cohesive forces increase the critical bed

shear stress and the Shield curve is no longer valid.
The critical shear stress of the cohesive sediment
mixtures may be up to 50 times larger as for cohe-
sionless sediments, having similar arithmetic mean
sizes (Kothyari & Jain, 2008). Especially consolida-
tion effects resulting in lower water content, higher
shear strength and more stable structural configura-
tion of the deposition layers influence the critical
shear stress (Mehta et al., 1989). Kamphuis & Hall
(1983) took e.g. the clay content and consolidation
pressure in their experimentally studies into account.
However, Berlamont et al. (1993) proposed a list of
28 parameters which would be necessary to describe
the behaviour of natural cohesive sediments, as a re-
sult of physical, chemical and biological processes.
Hence additional data is required in such cases to es-
timate the cohesiveness and the valid critical shear
stress. So far there is no standard procedure for the
evaluation of the critical shear stresses of cohesive
sediments available. In this study the critical shear
stress was developed from flume studies, where the
discharge rate was increased stepwise till mass ero-
sion took place.

In addition field measurements with a miscellane-
ous device were conducted (Aberle, 2008). The vane
strength measurements have been carried out in the
reservoirs to determine the undrained shear strength
of the sediments in situ. The results were used to test
the transferability of the measured vane strength
values from the field into useable values for estimat-
ing the erosion rates. In addition a function, devel-

Ixxix



FLUME TESTS - ISRS2013

oped with the results of this study and with values
from literature, was established which may be used
for a further use in these reservoirs.

The sediment samples analysed in this study are
taken from the Zlatten reservoir in Austria and the
Angostura reservoir in Costa Rica. The depositions
in both reservoirs contain a high quantity of fine
sediment particles.

2 EVALUATION OF SHEAR STRESSES

The shear stress at the wall is defined by

ou
e (1)
where 7,, is the shear stress at the wall, u is the
dynamic fluid viscosity and Jdu/dy|, is the velocity
gradient at the wall.

Hence the shear stress depends on the velocity
gradient at the wall, which is at the same time the
difficulty in evaluating the shear stress in an accu-
rate way.

For the evaluation of the shear stress both, direct
and indirect methods are used. These methods are
based on the determination of the shear velocity ux
The relation of the shear velocity to the shear stress
is given by

T = pu*2 2)
where p is the fluid density.

The shear stress also depends on the wall rough-
ness. The wall roughness is characterized by the
shear Reynolds number Re~, which is defined by

_s* A3)

where k; is the equivalent sand roughness and v is
the kinetic or kinematic viscosity.

Flow conditions with Rex < 5 are called smooth,
which means that all roughness elements are inside
the viscous sub-layer. If Re+ > 70, the flow regime
is fully rough (e.g. Yalin, 1977). In this case the vis-
cous sub-layer is so thin that the roughness elements
penetrate the logarithmic layer (Graf & Altinakar,
1998). Between 5 < Re«< 70 a transitional flow oc-
curs.

2.1 Methods for the evaluation of bed shear
stresses

2.1.1 Gravity or bed-slope method

The gravity method defines the bed shear stress
based on the control volume approach and reflects
strongly one-dimensional flow conditions. In case of
steady, uniform flow the shear velocity can be eval-
uated by

T=yR A 1 4)
where y is the specific weight, R;, is the hydraulic ra-
dius and 7 is the energy slope, which is in case of
uniform flow equal to the channel slope.

2.1.2 Logarithmic Law method

The logarithmic Law method is based on the Ka-
rman-Prantl equation. The shear velocity in the wall
region (y/h < 0.2) can be evaluated in case of hy-
draulic rough conditions by fitting measured veloci-
ty profiles to the following equation:

DAL (5)
Kk
S
with
ut = (6)
M*
and
y u
yr==t @)

where u is the mean velocity, « is the Karman con-
stant (usually considered x = 0.41), y is the vertical
distance and C is considered to be a constant equal
to 8.5 (Nezu & Nakagawa, 1993).

2.1.3 Reynolds Stress method

The Reynolds Stress method can be used in a fully
turbulent two-dimensional flow. For the calculation
of the shear stress a time series of the fluctuating ve-
locity components u#’ and w’ near the bed is used.
The bed shear stress is then given by

T=-pu'w (8)

where u’ is the velocity fluctuation in the longitudi-
nal direction and w’ is the velocity fluctuation in the
vertical direction.
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3 SEDIMENT SAMPLING

In August 2010 six representative sediment samples
were taken from the Zlatten reservoir in Austria and
analysed according to the Austrian Standard
ONORM B4412. An acrylic cutting cylinder with a
diameter of 140 mm was used to obtain nearly un-
disturbed sediment samples. The cohesive sediment
samples were collected at a sediment bank on the
orographic left side of the reservoir. The water level
at the sediment bank was approx. 0.5 - 0.6 m. The
grain size analysis of the sediment samples from the
Zlatten reservoir showed a dgg of 35 um and a d,, of
17 um (Fig. 1). The water content of the samples
varied between 30 % and 35 %.

The sediment samples from the Angostura reser-
voir were taken in July 2012 from a tributary bar
which developed at the inflow area of the reservoir
during the last years. The water level at the bar was
approx. 0.3 - 0.4 m. The used acrylic cutting cylin-
der had a diameter of 100 mm and the results were
also analysed with respect to the same standards.
The grain size analysis of the sediment samples
showed a dgp of 5 pum and a d,, of 3 pm (Fig. 1). The
water content of the samples from Costa Rica varied
between 30 % and 35 % as well.

4 EXPERIMENTAL SETUP

4.1 Flume Setup

The experimental program was carried out at the
Hydraulic Laboratory of the Graz University of
Technology. The flume is about 14 m long and has a
constant rectangular section of 0.8 m width and
0.86 m height (Fig. 2). The glass walls of the chan-
nel enable the installation of the PIV-System and al-
low visual inspection of the test section. The water
inflow into the flume is controlled by an upstream
located valve in the feeding pipe and measured by an
electromagnetic flow meter. The maximum dis-
charge which could be reached with this setup was
150 1/s. The flow depth in the downstream area of
the channel was controlled by a gate, located at the
outflow area of the flume.

For the experiments a 6 m long double bottom was
installed with a declination of 1 % and an open-
bottomed test section. So the samples could be easy
placed and fitted, with respect to the height, into bot-
tom of the flume. The surface of the double bottom
was a smooth acrylic glass plate.

mass frequency [ %]
g
g

s~ Casta Rica robel |
—e—Caita Rica Probez
e Ausiria Probe 1
—m- Austria Probe 2
e Austria Probed T
= Austria Probe 4

1 10 100
graindiameter [um]

Figure 1. Grain size distribution of the sediment samples gath-
ered in reservoirs in Austria and Costa Rica

valve at feeding pipe

i —
I double I gate
sereen sample bottom
il
\
e o/ P
o TE \ ) e |
TF ....\ — l ‘ = e _r I\ H nu::l
\ ) ]
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Figure 2. Experimental setup in the flume

Figure 3. Obtained picture from the PIV measurements

4.2 Particle Image Velocimetry

A 2D Particle Image Velocimetry (PIV) system was
used for the measurements of the velocity field
around the soil sample. The laser used for the PIV-
measurement is a Litron Laser — Model (LDY303-
PIV) with a repetition rate of 0.2 — 20 kHz, an ener-
gy output up to 20 mJ and the defined wave length is
527 nm (green light) (LitronLasers, 2012) The cam-
era is a Photron FASTCAM SA-1 with a frame rate
of 5.4 kHz and a resolution of 1024 times 1024 pixel
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(Dantek, 2008). For the measurements the laser light
sheet was located in the longitudinal axis of the
flume directly over the sediment sample.

The camera was oriented normally to the 2D-Laser
light sheet. The laser sheet lights the natural parti-
cles in the flume and the illuminated particles (seed-
ing) are recorded (Fig. 3). Based on a sensitivity
analysis the frame rate was set to 2 kHz.

4.3 Experimental Conditions

Two sets of experiments were carried out for differ-
ent flow conditions and different sediment samples,
presented in section 3. The slope of the flume was
kept constant (with a declination of 1 %). The flow
was supercritical for all discharge rates.

The tested flow conditions are summarized in
Table 1. The flow variables used to describe the dif-
ferent flow conditions are the flow rate O, the mean
velocity in longitudinal direction u,, the flow depth
h, the Reynolds number Re and the Froude number
Fr. The sediment samples were fitted in the open-
bottomed test section in the flume. To avoid an in-
fluence due to a sudden increase of the roughness
(acrylic glass plate - soil sample) a working area of
about 1.2m x 0.8 m around the undisturbed sedi-
ment sample was filled and uniformly pasted with
natural disturbed material (compare: Kothyari &
Jain, 2008; Roberts et al., 2003). So a similar rough-
ness and surface structure like in the reservoir could
be obtained.

However, the use of field sediment samples in a
laboratory flume has the disadvantage that the char-
acteristics of the undisturbed samples may change
during sampling and transportation (Aberle, 2008).
Therefore the sediment samples were stored in the
acrylic cutting cylinders in a water basin to retain
the natural conditions in the reservoir.

The surface of the disturbed material had to be en-
forced using cement slurry because of the lower crit-
ical shear stress. The experiments started usually
with a discharge rate of 20 1/s and was increased
stepwise every 10 - 15 minutes and visually inspect-
ed at the same time. The discharge was held constant
in case that erosion occurred. If no visible erosion
was recognized the discharge was increased again
(e.g. Aberle et al., 2003).

5 EXPERIMENTAL RESULTS AND
DISCUSSION

5.1 Mean velocity profiles

The velocity profiles were measured for all flow
conditions (Table 1) to determine the bed shear
stress. In figure 4 the velocity in the longitudinal ax-
is (u) are shown for the different flow conditions.
The velocity values and vertical coordinates have

been normalized by the maximum velocity compo-
nent i, and the corresponding coordinate .y, re-
spectively.

Six u-velocity component profiles are presented
in figure 5 for the flow condition V120, measured
over different sediment samples. Figure 5 illustrates
that the most significant difference among the veloc-
ity profiles occur next to the bed, probably due to
the not perfectly flat surface of the sediment sam-
ples. Depending on the exact height of the surface of
the sediment sample, the first measured velocity
components are 0.1 mm above the bed.

Table 1. Flow conditions for the experiments

Flow Q Uy h Re Fr
condition  [1/s] [m/s] [mm] [-] [-]
V20 20 0.75 23 1.3x10%  1.57
V25 25 0.84 28 1.7x10%  1.60
V30 30 0.94 33 22x10%  1.64
V35 35 1.02 38 2.7x10%  1.67
V40 40 1.07 42 3.1x107  1.68
V50 50 1.18 49 3.9x10% 171
V60 60 1.28 55 48x10*  1.73
V70 70 1.36 62 5.6x10* 175
V80 80 1.44 68 6.5x10"  1.76
Voo 90 1.50 73 7.3x10* 177
V100 100 1.57 78 8.0x10* 178
V120 120 1.67 89 9.5x10"  1.80
10
—%-R1_V40
09 —=—R1_V60
—»—R3_V80
08 —+—R4_V100
—e—R2_V120
07 —+—R6_V120

Figure 4. Normalized u-velocity (in the longitudinal direction)
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Figure 5. Detail of the measured u-velocities for 6 different
sediment samples (V120) close to the bed

5.2 Evaluation of the shear stress

The evaluation of the shear stresses was performed
using the gravity method and the Reynolds stress
method, described in section 2. In case of the Reyn-
olds stress method the measured shear stresses were
averaged over the measured time and spatial over
the sediment sample. The spatial averaging was nec-
essary because slight differences in the height of the
probes caused peak values in the obtained shear
stresses.

The obtained shear stress values are plotted in
figure 6 to show the relationship between the values
derived by the gravity method and the Reynolds
stress method. Good agreement was found for both
methods which indicate that nearly uniform flow
conditions occurred in the flume.

In this study six cohesive sediment samples from
Austria and two sediment samples from Costa Rica
were tested to evaluate the critical shear stresses, as
mentioned already. The erosion pattern in this study
was identified visually and characterised based on
the erosion modes defined by Kothyari & Jain
(2008). Whereby the modes of incipient motion
(namely: pothole erosion, line erosion and mass ero-
sion) depend strongly on the clay content, the ante-
cedent moisture characteristics and the applied shear
stress (Kothyari & Jain, 2008).

Table 2 shows an overview of the measured criti-
cal shear stresses for observed mass erosion. In the
cases R2, R5, R6 and C2 the failure took place be-
tween two natural layers formed by sedimentation in
the reservoirs. Figure 7 shows the erosion pattern of
the sample C2. The structure of the sediment sam-
ples R1, R3, R4 and C1 was also not uniform be-
cause of small lenses of fine clay. In these cases
mass erosion took place in the more or less compact

sediment probe. Layers or small lenses in the depo-
sitions develop often if the characteristics of the in-
flowing sediments change during the deposition pe-
riod (e.g. coarser sediments during flood events).
However, if it is possible to capture such kind of dis-
turbances in a small scale, an observation of the bed
for a whole reservoir is almost impossible to con-
duct.

The obtained critical shear stresses are relatively
high compared with previous conducted studies, e.g.
Aberle et al. (2006), Debnath et al. (2007), Kothyari
& Jain (2008), Tolhurst et al. (2009) and Kothyari &
Jain (2010). Only the critical shear stresses given by
Kamphuis & Hall (1983) are in the same range as
the values derived in this study. The sediment char-
acteristics and critical shear stresses given by Ko-
thyari & Jain (2008 & 2010) and Kamphuis & Hall
(1983) are summarised in Table 3.

The reason for the mainly lower critical shear
values, found in literature, could be explained by the
fact that no consolidation effects were taken into ac-
count in the in the laboratory produced sediment
depositions. Whereas sediment samples, taken from
reservoirs, are influenced by consolidation, leading
into higher critical shear stresses.

100

T [reynolds stress method) [N/m?]

a0 50 60 1o 8o S0 100
1 (gravity method) [N/m?]

Figure 6. Comparison of the shear stress values (time averaged

and space averaged) derived by the gravity method and the
Reynolds stress method for different flow conditions

Table 2. Evaluated critical shear stresses

Sediment Reservoir Qgii  Terit Comment

Sample [I/s] [N/m?] [-]

R1 Austria 120 9.1 line erosion at 80 1/s
R2 Austria 70 64 -

R3 Austria 120 9.1 pothole erosion at 80 I/s
R4 Austria 120 9.1 mass erosion at 140 /s
R5 Austria 60 5.7 -

R6 Austria 40 45 -

Cl Costa Rica 120 9.1 -

C2 Costa Rica 25 29 -
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failure between
silt and clay layer

Figure 7. Erosion pattern of the samg)le C2 after the final run
(V 25) with a shear stress of 2.9 N/m” with failure between the
silt and clay layer

Figure 8. Erosion pattern of the sample C1 after the final run
(V 120) with a shear stress of 9.1 N/m>

00

critical shear stress (t,) [N/m?]

A Kamphi B W, 1983

W datm Austia present sty

-

data Costa Rica present study
e = 384 0,55 () famonus vl 1963}

— r=075¢%)

o s 10 15
vane shear strength (S,) [kN/m?)

Figure 9. Comparison of the measured critical shear stress val-
ues and the measured vane strength values based on data from
Kamphuis & Hall (1983) modified with data of the present
study

6 VANE STRENGHT MEASUREMENTS

The field vane is one of the most used in situ meth-
ods for determining of the undrained shear strength
of cohesive sediments (Chandler, 1988). Hence,
vane strength measurements have been carried out in
the for this study chosen reservoir to test the trans-
ferability of the measured vane strength values from
the field for the estimation of critical shear stresses
of the depositions.

A Geonor H-60 hand-held vane strength tester
was used as field equipment for measuring the un-
drained shear strength (Geonor, 1995). The applica-
tion range of the device spans from soft to stiff clays
in a range of 0 kPa - 200 kPa. The benefits of a
hand-held field vane are an easy handling, the re-
peatability of the results and economical aspects.

The vane strength tests were carried out in the
same area where the sediment sampling for the
flume test took place. For the measurements the used
vane size was 25.4 x 50.8 mm and the used rod had
a length of 1 m for both reservoirs. A so called
“dummy test” was performed to correct/exclude ef-
fects of the skin friction due to the extension rods,
when using the equipment under water.

In the Zlatten reservoir the vane strength test was
repeated ten times and in the Angostura reservoir the
test was repeated twelve times in an area of about
0.5 x 0.5 m for both field sites. Additional vane
strength measurements were performed on the sedi-
ment samples in the flume after mass erosion took
place.

The vane strength measurements were compared
with the obtained critical shear stresses from the la-
boratory study and with the critical shear stresses
found in literature (Kamphuis & Hall, 1983; Ko-
thyari & Jain, 2008; Kothyari & Jain, 2010; Table
3). Figure 9 shows the correlation of the data from
the present study and the data from Kamphuis &
Hall (1983).

In addition, the original function of Kamphuis &
Hall (1983) was modified according to the new data.

However, the critical shear stress of cohesive sed-
iments depends on various parameters and therefore
this diagram and this function may be used for a
rough estimation of the critical shear stress based on
measured vane strength values. Further research is
necessary for achieving accurate data for studies re-
garding sediment erosion. Future research tasks in-
clude basic research as well as the development of in
situ measurement devices which are suitable for a
use in large reservoirs.
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Table 3. Evaluated critical shear stresses compared with values found in the literature

Sediment Reservoir dpn Water Clay" Silt® Sand® Terit S,
Sample/ content

Literature [nm] [%] [%] [%] [%] [N/m?] [kPa]

R1 Austria 17.8 30.4 10 89 1 9.1 14.2

R2 Austria 17.2 329 10 89 1 6.4 10.4

R3 Austria 16.9 314 10 89 1 9.1 15.8

R4 Austria 16.5 31.6 10 89 1 9.1 17.2

RS Austria 17.2 30.9 10 89 1 5.7 9.6

R6 Austria 17.4 323 10 89 1 4.5 7.7

Cl Costa Rica 3.1 343 15 85 0 9.1 5.0

C2 Costa Rica 3.4 34.0 15 85 0 2.9 4.0
Kamphuis & Hall (1983) --- 242 -37 60 35 5 8.6-18.4 9.6-225
Kamphuis & Hall (1983) --- 35.6 60 38 2 122-134 17.1
Kamphuis & Hall (1983) - 34.1 62 35 3 - 27.0
Kamphuis & Hall (1983) --- 37.8 60 39 1 9.9-10.7 12.2
Kamphuis & Hall (1983) --- 31.8 60 36 4 102-11.3 152
Kamphuis & Hall (1983) --- 357 58 40 2 11.3-125 13.3
Kamphuis & Hall (1983) --- 29.6-31.3 48 35 17 4.0-89 1.9-7.6
Kamphuis & Hall (1983) --- 22.6-25.8 36 35 29 1.0-54 3.6-11.0
Kamphuis & Hall (1983) --- 20.5 15 35 50 1.5-1.8 11.0
Kothyari & Jain (2008) 1500 72-134 10 0 90 09-13 ---
Kothyari & Jain (2008) 1330 72-152 20 0 80 1.2-1.7 ---
Kothyari & Jain (2008) 1170 9.5-21.7 30 0 70 1.3-1.8 ---
Kothyari & Jain (2008) 1000 10.3-19.2 40 0 60 1.0-1.6 ---
Kothyari & Jain (2008) 840 10.0 -20.4 50 0 50 09-15 ---
Kothyari & Jain (2010) 1500 - 10 45 45 09-13 ---
Kothyari & Jain (2010) 1000 - 40 30 30 09-1.5 ---
Kothyari & Jain (2010) 850 --- 50 25 25 08-1.4 ---

*d<2um;*2 um <d <64 pm; °d > 2 um

7 CONCLUSIONS

The critical shear stress is a key parameter for pre-
dicting erosion rates and effects. In the current paper
the evaluation of the critical shear stress of cohesive
sediment depositions is presented and discussed.
Sediment samples from two reservoirs (Zlatten res-
ervoir, Austria and Angostura reservoir, Costa Rica)
were analysed. The samples were placed in a re-
search flume and the discharge was varied stepwise
until mass erosion took place. The velocity profiles
and the turbulences over the sample were measured
with a 2D PIV device and used for calculating the
bed shear stress for the specific discharge rate. For
the conducted study the gravity method and the
Reynolds stress method were used and showed good
agreement in the comparison of the values. This in-
dicates that nearly uniform flow conditions occurred
in the flume. The results of the critical bed shear
stresses, achieved from the conducted flume tests,
showed in average similar values as found in the
previous conducted study by Kamphuis & Hall
(1983).

The results showed that the behaviour of natural
cohesive sediments depend on a wide range of pa-
rameters (Black et al., 2002; Grabowski et al.,
2011). Especially the effects of depositions with a

layers structure could be observed and is an im-
portant parameter of the deposited sediments. The
results of the experiments showed also that the ob-
tained average shear stress was above most of the
values found in previous conducted studies (e.g. Ko-
thyari & Jain, 2008). This is most probably due to
the natural consolidation effects of the samples tak-
en from the reservoirs, compared to the artificially
created depositions made of a mixture of clay, silt
and sand, used in other performed studies.

In addition vane strength measurements were per-
formed in the reservoirs to measure the undrained
shear strength of the depositions. The obtained vane
strength values were set in relation to the critical
shear stresses derived by the experimental tests in
the flume. This data was also correlated with data
derived by Kamphuis & Hall (1983). The original
relation function from the critical shear stress to the
vane strength values obtained by Kamphuis & Hall
(1983) was modified according to the new data. The
new function may now be used for a rough estima-
tion of the critical shear stress, based on measured
vane strength values. Especially for the Angostura
reservoir, where only two samples were available,
these rough estimations should be handled with care
in further studies.

Future research is necessary for achieving accu-
rate data for studies regarding sediment erosion of
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cohesive depositions. These research tasks include
basic research as well as the development of in situ
measurement devices for a use in large reservoirs.
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