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Abstract

The impact of an avalanche into a reservoir induces impulse waves, which pose a threat to
population and infrastructure. For a good approximation of the generated wave height and
length as well as the resulting overtopping volume over structures and dams, formulas,
which base on different simplifying assumptions, can be used. Further project-specific
investigations by means of a scale model test or numerical simulations are advisable for
complex reservoirs as well as the inclusion of hydraulic structures such as spillways.

This paper presents a new approach for a 3-D-numerical simulation of an avalanche
impact into a reservoir. In this model concept the energy and mass of the avalanche
are represented by accelerated water on the actual hill slope. Instead of snow, only
water and air are used to simulate the moving avalanche with the software FLOW-3D.
A significant advantage of this assumption is the self-adaptation of the model avalanche
onto the terrain. In order to reach good comparability of the results with existing research
at ETH Zurich, a simplified reservoir geometry is investigated. Thus, a reference case
has been analysed including a variation of three geometry parameters (still water depth
in the reservoir, freeboard of the dam and reservoir width). There was a a good agreement
of the overtopping volume at the dam between the presented 3-D-numerical approach
and the literature equations. Nevertheless, an extended parameter variation as well as a
comparison with natural data should be considered as further research topics.

1 Introduction

Avalanches are dangerous natural events that can threaten settlements, roads or other
infrastructure objects in mountainous regions (Grét-Regamey and Straub), 2006). In the
Alps, with their many large alpine reservoirs for hydropower generation, the impact
of avalanches into reservoirs can have a great effect. An avalanche impact, but also
rockfalls, landslides or cold volcanic mass flows (Akgunl, 2011; Mohammed and Fritz,
2012, Waythomas et al., 2006) may generate impulse waves, which can overtop water-
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retaining structures and even cause a massive failure in case of an earth-fill dam. Especially
landslide-induced impulse waves are known to have caused great destruction in the past.
In particular the catastrophe at the Vajont reservoir in Italy in 1963 (Panizzo et al., 20054, [b)
and the incident in Lituya Bay in Alaska in 1958 (Fritz et al., 2009; |Zweifel, [2004) have to be
mentioned. A collection of historical avalanche-induced impulse waves has been compiled
by |[Mller| (1995).

Once the avalanche reaches the water surface of the reservoir, the complete impacting
process can be divided into two parts: (a) the generation and the movement of the
avalanche and (b) the impact into the reservoir with the propagation of the impulse
wave. Different types of special numerical software are available to simulate the first part
(Sect. [2.7). These investigations are used for a wide range of different risk analyses and
in case of a reservoir, which is on the avalanche track, further modelling concepts for the
impulse wave are needed. The paper will focus on these processes in the reservoir with the
help of three-dimensional (3-D) numerical simulations.

Based on the characteristics of the avalanche-induced impulse waves, the process within
the reservoir can be divided into three phases: (a) the wave generation including the
impact of the sliding mass, (b) the wave propagation in connection with lateral propagation
including the progressive frequency dispersion and (c) the last phase, which is the run-up on
the (opposite) shore. The transition between these three phases is smooth. If the distance
between impact spot and the accumulation areas is very small, the propagation phase of
avalanche induced impulse waves can sometimes be neglected (Zweifel, [2004).

2 Modelling concepts

2.1 Avalanche simulation

The formation and movement of avalanches can be simulated using several existing
software solutions. One commonly applied numerical tool is the RAMMS (rapid mass
movement system) software, which is used by the WSL (Swiss Federal Institute for
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Forest, Snow and Landscape Research), Institute for Snow and Avalanche Research
SLF (Christen et al.l 2010; [Teich et al., [2014). In Austria the SAMOS-AT (Sailer et al.,
2002; Sampl and Zwinger, 2004) and ELBA (Energy Line Based Avalanche) (Volk and
Kleemayr, 1999) are well known examples of software (Keiler et al., 2006) and used by the
BFW (Federal Research and Training Centre for Forests, Natural Hazards and Landscape,
Department of Natural Hazards and Alpine Timberline) and other institutions. These tools
link meteorological data with terrain information for the generation of avalanches and use
different modelling concepts for the movement. A simulation provides mass, hight and
velocity of the avalanche depending on the time and the location as an input dataset for
hazard assessment. These parameters are used as an input for further simulation of an
avalanche impact into a reservoir to calibrate the modelling assumption of the avalanche.

2.2 Scale model test

The investigation of an avalanche impact and the thereby generated impulse wave in
a reservoir can not be simulated with the numerical tools presented in Sect. Therefore,
further modelling concepts are needed, which are based on laboratory experiments or
numerical investigations. The latter approach will be addressed in Sect.

The build up of a scale model test is a very reliable but also cost-intensive way to
evaluate the danger of impulse waves in reservoirs caused by avalanches. In addition to
general scale effects (Heller, 2011), the critical aspect for the definition of the used scale
is the minimal water depth in the model, which should not be less than 0.2m (Heller,
2008|; Heller et al.l 2008a). The input parameters provided by the avalanche simulation
(typically the location of the impact, mass, velocity, slide height) are implemented based on
scaling laws (Froude similarity). Therefore, different concepts for the model avalanche can
be used to obtain the needed impulse, which is the result of mass multiplied by velocity. In
exemplary experiments, sandbags on wheels (similar to a skate board), slides with different
front angles or granulates have been accelerated in a chute to simulate such an impacting
avalanche (Gabl et al., 2014b; Heller and Spinneken, |2013; Rastello et al., 2002). All these
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assumptions are simplifications, that can hardly be calibrated because of the lack of field
data.

In recent years, extensive basic research in the field of avalanche and landslide induced
impulse waves in reservoirs have been carried out at ETH Zdrich. Within these laboratory
tests, different granulates and solid bodies were used. In the following section a brief
overview is given, leading to approaches to calculate the impulse wave (behaviour, height,
length) and the overflow volume depending on the actual dam structure (Sect. 2.3).

Different studies have accurately shown the impact phase of wave generation using scale
model tests (Fritz, [2002; |Fritz et al., |2003a, b, [2004; Fuchs et al., 2013). These impact
tests focus on subaerial landslides and distinguish between unseparated and separated
flow depending on the slide Froude number. The flow separation occurs at high impact
velocities, when the water in the reservoir is prohibited to flow backwards over the impacting
body. The run-up and overtopping were investigated by Muller| (1995) with the help of scale-
model tests. Regarding the process of run-up, mass-included impulse waves are similar to
tsunamis insofar as they also occur as surging breakers. |Muller| (1995) developed formulas
for the run-up height and the volume of water that overtops the dam depending on the
slope angle. Furthermore, the influence of ice cover on the impact and the propagation of
the impulse waves were investigated, which led to the conclusion that the influence of the
ice cover on the wave height can be completely neglected up to 0.5 m thickness.

Zweifel| (2004) focused on the effects of slide density and water depth on the impulse
wave. It has been shown that the impact-Froude number, which can be regarded as
dimensionless slide velocity, is the dominant slide parameter. A higher impact speed
generates a greater maximum amplitude of the primary wave in case of larger slide
densities than water. For tests with a slide density smaller than the density of water
(characteristic for snow), only a minor influence of the impact speed could be found. Zweifel
(2004) shows that the slide thickness has a strong influence on the maximum amplitude at
slide densities smaller than the water density. In case of a larger slide density, there is no
clear correlation between the maximum amplitude and the slide thickness. At low densities
the slide volume, and thus the sliding mass, affects the maximum amplitude.
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Heller| (2008) extended the existing investigation on the influence of the seven governing
parameters, which included the still water depth h, the slide thickness s, the slide impact
velocity vs, the bulk slide volume Vj, the bulk slide density ps, the slide impact angle
«a and the grain diameter, and analysed the wave generation process based on those
parameters. The results of all studies (scale model tests and further numerical simulations)
were summarised as simplified formulas (Heller et al., 2009 based on |[Heller et al.,
2008b).These key expressions have been used to validate the presented simplified 3-D-
numerical investigations and will be listed in Sect.

The above mentioned experiments at ETH Zurich (Fritz, [2002; [Fuchs et al., |2013; Heller,
2008|; |Zweifel, |2004) were conducted in a rectangular prismatic wave channel with a slope
ramp, with variable steepness. The used channel has a length of 11 m, a height of 1 m and
a width of 0.5 m. The main investigation section focused on the channel axis (Heller, [2008),
but not only basic experiments were performed. |Fritz et al.| (2009) simulated the incident
at Lituya Bay in Alaska 1958 at scale of 1: 675 in the two dimensional wave-channel of
ETH Zirich and also in a three-dimensional model at scale of 1 : 400. Fuchs et al.| (2011)
experimentally investigated avalanche- and rockfall-induced impulse waves at the storage
Klhtai in Austria (scale 1 : 130). Further project-specific examples of scale model tests to
investigate impulse waves can be found in Di Risio et al. (2009); |Gabl et al. (2010); |Heller
and Spinneken| (2015); [IMohammed and Fritz| (2012); Muller| (1995); |Panizzo et al.| (2005a)
and |Panizzo et al.|(2005b).

2.3 Formulas to calculate the overtopping volume

The overtopping volume per m crest length V' [m3 m~1] is one of the main parameter for
risk analysis of an avalanche impact into a reservoir. Hence, this parameter is used for the
comparison of the presented 3-D-numerical simulations with FLOW-3D and the given basic
equations by Heller et al.| (2009, |2008b) respectively. To calculate this parameter as shown
in Eq. (/) some further equations are needed. First, the impulse product parameter P [-] is
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calculated:

o a\1/2 e Vo 1/4 6 1/2
P () (pwbhz) [(7“” "

The value P is made up of five parameters of the avalanche itself (hamely the slide impact
velocity vs [m s~1], the bulk slide density ps [kg m~3], the bulk slide volume V; [m3], the slide
width b [m] and the slide thickness s [m]), further the still water depth & [m], the slide impact
angle « [°], the water density p,, [kg m—3] and the gravitational acceleration g [ms—?] are
also considered. Based on P, the wave height H(z) [m], the wave period T'(z) [s] and the
wave length L [m] can be computed as follows with x [m] as the streamwise coordinate in
the longitudinal channel direction and the solitary wave celerity c(z) [ms™1]:

H(z) = % [p. (%)*” 3] Y )
T(z)=9-PY*. (2)5/16- <Z>1/2 (3)
L(z)=T(x)-c(x) (4)

Subsequently, the run-up height R [m] and the overtopping volume V, [m3 m~1] (with a zero
freeboard f [m]) can be defined as follows:

5/4 —3/20 o\ 1/5
R:1.25-<2[> (Z) -<9;> -h (5)

H 4/3 T 4/9 )

Therefore, Egs. (2)—(4) are evaluated in front of the dam and two additional parameters have
to be specified: the run-up angle equal to the dam face slope (5 [°] and the overfall coefficient
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x [-] based on the formula of Poleni. For an existing freeboard f, the overtopping volume
Vo is reduced to V' [m3 m~1] with the following equation:

11/5
V:(l-é) Vo (7)

All presented equations and further information about the specific use can be found in|Heller
et al.[(2009). The entire simplified calculation can be carried out with an Excel-Tool provided
by ETH Zirich (http://www.vaw.ethz.ch/publications/vaw_reports/2000-2009). This tool is
also used in this paper for the comparison with the 3-D-numerical simulations (Sect. [4).
The formulas are based on different generalisations and simplifications. To use them
for a specific adaptation on a complex bathymetry or the consideration of wave reflection,
the applicability of these formulas has to be carefully checked (Akgun, 2011). In the
presented case, these formulas are compared with the 3-D-numerical simulation, in which
the avalanche is implemented with a new approach based on inflowing water instead
of snow. Therefore, a simplified geometry is investigated to reach a good comparability

(Sect.[3.3).

2.4 Numerical simulations

In addition to (existing) scale model tests, more and more numerical models are used,
for which free surface modelling (interaction of water and air) is a standard application.
Heller et al. (2009) also lists further numerical investigations in the context of research
gaps. High potential can be especially seen in meshless methods, namely the smoothed
particle hydrodynamic (SPH). Therefore, the fluid is discretised with particles, which can
move in respect of a kernel-smoothed influence of its neighbourhood (Capone et al., [2010;
Cascini et al.,[2014; |Dai et al., [2014; Meister et al.,[2014). The SPH-standard procedure for
wall boundaries is the use of immobile ghost particles, which can be easily applied for plain
surfaces. The implementation of a complex geometry and surface roughness are current
issues of research (Ferrand et al., [2013).
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http://www.vaw.ethz.ch/publications/vaw_reports/2000-2009

Examples for existing two-dimensional (2-D) simulations of scale model tests can be
found in Zweifel et al.| (2007) and |Ataie-Ashtiani and Yavari-Ramshe| (2011). |Ataie-Ashtiani
and Shobeyril (2008) and |Shan and Zhao| (2014) also presented numerical simulations of
impulse waves, which focus purely on the impact of objects in water. Dalban Canassy et al.
(2011) investigated the effects of an impact caused by the calving of the Triftgletscher into
a glacial lake in Switzerland. |Waythomas et al.| (2006) operated a 2-D-numerical tsunami
simulation induced by an eruption of the Augustine volcano in Alaska.

A 3-D-numerical approach should be used especially for complex terrain, smaller
reservoirs and if the effect of spillways or other structures should be considered. While
conducting a broad scale model test of a weir and intake structure, |Gabl et al.| (2014b)
used the investigation of an avalanche impact into a reservoir of a diversion plant in the
Austrian Alps as a validation experiment for 3-D-numerical simulations. The simplified
model assumptions of the laboratory test could be very accurately reproduced with 3-D-
numerical simulation (FLOW-3D). In this particular case, moving solids and a combination
of water and particles are accelerated in the same manner as in the scale model test. For
the impacting solid body only a prescribed motion could be used, because the coupled
mode lead to unrealistic bouncing, as soon as the moving object touches the water surface.
Hence, the mass conservation after the impact was hard to achieve. The challenge of the
particle assumption is, that FLOW-3D simulates a full interaction of particles with everything
else but not with each other. Therefore, additional water is needed to control the behaviour
of the particles in the chute. Nevertheless, the main conclusion of this work was that the
differences between the result of the scale model test and the numerical simulation are
far smaller than the uncertainties of different modelling assumptions for the avalanche
(Gabl et al., [2014b). In general, the prediction of the governing avalanche parameter as
an extreme event is hard to verify. However, Sect. presents a new concept, which can
be used for a better implementation of a specific avalanche in a 3-D-numerical model.
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3 Methodology
3.1 Adapted implementation of an avalanche

For both modelling concepts (scale model test and numerical simulation), two assumptions
are frequently used: (a) the impacting avalanche is homogeneous and (b) the impact is
limited to a specific location in the reservoir. Depending on the used modelling concept for
the avalanche, this latter assumption can lead to very different results. If for example simple
solid slide is used, it results in a single, big impact at a defined place on the water surface.
A good adaptation of the model avalanche to an actual terrain can be achieved by using
granulates (Fuchs et al., 2011). To implement a comparable model into 3-D-numerics, the
simulation of three fluids would be necessary: air, water and snow. Some 3-D-numerical
simulation programs, such as FLOW-3D, are limited to two fluids, that can be computed
simultaneously. In order to profit from the advantages of this software, which allows for a
fast and accurate simulation of unsteady free surface flows (Flow Science, Inc., [2014; [Hirt
and Nichols, [1981), a modelling approach for the avalanche containing only two fluids is
necessary.

Based on third-party funded research at the Unit of Hydraulic Engineering at the
University of Innsbruck, different concepts were studied. The starting point was the use
of moving objects, which represent the avalanche as a solid with a defined velocity. These
bodies and also the particles were accelerated in a chute. The main goal was to reproduce
an existing scale model test, which would be focused on the concentrated impact and the
conditions at a weir structure (Gabl et al., 2014b). It was necessary to find a new concept
to simulate more complex avalanches — in particular to enhance the impact assumption
— in order to get away from an only local concentration given by the simple acceleration
in a chute. One possible way, which has already been tested in different projects, is the
replacement of the snow with water. The following steps represent the general work-flow for
this concept:
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1. An avalanche study that has been conducted with a suitable software (examples for

these kinds of software are mentioned in Sect. provides the critical avalanche
track and further required input parameters. For this investigation, the avalanche
must be simulated based on an empty reservoir. Before the avalanche reaches the
water surface, a specific control section is defined. This is the connection between
the simulation of the avalanche and the further investigation of the impact and the
water movement in the reservoir. For the latter, the software FLOW-3D is used, but
the concept can be adapted for different products.

. Based on the results of the avalanche simulation, a mass-equivalent amount of water
is placed in the starting zone of the avalanche, for which the chosen water depth
should be adjusted in relation to the distribution of the snow heights. In general, the
slide density ps and the bulk slide volume V5 are only used in Eq. to calculate
the impulse product parameter P. If the slide density is increased (change from snow
with approximately 330 kgm~3 to p,, with 1000 kg m—3) the used bulk slide volume
has to be decreased with the same factor to simulate the same P. Based on these
initial conditions, the 3-D-numerical simulation is started and the water flows down the
avalanche track.

. At the control section, the kinetic energy or rather the momentum (product of the mass
and velocity) of the incoming water is compared to the previously simulated avalanche
in step 1 over the entire impact time. In general, the water has a higher density than
snow and so the water avalanche is too fast.

. To correct this effect, a restart simulation on the existing simulation is conducted. After
some simulated seconds, the complete water body of the avalanche model is used as
an initial condition for a restart. The thereby chosen time is only a first assumption
and lasts typically 2— 4s. The only difference between the original simulation and
the restart is, that the velocity is set to zero at the beginning of the restart simulation
(Fig.[TR). Hence, the kinetic energy of the impacting water is reduced, but the influence
of the terrain on the model avalanche is maintained. This is the main advantage in
11
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comparison to a user defined starting point of the water at a lower level than the
starting zone.

. In order to calibrate the velocity of the model avalanche at the moment of impact,
it is evaluated at the control section (identical to step 3) and, if necessary, the time
of the restart is changed accordingly. Depending on the terrain and the avalanche
characteristics, with approximately three to four iterations a good avalanche model
in FLOW-3D can be build up, which should be comparable in expansion and
fragmentation to the original simulated avalanche (step 1).

. After this process, the impacting mass, shape and velocity of the model avalanche is
comparable to the avalanche computed in step 1. The main difference is the reduced
slide thickness s, which is also used to calculate the impulse product parameter P
as shown in Eq. (). To quantify the influence of this assumption, a parameter study
of this value based on the equations (Heller et al., [2009) should be conducted. The
water distribution in the release zone should be varied to make sure that the chosen
distribution has a negligible influence on the results. Therefore, a high decoupling
of user-specified input can be reached for the model avalanche. Further studies,
especially for the roughness of the terrain should be considered as well. All these
investigations should be part of a global sensitivity analysis, which includes the
complete input parameters as it is advised by |Heller et al.[ (2009).

The result of the shown process is a model avalanche based on water, which is the
boundary condition for the impulse wave in the reservoir. By use of the 3-D-numerical
simulation, the complex reflection and interaction of the impulse wave can be calculated.
Furthermore, spillways or other structures, such as bridges or wave breaker, can be
implemented in the 3-D-numerics.

In addition to the self-adaptation of the thereby generated model avalanche onto the
given terrain, another advantage is the mass conservation. Both characteristics can not
be easily implemented in a solid body concept with a fixed moving part. The difference in
density between snow and water is compensated by correcting the used bulk slide volume
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Vs. Thus, the momentum of the impact remains the same. Furthermore, the slide impact
velocity vs and the expansion of the model avalanche in FLOW-3D is comparable to the
original simulated avalanche. The model avalanche, which has been calibrated at the time-
step before the impact, can reproduce the given avalanche parameters over the complete
inflowing time very accurately. A disadvantage is that the slide thickness s of the model
avalanche is reduced because of the different density. In addition, this assumption assumes
that the avalanche has immediately melted since only liquid water is used. The influence
of the packed snow in the impact area on the (reflected) impulse wave has thereby to be
neglected.

Figure[f]exemplarly shows three time steps of one calibration simulation (step 4). For this
particular case, a 150-year avalanche was simulated, which is in accordance with design
event intensities in torrent and avalanche hazard management and zone mapping in Austria
(HObl et al., 2011). As part of the verification, a 300-year avalanche was also tested. For
such extreme events, no calibration data is commonly available. Because of the protection
of data privacy no further results of realistic examples will be published. Nevertheless, the
aim of this paper is to evaluate the adapted concept for the presented implementation of
an avalanche. Therefore, a simplified model, presented in Sect. is used for comparison
with the existing formulas, which are summarised in Sect. In this particular case the
adaptation of the model avalanche on a terrain is not needed and the investigation is only
a proof of the concept itself.

3.2 Software

The numerical calculations are performed with FLOW-3D. This 3-D-numerical software is
a good solution for flow calculation with a free surface and is based on the Reynolds-
averaged Navier—Stokes (RANS) equations in combination with the Volume of Fluid (VOF)
technique (Flow Science, Inc., 2014} |[Hirt and Nichols, [1981). The software works with
mesh blocks based on orthogonal rectangular grids, which are very easy to generate and
compute. The use of structured, rectangular cells leads to the numerical advantage that
all indices for neighbouring elements are known and no additional neighbour list has to be
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stored. In contrast to body-fitted coordinate elements, a solid surface can cut through an
element as a plane in FLOW-3D (Flow Science, Inc.,[2014;/Gabl et al., 2014a). The original
geometry is modified based on the chosen grid. Hence, there is no need for a constant
adaptation of the grid to model a moving object. This characteristic of FLOW-3D can be
used for the implementation of moving gates (Dargahi, [2010), dam failures (Seibl et al.,
2014) or moving solid avalanches (Gabl et al., 2010, [2014b).

In case of a sharp interface, FLOW-3D calculates, based on the VOF, the surface slope in
each cell. As a result of the used modelling concepts, only the velocities of the water (fluid
1) have to be computed and the second fluid (in general air) is not considered. The solver
is very accurate and stable for free-surface simulations. Various validation experiments
showed the capacity of FLOW-3D. As examples, the software was successfully used for
the investigation of a combined sewer overflow (Fach et al., [2009) and spillways (Gabl
et al.,[2014a;|Johnson and Savage, 2006) as well as an analysis tool for bed-load transport
processes and flood protection (Gems et al.l [2014). The software was also successfully
used for local refinements of bridges (Erduran et al., 2012) or air entrainment caused by
a vortex (Lo et al., |2015).

3.3 Model setting

The basic scale model tests at ETH Zirich base on investigations conducted in a channel
with a length to width ratio n of 22 [-] (= Lg/B =11m / 0.5m). The inclination of the
slope ramp was varied between 30 and 90° and different granular slide materials were
tested (Sect. [2.2). In contrast to these laboratory tests, the presented work uses a more
complex natural scale geometry for the 3D-numerical simulations with FLOW-3D. Therefore,
the main goal of the investigation is not to reproduce the laboratory experiments comparable
to |Gabl et al.| (2014b). Moreover, the given equations, which are the results of these tests
at ETH Zurich (Sect. [2.3), are used to validate the avalanche concept based on water.
The hereafter presented and in Tab. |1 summarised parameters for the simplified geometry
are chosen in reference to an actual project. The complete numerical study is split into
two parts. First a reference set-up is investigated in Sect. Based on this simulation,
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variations of geometrical parameters, namely freeboard f, still water depth i, dam height
hp and the width of the channel B are investigated (Sect.[4.2). The latter is used to analyse
the influence of the different parameters on the results.

The reference geometry is shown in Fig.[2land the key input parameters are summarised
in Table[1] The chosen set-up consists of a rectangular channel (B = 80 m) with a simplified
vertical concrete-dam (dam face slope 8 = 90°) and an outflow boundary condition behind
this structure. The crest width of the dam by is fixed with 3m. At the opposite end of the
model, an inclined ramp (o = 40°) is placed as flow path for the model avalanche. The
slide width b of the model avalanche is equal to the width of the channel. Both sides of the
channel are modelled with a solid wall. All surfaces are used with no additional roughness.
For the presented numerical simulations the standard k-e-turbulence model is used.

The origin of the coordinate system is defined in the middle of the bottom line of the
upstream dam. The z-axis is fixed in the opposite direction to gravity. The positive = axis of
the local coordinate system, which is used for the simulation, points in the same direction
as the horizontal part of impact velocity and is labelled as . Because of the inclined slope,
the impact point of the avalanche into the reservoir, for which the value x is equal to 0[m],
is depending on the still water depth & (Fig. [2). The reference calculation is based on a still
water depth h of 30 m and a freeboard f of 2m. Corresponding to these values, the dam
height hp is 32 m in total. The distance Lr between the impact point and the water-side of
the dam is 656 m for the reference case. Consequently, the value z, which is needed for
the equations in Sect. is defined as x = & — 656 [m] for this water depth. The division of
length Lgr = 656 m and width B = 80 m of the chosen reservoir leads to a ratio n of 8.2 [],
which is smaller than the value for the model test at ETH Zirich. To reach the same 7 value
of 22 [-] the width of the channel B should be equal to 30 m. This value has no main
influence on the results, if the 3-D-effects can be neglected. The variation of the parameter
B is part of the variation in Sect.

The simulations with the software FLOW-3D are based on one single mesh block with
a homogeneous cell size of 1m in each direction. Approximately 5.4 million of the total
number of requested cells (nearly 10 million) are active in the calculation. The other cells
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are blocked by solids. The reference case is also simulated with a cell size of 0.5m, which
shows nearly no difference in the results (water level, overtopping volume, local velocities).
Hence, the shown results are independent of the chosen mesh. For the variation of the
reservoir width B in Sect. the mesh is extended with the same cell size.

4 Results
4.1 Reference case
41.1 Impact of the model avalanche

At the upper end of the slope, a water block with a chosen volume V; of 36150 m3
is positioned, which represents the model avalanche. For this water and the filling
of the reservoir, the initial speed vy is set to Oms~1, each with a hydrostatic initial
pressure distribution. By starting the simulation, the water is accelerated by gravity (g, =
—9.81ms~2) and reaches a velocity of approximately 40ms~! at the impact into the
reservoir (Fig. [3, left column). No additional calibration step, as presented in Sect.
is conducted for these simplified investigations. Adding the entire impact volume without
the consideration of losses over the dam and assuming zero flow velocities in the reservoir,
the water level in the reservoir would raise about 0.69 m, which is 34 % of the available
freeboard.

The investigation of the impulse wave shows that the primary wave front is nearly parallel
to the dam and orthogonal to the wall. This is comparable to the laboratory tests at ETH
Zirich (Sect. [2.2). In cases, in which the slide width b is equal to the channel width B or
essentially no 3-D-effects are expected, the analysis can be simplified to a 2-D-problem.
To qualify the mixture process, Fig. 4] shows a 2-D-section of the symmetry plane. Thereby,
atracer is added to the inflowing water, which is used to colour the impacting water red. This
additional parameter is shown as blue for the water in the reservoir. All colours between
these two boundaries mark different stages of the mixing. These analyses show that the
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model avalanche stays stable nearly down to the bottom of the reservoir (still water depth
h =30m), which can be compared well with the impact behaviour of artificial granular
material shown by [Fritz et al.| (2003a).

To classify the impact behaviour, the Froude number of the inflowing water is analysed
with FLOW-3D. Depending on the location and time, the Froude number is approximately
in the range of 7-8 [-] for the chosen set-up. According to |Fritz et al.| (2003b), who used
a higher bulk slide density ps of 1620 kg m—3 in his experiments, Froude numbers bigger
than 4 [] lead to an outward collapsing impact crater. Figure (3| shows in its left column
six time-steps starting after the first interaction of the model avalanche with the reservoir
(starting at second 5.6 of the simulation with a At of 1 s between each picture). The velocity
magnitude is used for the colour scale with an upper limit of 40 ms~1. The vectors indicate
the local flow direction. These analyses show a small outward collapsing impact crater in
the first seconds, but afterwards it converts into a backward collapsing impact crater. This
behaviour also has great similarities to the studies of |Fritz et al.[| (2003b).

The resulting impulse wave in the reservoir is best described as a solitary wave. It is
characterised by large mass transport, no wave through and an approximate wave length
of L = co. The water particles move mainly horizontally (Fig. 3] right column, first picture).
Theoretically, this wave should break once if it reaches a wave height H bigger than 0.78 - h
(Heller, |2008}; Heller et al., 2009; Muller, [1995]; Zweifel, 2004). In the presented reference
case, H reaches approximately 0.57 - h and consequently no breaking of the wave can be
observed.

4.1.2 Overtopping at the dam

The overflow process at the dam is described in detail by Miller| (1995) and a benchmark
test of a wave running over an inclined dam body is presented by [Fuchs et al.| (2010) and
Fuchs and Hager| (2012, 2015). To reduce the complexity, a vertical dam (3 = 90°), which
is similar to the upstream face of a gravity dam, is investigated in this study. The processes
behind the dam are not considered for this particular case. For real application, the water
distribution and potentially dangerous velocities, which can lead to an erosion downstream
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of the dam, could also be identified by use of a 3-D-numerical simulation. Figure |3 shows
in the right column six time steps of the overtopping of the primary wave at the dam. The
fluid is coloured by the z velocity and the scale is limited to 10ms~!. To analyse the time
dependence of the overtopping flow, a section 0.5 m before the middle of the dam crest is
used to define it on junctions of the cells (flow exchange is monitored between the cells).
After 36 s the first wave overtops at this section and the maximum is reached approximately
38 s after the simulation starts.

The Excel-Tool based on [Heller et al. (2009) and provided by ETH Zirich is used to
compare the results of the simulation with FLOW-3D. The input parameters for this tool
are listed in Table [T} The chosen slide impact velocity vs and slide thickness s are based
on evaluation of the FLOW-3D simulation at the time-step just before the model avalanche
reaches the reservoir. The used value vs is the mean value of the depth-average velocity
over the entire front section of the model avalanche, which is used to calibrate the model
avalanche in the proposed concept (Sec. [3.7). This is a simplification in comparison to
Heller et al.[ (2009), who use the side centroid impact velocity of the impacting avalanche.
To find s, the maximum of the vertical flow depth at this timestep is multiplied with cos(40°)
to get the orthogonal value on the slope.

Based on this mentioned input parameter and the assumption of a 2-D-case, the Excel-
Tool calculates an overtopping volume V per m crest length of 431.2m3 m~!. This primary
wave reaches the dam 27.5s after the impact. Figure [5] shows the accumulation of the
overtopping volume over time depending on the definition of [Heller et al.| (2009). Therefore,
the starting time t is set to 0's, when the slide front reaches the still water surface (time of
the 3-D-numerics minus 4.6 s). The primary wave of the 3-D-numerical simulation overflows
the dam, depending on the chosen moment (first wetting of the control section or reaching
the maximum at the control section), 4 to 6 s later than calculated with the Excel-Tool. The
overtopping volume V' of the primary wave for the 3-D-numerical simulation (486.8 m3 m—1)
is only 13 % larger than the calculated value based on|Heller et al.| (2009).

A larger run-up height R is observed in FLOW-3D with 15.7m (equal to a maximum
overtopping height of 13.7 m at the dam including 2 m freeboard) compared to 15.2 m based

18

IodeJ UOISSNOSI(]

IodeJ UOISSNoSI(]

IodeJ UOISSNOSI(]

IodeJ UOISSNOSI(]



on the Excel-Tool. This increased value leads subsequently to a higher overtopping volume
V.

The same overtopping volume V' of the 3-D-numerics can be reached with the Excel-
Tool if the input parameter s is increased by 9 % or, as a second option, the evaluated slide
thickness s by 18 %. To evaluate this difference, a variation of input parameters is conducted
and presented in Sect.

The 3-D-numerical simulation monitors the resulting overtopping volume over 1000 s.
Beside the primary wave, which is in general most critical, further waves caused by
reflections and interactions overtop the dam. They lead to a total overtopping volume Viggos
of 898.7m3m~!, which is an increase of 84 % of the preliminary wave. The accumulated
overtopping volume can be approximated by a logarithmic trendline (R? = 0.9961). These
reflected waves, which are depending on the reservoir shape, can have a significant impact.

4.2 Parameter variation
4.21 Concept

The input parameters for the computation of the overtopping volume V' can be categorised
as follows: (a) avalanche or slide values (for example slide impact velocity vs, density ps
or slide thickness s) and (b) geometrical parameters, like the still water depth h, freeboard
f and the width of the reservoir B. As shown in Sect. the first mentioned group of
parameters are chosen based on the 3-D-numerical simulation for this particular case. For
an actual project, an avalanche model can provide these values. The implementation of
a sensitivity analysis for these particular inputs is a standard procedure and advisable
(Heller et al., 2009). The geometrical informations are in general fixed values and have
a big influence on the overtopping volume V. The first step of the conducted parameter
study focuses on the combination of freeboard f and still water depth 7 (Sect. Tab.[2).
Furthermore, the width of the dam B in relation to the impact slide width b of the avalanche
model is investigated. With the latter simulations, presented in Sect. the transition
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of the 2-D to a 3-D-case is investigated. The presented variations are only exemplary and
make no claim to be complete.

4.2.2 Freeboard and still water depth

In the formulas presented in Sect. [2.3] the freeboard f is only used as a reduction factor
in Eq. (7). In contrast to this, nearly all computed parameters depend on the water depth
h. For the reference case, these two values are fixed with f =2m and h =30m and lead
to a dam height hp = 32m. As a first part of the parameter study, the freeboard f is held
constant at a value of 2m and the still water depth h is varied. Consequently, the dam
height 1 has to be changed in the same way as h (Tab.[2). The results of this variation are
presented in Fig. [6] and show a smaller difference between the 3-D-numerical simulation
and the equations with a bigger still water depth /. For Fig.[7]freeboard f is varied between
0 and 8 m with a constant still water depth h. Based on this assumption, a smaller f also
decreases the differences between the two concepts. In the case of f =0m, the results
corresponding to the overtopping volume V' are nearly the same, only the run-up height R
is higher in FLOW-3D than it is predicted by the equations based on [Heller et al.| (2009).
Both mentioned variations are more theoretical. In a practical case the dam height hp is
fixed and the still water depth in the reservoir can be restricted in winter to reduce the
potential damage. Therefore, further simulations are conducted, in which the freeboard is
varied between 0 and 10 m and the water depth % in the range of 22 to 31.5m. In order to
be able to compare all tested combinations (including those with a fixed f and h; Tab. [2),
the freeboard f divided by the still water depth & is used as the x axis in Fig.[8] This value
reaches from 0.00 (no freeboard) to 0.45 [-]. In addition, only the primary impulse wave is
examined to compare the overtopping volume V' with the results of the formulas based on
Heller et al./ (2009).

A higher freeboard f or a smaller water depth h respectively leads to a smaller
overtopping volume V. Both data sets can be approximated with a cubic function (Fig. [8).
The difference between the values based on the formula and the 3-D-numerical simulation
is small in case of a small freeboard and increases with an increasing ratio of f/h. This
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analysis led to the assumption, that the found differences between formulas and 3-D-
numerics are caused by the overfall process itself (the used dam face slope 8 =90° is an
accepted border) and are not only a result of the chosen avalanche model in the simulation
with FLOW-3D. Further research will be necessary, to investigate this hypothesis.

4.2.3 Width of the reservoir

The Excel-Tool based on |Heller et al| (2009) also allows to simulate impulse waves
propagating in 3-D. Therefore, the slide width b should be less than the reservoir width
B. In contrast to the 2-D-version, which neglects the lateral movement, this option allows to
include a radial wave propagation (Heller et al., |2009). For this reason, the computation
of a more complex reservoir is possible. Within this context, a further parameter study
is conducted, which focused on the reservoir width B. Figure @] shows the widest of
the investigated set-ups with a ratio of reservoir width B to slide width b of 3.75 []
(=300m/80m). Two guide walls are added to ensure that the model avalanche cannot
expand. The width b of the inflowing model avalanche is thus held constant at a value of
80 m, which is equal to the reference case (Sect. [4.1).

The results of overtopping volume V based on the primary wave are shown in Fig.
The numerical values are compared with the 2-D-approach by |Heller et al.| (2009), which
is independent of the parameter B. In addition to the numerical results with FLOW-3D,
the overtopping volume V' computed with the 3-D-option of the Excel-Tool is shown in this
figure. For the reference case (B/b=1 [-]), this option leads to a far smaller overtopping
volume, as expected. If the ratio is increased (B > b) the measured volume of the 3-D-
numerical simulation decreases and approaches the 3-D-option of the Excel-Tool by [Heller
et al.| (2009). The differences get smaller between the formula based values and the results
of the 3-D-numerical simulation correspond to an expanded reservoir width.

As mentioned in Sect. the reference case with a reservoir width B = b = 80 m leads
to a ratio n (= Lr/B) of 8.2 [-]. The laboratory tests at ETH Zirich were conducted in
a channel with n = 22 [-]. In Fig.[10]the overtopping volume V of two exemplary simulations
are added, for which the ratio n is 21.9 [-]. Therefore, the avalanche width b is reduced to
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30 m as an additional verification of the 3-D-numerical simulations with the software FLOW-
3D. In addition to B/b=1 [-] the maximum ratio with B/b=3.73 [-] (=112m/30m) is
also investigated. Depending on the overtopping volume V' per m crest length, this change
has no significant influence on the numerical results and this result in Fig. [10] confirms the
statement in Sec. Depending on the influence of reservoir width B, the results of Heller
et al. (2009) can therefore be reproduced with the avalanche modelled with water.

5 Conclusions

The paper presents a new approach for simulating the impact of an avalanche into
a reservoir with the 3-D-numerical software FLOW-3D. Water is placed in the release zone
and only accelerated by gravity. The volume of the used water is identical to the melted snow
(mass conservation) and the flow behaviour is also comparable to the avalanche simulation.
Restarts of the model avalanche, for which the velocity of the inflowing water is set to zero,
are used to calibrate the velocities with which the water reaches the reservoir (Sect. [3.1).
After the calibration, the complete impact behaviour of the model avalanche is compared
with the basic avalanche simulation. In all investigated cases a very good agreement could
be found.

The advantages of this modelling concept are the limitation on two fluids (water and
air) to simulate such an impact as well as the good adaptation of the avalanche onto the
terrain. The latter can be a critical point, if simplified solid bodies are used to generate
the impulse wave. By using 3-D-numerical simulations in general, complex terrains and
reservoirs including spillways or other structures can be included in the investigation.
Furthermore, reflexions and interactions of the impulse waves can be simulated as well
as resulting influences on the downstream area of the dam.

The long standing research at ETH Zirich in the field of impulse waves led to generalised
formulas to compute such an impact (Sect. [2.3). The findings based on the laboratory
tests are summarised by Heller et al| (2009) and supported by an Excel-Tool. This
notable approach is used to evaluate the numerical results based on the presented
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modelling concept with FLOW-3D. Therefore, a simplified reference set-up in nature scale
is investigated in detail. The comparison of the overtopping volume V' over the dam caused
by the primary wave shows a good agreement, although the 3-D-numerics reach a slightly
higher value (Sect.[4.1). Further research should also use the available data of actual scale
model tests to investigate the impact process and the wave propagation in the reservoir
in detail. For the used test case, which is intended to be a prove of concept, the best
agreement can be found if the freeboard f at the dam is small in relation to the still water
depth h. The conducted parameter studies also include a variation of the reservoir width B
with a fixed slide width b of the avalanche (Sect.[4.2). In this particular case, the results are
compared with the computed values of the Excel-Tool by using the 3-D-options and also
lead to a good agreement.

The comparison of the 3-D-numerical approach and the used formulas provided by ETH
Zirich showed similar ouvertopping volumes for the investigated reference case and the
conducted parameter studies. Hence, the presented model concept can help to quantify
the impulse wave and its consequence for actual (complex) projects based on FLOW-3D.
The extension of the parameter study (including the assumption that the slide thickness s of
the avalanche is reduced in this concept) and the validation of the results with nature data
should be part of further research.
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Table 1. Input paramter for the reference geometry based on the water slide.

parameter

value

slide width b =reservoir width B 80 m

slide impact velocity vg
bulk slide volume V;
slide thickness s

bulk slide density ps = pw
bulk slide porosity n
slide impact angle «

still water depth
streamwise coordinate x
dam face slope
freeboard f

crest width by

40.4ms!
36150 m3
6.35m
1000 kg m—3
0.01%
40°

30m

656 m

90°

2m

3m
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Table 2. Input parameters for the variation and the results (run-up height R and overtopping volume

V') for both modelling concepts.

freeboard  still water depth  dam height R [m] V [m3m™1]

£m] h [m] hp[ml | f/h | FLOW-3D ETH | FLOW-3D ETH
2 30 32 0.07 15.7 15.2 487 431
2 29 31 0.07 171 15.3 471 425
2 28 30 0.07 17.5 15.3 477 419
2 27 29 0.07 171 15.4 471 413
2 26 28 0.08 16.6 15.5 481 407
2 24 26 0.08 14.9 15.7 490 394
0 30 30 0.00 16.1 15.2 584 588
0.5 30 30.5 0.02 16.1 15.2 573 547
1 30 31 0.03 16.5 15.2 522 506
3 30 33 0.10 17.4 15.2 423 363
4 30 34 0.13 18.1 15.2 383 300
6 30 36 0.20 19.1 15.2 309 195
8 30 38 0.27 20.6 15.2 244 113
0.5 31.5 32 0.02 18.5 15.1 537 558
1 31 32 0.03 14.3 15.1 514 514
1.5 30.5 32 0.05 15.0 15.2 491 471
3 29 32 0.10 17.7 15.3 430 358
4 28 32 0.14 18.3 15.3 391 293
5 27 32 0.19 17.7 15.4 344 237
6 26 32 0.23 18.8 15.5 310 188
8 24 32 0.33 17.3 15.7 241 111
10 22 32 0.45 17.5 15.9 186 58
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Figure 1. Exemplary results of a simulation with FLOW-3D (including added original stl-geometry)
of a stopped and restarted avalanche model at (a) 0s, (b) 4 s and (c) 8s after the restart and before
it reaches the reservoir — coloured by the depth-averaged velocities in [ms~!] with a range of 0 to
35 ms L.
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~bulk slide volume V, = 36 150 m?

~—slide widthb=80m

reservoir length L, =656 m
\

reservoir width B=80 m

crest width b, =3 m

still water depth h =30 m

freeboard f=2m —
dam height hy=32m —

Figure 2. Reference geometry including the initial condition at time =0s.
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velocity magnitude and vectors

20

Figure 3. Exemplary results of the reference case — left column (a) to (f): impact of the avalanche
starting at 1 s after the start of the simulation; coloured by the velocity magnitude with a fixed upper
value of 40 ms~! —right column (g) to (l): overtopping starting at 30.4 s (At between each picture is
1s); coloured by the  velocity with a fixed upper value of 10 ms~ (vectors show the 2-D-velocity —
length dimension of the axis in [m]).
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Figure 4. Impact of the avalanche at time (a) 4.6 s, (b) 6.6, (¢) 8.6, (d) 11.6s — water, which is
used as the model avalanche, is marked red and water in the reservoir blue — all length dimension

in [m].
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Figure 5. Accumulation of the overtopping volume V over the dam for the reference geometry

" R*=0.9961
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including a logarithmic trendline for the approximation of the FLOW-3D simulation.
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Figure 6. Overtopping volume V depending on a variation of the still water depth h including
trendlines with a fixed freeboard f =2m.
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Figure 7. Overtopping volume V depending on the freeboard f including trendlines with a fixed still

water depth h =30m.
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Figure 8. Overtopping volume V depending on the ratio freeboard f to still water depth & including

trendlines — Results of the complete variation presented in Tab. [2]
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guide wall

reservoir width B =300 m

Figure 9. Initial condition for simulation with B =300m and b = 80 m — guide walls are coloured in
red.
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Figure 10. Overtopping volume V' depending on the slide width b and reservoir width B including

trendlines.
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