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Preface
Impulse waves are tsunami-like events with an enormous destructive power. This natural
hazard is not restricted to oceans, but may also be triggered by gravitational mass slides into
natural lakes or artificial reservoirs. Upon impact of a slide onto a waterbody, the transfer
of momentum generates a wave which propagates radially across the lake or reservoir.
When impacting a shoreline, the wave energy is then transformed into an overland flow. In
dam safety and natural hazard assessment, the danger stemming from such waves should
be accounted for to determine countermeasures, emergency action plans and the associated
preparedness measures. This, in turn, requires a thorough understanding of the physical
processes involved in wave generation, propagation and run-up including its transformation
into overland flow.

The research project conducted by Dr. Evers deals with the 3D wave generation and
propagation. In the past, a number of experimental research projects have been conducted
at VAW on wave generation, propagation, run-up and overland flow. However, these were
mainly limited to wave flume experiments with 2D character. In Dr. Evers’ study, the
focus was put on the 3D characteristics in a wave basin. His experiments and analyses
resulted in a novel phenomenological description of the hydraulic processes related to
spatial propagation of landslide-generated impulse waves based on the temporal evolution
of the water surface. On the basis of the water surface tracking using a novel videometric
measurement system of high temporal and spatial resolution, dimensionless equations
were developed by Dr. Evers to predict the crest and trough amplitudes, height, period,
and celerity of the first wave as well as the crest amplitude and celerity of the second
generated wave. All wave characteristics were deduced from the governing dimensionless
slide parameters.

My thanks go to the Swiss National Science Foundation (Grant no. 200021-143657) for
the financial support of this research project. The co-reviews of Prof. Dr. Valentin Heller,
Department of Civil Engineering, University of Nottingham, Prof. Dr. Marcello Di Risio,
Dipartimento di Ingegneria Civile, Edile-Architettura e Ambientale, Università degli Studi
dell’Aquila, and Em. Prof. Dr. Willi H. Hager, VAW, are gratefully acknowledged.

Zürich, December 2017 Prof. Dr. Robert M. Boes
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Abstract
Extremely rapid subaerial mass movements such as landslides or avalanches may generate
large waves in inland waters including lakes and reservoirs as well as in coastal areas.
These waves are referred to as impulse waves and feature characteristics similar to tsunamis
upon reaching the shore or a dam structure. One of the most prominent events occurred in
1958 at Lituya Bay, USA, where an earthquake-triggered rockslide generated an impulse
wave train reaching runup heights of more than 500 m. But also smaller events pose a
hazard to adjacent settlements and infrastructure. For assessing hazards related to impulse
waves, it is important to predict key wave characteristics, e.g. wave amplitudes, based on
the slide impact parameters.

The main focus of this study is on the spatial impulse wave propagation, i.e. the waves
spread omni-directionally from the slide impact location. Hydraulic experiments were
conducted according to the Froude similitude in a 4.5 m by 8 m wave basin (3D) equipped
with a videometric measurement system for tracking the free water surface. Mesh-packed
granular slides were applied for generating the impulse waves. This simplified approach to
reproduce impulse wave characteristics similar to those generated by free granular slides
was previously confirmed in 42 wave channel (2D) experiments. The parameters varied
for the subsequent 74 3D experiments include the slide impact velocity, the slide mass, the
slide thickness, the slide width, the slide impact angle, and the still water depth. Except for
the slide width, all of these parameters are also included in the impulse product parameter
P introduced by Heller (2008) as the governing parameter for 2D impulse wave generation.

The videometric measurement technique yields a quasi-continuous representation of the
free water surface allowing for the adaptive detection of the slide impact zone extent rep-
resented by the impact radius r0. At the impact radius and beyond, the wave characteristics
are governed by the impulse product parameter P, including the slide impact velocity,
thickness, mass, and impact angle, as a quantity for the 2D momentum transfer to the
water column per unit slide width, as well as the slide width b and again the slide impact
angle α as additional 3D slide parameters. Empirical fit equations are presented for the
first wave crest and trough amplitudes, the second wave crest amplitude, the first wave
height, the first wave period, and the first and second wave crest celerities. The equation
layout allows for a comprehensive description of the spatial wave amplitude evolution,
integrating the maximum wave amplitude at the impact radius, an exponential function for
the wave decay process, and a hyperbolic secant function for the crest and trough shapes
for wave propagation angles between 0° and 90°.

A computational example demonstrates the applicability of the novel equations for hazard
assessment. In combination with existing runup equations, the equations were further
applied to the impulse wave event in 2007 at Chehalis Lake. This case study reveals a good
agreement with the measured field data and provides a first validation of the experimental
results at prototype scale.
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Kurzfassung
Subaerische Massenbewegungen mit hohen Geschwindigkeiten wie Bergstürze oder
Lawinen können sowohl in Binnengewässern wie Seen und Speicherbecken als auch
in Küstengebieten hohe Wellen erzeugen. Diese Wellen werden als Impulswellen bezeich-
net und weisen ähnliche Eigenschaften wie Tsunamis auf, wenn sie das Ufer oder eine
Dammstruktur erreichen. Eines der bekanntesten Ereignisse ereignete sich 1958 in Lituya
Bay, USA, wo ein durch ein Erdbeben ausgelöster Bergsturz einen Impulswellenzug mit
einer Auflaufhöhe von mehr als 500 m erzeugte. Aber auch kleinere Ereignisse stellen
eine Gefahr für angrenzende Siedlungen und Infrastrukturen dar. Für die Beurteilung von
Gefahren im Zusammenhang mit Impulswellen ist es entscheidend, wichtige Wellenei-
genschaften, wie z.B. Wellenamplituden, auf der Grundlage der Rutscheintauchparameter
vorherzusagen.

Das Hauptaugenmerk dieser Arbeit liegt auf der räumlichen Ausbreitung von Impulswellen,
d.h. die Wellen breiten sich omnidirektional von der Rutscheintauchstelle aus. Hydraulis-
che Laborversuche wurden entsprechend der Froude-Ähnlichkeit in einem 4.5 m × 8 m
grossen Wellenbecken (3D) durchgeführt, welches mit einem videometrischen Messsystem
zur Erfassung der freien Wasseroberfläche ausgestattet ist. Zur Erzeugung der Impulswel-
len wurden im Netzbeutel gebundene granulare Rutsche eingesetzt. Dieser vereinfachte An-
satz zur Nachbildung von Impulswelleneigenschaften, ähnlich denen, die von freien granu-
laren Rutschen erzeugt werden, wurde zuvor in 42 Wellenkanalexperimenten (2D) bestätigt.
Die Parameter, die für die daran anschliessenden 74 3D-Experimente variiert wurden, um-
fassen die Rutscheintauchgeschwindigkeit, die Rutschmasse, die Rutschmächtigkeit, die
Rutschbreite, den Rutscheintauchwinkel und die Ruhewassertiefe. Mit Ausnahme der
Rutschbreite sind alle diese Parameter auch in dem von Heller (2008) eingeführten, für die
2D-Impulswellengenerierung massgeblichen Impulsproduktparameter P enthalten.

Das videometrische Messverfahren liefert ein quasi-kontinuierliches Abbild der freien
Wasseroberfläche und ermöglichte damit eine adaptive Erfassung der Ausdehnung der
Rutscheintauchzone, die durch den Eintauchradius r0 definiert wird. Dort und darüber
hinaus werden die Welleneigenschaften durch den Impulsproduktparameter P, welcher die
Eintauchgeschwindigkeit, Mächtigkeit, Masse und Eintauchwinkel des Rutsches einsch-
liesst und den 2D-Impulstransfer auf die Wassersäule pro Rutschbreiteneinheit beschreibt,
sowie die Rutschbreite b und nochmals den Rutscheintauchwinkel α als zusätzliche
3D-Rutschparameter bestimmt. Empirische Anpassungsgleichungen werden für die Amp-
lituden des ersten Wellenbergs und -tals, die Amplituden des zweiten Wellenbergs, die
erste Wellenhöhe, die erste Wellenperiode und die Ausbreitungsgeschwindigkeiten des
ersten und zweiten Wellenbergs vorgestellt. Der Gleichungsaufbau ermöglicht eine um-
fassende Beschreibung der räumlichen Entwicklung der Wellenamplituden, wobei die
maximale Wellenamplitude am Eintauchradius, eine Exponentialfunktion für den Wel-
lenabnahmeprozess und eine Sekans hyperbolicus Funktion für die Wellenberg- und
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Wellentalformen bei Ausbreitungswinkeln zwischen 0° und 90° miteinander verbunden
werden.

Ein Rechenbeispiel veranschaulicht die Anwendung dieser Gleichungen zur Gefährdungs-
beurteilung. In Kombination mit bestehenden Wellenauflaufgleichungen wurden die
Gleichungen des Weiteren auf das Impulswellenereignis in 2007 am Chehalis Lake an-
gewendet. Diese Fallstudie weist eine gute Übereinstimmung mit den gemessenen Feld-
daten auf und bietet eine erste Validierung der experimentellen Ergebnisse im Prototypen-
massstab.
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1 Introduction
1.1 General context and delimitations
Massive water waves may be generated if a gravity-driven mass movement, e.g. a landslide,
glacier calving, or an avalanche, interacts with a large body of water. The generation
mechanism of these waves is characterized by a momentum transfer from the slide mass
to the water column. Figure 1.1 shows three wave generation processes depending on
the initial position of the slide mass. While subaerial mass movements accelerate before
entering the water body at a certain impact velocity, submerged or submarine slide masses
are initially at rest and the momentum transfer occurs simultaneously to the acceleration
process after failure. Partially submerged slide masses constitute an intermediate state
depending on the initial position of the slide centroid relative to the still water surface. This
study focuses on waves generated by subaerial mass movements geotechnically classified
as extremely rapid landslides (Hungr et al. 2013). These waves are commonly referred
to as impulse waves (Heller et al. 2009). In the past, notable impulse wave events were
observed both in inland waters (e.g. Roberts et al. 2013) as well as in coastal areas (e.g.
Miller 1960). In their preliminary global catalogue, Roberts et al. (2014) registered 254
events involving waves generated by subaerial landslides between the 14th century and
2012.

subaerial submerged
partially

submerged

Fig. 1.1 Initial slide mass positions in relation to the still water surface (adapted from
Heller 2008)

Three stages constitute an impulse wave event as shown in Figure 1.2. First, in the wave
generation stage, the subaerial slide displaces the water and generates a wave train with
several crests and troughs. Second, the amplitudes and the shape of the wave train are
subject to transformation in the wave propagation stage. These transformation effects
include frequency and amplitude dispersion (Heller and Hager 2010) as well as refraction,
diffraction, and shoaling depending on the bathymetry (Heller et al. 2009). Third, the
impulse wave train features impact characteristics similar to tsunami waves upon reaching
the shoreline or a dam. The wave-shore or wave-structure interaction processes include
wave runup (e.g. Synolakis 1987, Fuchs and Hager 2015, and Hafsteinsson et al. 2017),
dam overtopping (e.g. Müller 1995, Kobel et al. 2017, and Huber et al. 2017), or overland
flow (e.g. Fuchs and Hager 2015). In addition, the incoming waves are reflected. The
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first two stages, namely wave generation and propagation, are accounted for the outgoing
impulse wave train within the scope of this study.

Wave generation Wave propagation Wave impact

1 2 3

Fig. 1.2 Stages of landslide generated impulse wave event: (1) wave generation, (2)
wave propagation, and (3) wave impact including wave runup, dam overtop-
ping, overland flow (adapted from Heller 2008)

Depending on the geometry of the water body, two particular wave propagation patterns
may be distinguished as shown in Figure 1.3. Unidirectional wave propagation results, if
the slide mass width is larger or equal to the width of an elongated water body. Due to
the confinement, lateral wave propagation is prevented and the wave characteristics are
identical across the water body width. Therefore, this type of wave propagation is also
referred to as two-dimensional (2D). In the case of omnidirectional wave propagation,
the slide mass width is substantially smaller than the external dimensions of the water
body. The outgoing wave train is not confined and propagates radially from the slide
impact location. Omnidirectional wave propagation is therefore referred to as spatial or
three-dimensional (3D). In hydraulic experimentation, 2D wave propagation is investigated
in wave channels (e.g. Kamphuis and Bowering 1970, Fritz 2002), whereas spatial or 3D,
respectively, wave propagation requires wave basins (e.g. Huber 1980, Panizzo et al. 2005,
Mohammed and Fritz 2012, Heller and Spinneken 2015). The main focus of this study is
placed on spatial impulse wave propagation.
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Dam

Dam

Fig. 1.3 Unidirectional (left) and omnidirectional (right) impulse wave propagation
patterns (adapted from Heller et al. 2009)

From a hydraulic point of view, the generation of impulse waves is a complex process
encompassing the turbulent interaction of three phases, namely slide material, water, and
air. Therefore, past hydraulic experimentation has been applied for gaining an insight into
these processes and is still an important method besides numerical models to date. The
study of Russell (1844) may be regarded as the first impulse wave experiment. One of the
different wave generation mechanisms investigated involved a box filled with weights. The
box spanned over the whole width on one side of a rectangular wave channel (Figure 1.4).
In its initial position, the box is suspended with its bottom slightly submerged. On releasing
the box, the water volume beneath the box is displaced and a solitary wave is formed.
Russell (1844) found that the water volume displaced by the box is equal to the wave
volume. Johnson and Bermel (1949) conducted experiments involving discs falling into a
wave basin and referred to the generated waves as “Impulsive Waves”. However, their wave
generation mechanism was supposed to replicate the effect of an atomic bomb explosion
in shallow water at the Bikini Atoll, Marshall Islands. Miller (1970) and Kamphuis and
Bowering (1970) both introduced the term “Impulse Wave”. While the first focused on
laboratory wave generation in general, the latter specifically investigated the generation of
impulse waves by subaerial landslides.
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Fig. 1.4 “Genesis by protrusion of a solid” (Russell 1844)

1.2 Previous research at VAW
There is a long-standing history of impulse wave research at the Laboratory of Hydraulics,
Hydrology and Glaciology (VAW - Versuchsanstalt für Wasserbau, Hydrologie und Glazi-
ologie) at ETH Zurich both in fundamental and applied investigations. Figure 1.5 shows
three different scale models of prototype sites in Switzerland operated in the beginning of
the 1970s. The objective of these model studies was the assessment of the impulse wave
hazard for predefined scenarios. Following these site-specific model tests, several major
studies focusing on the fundamental physical processes related to impulse wave generation,
propagation, and impact were initiated, including:

• Huber, Andreas (1980). Schwallwellen in Seen als Folge von Felsstürzen [Impulse
waves in lakes resulting from rockfalls]. (in German)

• Sander, Johannes (1990). Weakly nonlinear unidirectional shallow water waves
generated by a moving boundary.

• Müller, Dieter R. (1995). Auflaufen und Überschwappen von Impulswellen an
Talsperren [Runup and overtopping of impulse waves at dams]. (in German)

• Fritz, Hermann M. (2002). Initial phase of landslide generated impulse waves.
• Zweifel, Andreas (2004). Impulswellen: Effekte der Rutschdichte und der Wasser-

tiefe [Impulse waves: Effects of slide density and water depth]. (in German)
• Heller, Valentin (2007). Landslide generated impulse waves: Prediction of near field

characteristics.
• Fuchs, Helge (2013). Solitary impulse wave run-up and overland flow.

The first systematic experiments in a 2D wave channel as well as a 3D wave basin involving
free granular slides were conducted by Huber (1980). Sander (1990) focused on the impulse
wave generation and propagation in a 2D wave channel applying both an experimental and
a numerical approach. Müller (1995) investigated the impulse wave impact and conducted
experiments on wave runup and overtopping in 2D and 3D. A pneumatic landslide generator
and a purpose-built 2D impulse wave channel were designed and constructed by Fritz
(2002) to allow for an independent variation of the governing slide parameters and the
application of a Particle Image Velocimetry (PIV) system. Zweifel (2004) extended the
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parameter range of Fritz (2002) to slide material featuring a lower density than water on the
same experimental setup. Heller (2008) additionally varied the slide impact angle, assessed
potential scale effects, and included the measurement data of Fritz (2002) and Zweifel
(2004) into a comprehensive analysis. Fuchs (2013) replaced the pneumatic landslide
generator with a piston-type wave generator and conducted experiments focusing again on
impulse wave impact, more specifically solitary wave runup and overland flow. Applied
impulse wave research studies at VAW were presented by Volkart (1974) and Fuchs et al.
(2011), amongst others.

Fig. 1.5 Applied impulse wave research at VAW with scale models of prototype sites
in Switzerland: Lac de Mauvoisin (VAW 1972, left), Ferden compensating
reservoir (VAW 1973, center), and Lake Walen (VAW 1974, right)

1.3 Study outline
Following the introduction (Chapter 1), the literature review in Chapter 2 highlights the
hazards related to impulse waves by presenting past events and gives an overview of
relevant laboratory studies with a particular focus on spatial wave propagation. Existing
research gaps and the objectives of this study are stated at the end of the chapter. The
concept of similitude is introduced as the basic theory behind the research method of
hydraulic experimentation in Chapter 3, in which the experimental setups of the 2D
wave channel and 3D wave basin including their instrumentation are also presented. The
experimental results presented in Chapter 4 allow for an insight into the spatial impulse
wave generation and propagation, identify the governing parameters, and provide empirical
equations for the prediction of key wave characteristics. Chapter 5 discusses the results,
demonstrates the applicability of the present equations with a computational example,
and validates the equations against an impulse wave event at prototype scale. The final
Chapter 6 summarizes the major findings of this study, highlights the associated parameter
limitations, and gives an outlook for future research.
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2 Literature review
2.1 Overview
This chapter provides a general overview of literature on impulse waves generated by
subaerial landslides. First, accounts of past events are presented. The Öskjuvatn landslide
in 2014 and the Taan Fjord landslide in 2015 are highlighted in particular. Second, the
acquisition of required input slide parameters and existing methods for the assessment of
impulse wave hazards are discussed. The third part presents studies based on hydraulic
experimentation. While the subsection on 2D experiments focuses mainly on previous
VAW research, the subsection on 3D experiments includes the equations by Panizzo et al.
(2005), Heller et al. (2009), Mohammed and Fritz (2012), and Heller and Spinneken
(2015), which are applied in a comparative study in Section 4.3.3. Thereafter, conventional
measurement techniques for tracking spatial wave propagation are presented and the
prospects of applying a videometric measurement technique are pointed out. Based on this
literature review, existing research gaps are identified and the objectives of this study are
formulated. Literature concerning the concept of model similitude and scale effects are
presented in Chapter 3.

2.2 Impulse wave hazard

2.2.1 Past events
A multitude of accounts of impulse wave events with spatial propagation patterns generated
by subaerial landslides has been reported. The impulse wave event in Lituya Bay, USA,
which was triggered by a rockslide after an earthquake in 1958 is one of the most prominent
cases (Miller 1960, Slingerland and Voight 1979). A historical example is given by
Bornhold et al. (2007): In the sixteenth century, impulse waves generated by a rockslide at
Knight Inlet, Canada, presumably destroyed an indigenous settlement. In coastal areas,
further example include Paatuut, Greenland, in 2000 (Dahl-Jensen et al. 2004) as well
as impulse waves generated by several earthquake-triggered landslides into Aysén Fjord,
Chile, in 2007 (Sepúlveda et al. 2010). However, also inland waters such as natural lakes in
mountainous regions were subject to landslide generated impulse waves: Reportedly 400
to 600 fatalities were caused in 1971 after a rock avalanche entered Lake Yanahuin, Peru
(Plafker and Eyzaguirre 1979); in 1946, a rock avalanche into Landslide Lake, Canada,
led to an overspill and destructive downstream flash flood (Evans 1989); and in 2007,
Chehalis Lake and River, Canada, were both affected by far-reaching damage along their
shoreline (Roberts et al. 2013). The event at Chehalis Lake is discussed in detail in Section
5.6. Regarding reservoirs, Walters (1971) describes an event at Pontesei Dam, Italy, in
1959, where a 3 million m3 landslide generated an impulse wave overtopping the dam
crest by a “few meters” despite the water level of the reservoir being 13 m beneath its
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maximum capacity level. At nearby Vaiont Dam, Italy, the most fatal impulse wave event
at a reservoir happened 4 years later in 1963, when a 270 million m3 partially submerged
landslide displaced the reservoir´s stored water and generated a subsequent flash flood,
which destroyed the village of Longarone causing almost 2,000 fatalities (Genevois and
Ghirotti 2005). However, there was no distinct wave propagation phase in Vaiont Reservoir
as the slide volume almost completely filled the designed reservoir volume of 169 million
m3. A more recent impulse wave event occurred in 2008 in the Wu Gorge of the Three
Gorges Reservoir, China, when a slope collapsed on the bank of Yangtze River (Huang
et al. 2012). Even comparatively small volumes displaced by a slide causing no direct
damage might act as a trigger for outburst floods: In 1985, an ice avalanche generated an
impulse wave, which overtopped and substantially eroded the moraine dam of Dig Tsho,
Nepal, and 5 million m3 drained subsequently through an eventually 60 m high and 200
m wide breach over 4 to 5 hours at an estimated peak discharge of 1,600 m3/s (Vuichard
and Zimmermann 1987). Further outburst floods triggered by impulse wave overtopping at
natural dams include Lake Palcacocha upstream of the city of Huaraz, Peru, in 1941 with
some 5,000 fatalities (Carey 2008) as well as Nostetuko Lake in 1983 (Blown and Church
1985, Clague and Evans 2000) and Queen Bess Lake in 1997 (Clague and Evans 2000),
both Canada.

A global overview of impulse waves generated by subaerial landslides with 254 events in
total was compiled by Roberts et al. (2014). Further compilations including also partially
submerged slides were presented by Fritz (2002) and Heller (2008). Huber (1982) describes
more than 40 events in Switzerland. Two impulse wave events, which took place during
the realization of this study, are described in the following.

Fig. 2.1 Bathymetry of Öskjuvatn with deposited slide outline (—) and measured
runup heights [m] (—) (Gylfadóttir et al. 2017)



LITERATURE REVIEW 9

Fig. 2.2 Photo of Öskjuvatn showing runup traces along shoreline (Gylfadóttir et al.
2017)

Öskjuvatn (Lake Askja) landslide, 21 July 2014

Öskjuvatn is located in the inner caldera of Askja, Iceland. On 21 July 2014 a landslide
was released from the south-east caldera wall and and entered Öskjuvatn (Gylfadóttir et al.
2017). Figure 2.1 shows measured runup heights along the lake shoreline. Its maximum
was 71 m above the lake level north of the slide impact location. The wave runup elevations
were traceable due to black sand deposits on the surrounding snow patches as shown in
Figure 2.2. Gylfadóttir et al. (2017) estimated the landslide volume to 10 million m3 based
on an increase of the lake level of 0.65 m after the event.

Taan Fjord landslide, 17 October 2015

Taan Fjord is an arm of Icy Bay in south-east Alaska, USA. On 17 October 2015, a
lateral landslide at the terminus of Tyndall Glacier triggered a local megatsunami, which
propagated through Taan Fjord and eventually entered Icy Bay (Lynett et al. 2016). Figure
2.3 shows a Landsat 8 satellite image of Taan Fjord taken on 15 June 2015, i.e. four months
before the event. Almost one year after the event, the Sentinel-2 satellite image shown in
Figure 2.4 was taken on 29 September 2016. A comparison of the two images reveals the
wave impact along the shoreline of Taan Fjord. Opposite to the landslide source area the
vegetation, visible in Figure 2.3, has been washed away as noted from Figure 2.4. Lynett
et al. (2016) estimate the maximum runup height in this area to 190 m. The river deltas,
which are 8 km away from the slide impact location, show extensive traces of the abrasive
force of the overland flow induced by the impulse waves. Also Kageet Point, which is
located at a distance of 16 km, shows a reduced vegetation cover. Lynett et al. (2016)
conducted an extensive field campaign and measured the runup heights along Taan Fjord.
They found runup heights exceeding 100 m in widespread areas and at least 90% of the
approximately 50 km long shoreline had runup traces above 20 m.
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Fig. 2.3 Satellite image of Taan Fjord, USA, with (A) Icy Bay, (B) Taan Fjord, and
(C) Tyndall Glacier (Imagery: Landsat 8, 15 June 2015)

2.2.2 Landslide hazard
The assessment of potential impulse waves at endangered water bodies is an integral
hazard control measure. At reservoirs, such an assessment is made compulsory by official
regulations (Achterberg et al. 1998, Pougatsch et al. 2002). A comprehensive hazard
assessment of the triggering mechanisms of landslide generated impulse waves requires a
multidisciplinary approach. Regarding input parameters, expertise by geologists, experts
on snow avalanches, and glaciologists, respectively, is needed to identify unstable slopes
and the quantification of key slide parameters of landslide or ice and snow avalanches.
After the earthquake in Nepal on 25 April 2015, Collins and Jibson (2015) conducted
a field survey, including the hazard assessment of potential landslides at the proglacial
lake Tsho Rolpa (Figure 2.5). However, the method of visual inspection from a helicopter
yielded only limited findings for this specific setting:
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Fig. 2.4 Satellite image of Taan Fjord, USA, with (D) landslide source area, (E)
maximum runup, (F) overland flow at river deltas, and (G) Kageet Point
(Imagery: Copernicus Sentinel-2, 29 September 2016)

“Due to the high altitude and abundance of steep rock cliffs adjacent to
the lake, we were not able to ascertain whether incipient landslides formed
on these slopes as a result of the earthquakes or whether any landslides could
pose additional hazards to lake-tsunami generation.” Collins and Jibson 2015

Klimeš et al. (2016) combined detailed geomorphological, geophysical, and satellite radar
interferometric investigations together with laboratory tests on site samples to assess the
stability of potential landslide source areas around Lake Palcacocha, Peru. For instable
areas, the slide properties at impact onto the still water surface may then be quantified by
empirical equations or numerical models (Crosta et al. 2003). Besides the slide properties,
the point in time when an instable slope will fail is an important information. Active
temporary mitigation measures including evacuation or, in case of reservoirs, a draw down
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of the water level may be initiated on time. Loew et al. (2017) present a monitoring and
early warning system for an instable rock slope and evaluate its performance during an
actual failure event in Preonzo, Switzerland. The system triggered an alarm with a lead
time of several days before the event. The alarm threshold was based on the displacement
velocity of the instable rock slope. A system for signalizing ice avalanches into the
proglacial Trift lake, Switzerland, is presented by Canassy et al. (2011). However, they
conclude that the early warning signs of glaciers involve high uncertainties.

Fig. 2.5 Glacial Lake Tsho Rolpa and surrounding Himalayan mountains, Nepal
(Photo: Brian D. Collins, USGS)

2.2.3 Impulse wave prediction methods
Based on the slide properties, an assessment of the impulse wave generation and propaga-
tion processes may be conducted. Heller et al. (2009) differentiate five methods for the
prediction of landslide generated impulse waves:

1. Generally applicable equations developed from model tests
2. Prototype-specific model tests
3. Numerical simulations
4. Empirical equations derived from field data
5. Analytical investigations.

Within the context of hazard assessment, Heller et al. (2009) consider the first three methods
most suitable for practical applications. Item (1) developed from hydraulic experimentation
in a wave channel or basin are a method with a comparatively low entry threshold. Its
results yield an estimation of the magnitude of an impulse wave event and provide a
decision support for the initiation of further more precise assessment methods. However,
the underlying model tests may be affected by scale effects (see Section 3.2.3) and the
hydraulic processes in water bodies with complex bathymetries may not be sufficiently
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resolved. Complex bathymetries are reproducible in detail with Item (2) (e.g. Davidson and
McCartney 1975, Chaudhry et al. 1983, Fuchs et al. 2011, Huang et al. 2014, Lindstrøm
et al. 2014). But scale effects also need to be considered carefully depending on the model
dimensions. Item (3) allows for both complex geometries as well as model dimensions at
prototype scale not affected by scale effects. Yavari-Ramshe and Ataie-Ashtiani (2016)
provide a review of numerical approaches for modelling landslide generated impulse
waves. The application of numerical models allows for simulating the physical processes
related to the generation and propagation of impulse waves at various levels of abstraction.
The choice of these levels may have a significant effect on the quality of the results.
Yavari-Ramshe and Ataie-Ashtiani (2016) state that the majority their discussed models
approximate either the Navier-Stokes equations for multi-phase flows (air, water, slide
material) or the shallow water equations for two-phase flows (slide material beneath
water). The Navier-Stokes equations allow for a more comprehensive reproduction of the
physical processes, while depth-averaged models based on the shallow water equations
are more robust. To take into account dispersive effects in two-layer models, higher
order Boussinesq-type equations are applied. Yavari-Ramshe and Ataie-Ashtiani (2016)
found the flow field in the majority of numerical models to be specified with an Eulerian
(mesh-based) approach and only few models implemented a Lagrangian (mesh-free, e.g.
SPH) approach. Although various numerical methods are available, shortcomings in the
availability of measurement data from laboratory experiments for validation purposes
were identified. Therefore, a particular method calibrated for an individual case yields
satisfactory results, but lacks validation against measurement data with a broad parameter
range (Heller et al. 2009).

2.3 Hydraulic experimentation

2.3.1 Slide type
The generation of landslide generated impulse waves involves the interaction of the
phases slide material, water, and air. This complex three-phase hydraulic process within
a hydraulic scale model has so far been represented by either a free granular slide or a
rigid slide body (Heller and Spinneken 2013). Granular slides were used e.g. by Fritz
(2002), Heller (2008), Mohammed and Fritz (2012), Viroulet et al. (2014), Lindstrøm et al.
(2014), and Miller et al. (2017); while e.g. Kamphuis and Bowering (1970), Noda (1970),
Panizzo et al. (2005), Sælevik et al. (2009), Di Risio et al. (2009), Heller and Spinneken
(2013), Viroulet et al. (2014) conducted experiments with block models (Evers and Hager
2015a). Zweifel (2004) and Ataie-Ashtiani and Nik-Khah (2008) presented results based
on both approaches. While granular slides are deformable before and after impact onto the
water surface, the shape of rigid slide bodies remains unaltered. Besides the effect on the
wave generation process (Zweifel 2004), the slide type influences the measurement of the
slide velocity and consequently its definition. The velocity of the slide front shortly before



14 LITERATURE REVIEW

impact is directly measurable with high-speed cameras or light barriers for both granular
and rigid slides. While the slide centroid velocity is equal to slide front velocity for rigid
slides, the mass flux has to be taken into account for granular slides (Fritz 2002). Volkart
(1974) found that the slide centroid velocity accounts for only 45% to 63% of slide front
velocity for avalanche-like granular flows. Heller (2008) and Di Risio et al. (2011) review
hydraulic model tests for both granular and rigid slides.

2.3.2 2D experimentation
In 2D experiments impulse wave characteristics are measured along the length and depth
axes of a wave channel, while constant conditions are considered across the channel width.
Figure 2.6 shows a definition plot of the governing slide parameters. These include the
slide centroid velocity Vs or the slide front velocity Vf , respectively, the bulk slide mass
ms, the slide thickness s, the slide width b, the slide length ls, the slide impact angle α ,
and the still water depth h. The slide parameters allow for the quantification of wave
characteristics along the channel’s length axis r = x limited to a single wave propagation
angle γ = 0°. The wave characteristics include the wave crest (subscript c) and trough
(subscript t) amplitudes ac and at as well as the wave height H, which are referenced to
their location within in the wave train (subscript 1 and 2).

α
h

a
r, γ c1

ac2

H1

s

Vsms

at1

 

b

ls

Vf

Fig. 2.6 Definition plot for spatial impulse wave generation with 2D parameters and
target wave characteristics

According to Di Risio et al. (2011), most empirical equations for the prediction of wave
characteristics include the slide Froude number F, the relative slide thickness S, and the
relative slide mass M, which are defined as

F=
Vs√
gh

(2.1)

S =
s
h

(2.2)

M =
ms

(ρwbh2)
. (2.3)
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Heller (2008) integrated original wave channel experiments with a reanalysis of the data
of Fritz (2002) and Zweifel (2004). A total of 434 experiments involving free granular
slides were evaluated. The slide characteristics were combined into a single dimensionless
parameter, the impulse product parameter

P= FS0.5M0.25 {cos([6/7]α)}0.5 . (2.4)

Eq. (2.4) includes the slide Froude number F , which in turn contains the slide centroid
velocity Vs. The maximum (subscript M) wave amplitude aM, its location xM, and the
maximum wave height HM were directly derived from P as (Heller 2008)

AM = aM/h = (4/9)P0.8 (2.5)

XM = xM/h = (11/2)P0.5 (2.6)

YM = HM/h = (5/9)P0.8. (2.7)

In contrast to the representation in Figure 2.6, Eqs. (2.5), (2.6), and (2.7) do not distinguish
the position of the maximum wave feature within the wave train, i.e. aM may occur at
the first wave crest as well as the second wave crest. To describe the wave decay process,
a relative propagation distance X = x/h is introduced, equal to r/h for a single wave
propagation angle γ = 0°. The 2D wave amplitudes a2D and the wave heights H2D were
fitted as (Heller 2008)

A2D(X) = a2D(x)/h = (3/5)
(
PX−1/3

)0.8
(2.8)

Y2D(X) = H2D(x)/h = (3/4)
(
PX−1/3

)0.8
. (2.9)

The mean wave celerity cam was derived from the mean wave amplitude am as (Heller
2008)

cam

(gh)0.5 =

(
1+2

(am

h

)2
)0.5

. (2.10)

The mean wave amplitude am is defined as the averaged value of the wave amplitude along
its propagation distance.
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2.3.3 3D experimentation
While a single propagation direction is considered in 2D experiments, omni-directional
propagation patterns are accounted for in 3D experiments. By approximation, impulse
waves generated by landslides propagate radially from a spatially confined impact location.
Polar coordinates are used for describing the relevant wave features (Figure 2.7). The pole
thereby represents the slide impact location center and the angular and radial coordinates
equal the wave propagation angle γ and distance r, respectively. All equations presented
hereafter relate to free and undisturbed wave propagation, i.e. edge waves along the shore
are excluded.

r

γ

‒90°+90°

0°

‒γ+

b

ls

Fig. 2.7 Definition plot of polar coordinates for spatial impulse wave propagation; for
additional 2D slide parameters see Figure 2.6

Rigid slide bodies were applied by Panizzo et al. (2005) for their wave basin experiments
with slide impact angles α between 16° and 36°. The slide body was released on an
inclined rack with a spring system at its bottom, which stopped the sliding motion and
partially absorbed the momentum, therefore. By analogy with Walder et al. (2003), the
dimensionless time of the landslide underwater motion

t∗s = ts
√

g/h = 0.43(A∗w)
−0.27F−0.66 (sinα)−1.32 (2.11)

was identified as a relevant quantity to characterize the generated impulse waves based
on the slide Froude number F, the slide impact angle α , and the dimensionless slide front
surface A∗w = bs/h2. As a rigid slide was applied, the slide centroid velocity equalled the
slide front velocity. The relative wave height decay was then fitted with

Y1 =
H1

h
= 0.07(t∗s )

−0.3 (A∗w)
0.88 (sinα)−0.8 exp(1.37cosγ)

( r
h

)−0.81
. (2.12)

Information on the slide mass ms is included neither in Eq. (2.11) nor in Eq. (2.12).
Therefore, an impulse wave assessment for slides with the same geometrical dimensions
but different slide bulk densities ρs would yield the same results. Eqs. (2.11) and (2.12)
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include A∗w = bs/h2 representing the slide thickness s and the slide width b as slide
geometry parameters. Consequently, doubling s would have the same effect on the wave
height as doubling b.

Heller et al. (2009) merged the equation of spatial wave height decay by Huber and Hager
(1997) with the impulse product parameter P (Eq. 2.4). The relative first wave height
generated by granular slides is given as

Y1 =
H1

h
= (3/2)P0.8 cos2

(
2γ

3

)( r
h

)−2/3
. (2.13)

The combination of a generation term and propagation term was theoretically deduced and
lacks a common empirical basis. Since Eq. (2.13) includes P, the slide centroid velocity of
the granular slide has to be accounted for in the slide Froude number F. The lower limit of
applicability of Eq. (2.13) is r/h = 5.

Mohammed and Fritz (2012) presented a detailed study of the wave amplitudes within
the wave train for a fixed slide impact angle α = 27.1°. The first wave crest amplitude
ac1, first wave trough amplitude at1, and the second wave crest amplitude ac2 were fitted
separately. The experiments were conducted with free granular slides. However, the slide
front velocity Vf (Figure 2.6) was included as a governing parameter yielding the slide
front Froude number F f =Vf /

√
gh. The relative wave amplitudes were given as

Ac1 =
ac1

h
= kac1

( r
h

)nac1
cosγ (2.14)

At1 =
at1

h
= kat1

( r
h

)nat1
cosγ (2.15)

Ac2 =
ac2

h
= kac2

( r
h

)nac2
cos2

γ. (2.16)

Similar to Panizzo et al. (2005) and Heller et al. (2009), Eqs. (2.14), (2.15), and (2.16)
feature a cosine function to represent the wave shape as a function of the wave propagation
angle γ . However, all amplitudes then equal zero for γ = 90°. Wave generation and decay
terms are included as variables, which are based on dimensionless slide properties. These
terms are

kac1 = 0.31F2.1
f S0.6 (2.17)

kat1 = 0.7F0.96
f S0.43 (ls/h)−0.5 (2.18)

kac2 = F f S0.8B−0.4 (ls/h)−0.5 (2.19)
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nac1 =−1.2F0.25
f S−0.02B−0.33 (2.20)

nat1 =−1.6F−0.41
f B−0.02 (ls/h)−0.14 (2.21)

nac2 =−1.5F−0.5
f B−0.07 (ls/h)−0.3 (2.22)

In addition to the slide front Froude number F f , the relative slide thickness S, and the
relative slide width B = b/h, the relative slide length ls/h are also accounted for. Note,
that the slide mass ms is not included, however. The first wave height is given by

Y1 =
H1

h
= Ac1 +At1. (2.23)

Heller and Spinneken (2015) conducted experiments with wedge shaped rigid bodies. The
slide impact angle was fixed at α = 45°. In contrast to Panizzo et al. (2005), the rigid
slides were not stopped at the base point of the sliding plane but underwent a transition
of its moving direction parallel to the basin bottom. The transition was induced through
a circularly bent metal sheet. As a rigid slide was applied, the slide centroid velocity
equalled the slide front velocity. The wave height decay was determined as

Y1 =
H1

h
= 2.75F0.67SM0.6

( r
h

)−1
fγ . (2.24)

The relative slide thickness S is the dimensionless quantity with the highest exponent and
therefore also the strongest effect on the initial wave height generation. The decay rate for
γ = 0° has a fixed exponent of −1. The wave crest shape for different wave propagation
angles γ is defined as

fγ =

[
cos
(

2γ

3

)]2{1+exp[−0.2(r/h)]}
. (2.25)

While the wave crest shape remains constant in Eqs. (2.13) and (2.14), Eq. (2.25) features
an exponent including the relative wave propagation distance r/h as a parameter.

Table 2.1 Overview of dimensionless slide parameter ranges of (a) Panizzo et al.
(2005), (b) Heller et al. (2009), (c) Mohammed and Fritz (2012), and (d)
Heller and Spinneken (2015)

Study F [-] S [-] M [-] B [-] ls/h α [°] P [-]
(a) 1 - 2.2 0.11 - 0.45 - 0.38 - 1.5 - 16 - 36 -
(b) 0.86 - 6.83 0.09 - 1.64 0.11 - 10.02 0.74 - 3.33 - 30 - 90 0.17 - 8.13
(c) 1 - 4 0.1 - 0.9 - 1 - 7 2.5 - 6.8 27.1 -
(d) 0.54 - 2.47 0.2 - 0.5 0.25 - 2.49 1.2 - 2.4 0.73 - 3.66 45 0.16 - 1.56
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The experimental parameter ranges of the above equations are given in Table 2.1. Further
experimental studies with an omni-directional wave propagation pattern were presented
by Ataie-Ashtiani and Nik-Khah (2008), Huang et al. (2013), and Bregoli et al. (2017).
However, all three studies only account for a single wave propagation angle γ = 0° so that
they are not presented in detail.

2.3.4 Prototype parameters
To provide a comparison to the experimental parameters presented in the preceding sections,
the dimensionless slide parameters at four selected prototype locations are listed in Table
2.2 ordered by the impulse product parameter P. While the parameters at Kühtai Reservoir
(Fuchs et al. 2011) and Lake Lucerne (Fuchs and Boes 2010) are taken from scenarios of
potential impulse wave events in the future, Chehalis Lake (Roberts et al. 2013, Wang et al.
2015, Bregoli et al. 2017) and Lituya Bay (Heller 2008) are past events (see Section 2.2.1).
Hazard assessments were conducted based on slide parameters predicted with geotechnical
methods for the scenarios at Kühtai Reservoir and Lake Lucerne. In comparison to the
events at Chehalis Lake and Lituya Bay, these slide scenarios generate only small waves.
Nevertheless, adjacent infrastructure and settlements bear a high vulnerability. As is
apparent from Table 2.1, all experimental parameters are within the order of magnitude of
the selected prototype locations. However, note that some of the prototype parameters in
Table 2.2 already range over two orders of magnitude, highlighting the extensive parameter
range of relevant impulse wave events.

Table 2.2 Overview of dimensionless slide parameter ranges at Kühtai Reservoir
(Fuchs et al. 2011), Lake Lucerne (Fuchs and Boes 2010), Chehalis Lake
(Roberts et al. 2013, Wang et al. 2015, Bregoli et al. 2017), and Lituya Bay
(Heller 2008)

Location F [-] S [-] M [-] B [-] α [°] P [-]
Kühtai Reservoir (AT) 0.32 0.06 0.02 0.30 36 0.03

Lake Lucerne (CH) 1.11 0.36 0.10 0.37 70 0.27
Chehalis Lake (CA) 1.75 0.33 1.63 1.75 30 1.08

Lituya Bay (US) 2.66 0.75 6.74 6.75 40 3.37

2.4 Water surface tracking
Impulse waves in a 2D wave channel are directly traceable through a glass sidewall with a
camera. In addition to point measurements with e.g. capacitance wave gauges (intrusive)
or ultrasonic distance sensors (non-intrusive), an image of the continuous water surface
profile allows for the identification of wave features independent from fixed measurement
locations. Given a sufficient frame rate, the detection of maximum wave amplitudes as well
as their location may be carried out adaptively with reasonable accuracy. This technique
is well established and was applied in the past to study various hydraulic phenomena
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including runup and overtopping in wave channels (e.g. Fuchs and Hager 2015, Kobel
et al. 2017, Hafsteinsson et al. 2017, and Huber et al. 2017). Omni-directional impulse
wave propagation in a 3D wave basin is not directly traceable. Several wave gauges are
needed to cover 3D wave propagation with a sufficient spatial resolution. Mohammed and
Fritz (2012) installed 4 wave gauges for γ = 0° and 5°, 3 wave gauges for γ = 13°, 21° and
30°, and 2 wave gauges γ = 45° and 60°. Heller and Spinneken (2015) and Romano et al.
(2016) applied a pivoting rack, which was moved between repetitive experiments with an
identical parameter set. While the number of wave gauges was reduced with this method,
the number of repetitive experiments was substantially increased. However, none of these
approaches allows for adaptively tracking wave features in the near field of the slide impact
location as in 2D with a side camera. To overcome this limitation, Bregoli et al. (2017)
developed a videometric measurement system which applies laser sheet projections on
water dyed with 5 kaolin, allowing for a continuous tracking of the water surface along
the laser sheets. In their experimental setup, one green laser sheet was aligned along the
wave propagation angle γ = 0°, while six red laser sheets were equally distributed over a
maximum propagation distance of 4.1 m perpendicular to the first. Therefore, a continuous
water surface profile was only tracked for γ = 0°. Nevertheless, the application of a
videometric measurement approach for tracking spatial impulse waves has the potential to
overcome the limitations of standard wave gauges.

Videometric measurement techniques for continuously tracking free water surface profiles
in arbitrary directions were applied by e.g. Tsubaki and Fujita (2005) and Cobelli et al.
(2009). Both approaches are based on projections onto the water surface and are non-
intrusive, e.g. no tracer particles are applied. Tsubaki and Fujita (2005) tracked a hydraulic
jump in a flume. They projected a rasterized grey scale pattern onto a measuring field of
0.02 m2. Cobelli et al. (2009) created waves as well as a vortex in a small wave tank of
1.5 m length and 0.5 m width. Their measuring field amounted to 0.135 m2 and a fringe
projection was applied. Compared to the wave basin dimensions of e.g. Huber and Hager
(1997) with 60 m2 or Panizzo et al. (2005) with 72 m2, these measuring fields cover only
small areas of the total water surface. It was necessary for both videometric applications
to attain an opaque water surface for the projection. Przadka et al. (2012) tested different
white dyes and found a content of 4 kg/m3 of the anatase (TiO2) pigment KRONOS 1002
(KRONOS Worldwide, Inc., Dallas, USA) in deionized water to be suited best for this task,
as a high opacity is achieved while maintaining the damping properties of water.

2.5 Summary

2.5.1 Research gaps
The research gaps identified within the literature review are:

• Existing 3D prediction equations feature serious limitations regarding slide parameter
ranges, slide type, or lack of experimental proof (Section 2.3.3).
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• These limitations may affect their general applicability for impulse wave hazard
assessment studies (Section 2.2.3).

• Conventional wave gauges at fixed measurement points offer only limited capabilities
for tracking spatial wave propagation patterns especially in the near field of the slide
impact location (Section 2.4).

• While side cameras are suitable for continuously tracking wave profiles in the slide
impact zone for the 2D wave channel setup with a single wave propagation angle,
this approach is not directly applicable to the 3D wave basin setup involving multiple
wave propagation angles (Section 2.4).

• Videometric measurement techniques have been successfully applied for tracking
arbitrary water surfaces within measuring fields up to 0.135 m2, which is insufficient
in comparison to previous experimental setups for investigating spatial impulse wave
propagation (Section 2.4).

• The development of numerical methods requires validation against 3D measurement
data sets incorporating a broad range of slide parameters (Section 2.2.3).

2.5.2 Objectives
The objectives of this study are:

• Advancing the understanding of the physical features related to 3D impulse wave
generation and propagation.

• Providing a proof-of-concept that the hybrid approach with mesh-packed slides
generates wave features similar to free granular slides, while offering the advantages
of rigid slide bodies in terms of simplified handling and efficiently collecting the
slide material.

• Application of a non-intrusive videometric measurement technique for quasi-continu-
ously tracking arbitrary water surfaces at laboratory scales suitable for the efficient
investigation of spatial impulse wave propagation.

• Development of empirical equations to predict the spatial impulse wave features
for wave propagation angles 0° ≤ γ ≤ 90° for an extended slide parameter range
including a systematic variation of the slide width b.

• Validation of the empirical equations against a prototype impulse wave event to
demonstrate their applicability in the context of hazard assessment.

• Providing measurement data with a high spatial and temporal resolution to validate
existing and future numerical schemes.
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3 Physical models
3.1 Overview
The generation and spatial propagation processes of landslide generated impulse waves
were investigated with two physical models. Both models were based on Froude similitude.
The concept of model similitude and limitations due to scale effects are discussed in Section
3.2. The first model setup was a 2D wave channel, where experiments with slides made
of mesh bags filled with granular material were conducted (Section 3.3). The objective
of these experiments was to provide a proof-of-concept that mesh-packed slides generate
wave characteristics similar to free granular slides. The second setup was a 3D wave basin,
where the impulse waves propagate radially from the impact location. Again, mesh-packed
slides were employed for wave generation. Section 3.4 describes the general layout of
the basin, introduces the videometric measurement technique applied for tracking the free
water surface, and explains the subsequent data processing approach.

3.2 Model similitude

3.2.1 Similarity
Laboratory experiments were conducted with the aim to simulate the processes of spa-
tial impulse wave propagation, which occur at a much larger scale in nature. While the
hydraulic processes in nature take place at prototype (subscript P) scale, the experiments
replicate these processes at model (subscript M) scale. The theory of similarity differenti-
ates three levels between these two scales: geometric, kinematic, and dynamic similarity as
shown in Figure 3.1 (Novak et al. 2010, Heller 2011, Chadwick et al. 2013).

(a)

LP

LM

(b)

UP

UM

(c)

FP

FM

Fig. 3.1 (a) Geometric, (b) kinematic, and (c) dynamic similarity with lengths L,
velocities U , and forces F for prototype (subscript P) and model (subscript
M) (adapted from Chadwick et al. 2013)
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Geometric similarity requires that all equivalent lengths at prototype and model scale have
the same ratio and all equivalent angles are identical. The ratio of a corresponding length
at prototype scale LP to model scale LM is defined as the length scale factor

λL =
LP

LM
. (3.1)

Consequently, areas and volumes are scaled with λ 2
L and λ 3

L , respectively. Kinematic
similarity adds the fundamental dimension of time and implies a constant velocity ratio
between prototype UP and model UM. The velocity scale factor is defined as

λU =
UP

UM
. (3.2)

Since velocity has the fundamental dimensions [LT−1], the velocity scale factor may be
restated with the corresponding scale factors for length λL = LP/LM and time λT = TP/TM

(Chadwick et al. 2013). Besides velocity, kinematic similarity requires time-dependent
quantities including acceleration and discharge to have constant ratios between prototype
and model (Heller 2011). To attain dynamic similarity, all corresponding forces have to be
constant with a force scale ratio

λF =
FP

FM
. (3.3)

The force is generally defined as mass × acceleration and features the fundamental
dimensions [MLT−2]. Therefore, force may be restated with the scale factors λL = LP/LM,
λT = TP/TM and λM = MP/MM (Chadwick et al. 2013). Each level of similarity includes
its preceding, e.g. dynamic similarity also includes geometric and kinematic similarity.
According to Hughes (1993) and Heller (2011), the most relevant forces in hydraulic
modelling are the inertial force, gravity, viscous force, surface tension force, elastic
compression force, and pressure forces. Perfect dynamic similarity is attained, if all these
forces have an equal ratio between prototype and model. Consequently, all ratios among
these forces at the same scale also have to be identical both at prototype and at model
scale (Heller 2011). However, there is no known fluid satisfying equal force ratios of all
relevant forces between prototype and a scale model (Hughes 1993). Depending on the
experimental setup, the most relevant force ratio has to be determined and the effect of
neglecting the other force ratios, referred to as scale effects, has to be quantified. In free
surface hydraulics, the most often applied force ratio is between inertial force and gravity
force (Heller 2011), which is defined as the general Froude number (subscript G)

FG =

√
inertial force
gravityforce

=
U√
gL

. (3.4)
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Froude similitude applies, when equal Froude numbers FG prevail at prototype and model
scale. Hydraulic experimentation of landslide generated impulse waves is generally based
on Froude similitude (Heller et al. 2008) and was applied for the 2D wave channel as well
as for the 3D wave basin experiments. Potential scale effects arising from the application
of laboratory models with Froude similitude are discussed in Section 3.2.3.

3.2.2 Dimensional analysis
The theory of dimensional analysis allows for the derivation of dimensionless relationships
to describe the behavior of a hydraulic phenomenon (Novak et al. 2010, Chadwick et al.
2013). A physical system, representing a hydraulic phenomenon in this context, may be
described as a function of n quantities Q

f(Q1,Q2,Q3, ...,Qn) = 0. (3.5)

The Π theorem of Buckingham (1914) states that Eq. (3.5) is reduced to i = n− k
dimensionless quantities Π, with k as the number of fundamental dimensions involved, e.g.
length [L], time [T], or mass [M]

F(Π1,Π2,Π3, ...,Πi) = 0. (3.6)

Perfect similitude requires all dimensionless quantities Π to be equal at prototype and at
model scale; e.g. Π1,P = Π1,M.

α
h

a
r

c1

s

Vs

wρ g t

sρVs
r

γ

‒90°+90°

0°

‒γ+

b

Vs

Fig. 3.2 Definition plot for spatial impulse waves with selected independent governing
parameters and first wave crest amplitude ac1 as dependent target variable

Figure 3.2 shows as definition plot of the physical system, representing spatial impulse
waves generated by subaerial landslides. It includes n = 13 selected quantities of the 3D
wave basin experiments, subdivided into 12 independent governing parameters and the
first wave crest amplitude ac1 as dependent target variable. The independent governing
parameters and their test ranges are specified in Table 3.1. Selecting the quantities for
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experimentation is an arbitrary process (Novak et al. 2010) based on experience and
still may lead to omittance of key governing parameters, while including others with no
influence on the target variable. The selected governing parameters for spatial impulse
waves in Figure 3.2 were based on the comprehensive analysis by Heller and Hager (2010)
of in total 434 plane impulse wave tests conducted by Fritz (2002), Zweifel (2004), and
Heller (2008). The quantities of the 2D wave channel experiments with mesh-packed slides
are not described hereafter, but are elaborated by Heller et al. (2008) and Heller (2008) for
this specific experimental setup.

Table 3.1 Governing independent parameters for spatial impulse waves
Symbol Unit Dimension Description Test range
Vs [m/s] [LT−1] Slide impact velocity 0.72 - 4.76
Vs [m3] [L3] Bulk slide volume 0.0075 - 0.0299
ρs [kg/m3] [ML−3] Bulk slide density 1,338
s [m] [L] Slide thickness 0.06 - 0.12
b [m] [L] Slide width 0.25 - 1.00
α [°] [-] Slide impact angle 30 - 90
h [m] [L] Still water depth 0.2 - 0.4
ρw [kg/m3] [ML−3] Water density 1,000
g [m/s2] [LT−2] Gravitational acceleration 9.81
r [m] [L] Radial wave propagation distance 0.45 - 3.26
γ [°] [-] Wave propagation angle 0 - 90
t [s] [T] Time 0 - 10

Based on these independent governing parameters, the first wave crest amplitude ac1 may
be generally quantified by

ac1(r,γ) = f (Vs,Vs,ρs,s,b,α,h,ρw,g,r,γ, t) . (3.7)

The physical system shown in Figure 3.2 consists of k = 3 fundamental dimensions, namely
length [L], time [T], and mass [M] (Table 3.1). By applying dimensional analysis to Eq.
(3.7), the 12 governing parameters were reduced to 9 dimensionless quantities analogous
to Heller et al. (2008) and Heller (2008). The three selected reference parameters are
still water depth h, gravitational acceleration g, and water density ρw. The procedure of
dimensional analysis is demonstrated by Heller (2011) using the example of the slide
impact velocity Vs. The dimensionless quantity Π1is found by balancing it with Vs and the
three reference parameters h, g, and ρw, featuring three unknown exponents υ , ϕ , and ω:

Π1 =Vshυgϕ
ρ

ω
w . (3.8)

Regarding its fundamental dimensions Eq. (3.8) is reformulated as:
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[−] = [LT−1][L]υ [LT−2]ϕ [ML−3]ω . (3.9)

Based on its fundamental dimensions, Eq. (3.9) is represented as a system of equations:

[L] : 0 = +1+1υ +1ϕ−3ω

[T ] : 0 = −1+0υ−2ϕ +0ω

[M] : 0 = +0+0υ +0ϕ +1ω

. (3.10)

Solving Eq. (3.10) yields υ =−1/2, ϕ =−1/2, and ω = 0. The dimensionless parameter
Π1 was defined by Kamphuis and Bowering (1970) as the slide Froude number F upon
impact with the water:

Π1 = F=
Vs√
gh

. (3.11)

The further governing dimensionless parameters Π2 to Π8 are listed in Table 3.2.

Table 3.2 Governing dimensionless parameters for spatial impulse waves
Symbol Description Test range
Π1 = F=Vs/

√
gh Slide Froude number 0.40 - 3.40

Π2 = V = Vs/(bh2) Relative bulk slide volume 0.187 - 0.750
Π3 = D = ρs/ρw Relative bulk slide density 1.338
Π4 = S = s/h Relative slide thickness 0.15 - 0.6
Π5 = B = b/h Relative slide width 0.83 - 5.00
Π6 = α Slide impact angle 30 - 90
Π7 = r/h Relative radial wave propagation distance 1.1 - 16.3
Π8 = γ Wave propagation angle 0 - 90
Π9 = T = t

√
g/h Relative time 0 - 70

Additionally, Zweifel et al. (2006) introduced the relative slide mass M =V D as a combin-
ation of the relative bulk slide volume and density. Therefore, the physical system of Eq.
(3.7) may be generally reformulated for describing the relative first wave crest amplitude
Ac1 based on the derived dimensionless governing parameters with

Ac1(r/h,γ) = ac1(r,γ)/h = F(F,M,S,B,α,r/h,γ,T ). (3.12)

A major advantage of the dimensionless description of a physical system is the fact that
it simplifies its interpretation (Novak et al. 2010). However, no evidence of potential
scale effects follows by the analysis. While the water density ρw was selected above as
a parameter, other fluid characteristics, e.g. viscosity or surface tension, were excluded.
Consequently, potential scale effects arise, which are discussed in the following section.
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3.2.3 Scale effects
The spatial impulse wave experiments were modelled according to Froude similitude, i.e.
the force ratio of inertial to gravity forces. As described in Section 3.2.1, neglecting other
force ratios potentially leads to significant scale effects. According to Heller (2011), the
application of Froude similitude excludes the effects of the

Reynolds number R=

√
gh3

νw
, (3.13)

Weber number W =
ρwgh2

σw
, (3.14)

Cauchy number C= κwρwV 2
s . (3.15)

These dimensionless numbers include the celerity of shallow-water waves c =
√

gh [m/s],
the kinematic fluid viscosity of water νw [m2/s], the water surface tension σw [N/m], and
the water compressibility κw [m2/N].

The Reynolds number R (Eq. 3.13) accounts for the ratio of inertial to viscous forces
(Hughes 1993). Wave attenuation during propagation is influenced by viscous effects and
Heller et al. (2008) state that laboratory scale impulse waves affected by scale effects
travel more slowly and have a higher decay rate than at prototype scale. Heller (2008)
found analytical approaches to quantify viscous wave attenuation inapplicable to impulse
waves, as their decay process is mainly affected by turbulence, frequency dispersion, and
air entrainment. These processes are not taken into account by the analytical expressions
so that wave attenuation was strongly underestimated. In addition, Fritz (2002) and Heller
(2008) discussed the effect of viscosity on the underwater slide runout distance, which
decreases relatively for smaller scale models. However, Heller et al. (2008) and Heller
(2008) found this effect to be negligible, as the generation of the primary wave is terminated
before the slide has reached its final runout distance.

The ratio of inertial to surface tension forces is accounted for by the Weber number W (Eq.
3.14) (Hughes 1993). Regarding the generation and propagation of impulse waves, the
surface tension affects the process of air entrainment and the wave celerity (Heller 2008).
While the effect on the wave celerity is less than 1 % for still water depths h≥ 0.02 m and
wave periods T ≥ 0.35 s (Hughes 1993, Novak et al. 2010), impact crater formation (Fritz
et al. 2003) and its collapse as well as wave breaking are influenced by the entrainment
and detrainment of air bubbles, as shown in Figure 3.3. Especially the size of air bubbles
and consequently the bubble-rise velocity is affected by the scale ratio (Novak et al. 2010).
Furthermore, slide impact onto the free water surface may be abstracted as a volumetric
current, which entrains air into the water. For impinging water jets, Kobus and Koschitzky
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(1991) determined a critical velocity vc between 0.8 and 1.0 m/s as inception limit for air
entrainment.

(a)

(b)

0.2 m

0.1 m

Fig. 3.3 Comparison of air entrainment and detrainment for two scale series tests at α

= 45° with (a) F= 2.64, S = 0.25, M = 1.36, P= 1.26, R= 289,329, W =
5,345, and (b) F= 2.42, S = 0.20, M = 1.27, P= 1.02, R= 103,415, W =
1,336 (Heller et al. 2008, adapted from Heller 2008)

The Cauchy number C (Eq. 3.15) accounts for the ratio of inertia to elastic compression
forces. Hydraulic laboratory experiments involving free water surfaces are generally
considered incompressible (Hughes 1993). This applies also for the water phase of
landslide generated impulse waves, since landslide velocities Vs are substantially slower
than the sonic velocity of water (Heller 2008). However, the wave generation process
features an air-water mixture (Figure 3.3) and the rapid impact of an object onto the free
water surface causes the creation of an air cavity with low pressure. Abelson (1970)
investigated the latter effect and found atmospheric pressures in the cavity for vertical
impact velocities up to 10 m/s. Above this threshold, the pressure inside the cavity
decreased linearly with increasing impact velocity. While slide impact velocities Vs at
laboratory scale range beneath this threshold, observed landslides at prototype scale
reached Vs ≈ 150 m/s (Erismann and Abele 2001).

While isolated scale effects are assessed by analogy with similar hydraulic processes,
the complexity of landslide generated impulse waves and the quantification of related
scale effects are challenging in hydraulic experimentation. Therefore, Heller et al. (2008)
conducted scale family experiments to overcome these constraints and determined the
following lower boundaries for the Reynolds and the Weber number as

R≥ 3 ·105 (3.16)

W ≥ 5,000. (3.17)
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As a rule of thumb, scale effects due to viscous and surface tension forces are negligible
for still water depths h≥ 0.2 m (Heller et al. 2008) so that all experiments of the present
study were conducted above this limit (Table 3.1). Still, the Cauchy number C of the air
phase and hence the pressure within the impact crater is not taken into account. Although
pressure effects may not be adequately reproduced in hydraulic laboratories, the validation
of the laboratory experiments against large scale experiments or prototype impulse wave
events allows for taking these into account ex post (Section 5.6).

3.3 2D wave channel

3.3.1 Experimental setup
The experiments with mesh-packed slides were conducted in a rectangular wave channel.
The experimental setup, consisting of the channel and a pneumatic landslide generator, was
designed by Fritz (2002) and purpose-built for investigating landslide generated impulse
waves. The setup was also used for the experiments of Zweifel (2004) and Heller (2008).
The channel has a length of 11 m, a width of 0.50 m and a height of 1 m (Figure 3.4). The
front sidewall of the channel consists of glass windows, while the back sidewall as well
as the end plates are made of steel. In the section where the slides impact the water body
the bottom of the channel is also made of steel. This section comprises a third of the total
channel length. The remaining two-thirds of the bottom are made of glass, allowing for
laser application from below. However, no laser-based measurement techniques were used
in this work. A wave absorber was placed at the end of the channel.

α
h

x

CWG1 CWG2 CWG3 CWG4 CWG5 CWG6
wave0

absorber

110m

h/tanα

 

20mΔx1  Δx Δx Δx Δx Δx Δx

camera

slide0box
LDS–1 

LDS0 

Fig. 3.4 Experimental setup and positioning of six capacitance wave gauges (CWG)
along 2D wave channel with spacing ∆x1 = 1.13 m and ∆x = 0.71 m for α =
30°; ∆x1 = 1.13 m and ∆x = 1.00 m for α = 45°; and ∆x1 = 1.27 m and ∆x =
1.06 m for α = 60°

The impulse waves were generated with a pneumatic landslide generator (Fritz and Moser
2003). The generator was developed to independently vary the key slide characteristics,
e.g. slide velocity, mass, or thickness. It consists of a rig structure featuring an inclinable
sliding plane and a movable slide box. The general wave generation sequence applied for
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this work involved three steps: First, the slide box was moved to its upper start position,
filled with the slide, and closed. Second, the slide box was pneumatically accelerated
at a rate larger than apparent gravity. During acceleration the flap at the bottom end of
the box was opened. Third, the slide box was, again pneumatically, decelerated. Due to
deceleration, the slide material was released, moved down the sliding plane, and eventually
impacted the water surface. For experimental runs with low slide impact velocities, the
slide box was moved to its lowest position and only the flap was opened to release the
slide, which was then accelerated only by gravity.

(a) (b) (c)

20 mm 20 mm 20 mm

Fig. 3.5 (a) Granular material, (b) mesh fabric, and (c) mesh-packed slide (Photos: A.
Schlumpf, VAW)

The slides were composed of granular material loosely filled in bags made of mesh material
(Figure 3.5). The granular material had a grain (subscript g) diameter dg = 8 mm, a grain
density ρg = 2,429 kg/m3, a bulk slide density ρs = 1,338 kg/m3, and was made of 87 %
BaSO4 and 13 % PP (Heller 2008). Sifting media (SEFAR NYTAL PA-38GG-500, Sefar
AG, Heiden, Switzerland) with a mesh opening of 500 μm and a porosity of 47 % was
used as mesh fabric for the bags. Two bag sizes were fabricated to vary the form of the
initial slide geometry. Form f 4 (Heller 2008) had a box length of 0.3 m and a thickness of
0.118 m. Form f 6 had a box length of 0.6 m and a thickness of 0.059 m.

3.3.2 Instrumentation
Three measurement techniques were used to capture the wave generation and propagation
process: Laser Distance Sensors (LDS) for the slide characteristics prior to impact, a
camera for the impact zone, and Capacitance Wave Gauges (CWG) for the wave propaga-
tion zone. The impact velocity and the slide thickness were measured with two LDS,
mounted perpendicularly to the sliding plane (Figure 3.4). In contrast to experiments with
free granular slides, the impact velocity of the mesh-packed slides was not measured as a
slide centroid velocity, but as the velocity of the slide front under dry conditions without
water in the channel. The LDS had a response time of 10 ms (Fritz 2002). The slide
impact zone was captured with a pco.edge 3.1 camera (PCO AG, Kehlheim, Germany)
and a Zeiss Distagon T 2/28 lens (Carl Zeiss AG, Oberkochen, Germany) to qualitatively
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describe the slide deformation process during underwater slide propagation. The wave
propagation and decay process was measured with six CWG positioned along the channel
axis (Figure 3.4). CWG are point gauges for tracking the evolution of the free water surface
at a single position. They are well suited for steep waves. However, they are subject to
tailing effects due to a delayed drawdown of the thin water film after passage of a wave
crest as shown by Fuchs (2013) and Evers and Hager (2015b), which potentially causes an
underestimation of the wave trough following a wave crest. To minimise this tailing effect,
the CWG were treated with detergent prior to each experimental run. More information on
the instrumentation of the 2D wave channel is available in Fritz (2002), Zweifel (2004),
and Heller (2008).

3.4 3D wave basin

3.4.1 Experimental setup
A 4.5 m by 8 m wave basin with a height of 0.75 m was built for investigating the spatial
propagation characteristics of landslide generated impulse waves (Figure 3.6). Since the
videometric measurement system (Section 3.4.2) applied for tracking the spatial wave
features required an opaque white water surface, deionized (DI) water was filled into the
basin and mixed with titanium dioxide (TiO2), as described in Section 2.4. To reduce the
rate of reionization of the TiO2/DI-water suspension caused by dissolution from the side
walls and bottom, the basin was coated with PolyVinyl Chloride (PVC) sheets. Porous
filter foam mats were placed vertically into the basin at one of the short side walls (Figure
3.7). The decay time from irregular wave movement after an experiment to still water
conditions for the next experiment was thereby substantially reduced.

Fig. 3.6 Multi exposure picture of landslide generated impulse wave under clear-water
conditions (Photo: A. Schlumpf, VAW)
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A mobile chute with an inclinable sliding plane, a release box, and guidance walls was
designed as wave generator (Figures 3.6 and 3.7). The sliding plane as well as the
the release box and guidance walls were made of smooth PVC with an estimated sand
roughness coefficient <0.001 mm. The supporting structure of the mobile chute was made
of aluminum profiles. The sliding plane was inclinable to impact angles α of 30°, 45°, 60°,
and 90° and had a total length of 2.8 m. Mesh-packed slides as described in Section 3.3.1
were placed into the release box. Due to the opaque TiO2/DI-water suspension contained
in the wave basin, the application of mesh-packed slides meant a significant improvement
for retrieving the slide mass after an experimental run. The position of the release box
was adjustable along the sliding plane to vary the slide impact velocity onto the water
surface. Note that slides were only accelerated due to gravity. The release box allowed
for a predefinition of the slide geometry by adjusting the slide thickness s at 0.06 m and
0.12 m as well as the slide width b between 0.25 m and 1.00 m (Figure 3.7). In addition
to the two slide bag forms of the 2D wave channel tests, two more mesh bags were used,
allowing for slide widths b of 0.25 m and 1.00 m at a slide thickness s = 0.06 m. The slide
was released from the box by manually opening the flap at its bottom.

4.5+m

8.0+m

0.25+-+1.00+m

wave+damper

grid+projection

mesh-packed+slide
chute

camera+1
camera+2

camera+3camera+4

deionized+water
+

TiO2

wave+basin

Fig. 3.7 Experimental setup of 3D wave basin with camera positions of videometric
measurement system
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3.4.2 Instrumentation

3.4.2.1 Slide impact velocity

While the geometric slide properties (slide thickness, slide width) were predefined by the
release box and the corresponding mesh bags, the slide impact velocity had to be measured.
As for the experiments in the 2D wave channel (Section 3.3), only the slide front velocity
was measured. Since the slide deformation during subaerial acceleration was negligible due
to the mesh bags, the slide centroid velocity was equal to the slide front velocity. However,
unlike in the 2D experiments, the slide velocity was measured above the water surface.
Laser Light Barriers (LLB) OHDK 14 (Baumer Electric AG, Frauenfeld, Switzerland)
were mounted perpendicular to the sliding plane. The short response time <0.5 ms of the
sensor allowed for a measuring section with a distance of 0.1 m between the first and the
second LLB. The impact velocity Vs was determined as the length of the measuring section
divided by the time difference between the two LLB. The acquisition rate of the sensor
signal was set to 1,000 Hz, resulting in a measurement accuracy of approximately ±5
% for a maximum measured slide impact velocity Vs of 4.76 m/s. The LLB measuring
section was set right above the still water surface as shown in Figure 3.8.

camera 1

camera 2 camera 3

camera 4

chute

wave basin

projector

orientation panel

light barriers

calibration panel

Fig. 3.8 Wave basin with components of the videometric measurement system (Photos:
A. Schlumpf, VAW)

3.4.2.2 Water surface tracking

The wave movement of the water surface during a test run was tracked with a videometric
measurement system. The commercially available ProSurf -system (AICON 3D Systems
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GmbH, Braunschweig, Germany) allows to measure the spatial positions of projected grid
intersections on arbitrary surfaces. To convert a commonly transparent water surface into a
white opaque projection screen, deionized (DI) water was mixed with 4 kg/m3 titanium
dioxide (TiO2), which had negligible effects on water viscosity and the surface tension, as
specified by Przadka et al. (2012) (see also Section 2.4). A regular grid pattern with 79
× 79 intersections including the boundaries was projected onto the opaque water surface,
thereby defining the measuring zone. A frame tent was built around the experimental setup
to keep out scattered light. Depending on the still water depth, the rectangular measuring
zone had a lateral length between 3.5 and 3.8 m with a corresponding grid spacing between
4.4 and 4.8 cm. The ProSurf -system applied in this work comprised four cameras with
a resolution of 1,600 × 1,200 pixels, that were positioned around the measuring zone of
the wave basin (Figures 3.7 and 3.8). The cameras were synchronized and powered by a
control box. Figure 3.9 shows four synchronized shots of an experimental run. The image
acquisition rate of the system was set to 24 Hz for sufficient temporal resolution.

camera 1

camera 4 camera 3

camera 2

Fig. 3.9 Synchronized shots by four cameras positioned around projected grid pattern

Figure 3.10 presents the functional principle of the videometric system. The position and
orientation of the measurement cameras were spatially referenced. Therefore, each pixel
of a camera shot constitutes a vector in space. The pixels of the same grid intersection
shot by two different cameras represent two vectors crossing each other, thus defining
a point in space. When this measurement principle for a single intersection is extended
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to the entire grid projection a point cloud with a theoretical maximum of 6,241 points
representing the free water surface at a specific instant of time results. In practice, the
actual number of tracked grid intersections was lower due to strongly distorted parts of the
free surface, where the grid pattern was untraceable or appeared covered for one or more
cameras. Nevertheless, the application of four cameras yielded satisfactory results for
productive data processing (Section 3.4.3). Prior to measuring, the cameras’ positions and
orientations had to be calibrated: An orientation panel with precalibrated measuring marks
was recorded; in addition, an internally referenced calibration panel was recorded 50 times
by all four cameras at different locations within the measuring zone. The orientation and
calibration measurement steps before an experimental series are shown in Figure 3.11. In
case the position and orientation of the cameras had changed due to intended adjustment
or accidental contact, the two measurements were recorded again.

2

I II

19/07/16 
FM Evers

Fig. 3.10 Functional principle of videometric water surface tracking; the background
image combines two shots at different time steps separated by a white dashed
line

(a) (b) (c)

Fig. 3.11 Shots by camera 1 of (a) orientation measurement; (b) calibration measure-
ment; (c) measurement of experimental run
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Fig. 3.12 Comparison of capacitance wave gauges (CWG) and three videometric
measurements

Frank and Hager (2014) discussed the measurement accuracy of the videometric system
and found absolute deviations of <2 mm to point gauge data for a solid, plane surface as
well as for the mild slopes of a fixed, dry dike breach topography. Evers and Hager (2015b)
compared the measured displacements of the water level tracked by the videometric system
to CWG. Figure 3.12 shows time-variation curves for one CWG and three videometric
measurements. While the first wave crest and trough are properly captured, deviations
are apparent for the second wave crest. However, these deviations also apply to the three
videometric measurements. In addition, the CWG measurements show the tailing effect
as discussed in section 3.3.2. These tailing effects appear in Figure 3.12 after t = 1.3 s
involving a substantially lower gradient of the draw down curve for the CWG measurement.

The water surface profiles of five experimental runs, which were repeated with identical
preset parameters, are shown in Figure 3.13 for three instants of time t at 0.5, 1.5, and 2.5
s. While the measured water surface profiles feature larger deviations within the vicinity
of the slide impact location at r = 0 m, wave crests and troughs are captured sufficiently
detailed for larger propagation distances. Note that deviations between the individual
runs are not necessarily related to inaccuracies of the measurement system, but are also
influenced by the repeatability of the wave generation process; e.g. the slide impact
velocities Vs vary within the measurement accuracy of the laser light barriers between
4.35 and 4.55 m/s (see Section 3.4.2.1). Figure 3.13 also accounts for a test repeatability
within an acceptable tolerance. Since a free water surface does not allow for a one-to-one
comparison with a calibrated contour as conducted by Frank and Hager (2014) for dike
breaches, the measurement accuracy for water surface tracking was estimated to ±1 mm,
based on the previous findings.
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Fig. 3.13 Water surface profiles of five similar experimental runs with slide impact
velocities Vs between 4.35 m/s and 4.55 m/s, slide mass ms = 20 kg, slide
thickness s= 0.06 m, slide width b= 0.50 m, and slide impact angle α = 60°
for wave propagation angle γ = 0°

3.4.3 Data processing
The videometric measurement system provides point clouds, which contain discrete points
on the free water surface, at a frame rate of 24 Hz. To obtain meaningful information on
the spatial and temporal evolutions of the wave train and its main characteristics, including
e.g. wave amplitudes, the point clouds were processed with a semi-automatic evaluation
scheme developed in Python. The wave characteristics were spatially referenced in a polar
coordinate system with the slide impact location as its pole (see also Section 2.3.3).

In a first step, the point clouds were extracted from the synchronized shots of the four
cameras around the wave basin. Figure 3.14(a) shows a screenshot of the ProSurf -software
with a shot taken by camera 1 and an overlay of detected grid intersection points. For
tracking the grid intersections, the software requires the location of the same intersection
in the frames of two cameras as a common reference. After an intersection has been
defined as a starting point, the software’s proprietary algorithm automatically identifies
neighboring grid intersections on a step-by-step basis, taking into account all four cameras.
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Although the software features a function for an automatic starting point recognition, most
of the starting points had to be defined manually for each synchronized quadruple shot.
After detection, the point data were exported in Cartesian coordinates as an ASCII-file.

The point cloud is plotted in Figure 3.14(b) in planar xy-coordinates with the slide impact
location as origin. Through cubic interpolation onto a regular data grid, the z-coordinates
are added as attributes of a contour plot in Figure 3.14(c). The data grid has a cell width of
5 mm and interpolated areas, which are not covered by the point cloud, are masked. The
contour plot provides a continuous representation of the water surface. In Figure 3.14(d) a
polar coordinate system with the slide impact location as its pole is introduced. Between
0° and 90° a total of 91 slices are extracted at a regular step width of 1°.

Figure 3.14(e) shows the plot of the 0° slice extracted from the contour plot. The slide
impact location is at r = 0 m and the Still Water Level (SWL) at z = 0.2 m. Besides the
amplitudes and positions of the first wave crest, the first wave trough, and the second wave
crest, the crossings of the water surface with the still water level were tracked as primary
wave features. The tracking procedure for the primary wave features was separated into
automated 8 steps:

1. Wave crests, i.e. positive peak amplitudes, of all 91 slices between 0° and 90° were
detected.

2. Radii of the wave crests were clustered according to their distance from the impact
location. Depending on their position within the wave train, the clusters were marked
first or second wave crest.

3. Radii of each cluster were averaged with a linear smoothing function to approximate
the expected location of the wave crest.

4. Locations of water level maxima within a standard search range of ±0.1 m around
the linear function were tracked, yielding the locations of the first and second wave
crests.

5. First wave trough was tracked as the minimum between the first and second wave
crest.

6. Initial uplifting of the water level caused by the approaching first wave crest, i.e. the
first intersection with the still water level, was tracked at the location where the water
level exceeded an absolute threshold equal to the estimated measurement accuracy
of 1 mm (Section 3.4.2.2) above the still water level.

7. Second intersection with the still water level was tracked between the first wave crest
and the first wave trough.

8. Third intersection with the still water level was tracked between the first wave
through and the second wave crest.
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Fig. 3.14 Data processing steps: (a) ProSurf grid detection, (b) planar point cloud,
(c) interpolated contour plot, (d) slice extraction, (e) wave feature detection,
and (f) tracked wave features

A spatial wave train with all six primary wave features for angular coordinates between 0°
and 90° is shown in Figure 3.14(f). The step width for slicing the contour plots was set
to 1° to obtain enough data points for a robust wave feature tracking procedure, since a
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high angular resolution allowed for the exclusion of erroneously tracked wave features and
outliers, while maintaining a sufficient number of data points at the same time. The two
iterations for tracking the wave crest locations, combining a peak detection and subsequent
search window approach, were applied, since the the peak detection approach itself was
not sensitive enough to distinguish between small wave amplitudes and splash water due
to the slide impact especially for angular coordinates >70°.

The propagation distances within the wave basin were limited and waves were reflected
by the vertical sidewalls, affecting the wave field of the outgoing impulse wave train. The
next step in data processing involved the exclusion of primary wave features affected
by wave reflection. The initial uplifting of the water level was the first wave feature to
reach the sidewalls and causing disturbance to the outgoing wave field after reflection. Its
motion after leaving the measurement area and reflection was therefore extrapolated. If
the extrapolated position of the initial uplifting overlapped with succeeding wave features,
these were excluded from the analysis. The extrapolation involved the propagation velocity
as well as the residence time at the vertical sidewall. The propagation velocity of the initial
uplifting was defined as the propagation distance of its last position captured within the
measurement area over the time elapsed after slide impact. The residence time tr of the
wave at the vertical sidewall was estimated after Chen et al. (2015) with

tr
τ
=

2√
3

(
ln

(√
3+1√
3−1

)
ε
−1/2 +

1
8

ln

(√
3+1√
3−1

)
ε

1/2

)
. (3.18)

The residence time tr is made dimensionless with τ =
√

h/g and contains the relative
wave amplitude ε = ac1/h with first wave crest amplitude ac1, still water depth h, and
gravitational acceleration g = 9.81 m/s2.

While primary wave features are directly trackable in the wave profile slices as shown in
Figure 3.14(e), secondary wave features, including wave height, wave period, and wave
celerity, are deduced from the former. For the first wave height position, the first wave crest
was taken as the reference position. The wave crest amplitude and the linearly interpolated
amplitude of the subsequently passing first wave trough at the same position were summed
to obtain the first wave height. The same procedure was applied to obtain the first wave
period with the third still water level intersection as reference position and the time step of
the first still water level intersection linearly interpolated thereupon. The wave celerities
for the first and the second wave crest were determined as the distances between the wave
crest positions 0.25 s prior to the reference position and 0.25 s after over a time interval of
0.5 s.

The last data processing step involved the exclusion of tracked data below measurement
accuracy. In Section 3.4.2.2, the accuracy of the videometric system was estimated to
±1 mm. Since all tracked wave features were directly or indirectly deduced from wave
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amplitude information, wave crests and troughs with measured amplitudes <2 mm were
excluded from the data analysis.

3.5 Summary
Two hydraulic scale models for investigating landslide generated impulse wave propagation
were described: a 2D wave channel and a 3D wave basin setup. The 2D setup allowed to
test whether mesh-packed slides create similar wave features compared to free granular
slides. In the 3D setup, the spatial impulse wave propagation was modelled. Both
models were based on Froude similitude. A dimensional analysis yielded 12 independent
governing parameters: Slide impact velocity, bulk slide volume, bulk slide density, slide
thickness, slide width, slide impact angle, still water depth, water density, gravitational
acceleration, radial wave propagation distance, wave propagation angle, and time. These
were reduced to 9 dimensionless governing parameters. Potential scale effects are discussed
and the experiments complied with a lower threshold of 0.2 m for the still water depth. A
videometric measurement system was applied to track the water surface of the 3D wave
basin during an experimental run. Subsequent data processing of the water surface contours
yields key wave characteristics of the spatial wave train, including wave crest and trough
amplitudes, wave height, and wave period.
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4 Results
4.1 Overview
Chapter 4 consists of two parts, describing the results of the 2D wave channel experiments
as well as the 3D wave basin experiments. The first part provides the proof-of-concept
that mesh-packed slides generate key wave characteristics, including wave amplitude and
height, similar to free granular slides (Section 4.2). In the second part, a phenomenological
description of the hydraulic processes related to the spatial propagation of landslide
generated impulse waves is given, based on the temporal evolution of the water surface of
selected experimental runs (Section 4.3.2). Subsequently, a comparative study in Section
4.3.3 discusses the applicability of existing equations, presented in Chapter 2, for predicting
the measured heights of the first wave within the wave train. On this basis, dimensionless
fit equations for the crest and trough amplitudes, height, period, and celerity of the first
wave as well as the crest amplitude and celerity of the second wave are presented. All wave
characteristics are construed from the governing dimensionless slide parameters (Section
3.2.2). A detailed discussion of the results is provided in Chapter 5.

4.2 2D wave channel

4.2.1 Experimental parameter ranges
The experimental parameter ranges for the 2D experiments are listed in Table 4.1. The
slide impact velocity Vs, the bulk slide mass ms, the slide thickness s, the slide impact
angle α , and the still water depth h were systematically varied in the experiments. The
slide width b corresponds to the channel width of 0.5 m. The streamwise coordinate is x.
The following wave characteristics were included into the analysis as target variables: the
maximum wave crest amplitude aM and wave height HM, the wave amplitude a(x) and
wave height H(x) of the first wave, and the celerity of the first wave crest cam. In total, 42
experiments with mesh-packed slides were conducted and analysed.

Table 4.1 Governing experimental parameter ranges for plane impulse waves
Parameter [unit] Test range Dimensionless parameter Test range
Vs [m/s] 1.2 - 9.2 F=Vs/

√
gh 0.70 - 5.36

ms [kg] 19.5 - 20.1 M =V D = ms/ρwbh2 0.24 - 1.01
s [m] 0.062 - 0.145 S = s/h 0.16 - 0.65
α [°] 30 - 60 α 30 - 60
h [m] 0.20 - 0.40 - -
- - P 0.26 - 2.78
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t = 0.00 s t = 0.00 s

t = 0.14 s t = 0.11 s

t = 0.31 s

t = 0.76 s

t = 0.34 s

t = 0.90 s

Fig. 4.1 Photographs at various stages of 2D wave generation process with mesh-
packed slides at h = 0.3 m; (a) α = 30° with F= 2.27, S = 0.23, M = 0.45,
and P= 0.84; (b) α = 60° with F= 3.03, S = 0.21, M = 0.45, and P= 0.90
(Evers and Hager 2015a)
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4.2.2 Slide impact and wave generation process
Figure 4.1 shows photographs at various stages of the slide impact and wave generation
process for slide impact angles α = 30° and 60°. Fritz et al. (2003) observed compaction
and strong deformation of free granular slides after the impact onto the still water surface
and during their underwater movement to the channel bottom. Depending on the slide
impact angle α , the mesh-packed slides are both bent and lifted upwards after impact.
These effects are more pronounced for α = 30° than for 60°. After impact, the slide
thickness s is significantly increased, resembling the mechanisms of compaction and
deformation of free granular slides. In contrast, no significant slide deformation occurs
along the sliding plane before impact. Further distinct impulse wave generation features
observed by Fritz et al. (2003) include the process of flow separation as well as the
formation of an air cavity referred to as the impact crater. Both features are also observable
in Figure 4.1 for mesh-packed slides. After t = 0.34 s (30°) and 0.31 s (60°), respectively,
the impact craters collapse, causing massive air entrainment.

4.2.3 Maximum wave amplitude and height
Figure 4.2 shows the measurement results of the relative maximum wave crest amplitude
AM = aM/h and wave height YM = HM/h versus P for the experiments with mesh-packed
slides. The maxima are analysed independently from their position within the wave train
and along the propagation distance. Most maxima were observed at the first wave crest and
were already fully developed at the first capacitance wave gauge CWG1. The data of both
wave maxima scatter with ±30% of Eqs. (2.5) and (2.7) for free granular slides by Heller
(2008). For P≤ 1, the equations tend to overestimate the actual measured values. Both
findings also apply to the plots based free granular slide experiments by Heller (2008). The
coefficients of determination are R2 = 0.82 and 0.85 for maximum relative wave amplitude
and height, respectively, compared to R2 = 0.89 and 0.85 for free granular slides (Heller
2008).

Note the effect of the slide impact angle α on AM and YM. The maxima are predominantly
scattered within the area between the curves of Eqs. (2.5) and (2.7) an the corresponding
−30% curves for α = 60°. For α = 45°, the maxima are narrowly scattered along their
corresponding equations. For α = 30°, the maxima scatter above the equations up to +30%.
However, a good overall agreement of maximum impulse wave amplitude and heights
between free granular and mesh-packed slides results from the experiments.
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Fig. 4.2 2D mesh-packed slides’ relative maximum wave (a) crest amplitude AM with
Eq. 2.5 (—) and (b) height YM with Eq. 2.7 (—) versus P for α = 30° (N),
45° (�), 60° (�) (Evers and Hager 2015a)

4.2.4 Wave amplitude and height decay
Only the first wave was considered for the evaluation of the wave crest amplitude and
height decay. This applies also to wave trains, where these maxima occurred at the second
wave crest. In Figure 4.3, the measured wave crest amplitudes A(X) = a(x)/h (Eq. 2.8)
and heights Y (X) = H(x)/h (Eq. 2.9) are plotted versus PX−1/3. The relative propagation
distance X = x/h has its origin at the slide impact point (Figure 3.4). In contrast to the
maxima AM and YM, no immediate effect of the slide impact α results. For wave trains
with PX−1/3 ≥ 0.75 at XCWG1 , an increase in wave amplitude and height is observed.
These wave trains developed their maxima at CWG2. An increased undercut of the −30%
curve for A(X) in Figure 4.3(a) for PX−1/3 ≤ 1 applies also to the data of Heller (2008).
This statement is valid for the data exceeding the +30% curves of A(X) as well as Y (X)

for 0.5 ≤ PX−1/3 < 1. Although the measured wave crest amplitude and height data of
mesh-packed slides significantly exceeds and undercuts the ±30% scatter range for certain
ranges of PX−1/3, this observation is also applicable to the data of Heller (2008) for free
granular slides. The coefficients of determination are R2 = 0.71 and 0.78 for relative wave
amplitude and height decay, respectively, compared to R2 = 0.83 and 0.84 for free granular
slides (Heller 2008). A satisfactory overall agreement of the wave decay results from the
experiments.
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Fig. 4.3 2D mesh-packed slides relative wave (a) crest amplitude decay A(X) with Eq.
2.8 (—) and (b) height decay Y (X) with Eq. 2.9 (—) versus PX−1/3 for α =
30° (N), 45° (�), 60° (�) (Evers and Hager 2015a)
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4.2.5 Wave crest celerity
The wave amplitudes of the first wave crest between CWG1 and CWG6 were averaged
to a mean wave amplitude am. In analogy to Heller (2008), the mean wave crest celerity
cam was determined as the distance between CWG1 and CWG2 over the runtime of the
first wave crest. The relative celerities cam/(gh)1/2 of the first wave crest generated with
mesh-packed slides shown in Figure 4.4 lie within the experimental scatter of free granular
slides and reproduce Eq. (2.10) well. The coefficient of determination ist R2 = 0.95,
compared to 0.91 for free granular slides.
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Fig. 4.4 2D mesh-packed slides mean relative crest celerity cam/(gh)1/2 with Eq. 2.10
(—) versus mean relative wave amplitude am/h for α = 30° (N), 45° (�), 60°
(�) (Evers and Hager 2015a)

4.3 3D wave basin

4.3.1 Experimental parameter ranges
The experimental parameters and the measured dependent target variables for the 3D
experiments are shown in Figure 4.5. The slide impact velocity Vs, the bulk slide mass ms,
the slide thickness s, the slide width b, the slide impact angle α , and the still water depth
h were varied in the experiments (Table 4.2). The polar coordinates are composed of the
radial wave propagation distance r and the wave propagation angle γ with the slide impact
location center as origin (Figure 4.5). The following wave characteristics were included
into the the analysis as target variables: the first wave crest and trough amplitudes ac1 and
at1, the first wave height H1, the first wave period T1, the second wave crest amplitude
ac2, and the celerities of the first and the second wave crests cc1 and cc2. In total, 74
experiments were evaluated.
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Fig. 4.5 Definition plot for spatial impulse waves with governing experimental para-
meters and measured dependent target variables

Table 4.2 Governing experimental parameter ranges for spatial impulse waves
Parameter Test range Dimensionless parameter Test range
Vs [m/s] 0.72 - 4.76 F=Vs/

√
gh 0.40 - 3.40

ms [kg] 10 - 40 M = ms/ρwbh2 0.25 - 1.00
s [m] 0.06 - 0.12 S = s/h 0.15 - 0.6
b [m] 0.25 - 1.00 B = b/h 0.83 - 5.00
α [°] 30 - 90 α [°] 30 - 90
h [m] 0.2 - 0.4 - -
- - P 0.13 - 2.08

4.3.2 Water surface evolution
The videometric measurement system described in Section 3.4.2.2 yields a quasi-continuous
contour representation of the water surface during an experimental run, allowing for de-
tailed insight into its spatial evolution. A phenomenological description of spatial impulse
wave generation and propagation is provided in the following for selected experiments
(Table 4.3). This section focuses on the effects of three main slide parameters: slide impact
velocity Vs, slide impact angle α , and slide width b. Water level profiles for the wave
propagation angles γ = 0°, 45° and 90° were extracted from the contour plots. In addition,
oblique camera views are presented for three experiments. The last part addresses the
evolution of the crest profile of the first wave during propagation.

Table 4.3 Overview of governing parameters for selected experimental runs
Test Vs [m/s] ms [kg] s [m] b [m] α [°] h [m] Contour Profile Oblique view
A 1.06 20 0.06 0.50 45 0.4 Fig. 4.6 Fig. 4.7 -
B 2.94 20 0.06 0.50 45 0.4 Fig. 4.8 Fig. 4.9 -
C 1.79 20 0.06 0.50 30 0.4 Fig. 4.10 Fig. 4.11 Fig. 4.12
D 2.38 20 0.06 0.50 60 0.4 Fig. 4.13 Fig. 4.14 Fig. 4.15
E 3.85 20 0.06 0.50 90 0.4 Fig. 4.16 Fig. 4.17 Fig. 4.18
F 3.03 10 0.06 0.25 60 0.2 Fig. 4.19 Fig. 4.20 -
G 2.70 20 0.06 0.50 60 0.2 Fig. 4.21 Fig. 4.22 -
H 2.78 40 0.06 1.00 60 0.2 Fig. 4.23 Fig. 4.24 -
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Effect of slide impact velocity

Figures 4.6 to 4.9 show the effect of the slide impact velocity Vs on the wave generation
process for Test A with Vs = 1.06 m/s and Test B with Vs = 2.94 m/s at a fixed slide impact
angle α = 45°. All equations describing spatial impulse wave propagation discussed in
Section 2.3.3 contain Vs as a major governing parameter. In Figure 4.6, contour plots of
the water surface for Test A are presented. The y- and x-axes in Figure 4.6 are identical
to the propagation angles γ = 0° and 90°, respectively. The slide impact onto the still
water surface was at t = 0 s. At t = 0.375 s, the water has been displaced by the slide and
a wave crest is formed with its maximum amplitude at γ = 0°. Figure 4.8 shows at the
same time step that in Test B a larger volume of water is displaced with a higher maximum
amplitude. While this initial crest is located at r = 0.4 m for Test A in Figure 4.7, it is
not yet completely formed at r = 0.4 m for Test B in Figure 4.9. At t = 0.750 s, the first
wave trough emerges in Test A. In Test B, there are large gaps in the contour plots close
to the slide impact location. This is caused by a strongly distorted water surface, which
does not allow for a correct tracking of the projected grid intersections. Both wave trains
further propagated at t = 1.125 s. The wave troughs are at r = 0.8 m for Test A and at
r = 1.0 m for Test B. Despite its larger propagation distance, the wave trough amplitude is
still larger for Test B. At t = 1.500 s, a steep second wave crest has formed for both tests
with larger propagation distance for Test B again. The contour plots in Figures 4.6 and 4.8
show that the second wave crest is less uniform than the first one at the same location. In
both experiments, the steep second wave crest flattens between t = 1.875 s and 2.250 s.
In general, all wave amplitudes feature a higher magnitude in Test B than in Test A. As
shown in the contour plots, the propagation pattern in both tests is approximately circular.

The comparison between Test A and B reveals that an almost triplication of the slide impact
velocity Vs significantly increases the magnitude of the wave amplitudes. The impulse
product parameter P includes this effect with the slide Froude number F . Furthermore, an
increase of Vs moves the location where the first wave crest initially forms away from the
slide impact location.
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Fig. 4.6 Contour plots for test A at h = 0.4 m with Vs = 1.06 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 45° at different times
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Fig. 4.7 Profile plots for test A at h = 0.4 m with Vs = 1.06 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 45° at γ = 0° (—), 45° (−−), and 90° (· · · ) at
different times
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Fig. 4.8 Contour plots for test B at h = 0.4 m with Vs = 2.94 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 45° at different times
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Fig. 4.9 Profile plots for test B at h = 0.4 m with Vs = 2.94 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 45° at γ = 0° (—), 45° (−−), and 90° (· · · ) at
different times
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Effect of slide impact angle

Figures 4.10 to 4.12 show the spatial wave generation and propagation process for Test
C with a slide impact angle α = 30°. The y- and x-axes of the contour plots in Figure
4.10 are identical to the propagation angles γ = 0° and 90°, respectively. At t = 0.375 s
after impact, the slide has displaced the water by pushing it upwards and a first wave crest
has formed. As shown in the profile plots of Figure 4.11, this initial wave crest amplitude
reaches its maximum for γ = 0° and decreases for increasing γ . The first wave crest is
propagating radially from the slide impact location (Figure 4.10) and its elevation for γ =

0° has already decreased by 50% compared to its initial maximum (Figure 4.11) at t =
0.750 s. Also the first wave trough has formed at the same location, where the first wave
crest had its initial maximum previously. Similar to the first wave crest, the first wave
trough amplitude decreases for increasing γ . At t = 1.125 s, a steep second wave crest
emerges, while the first wave crest and trough are subject to ongoing amplitude decay.
The oblique view in Figure 4.12 at t = 1.500 s reveals that there are spilling features on
the second wave crest for small values of γ , which are related to its steepness. The wave
length, i.e. the distance between the still water level intersections in front of the wave crest
and behind the corresponding wave trough, of the second wave is substantially shorter
compared to the first wave of the wave train (Figure 4.11).

For Test D, presented in Figures 4.13 to 4.15, α was set to 60°. In general, the observations
of the overall wave generation and radial propagation process also apply to Test D. However,
even though the slide impact velocity Vs is around 30% higher compared to Test C, the
initial wave crest amplitude at t = 0.375 s is smaller. In addition, the relative difference
between the initial wave crest amplitude at γ = 0° and 45° is less pronounced than in Test
C. The slide impact angle α was further increased to 90° for Test E (Figures 4.16 to 4.18).

Although Vs of Test E is more than twice the value of Test C, the initial wave amplitude is
further decreased. Note that Figure 4.17 includes γ = 80° instead of 90°. Figures 4.12(a),
4.15(a), and 4.18(a) show the initial splash screens at their maximum extent after slide
impact. The upward movement of the water surface is very distinct in Test C at α = 30°
even for a low Vs, while it is hardly visible in Test E for α = 90° for a higher Vs.

The comparison between three different slide impact angles α = 30°, 60°, and 90° shows
that the momentum transfer from the slide to the water column is significantly governed
by this parameter. While the slide impact velocity Vs, which has an increasing effect on
the wave amplitudes, as shown for Test A and B, is doubled between Test C with α = 30°
and Test E with α = 90°, the observed amplitudes of the first wave decrease for γ = 0°.
Moreover, α has an effect on the spatial distribution of the first wave crest: for α = 30°,
the relative difference between amplitudes at γ = 0° and 90° is larger than for α = 90°.
While the first effect is accounted for in Eq. (2.12) by Panizzo et al. (2005) and Eq. (2.4)
by Heller and Hager (2010), the second effect is not included in these equations.
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Fig. 4.10 Contour plots for test C at h = 0.4 m with Vs = 1.79 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 30° at different times
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Fig. 4.11 Profile plots for test C at h = 0.4 m with Vs = 1.79 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 30° at γ = 0° (—), 45° (−−), and 90° (· · · ) at
different times
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Fig. 4.12 Oblique view for test C at h = 0.4 m with Vs = 1.79 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 30° at different times
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Fig. 4.13 Contour plots for test D at h = 0.4 m with Vs = 2.38 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 60° at different times
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Fig. 4.14 Profile plots for test D at h = 0.4 m with Vs = 2.38 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 60° at γ = 0° (—), 45° (−−), and 90° (· · · ) at
different times
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Fig. 4.15 Oblique view for test D at h = 0.4 m with Vs = 2.38 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 60° at different times
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Fig. 4.16 Contour plots for test E at h = 0.4 m with Vs = 3.85 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 90° at different times
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Fig. 4.17 Profile plots for test E at h = 0.4 m with Vs = 3.85 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 90° at γ = 0° (—), 45° (−−), and 80° (· · · ) at
different times
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Fig. 4.18 Oblique view for test E at h = 0.4 m with Vs = 3.85 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 90° at different times
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Effect of slide width

The effect of the slide width b is shown in Figures 4.19 to 4.24 for Test F, G, and H
with b = 0.25 m, 0.50 m, and 1.00 m, respectively. The other geometric parameters, i.e.
slide thickness s = 0.06 m, slide impact angle α = 60°, and still water depth h = 0.2 m,
remained constant for all three tests. The variation of b led to bulk slide masses ms = 10
kg, 20 kg, and 40 kg, respectively. Since the slide impact velocities Vs were close to each
other in the range of 2.70 m/s to 3.03 m/s and the relative bulk slide mass M is defined
as the ratio of ms to a water mass ρwbh2 including b, all tests feature a similar impulse
product parameter P (Eq. 2.4). Therefore, in a 2D wave channel with a width equal to b, all
experiments would also yield similar wave characteristics. However, there are significant
differences observable for spatial wave propagation in a 3D wave basin. The initial wave
crest amplitude at t = 0.375 s increases with increasing b, which is evident in the contour
as well as in the profile plots. In addition, the location where the initial amplitude has
formed is also increasingly further off from the slide impact location. While in Test F the
initial amplitude has formed approximately at r = 0.5 m (Figure 4.20), the location is at
r = 0.6 m for Test G (Figure 4.22), and the initial amplitude has not yet formed at this
location in Test H (Figure 4.24). Moreover, the propagation pattern of the initial wave
crest of Test H is elliptic and not nearly circular as in Test F and G. All subsequent wave
amplitudes are larger for increasing b. At t = 2.250 s, the second wave crest of Test H is
still steep and not flattened as in Test F and G.

The wave amplitudes as well as their initial spatial outline are strongly affected by the slide
width b. The prediction equations presented in Section 2.3.3 include this effect only in a
subordinate way.
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Fig. 4.19 Contour plots for test F at h = 0.2 m with Vs = 3.03 m/s, ms = 10 kg, s =
0.06 m, b = 0.25 m, and α = 60° at different times
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Fig. 4.20 Profile plots for test F at h = 0.2 m with Vs = 3.03 m/s, ms = 10 kg, s =
0.06 m, b = 0.25 m, and α = 60° at γ = 0° (—), 45° (−−), and 90° (· · · ) at
different times
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Fig. 4.21 Contour plots for test G at h = 0.2 m with Vs = 2.70 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 60° at different times
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Fig. 4.22 Profile plots for test G at h = 0.2 m with Vs = 2.70 m/s, ms = 20 kg, s =
0.06 m, b = 0.50 m, and α = 60° at γ = 0° (—), 45° (−−), and 90° (· · · ) at
different times
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Fig. 4.23 Contour plots for test H at h = 0.2 m with Vs = 2.78 m/s, ms = 40 kg, s =
0.06 m, b = 1.00 m, and α = 60° at different times
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Fig. 4.24 Profile plots for test H at h = 0.2 m with Vs = 2.78 m/s, ms = 40 kg, s =
0.06 m, b = 1.00 m, and α = 60° at γ = 0° (—), 45° (−−), and 90° (· · · ) at
different times
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Wave crest evolution

In Figure 4.25(a), the the first wave crest amplitude ac1 is plotted versus the wave propaga-
tion angle γ for different time steps t between 0.38 s and 2.17 s. For all γ , ac1 is decreasing
over time during propagation. However, the relative decay rate is higher for γ = 0° than for
90°. This observation is confirmed by Figure 4.25(b). While ac1 at γ = 90° accounts for
8% of ac1 at γ = 0° at t = 0.38 s, this ratio increases to 43% at t = 2.17 s. These findings
indicate a lateral spreading effect on the wave crest normal to the propagation direction.
Except for Eq. (2.25) by Heller and Spinneken (2015), all other approaches discussed in
Section 2.3.3 feature a constant ratio between γ = 0° and 90°.
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Fig. 4.25 First wave crest elevation profile plots for test G at h = 0.2 m with Vs = 2.70
m/s, ms = 20 kg, s = 0.06 m, b = 0.50 m, and α = 60° at t = 0.38 s (—),
0.83 s, 1,29 s, 1,75 s, and 2.17 s (−··−) for (a) ac1 and (b) ac1/ac1,0° versus
γ
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4.3.3 Comparative study
The applicability of existing equations for the prediction of spatial impulse wave propaga-
tion (Section 2.3.3) is evaluated for the experiments in Table 4.4. In Figure 4.26, the
predicted first wave heights Y1,pred are compared to the measured values Y1,meas. Nine point
measurement locations were extracted from the measured water surface contours at radial
wave propagation distances r = 1.0 m, 1.8 m, and 2.6 m for wave propagation angles γ =

0°, 30°, and 60° in each case. The prediction equations are intentionally applied outside
their apparent ranges of applicability, with the aim to assess their behaviour on an extended
parameter range and to obtain a starting point for the development of a novel approach.

Table 4.4 Overview of governing parameters for selected experimental runs (Evers
and Hager 2016b)

Test Symbol F [-] M [-] S [-] B [-] ls/h [-] α [°] P [-]
I M 3.11 1 0.3 2.5 2.49 60 1.34
II N 2.16 1 0.6 2.5 1.25 60 1.32
III ♦ 2.46 1 0.3 2.5 2.49 45 1.19
IV � 1.78 1 0.6 2.5 1.25 45 1.22
V ◦ 1.37 1 0.3 2.5 2.49 30 0.71
VI • 1.09 1 0.6 2.5 1.25 30 0.80

The measured wave heights Y1,meas exceed the wave heights Y1,pred predicted with the
method by Panizzo et al. (2005) considerably (Figure 4.26a). For slides with S = 0.3,
the actual wave heights are two to four times larger. The method by Heller et al. (2009)
generally overestimates Y1,meas, which are up to 50% smaller (Figure 4.26b). No dis-
tinct dependencies on the slide thickness s and the slide impact angle α are observed.
Mohammed and Fritz (2012) conducted their experiments at a fixed slide impact angle
α = 27.1°. Hence, a dependency on this slide parameter is evident in Figure 4.26(c).
Contrary to apparent expectations, the prediction is best for α = 60° and increasingly
underestimates the actual wave heights for 45° and 30°. However, as Eqs. (2.17) and (2.18)
are based on the slide front Froude number F f , the predicted wave heights for granular
slides would be higher (see Section 2.3.3). The equations by Heller and Spinneken (2015)
both over- and underestimate the actual wave heights in a scatter range of approximately
±50%. While Y1,meas is overestimated for thicker slides with S = 0.6, thinner slides with
S = 0.3 are underestimated. Furthermore, Figure 4.26 allows for the assessment of the
wave height decay rate. While the method by Heller et al. (2009) reproduces the initial
wave heights close to the impact location well, it tends to underestimate the decay process,
i.e. overestimation of the wave height increases with increasing radial wave propagation
distance r. The method by Mohammed and Fritz (2012) features a contrary characteristic.
As shown in Figure 4.26(d), the decay rate of the wave heights predicted with Heller and
Spinneken (2015) appears to be aligned best. Note, that their approach is the only one
taking into account a wave crest spreading normal to the propagation direction (Eq. 2.25),



74 RESULTS

which is also observed in Figure 4.25(b). A more detailed discussion of the comparative
study is provided by Evers and Hager (2016b).
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Fig. 4.26 Measured relative wave heights Y1,meas versus predicted Y1,pred with (a) Eq.
(2.12), (b) Eq. (2.13), (c) Eq. (2.23), and (d) Eq. (2.24) for slide impact
angles α = 30° (•,◦), 45° (�,♦), and 60° (N,M) and relative slide thick-
nesses S = 0.6 (•,�,N) and 0.3 (◦,♦,M) for wave propagation angles γ = 0°
(· · · ), 30° (−−), and 60° (−··−)

4.3.4 Slide impact zone

4.3.4.1 Impact radius

Profiles of the water surface during the wave generation process are shown in Figure 4.27.
At t = 0.000 s the water surface is undisturbed at h = 0.3 m. After 0.292 s, the water
surface is displaced by the slide impact, which creates an impact crater. The crater starts
to collapse at t = 0.417 s and the first wave crest forms. At t = 0.500 s the crest is fully
developed at wave propagation distance defined as the impact radius r0. The water surface
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profiles at t = 1.000 s and 1.292 s show that also the initial first wave trough and the second
wave crest amplitudes are forming at r0. Compared to experimental setups with fixed point
measurements, the videometric measurement system allows for adaptively tracking of the
initial wave features at variable locations.
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Fig. 4.27 Profile plots including impact radius r0 and initial first wave crest amplitude
a0,c1 for F = 2.65, M = 0.44, S = 0.40, B = 1.67, αeff = 51.4°, and P =
1.08 at γ = 0° (—), 45° (−−), and 90° (· · · ) at different times

As shown in Figure 4.27, the wave generation and propagation process is divided into
a slide impact and a wave propagation zone. The former is strongly affected by the
impact of the slide mass as well as the generation and collapse of the impact crater,
involving turbulence and air entrainment. In the latter, wave characteristics, e.g. wave
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amplitudes, are observable and consequently quantifiable (Figure 4.28). While no distinct
wave characteristics may be traced within the impact zone, its boundary to the wave
propagation zone represents the location where spatial wave propagation starts. Beyond r0,
wave characteristics are described based on the surrogate radial wave propagation distance

r∗ = r− r0. (4.1)

The equations for predicting key wave characteristics presented hereinafter are exclusively
defined for r∗ ≥ 0.

α

h

a0,c1

r0

r*
r

Fig. 4.28 Definition plot of impact radius r0 and initial wave amplitude of the first
wave crest a0,c1

The relative radial wave propagation distance r/h is the sum of the relative impact radius
R0 and the relative surrogate radial wave propagation distance R∗

r
h
=

r0

h
+

r∗

h
= R0 +R∗. (4.2)

For spatial wave propagation, R0 varies with the wave propagation angle γ (Figure 4.29)
and is governed by the impulse product parameter P, the relative slide width B, and the
effective slide impact angle αeff = (6/7)α . For γ = 0° and 90° the measured relative
impact radii R0 are fitted with

R0,0° =
r0,0°

h
= 2.5(PBcosαeff)

0.25 (4.3)

R0,90° =
r0,90°

h
=

(
B
2

)
+1.5(Pcosαeff)

0.25 . (4.4)

R0,0° follows the same orientation as the propagation direction of the slide at impact with
the water surface (Figure 4.29).
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Fig. 4.29 Definition plot of impact radius r0 and r∗ for spatial impulse wave propaga-
tion

In both equations, the cosine of the effective slide impact angle αeff is included twice, since
it is already part of P. P is taken into account as a purely 2D parameter, which describes the
momentum transfer from the slide to the water column, and αeff is therefore included twice
to take 3D effects into account. Compared with the dimensionless parameters included
in P, the cosine of αeff has the strongest influence on the impact radius with an overall
exponent of 0.75. Note, that B is only included as a summand in R0,90° and represents its
lower boundary. For arbitrary values of γ between 0° and 90°, the relative impact radius
R0 is defined by an ellipse in polar form as

R0 (γ) =

√√√√ R2
0,0°R

2
0,90°

R2
0,0° sin2

γ +R2
0,90° cos2 γ

. (4.5)

In Figure 4.30, the measured relative impact radii R0,meas for all γ are plotted versus
predicted R0,pred with an coefficient of determination of R2 = 0.71.
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Fig. 4.30 Measured impact radii R0,meas versus predicted R0,pred based on Eq. (4.5)

4.3.4.2 Initial wave crest amplitude

The initial first wave crest amplitude a0,c1 represents the maximum wave crest elevation
for γ = 0° (Figure 4.28). The relative initial first wave crest amplitudes a0,c1/ac1(r0,γ)

are plotted versus the wave propagation angle γ in Figure 4.31. The radial gradient of the
wave crest is 0 for γ = 0° and increases up to an inflection point at γ between 30° and 50°.
For further increasing values of γ , the gradient decreases again. For the experiments with
slide impact angles α = 30°, 45°, and 60°, ac1 at γ = 90° accounts for 5% to 20% of a0,c1.
Only the experiments with α = 90° feature a smaller relative decrease to approximately
35% to 50% of a0,c1.
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Fig. 4.31 Relative initial wave crest amplitudes a0,c1/ac1(r0,γ) versus wave propaga-
tion angle γ

The relative initial first wave crest amplitude A0,c1 for γ = 0° is governed by the impulse
product parameter P, the relative slide width B, and effective slide impact angle αeff. It is
defined as

A0,c1 =
a0,c1

h
= 0.2P0.5B0.75 (cosαeff)

0.25 . (4.6)

By analogy with the impact radius R0, the cosine of the effective slide impact angle αeff is
included twice into Eq. (4.6) to take spatial effects into account. With an exponent of 0.75,
the relative slide width B has the strongest influence. For arbitrary γ between 0° and 90°,
the relative initial wave crest amplitude Ac1 = ac1/h at R0 is defined as

Ac1 (R0) = A0,c1

[
sech

(
3.2

γ

90°

)]cosαeff
. (4.7)

Eq. (4.7) retraces the elevation of the initial first wave crest by accounting for the inflection
point with a hyperbolic secant function. The effect of the slide impact angle α on the
crest elevation (Section 4.3.2 and Figure 4.31) is included in the exponent. In Figure 4.7,
the measured initial first wave crest amplitudes Ac1,meas(R0) for all γ are plotted versus
predicted Ac1,pred(R0) with an coefficient of determination of R2 = 0.91.
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Fig. 4.32 Measured initial first wave crest amplitudes Ac1,meas(R0) versus predicted
Ac1,pred(R0) based on Eq. (4.7)
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4.3.5 Wave propagation zone

4.3.5.1 Wave amplitude decay

First wave crest amplitude

The first wave crest amplitude ac1 is defined as the crest elevation above the still water
surface of the first outgoing wave as shown in Figure 4.5. In prototype scenarios, ac1 is the
first part of the the wave train to impact the shoreline or dam structure. With a coefficient of
determination of R2 = 0.89, the relative first wave crest amplitudes Ac1 = ac1/h measured
in the experiments can be approximated by

Ac1 (R∗,γ) = A0,c1 exp
(
−0.4A−0.3

0,c1

√
R∗
)[

sech
(

3.2
γ

90°

)]cosαeff exp(−0.15
√

R∗)
. (4.8)

Eq. (4.8) is an extended version of Eq. (4.7) including the relative surrogate wave
propagation distance R∗ to describe the wave decay effect. While the first exponential
function accounts for the amplitude decay in propagation direction, the second exponential
function, contained in the exponent of the hyperbolic secant function, includes the wave
crest spreading normal to the propagation direction discussed in Section 4.3.2. Figures
4.33 and 4.34 show measured data in relation to Eq. (4.8). In total, n = 208,685 data points
were included into the analysis. The histogram in Figure 4.33 shows the distribution of the
measured wave amplitudes over the predicted values. In the box plot underneath, the box
defines the first and the third quartiles, with the band inside as the second quartile. The
whiskers depict the 5th and 95th percentiles, i.e. 90% of the data points scatter between
−45% and +25%. Overall, Eq. (4.8) is slightly overestimating the measured wave
amplitudes. Outliers include data points affected by measurement errors or inaccuracies
related to the wave feature tracking process as well as correctly captured wave amplitudes.
Therefore, no outliers were excluded for the plots. In Figure 4.34, box plots are shown
for the relative wave propagation distance r/h between 1.5 and 16.1 as well as wave
propagation angles γ between 0° and 90°. The deviation scatter is largest close to the
impact location up to r/h = 9. However, note that this section contains most measured data.
Wave amplitudes for γ > 60° are slightly more overestimated, while the scatter increases
too.
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Fig. 4.33 Histogram, box plot with whiskers at 5th and 95th percentiles, and scatter
plot of measured relative first wave crest amplitude Ac1,meas versus predicted
Ac1,pred based on Eq. (4.8)
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Fig. 4.34 Box plots with whiskers at 5th and 95th percentiles for measured relative
first wave crest amplitude Ac1,meas over predicted Ac1,pred versus relative
propagation distance r/h and wave propagation angle γ based on Eq. (4.8)
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First wave trough amplitude

The first wave trough amplitude at1 is defined as the depression below the still water
surface of the first outgoing wave as shown in Figure 4.5. In analogy with ac1, the relative
initial first wave trough amplitude A0,t1 at R0 and γ = 0° is defined as

A0,t1 =
a0,t1

h
= 0.35(PBcosαeff)

0.5 . (4.9)

The impulse product parameter P has the same influence as in Eq. (4.6). The effect of B is
slightly reduced, while the cosine of αeff has the highest exponent with 0.75 considering it
is also included in P. With a coefficient of determination of R2 = 0.91, the relative first
wave trough amplitudes At1 = at1/h measured in the experiments are approximated by

At1 (R∗,γ) = A0,t1 exp
(
−0.4A−0.3

0,t1

√
R∗
)[

sech
(

3.6
γ

90°

)]cosαeff exp(−0.15
√

R∗)
. (4.10)

In total, n = 186,145 data points were included into the analysis. The measured amplitudes
tend to be slightly underestimated by Eq. (4.10) and 90% of the data points scatter between
−25% and +40%. Besides replacing A0,c1 with A0,t1, the only difference between Eqs.
(4.8) and (4.10) is a higher factor in the hyperbolic secant function. Figure 4.36 shows
the deviation of the measured values plotted versus the relative wave propagation distance
r/h and the wave propagation angle γ . The underestimation is highest close to the impact
location and is slightly increasing again for r/h > 7 as well as predominant at γ between
40° and 60°.
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Fig. 4.35 Histogram, box plot with whiskers at 5th and 95th percentiles, and scatter plot
of measured relative first wave trough amplitude At1,meas versus predicted
At1,pred based on Eq. (4.10)
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Fig. 4.36 Box plots with whiskers at 5th and 95th percentiles for measured relative
first wave trough amplitude At1,meas over predicted At1,pred versus relative
propagation distance r/h and wave propagation angle γ based on Eq. (4.10)
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Second wave crest amplitude

The second wave crest amplitude ac2 is defined as the crest elevation above the still water
surface of the second outgoing wave as shown in Figure 4.5. The relative initial second
wave crest amplitude A0,c2 at R0 and γ = 0° is defined as

A0,c2 =
a0,c2

h
= 0.14(PBcosαeff)

0.25 . (4.11)

The overall exponent of all parameters is reduced by half compared to Eq. (4.9), with the
cosine of αeff having the highest exponent with 0.5 considering it is also included in P.
With a coefficient of determination of R2 = 0.69, the relative second wave crest amplitudes
Ac2 = ac2/h measured in the experiments are approximated by

Ac2 (R∗,γ) = A0,c2 exp
(
−0.1A−0.3

0,c2

√
R∗
)[

sech
(

3
γ

90°

)]cosαeff exp(−0.15
√

R∗)
. (4.12)

In total, n = 211,960 data points were included into the analysis. Compared to the
amplitudes of the first wave, the fit is subject to larger scatter and 90% of the data points
lie within −60% to +50% (Figure 4.37). The first exponential function describes a lower
decay rate than Eqs. (4.8) and (4.10). Also the factor contained within the hyperbolic
secant function is slightly lower. Figure 4.38 shows, that the largest scatter is found close
to the slide impact zone with r/h≤ 5 and for wave propagation angles γ > 60°. Although
the scatter for γ > 60° increases significantly above the +30% line, most of the data points
are overestimated by Eq. (4.12). While the first wave crest is generated directly by the
slide, the second wave crest results from the collapse of the impact crater, which is subject
to strong turbulence and air entrainment. The increased uncertainty in the prediction of ac2

relates to its unsteady generation process.
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Fig. 4.37 Histogram, box plot with whiskers at 5th and 95th percentiles, and scatter plot
of measured relative second wave crest amplitude Ac2,meas versus predicted
Ac2,pred based on Eq. (4.12)
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Fig. 4.38 Box plots with whiskers at 5th and 95th percentiles for measured relative
second wave crest amplitude Ac2,meas over predicted Ac2,pred versus relative
propagation distance r/h and wave propagation angle γ based on Eq. (4.12)
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4.3.5.2 Wave height decay

The first wave height H1 is defined as the distance between the water surface levels of
the first wave crest and trough amplitude at the same location as shown in Figure 4.5.
With a coefficient of determination of R2 = 0.93, the relative first wave heights Y1 = H1/h
measured in the experiments are approximated by

Y1 (R∗,γ) = Ac1 +At1. (4.13)

In total, n = 124,628 data points were included into the analysis with 90% scattering
between −30% and +25% (Figure 4.39). Compared to its summands Ac1 and At1 (Eqs.
4.8 and 4.12), Y1 features a smaller scatter. Figure 4.40 shows, that the highest scatter is
found close to the impact location and for large γ .

4.3.5.3 Wave period

The first wave period T1 is defined as the time difference between the initial uplifting of the
first wave crest and the still water level intersection following the first wave trough at a cer-
tain position on the water surface (Figure 4.5). The relative first wave periods T1/(g/h)0.5

measured in the experiments are approximated with a coefficient of determination of R2 =

0.86 by

T1 (R∗,γ)(g/h)0.5 = 10(Y1)
0.2 +

R∗

2
. (4.14)

In total, n= 86,243 data points were included into the analysis with 90% scattering between
−10% and +15% (Figure 4.41). At the impact radius R0, T1 is governed exclusively by the
relative first wave height Y1 (Eq. 4.13). During propagation Y1 decreases and the linear term
including R∗ increases. Figure 4.42 shows, that Eq. (4.14) tends to slightly underestimate
T1 for increasing γ , while it has a minimal trend of overestimation for increasing r/h.
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Fig. 4.39 Histogram, box plot with whiskers at 5th and 95th percentiles, and scatter
plot of measured relative first wave height Y1,meas versus predicted Y1,pred
based on Eq. (4.13)
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Fig. 4.40 Box plots with whiskers at 5th and 95th percentiles for measured relative
first wave height Y1,meas over predicted Y1,pred versus relative propagation
distance r/h and wave propagation angle γ based on Eq. (4.13)
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Fig. 4.41 Histogram, box plot with whiskers at 5th and 95th percentiles, and scatter
plot of measured relative first wave period T1,meas(g/h)0.5 versus predicted
T1,pred(g/h)0.5 based on Eq. (4.14)
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Fig. 4.42 Box plots with whiskers at 5th and 95th percentiles for measured relative first
wave period T1,meas(g/h)0.5 over predicted T1,pred(g/h)0.5 versus relative
propagation distance r/h and wave propagation angle γ based on Eq. (4.14)
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4.3.5.4 Wave celerity

First wave crest celerity

The first wave crest celerity cc1 is defined as the propagation celerity of the first wave crest
(Figure 4.5). The relative first wave crest celerities cc1/

√
gh measured in the experiments

are approximated with a coefficient of determination of R2 =−0.06 by

cc1√
gh

= 0.95
√

1+Ac1. (4.15)

In total, n = 131,217 data points were included into the analysis with 90% scattering
between −15% and +10% (Figure 4.43). Eq. (4.15) corresponds to 95% of the solitary
wave celerity (Russell 1844). Figure 4.44 shows that cc1 is overestimated close to the impact
location of the slide. No significant trend is observed for increasing wave propagation
angles γ . Single tracked values of cc1 are strongly overestimated for 3 < r/h≤ 7 and γ >

70°, which are regarded as defective outliers.

Second wave crest celerity

The second wave crest celerity cc2 is defined as the propagation celerity of the second
wave crest (Figure 4.5). The relative second wave crest celerities cc2/

√
gh measured in the

experiments are approximated with a coefficient of determination of R2 =−0.03 with

cc2√
gh

= 0.7
√

1+Ac2. (4.16)

In total, n = 139,457 data points were included into the analysis with 90% scattering
between −25% and +15% (Figure 4.45). Eq. (4.16) corresponds to 70% of the solitary
wave celerity (Russell 1844). Equally to cc1, cc2 is overestimated close to the impact loca-
tion as shown in Figure 4.46. However, for increasing r/h, cc2 is slightly underestimated.
While the second quartile remains almost constant for increasing γ , the scatter range below
−30% extends for γ < 50°.
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Fig. 4.43 Histogram, box plot with whiskers at 5th and 95th percentiles, and scatter plot
of measured relative first wave crest celerity cc1,meas/

√
gh versus predicted

cc1,pred/
√

gh based on Eq. (4.15)
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Fig. 4.44 Box plots with whiskers at 5th and 95th percentiles for measured relative first
wave crest celerity cc1,meas/

√
gh over predicted cc1,pred/

√
gh versus relative

propagation distance r/h and wave propagation angle γ based on Eq. (4.15)
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Fig. 4.45 Histogram, box plot with whiskers at 5th and 95th percentiles, and scatter
plot of measured relative second wave crest celerity cc2,meas/

√
gh versus

predicted cc2,pred/
√

gh based on Eq. (4.16)
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Fig. 4.46 Box plots with whiskers at 5th and 95th percentiles for measured relative
second wave crest celerity cc2,meas/

√
gh over predicted cc2,pred/

√
gh versus

relative propagation distance r/h and wave propagation angle γ based on Eq.
(4.16)
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4.4 Summary
Landslide generated impulse wave generation and propagation were experimentally in-
vestigated in a 2D wave channel and a 3D wave basin. The 42 2D tests provided the
proof-of-concept, that mesh-packed slides generate wave features similar to free granu-
lar slides. The application of a videometric measurement system for tracking the wave
propagation of 74 3D tests allowed for detailed insights into the spatial impulse wave
propagation. In particular, the transition from the impact zone, which is affected by turbu-
lence and air entrainment, to the wave propagation zone, where key wave characteristics
become quantifiable, was studied and integrated into novel prediction equations. The im-
pact radius r0 represents the boundary between these two zones and its extent is governed
by the slide parameters. The wave characteristics are governed by the impulse product
parameter P, as a quantity for the 2D momentum transfer to the water column per unit
slide width, the relative slide width B, and the slide impact angle α . Approximations were
provided for the first wave crest amplitude, the first wave trough amplitude, the second
wave crest amplitude, the first wave height, the first wave period, and the celerities of
the first and the second wave crests. The evolution of the wave characteristics during
propagation was presented separately for the wave propagation distance and the wave
propagation angle. A more detailed discussion of the results is provided in the following
chapter.
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5 Discussion
5.1 Overview
The experimental results obtained in the previous chapter are discussed within this chapter.
It highlights the main findings and states the limitations of the derived empirical equations,
both based on experimental constraints as well as theoretical considerations. While the
section on the 2D wave channel experiments is kept brief, a comparison between 2D and
3D wave propagation is provided in the section about the 3D wave basin experiments.
The equations describing spatial wave propagation are discussed in detail and compared
to existing 3D methods. The advantages and limitations related to the application of the
videometric measurement system are summarized thereafter. The last part of this chapter
covers the practical application of the derived spatial wave propagation equations for
hazard assessment purposes. An example deschribes the computational procedure of a
fictitious test case on a step-by-step basis. The equations of the present study are then
applied to the 2007 impulse wave event at Chehalis Lake.

5.2 2D wave generation and propagation
The objective of the 2D experiments was to provide a proof-of-concept that mesh-packed
slides generate wave characteristics similar to free granular slides. Despite the confirming
results demonstrated in Chapter 4, the application of mesh-packed slides represents a
significant modification of the slide properties. Lindstrøm (2016) found that the slide
permeability has a significant effect on the wave generation process. At impact, the water
infiltrates the porous sliding mass, so that the efficiency of the momentum transfer is
reduced with increasing permeability. The granular material applied for the 2D and 3D
experiments has a porosity of 45% (Heller 2008). With 47%, the mesh material has an only
slightly higher porosity than the granular material. Besides the porosity, the permeability
is also influenced by the pore diameter. While the granular pore diameter is estimated
between 1 mm and 3 mm (Figure 3.5a), the mesh opening is 0.5 mm. However, since
the flow length of the mesh material is small, this effect appears negligible. A direct
comparison with equations derived from experiments with free granular slides is presented
in Chapter 4. The major wave characteristics are well predicted by the equations based
on the impulse product parameter P. Therefore, the velocity Vs of mesh-packed slides
substitutes rather the centroid velocity of free granular slides than the faster front velocity.
Note, that only granular material with a density substantially higher than that of water was
used for both the 2D and the 3D experiments. The simplification involving mesh-packed
slides may not be applicable for granular material of density lower than water, therefore.
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5.3 3D wave generation and propagation
Table 5.1 recapitulates the relevant parameter ranges presented in Chapter 3. The range
of the slide Froude number F covers both the sub- as well as the supercritical regimes. In
addition to the relative bulk slide volume V and relative slide density D, the relative bulk
slide mass M =V D is also included. These parameters represent the general limitations
for the equations proposed in Chapter 4. As for the 2D wave experiments, all governing
parameters were varied except for D. Therefore, the effect of D on the wave generation
process was not studied directly. Since D is indirectly included in the impulse product
parameter P, representing the momentum transfer per slide width unit, its application range
may be extended according to the 2D parameter range of P with 0.590≤D≤ 1.720 (Heller
2008). However, note that this extended parameter range is not covered by the experiments
in Chapter 4. The limitations of the wave propagation angle γ have to be assessed based
on the wave basin geometry. While e.g. Mohammed and Fritz (2012) studied the edge
wave propagation along a straight beach extending the sliding plane for γ = 90°, the wave
propagation in this study was not bounded by a shoreline. Therefore, the 3D wave basin
setup resembles rather the tip of a headland (Figure 3.7). Heller et al. (2012) conducted
experiments with confining side walls and found no effect on the maximum wave features
at γ = 0°, when the basin side angle θ is between 30° and 90° with θ = 0° representing the
2D wave channel. The maximum measured relative radial wave propagation distance r/h
= 16.3 is shorter than the long wave criterion L/h > 20 (Dean and Dalrymple 1991), which
is based on the wave length L. While this limitation is not sufficient for covering wave
propagation over long distances in oceans, it is valid for smaller confined basins, e.g. fjords
or lakes (see Section 5.6). The videometric measurement system yields a quasi-continuous
representation of the free water surface, allowing for an adaptive localization of the initial
wave features. The lower limit of the relative radial wave propagation distance r/h is
thereby directly defined by the impact radius R0 (Eq. 4.5). The measurement technique
applied by Bregoli et al. (2017) allows for a similar approach. The composition of their
prediction method also includes a slide parameter-dependent position of the maximum
wave amplitude, which is directly integrated into an exponential amplitude decay function
for γ = 0°. Eq. (2.13) by Heller et al. (2009) involves r/h = 5 as the lower limit. Therefore,
R0 allows for a prediction closer to the slide impact location for different propagation
angles γ compared to already existing methods.
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Table 5.1 Limitations of governing dimensionless parameters for spatial impulse
waves

Symbol Description Test range
F Slide Froude number 0.40 - 3.40
V Relative bulk slide volume 0.187 - 0.750
D Relative bulk slide density 1.338
M Relative bulk slide mass 0.25 - 1.00
S Relative slide thickness 0.15 - 0.60
P Impulse product parameter 0.13 - 2.08
B Relative slide width 0.83 - 5.00
α Slide impact angle 30 - 90
r/h Relative radial wave propagation distance 1.1 - 16.3
γ Wave propagation angle 0 - 90

A direct comparison between existing equations to predict spatial wave propagation is
provided in the comparative study in Section 4.3.3. These findings were incorporated into
setting up the following equations for predicting the relative first wave crest amplitude Ac1,
first wave trough amplitude At1, and the second wave crest amplitude Ac2:

A0,c1 = 0.2P0.5B0.75 (cosαeff)
0.25 (Eq. 4.6)

A0,t1 = 0.35P0.5B0.5 (cosαeff)
0.5 (Eq. 4.9)

A0,c2 = 0.14P0.25B0.25 (cosαeff)
0.25 (Eq. 4.11)

Ac1 (R∗,γ) = A0,c1 exp
(
−0.4A−0.3

0,c1

√
R∗
)[

sech
(

3.2
γ

90°

)]cosαeff exp(−0.15
√

R∗)
(Eq. 4.8)

At1 (R∗,γ) = A0,t1 exp
(
−0.4A−0.3

0,t1

√
R∗
)[

sech
(

3.6
γ

90°

)]cosαeff exp(−0.15
√

R∗)

(Eq. 4.10)

Ac2 (R∗,γ) = A0,c2 exp
(
−0.1A−0.3

0,c2

√
R∗
)[

sech
(

3
γ

90°

)]cosαeff exp(−0.15
√

R∗)
. (Eq. 4.12)

Eqs. (4.6), (4.9), and (4.11) describe the initial wave amplitudes at the impact radius
R0 for γ = 0°. All three include the impulse product parameter P (Eq. 2.4) originally
introduced by Heller (2008) and Heller and Hager (2010) based on 2D experiments. The



104 DISCUSSION

experimental results of this study indicate that P is also suitable to predict spatial impulse
wave generation and propagation in 3D. Since P solely accounts for the momentum transfer
from the slide to the water column per slide unit width, the relative slide width B is included
as an additional governing parameter. Although the effective slide impact angle αeff is
already included in P, it has a stronger influence on the impulse wave generation in spatial
environments, and is therefore included a second time as an additional parameter.

Eqs. (4.8), (4.10), and (4.12) include the initial wave amplitudes and describe the spatial
wave propagation process with the relative surrogate wave propagation radius R∗ and the
wave propagation angle γ as polar coordinates. The equations are defined for R∗ ≥ 0, with
R∗ = 0 equivalent to the impact radius R0. Note, that R0 represents the boundary between
the impact zone and the wave generation zones. For r/h < R0 the splash screen created by
the impacting slide reaches higher elevations. However, the splash screen is not regarded as
a quantifiable wave featuring a crest (Figure 4.27). Exponential functions describe the wave
amplitude decay processes. Hughes (1993) presents different wave attenuation equations
featuring exponential functions and Bregoli et al. (2017) included this type of function for
impulse wave propagation. Hyperbolic secant functions describing the vertical wave crest
and trough shapes along γ are part of all three functions. Their exponents feature αeff and
R∗ as governing parameters. The exponent accounts for the transformation of the wave
crest and trough shapes along γ due to lateral spreading during propagation as presented
in Section 4.3.2. A similar exponent was originally introduced by Heller and Spinneken
(2015). If the amplitudes of a particular wave crest at different wave propagation angles
γ are abstracted as communicating vessels, the hyperbolic secant shape of the total wave
crest will be levelled out over time and the wave amplitude becomes independent of γ .
In the context of wave propagation, the temporal factor may be replaced by the radial
wave propagation distance r. Therefore, the wave amplitude will theoretically become
independent of γ after the wave has propagated beyond a certain value of r. This effect
is accounted for by the exponential function contained in the exponent of the hyperbolic
secant functions in Eqs. (4.8), (4.10), and (4.12). For an increasing relative surrogate wave
propagation distance R∗, the exponential function approaches 0 and the hyperbolic secant
function yields 1 independent of γ . For a slide impact angle α = 30°, the theoretical values
of R∗ needed to attain an amplitude of 90% at γ = 90° compared to γ = 0° are 418 for Ac1,
459 for At1, and 396 for Ac2. For α = 90°, these limits are R∗ = 124 for Ac1, 147 for At1,
and 112 for Ac2. This depicts also the influence of the effective slide impact angle αeff

governing the initial shape of the wave crest (see Figure 4.31). However, all these values
are well beyond the application limits of the equations with r/h < 16.3.

Besides an omnidirectional wave propagation pattern, spatial impulse waves are also char-
acterized by an unconfined slide impact zone, where the slide impact energy is transferred
to the water column. These conditions are met by the 3D wave basin setup. In contrast, the
energy transfer and wave propagation in the 2D wave channel are unidirectional. While
the wave characteristics in the 2D experiments are independent of the slide or channel
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widths, respectively, as long as slide bulk mass ms is scaled to keep the relative slide mass
M constant, the slide width b has a major effect in the 3D environment as described in
Section 4.3.2 as well as by Evers and Hager (2016a). Especially the relative initial first
wave crest amplitude A0,c1 (Eq. 4.6) is substantially influenced by the relative slide width B.
Within the parameter range of the 3D wave basin experiments, A0,c1 is strictly increasing
with B for constant M. However, regarding the 2D experiments as the extreme case, there
is theoretically an upper boundary to this increase. Similar considerations apply to the
relative impact radius R0. Table 5.2 compares computed values for Ac1 (Eq. 4.8) with
A2D (Eq. 2.8, Heller 2008). The relative distance XM (Eq. 2.6) of the 2D maximum wave
amplitude AM (Eq. 2.5) acts as the reference position. While XM is not explicitly accounted
for in A2D, Heller et al. (2009) regard it as the point closest to the impact location, where
Eq. (2.8) is valid. The impulse product parameter P and the slide impact angle α are
kept constant in both the 2D and the 3D computations. Solely B was increased in the 3D
computation to attain equal wave amplitudes Ac1 = A2D at r/h = XM for γ = 0°. Note that

ms increases linearly with b to keep P and M constant. In both examples, the required
relative slide width B is larger than the experimental test range between 0.83 and 5.00
(Table 3.2). In addition, the relative impact radii R0 are smaller than XM. The results of
Table 5.2 are plotted in Figure 5.1. At a wave propagation distance r/h = X = 15, A0,c1

has been subject to stronger decay than A2D.

Table 5.2 Comparison between 2D (Heller and Hager 2010) and 3D cases for
A2D (XM) = Ac1 (XM−R0,γ) at γ = 0° with fixed slide parameters F =
2, S = 0.25, and M = 1

P B α XM R0 A2D (XM) = Ac1 (XM−R0,γ) A2D (15) Ac1 (15−R0,γ)

0.95 5.3 30° 5.4 3.7 0.37 0.28 0.14
0.47 7.5 90° 3.8 2.4 0.23 0.16 0.07
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Fig. 5.1 Comparison between 2D (Eq. 2.8) and 3D (Eq. 4.8) wave decays at γ = 0°
for (a) P= 0.95, B = 5.3, and α = 30°, and (b) P= 0.47, B = 7.5, and α =
90° (Table 5.2)

In the context of hazard assessment, the predicted wave characteristics act as input para-
meters to estimate the impact at the shoreline. One of the major impact characteristics
is the runup height R, defined as the vertical distance between the still water surface
and the highest elevation reached by the surging wave on the runup plane. Among the
various water wave types (Heller 2008), the solitary wave causes the highest runup heights
(Synolakis 1989). Impulse waves generated by subaerial landslides exhibit features of
wave types within the range of intermediate-water to shallow-water waves depending on
the generation process (Heller and Hager 2011). In Section 4.3.5.4, the celerities of the
first and the second wave crests are presented in relation to the solitary wave celerity. The
first wave crest propagates at approximately 95% of the solitary wave celerity, while the
second propagates at 70%. This implies that the second wave crest propagates on average
26% slower than the first wave crest, a slightly higher reduction than 18% to 23% observed
by Mohammed and Fritz (2012). Regarding hazard assessment, runup predictions based on
solitary wave experiments seem to be appropriate for the first wave crest, whereas runup
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heights caused by the second wave crest might be assessed too conservative.

5.4 Videometric water surface tracking
The application of the videometric measurement system yielded a quasi-continuous repres-
entation of the water surface allowing for the extraction of single water surface profiles.
Therefore, this technique offered considerable advantages in adaptively tracking extreme
wave features with variable locations in a spatial environment compared to point meas-
urements. However, to automatically track a sufficient number of grid intersections, the
water surface has to be smooth enough. The high turbulence within the slide impact zone
caused too much distortion to the water surface and no grid intersections were detected
right after the collapse of the splash screen (Figure 4.8). Furthermore, for an impact angle
α = 90°, camera 1 (Figure 3.7) was masked by the chute, which led to deficient tracking
results within the impact zone and for wave propagation angles γ between 70° and 90°
(Figure 4.16). Also strong spilling feature along the second wave crest and splashing
drops caused occasional gaps within the water surface contours. Nonetheless, a temporal
resolution of 24 Hz allowed for skipping single frames while still obtaining a sound data
set for evaluation. The grid projection required an opaque white water surface, which
was attained by adding TiO2. In combination with deionized water, a suspension was
created, which featured the required opacity. Although the wave basin was coated with
PVC sheets, a reionization of the suspension over time could not be entirely prevented
so that the opacity eventually decreased, finally leading to a poor projection quality. For
the test setup described in Chapter 3, sufficient opacity was maintained over 3 months. A
slight improvement of the opacity was attained after each increase of the still water depth
due to the fresh deionized water. Environmental regulations as well as considerations do
not allow the disposal of TiO2 via the public sewage system; the suspension had to be
collected by a certified waste management company. Depending on the size of the wave
basin, the disposal may cause substantial cost. Also the availability of sufficient quantities
of deionized water may limit the application of the videometric measurement system in
larger wave basins.

5.5 Computational example
The practical application of the equations presented in Chapter 4 is demonstrated by means
of a computational example. The scenario is adapted from Example 1 in Heller et al. (2009).
The reservoir shown in Figure 5.2 is adjacent to an instable slope. A slope failure would
result in a rock avalanche, which impacts the water surface with the slide characteristics
listed in Table 5.3. The reservoir is impounded by a dam structure at a distance of 280 m
from the slide impact location. The center of the dam crest is located at an angle of −59°
relative to the slide impact direction. The still water depth in this part of the reservoir is
quasi-constant at 30 m. The wave magnitude at the dam site will be assessed below.
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Dam
r = 280 m
γ = −59°

γ = 0°

Fig. 5.2 Position plan of the reservoir (adapted from Heller et al. 2009)

Table 5.3 Governing parameters for computational example
Symbol Unit Description Value
Vs [m/s] Slide impact velocity 37
Vs [m3] Bulk slide volume 22,000
ρs [kg/m3] Bulk slide density 1,700
s [m] Slide thickness 12
b [m] Slide width 45
α [°] Slide impact angle 40
h [m] Still water depth 30
r [m] Radial wave propagation distance 280
γ [°] Wave propagation angle −59°

The following computations are rounded at each step for an easier understanding. In
addition, units are only specified for the results. The impulse product parameter

P= FS0.5M0.25 {cos([6/7]α)}0.5 =

(
Vs√
gh

)( s
h

)0.5
(

ms

ρwbh2

)0.25

(cosαeff)
0.5

(Eq. 2.4)

results with ms = Vsρs, ρw = 1,000 kg/m3, g = 9.81 m/s2, and cosαeff = cos[6/7]α ≈ 0.83 in

P=

(
37√

9.81 ·30

)(
12
30

)0.5(22,000 ·1,700
1000 ·45 ·302

)0.25

(0.83)0.5 ≈ 1.22.

The governing dimensionless quantities include the slide Froude number F ≈ 2.16, the
relative slide thickness S = 0.4, and the relative slide mass M ≈ 0.92. By introducing the
relative slide width B = b/h = 45/30 = 1.5, the impact radii R0 and r0 are computed for a
wave propagation angle γ =−59° as
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R0,0° = 2.5(PBcosαeff)
0.25 = 2.5(1.22 ·1.5 ·0.83)0.25 ≈ 2.78 (Eq. 4.3)

R0,90° =

(
B
2

)
+1.5(Pcosαeff)

0.25 =

(
1.5
2

)
+1.5(1.22 ·0.83)0.25 ≈ 2.25 (Eq. 4.4)

R0 (γ) =

√√√√ R2
0,0°R

2
0,90°

R2
0,0° sin2

γ +R2
0,90° cos2 γ

(Eq. 4.5)

R0(−59°) =

√
2.782 ·2.252

2.782 sin2 (−59°)+2.252 cos2 (−59°)
≈ 2.36

r0 = R0h = 2.36 ·30≈ 71m.

Consequently, the relative surrogate wave propagation radius is

R∗ =
r
h
−R0 =

280
30
−2.36≈ 7.

The initial first wave crest amplitude at γ = 0° is

A0,c1 = 0.2P0.5B0.75 (cosαeff)
0.25 = 0.2 ·1.220.5 ·1.50.75 ·0.830.25 ≈ 0.29 (Eq. 4.6)

a0,c1 = A0,c1h = 0.29 ·30 = 8.7m.

The first wave crest amplitude at the dam for γ =−59° is

Ac1 (R∗,γ) = A0,c1 exp
(
−0.4A−0.3

0,c1

√
R∗
)[

sech
(

3.2
γ

90°

)]cosαeff exp(−0.15
√

R∗)
(Eq. 4.8)

Ac1 = 0.29exp
(
−0.4(0.29)−0.3√7

)[
sech

(
3.2
−59°
90°

)]0.83exp(−0.15
√

7)
≈ 0.04

ac1 = Ac1h = 0.04 ·30 = 1.2m.
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The initial first wave trough amplitude at γ = 0° is

A0,t1 = 0.35(PBcosαeff)
0.5 = 0.35(1.22 ·1.5 ·0.83)0.5 ≈ 0.43 (Eq. 4.9)

a0,t1 = A0,t1h = 0.43 ·30 = 12.9m.

The first wave trough amplitude at the dam for γ =−59° is

At1 (R∗,γ) = A0,t1 exp
(
−0.4A−0.3

0,t1

√
R∗
)[

sech
(

3.6
γ

90°

)]cosαeff exp(−0.15
√

R∗)

(Eq. 4.10)

At1 = 0.43exp
(
−0.4(0.43)−0.3√7

)[
sech

(
3.6
−59°
90°

)]0.83exp(−0.15
√

7)
≈ 0.07

at1 = At1h = 0.07 ·30 = 2.1m.

Therefore, the first wave height at the dam is

Y1 = Ac1 +At1 = 0.07+0.04 = 0.11 (Eq. 4.13)

H1 = Y1h = 0.11 ·30 = 3.3m.

The first wave period at the dam is

T1 (R∗,γ)(g/h)0.5 = 10(Y1)
0.2 +

R∗

2
= 10(0.11)0.2 +

7
2
≈ 9.9 (Eq. 4.14)

T1 = T1 (g/h)0.5 (h/g)0.5 = 9.9(30/9.81)0.5 ≈ 17s.

The first wave crest celerity at the dam is

cc1√
gh

= 0.95
√

1+Ac1 = 0.95
√

1+0.04≈ 0.97 (Eq. 4.15)

cc1 =
cc1√

gh

√
gh = 0.97

√
9.81 ·30≈ 17m/s.

The initial second wave crest amplitude at γ = 0° is
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A0,c2 = 0.14(PBcosαeff)
0.25 = 0.14(1.22 ·1.5 ·0.83)0.25 ≈ 0.16 (Eq. 4.11)

a0,c2 = A0,c2h = 0.16 ·30 = 4.8m.

The second wave crest amplitude at the dam for γ =−59° is

Ac2 (R∗,γ) = A0,c2 exp
(
−0.1A−0.3

0,c2

√
R∗
)[

sech
(

3
γ

90°

)]cosαeff exp(−0.15
√

R∗)
(Eq. 4.12)

Ac2 = 0.16exp
(
−0.1(0.16)−0.3√7

)[
sech

(
3
−59°
90°

)]0.83exp(−0.15
√

7)
≈ 0.07

ac2 = Ac2h = 0.07 ·30 = 2.1m.

The second wave crest celerity at the dam is

cc2√
gh

= 0.7
√

1+Ac2 = 0.7
√

1+0.07≈ 0.72 (Eq. 4.16)

cc2 =
cc2√

gh

√
gh = 0.72

√
9.81 ·30≈ 12m/s.

The computational example yields key wave characteristics, which act as input parameters
for a subsequent assessment of the wave runup (e.g. Su and Mirie 1980, Synolakis 1987,
Müller 1995, Fuchs and Hager 2015, Pujara et al. 2015, and Hafsteinsson et al. 2017),
hydrodynamic forces (e.g. Ramsden 1996 and Pujara et al. 2015), or overtopping volumes
(e.g. Müller 1995, Kobel et al. 2017, and Huber et al. 2017) at dam structures. Except
for the increased relative bulk slide density D = ρs/ρw = 1.7, all derived dimensionless
quantities are in the range of Table 3.2. However, D is in the parameter range of the impulse
product parameter P and its corresponding 2D experiments (Heller 2008 and Heller and
Hager 2010). The rounding errors introduced after each step of the computational example,
are less than 5% with regard to the wave amplitudes at the dam.

5.6 Case study: Chehalis Lake
On 4 December 2007, a debris avalanche detached at the northwestern shore of Chehalis
Lake, BC, Canada, and generated impulse waves, which caused extensive damage to
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the shoreline as well as the lower Chehalis River (Roberts et al. 2013). The lake has an
elongated form with a length of approximately 7.5 km and a width between 500 m and
1,000 m. The debris avalanche occurred in the lake section north of the Skwellepil Creek
inlet (Figure 5.3). This part of the lake was subject to runup heights up to almost 40 m
(Roberts et al. 2013). As is typical for impulse wave events at this scale, no information on
wave magnitudes within the lake surface area is available. Only runup heights along the
shoreline may be measured in the aftermath of the event. The purpose of this case study
is to validate the equations of Chapter 4, based on an event at prototype scale. Therefore,
two runup height equations by Synolakis (1987) and Fuchs and Hager (2015) are applied,
which include the computed wave crest amplitudes as input parameters.

γt=t+45° 

γt=t0°

γt=t−45° 

 

UppertChehalist
River
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Creekt
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Fig. 5.3 Position plan of northern section of Chehalis Lake (not to scale)

The governing parameters as well as their dimensionless quantities are listed in Table
5.4. Except for the relative bulk slide volume V and the relative bulk slide density D , all
dimensionless quantities are in the range of Table 3.2. As for the computational example,
V and D are covered by the range of the impulse product parameter (Heller 2008 and
Heller and Hager 2010). Run up height data and their corresponding wave propagation
distances and angles are extracted from Roberts et al. (2013). Only runup locations in the
northern section of Chehalis Lake are considered. Furthermore, runup locations subject to
edge waves along the sliding plane and within the Upper Chehalis River inlet are ecluded.
The wave propagation angle γ = 0° is defined in direction to the point where the maximum
runup height R = 37.8 m was measured. Referenced to true north, γ = 0°, which has the
same orientation as the slide propagation angle at impact, was estimated to 135°.
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Table 5.4 Governing parameters for Chehalis Lake case study
Symbol Unit Description Value Data origin
Vs [m/s] Slide impact velocity 60 Wang et al. (2015)
Vs [m3] Bulk slide volume 3,000,000 Roberts et al. (2013)
ρs [kg/m3] Bulk slide density 1,650 Bregoli et al. (2017)
s [m] Slide thickness 40 Wang et al. (2015)
b [m] Slide width 210 Roberts et al. (2013)
α [°] Slide impact angle 30 Bregoli et al. (2017)
h [m] Still water depth 120 Wang et al. (2015)
r [m] Radial wave propagation distances 750 - 1500 Roberts et al. (2013)
γ [°] Wave propagation angles −78° - 73° Roberts et al. (2013)
β [°] Wave runup angle 30° -
F [-] Slide Froude number 1.75 -
V [-] Relative bulk slide volume 0.99 -
D [-] Relative bulk slide density 1.65 -
S [-] Relative slide thickness 0.33 -
P [-] Impulse product parameter 1.08 -
B [-] Relative slide width 1.75 -
r/h [-] Rel. radial wave prop. distances 6.25 - 12.5 -

The runup heights R are computed with Eq. (5.1) by Synolakis (1987) as well as Eq. (5.2)
by Fuchs and Hager (2015). Both equations are based upon experimental data of solitary
wave runup on an impermeable beach of constant inclination. The governing parameters
are the runup angle β , the relative wave crest amplitude ε = a/h, and the still water depth
h:

R = 2.831(cotβ )0.5
ε

1.25h (5.1)

R = 3(tanβ )−0.05
εh. (5.2)

The wave runup angle β is roughly approximated with 30° for all runup locations based
on the surrounding topography of Chehalis Lake. The relative wave crest amplitudes
ε = ac1/h and ε = ac2/h are computed with Eqs. (4.8) and (4.12). In Heller et al. (2009),
the radial wave propagation distance r for the computation of the wave amplitudes relevant
for runup is located at the submerged base point at the bottom of the runup plane. For a
still water depth h = 120 m and a runup angle β , the base point lies at a horizontal distance
of 208 m to the shore. Within short propagation distances and for small runup angles,
this distance accounts for a substantial portion of the overall wave propagation distance.
Since wave amplitudes are larger at the base point than at the shore when shoaling is
neglected, this approach may be regarded as conservative. However, the wave amplitude
decay process continues after a wave crest has passed the base point. To take this effect
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into account, the wave crest amplitudes ac1 and ac2 were computed both for the base point
and for the shore.
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Fig. 5.4 Runup heights R at Chehalis Lake computed with Eqs. 5.1 and 5.2 for ac1
(—) with −45% and +25% band and ac2 (−−) with −60% and +50% band
at base point, measured (◦) by Roberts et al. (2013) over wave propagation
angle γ

Figure 5.4 shows the computed runup heights for the wave amplitudes at the base point.
The bandwidths refer to the ranges of the wave crest amplitudes ac1 (Eq. 4.8) and ac2 (Eq.
4.12) including 90% of the data points (see Section 4.3.5). Note that the scatter ranges are
directly accounted for in the wave amplitudes before the runup heights are computed. For
wave propagation angles γ within ±30°, Eq. (5.1) predicts the measured runup heights
well. Beyond this range, R tends to be underestimated. Inverse observations apply for Eq.
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(5.2). As expected, all computed runup heights in Figure 5.5 are lower than in Figure 5.4.
Eq. (5.1) tends to underestimate the measurements at almost all runup locations. As to Eq.
(5.2), all runup measurements scatter within the bandwidths related to ac1 and ac2 with a
tendency to be more conservative around γ = 0°.
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Fig. 5.5 Runup heights R at Chehalis Lake computed with Eqs. 5.1 and 5.2 for ac1
(—) with −45% and +25% bands and ac2 (−−) with −60% and +50% bands
at shore, measured (◦) by Roberts et al. (2013) over wave propagation angle
γ

The combination of the shore as the reference location for the determination of the wave
amplitudes and the runup equation by Fuchs and Hager (2015) yields the most favorable
predictions, which are as close to the actual measurements as possible. Note that the
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measurements themselves are subject to large scatter. The maximum computed wave
amplitudes for γ = 0° at an impact radius r0 = 343 m are ac1 = 37.0 m and ac2 = 19.2 m.

5.7 Summary
The results from Chapter 4 are discussed and the presented equations applied to a prototype-
scaled impulse wave event at Chehalis Lake. The impulse product parameter P, originally
derived from 2D experiments with granular material, was found to adequately quantify
both 2D and 3D impulse wave experiments with mesh-packed slides. The limitations of the
wave basin experiments were specified both based on the experimental parameter ranges
as well as a comparison with 2D wave propagation as the extreme case. The advantages
and technical limitations regarding the application of the videometric measurement system
were also discussed, highlighting its capabilities especially for tracking wave processes
close to the impact zone. A computational example demonstrates the applicability of
the derived equations to a fictitious prototype case. The final section validates, that the
equations are capable of predicting wave heights at the correct order of magnitude, by back
calculation of the 2007 Chehalis Lake event.
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6 Conclusions
6.1 Summary

6.1.1 General
• Spatial impulse waves generated by subaerial landslides were investigated in a 3D

wave basin with a length of 8 m and a width of 4.5 m (Section 3.4).
• Mesh-packed slides were applied in 74 experiments under the systematic variation

of the slide impact velocity Vs, the slide thickness s, the slide width b, the slide mass
ms, the slide impact angle α , and the still water depth h (Sections 3.2.2 and 3.3).

• The application of a videometric measurement system yielded a quasi-continuous
representation of the water surface with up to 6,000 measurements points at an
acquisition rate of 24 Hz (Section 3.4.2.2).

• The first wave crest amplitude ac1, the first wave trough amplitude at1, the first wave
height H1, the first wave crest celerity cc1, and the first wave period T1, as well as
the second wave crest amplitude ac2 and the second wave crest celeritycc2 of the
generated wave train were derived from the water surface contours and empirically
described with novel approximations in a polar coordinate system (Sections 3.4.3
and 4.3).

• The impact radius r0 was introduced as the boundary between the slide impact zone
and the wave propagation zone (Section 4.3.4.1).

• The equations describing the spatial impulse wave propagation combine both the
maximum wave amplitudes as well as their decay in an integrated expression (Sec-
tions 4.3.4 and 4.3.5).

6.1.2 Governing parameters
• The 2D impulse product parameter P including the slide Froude number F, the

relative slide thickness S, the relative slide mass M, and the slide impact angle α

was found to be a relevant parameter also in the 3D setup (Sections 4.3.4 and 4.3.5).
• In addition to P describing the 2D momentum transfer from the slide to the water

column per slide unit width, the relative slide thickness B and again the slide impact
angle α were identified as major governing parameters for quantifying 3D wave
propagation (Sections 4.3.4 and 4.3.5).

• An increase of B creates larger initial wave amplitudes even if the slide mass ms is
kept constant and M decreases consequently (Sections 2.3.2, 4.3.4, and 4.3.5).

• Both the initial wave amplitudes as well as the shape of the initial wave crests and
trough are influenced by α: an increase of α in 3D leads to a stronger decrease of
the initial wave crests and trough than in 2D for the wave propagation angle γ = 0°,
while their shapes become flatter, i.e. the ratio between the amplitudes for γ = 0°
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and 90° increases (Sections 4.3.2, 4.3.4, and 4.3.5 ).
• The governing parameters confirm the application of the Froude similitude also for

spatial impulse wave generation and propagation (Section 3.2.1).

6.1.3 Slide impact zone
• The impact radius r0 delimits the slide impact zone featuring strong turbulence due

to the impact crater collapse from the wave propagation zone where wave amplitudes
and further characteristics become quantifiable (Section 4.3.4.1).

• The extent of r0 is described by an elliptic function for γ between 0° and 90° based
on the governing parameters P, B, and α (Section 4.3.4.1).

• The initial wave amplitudes of the first wave crest a0,c1, the first wave trough a0,t1,
and the second wave crest a0,c2 share r0 as their common radial coordinate (Sections
4.3.4 and 4.3.5).

• The shape of the initial wave crests and troughs are described with a hyperbolic
secant function for wave propagation angles γ between 0° and 90° (Sections 4.3.4.2
and 4.3.5).

6.1.4 Wave propagation zone
• Beyond the impact radius r0, the spatial wave propagation is described by the sur-

rogate propagation radius r∗ = r− r0 serving as radial coordinate (Section 4.3.4.1).
• An exponential function applied to the initial wave amplitudes describes the wave

amplitude decay for γ = 0° along r∗ with its decay rate governed by the initial
amplitude (Section 4.3.5).

• Lateral spreading of the wave crests and the wave troughs during propagation is
accounted for in the hyperbolic secant function with an exponent including the
impact angle α and r∗ as governing parameters (Sections 4.3.2 and 4.3.5)

• Based on a0,c1, a0,t1, and a0,c2, the first wave height H1, the first wave period T1, and
the first and second wave crest celerities cc1 and cc2 are described (Section 4.3.5).

• While cc1 accounts for approximately 95% of the solitary wave celerity, cc2 accounts
only for about 70%, leading to a constant increase of T1 during wave propagation
(Section 4.3.5).

• Edge waves were not accounted for, i.e. only features of undisturbed outgoing
waves were investigated and no continuous shoreline extending the sliding plane
was represented in the experimental setup (Section 3.4).

6.1.5 Mesh-packed slides
• Mesh-packed slides were applied in a 2D wave channel as an alternative wave

generation method allowing for deformation after impact onto the water surface
similar to free granular slides, while offering the advantages of rigid slide bodies
regarding experimental handling (Section 3.3.1).
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• The measured magnitudes and experimental scatter ranges for the maximum wave
amplitude aM and height HM as well as the wave amplitudes a2D, the wave heights
H2D, and the mean wave celerity cam correspond to those of the experiments with
free granular slides by Heller (2008) (Section 4.2).

• While free granular slides are subject to higher velocities at their front than at their
centroid before impact, these velocities are equal for mesh-packed slides (Section
2.3.1).

6.1.6 Videometric measurement system
• The application of a videometric measurement system yields a quasi-continuous

representation of the water surface allowing for unprecedented insights into spatial
impulse wave propagation patterns (Section 4.3.2).

• The videometric measurement approach allows for adaptively tracking the location
of the impact radius r0 (Section 4.3.4.1).

6.1.7 Benchmarking
• For the prediction of measured wave characteristics, a comparative study identified

the limitations of existing equations regarding their experimental setup, the slide
model, or a fixed parameter set (Section 4.3.3).

• The novel equations were applied to the prototype-scaled event at Chehalis Lake in
2007; the magnitude of the measured prototype runup heights were predicted with a
good overall agreement (Section 5.6).

6.1.8 Parameter limitations
General:

• The dimensionless parameters of the experiments are within the order of magnitude
of prototype impulse wave events (Sections 2.3.4, 4.2.1, and 4.3.1).

• Compared to the 2D experiments evaluated by Heller (2008) with 0.17≤ P≤ 8.13,
the present values of the impulse product parameter 0.13≤ P≤ 2.08 cover the lower
range corresponding to selected prototype dimensions 0.03 ≤ P ≤ 3.37 (Section
2.3.4).

The dimensionless parameter limitations are as follows:

• Slide Froude number: 0.40≤ F≤ 3.40
• Relative bulk slide volume: 0.187≤V ≤ 0.750
• Relative bulk slide density: D = 1.338
• Relative bulk slide mass: 0.25≤M ≤ 1.00
• Relative slide thickness: 0.15≤ S≤ 0.60
• Impulse product parameter: 0.13≤ P≤ 2.08
• Relative slide width: 0.83≤ B≤ 5.00
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• Slide impact angle: 30°≤ α ≤ 90°
• Relative radial wave propagation distance: 1.1≤ r/h≤ 16.3
• Wave propagation angle: 0°≤ γ ≤ 90°

The experimental parameter limitations follow:

• Slide impact velocity: 0.72 m/s ≤Vs ≤ 4.76 m/s
• Bulk slide volume: 0.0075 m3 ≤ Vs ≤ 0.0299 m3

• Bulk slide density: ρs = 1,338 kg/m3

• Bulk slide mass: 10 kg ≤ ms≤ 40 kg
• Slide thickness: 0.06 m ≤ s ≤ 0.12 m
• Slide width: 0.25 m ≤ b ≤ 1.00 m
• Slide impact angle: 30°≤ α ≤ 90°
• Still water depth: 0.2 m ≤ h ≤ 0.4 m
• Water density: ρw = 1,000 kg/m3

• Radial wave propagation distance: 0.45 m ≤ r ≤ 3.26 m
• Wave propagation angle: 0°≤ γ ≤ 90°

6.2 Outlook
• The experiments conducted in this research are limited to a single bulk slide density

ρs; although the impulse product parameter P includes in 2D also slides with
densities lighter than water, the experimental validation of the density effect of P is
pending for 3D.

• Impulse waves generated by subaerial slides were the exclusive focus of this study.
However, also partly submerged or submarine landslides may generate tsunami-like
waves making further investigations on different failure modes necessary.

• The outgoing impulse wave train was not subject to any shoreline boundaries. By
installing and systematically varying common shoreline layouts in the wave basin,
prediction equations may be derived for the prediction of wave characteristics in
extremely confined water bodies.

• The videometric measurement approach is applicable to various research topics
in hydraulic experimentation, where the 3D deformation of the water surface is
of particular interest; e.g. the initial dipole deformation of the still water surface
caused by submarine landslides or the water surface during spatial dike breaching as
demonstrated by Frank (2016).

• Data sets with a high spatial resolution of the 3D impulse wave generation and
propagation process were produced from 74 experiments allowing for the validation
of numerical models against a broad range of slide parameters especially in the near
field of the slide impact zone (Evers 2018).
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Notation
Roman Symbols

AM Relative maximum wave amplitude (2D) [-]

aM Maximum wave amplitude (2D) [m]

A0,c1 Relative initial first wave crest amplitude [-]

a0,c1 Initial first wave crest amplitude [m]

A0,c2 Relative initial second wave crest amplitude [-]

a0,c2 Initial second wave crest amplitude [m]

A0,t1 Relative initial first wave trough amplitude [-]

a0,t1 Initial first wave trough amplitude [m]

A2D Relative wave amplitude (2D) [-]

a2D Wave amplitude (2D) [-]

Ac1 Relative first wave crest amplitude [-]

ac1 First wave crest amplitude [m]

Ac2 Relative second wave crest amplitude [-]

ac2 Second wave crest amplitude [m]

am Mean wave amplitude (2D) [m]

At1 Relative first wave trough amplitude [-]

at1 First wave trough amplitude [m]

A∗w Dimensionless slide front surface [-]

b Slide width [m]

c Celerity of shallow-water waves c =
√

gh [m/s]

C Cauchy number [-]

cam Mean wave celerity (2D) [m]

cc1 First wave crest celerity [m/s]

cc2 Second wave crest celerity [m/s]

D Relative bulk slide density [-]

dg Grain diameter [mm]

F Force [kg m/s2]
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f Slide release box form

F Slide Froude number [-]

F f Slide front Froude number [-]

F Function F [-]

f Function f [-]

fγ 3D angle decay function [-]

g Gravitational acceleration [m/s2]

h Still water depth [m]

H1 First wave height [m]

HM Maximum wave height (2D) [m]

H2D Wave height (2D) [-]

i Number of dimensionless quantities [-]

k Number of fundamental dimensions [-]

kac1 First wave crest generation function [-]

kac2 Second wave crest generation function [-]

kat1 First wave trough generation function [-]

L Length [m]

L Length dimension [m]

ls Slide length [m]

M Relative slide mass [-]

M Mass dimension [kg]

ms Slide mass [kg]

n Number of quantities/entities [-]

nac1 First wave crest decay function [-]

nac2 Second wave crest decay function [-]

nat1 First wave trough decay function [-]

P Impulse product parameter [-]

Q Quantity

R Runup height [m]

r Radial wave propagation distance [m]
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R Reynolds number [-]

R∗ Relative surrogate radial wave propagation distance [-]

r∗ Surrogate radial wave propagation distance [m]

R2 Coefficient of determination [-]

R0 Relative impact radius [-]

r0 Impact radius [m]

S Relative slide thickness [-]

s Slide thickness [m]

T Relative time [-]

t Time [s]

T Time dimension [s]

T1 First wave period [s]

tr Residence time of a solitary wave at a vertical wall [s]

ts Time of the landslide underwater motion [-]

t∗s Dimensionless time of the landslide underwater motion [-]

U Velocity [m/s]

V Relative bulk slide volume [-]

Vs Bulk slide volume [m3]

Vf Slide front velocity [m/s]

Vs Slide centroid velocity [m/s]

W Weber number [-]

X Relative streamwise distance (2D) [-]

x x-coordinate [m]

XM Relative streamwise distance of maximum wave amplitude aM (2D) [-]

xM Streamwise distance of maximum wave amplitude aM (2D) [m]

y y-coordinate [m]

Y1 Relative first wave height [-]

YM Relative maximum wave height (2D) [-]

Y2D Relative wave height (2D) [-]

z z-coordinate [m]
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Greek Symbols

α Slide impact angle [°]

αeff Effective slide impact angle, αeff = (6/7)α [°]

β Wave runup angle [°]

∆x Spacing between two adjacent CWG [m]

∆x1 Spacing between CWG1 and impounded sliding plane [m]

ε Relative wave amplitude [-]

η Water surface displacement [m]

γ Wave propagation angle [°]

κw Water compressibility [m2/N]

λ Ratio [-]

νw Kinematic fluid viscosity of water [m2/s]

ρg Grain density [kg/m3]

ρs Bulk slide density [kg/m3]

ρw Water density [kg/m3]

σw Water surface tension [N/s]

θ Basin side angle [°]

τ Dimensionless time [-]

Π Dimensionless quantity [-]

υ Exponent variable [-]

ϕ Exponent variable [-]

ω Exponent variable [-]

Subscripts

0° Wave propagation angle γ = 0°

90° Wave propagation angle γ = 90°

F Force

G General

g Grain

L Length

M Model scale
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P Prototype scale

U Velocity

meas Measured

pred Predicted

Abbreviations

2D Two-dimensional

3D Three-dimensional

BaSO4 Barium sulfate

CWG Capacitance Wave Gauge

DI Deionized

ETH Eidgenössische Technische Hochschule (Swiss Federal Institute of Techno-
logy)

LDS Laser Distance Sensor

LLB Laser Light Barrier

PIV Particle Image Velocimetry

PP Polypropylene

PVC PolyVinyl Chloride

SPH Smoothed-particle hydrodynamics

SWL Still water level

TiO2 Titanium dioxide

VAW Versuchsanstalt für Wasserbau, Hydrologie und Glaziologie (Laboratory of
Hydraulics, Hydrology and Glaciology)
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