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Two solitary waves at VAW cross each other theoretically with identical profiles prior and after the 
collision whereas two cars are less successful (car photos by courtesy of http://www.whnet.com/4x4/) 

 
 
We shall not cease from exploration, and the end of all our exploring will 

be to arrive where we started and know the place for the first time.  
T.S. Eliot 
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ABSTRACT 
 
Large water waves in oceans, bays, lakes, or reservoirs may be generated by landslides, rock 
falls, shore instabilities, snow avalanches, glacier calvings, or meteorite impacts. These so-
called impulse waves are particular relevant for the Alpine environment because of steep 
valley sides, possible large slide masses and impact velocities, and the considerable number of 
artificial reservoirs. An impulse wave occurred in Vaiont in North-Italy in 1963, overtopping 
a concrete dam by more than 70 m and having destroyed the village Longarone: about 2,000 
people perished. Although the total amount of fatalities due to such documented catastrophes 
probably exceeds 60,000 people, only limited field data are available. Humans may face such 
natural hazards mainly with passive methods such as evacuation or water level draw-down in 
artificial reservoirs. Methods for precise wave predictions are nowadays limited because the 
effects of the governing parameters in general model studies are sometimes controversial, the 
model data are often not generally applicable, characterised by a large scatter, or not based on 
systematic or independent parameter variations. Further, the model tests are often insuffi-
ciently documented for numerical simulations. 

The present study aims to complete the 2D impulse wave generation research initiated by 
Fritz (2002) and continued by Zweifel (2004). The generation of subaerial landslide generated 
impulse waves was investigated in an undistorted hydraulic model based on the Froude simili-
tude. Considerable scale effects due to fluid viscosity and surface tension were expected for 
still water depths smaller than 0.200 m. Four different granular slide materials were acceler-
ated with a pneumatic landslide generator and produced impulse waves in a rectangular wave 
channel of 11 m length, 1 m height, and 0.5 m width. An independent variation of the seven 
governing parameters was attempted including the still water depth, the slide thickness, the 
slide impact velocity, the bulk slide volume, the bulk slide density, the slide impact angle, and 
the grain diameter; the effects of the two latter were particularly investigated in the present 
study whereas the five former effects were tested in the two previous studies. All measure-
ment components were recorded in the channel axis. Two laser distance sensors scanned the 
slide profiles prior to the impact, seven capacitance wave gages measured the wave profiles 
along the channel, and a Particle Image Velocimetry PIV system allowed to determine the 
velocity vector fields in the slide impact zone. 

The 211 conducted experiments resulted in highly nonlinear impulse waves in the range 
from intermediate to shallow-water with sparse to considerable fluid mass transport. Empiri-
cal formulas in the slide impact zone for the maximum wave amplitude including its period 
and location, the maximum wave height, the wave volume, and in the wave propagation zone 
for the wave amplitude and wave height decay were presented as a function of the seven 
governing parameters. The impulse product parameter P was identified as the relevant term in 
all these formulas consisting of the dominant slide Froude number, the relative slide thick-
ness, the relative slide mass, and the slide impact angle. The wave height was found to be in 
the average (5/4) times the wave amplitude resulting from both the wave maximum and the 
wave decay analysis. The wave celerity is therefore well described with the solitary wave 
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celerity. The slide impact angle affects the process over the cosine whereas the effect of the 
slide granulometry was found to be negligibly small. The presented formulas were confirmed 
with the 223 runs of the two previous studies resulting in improved correlations. The gener-
ated impulse waves were Stokes-, cnoidal-, solitary-, or bore-like which have different wave 
properties according to their wave theories. For 26 runs, the potential and the kinetic wave 
energies were determined with PIV allowing for a qualitative discussion. Further, complete 
data for numerical simulations including the slide profiles, the velocity vector fields, and the 
wave profiles were added for a glacier ice avalanche and for two crushed rock slide runs. 

The 1958 Lituya Bay case was used to validate the model approach and its parameters 
were applied to compare the maximum wave features and the wave decay with other models. 
This comparison between field data and the present model computations resulted in a good 
agreement. The discrepancies between the currently available hydraulic models are large, 
however, because of considerable scale effects in some models, the modelling of the slide as a 
rigid block or with granulate, or the application of different measurement systems or loca-
tions. The maximum wave amplitude from similar 2D tests as compared with the present 
study differ in the range of +6% and −34%, thereby excluding studies in the non-negligible 
scale effect range. The dimensionless quantities from 2D studies apply essentially to 3D 
studies, except for the additional parameters in 3D describing the wave propagation direction 
and the radial distance. The spatial wave propagation in 3D test results in a larger wave decay 
as compared with 2D tests. The results of the present study allow for a general estimation of 
the landslide generated impulse wave features as shown in a computational example. How-
ever, only numerical models or specific model case studies may cope with the wave transfor-
mation due to the reservoir bathymetry. 
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ZUSAMMENFASSUNG 
 
Grosse Wasserwellen in Ozeanen, Meeresbuchten, natürlichen oder künstlichen Seen werden 
durch Erdrutsche, Felsstürze, Uferinstabilitäten, Schneelawinen, Gletscherkalbungen oder 
Meteoriteneinschläge erzeugt. Diese so genannten Impulswellen sind insbesondere für den 
Alpenraum relevant aufgrund steiler Talflanken, dem Potential für grosse Rutschvolumina mit 
grossen Eintauchgeschwindigkeiten und der grossen Anzahl künstlicher Stauseen. Eine Im-
pulswelle wurde 1963 im Norditalien gelegenen Vajont generiert, überschwappte eine Stau-
mauer um mindestens 70 m und überflutete das Dorf Longarone; rund 2'000 Menschen kamen 
ums Leben. Obwohl die Anzahl Todesopfer durch solche dokumentierte Katastrophen ver-
mutlich 60’000 übersteigt, liegen bis heute nur limitierte Naturdaten vor. Dem Menschen 
verbleiben oft nur passive Massnahmen zur Schadensminderung. Dazu zählen Evakuationen 
oder die Absenkung des Wasserspiegels in Stauseen. Bemessungsverfahren zur präzisen 
Wellenabschätzung sind limitiert, weil der Effekt einer Einflussgrösse bei verschiedenen 
Studien manchmal widersprüchlich ist, die Modelldaten oft nicht allgemeingültig anwendbar 
oder durch eine grosse Streuung charakterisiert sind, oder die Einflussgrössen nicht systema-
tisch bzw. unabhängig voneinander variiert wurden. Zudem sind die Modelldaten oft ungenü-
gend dokumentiert und somit für den Numeriker schwer nachvollziehbar.  

Diese Dissertation soll das von Fritz (2002) begonnene und von Zweifel (2004) fortge-
führte Projekt zur Untersuchung der 2D Impulswellengenerierung abschliessen. Dabei wurde 
die Entstehung von Überwasser rutscherzeugten Impulswellen in einem unverzehrten hydrau-
lischen Modell basierend auf dem Modellgesetz nach Froude untersucht. Grosse Massstabsef-
fekte infolge Viskosität oder Oberflächenspannung wurden bei Ruhewassertiefen kleiner als 
0.200 m erwartet. Vier unterschiedliche granulare Rutschmaterialien wurden mit einem 
pneumatischen Rutschgenerator beschleunigt und erzeugten Impulswellen in einem Recht-
eckkanal von 11 m Länge, 1 m Höhe und 0.5 m Breite. Eine unabhängige Variation der sieben 
wichtigsten Einflussparameter wurde angestrebt. Diese Parameter sind die Ruhewassertiefe, 
die Rutschmächtigkeit, die Rutsch-Eintauchgeschwindigkeit, das Rutschvolumen, die Rutsch-
dichte, der Rutscheintauchwinkel und der Korndurchmesser; der Einfluss der zwei letzteren 
wurde gezielt in diesem Projekt untersucht während die ersten fünf bereits von den zwei 
Vorgängern erforscht wurden. Alle Messdaten wurden entlang der Kanalachse aufgenommen. 
Zwei Laserdistanzsensoren zeichneten die Rutschprofile unmittelbar vor dem Eintauchen auf, 
sieben kapazitive Wellenpegel nahmen die Wellenprofile im Wellenkanal auf und ein Particle 
Image Velocimetry PIV System erlaubte die Darstellung der Partikel-Geschwindigkeitsfelder 
im Rutscheintauchbereich. 

Die 211 Experimente resultierten in hoch nicht-linearen Impulswellen im Bereich von 
Übergangs- bis Flachwasser-Wellen mit geringem bis starkem Fluid-Massentransport. Empi-
rische Beziehungen im Rutscheintauchbereich für die maximale Wellenamplitude inklusive 
Periode und Lage, die maximale Wellenhöhe, das Wellenvolumen sowie im Wellenausbrei-
tungsbereich für die Wellenamplitude- und die Wellenhöhenabnahme wurden in Funktion der 
sieben Einflussparameter ermittelt. Der Impulsproduktparameter P wurde als massgebende 
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Grösse für alle oben erwähnten Beziehungen gefunden. Er besteht aus der dominanten Rut-
scheintauch-Froudezahl, der relativen Rutschmächtigkeit, der relativen Rutschmasse sowie 
dem Rutscheintauchwinkel. Die Wellenhöhe ist durchschnittlich (5/4) mal die Wellenampli-
tude was sowohl aus der Auswertung der Wellenmaxima als auch aus den Wellendämpfungen 
ersichtlich ist. Die Wellengeschwindigkeit kann daher in guter Näherung mit der Solitärwel-
lengeschwindigkeit beschrieben werden. Der Rutscheintauchwinkel beeinflusst den Prozess 
über den Cosinus wogegen der Effekt der Kornzusammensetzung vernachlässigbar klein ist. 
Die Berücksichtigung der 223 Versuche der zwei Vorgänger führte zu einer verbesserten 
Korrelationsgüte der ermittelten Gleichungen. Die untersuchten Impulswellen sind entweder 
Stokes-, Cnoidal-, Solitär- oder Bore-Wellenähnlich mit unterschiedlichen Eigenschaften 
entsprechend ihrer Wellentheorien. Für 26 Versuche wurden die potentielle und kinetische 
Wellenenergien mittels PIV bestimmt und qualitativ diskutiert. Des weiteren wurden voll-
ständige Datensätze für numerische Simulationen inklusive der Rutschprofile, den Partikel-
Geschwindigkeitsfeldern sowie den Wellenprofilen für eine Gletscherkalbung und zwei auf-
gelöste Felsrutsche dokumentiert. 

Das Ereignis in der Lituya Bay von 1958 wurde zur Kontrolle der Modellresultate heran-
gezogen und seine Einflussparameter dienten zudem als Berechnungsbasis zum Vergleich mit 
anderen Modellstudien bezüglich der Wellenmaxima und der Wellendämpfung. Der Ver-
gleich dieser Studie mit den Naturdaten führte zu einer guten Übereinstimmung. Die Unter-
schiede zwischen den verfügbaren hydraulischen Modellstudien sind gross. Die Gründe liegen 
in nicht vernachlässigbaren Massstabseffekten in einigen Studien, die Modellierung vom 
Rutsch als Festkörper oder mit Granulat sowie die Anwendung von unterschiedlichen Mess-
systemen oder Messlagen. Die maximale Wellenamplitude für ähnliche 2D Untersuchungen 
im Vergleich zu dieser Studie liegen im Bereich von +6% und −34%, abgesehen von For-
schungsprojekten im Bereich von beträchtlichen Massstabseffekten. Die dimensionslosen 
Grössen von 2D Studien sind im Wesentlichen auf 3D Studien anwendbar, falls von zusätzli-
chen 3D-Parametern bezüglich der Wellenausbreitungsrichtung und der radialen Distanz 
abgesehen wird. Die räumliche Ausbreitung der Wellen in 3D führt zu einer grösseren Wel-
lendämpfung im Vergleich zu 2D Untersuchungen. Die Resultate der vorliegenden Dissertati-
on ermöglichen eine allgemeingültige Abschätzung der Eigenschaften von rutscherzeugten 
Impulswellen, wie in einem Anwendungsbeispiel verdeutlicht wird. Hingegen lässt sich nur 
mit numerischen Modellen oder spezifischen Modellstudien die genaue Wellentransformation 
infolge der Reservoirgeometrie ermitteln. 
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1 INTRODUCTION 
 
On December 26, 2004, a tsunami in Southeast Asia was generated and devastated large 
coastal regions whereby up to 320,000 people perished or are still missing (Liu et al. 2005). 
Tsunami is a Japanese word composed of “tsu” meaning harbour and “nami” meaning wave. 
The word tsunami does not indicate the wave generation mechanism. Tsunamis are not only 
caused by earthquakes, but also by landslides, rock falls, glacier calvings, meteorite impacts, 
underwater explosions, volcanic eruptions, or gas blow-outs. Only landslide generated tsuna-
mis are addressed hereafter. Landslides may generate much higher waves than earthquakes 
but they decay faster, such as in 1958, in the Lituya Bay in Alaska, where a landslide gener-
ated wave reached a maximum run-up height of 524 m. However, at about 6 km from the 
impact zone the wave amplitude was only some 30 m according to eyewitnesses (Miller 
1960). 

Impulse waves include tsunamis generated in lakes or reservoirs and they belong to the 
group of surface gravity water waves. One of the most destructive impulse wave occurred in 
Vaiont, North Italy in 1963. A landslide with a volume exceeding two times the storage vol-
ume of an artificial reservoir slid into the water body. The generated wave overtopped the 
concrete dam by more than 70 m destroying the village Longarone. About 2,000 people per-
ished (Schnitter 1964). This was not a singular case; slides were responsible for about 10% of 
all dam failures according to Singh (1996). 
 

 
Figure 1.1 Wave generation mechanisms with subaerial, partially submerged, and underwater slide 

 
The wave generation mechanism of landslide generated impulse waves depends on the 

initial position of the slide relative to the still water surface, as shown in Figure 1.1. Three 
categories may be considered, namely (1) Subaerial landslide generated impulse waves in-
volving a three-phase phenomenon of solid, water, and air. The wave train front starts nor-
mally with a water surface elevation. In extreme cases, the water is separated from the slide 
surface and an impact crater is developed, as in the Lituya Bay case (Fritz et al. 2001);         
(2) Partially submerged slides are slower as compared with subaerial slides but may still 
cause a three-phase mixture flow. In the Vaiont case the landslide was partially submerged; 
and (3) Underwater, submarine, or subaqueous slides consisting of an identical volume as the 
two other types tends to much smaller impulse waves. This type involves only two phases, the 
air phase being absent. Underwater slide waves start normally with a water surface depres-
sion. The present study investigates only subaerial landslide generated impulse waves   
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(Figure 1.1). The results relating to waves due to partially submerged slides are non-
transferable to waves originating from underwater slides. 

Figure 1.2 shows the three main phases of the impulse wave phenomenon: (1) The wave 
generation zone or splash zone includes the slide impact into the water body, the slide run-
out, the water displacement, and the wave generation accompanied with the mixture flow of 
solid, water, and air; (2) The wave propagation zone includes the radial and the transverse 
wave spread, the air detrainment, the wave frequency dispersion, and the wave transforma-
tion. The wave propagation zone may be divided into the near field without and in the far 
field with equi-partition between the kinetic and the potential wave energies; and (3) The third 
phase including the wave transformation with decreasing water depth, the wave run-up along 
a shoreline or a dam, and a possible dam overtopping (Figure 1.2). The transition between 
these three phases is continuous, with the wave propagation zone even being absent for nar-
row reservoirs. The present study focuses on the wave generation process and the near field 
wave propagation in a rectangular wave channel. 
 

 
Figure 1.2 Phases of landslide generated impulse waves: (1) Wave generation, (2) wave propaga-

tion, and (3) wave run-up and dam overtopping 

 
For the Alpine environment subaerial landslide generated impulse waves are particularly 

relevant because of steep valley sides, large slide masses and impact velocities, and a large 
number of artificial reservoirs. Huber (1982) reviewed some 50 documented shore instabili-
ties and landslides generating impulse waves in Switzerland. A common trigger mechanism 
for slides is the pore pressure change due to a draw-down or a fast water level rise such as 
during the initial filling of a storage volume (Schuster and Wieczorek 2002). The Clyde dam 
in New Zealand is one of the examples where a human control stopped a creeping slide 
(Macfarlane and Jenks 1996). However, for most of such mass movements, only passive 
methods are available. These include evacuations, water level draw-down in artificial reser-
voirs, freeboard control, or blasting of possible slides. Blasting is only a solution for small 
slide volumes of up to 100,000 m3 (Müller and Schurter 1993). All previous methods require 
detailed knowledge of the wave features such as the wave height, the wave velocity, or the 
wave decay. The presently available prediction methods are currently not satisfactory. Alone 
in Italy there are more than 100 artificial basins where landslide risks exist and where the 
water level is kept below the maximum possible level. This results in an inefficient dam 
exploitation (Panizzo et al. 2005b). A scheme performance with a scale model is often too 
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expensive or not feasible within the short time limits. Analytical models are not able to cope 
with the wave generation process. Despite numerical simulations such as with Smoothed 
Particle Hydrodynamics SPH or the full Navier-Stokes equations show sometimes promising 
results (Quecedo et al. 2004; Falappi and Gallati 2007; among others), considerable calibra-
tion and validation data are required for a detailed numerical treatment.  

The impulse waves research is a core topic at the Laboratory of Hydraulics, Hydrology 
and Glaciology (VAW) of the Swiss Federal Institute of Technology (ETH). Several research 
studies and a number of consulting reports were presented in the last three decades, including: 

 
• Huber, A. (1980). Schwallwellen in Seen als Folge von Felsstürzen (in German). 
• Sander, J. (1990). Weakly nonlinear unidirectional shallow water waves generated by 

a moving boundary.  
• Müller, D. (1995). Auflaufen und Überschwappen von Impulswellen an Talsperren 

(in German). 
• Fritz, H. (2002). Initial phase of landslide generated impulse waves. 
• Zweifel, A. (2004). Impulswellen - Effekte der Rutschdichte und der Wassertiefe (in 

German).  
 

Huber (1980) initiated the systematic experimentation in both a wave channel (2D) and a 
wave basin (3D) with granular slide material. He investigated the wave generation, the wave 
propagation, and the wave run-up. Sander (1990) focused on the generation and propagation 
of nonlinear shallow-water waves both experimentally and numerically. Müller (1995) con-
ducted hydraulic experiments to the impulse wave run-up and the dam overtopping. Fritz 
(2002) initiated the present research project. He designed a pneumatic landslide generator 
allowing to vary independently all important parameters for the 2D impulse wave generation. 
Fritz (2002) applied Particle Image Velocimetry PIV to describe the velocity vector fields in 
the channel axis. Zweifel (2004) extended the test ranges of Fritz (2002) and in particular 
investigated the effects of the bulk slide density. 

The present study intends to complete the works of Fritz (2002) and Zweifel (2004) using 
the same hydraulic model. The main purpose are to (1) investigate the effect of the slide 
impact angle and the granulometry on the impulse wave generation, (2) provide empirical 
formulas for engineering purposes for the most important wave features such as the maximum 
wave amplitude, the wave height, or the wave decay as a function of the seven governing 
parameters, (3) classify the impulse wave types with existing theoretical models, and (4) 
provide a complete numerical validation and calibration data set including the slide profiles, 
the velocity vector fields in the slide impact zone, and the wave profiles.  

The present study is organised as follows. In Chapter [2] the theoretical background of 
water waves are introduced highlighting the four relevant nonlinear wave theories. Chapter 
[3] literature review discusses historical impulse waves and the relevant state-of-the-art. The 
research gaps are identified and the purposes of the present study are introduced. Chapter [4] 
physical model discusses the model similitude and introduces both the experimental setup and 
the measurement system. The experimental results are presented in Chapter [5] including a 
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general process overview with a single run. The results are divided in the slide impact zone, 
and the wave propagation zone. Empirical formulas for the most important wave features are 
established and confirmed with the data of Fritz (2002) and Zweifel (2004). A discussion of 
the results follows in Chapter [6] presenting the effects of the governing parameters and the 
measurement uncertainties. The results of the present study are also compared with the data of 
other model studies and field observations. The empirical equations are successfully applied 
to a calculation example. The summary of the main results and the outlook in Chapter [7] 
close the present study. 
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2 THEORETICAL BACKGROUND 

2.1 Introduction 

The classification of water waves is important to predict among others the wave celerity or the 
wave forces by means of a theoretical approach. Herein, only gravity surface water waves are 
discussed excluding e.g. capillarity effects [see 4.2.2.3]. With respect to the physical classifi-
cation, an idealised gravity water wave may behave as an oscillatory or a translatory wave 
(Le Méhauté 1976). A pure oscillatory wave transports in the average no fluid mass, whereas 
a pure translatory wave (e.g. a tidal bore) transports fluid mass in the travel direction of the 
wave. For the latter, the water particles move parallel to the bottom whereas they describe 
closed orbits for pure oscillatory waves. Most of the water waves are a composite of these two 
idealised types, e.g. wind waves. Further, water waves are shallow, intermediate, or deep-
water waves. For shallow-water waves, e.g. typically a tsunami, the whole water body is in 
motion whereas for deep water waves, e.g. wind waves in the open ocean, only the top layer 
moves. Shallow-water waves are affected by the sea bottom whereas deep water waves are 
not, therefore (Wiegel 1964). A specific water wave may change its type in time and space. 
For example, a wind wave in the open ocean is a deep-water wave, whereas it transforms to 
an intermediate and even a shallow-water wave in the shoaling region; after breaking it will 
further transform to a transient bore. Even in the VAW-model the wave type may change 
along the 11 m wave channel [see 5.4.5]. 

In the following Sections the mathematical wave theories are classified using the scheme 
as presented by Le Méhauté (1976). Further overviews on the wave theories were presented 
by Lamb (1945), Wehausen and Laitone (1960), Ippen (1966), Dean (1970), Mei (1983), or 
Dean and Dalrymple (2004), among others. Keulegan (1950), Wiegel (1964), the U.S. Army 
Corps of Engineering USCE (1977), and Sorensen (1993) presented the wave theories with a 
more practical background. Historical reviews of the wave theories were provided by 
Craik (1988), Sander and Hutter (1991), Darrigol (2005), and Grimshaw (2007). 

In Section [2.2] an overview on the wave theories according to Le Méhauté (1976) is pre-
sented. Section [2.3] discusses the linear or Airy wave theory whereas Section [2.4] presents 
the four most important nonlinear wave theories, namely the Stokes, cnoidal, solitary, and 
bore wave theories. These four nonlinear wave theories are relevant in this study [see 5.4.5].  
 

2.2 Theoretical wave classification 

Figure 2.1 shows an idealised wave in the (x; z) plane on a horizontal bottom with the basic 
parameters for the mathematical wave classification. The wave profile describes a sinusoid 
according to the linear wave theory [see 2.3]. The wave height H is defined from the wave 
trough to the wave crest whereas the wave amplitude a is only the fraction 
from the still water surface to the wave crest. The wave length L is defined from crest to crest, 
from trough to trough, from surface upcrossing to upcrossing or from surface downcrossing to 



2 THEORETICAL BACKGROUND Theoretical wave classification 

- 6 - 

downcrossing, as shown in Figure 2.1. The parameter c is the wave celerity and h is the still 
water depth. For a mathematical wave classification the relative wave height H/h, the wave 
steepness H/L, and the relative wave length L/h are important. Prior to 1953, the wave nonlin-
earity was only evaluated with the relative wave height H/h. According to Ursell (1953) this is 
an insufficient criterion. Additionally, the Ursell parameter U initially introduced by 
Korteweg and de Vries (1895) needs consideration 
 

U = (H/L)/(h/L)3 = HL2/h3. (2.1) 
 
Herein, the Ursell parameter is defined with the wave height H instead of the wave amplitude 
a according to Sorensen (1993). The Ursell parameter is the ratio of the nonlinear to disper-
sive effects. For U > 25 the cnoidal theory is applicable whereas the Stokes theory applies for 
U < 10. Both theories are equally valid for 10 ≤ U ≤ 25 (Sorensen 1993). For U → 0 the linear 
wave theory is appropriate and the solitary wave theory for U ≈ 1 (Miles 1980). 
 

 
Figure 2.1 Basic wave parameters illustrated for a pure oscillatory shallow-water sinusoidal wave 

(linear or Airy wave) with closed particle orbits 

 
Based on the underlying assumptions, the boundary conditions, and the mathematical ap-

proaches, different wave theories as sketched in Figure 2.2 result (Le Méhauté 1976). The 
derivation is principally based on the assumption of either hydrostatic (hyd.) or non-
hydrostatic (nhyd.) pressure distribution. The flow may further be assumed to be either irrota-
tional (irro.), i.e. following the potential theory, or rotational (ro.). The described waves are of 
oscillatory (osc.) or translatory (trans.) character [see 2.1]. On the left hand side of Figure 2.2 
the linear wave theory according to Airy (1845) is presented for which the parameters H/h and 
HL2/h3 are small. The linear wave theory is discussed in Section [2.3]. On the right hand side 
the nonlinear wave theories are shown. In contrary to the linear wave theory for which one 
system of equations applies over the whole wave range, from shallow (L/h > 20), intermediate 
(2 ≤ L/h ≤ 20), and deep-water (L/h < 2) waves, a number of nonlinear wave theories were 
proposed. The four most relevant nonlinear wave theories for impulse wave generation are 
marked in grey in Figure 2.2 and are discussed in Section [2.4]. According to USCE (1977) 
the solitary wave theory is applicable in practise for extreme shallow-water conditions near 
the break zone, the cnoidal wave theory for shallow-water, and the Stokes (small amplitude 
wave theory) or the Airy wave theory for intermediate to deep-water waves. Further recom-
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mended ranges for the different wave theories are discussed by Dean (1970) or 
Le Méhauté (1976). The landslide generated impulse waves investigated herein are highly 
nonlinear and in the range of intermediate to shallow-water waves with sparse to considerable 
fluid mass transport [see 5.3.7]. 

 

 
Figure 2.2 Mathematical water wave classification with linear and nonlinear wave theories and 

mathematical simplifications according to Le Méhauté (1976) with hyd. = hydrostatic 
pressure distribution, irro. = irrotational flow, nhyd. = non-hydrostatic pressure distribu-
tion, osc. = oscillatory wave, ro. = rotational flow, and trans. = translatory wave 

 
The general expression for the potential (subscript pot) energy Epot of a gravity surface 

water wave in a channel of width b is according to Ippen (1966) 
 

xgbE
L

wpot d)2/1(
0

2∫= ηρ . (2.2) 

 
In Eq. (2.2) ρw is the water (subscript w) density, g the gravitational acceleration, and η is the 
water surface displacement measured from the still water elevation. The general expression 
for the kinetic (subscript kin) energy Ekin of a gravity surface water wave is according to 
Ippen (1966) 
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with the water particle velocities vpx and vpz in the x- (subscript px) and the z-directions (sub-
script pz), respectively. Equations (2.2) and (2.3) are applied for the impulse wave energy 
determination in Subsection [5.3.5]. 
 

2.3 Linear wave theory 

The linear wave theory, i.e. the Airy theory, the linear long wave theory, first order small 
amplitude wave theory, or the sinusoidal wave theory all denote the same approach derived 
from Airy (1845). The theory is called linear because terms of higher order such as (H/L)2 are 
neglected in the derivation of the free surface, the pressure distribution, or the water particle 
velocity components (Dean 1970; Dean and Dalrymple 2004). The general range of validity is 
 

H/h < 0.03, and H/L < 0.006 (2.4) 
 
according to Fritz (2002) resulting in U → 0 [see 2.2]. The water particles describe closed 
orbits of circular or elliptical shape and are pure oscillatory waves with no fluid mass trans-
port, therefore. The linear wave theory may cover the whole range from deep, intermediate to 
shallow-water waves. The wave profile is characterised by a sinusoidal curve as shown in 
Figure 2.1, where the wave height H is exactly twice the wave amplitude a. According to 
Sorensen (1993) the free water surface η(x,t) is defined as 
 

( )txkHtx ωη −= cos
2

),( . (2.5) 

 
In Eq. (2.5) k = 2π /L is the wave number, ω = 2π /T the wave frequency with the wave period 
T, and t is the time. This wave theory is of highly practical value because it gives satisfactory 
results with a modest mathematical description even for waves which do not exactly satisfy 
Eq. (2.4) (USCE 1977; Müller 1995; Zanke 2002). The equations were derived with the po-
tential theory for a horizontal bottom geometry thereby postulating irrotational, frictionless, 
homogenous, and incompressible flow (Kundu and Cohen 2004). The linear wave theory is 
shown on the left hand side of Figure 2.2. The wave celerity c for linear waves may be ex-
pressed as 
 

⎟
⎠
⎞

⎜
⎝
⎛=

L
hgLc π

π
2tanh

2
2 . (2.6) 
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Figure 2.3 Square of the relative linear wave celerity c2/(gh) versus the relative wave length L/h for 

deep, intermediate, and shallow-water wave regions 

 
Figure 2.3 shows the square or the relative linear wave celerity c2/gh versus the relative wave 
length L/h. For shallow-water waves with L/h > 20, the wave celerity  
 

c = ( gh)1/2 (2.7) 

 
results from Eq. (2.6) as a first asymptote in Figure 2.3. The value of c is then only a function 
of the still water depth h. Linear waves in shallow-water travel with a celerity depending 
exclusively on the bottom topography, therefore. For deep-water waves with L/h < 2 Eq. (2.6) 
reduces to 
 

ππ 22
gTgLc ==  (2.8) 

 
with the wave period T = L/c. Equation (2.8) is shown in Figure 2.3 as the second asymptote. 
Accordingly, the wave celerity c in deep-water depends only on the wave period T. For inter-
mediate-water waves with 2 ≤ L/h ≤ 20, c depends on both the water depth h and the wave 
period T. Waves in the intermediate or the deep-water underlie a dispersion effect, with 
smaller waves travelling slower than do larger waves within a wave group. The wave energy 
transmission speed occurs with the group (subscript G) celerity cG. In shallow-water cG is 
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identical to Eq. (2.7) whereas for deep-water waves cG is only half of Eq. (2.8). An individual 
wave in a wave group in deep-water traverses the group and disappears on the group front; its 
energy is transformed to adjacent water particles (Bascom 1964). 

The wave energy for a linear (subscript lin) wave may be derived from the integration of 
Eqs. (2.2) and (2.3) according to Dean and Dalrymple (2004) as 

 
Epot,lin = (1/16)bρwgH 

2L = Ekin,lin. (2.9) 
 
For a linear wave the potential Epot,lin and the kinetic energies Ekin,lin are identical, therefore. 
The surface tension energy is thereby neglected (Yih 1997). For a water wave approximated 
with the linear wave theory only the wave profile must be known to evaluate the wave energy; 
the water particle velocity is not required, therefore. 
 

2.4 Nonlinear wave theories 

2.4.1 Introduction 
 
As compared with the linear wave theory, terms of higher order such as (H/L)2 are no longer 
neglected in the nonlinear wave theories. The wave profile is still periodic but the crests are 
more peaked and the troughs more flat as compared with the sinusoidal wave profile     
(Figure 2.1). The water particles describe no longer closed orbits, but orbits are open or the 
water particles even move parallel to the bottom. Nonlinear waves transport fluid mass, there-
fore. No nonlinear wave theory in Figure 2.2 covers the whole range from deep, intermediate, 
to shallow-water as does the linear wave theory. The stream function wave theory presented 
by Dean (1965) includes shallow, intermediate, and deep-water waves (Dean 1970). However, 
this numerical approach is not further considered in this mathematical classification. Herein, 
the four relevant nonlinear wave theories for impulse wave generation are discussed, namely 
the Stokes, cnoidal, solitary, and the bore wave theories. 
 

2.4.2 Stokes wave 
 
The small amplitude wave theory according to Stokes (1847) is based on potential flow (irro-
tational) with a non-hydrostatic pressure distribution (Figure 2.2). It is appropriate e.g. for 
wind waves in intermediate to deep-water. The influence of the channel bottom may be in-
cluded (Keulegan 1950); Stokes waves are steeper than sinusoidal waves (Figure 2.1). The 
wave profile is described with a power series, commonly to the fifth order. The water particles 
describe open orbits; the waves are oscillatory with a transient character and a small fluid 
mass transport, therefore (Zanke 2002). The range of the Stokes waves is defined according to 
Le Méhauté (1976) as 2 ≤ L/h ≤ 20 (Figure 2.2). However, Keulegan (1950) suggested for the 
Stokes waves of fifth order the limitation 
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L/h < 10. (2.10) 
 

Equation (2.10) applies for roughly U < 10 [see 2.2; Figure 2.2]. 
 

 
Figure 2.4 Stokes wave profile with the basic parameters and open particle orbits 

 
According to Dean and Dalrymple (2004) the free water surface η (x,t) of a second order 
Stokes wave is 
 

( ) ( )
( ) ( )( ) ( )( )txkkh
kh
khkHtxkHtx ωωη −++−= 2cos2cosh2

sinh
cosh

16
cos

2
),( 3

2

. (2.11) 

 
Figure 2.4 shows a fifth order Stokes wave profile where at is the distance from the still water 
surface to the wave trough (subscript t), and aa is the distance from the still water surface to 
the wave crest (subscript a). As compared with the linear wave in Figure 2.1, the Stokes wave 
profile has steeper crests and flatter troughs whereas it is still symmetrical about a vertical 
plane (Wiegel 1964). 
 

2.4.3 Cnoidal wave 
 
The cnoidal wave theory was developed by Korteweg and de Vries (1895). It is appropriate 
e.g. for wind waves in shallow-water. This wave type is derived under the assumption of a 
hydrostatic pressure distribution for the first order and non-hydrostatic pressure distribution 
for the second order approximation in combination with irrotational flow. It allows periodic 
waves to exist in shallow-water (Dean and Dalrymple 2004). It has mainly an oscillatory 
character (Figure 2.2), although fluid mass transport occurs. This wave type is especially 
appropriate for U > 25 [see 2.2] and according to Keulegan (1950) valid in the range of 
  

L/h ≥ 10. (2.12) 
 
The cnoidal wave theory is spanning the range between the solitary wave theory on the one 
hand (T → ∞) and the linear wave theory on the other hand (Wiegel 1960; Dean and       
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Dalrymple 2004). The free water surface η (x,t) of a cnoidal (subscript C ) wave according to 
Keulegan (1950) is 
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where xC is a convenient reference length without a geometrical significance (Keulegan 
1950). The name cnoidal is derived from the Jacobian elliptic function cn (Wiegel 1960). 
Figure 2.5 shows a cnoidal wave profile. The wave crest is larger than the wave trough and 
the wave trough portion is longer than both the wave crest and the sinusoidal wave trough 
portions (Figure 2.1). 
 

 
Figure 2.5 Cnoidal wave profile with the basic parameters and open particle orbits 

 

2.4.4 Solitary wave 
 
The solitary wave theory describes a wave which may be observed e.g. as a tsunami      
(Heller et al. 2005). As the name suggests, this wave type consists only of one water surface 
elevation and no depression. A historical review and some properties concerning solitary 
waves are provided by Miles (1980). Russell (1845) investigated solitary waves in a hydraulic 
model and derived some basic features. The theory of the solitary wave was independently 
derived by Boussinesq (1871) and Rayleigh (1876) under the assumption of non-hydrostatic 
pressure distribution and rotational flow (Figure 2.2). The solitary wave is translative involv-
ing a considerable fluid mass transport. For this wave type the nonlinearity, which tends to 
steepen the wave front, and the dispersion, which tends to spread the wave front are balanced 
resulting in a constant wave profile without damping along the travel distance in a horizontal 
channel of constant width b. Accordingly, the Ursell parameter results in U ≈ 1 (Ursell 1953). 
The solitary wave damping due to boundary layer friction in a rectangular wave channel not 
considered in the solitary wave theory was investigated theoretically by Keulegan (1950) and 
experimentally by Ippen and Kulin (1957), among others [see 4.2.2.2]. The solitary wave 
theory is a limiting case of the cnoidal wave theory with T → ∞ [see 2.4.3]. The free water 
surface profile η(x,t) according to Boussinesq (1871) is 
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The sech-function is defined as sech(x) = 1/cosh(x). The wave profile of a solitary wave is 
shown in Figure 2.6. It has no wave troughs, only one surface elevation of which the wave 
length L is theoretically infinite. 
 

 
Figure 2.6 Solitary wave profile with the basic parameters and horizontal particle movement 

 
The solitary wave celerity c according to Laitone (1960) is defined as 

 
2/1))(( ahgc += . (2.15) 

 
McCowan (1894) derived the ratio of wave height to still water depth h when wave breaking 
(subscript b) occurs as 
 

κ = Hb /h = 0.78 (2.16) 
 
with the wave height Hb at breaking. For a solitary wave the wave height H is identical to the 
wave amplitude a. The maximum water displacement prior to breaking is 1.78h, therefore. 
For details concerning the wave breaking see Appendix [C]. 

The potential solitary (subscript S) wave energy EpotS of Eq. (2.2) may be demonstrated to 
be 
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The kinetic solitary wave energy EkinS according to Eq. (2.3) is 
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The additional term in Eq. (2.18) for the kinetic energy as compared with Eq. (2.17) for the 
potential energy is smaller than 8% for a relative wave amplitude a/h < 0.5 (Li and 
Raichlen 2003). 
 

2.4.5 Bore wave 
 
The tidal bore and roller wave theory describes e.g. waves after plunging breaking in the 
shoaling region (Wiegel 1964; Heller et al. 2005). The system of equations is based on hydro-
static pressure distribution and irrotational flow (Figure 2.2). These are the same equations as 
for the moving hydraulic jump. A bore is a very shallow-water wave with fluid mass transport 
(Le Méhauté 1976). According to Madsen and Svendsen (1983), bores and hydraulic jumps 
are nearly equivalent flows. A hydraulic jump is a steady phenomenon whereas a bore is an 
unsteady transition from a lower level to a higher water level propagation into quiescent 
water. The wave profile is evaluated with the momentum, the continuity, and the characteris-
tic equations (Le Méhauté 1976). The wave profile of a bore is shown in Figure 2.7. It typi-
cally consists of a steep front and a flat portion behind the wave crest. The water particles 
move in the propagation direction of the bore.  
 

 
Figure 2.7 Bore wave profile with the basic parameters and horizontal particle movement 
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2.5 Summary 

The relevant theoretical background of gravity-influenced water waves was introduced. The 
basic wave parameters such as the wave height or the wave length as well as the potential and 
kinetic wave energies were presented. Shallow-water waves activate the whole fluid column 
from the bottom to the water surface, for deep-water waves only the top layer is in motion, 
whereas intermediate-water waves are located between these two types. Oscillatory waves do 
but periodic waves do not transport fluid mass. Waves are theoretically classified into linear 
and nonlinear waves depending on whether higher order terms are neglected or not. The 
landslide generated impulse waves investigated herein are highly nonlinear and range from 
intermediate to shallow-water with sparse to considerable fluid mass transport. The linear or 
Airy wave theory describes the wave features including the wave celerity or the water particle 
velocity of small sinusoidal waves based on the potential theory. The linear theory is applica-
ble for the entire range from deep to shallow-water waves. It is often applied in practice be-
cause it yields solutions which do not strictly satisfy the basic criteria and because of its sim-
plicity. For more detailed investigations, a number of nonlinear wave theories were developed 
to cover the range from deep to shallow-water waves. The relevant nonlinear approaches for 
this study are the Stokes, cnoidal, solitary, and bore wave theories for which the wave profiles 
and the basic wave features were discussed. 
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3 LITERATUR REVIEW 

3.1 Introduction 

Landslides may generate water waves of several hundreds of meters. Some of the most de-
structive historical landslide generated impulse waves are mentioned in Section [3.2].     
Section [3.3] introduces a number of physical model studies divided into block models, granu-
lar slide models, and related models such as piston type models which are relevant for slide 
volumes in excess of the water volume. Subaerial and underwater landslide generated im-
pulse waves behave differently (Heinrich 1992) including other dimensionless quantities for 
the latter. Studies dealing with underwater landslides are of small relevance for the present 
investigation and are only shortly discussed in Subsection [3.3.4] together with the mathe-
matical and numerical models. For a comprehensive literature overview on tsunamis in gen-
eral, it is referred to Wiegel (2006a; b) with several thousand bibliographical entries.  

Figure 3.1(a) shows the governing parameters for the 2D impulse wave generation in the 
(x; z) plane. The slide is characterised by the slide thickness s, the slide length ls, the slide 
impact velocity Vs, the bulk slide volume Vs or the slide grain volume Vg, the slide mass ms, 
the bulk slide porosity n, the bulk slide density ρs, the grain diameter dg, the slide front angle 
φ, and the slide width b as shown in Figure 3.1(b). For granular slide models the grain density 
ρg is not identical to the bulk slide density ρs because of the granular slide character, whereas 
they are identical for block models [see 4.3.4]. The impulse waves are characterised by the 
water surface displacement η, the maximum wave height HM and the wave amplitude aM, and 
the wave celerity c. Of further relevance are the still water depth h and the slide impact angle 
α. The governing dimensionless quantities are detailed in Subsection [4.2.1]. 3D models are 
based on the same parameters as 2D models except for the wave propagation angle γ  and the 
radial distance r replacing the streamwise coordinate x, as shown in Figure 3.1(b). 
 

 
Figure 3.1 Definition of the governing parameters and the impulse wave characteristics for            

(a) 2D and (b) additional parameters for 3D impulse wave generation 
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3.2 Historical impulse waves 

To classify and to expand the physical model parameters in terms of prototype events, the 
characteristics of historical landslide generated impulse waves and their influence parameters 
were analysed. The physical model results should be applicable for as much prototypes as 
possible. Some of the most destructive subaerial and partially submerged landslide generated 
impulse waves from the last 250 years are shown in Table 3.1. The data are from Slingerland 
and Voight (1979), Fritz (2002), Ward and Day (2003), and Panizzo et al. (2005a). Besides 
the date, the location, the slide material, and the governing parameters Vs, α, and h, the slide 
run-up height R and the number of fatalities are included in Table 3.1. The Lituya Bay case 
provided a basis for both the comparison of the present with other model studies and the 
calculation example [see 6.3; 6.4; 6.5]. 
 

Table 3.1 Some historical subaerial and partially submerged landslide generated impulse waves in 
AL = Alaska, IT = Italy, IN = Indonesia, JP = Japan, NW = Norway, P = Peru, PNG = 
Papua New Guinea, and USA = United States of America from Slingerland and Voight 
(1979) (S & V 1979), Fritz (2002), Ward and Day (2003) (W & D 2003), and Panizzo et 
al. (2005a) (P et al. 2005) 

date, location material parameters effects reference 

    Vs [m3], α [°], h [m] R [m], fatalities   
22.02.1756, Tjelle (NW) granite gneiss 15 × 106,   > 25,     > 200 46,      38 S & V (1979) 
21.05.1792, Shimabara (JP) volcanic debris 500 × 106,    10,        64 10,   > 15,000 S & V (1979) 
27.08.1883, Krakatau (IN) pyroxene/basalt -,                   -,          - 35,       36,000 Fritz (2002)  
13.03.1888, Ritter Island (PNG) basalt/andesit 5000 × 106,  10 - 15, 1000 20,    > 100 W & D (2003) 
04.07.1905, Disenchantment Bay (AL) glacier ice 29 × 106,      28,        80 35,       0 S & V (1979) 
07.04.1934, Tafjord (NW) gneiss 2 - 3 × 106,   60,     > 200 62,       41 S & V (1979) 
13.09.1936, Ravnefjell (NW) gneiss 1 × 106,        25,     < 60 74,       73 S & V (1979) 
09.07.1958, Lituya Bay (AL) schist 31 × 106,      40,        122 524,     2 S & V (1979) 
22.03.1959, Pontesei reservoir (IT) silt/clay debris 5 × 106,      ≈ 5,          47 -,          1 P et al. (2005) 
09.10.1963, Vaiont reservoir (IT) limestone 240 × 106,     0 - 40,   50 270,  ≈ 2000 S & V (1979) 
18.03.1971, Yanahuin Lake (P) limestone 0.1 × 106,      45,        38 30,       400 - 600 S & V (1979) 
18.05.1980, Mount St. Helens (USA) rock 430 × 106,      -,          - 200,      0 Fritz (2002)  

 
Most of the landslide generated impulse waves are by far not as destructive as shown in  
Table 3.1. For example, in Greenland, calving glaciers generate impulse waves of several 
meters height each few minutes which are not even noted (personal communication of 
Dr. E. Christiansen, Qaarsut). Further, Schuster and Wieczorek (2002) noted about 46 cases 
where landslides occurred after a sudden water-level change in artificial dams. For Switzer-
land, Huber (1982) summarised about 50 documented shore instabilities and landslides of the 
past 600 years which reached a water body and generated impulse waves. More than 500 
perished during these events. 
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The main conclusions from Table 3.1 and the literature review on historical cases may be 
summarised as follows: 
 

• Combined documented human death toll probably exceeds 60,000 (Table 3.1) 
• Properly monitored field data are difficult to obtain because of the unexpected and 

disastrous nature of the slides (Kamphuis and Bowering 1972) 
• No detailed information on wave heights in the near field of historical cases are avail-

able; field data are limited to wave heights measured far away form the slide impact 
zone, wave run-up heights are deduced from the destroyed vegetation, or the slide de-
posit geometry 

• Run-up heights up to R = 524 m were observed in recorded history (Lituya Bay case) 
• Some of the historical cases happened unexpected (Lituya Bay case) whereas enough 

time would have been available for some cases to react with evacuations or even with 
a lowering of the sea level in artificial reservoir (Vaiont case) 

• Possible landslide triggers are precipitation, changes in surface levels of water bodies 
adjacent to slopes (e.g. Vaiont case), seismic activity (e.g. Lituya Bay case), volcanic 
eruptions (e.g. Mount St. Helens case), erosion, or failure of natural dams (Schuster 
and Wieczorek 2002) 

• A common trigger of landslides is a change of the pore pressures during the first-
filling or the sudden draw-down of an artificial reservoir (Schuster and Wieczorek 
2002) 

• The governing parameters are difficult to estimate after an event 
• The mean bulk porosity n of debris avalanche deposits vary typically between 30% 

and 40% (Fritz 2002) 
• The landslide volume Vs may exceed the volume of the water body (Vaiont case) 
• The bulk slide volume Vs increases in general with decreasing slide impact angle α 

(Table 3.1) 
• Subaerial landslides are generally much smaller than underwater slides which may 

reach 20,000 km3 according to Hampton et al. (1996) 
• Landslides may propagate from very slowly (3 to 5 minutes duration in the Pontesei 

case; Caratto et al. 2002) to very fast (Vs = 92 m/s in the Lituya Bay case; see 6.3) 
• Slide impact velocities of up to Vs = 150 m/s are possible resulting in slide Froude 

numbers F = Vs/(gh)1/2 of up to 5 (Fritz 2002) 
• Grain (subscript g) densities range from ρg ≈ 850 kg/m3 for ice to ρg ≈ 2,700 kg/m3 

for granite gneiss 
• The slide impact angle α may cover the whole range from 10° to 90° (Slingerland and 

Voight 1979) 
• There is a definite need to better predict landslide generated impulse waves (Fritz 

2002; Panizzo et al. 2005a) 
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3.3 Model investigations 

3.3.1 Introduction 
 
The wave features of subaerial landslide generated impulse waves base on a large number of 
parameters [see 4.2.1]. Experiments were based on different degrees of simplifications. In 
general, model studies use a constant still water depth h thereby neglecting effects due to a 
variable bottom topography. Block models neglect the bulk slide porosity n and generally 
overestimate the wave amplitude as compared with granular slide models (Zweifel 2004). 
Experiments in a 2D wave channel neglect the spatial impulse waves propagation in the y-
direction and underestimate the wave height damping as compared with 3D models (Huber 
1980). 
 

Table 3.2 Experimental model studies of subaerial or partially submerged landslide generated im-
pulse waves with model type, main dimensions, and notes with CS = case study, MM = 
mathematical model, NM = numerical model, NSE = Navier-Stokes equations, PIV = 
particle image velocimetry, PS = parameter study, SPH = smoothed particle hydrodynam-
ics, RWG = Russell’s wave generator, and WT = wavelet transform 

study model type channel/basin notes 
    length [m] × b [m] × h [m]   

Russell (1837) 2D block model (RWG) 6.1 × 0.3 × 0.09 to 0.14 solitary wave investigation 
Johnson and Bermel (1949) 3D block model - × - × 0.24 PS 
Wiegel (1955) 2D block model 18.3 × 0.9 × 0.15 to 0.61 subaerial/underwater slides 
Law and Brebner (1968) 2D block model 9 × 0.7 × - PS 
Noda (1970) 2D block model (RWG) 32 × 0.3 × 0.15 to 0.61 MM, wave type classification 
WCHL (1970) 3D  60 × 30 × - CS Mica Reservoir 1:300 
Wiegel et al. (1970) 2D block model (RWG) 32 × 0.3 × 0.15 to 0.61 PS 
Kamphuis and Bowering (1972) 2D block model 45 × 1 × 0.23 to 0.46 dimensional analysis, PS 
Davidson and Whalin (1974) 3D bags filled with iron 17.4 × 12.2 × - CS Libby Dam 1:120 
Slingerland and Voight (1979) divers divers state-of-the-art 
Huber (1980) 2D slide model 30.4 × 0.5 × 0.12 to 0.36 PS, about 1000 runs 
Huber (1980) 3D slide model 6 × 10 × 0.12 to 0.36 PS 
Heinrich (1992) 2D block model 20 × 0.55 × 0.2 to 1.2 NM (Nasa-Vof2D) 
Bukreev and Gusev (1996) 2D block model (RWG) 4.3 × 0.2 × 0.04 to 0.08 qualitative description 
Huber and Hager (1997) 2D/3D slide model see Huber (1980) data reanalysis of Huber (1980) 
Monaghan and Kos (2000) 2D block model (RWG) 9 × 0.4 × 0.116 to 0.288 NM (SPH) 
Fritz et al. (2001) 2D slide model 2 × 0.5 × 0.18 CS Lituya Bay 1:675, PIV 
Fritz (2002) 2D slide model 11 × 0.5 × 0.3 to 0.675 PS, PIV 
Panizzo et al. (2002) 2D block model (RWG) 4 × 0.11 × 0.06 to 0.23 preliminary study for 3D, WT 
Fritz et al. (2003) 2D slide model see Fritz (2002) PIV data of Fritz (2002) 
Monaghan et al. (2003) 2D block model 7 × 0.4 × 0.15 to 0.25 NM (SPH) 
Walder et al. (2003) 2D block model 1 × 0.285 × 0.051 to 0.13 PS 
Fritz et al. (2004) 2D slide model see Fritz (2002) wave properties of Fritz (2002) 
Panizzo (2004) 2D block model (RWG) see Panizzo et al. (2002) NM (SPH) 
Zweifel (2004) 2D slide/block models 11 × 0.5 × 0.15 to 0.60 PS, comparison block/slide 
Panizzo et al. (2005b) 3D block model 12 × 6 × 0.4 and 0.8 PS 
Fernandes de Carvalho 2D block model of 12 × 1 × 0.3 to 0.55 NM (Boussinesq and NSE) 
and Antunes do Carmo (2006) several small blocks   
Zweifel et al. (2006) 2D slide model see Zweifel (2004) summary of Zweifel (2004) 
Heller et al. (2007) 2D slide model 11 × 0.5 × 0.075 to 0.60 study of scale effects 
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Table 3.2 includes studies in which subaerial landslide generated impulse waves were in-
vestigated. The model types with the main dimensions are given in Table 3.2. The purposes of 
the studies were governing parameter influence investigations (PS) or a validation of mathe-
matical (MM) as well as numerical models (NM). Table 3.2 shows no specific case studies 
(CS) except for the investigation of the Western Canada Hydraulic Laboratories WCHL 
(1970) and Davidson and Whalin (1974) whose data were applied by Slingerland and Voight 
(1979) for a general estimation of the maximum wave height [see 3.3.3.2] and Fritz et al. 
(2001). 

From Table 3.2 the model studies may be divided into 2D [see 3.3.2.1] and 3D 
[see 3.3.2.2] block models and 2D [see 3.3.3.1] and 3D [see 3.3.3.2] granular slide models. 
Related models are presented in Subsection [3.3.4]. These are piston type models relevant for 
large landslides as in the Vaiont case, mathematical, numerical, and underwater landslide 
generated impulse waves models. An identical notation was used herein for the block and the 
slide parameters. These data are compared with the data of the present study in Chapter [6]. 

 

3.3.2 Block models 
 

3.3.2.1 2D block models  
 
The experiments of Russell (1837) may be interpreted as the origin of the landslide generated 
impulse wave research. In his experiments, a box at the end of a wave channel was vertically 
dropped to produce solitary waves, as shown in an experiment of Panizzo et al. (2002) in 
Figure 3.5(a). Russell (1837) concluded that the wave volume is identical to the initial water 
displacement and that a solitary wave of amplitude a travels with the celerity 
 

c = ( g (h + a))1/2. (3.1) 
 
This conclusion was theoretically confirmed later [see 2.4.4]. A number of investigators 
repeated Russell’s experiment to investigate the effect of the basic parameters on impulse 
wave generation (Bukreev and Gusev 1996; Panizzo et al. 2002), to verify mathematical 
models (Noda 1970; Wiegel et al. 1970), or to validate numerical simulations under well-
defined initial and boundary conditions (Monaghan and Kos 2000; Panizzo 2004). 

The Russell (1837) wave generator (RWG) of Bukreev and Gusev (1996) was applied to 
small still water depths h = 0.04 m to 0.08 m to describe the phenomenon qualitatively. The 
purpose of Panizzo et al. (2002) was a pre-study for 3D model tests. Further, they applied the 
wavelet transform (WT) to analyse the water level surface records. This technique provided a 
wave energy distribution in the time-frequency domain. 

Wiegel et al. (1970) compared their experimental data with the mathematical models of 
Kranzer and Keller (1959) and Kajiura (1963). Oscillatory, solitary, and bore waves resulted 
from the study of Wiegel et al. (1970). They observed a wave height decay for oscillatory 
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waves of H(x)/h ∝ x–1/5, as shown in Figure 3.2, with the distance Δz between the original box 
bottom position and the still water surface. The theoretical solution of Kranzer and Keller 
(1959) resulted in H(x)/h ∝ x–1/3 and overestimated the wave height decay. A comparison of 
scale series consisting of two relative wave profiles η/h at X = x/h = 2.5 and X = 10 with still 
water depths of h = 0.61 m and 0.15 m resulted in negligible scale effects for h ≥ 0.15 m. 

 

 
Figure 3.2 Relative oscillatory wave height decay H(x)/h versus x [m] with H(x)/h ∝ x–1/5 from ex-

periments, and H(x)/h ∝ x–1/3 according to the theoretical solution of Kranzer and Keller 
(1959) (Wiegel et al. 1970) 

 
Noda (1970) conducted experiments in the same wave channel as did Wiegel et al. (1970). 

These tests aimed for a theoretical derivation based on the linear wave theory under irrota-
tional and incompressible flow. He considered only wave propagation, but not the wave gen-
eration zone. The slide kinetics and the velocity-time history of the landslide had to be known 
to apply the linear model. The maximum wave amplitude damping was solely a function of 
the box (subscript s) Froude number F = Vs/(gh)1/2 and the relative distance X = x/h. Based on 
the model tests, Noda (1970) found four waves types as a function of F and the relative slide 
thickness S = s/h. These are shown in Figure 3.3, namely the oscillatory, the non-linear tran-
sient, the solitary wave, and the bore regions. The linear theory was only valid for wave pro-
files in the oscillatory region. Nevertheless, Noda (1970) proposed to estimate the maximum 
(subscript M ) wave height HM of all these wave types with his linear model even if the wave 
profiles were ill-described. The primary wave was always the largest and the maximum wave 
amplitude was sometimes not developed until some distance away from the impact region. 
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Figure 3.3 Wave type classification (a) slide Froude number F = Vs/(gh)1/2 versus relative slide 

thickness S = s/h and (b) corresponding wave profiles (Noda 1970) 

 
A number of 2D block models were conducted under more realistic conditions than a 

square box impinging a water body with a slide impact angle α = 90°. A first study was con-
ducted by Wiegel (1955) for both rigid bodies released vertically and on an incline into the 
wave channel. Larger slide densities ρs generated larger wave heights and Wiegel (1955) 
noted a significantly dispersive wave character. Kamphuis and Bowering (1972) implemented 
experiments in a wave channel of 45 m length, 1 m width, and with still water depths 
h = 0.23 m to 0.46 m, as shown in Table 3.2. The wave profiles were measured at x = 3.35 m, 
9.45 m, and 17.1 m. The slide was modelled with a tray of defined weight rolling down a 
ramp from different heights with a constant density ρs and porosity n = 0. The slide impact 
angles ranged from α = 20° to 90°. Beside h and α they varied the slide dimensions, the slide 
impact velocities Vs, and the slide front angles φ (Figure 3.1(a)). Based on a dimensional 
analysis the relevant dimensionless parameters of the 2D impulse wave generation were 
identified as  

 
a/h = function(F, ls/h, S, α, φ, n, D, X, Tr). (3.2) 
 

In Eq. (3.2) the slide Froude number F = Vs/(gh)1/2, the relative slide length ls/h, the relative 
slide thickness S = s/h, the slide impact angle α, the slide front angle φ, the bulk slide porosity 
n, the relative slide density D = ρs/ρw with the water (subscript w) density ρw, the relative 
streamwise distance X = x/h, and the relative (subscript r) time Tr = t(g/h)1/2 with the time t are 
relevant. Equation (3.2) neglects viscous effects [see 4.2.2]. Kamphuis and Bowering (1972) 
combined the equivalent 2D slide volume per unit width to (ls/h)S. The two dimensionless key 
quantities on impulse wave generation were found to be F and (ls/h)S, whereas the slide im-
pact angle α had a subordinate effect. They observed the creation of a relatively stable (sub-
script st) wave height Hst/h within a relative distance X = 80 if the parameter ranges were 
confined to 0.05 < (ls/h)S < 1.0, S ≥ 0.5, (α + φ) ≥ 90°, and α ≈ 30° as 
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However, unstable wave heights resulted for some experiments. The parameter Hst decreased 
for small and increased for large slides with the angle (α + φ). The wave height decay H(x) 
decreased exponentially with distance from the impact zone if the parameter ranges were 
0.1 < (ls/h)S < 1.0 and 10 ≤ X ≤ 48 as 
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h
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h

xH st /08.0exp35.0 −+= . (3.4) 

 
Kamphuis and Bowering (1972) described the wave speed of the highest wave in a wave train 
with the solitary wave celerity from Eq. (3.1). Between 10% and 50% of the kinetic slide 
energy was converted to wave energy whereas only about 10% to 20% of the energy was 
transformed for vertical drop experiments.  

Law and Brebner (1968) conducted similar experiments with a roller-bearing mounted 
tray in a 2D wave channel. The hill slope angle ranged from α = 18° to 25°. They found that 
the wave height damps as H(x) ∝ x–1/2. The effect of the slide front geometry was negligible 
as compared with other parameters. The wave celerity was described with Eq. (3.1). The 
experiments of Kamphuis and Bowering (1972) resulted in better and more useful correlations 
than of Law and Brebner (1968) according to Slingerland and Voight (1979), and the results 
of Law and Brebner (1968) are therefore not reproduced in detail herein.  

Walder et al. (2003) generated impulse waves with still water depths of h = 0.051 m, 
0.09 m, and 0.130 m. Only the slide impact zone was investigated and the wave properties 
were recorded with a camera. The block density was ρs = 2,900 kg/m3 and the slide impact 
angles varied from α = 11.2° to 19.5°. Walder et al. (2003) applied a scaling analysis based on 
the Euler equations resulting in the governing dimensionless quantities (1) the vertical slide 
Froude number Fsinα, (2) the relative slide volume V = Vs/bh2, and (3) the relative time of 
underwater landslide motion Ts = ts(g/h)1/2 in analogy to underwater landslide generated im-
pulse waves (Watts 2000). The time of underwater landslide motion ts considers the splash 
zone dynamics on the process. The relative maximum wave amplitude was determined with a 
coefficient of determination R2 = 0.66 as 
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The influence of the factor Fsinα was negligibly small. Walder et al. (2003) compared their 
data concerning the relative maximum wave amplitude aM /h with the data from Kamphuis 
and Bowering (1972) and Huber (1980). The agreement was satisfactory. The time ts de-
pended only on the relative slide length ls/h and was expressed as Ts = 4.8(ls/h)0.4.  



3 LITERATUR REVIEW Model investigations 

 - 25 - 

Parallel to empirical or mathematical studies, numerical models became more and more 
popular during the last two decades. Block models were ideal because of well defined initial 
and boundary conditions for the wave generation phenomenon. Even the experiment of   
Russell (1837) was repeated by Monaghan and Kos (2000) and Panizzo (2004). Heinrich 
(1992) modelled the slide with a solid triangular body rolling down an incline of α = 45°. The 
slide density ρs was variable and the still water depths were in the range of 
0.20 m ≤ h ≤ 1.20 m. He simulated the tests using Nasa-Vof 2D, which solved the complete 
incompressible Navier-Stokes equations by a finite difference method. Figure 3.4 shows an 
example of his numerical simulation, including the velocity vector field in Figure 3.4(a) and a 
comparison of the simulated water surface displacement with the experimental data in the 
propagation zone at x = 8 m. The numerical simulation was essentially in agreement with the 
dominant primary impulse wave whereas the wave train was less exactly modelled. 
 

 
Figure 3.4 Numerical simulation with Nasa-Vof 2D (a) impact zone with velocity vectors and (b) 

comparison with the experimental data in the propagation zone at x = 8 m (Heinrich 
1992) 

 
Fernandes de Carvalho and Antunes do Carmo (2006) conducted 18 experiments in a 

wave channel of 12 m length, b = 1 m width, and 1 m height. The slide was modelled with 
several calcareous blocks of density ρs = 2,376 kg/m3 and porosity n ≈ 40%. The hill slope 
angles were α = 30.7° and 39.5°. Two volumes were considered namely Vs = 0.081 m3 and 
0.169 m3 whereas the still water depths were in the range 0.3 m ≤ h ≤ 0.55 m, resulting in 
slide Froude numbers F = 0.3 to 1.3. The wave profiles were recorded with wave probes at 
x = 2 m, 4 m, 6 m, and 8 m. The qualitative results were similar to those of Fritz et al. (2004). 
The main purpose of the study of Fernandes de Carvalho and Antunes do Carmo (2006) was a 
comparison with two numerical models, based on the Boussinesq-type equations and on the 
2D Reynolds-averaged Navier-Stokes equations coupled with a Volume-of-fluid method. The 
numerical models slightly overestimated the wave amplitudes and troughs. In general, the 
second model provided better results as compared with the laboratory measurements. 

The Russell (1837) wave generator of Monaghan and Kos (2000) produced waves in still 
water depths h = 0.116 m, 0.210 m, and 0.288 m. The s = 0.3 m thick, 0.39 m wide, and 
ls = 0.4 m long box was initially located 0.005 m below the water surface to prevent splash. 
The box density was ρs = 816 kg/m3. Monaghan and Kos (2000) observed a solitary wave due 
to the displacement of the water and a reverse plunger which resulted in a strong vortex close 
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to the box. Their numerical model was based on the Lagrangian particle method Smoothed 
Particle Hydrodynamics (SPH). Originally tailored for astrophysical gas dynamics problems 
this method is currently applied for incompressible fluid flows (Monaghan 1992). Monaghan 
and Kos (2000) simulated the entire process of wave generation and vortex formation. Their 
results concerning the wave amplitude deviated less than 20% from laboratory experiments. 
Discrepancies originated mainly from the flow through the gaps between the box and the 
channel walls which were not modelled in the 2D-SPH code. By a combination of dimen-
sional analysis, numerical simulations, and considerations of the box and solitary wave ener-
gies Monaghan and Kos (2000) obtained for the relative amplitude of the primary (subscript 
P) wave 
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Panizzo (2004) repeated the Russell (1837) experiment and simulated it with SPH similar 

to Monaghan and Kos (2000). Figure 3.5(a) shows the wave generation in the physical model 
and Figure 3.5(b) the numerical simulation at t = 0.24 s. The interaction between the box and 
the fluid flow including the splash generation is optically in a good agreement. 

 

 
Figure 3.5 Russell’s (1837) wave generator with splash generation (a) in the hydraulic model and (b) 

in the numerical simulation with SPH (Panizzo 2004) 

 
Monaghan et al. (2003) modified their experimental set-up from Monaghan and Kos 

(2000) using a rectangular box impacting the water body with a constant slide angle α = 15° 
at a slide density of ρs = 3,050 kg/m3. The slide impact velocity varied from Vs = 0.5 m/s to 
2.5 m/s and three still water depths h = 0.15 m, 0.21 m, and 0.25 m were tested. They com-
pared the maximum wave amplitude aM of the primary wave with their 2D-SPH code result-
ing in a good agreement for some experiments. However, the numerical model overestimated 
the wave amplitude of the primary wave by typically 10%, whereas differences of up to 50% 
were observed for high slide impact velocities. The sliding friction coefficient between the 
box and the ramp was identified as a key parameter for the SPH model. The discrepancies 
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between the two models were again explained with the flow in the gaps under and on the sides 
of the box, in addition to the neglect of air entrainment. Monaghan et al. (2003) stated that 
deviations of less than 10% between the numerical and physical model data would require an 
extraordinary amount of work.  
 

3.3.2.2 3D block models  
 
For 3D block models the relative streamwise distance X = x/h is replaced by the relative radial 
distance r/h, and the wave propagation direction angle γ is an additional parameter as com-
pared with a 2D model (Figure 3.1(b)). Johnson and Bermel (1949) conducted experiments in 
an axial symmetric wave basin where metal discs impacted a reservoir of still water depth 
h = 0.24 m. The wave amplitude decay was found to be a(r)/h = 2.5(h/r) and 
a(r)/h = 3.63(h/r) for two tests of Johnson and Bermel (1949) presented by Slingerland and 
Voight (1979). The wave amplitude decay was proportional to a(r) ∝ r−1, therefore. 

Panizzo et al. (2005b) conducted experiments in a rectangular wave basin where a block 
impacted the water body in one corner thereby simulating one fourth of the entire reservoir by 
assuming symmetry. The landslides were modelled with rectangular shaped trolleys of poros-
ity n = 0 and a slide density ρs = 2,200 kg/m3. The still water depths were h = 0.40 m and 
0.80 m and the hill slope angles α = 16°, 26°, and 36°. The wave profiles were measured with 
wave gages. Panizzo et al. (2005b) identified the relative time of underwater landslide motion 
Ts as a key parameter for describing the impulse wave features according to Walder et al. 
(2003). The relevant dimensionless quantities were bs/h2, F, sinα, cosγ, r/h, and Ts = ts(g/h)1/2 
expressed empirically as 
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The wave type classification of Panizzo et al. (2005b) was based on the wavelet transform 
analysis by distinguishing waves of linear, transient, and solitary character where the wave 
nonlinearity increased with both bs/h2 and F. They found for the relative wave height decay 
with a coefficient of determination R2 = 0.79 
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The wave height damping was proportional to H(r, γ ) ∝ r 

–
  

0.44, therefore. Panizzo et al. 
(2005b) further found empirical expressions for the maximum wave period, the primary wave 
height, and the primary wave period. The relative wave height H /h increased with decreasing 
slide impact angle α. They compared their results with the data of Kamphuis and Bowering 
(1972), Huber and Hager (1997), Walder et al. (2003), and Fritz et al. (2004). Figure 3.6 
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compares the data from Panizzo et al. (2005b) with the 2D data from Fritz et al. (2004) in 
Figure 3.6(a) and the 3D data from Huber and Hager (1997) in Figure 3.6(b), respectively. 
Note that ts was neither measured in the study of Huber and Hager (1997) nor in the study of 
Fritz et al. (2004) such that Panizzo et al. (2005b) estimated ts for these two studies. The 
relative maximum wave amplitudes aM/h were typically of a factor 5 to 10 overestimated in 
the 2D experiments of Fritz et al. (2004) as compared with their own data. The comparison 
with the 3D formula of Huber and Hager (1997) for the relative maximum wave height HM/h 
resulted in an overestimation of the formula from Huber and Hager (1997) of a factor 2 to 3 as 
compared with the data from Panizzo et al. (2005b). These two studies agree qualitatively in 
the dimensionless parameters except for the slide impact angle α. The maximum relative 
wave height HM/h increased in the study of Huber and Hager (1997) with increasing α 
whereas Panizzo et al. (2005b) observed the opposite trend. See also Chapter [6] for a further 
comparison of theses two models. 
 

 
Figure 3.6 (a) Comparison of relative maximum wave amplitude aM/h of the data of Panizzo et al. 

(2005b) versus Eq. (3.10) from Fritz et al. (2004) and (b) comparison of relative maxi-
mum wave height HM/h of the data of Panizzo et al. (2005b) with Eq. (3.15) from Huber 
and Hager (1997) (Panizzo et al. 2005b) 

 

3.3.3 Granular slide models 
 

3.3.3.1 2D granular slide models 
 
The most comprehensive landslide generated impulse wave study was performed by Huber 
(1980) using both 2D and 3D models. Herein, the conclusions of the 2D study are presented, 
whereas the 3D tests are discussed in Subsection [3.3.3.2]. The main conclusions following 
from the comparison of the 2D and 3D slide models are presented in Subsection [3.3.5]. 
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Huber (1980) conducted about 1000 2D experiments with a constant slide grain density 
ρg = 2,700 kg/m3 and slide impact angles α = 28° to 60°. The slide was an identical mixture 
consisting of grain diameters 8 mm ≤ dg ≤ 30 mm. The slide masses ms = 5 kg to 50 kg and 
the still water depths h = 0.12 m to 0.36 m were considered. The slide Froude number was in 
the range 0.5 ≤ F ≤ 3.7 and the relative slide grain volume was 0.03 ≤ Vg/(bh2) ≤ 2.57 with the 
slide grain volume Vg. The wave profiles were measured with wire wave gages. The slide 
impact velocity Vs was defined at the slide front. The results included for example the wave 
heights H, the wave lengths L, the wave celerity c, or the wave periods T. The relative slide 
grain volume Vg/(bh2) was the dominant dimensionless parameter. Huber (1980) observed 
wave types of sinusoidal, cnoidal, and solitary characters including intermediate types. Sinu-
soidal wave types decayed faster than cnoidal or solitary waves. Huber (1980) substantiated 
the solitary character of the wave celerity from Eq. (3.1) for all observed wave types. Between 
1% and 40% of the kinetic slide energy was conversed to wave energy in his experiments. 

Huber and Hager (1997) reanalysed the data from Huber (1980). They presented the wave 
height damping up to X = 100 including additional data from model impulse waves caused by 
snow avalanches and glacier calvings as 
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The term sinα involves the slide impact angle α with a positive exponent. The slide impact 
velocity Vs was somehow contained in the slope term [see 6.2]. The wave height decay is 
proportional to H(x) ∝ x–1/4.  

The present study is based on the two previous works of Fritz (2002) and Zweifel (2004). 
Fritz (2002) designed a hydraulic model with a pneumatic landslide generator described in 
Section [4.3]. It allowed to vary independently all important parameters for the impulse wave 
generation under a high test repetition accuracy. The slide impact velocity Vs may be inde-
pendently varied from the slide impact angle α or the slide thickness s. He identified seven 
relevant parameters on the impulse wave generation namely (1) the still water depth h, (2) the 
slide thickness s, (3) the grain diameter dg, (4) the slide impact velocity Vs, (5) the bulk slide 
volume Vs, (6) the bulk slide density ρs, and (7) the slide impact angle α. The wave profiles 
were measured with capacitance wave gages described in Subsection [4.4.4]. In Fritz’s (2002) 
study, the bulk slide density ρs = 1,720 kg/m3, the slide impact angle α = 45°, and the grain 
diameter dg = 4 mm were constant whereas the other four parameters were systematically 
varied. The ranges of his parameters are shown in Table 5.1. A further improvement was the 
application of the Particle Image Velocimetry PIV method to describe the velocity vector 
fields in the channel axis to allocate data for the calibration and the validation of numerical 
models [see Appendix A]. The slide Froude number F = Vs/(gh)1/2 was identified as the domi-
nant dimensionless parameter on impulse wave generation. The main findings concerning the 
PIV results are summarised in Fritz et al. (2003) including velocity vector fields and the flow 
regime classification. 
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Figure 3.7 Flow separation and crater type formation: ( ) no flow separation, ( ) local flow separa-

tion, ( ) backward collapsing impact craters, and ( ) outward collapsing impact craters; 
(a) slide thickness S = s/h versus slide Froude number F = Vs/(gh)1/2 and (b) correspond-
ing sketches (Fritz et al. 2003) 

 
They identified four flow regimes in the impact zone namely no flow separation, local 

flow separation, backward collapsing impact craters, and outward collapsing impact craters. 
Figure 3.7(a) shows the flow separation and crater type formation as a function of the relative 
slide thickness S = s/h and the slide Froude number F. In the white zone no or local flow 
separation occurred, in the light grey zone backward and outward collapsing impact craters 
were generated, and in the dark grey zone outward collapsing impact craters were observed. 
The corresponding sketches to these flow regimes are shown in Figure 3.7(b). Figure 3.8(a) 
shows a raw image of a backward collapsing impact crater during slide impact and         
Figure 3.8(b) relates to the corresponding velocity vector field determined with PIV. The 
additionally introduced dimensionless parameters are the relative slide mass M = ms/(ρwbh2) 
and the relative slide density D = ρs/ρw. Images such as shown in Figure 3.8 add to the nu-
merical simulation of high speed slide impacts. The main results concerning the impulse wave 
properties are summarised by Fritz et al. (2004) including the wave type classification, the 
maximum crest amplitude, the wave velocities, the wave length prediction, the wave nonlin-
earity features, and the slide to wave energy conversion. They described the maximum rela-
tive wave amplitude with a coefficient of determination R2 = 0.93 as  
 

( ) 5/45/74/1 S
h

aM F= . (3.10) 

 
The slide Froude number F has a primary effect on the relative maximum wave amplitude. 
Further, Fritz et al. (2004) determined the energy of the primary wave and the wave train at 
X = x/h = 8 under the assumption of equi-partition between the kinetic and the potential wave 
energies [see 2.3]. Between 2% and 30% of the kinetic slide energy was conversed to the 
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primary wave crest and between 4% and 50% to the entire wave train. They applied their 
Eq. (3.10) to the Lituya Bay case and compared their maximum wave amplitude with the 2D 
results of the models of Fritz et al. (2001), and Huber and Hager (1997) from Eq. (3.9),   
Kamphuis and Bowering (1972) from Eq. (3.4), Noda (1970) for both the block and the piston 
type model from Eq. (3.16), Slingerland and Voight (1982) from Eq. (3.14), and a numerical 
model of Mader and Gittings (2002). The results of these models as compared with their own 
results varied in the range of −50% and +110% excluding the piston model of Noda (1970) 
overestimating the maximum wave amplitude of Eq. (3.10) by 230%.  
  

 
Figure 3.8 Granular slide impact for h = 0.30 m, F = 2.8, S = 0.34, M = 1.36, α = 45°, and 

Dg = 0.013; (a) raw image and (b) velocity vector field with the reference velocity (gh)1/2 
(Fritz et al. 2004) 

 
The study of Zweifel (2004) is a continuation of Fritz (2002) conducted in the same 

physical model. The latter tests were extended to investigate the effects of the bulk slide 
density ρs with granular slide densities from ρg = 955 kg/m3 to 2,640 kg/m3. The ranges of the 
influence parameters are shown in Table 5.1. The main findings are summarised in Zweifel et 
al. (2006). Figure 3.9(a) shows the correlation for the maximum relative wave amplitude aM /h 
versus FS1/2M 

1/4. Zweifel (2004) described the relative maximum wave amplitude with a 
coefficient of determination R2 = 0.93 as 
 

4/12/1
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1 MS

h
aM F= . (3.11) 

 
Note the nearly identical exponent ratios ≈ 2 between F and S from Eqs. (3.11) and (3.10) of 
Fritz et al. (2004). The main difference between Eqs. (3.10) and (3.11) is the additional pa-
rameter M in the latter, therefore. The relative wave amplitude decay a(x)/h is shown in 
Figure 3.9(b). It was expressed with a coefficient of determination R2 = 0.89 as 
 

( ) ( )[ ]2/12/32/1 /250tanh2 XM.S
h
xa F= . (3.12) 

 
Accordingly, the relative wave amplitude damps as a(x)/h ∝ tanh(x−1/2). Based on the ratio of 
the wave amplitude to the wave height a/H Zweifel et al. (2006) observed oscillatory, cnoidal, 
solitary, and bore waves as a function of the slide Froude number F, the relative slide thick-
ness S, and the relative slide volume V. However, their classification resulted in regions where 
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more than one wave type occurred [see 5.4.5]. Further, Zweifel (2004) conducted 11 box 
experiments in the same wave channel. The bulk slide density was ρs = 1,340 kg/m3 and the 
still water depths h = 0.15 m to 0.60 m were applied. The dimensionless quantities were in the 
ranges 0.5 ≤ F ≤ 2.8, 0.3 ≤ S ≤ 1.4, 0.3 ≤ M ≤ 4.1, and α = 45°. He compared the relative 
maximum wave amplitudes aMbox/h of the box (subscript box) with the slide tests. The box 
tests overestimated the values aM /h of the slide tests from Eq. (3.11) up to a factor of 2 for 
small slide Froude numbers F. However, they became nearly identical for F > 3.0. The differ-
ences were described with a coefficient of determination R2 = 0.97 as 
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MMbox ,     for  0.5 ≤ F ≤ 2.8. (3.13) 

 
Equation (3.10) of Fritz (2002) and Eqs. (3.11) and (3.12) of Zweifel (2004) are compared in 
detail with the according formulas of the present study in Subsection [6.4.2]. 
 

 
Figure 3.9  (a) Maximum relative wave amplitude aM /h versus FS1/2M 

1/4 with (−) Eq. (3.11) and (b) 
amplitude decay [a(x )/h]/S1/2 versus F3/2(M/X )1/2 with (−) Eq. (3.12) (Zweifel 2004) 

 
Fritz et al. (2001) modelled the Lituya Bay case in a model of scale 1:675 according to a 

model still water depth h = 0.18 m using the similitude according to Froude. They used the 
pneumatic landslide generator of the present study described in Subsection [4.3.3] and the 
PIV system introduced in Appendix [A]. Both the slide impact angle α and the opposite shore 
inclination were 45°. The up-scaled maximum wave amplitude at X = 7.25 was aM = 152 m 
and the maximum wave height HM = 162 m. The maximum run-up height R = 526 m on the 
opposite shore was measured with CWGs. In the prototype, the trees were indeed washed 
away up to a run-up height R = 524 m (Table 3.1; 6.3.2). 

Heller et al. (2007) conducted 7 scale series to analyse scale effects in the 2D model of 
Fritz (2002). The still water depths were varied in the range 0.075 m ≤ h ≤ 0.600 m and the 
slide impact angle was α = 45°. The involved fluids were water and air and the governing 
dimensionless parameters had the ranges 1.68 ≤ F ≤ 4.25, 0.15 ≤ S ≤ 0.53, 0.54 ≤ M ≤ 2.24, 
and 0.013 ≤ Dg ≤ 0.027. The still water depth in a two dimensional model test of channel 
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width b = 0.5 m was found to be h ≥ 0.200 m for negligible scale effects. The same criterion 
was expresses with limiting Reynolds- and Weber numbers. The main findings of this work 
are summarised in Subsection [4.2.2.5]. They concluded that a considerable number of tests in 
the past were conducted in the range of considerable scale effects h < 0.200 m.  
 

3.3.3.2 3D granular slide models 
 
Most of the 3D studies with granular slide material were specific case studies such as those of 
Davidson and Whalin (1974) or of WCHL (1970). General approaches for the wave height or 
the amplitude estimation were presented by Huber and Hager (1997) based on the model data 
of Huber (1980), and by Slingerland and Voight (1979) based on the laboratory data of 
Davidson and Whalin (1974) and of WCHL (1970). 

Davidson and Whalin (1974) conducted a model study of the Lake Koocanusa in Montana 
with a scale 1:120. The slide was modelled with bags of iron and lead at different locations 
around the lake and 16 wave gages were applied. WCHL (1970) modelled the Mica Reservoir 
in British Columbia with a scale 1:300. The slide was modelled with bags of gravel.       
Figure 3.11(a) shows an impulse wave generated by WCHL (1970). 

Slingerland and Voight (1979) discussed the available impulse wave models. They com-
pared the stable wave height Hst according to the 2D block model of Kamphuis and Bowering 
(1972) with the results from Davidson and Whalin (1974). Equation (3.3) overestimates the 
stable wave heights up to a factor 60. A part of this huge discrepancy was due to (1) the wave 
heights being measured at a wave propagation angle γ = 90° (Figure 3.1(b)) and not at γ = 0°, 
(2) the bags used by Davidson and Whalin (1974) were porous and the slide tray of Kamphuis 
and Bowering (1972) not, and of course (3) because the Kamphuis and Bowering (1972) 
model was 2D whereas Davidson and Whalin (1974) used a 3D model. Further Slingerland 
and Voight (1979) compared the results of Davidson and Whalin (1974) with the model of 
Noda (1970). The maximum wave amplitudes were overestimated by the vertical box-drop by 
a factor of 4, and by the horizontal solution from Eq. (3.16) by a factor of 7. Slingerland and 
Voight (1979) offered explanations for these discrepancies. The slide in the model of     
Davidson and Whalin (1974) impacted the water neither vertically nor horizontally, it had a 
bulk slide porosity n, its thickness s was less than the water depth, and the wave energy was 
radiated in space in contrast to Noda (1970). Further, Slingerland and Voight (1979) com-
pared the numerical model of Raney and Butler (1975) with the data from Davidson and 
Whalin (1974) and found a good agreement concerning the maximum wave amplitude aM of 
differences less than 25%. Unlike Kamphuis and Bowering (1972), this numerical model 
resulted in unstable waves. Slingerland and Voight (1979) concluded from their literature 
study that the slide impact angle α and the slide front angle φ are of subordinate relevance for 
impulse wave generation. 

Slingerland and Voight (1979; 1982) presented their own equation for the maximum wave 
amplitude aM based on the data of WCHL (1970) and Davidson and Whalin (1974). They 
combined the relevant dimensionless parameters to the dimensionless (subscript d ) kinetic 
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slide energy Esd = (1/2)(Vg/h3)(ρg /ρw)F2. A check with the Lituya and the Disenchantment 
Bay cases compared reasonably. The correlation yielded 

 
log(aM /h) = −1.25 + 0.71·log[(1/2)(Vg/h3)(ρg/ρw)F2]. (3.14) 

 
Equation (3.14) applies to a relative radial distance r/h ≈ 4. Figure 3.10 shows their correla-
tion and the validation with the Disenchantment and the Lituya Bay cases. Slingerland and 
Voight (1979) concluded that their energy model from Eq. (3.14) or the model of Kamphuis 
and Bowering (1972) from Eq. (3.4) are more realistic than Noda’s (1970) model. 
 

 
Figure 3.10 Maximum relative wave amplitude aM (r/h ≈ 4)/h as a function of the dimensionless ki-

netic slide energy Esd = (1/2)(Vg /h3)(ρg /ρw)F2 for 3D cases based on laboratory data of 
WCHL (1970) and Davidson and Whalin (1974) and validated with the Lituya and Dis-
enchantment Bay cases (Slingerland and Voight 1982) 

 
Huber (1980) conducted experiments in a rectangular basin. The 3D test parameters were 

close to those of the 2D study presented in Subsection [3.3.3.1]. In addition, the wave propa-
gation angle γ  was introduced. The wave profiles were measured with wire wave gages in the 
directions –90 ≤ γ ≤ 90° where γ = 0° is the slide axis. The 3D qualitative wave features and 
the wave types are basically identical to the 2D tests. Huber and Hager (1997) reanalysed 
these data. They presented a formula for the relative wave height damping based on about 150 
runs as 
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The wave heights were estimated with an accuracy of ±30%. The wave height damping is 
related as H(r, γ ) ∝ r–2/3. Figure 3.11(b) shows the relative wave height H(r, γ )/h versus the 
wave propagation angle γ  and the relative radial distance r/h. The 3D formula from Eq. (3.15) 
includes the same dimensionless quantities with the same exponents as the 2D formula from 
Eq. (3.9). Only the pre-factor 0.88 is doubled and the wave propagation angle γ is included 
with the factor cos2(2γ /3). The wave height damps faster in the 3D model (H(r, γ ) ∝ r–2/3) as 
compared with the 2D model (H(x) ∝ x–1/4). The conclusions of Huber (1980) and Huber and 
Hager (1997) concerning the comparison of 2D and 3D tests are presented in Subsec-
tion [3.3.5]. 
 

 
Figure 3.11 3D granular slide model experiments: (a) Case study of the Mica Reservoir in British Co-

lumbia (WCHL 1970) and (b) relative wave height damping H(r; γ )/h with relative radial 
distance r/h and wave propagation angle γ  (Huber and Hager 1997) 

 

3.3.4 Related models 
 
Piston type models may be appropriate if the relative slide thickness S ≥ 1 such as in the 
Vaiont case (Schnitter 1964). These models were presented by Miller and White (1966), Noda 
(1970), Das and Wiegel (1972), and Sander (1990). Noda (1970) used the linear wave theory 
[see 2.3] to describe the impulse waves produced by a horizontal moving wall of constant 
velocity Vs. The maximum relative wave amplitude at X ≈ 2.0 was 
 

aM /h = 1.32F. (3.16) 
 
Noda (1970) compared his analytical model results with the tests conducted by Miller and 
White (1966) who generated nonlinear waves and bores by moving a wall horizontally at 
constant velocity using still water depths h = 0.061 m to 0.107 m. Equation (3.16) underesti-
mates all maximum wave amplitudes by Miller and White (1966) by up to 35% as shown in 
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Figure 3.12. Das and Wiegel (1972) conducted additional experiments thereby producing 
pseudo-linear waves with h = 0.076 m. These tests are shown in Figure 3.12 as well. How-
ever, the scatter was larger for the latter waves than for the nonlinear waves and bores of 
Miller and White (1966). 

Sander (1990) generated weakly nonlinear shallow-water waves with a wedge type wave 
generator to investigate rockslide-generated water waves in a confined reservoir. The slope of 
the wedge was between 15° and 90° to the horizontal. The still water depths were from 
h = 0.05 m to 0.15 m and slide Froude numbers were F = 0.05 to 0.4. The wave heights and 
the vertical velocity profiles over the water depth were analysed. 

 

 
Figure 3.12 Comparison of tests of Miller and White (1966) and Das and Wiegel (1972) for a hori-

zontal moving wall with the theoretical solution of Noda (1970) from Eq. (3.16) (Das and 
Wiegel 1972) 

 
Prins (1958) placed an airtight plexiglas box with the box front as the sliding wall in a 2D 

wave channel. The box was partially evacuated to cause an initial surface elevation, and com-
pressed air was added to obtain an initial surface depression. This elevation or depression 
collapsed after a sudden raise of the sliding wall and generated waves. Depending on the 
dimensions of the initial elevation or depression, Prins (1958) observed oscillatory, solitary, 
several solitary, and bore wave types. 

Numerical models of subaerial landslide generated impulse waves were presented by 
Heinrich (1992), Mader (1999), Monaghan and Kos (2000), Monaghan et al. (2003), Panizzo 
(2004), Quecedo et al. (2004), Fernandes de Carvalho and Antunes do Carmo (2006), Pérez et 
al. (2006), Falappi and Gallati (2007), Hsu (2007), and Zweifel et al. (2007). Heinrich (1992) 
simulated his experiments with a nonlinear Eulerian code as described in Subsection [3.3.2.1]. 
Mader (1999) modelled the Lituya Bay case with SWAN, a nonlinear shallow-water code. 
Monaghan and Kos (2000) simulated their 2D Russell (1837) wave generator and Monaghan 
et al. (2003) their 2D block experiments with SPH. Panizzo (2004) applied SPH for their 
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Russell (1837) wave generator tests as shown in Figure 3.5. Quecedo et al. (2004) simulated 
the Lituya Bay case with the fully Navier-Stokes equations and compared the data with those 
of Fritz et al. (2001). Fernandes de Carvalho and Antunes do Carmo (2006) used both Bous-
sinesq-type equations and 2D Reynolds-averaged Navier-Stokes equations for the tests de-
scribed in Subsection [3.3.2.1]. Falappi and Gallati (2007) used SPH to simulate one experi-
ment of Fritz (2002). Their simulation in Figure 3.13(b) is in good agreement with the ex-
periment of Fritz (2002) shown in Figure 3.13(a). Pérez et al. (2006), Hsu (2007), and Zweifel 
et al. (2007) used the shallow-water equations for their simulations.  
 

 
Figure 3.13 Comparison of (a) a raw image (Fritz 2002) with h = 0.30 m, F = 2.8, S = 0.34, M = 1.36, 

α = 45°, Dg = 0.013, and t = 0.259 s with (b) a 2D SPH code with t = 0.250 s (Falappi and 
Gallati 2007) 

 

Mathematical models of subaerial landslide generated impulse waves were presented by 
Noda (1970), by Raney and Butler (1975), by Hunt (1988) using his mathematical model for a 
comparison with the wave profile data of Noda (1970), by Ward and Day (2001) modelling 
the potential Cumbre Vieja Volcano collapse at La Palma on the Canary Islands based on the 
linear wave theory, by Ward (2001) who applied his linear model to waves generated by a 
moving plate on the sea ground, and by Ward and Day (2003) who simulated the Ritter Island 
Volcano case of 1888 using the model of Ward and Day (2001).  

Asteroid impacts were investigated by Ward and Asphaug (2000; 2003). They derived a 
mathematical model based on the linear wave theory to calculate the effects of a potential 
tsunami caused by an asteroid impact. Storr and Behnia (1999) investigated experimentally 
liquid jets diving into a water body with α = 90°. The slide propagation and deformation was 
studied by Savage (1979), Savage and Hutter (1989), Denlinger and Iverson (2001), and 
Iverson and Denlinger (2001). 

Underwater differ from subaerial landslide generated impulse waves (Heinrich 1992). 
Additional dimensionless quantities such as the relative submerged depth are relevant as 
compared with subaerial landslide generated impulse waves (Grilli and Watts 2005). Most of 
the studies used a block type model. Underwater slides were experimentally investigated by 
Wiegel (1955), Heinrich (1992), Rzadkiewicz et al. (1997), Watts (2000), Ruff (2003), Watts 
et al. (2005), and Sue et al. (2006). A state-of-the-art was presented by Bardet et al. (2003). 
Hampton et al. (1996) presented an overview of historical underwater landslides. Numerical 
studies were conducted by Heinrich (1992) with a nonlinear Eulerian code solving the com-
plete incompressible Navier-Stokes equations, and Imamura and Gica (1996) using the stag-
gered leap-frog scheme including nonlinear equations. Panizzo and Dalrymple (2004) applied 
SPH, Watts et al. (2005) and Grilli and Watts (2005) used a 2D fully nonlinear potential flow 



3 LITERATUR REVIEW Model investigations 

 - 38 - 

model, Walters et al. (2006) the Reynolds-averaged Navier-Stokes equations, and Ioualalen et 
al. (2006) modelled the Vanuatu tsunami generation in 1999 with Topics and the wave propa-
gation with Funwave, based on the Boussinesq equations.  
 

3.3.5 Conclusions 
 
The conclusions of this literature study are as follows: 
 

• All model studies were based on the Froude similitude 

• No study varied systematically all governing parameters 

• Analytical models are nowadays based on simplifications that are unable to cope with 
the impulse wave generation process (Slingerland and Voight 1979; Monaghan et al. 
2003) 

• Numerical models such as SPH may cope with high speed slide impact where better 
documented experimental results are required 

• The observed wave types were of oscillatory, cnoidal, solitary, bore, and intermediate 
characteristics (Noda 1970; Huber 1980; among others) 

• Noda (1970) among others observed the leading wave as the largest whereas this was 
not confirmed by Kamphuis and Bowering (1972), Fritz (2002), and Zweifel (2004) 

• The governing parameters in the slide impact zone are the still water depth h, the slide 
thickness s, the slide length ls, the slide width b or instead of s, ls, and b the bulk slide 
volume Vs or the slide grain volume Vg, the slide impact velocity Vs, the slide mass 
ms, the bulk slide density ρs, the slide material (i.e. the grain density ρg, the grain di-
ameter dg, or the bulk slide porosity n), the slide impact angle α, and sometimes the 
slide front angle φ, and the time of underwater landslide motion ts 

• The slide front angle φ was found to be irrelevant on the process and was no longer 
systematically varied after Kamphuis and Bowering (1972) 

• The relevant parameters in the wave propagation zone are the streamwise distance x 
in 2D, and the radial distance r in 3D models, respectively, the time t, the wave 
propagation direction γ, and the reservoir or sea bottom bathymetry 

• Parameter studies in a physical model were always conducted with a horizontal bot-
tom, thereby neglecting its bathymetry 

• There is general agreement in terms of the following dimensionless quantities having 
an effect on the impulse wave generation: The slide Froude number F, the relative 
slide thickness S, the slide impact angle α, the relative distance X for 2D or the rela-
tive radial distance r/h for 3D models, respectively, the wave propagation direction γ, 
and the relative time Tr (Kamphuis and Bowering 1972; Slingerland and Voight 1979; 
among others) 
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• No granular slide models except for Fritz (2002) and Zweifel (2004) were able to 
vary the slide impact velocity Vs independently from the slide impact angle α or the 
slide thickness s 

• Underwater slide test data are not applicable for subaerial slides (Heinrich 1992) 

• Block models overestimate the maximum wave amplitude up to a factor of 2 (Zweifel 
2004) or 4 (Slingerland and Voight 1979) as compared with granular slide models 

• 2D models underestimate the wave height damping as compared with 3D models 
(Slingerland and Voight 1979; Huber and Hager 1997; Panizzo et al. 2005b) 

• Impulse wave heights in 3D models are a maximum for γ = 0°, namely in the slide 
propagation axis (Huber and Hager 1997; Panizzo et al. 2005b) 

• 2D and 3D impulse waves are influenced by the same dimensionless quantities except 
for the wave propagation angle γ in 3D models and the radial distance r replacing the 
streamwise distance x; results from 2D models may qualitatively be transferred to 3D 
tests, therefore (Huber and Hager 1997) 

• The wave property differences in the impact zone of 2D and 3D models are small 
(Huber and Hager 1997) 

• Model tests under similar conditions yielded unequal results (Panizzo et al. 2005b 
versus Huber and Hager 1997; Fritz et al. 2004), the reasons being the definition of 
the wave properties at different relative distances, different measurement systems 
(camera, wave gages), applying block or granular slide models, experiments in the 
range of non negligible scale effects, or the influence of the water splash 

• A considerable part of the experiments were conducted in the range of no negligible 
scale effects h < 0.200 m (Heller et al. 2007) 

• For most run-up formulas the wave height H is required (Müller 1995) 
 

3.4 Conclusions 

3.4.1 Identified research gaps 
 
The identified research gaps are summarised as follows: 
 

• The currently available experimental data sets are not sufficiently comprehensible for 
numerical modellers (Monaghan and Kos 2000; Panizzo 2004) 

• The influence of the impact angle α is inconsistent in the available model studies 
(Huber and Hager 1997 versus Panizzo et al. 2005b) 

• The grain size characteristics was never systematically varied 

• No study exists in which all governing parameters for slide models were independ-
ently varied  
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• The wave type classification for impulse waves is not satisfactorily solved 

• The knowledge of the impulse wave generation is unsatisfactory for engineering ap-
plications associated with financial consequences due to losses in energy production 
in artificial reservoirs where the water level is drawn-down to prevent damages from 
a possible slide impact (Panizzo et al. 2005b) 

• The kinetic wave energy in the impact zone was never directly determined 

• Velocity vector fields in the slide impact zone for α ≠ 45° are not available 
 

3.4.2 Purpose of the present study 
 
This study presents the impulse wave generation and propagation features in the 2D VAW 
wave channel using granular slide materials. The results are specific to lakes in the Alpine 
environment but are applicable to incidents in other water bodies as well. The issues of the 
present study may be summarised as follows: 
 

• Investigation of the effect of the slide impact angle α as an independent parameter, 
uncoupled to the slide impact velocity Vs or the slide thickness s 

• Investigation of the effect of the granulometry with uniform and composites of grains 

• Expansion of all dimensionless parameters and of the PIV observation window as 
compared with the two previous studies of Fritz (2002) and Zweifel (2004) 

• Direct measurement of the potential and the kinetic wave energies using PIV without 
assuming equi-partition between potential and kinetic wave energy portions 

• Providing a complete numerical validation and calibration data set including the slide 
profiles, velocity vector fields in the slide impact zone, and wave profiles for 
30° ≤ α ≤ 90° 

• Control of the final correlations with the data of Fritz (2002) and Zweifel (2004) to 
provide generalised correlations for the 2D impulse wave generation 

• Determine a wave type classification based on the wave theory 

• Provide empirical formulas for engineering purposes for the maximum wave height 
HM and wave amplitude aM, the wave volume, the wave height H(x) and wave ampli-
tude a(x) decay, the wave celerity c as a function of the governing parameters 
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3.5 Summary 

A literature review of historical cases and a comprehensive survey on experimental impulse 
wave research were presented. Documented historical landslide generated impulse waves 
killed probably more than 60,000 people; nevertheless, only limited field data are available. 
Hydraulic experiments were conducted in 2D wave channels and in 3D wave basins with the 
slide consisting normally of a block, and rarely of granular slide material. The wave charac-
teristics such as the maximum wave height differed considerably from study to study even 
under similar test conditions due to different measurement systems or locations. Block models 
overestimate in general the wave heights as compared with granular slide models. 3D studies 
are based on the same governing influence parameters as 2D studies, except for the additional 
parameters describing the wave propagation direction and the radial distance. The relative 
influences of the dimensionless quantities from 2D studies apply essentially to 3D studies, 
therefore. The wave decay needs a special treatment because it is too small in wave channels 
as compared with wave basins. Important steps in experimental impulse wave research were 
the wave type classification of Node (1970), the introduction of the governing dimensionless 
quantities of Kamphuis and Bowering (1972), the state-of-the-art of Slingerland and Voight 
(1979), the more than 1,100 2D and 3D experiments with granular slide material of Huber 
(1980), the independent variation of the governing influence parameters and the velocity 
vector fields determination in the channel axis of Fritz (2002), and the 3D study of Panizzo et 
al. (2005b) based on a block model. The present research investigates the effects of the slide 
impact angle α, which was controversial in the previous studies, and the slide granulometry, 
which was not investigated so far. Complete data for numerical simulations will be provided 
and empirical formulas concerning wave characteristics such as wave height or wave height 
decay for engineering applications will be presented.  
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4 PHYSICAL MODEL 

4.1 Introduction 

The initial phase of landslide generated impulse waves was investigated in a physical model. 
The model was based on the Froude similitude and all measurements were conducted in the 
wave channel axis. Section [4.2] addresses model similitude. In a dimensional analysis the 
governing dimensionless parameters for impulse wave generation were evaluated. The condi-
tions for applying the Froude similitude and for neglecting scale effects due to fluid viscosity, 
surface tension, or fluid compressibility are discussed. The experimental set-up including the 
wave channel, the pneumatic landslide generator, and the different slide materials are      
described in Section [4.3]. The slide impact velocity calculation is thereby discussed. The 
measurement system consisted of three main components, namely two laser distance sensors 
to scan the slide surface, seven capacitance wave gages to measure the wave profiles, and a 
particle image velocimetry system to compute the particle velocity vector fields in the impact 
zone. The functionality of these three components, their coordination, and the subordinate 
elements of the physical model are described in Section [4.4]. Further details on the physical 
model may be found in Fritz (2002) or in Zweifel (2004). 
 

4.2 Model similitude 

4.2.1 Dimensional analysis 
 
The theory of dimensional analysis is available from Buckingham (1914), Yalin (1971), 
Novak and Čábelka (1981), or Spurk (1992). According to the Π-Theorem of Buckingham 
(1914) the governing independent parameters q1, q2, …, qm of a physical phenomenon may be 
reduced to j = m – o governing dimensionless parameters Π1, Π2, …, Πj without loosing 
physical information where o is the number of fundamental dimensions such as length, time, 
and mass [L, T, M,…]. A hydraulic model (subscript H ) test is similar to its prototype (sub-
script N ), if each of these dimensionless parameters are identical, i.e. Π 1H = Π 1N, Π 2H = Π 2N, 
…, Π jH = Π jN. Consequently, an unknown parameter in the plane impulse wave generation 
process, e.g. the relative wave amplitude decay A(x) = a(x)/h consisting of the wave amplitude 
a(x) as a function of the wave propagation distance x and the still water depth h [see 5.4.2], is 
only a function of these governing dimensionless parameters, namely 
 

A(x) = a(x)/h = function(Π1, Π2, …, Πj). (4.1) 
 

The dimensional analysis is hardly criticised in the technical literature. According to 
Le Méhauté (1990) the definition of the governing dimensionless parameters is somewhat 
arbitrary if the governing independent parameters exceed six. Nevertheless, this approach is 
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widely used in hydraulic modelling. The advantages of a dimensionless description include 
the simplification of the experimental work because of the reduction of the parameter varia-
tion from m to j = m – o and a check of the results by a certain parameter held constant despite 
its components were varied. The results may be described generally, and not only for a spe-
cific prototype and they need not to be transformed with similitude ratios [see 4.2.2.1] be-
cause these are cancelled in a dimensionless formulation. No statement concerning scale 
effects may be given with a dimensional analysis as a main disadvantage. Further, the dimen-
sional analysis alone does not yield any indication whether some of the dimensionless num-
bers are less important than others or could even be neglected (Heller 2007). This important 
aspect follows only from experimentation. 
 

 
Figure 4.1 Definition plot with the m = 11 governing independent parameters for plane impulse 

wave generation, the z-coordinate and the wave amplitude a 

 
Table 4.1 Governing independent parameters for plane impulse wave generation 

symbol  dimension fundamental dimension description test range 
h [m] [L] still water depth 0.150 - 0.600 
s [m] [L] slide thickness 0.053 - 0.249 
dg [mm] [L] grain diameter 2 - 8 
x [m] [L] wave propagation distance 0.00 - 8.90 

Vs [m/s] [LT–1] slide impact velocity 2.06 - 8.34 

g [m/s2] [LT–2] gravitational acceleration 9.81 

Vs [m3] [L3] bulk slide volume = box volume 0.0167 - 0.0668 

ρs [kg/m3] [ML–3] bulk slide density 590 - 1,720 

ρw [kg/m3] [ML–3] water density 1,000 
t [s] [T] time 0 - 10 
α [°] [-] slide impact angle, i.e. hill slope angle 30 - 90 

 
The m = 11 governing independent parameters describing plane impulse wave generation 

and propagation are shown in Figure 4.1 and described in Table 4.1, respectively. The cov-
ered test range for each parameter is included in the last column. The seven test parameters 
were the still water depth h, the slide thickness s, the grain (subscript g) diameter dg, the slide 
(subscript s) impact velocity Vs, the bulk slide volume Vs, the bulk slide density ρs, and the 
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slide impact angle α. The coordinate origin (x = 0; z = 0) was the intersection of the still water 
depth and the hill slope ramp. The water (subscript w) density ρw and the gravitational accel-
eration g were constant in this study. The wave profiles were measured over a time t span of 
10 s. The slide mass ms = ρs⋅Vs may be expressed with the bulk slide density ρs and the bulk 
slide volume Vs and is no governing independent parameter, therefore. The effect of the slide 
shape was solely represented by the slide thickness s thereby neglecting the slide front angle φ 
[see 6.2.2]. The time of underwater landslide motion ts [see 3.3.2.1] was not considered be-
cause the primary wave in the present study was already fully developed prior the slide came 
to rest and the slides in the Alpine environment hit often the opposite shore and ts is not fully 
developed. Further, ts has to be expressed as a function of the other governing parameters 
resulting in a larger scatter in the wave features estimation and it is only determinable for bulk 
slide densities larger than water. Both φ and ts are no independent parameters and violate the 
basic rule of the dimensional analysis.  The parameter φ depends on the slide impact angle α 
[see 6.2.1] and ts on the slide impact velocity Vs. These m = 11 governing independent pa-
rameters may be expressed with o = 3 fundamental dimensions, namely length [L], time [T], 
and mass [M]. A dimensional analysis yields j = m – o = 11 – 3 = 8 governing dimensionless 
parameters as included in Table 4.2, based on the fundamental scalings the still water depth h, 
the gravitational acceleration g, and the water density ρw. To account for the two-dimensional 
problem, the channel width b held constant was used for the definition of the relative slide 
volume V = ms/(ρsbh2). Zweifel et al. (2006) introduced the relative slide mass 
M = D·V = ms/(ρwbh2) as a combination of the relative slide density D and the relative slide 
volume V. By considering the slide Froude number F = Vs/(gh)1/2, the relative slide thickness 
S = s/h, the relative slide volume M = D·V, the relative streamwise distance X = x/h, the slide 
impact angle α, the relative grain diameter Dg = dg/h, and the relative (subscript r) time 
Tr = t(g/h)1/2 from Table 4.2, Eq. (4.1) may be expressed as 
 

A(x) = a(x)/h = function(F, S, M, X, α, Dg, Tr). (4.2) 
 

Table 4.2 Governing dimensionless parameters for plane impulse wave generation 
dimensionless parameter description experimental range 
Π1 = F = Vs/(gh)1/2 slide Froude number; slide impact velocity relative 0.86 - 6.83 
 to the shallow-water wave celerity  
Π2 = S = s/h relative slide thickness 0.09 - 1.64 
Π3 = V = Vs/(bh2) = ms/(ρsbh2) relative slide volume 0.19 - 5.94 

Π4 = D = ρs/ρw relative slide density 0.59 - 1.72 

Π5 = X = x/h relative streamwise distance 0 - 59 

Π6 = α slide impact angle, i.e. hill slope angle 30 - 90 

Π7 = Dg = dg/h relative grain diameter 0.003 - 0.040 

Π8 = Tr = t(g/h)1/2 relative time 0 - 81 
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Equation (4.2) is valid if surface tension, fluid viscosity, and fluid compressibility have a 
negligible effect on the model data which is equivalent to negligible scale effects. All eight 
dimensionless parameters were varied in this study as shown in Table 4.2, whereas a particu-
lar attention was paid to the slide impact angle α and the relative grain diameter Dg. The 
conditions for negligible scale effects are discussed in the next Subsection. 
 

4.2.2 Scale effects 

4.2.2.1 Froude similitude 
 
The perfect similitude between a hydraulic model and its prototype requires geometric, kine-
matic, and dynamic similarity (Yalin 1971; Kobus 1980; Novak and Čábelka 1981; No-
vak 1984; Martin and Pohl 2000; Heller 2007; Heller et al. 2007). For geometrical similarity 
all ratios of the corresponding linear dimensions (e.g. length) must be identical between the 
model and the prototype; the kinematic similarity applies to all components of the vectorial 
motions for all particles at any time (e.g. time) involved in the flow process; in addition, the 
ratios of all vectorial forces (e.g. gravity) in the two systems must be identical for dynamic 
similarity. The relevant forces of landslide generated impulse waves are the inertial, the gravi-
tational, the viscous, the surface tension, and the elastic compression forces. No fluid may 
satisfy all force ratio requirements if the model is different from the prototype (Hughes 1993; 
Heller 2007). The relevant force ratio for impulse wave generation is the square root of the 
inertial to the gravity forces, i.e. the Froude number. According to the Froude similitude the 
slide Froude number in the model and in its prototype have to be identical 
 

FH = FN = Vs/(gh)1/2. (4.3) 
 

Table 4.3 Similitude ratios with the length scale ratio NL = lengthN / lengthH according to the Froude 
similitude (Novak and Čábelka 1981) 

characteristic fund. dimension similitude ratio characteristic fund. dimension similitude ratio
length [L] NL velocity [LT–1] NL

1/2 
area [L2] NL

2 acceleration [LT–2] 1 
volume [L3] NL

3 force [MLT–2] NL
3 

time [T] NL
1/2 discharge [L3T–1] NL

5/2 

 
The Froude similitude considers only the inertial and gravity forces whereas the fluid viscos-
ity, the surface tension, and the elastic compression forces are neglected. They may cause 
scale effects if their effects are large. According to Le Méhauté (1976; 1990) the Froude 
similitude applies to free surface flows with negligible viscous forces e.g. prior to wave 
breaking or to short, highly turbulent flows such as in the wave breaking zone. The impulse 
wave generation is such a highly turbulent flow. All impulse wave models presented in   
Chapter [3.3] were modelled according to the Froude similitude, therefore. Fritz et al. (2001) 
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showed for the Lituya bay case that the model results based on Froude similitude may be up-
scaled accurately. The most important similitude ratios to up-scale the model data to its proto-
type via the length (subscript L) scale ratio NL = lengthN / lengthH are included in Table 4.3. 
 

4.2.2.2 Fluid viscosity 
 
The fluid viscosity is accounted for with the Reynolds number R (Hughes 1993), i.e. the ratio 
of the inertial to the viscous forces as 

 
R = g1/2h3/2/νw. (4.4) 

 
In Eq. (4.4) the shallow-water wave celerity c = (gh)1/2 and the kinematic viscosity of water 
(νw = 1.01·10– 6 m2/s for 20°C) was applied. The fluid viscosity is larger in hydraulic models 
as compared with its prototype. Impulse waves affected by a scale effect decay faster and 
travel slower than do prototype waves, therefore (Heller et al. 2007). According to 
Hughes (1993), the wave attenuation depends not only on the water depth h and the wave 
amplitude a, but also strongly on the wave type [see 5.4.5]. Two cases may be distinguished: 
Fluid viscosity due to internal friction and due to boundary layer flow. The relative wave 
amplitude attenuation a(t)/a(t = 0) due to internal friction consisting of the amplitude a(t) at 
time t and the reference amplitude a(t = 0) was analytically analysed by Keulegan (1950). For 
sinusoidal deep-water waves the wave amplitude attenuation due to viscosity reads 
 

a(t)/a(t = 0) = exp(–8π 
2νw t/L2). (4.5) 

 
The smallest wave length L in the present study for the primary (subscript P) wave at the first 
(subscript 1) capacitance wave gage CWG1 was LP1 = 1.29 m. To reduce the wave amplitude 
by 1% Eq. (4.5) requires a propagation time t = 210 s, whereas the primary model impulse 
wave travelled the distance of Δx = 6.36 m with the wave celerity cP1 = 1.88 m/s in only 3.4 s. 
Therefore, the wave amplitude attenuation due to internal friction is negligible (Biesel 1949; 
Fritz 2002; Heller et al. 2007). 

Keulegan (1950) also found an analytical expression for the wave amplitude damping of a 
solitary wave in a rectangular channel due to boundary layer existence. Assuming potential 
flow outside the boundary layer the wave amplitude attenuation results from equating the 
boundary layer dissipation with the rate of energy decay of a solitary wave as 
 

(ax‘/h)–1/
 
4 – (a1/h)–1/

 
4 = x‘/[12h][1+2h/b][νw

2/( gh3)]1/
 
4. (4.6) 

 
In Eq. (4.6) a1 is the reference amplitude at the first measuring point, i.e. at CWG1 of the 
VAW model, where x‘ = 0 (Figure 4.13), and ax‘ is the wave amplitude attenuation at distance 
x‘ from CWG1 (superscript ‘). Consequently, the amplitude of a solitary wave decreases as the 
channel width b increases and the kinematic viscosity νw decreases. Further analytical expres-



4 PHYSICAL MODEL Model similitude 

 

- 48 - 

sions for the viscous wave damping were presented by Biesel (1949) for sinusoidal, and by 
Iwasa (1959) for solitary waves; De St Q Isaacson (1976) investigated cnoidal waves using 
Eq. (4.6) and the expression of Biesel (1949) as the limiting condition. Miles (1976) analysed 
wave attenuation for cnoidal and solitary waves. Experimental data for wave amplitude at-
tenuation were presented, amongst others, by Ippen and Kulin (1957) and Treloar and Breb-
ner (1970). Liu et al. (2006) discussed solitary wave damping using experimental, numerical, 
and analytical investigations. 

A comparison of the measured wave amplitude attenuation and calculated with Eq. (4.6) 
showed that the analytical expression underestimates the wave attenuation e.g. by a factor of 6 
to 73 for the scale family tests conducted by Heller et al. (2007). The wave amplitude damp-
ing of impulse waves is mainly caused by turbulence, frequency dispersion, and air entrain-
ment, all not taken into account in the previous analytical expressions. 

Fritz (2002) discussed the differences in the slide run-out distances between a model and 
its prototype. Slide run-out distances increase with increasing scale ratios, as may be observed 
in Figure 4.3(a) and (b), respectively. Two similar runs in a scale family are shown whereas 
the length scale ratio NL in Figure 4.3(b) was twice as large as in Figure 4.3(a). The slide run-
out distances differ considerably and it appears that this parameter may not correctly be 
scaled, therefore. The slide run-out velocity lags for most of the experiments the wave propa-
gation velocity of the primary wave and therefore mainly affects the wave train (Ward 2001; 
Fritz 2002). The primary wave is normally the largest and most important in impulse wave 
generation (Zweifel et al. 2006). In narrow Alpine lakes or reservoirs the landslide run-out 
distance is strongly affected by the lake bathymetry and the slide usually impacts the opposite 
flank after a short travel distance (Fritz 2002). Hence, the slide run-out distance is irrelevant 
for the present investigation. 

No wave amplitude corrections were applied in this in the present study. To rule out con-
siderable scale effects due to fluid viscosity, model family tests were conducted (Heller et al. 
2007). The conditions for negligible scale effects are summarised in Subsection [4.2.2.5]. 

 

4.2.2.3 Surface tension 
 
The surface tension is accounted for with the Weber number W (Hughes 1993), i.e. as the 
ratio of the inertial to the surface tension forces as 
 

W = ρwgh2/σw. (4.7) 
 
In Eq. (4.7) the surface tension σw for air-water interface (= 0.073 N/m for 20°C) was applied. 
Surface tension has a major effect on the wave celerity c (Huber 1976; Le Méhauté 1976; 
Kundu and Cohen 2004). From the linear wave theory c may be written as (Hughes 1993) 
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The first term on the right hand side of Eq. (4.8) considers the effect of gravity whereas the 
second term on the right hand side includes the effect of surface tension which is normally 
neglected. Figure 4.2 shows Eq. (4.8) as a function of the wave length L with the three basic 
wave types of capillary c = (2πσw /(ρw L))1/2, deep-water c = (gL/2π )1/2, and shallow-water 
c = ( gh)1/2 waves [see 2.3]. The effect of surface tension is large if the wave length falls below 
Lmin = 0.0171 m, which is equivalent to a minimum (subscript min) wave celerity 
cmin = 0.231 m/s for an air-water interface at 20°C. Equation (4.8) may be solved for the still 
water depth h and the wave period T as was done by Le Méhauté (1990) or Hughes (1993). 
They both demonstrated that the effect of surface tension on gravity waves is less than 1% for 
still water depths h ≥ 0.02 m and wave periods T  ≥ 0.35 s for pure water. The VAW test 
parameters for the primary waves measured at CWG1 were 1.29 m ≤ LP1 ≤ 9.85 m, 
1.50 m/s ≤ cP1 ≤ 3.09 m/s, 0.15 m ≤ h ≤ 0.60 m, and 0.65 s ≤ TP1 ≤ 4.79 s. Surface tension 
effects for pure water waves are negligible herein, therefore. 
 

 
Figure 4.2 Capillary and gravity water wave celerity c as a function of the wave length L (after 

Kundu and Cohen 2004) 
 

However, surface tension may influence the impact crater formation, the air transport dur-
ing the slide impact and wave breaking. Air bubbles are not scalable according to the model 
scale (Chanson 1996). The bubble sizes in hydraulic models are too large as compared with 
the prototype, therefore. Figure 4.3(a) and (b) reveal the different air entrainment and de-
trainment characteristics at different scales during scale family tests [see 4.2.2.5].           
Figure 4.3(b) was increased by a factor of two as compared with Figure 4.3(a) for a better 
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appreciation. Similitude between Figures 4.3(a) and (b) would require identical air bubble 
sizes and air entrainment, which is obvious not the case due to different Weber numbers W. 

 

 
Figure 4.3 Comparison of air entrainment and detrainment for two similar runs at similar relative 

crest distances; (b) is increased by a factor of 2 (after Heller et al. 2007) 
 
A related phenomenon to impulse wave generation concerning air entrainment is the wave 

breaking process [see Appendix C]. Skladnev and Popov (1969) demonstrated experimentally 
with wave heights from 0.03 m to 1.20 m that scale effects for waves higher than 0.50 m 
remain small in terms of wave forces on a concrete slope during the wave breaking process. 
Führböter (1970) discussed the energy dissipation process of breaking waves due to air en-
trainment. The energy dissipation due to the air-water flow was found to be dominant as 
compared with viscous interactions along the bottom. Stive (1985) investigated wave break-
ing in two different wave flumes of dimensions (a) 233 m long, 5 m wide, and 7 m deep using 
a still water depth of h = 4.19 m, and (b) 55 m long, 1 m wide, and 1 m deep with a still water 
depth h = 0.70 m. Scale effects relative to the wave height or the time-averaged horizontal 
velocities were virtually absent for wave heights 0.1 m < H < 1.5 m. To rule out considerable 
surface tension effects in the present investigation, several model family tests were conducted 
(Heller et al. 2007). The limitations for neglecting surface tension effects are summarised in 
Subsection [4.2.2.5]. 

 

4.2.2.4 Fluid compressibility 
 
Scale effects due to fluid compressibility relate to water and particularly to air compressed in 
a prototype, because this feature is not appropriately reproduced in a scale model. The fluid 
compressibility effect is accounted for with the Cauchy number C (Hughes 1993), i.e. the 
ratio of the inertial to the elastic compression forces as 
 

C = ρwVs 
2/Ew = Ma2 = (Vs /csound)2. (4.9) 
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In Eq. (4.9) the modulus of elasticity Ew (= 2.1·10–9 N/m2 for 20°C) was applied. The Cauchy 
number C is the square root of the Mach number Ma because the speed of sound (sub-
script sound) is defined as csound = (Ew /ρw)1/2. The condition to treat a fluid as incompressible 
is Ma < 0.3 (Kundu and Cohen 2004). According to Erismann and Abele (2001), the maxi-
mum observed slide impact velocities in prototypes were Vs ≈ 150 m/s. For 20°C water the 
speed of sound is csound = 1,450 m/s (Bollrich 2000) resulting in a Mach number Ma ≤ 0.10. 
The compressibility for pure water may be negligible, therefore (Hughes 1993). 

Equation (4.9) was applied for pure water; however, impulse wave generation is charac-
terised by impact crater formation and air transport (Heller et al. 2007). A related investiga-
tion was conducted by Abelson (1970). The pressure was measured in a cavity behind a pro-
jectile impacting a water body with angles of 90°, 60°, and 45° as shown in Figure 4.4. For 
impact velocities of up to 10.4 m/s, the pressure conforms with atmospheric pressure whereas 
the pressure data decrease linearly to half of it at 80 m/s. The maximum slide impact velocity 
in this investigation was Vs = 8.34 m/s (Tables 4.1; 5.1). Le Méhauté and Wang (1995) con-
sidered underwater explosions and they suggested that the whole process may be treated as 
for an incompressible fluid according to the Froude similitude. The analogy to landslide 
generated impulse waves concerning the crater and bore formations suggests that the whole 
process of landslide generated impulse waves may be treated using an incompressible fluid 
(Fritz 2002). 

The aforementioned statements relate to landslide generated impulse waves. For asteroid 
impacts into the ocean, impact velocities of 20,000 m/s are possible (Ward and                
Asphaug 2000). This would result in a Mach number Ma = 13.8 according of Eq. (4.9) and a 
Froude number F = 101 for a typical ocean water depth of h = 4,000 m. Tsunamis caused by 
such asteroid impacts may be hardly described with hydraulic models based on the Froude 
similitude, therefore (Zweifel 2004). 
 

 
Figure 4.4 Minimum air pressure inside the impact crater behind a projectile before cavity collapse 

(a) oblique entries at () 60° and (о) 45° and (b) vertical entry at 90° (Abelson 1970) 
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4.2.2.5 Scale family tests 
 
The conditions under which scale effects are negligible may be detected with scale family 
tests (Le Méhauté 1976; Le Méhauté 1990; Hughes 1993; Martin and Pohl 2000; 
Heller 2007). At least three models with three different length scale ratios NL are necessary 
for a relevant scale family of which a hydraulic similar test [see 4.2.1] is conducted with each 
member. The model with the smallest value of NL is considered the reference experiment. 
Seven scale families were conducted consisting of 18 individual tests. The main results were 
presented in Heller et al. (2007). Figure 4.5(a) shows the scale series S4 with the dimen-
sionless parameters F ≈ 2.5, S ≈ 0.4, M ≈ 1.2, α = 45°, and Dg = 0.02 (Table 4.2). The still 
water depths were for S4/1 h = 0.400 m, for S4/2 h = 0.200 m, and for S4/3 h = 0.100 m. The 
test S4/2 follows the reference experiment S4/1 for the primary wave whereas S4/3 has an-
other trend due to a scale effect. Figure 4.5(b) points to the tests which were affected by a 
scale effect. It shows the relative primary wave height YP = HP/h for 14 tests versus the di-
mensionless product XS/(F6M) [see 4.2.1]. The black symbols refer to tests with negligible 
scale effects and grey refer to tests with a considerable scale effect. 
 

 
Figure 4.5 (a) Relative wave profiles η/h for scale series S4 at locations (I) CWG1, (II) CWG3,    

(III) CWG5, and (IV) CWG7 for dimensionless parameters F ≈ 2.5, S ≈ 0.4, M ≈ 1.2, 
α = 45°, Dg = 0.02, and (b) relative primary wave height YP = HP /h versus XS/(F6M); 
black symbols refer to tests with negligible scale effects whereas grey symbols refer to 
tests with a considerable scale effect (Heller et al. 2007) 

 
Scale effects in impulse wave generation are mainly due to surface tension in the impact 

zone and due to viscosity in the wave attenuation zone. Scale effects are negligible for the 
slide impact and the wave attenuation zone for plane impulse wave generation if 

 
R ≥ 300,000 (Eq. (4.4)), W ≥ 5,000 (Eq. (4.7)) or (4.10) 

 
h ≥ 0.200 m (4.11) 
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for the involved fluids water and air and the governing dimensionless parameters 
1.68 ≤ F ≤ 4.25, 0.15 ≤ S ≤ 0.53, 0.54 ≤ M ≤ 2.24, and 0.013 ≤ Dg ≤ 0.027. The channel width 
b = 0.500 m was held thereby constant. 

The experimental range for the still water depth h in this study was between 
0.200 ≤ h ≤ 0.600 m. Some of the experiments prior to scale family investigation were con-
ducted with h = 0.150 m. They all are marked in the Figures in Chapter [5] and their scale 
effect was estimated to be of the order of < 15% as compared with the remainder. Due to 
these limitations it may be concluded that scale effects are negligible in the following for the 
entire process of impulse wave generation including the slide impact, the wave generation, the 
wave breaking, and the wave attenuation. 
 

4.3 Experimental set-up 

4.3.1 Impulse wave generation principle 

 
Figure 4.6 shows the physical model during slide impact and impulse wave generation. The 
slide box filled with granular slide material started from position 1 in Figure 4.6, typically 
2 m above the still water surface along the hill slope ramp. It was accelerated with the pneu-
matic landslide generator (Fritz and Moser 2003) with up to 8 bar air pressure. The pneu-
matic landslide generator allowed to vary independently all important parameters for the 
impulse wave generation under a high test repetition accuracy. At the position 2 in Figure 4.6, 
typically 1.3 m above the still water surface in the ramp direction, the slide box reached the 
maximum velocity and the front flap of the box opened. The granular slide material left the 
slide box and accelerated further down the hill slope ramp due to gravitational acceleration 
and generated impulse waves in the wave channel. The empty slide box was decelerated with 
both air pressure and a shock absorber and came to rest at position 3 of Figure 4.6, typically 
0.8 m above the still water surface in ramp direction. The box end position was adjustable to 
different still water depths h. 
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Figure 4.6  Slide impact and impulse wave generation with F = 2.0, ms = 108 kg, h = 0.45 m, and 

α = 45° with the slide box at the end position 3 (after Fritz 2002) 
 

4.3.2 Wave channel 

 
The experiments were conducted in a rectangular prismatic water wave channel, 11 m long, 
0.5 m wide, and 1 m deep, as shown in Figure 4.7. It was manufactured by Schneider AG 
(Jona, CH). The channel front sidewall was of glass, whereas the back sidewall consisted of a 
continuous steel plate. The channel bottom was made of steel in the slide impact zone up to 
3.67 m and was glassed over the remaining two thirds for a laser application [see 4.4.5;   
Appendix A]. The equivalent sand roughness coefficients may be estimated to 0 to 0.003 mm 
for the glass and to 0.01 to 0.1 mm for the steel plates (Bollrich 2000). A splash protection 
avoided the wetting of the surroundings and a wave absorber at the channel end reduced wave 
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reflection and channel overtopping. The slide material was accelerated down a 3 m long hill 
slope ramp. The slide impact angle α and thus the whole pneumatic landslide generator were 
adjustable from 30° to 90° relative to the horizontal. 
 

 
Figure 4.7 VAW wave channel with main dimensions, pneumatic landslide generator, splash protec-

tion, and wave absorber (Fritz 2002) 

 

4.3.3 Pneumatic landslide generator 
 
The pneumatic landslide generator was designed by Fritz (2002) in collaboration with Festo 
Inc. (Dietikon, CH). A detailed description of the pneumatic landslide generator may be found 
in Fritz and Moser (2003). This pneumatic landslide generator allowed to vary independently 
all important parameters for the impulse wave generation under a high test repetition accuracy 
[see 6.2.3]. The slide box was connected with two double acting pneumatic linear drives. The 
slide box had a constant travel spacing of 1.23 m. Acceleration (subscript A) pressures pA up 
to 8 bar were applied resulting in a maximum slide box (subscript box) velocity Vbox = 7.0 m/s 
depending on the slide impact angle α and the slide mass ms. The slide box end cover was 
removable and it was screwed after the slide material was filled in the box. The slide box 
front end was equipped with a flap opening when the box reached the maximum velocity. 
After slide release the slide box was decelerated with air pressures up to 8 bar, depending on 
the acceleration pressure pA and the slide impact angle α. A shock absorber dissipated the 
remaining energy and the slide box reached the end position (Figure 4.6). The whole pneu-
matic landslide generator was adjustable to different still water depths h and slide impact 
angles α. 
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The slide box had an empty weight of 66 kg. The inner box lengths lbox were adjustable to 
0.600 m, 0.300 m, or 0.150 m, and the inner box heights sbox were either 0.236 m, 0.118 m, or 
0.059 m. The inner box width was always 0.472 m corresponding to 94% of the channel 
width b = 0.500 m. The applied box geometries are shown in Table 4.4. Accordingly, the 
inner box volumes Vbox were 0.0668 m3, 0.0334 m3, 0.0167 m3, and 0.0042 m3. Only the box 
forms f 1, f  2, f  3, f 4, and f  7 were considered in this research whereas f  7 was used for the 
scale family tests discussed in Subsection [4.2.2.5]. The forms f 5 and f 6 were used by Fritz 
(2002). 

 
Table 4.4  Initial slide geometries including the slide box and the box volume Vbox identical to bulk 

slide volume Vs after slide release; (○) slide front on the hill slope ramp 

 
 

4.3.4 Granular slide materials 

 
The two granular slide materials of the previous studies (Fritz 2002; Zweifel 2004) were 
complemented with two additional granulates to investigate scale effects and the effect of the 
slide granulometry on impulse wave generation. The mathematical treatment of granular 
slides were discussed by Savage (1984) and Savage and Hutter (1989). The materials were 
always sprinkled prior to a test to have identical test conditions for all experiments and to be 
as close as possible to the natural phenomenon. The most important granulate properties are 
included in Table 4.5. The grains are shown in Figure 4.8; they were cylindrical with a ratio 
of grain diameter dg to grain height of about 2.5. The grain diameter dg was in the range of 
2 mm to 8 mm and the grain density ρg from 955 kg/m3 to 2,745 kg/m3 to cover the range of 
ice to granite slides (Kündig et al. 1997). The bulk slide density ρs may be expressed with the 
bulk slide porosity n and the grain density ρg according to Lang et al. (1996) as 
 

ρs = (1 – n)ρg. (4.12) 
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The material was always weighted prior to slide box filling with a precision balance (KB60.2, 
Mettler-Toledo, Nänikon, CH) resulting in an estimated slide mass accuracy after box filling 
of ±0.1 kg. The dynamic bed friction angle δ = 20° to 27° indicated the friction between the 
granular slide and the hill slope ramp. The dynamic bed friction angle δ was taken into ac-
count for computing the slide impact velocity Vs [see 4.3.5]. The internal friction angle 
φ ’ = 27° to 34° is identical to the angle of repose of the granular material and was determined 
accordingly. The heavy-weight granulate consisted of 87% barium-sulphate (BaSO4) com-
pounded with 13% polypropylene (PP) to satisfy density and hardness requirements, whereas 
the lighter material consisted of 100% black dyed PP (Zweifel 2004). The materials were 
manufactured by Polycompound AG (Sissach, CH). The differences of δ and φ ’ as compared 
with the values of Fritz (2002) may be due to the abrasion of the grains during the large num-
ber of experiments since Fritz (2002) finished his PhD. The accuracies of both δ and φ ’ are 
estimated to ±1°. Note that ρs and n may differ during a run from the values in Table 4.5 
depending on the slide compression in the slide box (Table 5.1). 
 

Table 4.5 Granular slide materials with main properties 

Figure dg ρg ρs n δ φ ' material 
  [mm] [kg/m3] [kg/m3] [%] [°] [°] [%] 

Figure 4.8(a) 2 2,372 1,442 39 27 32 87% BaSO4, 13% PP 
Figure 4.8(b) 4 2,745 1,592 42 24 34 87% BaSO4, 13% PP 
Figure 4.8(c) 5 955 573 40 20 27 100% PP 
Figure 4.8(d) 8 2,429 1,338 45 21 34 87% BaSO4, 13% PP 

 

 
Figure 4.8 Granular slide materials according to Table 4.5  

 

4.3.5 Slide impact velocity 

 
For consistency reasons the same method was applied as was used by Fritz (2002) and 
Zweifel (2004) to evaluate the slide impact velocity Vs. The value Vs corresponds to the slide 
centroid path velocity, therefore. The method to describe the motion of a deforming rockslide 
with the centroid position and the centroid velocity at temporal incremental steps was intro-
duced by Körner (1976). The slide impact velocity Vs was determined with the energy balance 
between the slide release and the slide impact location, taking into account the dynamic bed 
friction angle δ on the hill slope ramp (Table 4.5). The slide centroid was calculated in    
Matlab® 6.5 with the slide profiles scanned by the laser distance sensors (LDS), as shown in 
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Figure 4.12(b). The equation for the slide centroid (subscript c) Vsc–1 velocity at LDS–1 (sub-
script –1) reads according to Körner (1976) as 
 

( )11
2

1 cottan12 −−− −Δ+= scscboxsc zgVV αδ  (4.13) 

 
with the maximum box velocity Vbox during slide release, the centroid drop height ∆zsc–1, and 
the angle αsc–1 from the horizontal to the centroid path (Figure 4.9). The box velocity Vbox was 
determined from the cable actuated position sensor [see 4.4.2]. Equation (4.13) was applied a 
second time at LDS0 (subscript 0) to determine Vsc 0 replacing Vbox with Vsc−1, ∆zsc–1 with ∆zsc 0, 
and αsc−1 with αsc0. The distance between LDS0 and the origin was small and the slide impact 
velocity Vs was identical to Vsc 0 for most of the experiments [see 4.4.3]. The accuracy of the 
slide impact velocity Vs was estimated to ±0.15 m/s with Eq. (4.13). The measurement accu-
racy is discussed in Subsection [6.2.3]. 
 

 
Figure 4.9 Notation for determination of the slide centroid velocities Vsc−1 and Vsc  0 with Eq. (4.13) 

 

4.4 Measurement system 

4.4.1 Measurement principle 

 
Figure 4.10 shows the measurement system. All measurement data were recorded in the chan-
nel axis. The main measurement techniques include the two laser distance sensors (LDS) to 
scan the slide profiles [see 4.4.3], the seven capacitance wave gages (CWG) to measure the 
wave profiles in the propagation zone [see 4.4.4], and particle image velocimetry (PIV) for 
determining the velocity vector fields in the slide impact zone [see 4.4.5; Appendix A]. 



4 PHYSICAL MODEL Measurement system 

 

- 59 - 

 
Figure 4.10 Measurement system with its main components the laser distance sensors (LDS), the ca-

pacitance wave gages (CWG), and the particle image velocimetry (PIV) system 

 
The pneumatic landslide generator was triggered with the pneumatics control unit and the 
pneumatic valves, and the pressures, the position sensors, and the time settings were con-
trolled in LabVIEW® 6.1. All three measurement techniques were triggered together with the 
start bottom of the pneumatic landslide generator. The data from the LDSs, the CWGs, and 
the cable actuated position sensor (CAPS) to record the box position [see 4.4.2] were digi-
tised with an analog-digital converter (ADC) and collected in specific programs written in 
LabVIEW® 6.1 in a first computer, whereas the second computer collected the PIV data. The 
programmable timing unit (PTU) controlled the timing of the whole PIV-system, including 
the CCD-cameras exposures and their synchronisation with the laser pulses. A twin cavity 
Nd.YAG-laser beam was transformed to a laser light sheet with the light-sheet optics to define 
the measurement field in the channel axis. The filters on the CCD-cameras were only perme-
able for the specific wave length 532 nm of the Nd.YAG-laser. The frame grabbers acted as 
the interface between the CCD-cameras and the PIV-software DaVis® 6.2. Besides these 
units, the still water depth was controlled with a point gage and the water temperature (20°C 
to 27°C) was measured at the channel end with a thermometer. The flow features of the im-
pact zone were recorded with a video camera. 
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4.4.2 Cable actuated position sensor (CAPS) 

 
The box position was recorded with a Cable Actuated Position Sensor CAPS shown in   
Figure 4.11(a). The cable was fixed above the slide box front and spooled on a roll in the 
sensor casing. The cable extension sensor had a sampling frequency of 500 Hz and an accu-
racy of ±0.5 mm. The frequency response and a low torque allowed coping with acceleration 
up to 6 g and decelerations down to –12 g (Fritz and Moser 2003). The data from the CAPS 
were used for controlling the slide box parameters programmed in LabVIEW® 6.1 and for the 
calculation of the maximum slide box velocity Vbox = Δxbox /Δt as shown in Figure 4.11(b). 
 

 
Figure 4.11 (a) Cable actuated position sensor (CAPS) with the cable fixed above the box front and 

(b) the box position xbox with time t after box start 

 

4.4.3 Laser distance sensor (LDS) 

 
The granular slide surface was scanned in the channel axis with two Laser Distance Sensors 
LDS (OADM, Baumer Electric AG, Frauenfeld, CH) as shown in Figure 4.12(a). The two 
parameters the slide impact velocity Vs [see 4.3.5] and the slide thickness s were evaluated 
from these profiles. The LDSs were adjustable to different still water depths h and hill slope 
angles α with a special bracket shown in Figure 4.12(a). Figure 4.13 shows the positions of 
the two LDSs. The sensors were positioned orthogonally to the hill slope ramp. The spacing 
between the two LDSs was 0.333 m for all regular experiments. The LDS0 was 0.01 m to 
0.10 m above the origin of the hill slope ramp (subscript ramp) direction xramp. For most of the 
experiments the slide impact velocity Vs was set equal to Vcs0. If the spacing between LDS0 
and the origin was larger than 0.03 m, Vs and s were extrapolated from the data at LDS–1 and 
LDS0. The box front end position was 0.57 m to 0.83 m above the origin. For the scale family 
tests [see 4.2.2.5] the LDSs positions were different from Figure 4.13. The spacing between 
the two LDSs was altered between 0.11 m and 0.40 m and the box front end position was 
0.44 m to 1.58 m above the coordinate origin in the ramp direction. 

The measurement was based on the triangulation principle described by Fritz (2002). The 
granular slide surface was sampled with red laser diode pulses of a wave-length of 675 nm 
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and a frequency of 100 Hz, as shown in Figure 4.12(b). The 2 mm thick laser beam was re-
flected on the slide surface and detected on a photoelectric array. The position on this photo-
electric array allowed the distance calculation of the slide surface with an accuracy of 
±0.5 mm for the measuring range of 400 mm. 
 

 
Figure 4.12 (a) Laser distance sensors (LDS) with the bracket for adjusting to different still water 

depths h and hill slope angles α and (b) recorded slide profiles ξ versus time t and with 
maximum slide thickness s during impact 

 
The LDSs were very sensitive to individual grains above the slide surface or the water 

splash during slide impact. The measurement error was therefore estimated to ±4.0 mm for 
the measurement uncertainty estimation in Subsection [6.2.3]. During experimentation with 
large slide impact angles α = 90° or 60°, the LDS0 was located particularly close to the still 
water surface. A third of the tests was repeated because the slide profiles were affected by the 
water splash. Sometimes, clear slide profiles were only detectable without water in the wave 
channel. The slide profiles were smoothed and apparent incorrect profile amplitudes due to 
individual grains were removed in a post-processing in Matlab® 6.5. 
 

 
Figure 4.13 Position of the two laser distance sensors 
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4.4.4 Capacitance wave gage (CWG) 

 
The wave features in the propagation zone were recorded with seven Capacitance Wave 
Gages CWGs in the channel axis. The parameters of interest included the maximum wave 
amplitude, the wave volume, or the wave amplitude decay. The CWGs were arranged as 
shown in Figure 4.14. They were horizontally adjusted to different slide impact angles α for 
usage the whole wave channel and to keep constant relative streamwise distances X = x/h 
under a range of α values. The coordinate origin was defined at the intersection of still water 
depth h and hill slope ramp. The vertical positions were adjusted to different still water depths 
h. The spacing ∆x between two neighbouring CWGs was identical for tests with a constant 
value of α, as shown in Figure 4.14. The spacing between CWG1 and the origin was 
(h/tanα + Δx1), where Δx1 was the spacing between CWG1 and the hill slope ramp end. 
 

 
Figure 4.14 Positioning of the seven capacitance wave gages (CWG) along the channel axis with 

spacing α = 30°: ∆x1 = 0.71 m, ∆x = 1.00 m; α = 45°: ∆x1 = 1.13 m, ∆x = 1.00 m; 
α = 60°: ∆x1 = 1.27 m, ∆x = 1.06 m; α = 90°: ∆x1 = 1.31 m, ∆x = 1.26 m 

 
Figure 4.15(a) shows a CWG with an electronic oscillator manufactured by VEGA Inc. 

(Schiltach, D). The probes were self-made and had a measuring range of 0.6 m. The meas-
urement principle was based on the capacity difference of the probe in water and in air. The 
larger the wetting part of the probe, the larger was the capacity signal. During a static water 
level calibration prior to experimentation, the capacity of two water levels were related to the 
probe immersion depths. During experimentation the water level was linearly interpolated 
between these two fixed points. For details concerning the measurement principle see 
Fritz (2002). Figure 4.15(b) shows typical wave profiles η recorded from the seven CWGs. A 
measurement period of 10 s was considered with a sampling frequency of 500 Hz whereas the 
electronic oscillator worked at a frequency of 300 Hz. The primary wave profile at CWG7 
close to the channel end was often affected by wave reflection at the wave absorber. The data 
from CWG7 were not included in the analysis of the wave celerity or the wave heights, there-
fore. The wave amplitude was not affected by reflection as may be seen in Figure 4.15(b). The 
measurement accuracy of these CWGs in the dynamic wave field containing no air bubbles 
may be given to ±1.5 mm. Their accuracy decreases significantly for water-air mixtures, such 
as during the formation of bore-like wave types [see 5.4.5.5]. 
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Figure 4.15 (a) Capacitance wave gage (CWG) with electronic oscillator and a measurement range of 

0.60 m and (b) wave profiles η recorded with the seven CWGs along the channel axis 
with time t from box start 

 

4.4.5 Particle image velocimetry (PIV) 

 
The velocity vector field of the impact zone was determined with a Particle Image Veloci-
metry PIV system. It is an optical and non-intrusive technique. The velocity vectors are de-
termined indirectly with the motion of seeding particles moving alike the surrounding fluid 
(Raffel et al. 1998). The determination of the velocity vector field is crucial for calibrating 
numerical simulations or to estimate the wave energy [see 5.3.5]. 

As compared with Fritz (2002) and Zweifel (2004), the PIV system was supplemented 
with the PIV software DaVis® 6.2 and the beta version DaVis® 6.3 (LaVision GmbH, Göttin-
gen, D), an additional frame grabber, and a second CCD camera to double the observational 
window (Figure 4.10). 

The measurement principle was as follows: Seeding particles (subscript p) with a diameter 
dp = 1.6 mm and a density of ρp = 1.006 t/m3 were added to the water. The measurement plane 
was defined with a twin cavity Nd.YAG-laser of a wave length 532 nm, a repetition rate of 
2 × 15 Hz, and pulse energies of 2 × 225 mJ at 532 nm. The Gaussian beam laser profile was 
deflected in the wave channel through the glass bottom with three mirrors and transformed to 
a plane with a three component lens system as shown in Figure 4.10. Two digital cameras 
with Charge Coupled Device CCD-sensors were arranged orthogonally to the measurement 
plane. The CCD-sensors featured 1,008(H) pixels × 984(V) pixels resulting in an area in the 
measurement zone of 784(H) mm × 765(V) mm as shown in Figure 4.16. The CCD-cameras 
were equipped with 532 nm linepass filters only permeable for the laser light. The camera 
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positions were always on the same altitude as the still water surface. Neither the room light 
nor the LDS with a wavelength 675 nm disturbed the PIV-measurement, therefore. The CCD-
cameras recorded double frames with a resolution of 2 × 15 Hz in the impact zone. In the 
PIV-software DaVis® 6.2 and 6.3, respectively, these raw images were composed and the 
velocity vectors were calculated with the displacement of the seeding particles between two 
images. 

For all 68 tests where PIV was applied, 50 double frames were grabbed covering a time 
span of 3.33 s. The CCD-cameras and the laser light sheet were adjusted for different still 
water depths h or hill slope angles α. For 20 of the 68 PIV-tests, the measurement area was 
extended as shown in Figure 4.16 for wave energy estimation [see 5.3.5]. First, the areas 1 
and 2 were observed, then the cameras were moved and the areas 3 and 4 were observed for a 
repeated experiment with the identical test parameters. DaVis® 6.2 was used for image acqui-
sition, pre- and post-processing, and vector calculation. The image stitching, the length scal-
ing, and the coordinate origin definition were done in the beta software DaVis® 6.3 prior to 
image acquisition. For details concerning the PIV system see Appendix [A]. 
 

 
Figure 4.16 Locations of CCD-cameras and areas of interest acquired in two repeated runs with the 

same experimental parameters 
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4.5 Summary 

The physical model including the model similitude, the experimental set-up, and the instru-
mentation was described. The experiments were conducted in a 11 m long, 0.5 m wide, and 
1 m deep wave channel based on the Froude similitude. The slide was modelled with granular 
materials. From a dimensional analysis the seven governing parameters were the still water 
depth, the slide thickness, the grain diameter, the slide impact velocity, the bulk slide volume, 
the bulk slide density, and the slide impact angle; these were reduced to five dimensionless 
quantities. Together with the relative streamwise distance and the relative time seven govern-
ing dimensionless quantities resulted. Scale effects originate mainly from fluid viscosity and 
surface tension whereas the fluid compressibility has a subordinate effect. The scale effects 
were explored with scale families and found to have a negligible effect if the still water depth 
is at least 0.200 m. A specially constructed pneumatic landslide generator allowed to vary the 
governing parameters independently and under a high test repetition accuracy. All measure-
ment components were recorded in the channel axis. Two laser distance sensors recorded the 
slide profiles prior to the impact, seven capacitance wave gages measured the wave profiles 
along the channel, and a particle image velocimetry system allowed to determine the velocity 
vector fields in the slide impact zone. 
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5 EXPERIMENTAL RESULTS 

5.1 Introduction 

Subaerial landslide generated impulse waves were investigated in a physical model based on 
the Froude similitude. The granular slide material generated impulse waves in a rectangular 
wave channel where the wave features were exclusively measured along its axis. A pneumatic 
landslide generator allowed the independent variation of all relevant parameters for impulse 
wave generation under a high test repetition accuracy. The seven test parameters are shown in 
Figure 5.1 in the (x; z) plane including the still water depth h, the slide thickness s, the slide 
impact velocity Vs, the bulk slide volume Vs, the bulk slide density ρs, the grain diameter dg, 
and the slide impact angle α. The influences of the two latter were particularly investigated in 
this study. The five former were studied by Fritz (2002) and Zweifel (2004); most of their 
ranges were extended in this research (Table 5.1). The measurement system consisted of three 
main components, namely two laser distance sensors (LDS) to scan the slide surface prior to 
impact, seven capacitance wave gages (CWG) to measure the wave profiles and a particle 
image velocimetry (PIV) system to compute the velocity vector fields in the slide impact 
zone. The results are of interest for engineering applications and numerical simulations. 

The 211 conducted experiments are presented as a function of seven dimensionless quan-
tities derived in Subsection [4.2.1]. For 20 out of the 68 tests where PIV was applied, the 
measurement area was extended for a wave energy estimation. Wherever possible, Figures 
containing all 434 tests from all three works at the VAW model were presented in each Sub-
section. Section [5.2] includes a general overview of subaerial landslide generated impulse 
waves, defines the experimental ranges of the parameters of both the present and the two 
previous studies, introduces the general notation of all Figures, and establishes the effective 
angle β and the impulse product parameter P. In Section [5.3] the results relating to the slide 
impact zone are presented, namely the maximum wave amplitude aM including its period TM 
and location, the maximum wave height HM, the wave volume, the wave energy, the PIV flow 
fields, and the wave nonlinearity. In Section [5.4] the results of the wave propagation zone are 
discussed including the wave amplitude and wave height decay, the mean wave crest celerity 
cam and the centroid celerity ccm, and the wave types (Figure 5.1). 
 

 
Figure 5.1 Definition of the governing seven influence parameters and the most important impulse 

wave characteristics  
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5.2 Overview 

The slide impact zone of subaerial landslide generated impulse waves may be characterised by 
a high-speed granular slide impact, the impact crater and primary wave formation, the crater 
collapse, the phase mixing of water, granulate, and air, the wave run-up, and the secondary 
wave formation. A photo sequence of a typical impulse wave generation for large test parame-
ters is shown in Figure 5.2. The relative parameters are the slide Froude number F = 3.88, the 
relative slide thickness S = 0.78, the relative slide mass M = 1.21, the slide impact angle 
α = 90°, and the relative grain diameter Dg = 0.013 [see 4.2.1]. The time interval is 
Δt ≈ 0.39 s. Figure 5.2(a) relates to the initial condition with the still water depth h = 0.300 m 
and the first two CWGs. The two LDSs were demounted because of problems with the water 
splash. The slide profiles were measured in a test repetition without water in the wave channel 
[see 4.4.3]. The slide material with a bulk slide density ρs = 1,634 kg/m3 reaches the water 
surface in Figure 5.2(b) at t = 0. Due to a slide impact angle α = 90° the slide profile is nearly 
similar to the applied slide box form f 2, whereas this may differ considerably for smaller 
angles α [see 6.2.2]. This test with α = 90° resembles the solitary wave generation experiment 
of Russell (1837) [see 2.4.4; 3.3.2.1]. In Figure 5.2(c) the granulate impacts the wave channel 
bottom. A water splash larger than the 1 m high wave channel develops associated with an air 
cavity much larger than the bulk slide volume, between the slide surface and the water body, 
resulting in an almost vertically lifted water body. The air cavity collapses and the water body 
is deformed to both the primary impulse wave of maximum wave amplitude and a backward 
flow in Figure 5.2(d). The backward flow runs up the vertical ramp in Figure 5.2(e) while the 
crest of the primary impulse wave reaches CWG2 (subscript 2). The run-up flow transforms to 
a bore in Figure 5.2(f), the granular slide reaches its terminal position and the primary wave 
leaves the observational window. In Figure 5.2(g) the transient bore reaches nearly CWG1 
(subscript 1) and the air in the slide pores escapes in the next few photos. The transient bore 
advances in the wave channel as a secondary impulse wave in Figures 5.2(h) to (j) with a 
much smaller height as compared with the primary impulse wave. 

Subaerial landslide generated impulse waves damp in general much faster due to air en-
trainment, turbulence production, and frequency dispersion than do e.g. wind waves 
[see 5.4.2]. The wave propagation zone of impulse waves may be characterised by air de-
trainment, wave propagation, wave type transformation, and wave decay. Figure 5.3 shows a 
photo sequence of the impulse wave generated in Figure 5.2 farther away from the slide im-
pact zone. The relative distances are X = x/h = 13.8 to 25.6 and the time interval is Δt ≈ 0.36 s. 
In Figure 5.3(a) the crest of the primary impulse wave is next to CWG4 [see 4.4.4]. The wave 
profile may be approximated with a cnoidal wave [see 2.4.3; 5.4.5.3]. Due to a large wave 
height, the impulse wave behaves as a spilling breaker having a whitecap [see Appendix C]. 
In Figures 5.3(b) to (d) the impulse wave travels with a wave crest (subscript a) celerity 
ca = 2.2 m/s. The wave amplitude decay may be observed at the wet back wall zone. Recall 
that the CWGs only measure the pure water column [see 4.4.4]. 
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Figure 5.2 Photo sequence of granular impact, impact crater formation, primary impulse wave gen-

eration and propagation, crater collapse, and flow run-up for h = 0.300 m, 
ρs = 1,634 kg/m3, α = 90°, F = 3.88, S = 0.78, M = 1.21, Dg = 0.013, with (a) initial con-
dition and Tr ≈ (b) 0.0, (c) 2.3 (d) 4.6, and (e) 6.9; continued on page 70 
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Figure 5.2 Continuation of photo sequence with bore formation and propagation for Tr  = (f) 9.1, (g) 

11.4, (h) 13.1, (i) 15.4, and (j) 17.7  
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Figure 5.3 Wave propagation of the impulse wave generated in Figure 5.2 at relative distances 

X = 13.8 - 25.6 and Tr ≈ (a) 13.0, (b) 15.1, (c) 17.1, and (d) 19.2 
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Figure 5.4 relates to the relative wave profiles η/h versus the relative (subscript r) time 
Tr = t(g/h)1/2 of the same run as shown in Figures 5.2 and 5.3, respectively. Figure 5.4 shows 
from top (a) to bottom (g) the data at CWG1 to CWG7 whereby the constant spacing between 
two CWGs was Δx = 1.26 m [see 4.4.4]. In Figure 5.4(a) at CWG1 the primary impulse wave 
has a relative wave amplitude a/h = 0.63 and a relative wave trough (subscript t) depression 
At = at /h = 0.33. The primary impulse wave is not fully developed at CWG1 due to a large 
slide Froude number F = 3.88 as compared with the elementary wave celerity at F = 1. At 
CWG2 the wave amplitude has increased and the trough is smaller than at CWG1. The pri-
mary wave amplitude becomes larger at the expense of the wave trough amplitude. The 
maximum (subscript M ) relative wave amplitude AM = aM /h = 0.82 and the maximum relative 
wave height YM = HM /h = 1.04 were measured at CWG3 in Figure 5.4(c). As shown below, 
the maximum wave height is in general about (5/4) times the maximum wave amplitude in 
this research project [see 5.3.2]. The large relative wave height explains the spilling breaker of 
the primary wave in Figure 5.3 [see Appendix C]. The impulse wave undergoes a wave height 
decay and a dispersion process in Figure 5.4(d) to (g). The wave amplitude in Figure 5.4(e) 
corresponds to Figure 5.3(c) and allows a rough optical control of the measurement of CWG5. 
Both the wave profile in Figure 5.4(e) and in Figure 5.3(c) yield a relative wave amplitude of 
about 0.7. Recall again that the CWGs only measure the pure water column [see 4.4.4]. In 
Figure 5.4(g) the wave trough is superposed by wave reflection at the wave absorber located 
1.35 m downstream of CWG7. The grey zone in Figures 5.4(c) to (g) refers to wave data 
affected by wave reflection. The mean (subscript m) primary wave crest celerity between 
CWG1 and CWG6 may be determined as cam = 2.16 m/s. 

The seven test parameters were the still water depth h, the slide thickness s, the slide (sub-
script s) impact velocity Vs, the bulk slide volume Vs, the bulk slide density ρs, the grain (sub-
script g) diameter dg, and the slide impact angle α (Figure 5.1). Their test ranges are shown in 
Table 5.1 for both the present and the two previous research projects of Fritz (2002) and 
Zweifel (2004). The entire test ranges of all three studies are presented in the last column. The 
range of the streamwise coordinate x was extended from 7.81 m to 8.90 m as compared with 
the two previous works because the coordinate origin was closer to the channel front end with 
larger slide impact angles α [see 4.4.4]. Four different box forms f 1, f  2, f 3, and f 4 were 
considered in this research whereas the measurement duration t = 10 s was constant for all 
three studies. Slide masses ms ≤ 113.30 kg were applied. The bulk slide porosity n is included 
in ρs according to Eq. (4.12). The range 30.7% ≤ n ≤ 43.3% resulted from the test program. 
The ranges of all dimensionless parameters were extended in this research as compared with 
the two previous except for the relative slide density D = ρs /ρw, where ρw is the water (sub-
script w) density. Extended were the range of the slide impact angle α, the slide Froude num-
ber F = Vs /(gh)1/2, the relative slide thickness S = s/h, the relative slide volume V = Vs /(bh2), 
the relative slide mass M = ms /(ρwbh2), the relative streamwise distance X = x/h, the relative 
grain diameter Dg = dg /h, and the relative time Tr = t(g/h)1/2. The parameter M is the product 
of D and V [see 4.2.1]. For each test the influences of D and V were controlled individually to 
ensure that they may be appropriately represented only by M. In all correlations a particular 
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attention was paid to the slide impact angle α and the relative grain diameter Dg. The number 
of experiments of this research was 211, the total number of all VAW runs being i = 434. 
According to Subsection [4.2.2.5] a still water depth h ≥ 0.200 m is required for negligible 
scale effects. A total number of 31 runs (25 in this and 6 in the study of Zweifel 2004) out of 
434 involved h = 0.150 m and may possibly result in a scale effect. Nevertheless, they were 
not excluded from the data analysis because their maximum scale effect for a channel width 
of b = 0.500 m is estimated to be of the order of < 15% as compared with runs with a negligi-
ble scale effect (Heller et al. 2007). An according correction e.g. of the relative maximum 
wave amplitude in Figure 5.5 would only slightly change the empirical Eq. (5.3), which is in 
exchange applicable to a much wider parameter range.  
 

Table 5.1 Overview of experimental parameter and dimensionless quantity ranges of Fritz (2002), 
Zweifel (2004), and present study 

 Fritz (2002) Zweifel (2004) present study all runs 
symbol experimental ranges 

h [m] 0.30, 0.45, 0.675 0.15, 0.30, 0.60 0.15, 0.20, 0.30, 0.45, 0.60 0.150 - 0.675 
s [m] 0.050 - 0.199 0.075 - 0.189 0.053 - 0.249 0.050 - 0.249 

dg [mm] 4 4, 5 2, 4, 5, 8, and mixture 2.0 - 8.0 
x [m] 0.00 - 7.81 0.00 - 7.73 0.00 - 8.90 0 - 8.90 

Vs [m/s] 2.76 - 8.20 2.60 - 8.77 2.06 - 8.34 2.06 - 8.77 
Vs [m3] 0.017, 0.033, 0.067 0.017, 0.033, 0.067 0.017, 0.033, 0.067 0.0167 - 0.0668 

f [-] f1, f2, f3, f4, f5, f6 f1, f2, f3, f4 f1, f2, f3, f4 f1, f 2, f 3, f4, f 5, f6
ρs [kg/m3] 1,720 590, 1,010, 1,340, 1,720 ≈ 590, ≈ 1,720 590 - 1,720 

t [s] 0 - 10 0 - 10 0 - 10 0 - 10 
ms [kg] 27.03 - 108.12 10.09 - 108.87 19.69 - 113.30 10.09 - 113.30 
α [°] 45 45 30, 45, 60, 90 30 - 90 
F [-] 1.08 - 4.66 1.25 - 4.89 0.86 - 6.83 0.86 - 6.83 
S [-] 0.076 - 0.663 0.125 - 1.134 0.09 - 1.64 0.09 - 1.64 
V [-] 0.045 - 0.910 0.116 - 3.757 0.19 - 5.94 0.045 - 5.94 
D [-] 1.72 0.59, 1.01, 1.34, 1.72 0.59, 1.72 0.590 - 1.720 
M [-] 0.119 - 2.403 0.110 - 3.588 0.110 - 10.020 0.110 - 10.020 
X [-] 0 - 25 0 - 49 0 - 59 0 - 59 
Dg [-] 0.006, 0.008, 0.013 0.007 - 0.033 0.003 - 0.040 0.003 - 0.040 
Tr [-] 0 - 57 0 - 81 0 - 81 0 - 81 
i [-] 137 86 211 434 

 

Table 5.2 Legend for Figures with data from the present study 
   α = 30° α = 45° α = 60° α = 90° h = 0.150 m

ρs ≈ 590 kg/m3      Figures with data 
from the present study ρs ≈ 1,720 kg/m3      

 

Table 5.3 Legend for Figures with all VAW data of Fritz (2002), Zweifel (2004), and present study 
  Fritz (2002) Zweifel (2004) present study h = 0.150 m 
Figures with all VAW data     
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Figure 5.4 Relative wave profiles η/h versus relative time t(g/h)1/2 with h = 0.300 m, 

ρs = 1,634 kg/m3, α = 90°, F = 3.88, S = 0.78, M = 1.21, and Dg = 0.013 at (a) CWG1,   
(b) CWG2, (c) CWG3, (d) CWG4, (e) CWG5, (f) CWG6, and (g) CWG7; the grey area is 
influenced by wave reflection  

 
A uniform test notation for all data of the present study was applied (Table 5.2). Open 

symbols refer to runs with the light granular material resulting in a bulk slide density 
ρs ≈ 590 kg/m3, filled symbols refer to runs with the heavy granular material resulting in a 
bulk slide density ρs ≈ 1,720 kg/m3 [see 4.3.4]. Furthermore, the slide impact angles α are 
described with the symbols ( ) for α = 30°, ( ) for α = 45°, ( ) for α = 60°, and ( ) for 
α = 90°. The symbol ( ) refers to the 25 runs with a still water depth h = 0.150 m and which 
may be affected by a scale effect. The notation for the Figures including all the VAW data is 
shown in Table 5.3. The symbol ( ) refers to data from Fritz (2002), ( ) to data from Zweifel 
(2004), and ( ) to data from the present study where ( ) indicates the 31 runs in the range of 
possible scale effects with h = 0.150 m. Figure 5.34 in Subsection [5.4.5] is the only with a 
different notation than introduced in Tables 5.2 and 5.3. The coefficients of determination R2 
of the entire Chapter correspond to all data including those with scale effects. 

The slide impact angle α was included in this research after extensive examinations with 
the parameter cosβ. This parameter multiplied by the slide impact velocity Vs and the slide 
mass ms considers the slide impulse component in the x-direction. The slide impact angle 
α = 90° would result in cos(90°) = 0. The impulse component in the x-direction would then be 
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nil, therefore. To account for the effect of α on the wave amplitude up to α = 90°, the effec-
tive angle β was introduced as 
 

( )αβ 7/6= ,  30° ≤ α ≤ 90°. (5.1) 
 

Most of the empirical equations of the wave parameters in Sections [5.3] and [5.4] depend 
on the impulse product parameter P. It was found to be the governing dimensionless quantity 
during the data analysis for both the slide impact and the wave propagation zones. The im-
pulse product parameter P is defined as 
 

( ) 2/14/12/1 cos βMSFP = , 0.17 ≤ P ≤ 8.13. (5.2) 
 

5.3 Slide impact zone 

5.3.1 Maximum wave amplitude 
 
The maximum wave amplitude aM is defined as the largest measured spacing between the still 
water surface and the maximum crest elevation as shown in Figure 5.1, independent from the 
position in the wave train. The estimation of aM is crucial for a hazard prediction. It was 
measured at CWG1 in 75% of the runs. For 25% of the runs the wave amplitude was not fully 
developed until CWG2 or even more downstream. The primary wave crest had normally the 
highest wave amplitude as was previously noticed by Zweifel et al. (2006). Only for about 5% 
of the 211 runs the secondary wave crest was higher than the primary wave crest. These were 
all impulse waves with a Stokes-like profile [see 5.4.5]. 
 

 
Figure 5.5 (a) Relative maximum wave amplitude AM versus P and (–) Eq. (5.3) with (--) ±30% de-

viation (R2 = 0.88) and (b) measured AM,meas versus calculated relative maximum wave 
amplitudes AM,calc based on Eq. (5.3); Notation see Table 5.2 on page 73 
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The relative maximum wave amplitude AM = aM /h is shown in Figure 5.5(a) versus the 
impulse product parameter P = FS1/2M 

1/4(cosβ )1/2 from Eq. (5.2). The 25 experiments con-
ducted with h = 0.150 m ( ) were estimated to have a scale effect of less than 15% as com-
pared with runs with negligible scale effects [see 4.2.2]. Maximum wave amplitudes 
0.06 ≤ AM ≤ 2.5 were measured in the hydraulic model. The multiple regression with a devia-
tion of ±30% and a coefficient of determination R2 = 0.88 yielded 
 

5/4)9/4( P=MA . (5.3) 
 
Applying Eq. (5.3) the parameter limitations in Table 5.1 and Eq. (5.2), respectively, have to 
be considered. The scatter in Figure 5.5 may be explained with the diversity of impact craters 
and wave type formation connected with the amount of the water splash generation. A further 
reason may be the static arrangement of the CWGs. The measurement location of the maxi-
mum wave amplitude did often not coincide with the exact location of the maximum wave 
amplitude. 

The slide Froude number F with the exponent 4/5 in Eq. (5.3) has the largest effect on the 
relative maximum wave amplitude AM. The relative slide thickness S with the exponent 2/5 
and the relative slide mass M with the exponent 1/5 have a smaller influence. The slide impact 
angle α is included in Eq. (5.3) according to Eq. (5.1). For α = 30° the relative maximum 
wave amplitude is 1.75 times as large as for α = 90° if all other dimensionless parameters 
remain constant, therefore [see 6.2.1]. The influences of the relative grain diameter Dg and the 
relative distance X were negligible small and are not included in Figure 5.5(a). Slides with 
larger slide Froude numbers F, relative slide thicknesses S, relative slide masses M, and 
smaller slide impact angles α generate higher relative maximum wave amplitudes AM in ac-
cordance of a larger momentum component in the x-direction.  
 

 
Figure 5.6 Data from all VAW runs: (a) Relative wave amplitude AM versus P with (–) Eq. (5.3) and 

(--) ±30% deviation (R2 = 0.89) and (b) measured AM,meas versus calculated relative wave 
amplitude AM,calc based on Eq. (5.3); Notation see Table 5.3 on page 73 
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Figure 5.5(b) shows the measured (subscript meas) relative maximum wave amplitude 
AM,meas versus the calculated (subscript calc ) relative maximum wave amplitude AM,calc based 
on Eq. (5.3). About 90% of all data are contained within the ±30% lines, except for tests with 
a scale effect and small values on the abscissa.  

The data of all 434 VAW runs are shown in Figure 5.6. The different symbols refer to dif-
ferent studies as shown in Table 5.3. Note the identical axes as in Figure 5.5 where the corre-
lation from Eq. (5.3) resulted with a slightly better coefficient of determination R2 = 0.89. The 
relative maximum wave amplitude is compared with other hydraulic model results in      
Subsections [6.3; 6.4]. 

The relative distances XM = xM /h of the maximum wave amplitudes aM versus the impulse 
product parameter P = FS1/2M 

1/4(cosβ )1/2 from Eq. (5.2) are shown Figure 5.7(a) for the 
present study and in Figure 5.7(b) for all VAW tests. The relative distances are relevant for 
the wave amplitude decay in Subsection [5.4.2]. The multiple regression with a deviation of 
±50% and a coefficient of determination R2 = 0.23 and R2 = 0.13, respectively, yielded 
 

( ) 2/12/11 P=MX . (5.4) 
 
The relative distance was in the range of 2.67 ≤ XM ≤ 17.13. The maximum wave amplitudes 
of Stokes-like waves [see 5.4.5.2] were always measured at CWG1. The parameter XM is 
obviously ill-defined. Nevertheless, about 90% of all data are contained within ±50% of     
Eq. (5.4). The relative distance XM is considered in the wave amplitude decay with an expo-
nent − 4/15 [see 5.4.2]. The large scatter in Figure 5.7 has a small effect on the wave ampli-
tude decay, therefore. The test value at XM = 16.9 and P = 1.39 overestimates Eq. (5.4) by a 
factor of 2.6, for which no reason was found. 
 

 
Figure 5.7 Relative distance XM versus P and (–) Eq. (5.4) with (--) ±50% deviation for (a) present 

study (R2 = 0.23) and (b) for the data of all VAW runs (R2 = 0.13); Notation see           
Tables 5.2 and 5.3 on page 73 
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5.3.2 Maximum wave height 
 
The maximum wave height HM is defined as the largest measured spacing between the wave 
trough and the maximum crest elevation, as shown in Figure 5.1, independent of the position 
in the wave train. The knowledge of HM is crucial for the wave run-up height or the overtop-
ping volume at a dam. In general, the run-up height estimation formulas are based on the 
wave height (Synolakis 1987; Müller 1995; among others). All impulse waves in this study 
are nonlinear [see 5.3.7]. For nonlinear waves the wave height H is not twice the wave ampli-
tude a as for linear waves (Figure 2.1). The more a wave is nonlinear, the larger is the ratio of 
the wave amplitude to the wave height a/H. The ratio a/H  = 1 corresponds to the solitary 
wave type [see 5.4.5.4; 2.4.4]. The maximum wave height HM was evaluated from the wave 
profiles measured with the CWGs [see 4.4.4]. 

The relative maximum wave height YM = HM /h is shown in Figure 5.8(a) versus the im-
pulse product parameter P = FS1/2M 

1/4(cosβ )1/2 from Eq. (5.2). The 25 experiments conducted 
with h = 0.150 m ( ) resulted in an estimated scale effect < 15% as compared with the runs 
with a negligible scale effect [see 4.2.2]. Maximum wave heights 0.01 ≤ YM ≤ 2.6 were meas-
ured in the hydraulic model. The multiple regression with a deviation of ±30% and a coeffi-
cient of determination R2 = 0.82 yielded 
 

5/4)9/5( P=MY . (5.5) 
 
Applying Eq. (5.5) the parameter limitations in Table 5.1 and Eq. (5.2), respectively, have to 
be considered. The scatter in Figure 5.8 may be explained with the diversity of impact craters 
and wave type formation connected with the generation of water splash. A further reason may 
be the static arrangement of the CWGs. The measurement location of the maximum wave 
height did often not coincide with the location of the effective maximum wave height. The 
coefficient of determination R2 = 0.82 is slightly worse than for the relative maximum wave 
amplitude AM with R2 = 0.88 [see 5.3.1] because it is composed of two measurements, namely 
the wave crest and the wave trough elevations. 

Equation (5.5) is identical to Eq. (5.3), with the exception of the factor (5/9). For most of 
the experiments the maximum wave amplitude and the maximum wave height are measured 
at the same position and time. Equations (5.3) and (5.5) allow for a comparison resulting in 
HM ≈ (5/4)aM, therefore. This rule of thumb is inexact for Stokes-like waves [see 5.4.5.2]. The 
slide Froude number F with the exponent 4/5 in Eq. (5.5) has the largest effect on the relative 
maximum wave height YM. The relative slide thickness S with the exponent 2/5 and the rela-
tive slide mass M with 1/5 have less influences. The slide impact angle α is included in 
Eq. (5.5) according to Eq. (5.1). For an experiment with α = 30° the relative maximum wave 
height is 1.75 times as large as for α = 90° if all other dimensionless parameters remain con-
stant, therefore [see 6.2.1]. The effects of the relative grain diameter Dg and the relative 
streamwise distance X were negligibly small and are not include in Figure 5.8(a). Slides with 
large slide Froude numbers F, relative slide thicknesses S, relative slide masses M, and a 
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small slide impact angles α generate large relative maximum wave heights YM due to the large 
momentum component in the x-direction. 
 

 
Figure 5.8 (a) Relative maximum wave height YM versus P and (–) Eq. (5.5) with (--) ±30% devia-

tion (R2 = 0.82) and (b) measured YM,meas versus calculated relative maximum wave 
heights YM,calc based on Eq. (5.5); Notation see Table 5.2 on page 73 

 
Figure 5.8(b) shows the measured relative maximum wave height YM,meas versus the calcu-

lated relative maximum wave height YM,calc based on Eq. (5.5). About 90% of all data are 
contained within ±30% of the calculation except for tests with a scale effect and small values 
on the abscissa. 
 

 
Figure 5.9 Data from all VAW runs: (a) Relative wave height YM versus P with (–) Eq. (5.5) and     

(--) ±30% deviation (R2 = 0.85) and (b) measured YM,meas versus calculated relative wave 
height YM,calc based on Eq. (5.5); Notation see Table 5.3 on page 73s 

 
The data of all 434 VAW runs are shown in Figure 5.9. The different symbols refer to dif-

ferent studies as shown in Table 5.3. The axes are identical as in Figure 5.8 from where the 
same correlation resulted from Eq. (5.5) with a slightly better coefficient of determination 
R2 = 0.85. The relative distance of the maximum wave height may be estimated with 
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Eq. (5.4). The relative maximum wave height as compared with other hydraulic model tests is 
discussed in Subsections [6.3; 6.4]. 
 

5.3.3 Wave period 
 
The wave period TM discussed herein is defined as the time between the first and the second 
up-crossing of the water surface for the maximum wave amplitude aM as shown in Figure 5.1. 
Subaerial landslide generated impulse waves start always with a rise of the water surface from 
the still water. The values TM were directly available from the wave gages. To characterise the 
wave in the slide impact zone, both the wave amplitude and the wave length are necessary 
(Walder et al. 2003). The wave length L may be determined with L = c·TM according to the 
linear wave theory [see 2.3]. The wave celerity c is well described with the solitary wave 
celerity from Eq. (2.15) as discussed in Subsection [5.4.4]. 
 

 
Figure 5.10 (a) Relative wave period TM (g/h)1/2 versus P and (–) Eq. (5.6) with (--) ±50% deviation 

(R2 = 0.33) and (b) measured TM,meas(g/h)1/2 versus calculated relative wave period 
TM,calc(g/h)1/2 based on Eq. (5.6); Notation see Table 5.2 on page 73 

 
The relative wave period TM (g/h)1/2 is shown in Figure 5.10(a) versus 

P = FS1/2M 
1/4(cosβ )1/2 from Eq. (5.2). The 25 experiments conducted with h = 0.150 m are 

marked in ( ). Relative wave periods in the range of 2.7 ≤ TM ≤ 38.8 were measured. The 
multiple regression with a deviation of ±50% and a coefficient of determination R2 = 0.33 
yielded 
 

( ) 2/12/1 9/ P=hgTM . (5.6) 
 
Applying Eq. (5.6) the parameter limitations in Table 5.1 and Eq. (5.2), respectively, have to 
be considered. The slide Froude number F with the exponent 1/2 in Eq. (5.6) has the largest 
effect on the relative wave period TM (g/h)1/2. The relative slide thickness S with the exponent 
1/4 and the relative slide mass M with 1/8 have less influences. The slide impact angle α is 
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included in Eq. (5.6) according to Eq. (5.1). The effects of the relative grain diameter Dg and 
the relative distance X were negligibly small and are not include in Figure 5.10(a). Slides with 
large F, S, M, and small α generate long relative wave period TM (g/h)1/2 due to the large 
momentum component in the x-direction and the accompanied large relative maximum wave 
amplitude AM. The parameter TM may not be calculated as accurately as the maximum wave 
amplitude aM. 

Figure 5.10(b) shows the measured relative wave period TM,meas(g/h)1/2 versus the calcu-
lated relative wave period TM,calc(g/h)1/2 based on Eq. (5.6). The data are located within ±50% 
of the calculation except for tests with a scale effect and small values on the abscissa. About 
87% of the data are located within of ±50%. 

The data of all 434 VAW runs are shown in Figure 5.11. The different symbols refer to 
different studies as shown in Table 5.3. The axes are identical as in Figure 5.10 resulting in 
the same correlation as from Eq. (5.6) with a slightly better coefficient of determination 
R2 = 0.39. 
 

 
Figure 5.11 Data from all VAW runs: (a) Relative wave period TM (g/h)1/2 versus P with (–) Eq. (5.6) 

and (--) ±50% deviation (R2 = 0.39) and (b) measured TM,meas(g/h)1/2 versus calculated 
relative wave period TM,calc(g/h)1/2 based on Eq. (5.6); Notation see Table 5.3 on page 73 

 

5.3.4 Wave volume  
 
The volume VcP of the primary (subscript P) wave is crucial for numerical simulations and a 
hazard prevention analysis. An example of the latter is the determination of the overtopping 
volume at a dam (Müller 1995). The parameter VcP is defined by the area enclosed by the 
wave profile η from the initial rise to the first down-crossing, as shown in Figure 5.12. It was 
evaluated from the wave profiles measured at the very next CWG from the relative distance 
X = 5.0, i.e. at CWG1 or CWG2 in most of the cases (Table 5.5). The primary wave volume 
was determined as 
 

VcP ∫∫ ==
crest

c
crest

tbcxb dd ηη  (5.7) 
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where cc is the wave centroid (subscript c) celerity, η the positive water surface displacement, 
and b = 0.500 m the constant channel width. The wave centroid celerity is determined in 
Subsection [5.4.4]. The simplification dx = ccdt supposes a constant wave centroid celerity 
over the entire wave crest. 
 

 
Figure 5.12 Definition of primary wave volume VcP as the area enclosed by the wave profile η from 

the initial rise to the first wave down-crossing 

 
Figure 5.13(a) shows the relative primary wave volume VcP/(bh2) versus the impulse 

product parameter P = FS1/2M 
1/4(cosβ )1/2 from Eq. (5.2). The symbol ( ) refers to runs in the 

range of a possible scale effect. Primary wave volumes affected by a scale effect are too small 
as compared with runs with negligible scale effects due to both smaller wave celerity and 
crest volumes [see 4.2.2.3]. The ratio of the primary wave crest volume VcP to the bulk slide 
volume Vs was in the range of 0.6 ≤ VcP/Vs ≤ 6.6. The volume VcP exceeded in more than 90% 
of the runs the bulk slide volume Vs. The multiple regression with a coefficient of determina-
tion R2 = 0.82 and a deviation of ±50% resulted in 
 

VcP/(bh2) 5/6P= . (5.8) 
 
Applying Eq. (5.8) the parameter limitations in Table 5.1 and Eq. (5.2), respectively, have to 
be considered. The slide Froude number F with the exponent 6/5 in Eq. (5.8) affects the rela-
tive primary wave volume VcP/(bh2) more than all other dimensionless quantities. The relative 
slide thickness S with the exponent 3/5 and the relative slide mass M with the exponent 3/10 
have a smaller influence. The slide impact angle α is included in Eq. (5.8) according to 
Eq. (5.1). For an experiment with α = 30° the relative primary wave volume is 2.3 times as 
large as for α = 90° if the other dimensionless parameters remain constant, therefore. The 
influence of the relative grain diameter Dg was negligibly small and is not include in      
Figure 5.13(a). 
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Figure 5.13 (a) Relative primary wave volume VcP/(bh2) versus P with (–) Eq. (5.8) and (--) ±50% 

deviation (R2 = 0.82) and (b) measured VcP,meas/(bh2) versus calculated relative primary 
wave volume VcP,calc/(bh2) based on Eq. (5.8); Notation see Table 5.2 on page 73 

 
Slides with large values of F, S, M, and small α generate large relative primary wave vol-

umes VcP/(bh2) in accordance with the large momentum component in the streamwise direc-
tion. Figure 5.13(b) shows the measured relative primary wave volume VcP,meas/(bh2) versus 
the calculated relative primary wave volume VcP,calc/(bh2) based on Eq. (5.8). The scatter in 
Figure 5.13 may be due to the effects of the wave celerity and the wave crest profile influenc-
ing VcP. The relative primary wave crest volumes between CWG1 and CWG6 were 
0.3 ≤ VcP6/VcP1 ≤ 2.0. 

Figure 5.14 compares the data of all VAW runs with Eq. (5.8). The coefficient of determi-
nation R2 = 0.85 is slightly better than in Figure 5.13.  
 

 
Figure 5.14 Data from all VAW runs: (a) Relative primary wave volume VcP/(bh2) versus P with      

(–) Eq. (5.8) and (--) ±50% deviation (R2 = 0.85) and (b) measured VcP,meas/(bh2) versus 
calculated relative primary wave volume VcP,calc/(bh2) based on Eq. (5.8); Notation see     
Table 5.3 on page 73 
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5.3.5 Wave energy 
 
During slide impact the slide energy is transformed to the water body, to internal slide fric-
tion, to slide deformation, and to mechanical deformation of the channel bottom. The follow-
ing considers the conversion of the total slide energy into the kinetic and potential wave ener-
gies. The kinetic wave energy is the energy inherent in the motion of the water particles and 
the potential energy accounts for the particle displacement from the still water position. The 
knowledge of the kinetic and potential wave energies is crucial in numerical simulations e.g. 
to assume an appropriate energy input on wave generation if the slide itself is not modelled. 
According to the linear wave theory, the potential and kinetic wave energies are identical if 
the surface tension energy is neglected (Yih 1997). For a linear water wave only the wave 
profile must be known to evaluate the wave energy. The total wave energy is twice the poten-
tial wave energy, therefore [see 2.3]. For most of the studies in which the impulse wave en-
ergy was considered (Kamphuis and Bowering 1972; Huber 1980; Fritz 2002), the wave 
energy was determined according to this concept although impulse waves are nonlinear 
[see 5.3.7]. 
 

 
Figure 5.15 Definition sketch for slide to wave energy conversion with one enlarged interrogation 

window 

 
In this research, the kinetic and the potential wave energies were calculated separately 

based on the instantaneous velocity vector fields determined with PIV. Kinetic energy deter-
minations via velocity vector fields were previously presented by Melville et al. (2002). The 
definition sketch for the conversion of slide to wave energy and the applied water volume is 
shown in Figure 5.15 with one enlarged interrogation window represented by the particle 
(subscript p) velocity components vpx and vpz in the x- (subscript x) and the z-directions (sub-
script z), respectively. The water volume for the kinetic (subscript kin) Ekin and the potential 
(subscript pot) wave energies Epot were limited by the coordinate origin (x = 0; z = 0) on the 
left hand side, the channel bottom, the distance 8h from the origin on the right hand side, and 
the water surface. The arbitrary boundary at x/h = 8 was chosen because the granular slide 
material had then dissipated most of its kinetic energy and has nearly come to rest. The obser-
vation window for the energy estimation was composed of three experiments with identical 
test parameters and adjusted CCD-camera positions for h = 0.450 m, two experiments for 
h = 0.300 m, and one experiment for h = 0.200 m and h = 0.150 m [see 4.4.5]. The instant of 
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the wave energy calculation was defined when the water surface elevation η at the right 
boundary reached 2% of the still water depth h. The slide energy Es was assumed identical to 
the kinetic energy at slide impact as 
 

( ) 22/1 sss VmE = . (5.9) 

 
Previous studies such as those of Kamphuis and Bowering (1972), Huber (1980), and Fritz 
(2002) applied the same slide energy concept, whereas Johnson and Bermel (1949) used the 
potential slide energy as the input value. The slide impact velocity Vs in nature may be deter-
mined with Eqs. (4.13) or (6.1), respectively, once the dynamic bed friction angle δ is known 
and the slide mass ms is estimated. 
 

 
Figure 5.16 Instant of energy estimation for h = 0.300 m, ρs = 609 kg/m3, α = 90°, F = 3.85, S = 0.81, 

M = 0.90, Dg = 0.017, Tr = 4.17, resulting in Ekin /Es = 0.045, and Epot /Es = 0.156 with (a) 
raw image and (b) velocity vector field (after Heller et al. 2006) 

 
Figure 5.16 shows the water volume considered for energy conversion estimation of an 

experiment in the dimensionless coordinates (x/h; z/h) with a slide impact angle α = 90°, a 
slide Froude number F = 3.85, a relative slide thickness S = 0.81, a relative slide mass 
M = 0.90, and a relative grain diameter Dg = 0.017. The still water depth was h = 0.300 m and 
the bulk slide density ρs = 609 kg/m3. The raw image is shown in Figure 5.16(a) and the 
velocity vector field in Figure 5.16(b) with the reference velocity vector (gh)1/2. The relative 
time was Tr = 4.17 after slide impact in accordance with a water surface displacement of 
0.02h at x/h = 8. The area where the velocity vector field was calculated was defined with a 
mask [see Appendix A]. The water volume may be overestimated due to the presence of 
zones with a water-air mixture. Therefore, the water volume at the instant of energy estima-
tion was compared with the undisturbed water volume to preserve the mass continuity. If the 
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volume difference was larger than 5%, the filter was adjusted and the velocity vector field 
calculation repeated until the departure of the two volumes was ≤ 5%. One velocity vector in 
Figure 5.16(b) represents the average in a rectangle of 50.4(H) mm × 25.2(V) mm. The en-
ergy was calculated with an interrogation window size of 12.6(H) mm × 12.6(V) mm corre-
sponding to an 8 times higher resolution as shown in Figure 5.16(b). The example in      
Figure 5.16 resulted in a relative kinetic wave energy of Ekin/Es = 4.5% and a relative potential 
wave energy of Epot/Es = 15.6%. 

Assuming homogenous turbulence, the average properties of a random motion are inde-
pendent of the position in the fluid (Batchelor 1953). Kolmogorov (1958) described the ho-
mogenous turbulence production in a current with a large Reynolds number as the interaction 
of eddies with different dimensions, and enhanced the so-called energy cascade model of 
Richardson (1922). The current itself generates the largest eddies, activating smaller eddies of 
the second order, and these develop even smaller eddies of third order and so on. These eddies 
spend their entire energy to produce smaller eddies and their energy dissipation into heat is 
negligibly small, therefore. If the eddy diameter is in the range of the so called Kolmogorov 
microscale, the entire energy is dissipated into heat and no longer into kinetic energy 
(Obuchow and Jaglom 1958). The Kolmogorov (subscript K) microscale with the dimension 
of a length is defined in terms of the kinematic viscosity of water νw [m2/s] and the rate of 
energy dissipation ε [m2/s3] as (Batchelor 1953; Nezu and Nakagawa 1993; Pope 2000) 
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The Kolmogorov microscale is relevant for the kinetic energy determination using PIV 
(Saarenrinne and Piirto 2000; Lavoie et al. 2007). The interrogation window size and the area 
which is represented by one velocity vector should be in the order of ηK to consider the small-
est structures of the kinetic wave energy. Nezu and Nakagawa (1993) provided an estimation 
of ηK concerning river engineering as 
 

4/3oR
h

K ≈η . (5.11) 

 
The parameter Rº = hV º/νw is the friction (superscript º

 ) Reynolds number with the friction 
velocity V 

º = (ghI )1/2 depending on the energy gradient I. For a rough estimation I was set 
equal to the wave amplitude decay. This estimation originates from a perfect solitary wave 
decaying only due to friction. For a typical run I = 0.008, h = 0.300 m, and νw = 1·10−6 m2/s 
resulting in ηK = 0.1 mm. Nezu and Nakagawa (1993) estimated ηK = 0.4 mm for a laboratory 
experiment of a river with h = 0.10 m and a mean velocity of 0.5 m/s. Kundu and Cohen 
(2004) estimated ηK for ocean currents of the order of some millimetres whereas in hydraulic 
models it is much smaller. Kimmoun and Branger (2007) investigated the breaking of sinu-
soidal waves with wave heights of about H = 0.10 m and measured ηK = 0.1 mm to 1 mm. 
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Melville et al. (2002) investigated the wave breaking in a wave channel 30 m long, 0.5 m 
wide, with a still water depth of 0.6 m. They estimated ηK in the order of one millimetre, i.e. 
the typical dimension of the present study. They applied a final interrogation window size of 
2.9 mm × 2.9 mm for their energy determination and obtained coherent results. Herein, the 
final interrogation window size was 12.6 mm × 12.6 mm (16 pixels × 16 pixels) and much 
larger than ηK = 0.1 mm to 1 mm, therefore. An interrogation window size of 6.3 mm 
× 6.3 mm would theoretically be possible, but the seeding particles with a diameter of 
dp = 1.6 mm are then too large. Interrogation window sizes of 1 mm × 1 mm would require 
about twelve times smaller observation windows and an adjustment of both the object plane 
(subscript op) distance yop between the CCD-cameras and the object plane and the seeding 
particle diameter. The composition of Figure 5.16(b) would require not only 2 but about 160 
repeated runs [see Appendix A], an effort not done herein. However, even if the interrogation 
window size is much larger than the Kolmogorov microscale and only the kinetic energy of 
the largest eddies may be extracted, some important information may be derived from such a 
simplified energy estimation. 

Besides the fact that not all kinetic energy of all eddy structures may be considered with 
PIV, the method presented herein includes further simplifications. The most important as-
sumptions are the hydrostatic pressure distribution, the constant water density ρw, a constant 
energy distribution over the whole channel width b, the neglect of the water splashes, the 
mean water particle velocities over the whole interrogation window, and the concept of the 
centroid slide velocity Vs [see 4.3.5]. With these simplifications, the kinematic wave energy 
Ekin was calculated as [see 2.2] 
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and the potential wave energy Epot as [see 2.2] 
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Figure 5.17(a) shows the total (subscript tot) relative wave energy Etot/Es versus the product 
FSM for 26 runs. The applied still water depths were h = 0.150 m, 0.200 m, 0.300 m, and 
0.450 m. The data described with the symbol ( ) refer to runs with h = 0.150 m that may be 
affected by a scale effect. These may underestimate the wave energy because waves affected 
by a scale effect are smaller than waves with a negligible scale effect [see 4.2.2.5]. Between 
11.3% and 85.7% of the kinetic slide energy was conversed to the total relative wave energy 
Etot/Es = Ekin/Es + Epot/Es. Fritz et al. (2004) evaluated that 4% to 50% of the kinetic slide 
energy are conversed to wave energy for subaerial landslide generated impulse waves, 
whereas Huber (1980) determined values between 1% and 40% [see 3.3.3]. In the Lituya Bay 
case, Alaska, only about 2% of the potential slide energy was conversed to the primary wave 
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energy (Wiegel et al. 1970). Kamphuis and Bowering (1972) determined between 10% and 
50% of the kinetic slide energy in the wave energy for weighted tray experiments. They no-
ticed smaller energy conversions for larger hill slope angles α. Between 0 and 50% of the 
gravitational energy of underwater landslides is conversed into wave energy, with 0 for a 
slow-velocity slide in deep water and about 50% for a fast-velocity slide in shallow water 
(Ruff 2003). Watts (2000) determined energy conversions between 2% and 13% for underwa-
ter solid block slides whereas Sue et al. (2006) evaluated that between 2.8% and 13.8% of the 
kinetic slide energy is conversed to potential wave energy for their block underwater landslide 
experiments. For a hypothetical asteroid impact in 2880 the numerical simulation of Ward and 
Asphaug (2003) determined an energy conversion of 9.4% from the asteroid to the wave 
energy. The less efficient energy conversions follow impulse waves caused by earthquakes. 
Only about 1% of the earthquake energy may be converted into wave energy (Ruff 2003). 

The ranges of the dimensionless quantities considered herein for the energy conversion 
were 30° ≤ α ≤ 90°, 1.20 ≤ F ≤ 5.13, 0.22 ≤ S ≤ 1.51, 0.21 ≤ M ≤ 5.08, 0.007 ≤ Dg ≤ 0.033, 
and 2.16 ≤ Tr ≤ 6.54. The multiple regression of the data shown in Figure 5.17(a) yielded 
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1exp5/3 , 0.1 ≤ FSM ≤ 23.7. (5.14) 

 
The energy conversion into wave energy is ineffective for large slide Froude numbers F, large 
relative slide thicknesses S, and large relative slide masses M. This trend is highlighted in the 
velocity vector fields shown in Subsection [5.3.6] where for large F, S, and M most of the 
slide energy is dissipated by the slide deformation on or the mechanical deformation of the 
channel bottom. The effect of the relative grain diameter Dg on the total relative energy con-
version was negligibly small. The data collected for α = 90° converted somewhat less energy 
than those for smaller hill slope angles. Some of the data collected at α = 30°, 45°, and 60° 
are inconsistent. The inclusion of α as an additional parameter in Figure 5.17(a) gave no 
improved correlation. 
 

 
Figure 5.17 (a) Total relative wave energy Etot /Es versus FSM with (–) Eq. (5.14) and (b) relative ki-

netic wave energy Ekin /Es versus relative potential wave energy Epot  /Es with                    
(–) Eq. (5.15); Notation see Table 5.2 on page 73 



5 EXPERIMENTAL RESULTS Slide impact zone 

- 89 - 

 
Figure 5.18 (a) Potential wave energy Epot versus P analogous to Figure 5.5(a) and (b) relative time Tr 

versus P and (−) Eq. (5.16) with ±30% deviation (R2 = 0.55); Notation see Table 5.2 on 
page 73 

 
The relative maximum wave amplitude AM has the opposite trend than discussed previ-

ously. It increases with the relative quantities F, S, and M. Figure 5.18(a) shows the absolute 
potential wave energy Epot [J] versus the impulse product parameter P from Eq. (5.2) analo-
gous to the relative maximum wave amplitude AM correlation in Figure 5.5(a). The absolute 
potential energy tends to increase with increasing F, S, M, and decreasing α. The absolute 
energy conversion increases although the relative energy conversion decreases. Figures 5.5 
and 5.18(a) are consistent, therefore. The poor correlations in Figure 5.18(a) with the abscissa 
of Figure 5.5 may be due to the existence or the absence of additional waves besides the 
largest wave in the water volume considered for the energy estimation. The absolute kinetic 
wave energy Ekin [J] versus P has the same trend as Epot [J] and is not shown herein. 

Figure 5.17(b) shows the relative kinetic energy Ekin/Es versus the relative potential wave 
energy Epot/Es. The data may be approximated for the aforementioned dimensionless quanti-
ties and 0.09 ≤ Epot/Es ≤ 0.58 as 
 

( ) potkin EE 2/1= . (5.15) 

 
Only in one of the 26 experiments the kinetic wave energy Ekin exceeded the potential wave 
energy Epot. The popular approach to calculate the wave energy as twice the potential wave 
energy would result in a considerable overestimation of the wave energy for landslide gener-
ated impulse waves, at least in the slide impact zone. For a solitary wave the kinetic wave 
energy is always slightly larger than the potential energy [see 2.4.4]. This indicates that the 
kinetic wave energy is rather underestimated with the herein applied interrogation window 
size. The consideration with a finer eddy structure would result in even larger total energy 
conversions than from 11.3% to 85.7% as shown in Figure 5.17(a), therefore. Linear water 
waves generated by underwater block slides reach at a distance of about three times the wave 
length an equi-partition of kinetic and potential wave energies (Walder et al. 2003). Highly 
nonlinear waves reach no equi-partition, but at least steady partition. Walder et al. (2003) used 



5 EXPERIMENTAL RESULTS Slide impact zone 

- 90 - 

this concept to define the near field with no steady partition and the far filed with steady 
partition between the kinetic and potential wave energies. 

For the kinetic wave energy Ekin estimation the relative time after slide impact 
Tr = t(g/h)1/2 is required. The parameter Tr is shown in Figure 5.18(b) versus 
P = FS1/2M 

1/4(cosβ )1/2 from Eq. (5.2). A multiple regression with a coefficient of determina-
tion R2 = 0.55 and a deviation of ±30% yielded 
 

P)5/3(5.5 −=rT . (5.16) 
 

The individual relative kinetic and potential wave energies are shown in Figure 5.19. 
Figure 5.19(a) shows the relative kinetic energy Ekin /Es versus the product SM Tr. A multiple 
regression analysis yielded 
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Note that the slide Froude number F does not contribute to Eq. (5.17) in contrast to the total 
relative wave energy Etot /Es from Eq. (5.14). However, the relative time Tr from Eq. (5.16) 
has an effect. Figure 5.19(b) shows the relative potential energy Epot /Es versus the product FS. 
A multiple regression analysis resulted in  
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In Eq. (5.18) the slide Froude number F and the relative slide thickness S have an effect on 
Etot /Es. For both the relative kinetic and the relative potential wave energies the influence of 
the relative grain diameter Dg was negligibly small and the effect of the slide impact angle α 
was found to be irrelevant. 

The results presented herein offer physical reasonable results such as the total relative 
wave energy Etot/Es decreasing with increasing F, S, and M in Figure 5.17(a) or the kinetic 
wave energy Ekin being smaller than the potential wave energy Epot in Figure 5.17(b). How-
ever, the data scatter is large. A more accurate determination of the energy conversion with 
PIV would require interrogation window sizes smaller than 12.6 mm × 12.6 mm, as previ-
ously discussed. The estimation of the maximum wave amplitude with an energy approach is 
difficult because the wave train sometimes consists of only a single, sometimes of several 
waves which are in addition either intermediate or shallow-water waves. 
 



5 EXPERIMENTAL RESULTS Slide impact zone 

- 91 - 

 
Figure 5.19 (a) Relative kinetic wave energy Ekin /Es versus SMTr with (–) Eq. (5.17) and (b) relative 

potential wave energy Epot /Es versus FS with (–) Eq. (5.18); Notation see Table 5.2 on 
page 73 

 

5.3.6 PIV flow fields 
 

5.3.6.1 Overview 
 
The raw images and the velocity vector fields presented herein allow for the calibration and 
validation of numerical simulations. A number of numerical approaches to describe subaerial 
landslide generated impulse waves were applied. These were e.g. the Shallow-Water Equa-
tions (SWE; Hsu 2007; Zweifel et al. 2007; Pérez et al. 2006), the Boussinesq-type equations 
(Fernandes de Carvalho and Antunes do Carmo 2006), the full Navier-Stokes equations 
(Heinrich 1992; Quecedo et al. 2004), or the Smooth Particle Hydrodynamic (SPH; Mona-
ghan and Kos 2000; Monaghan et al. 2003; Panizzo 2004; Falappi and Gallati 2007) 
[see 3.3.4]. The two latter methods cope with the whole impact process including the impact 
crater formation, the water splash formation, and the wave generation. 

Fritz et al. (2003) offered a classification of different slide impact crater formations. They 
distinguished between no flow separation, local flow separation, backward collapsing impact 
craters, and outward collapsing impact craters. The Subsections [5.3.6.2; 5.3.6.3; 5.3.6.4] 
refer to three of these four crater types. Additional data such as the slide and the wave profiles 
related to these three experiments are presented in the Appendix [D]. The whole data sets of 
these three experiments including ASCII-files for the velocity vector fields are available in 
electronic form on a CD.  
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5.3.6.2 No flow separation 
 
Figure 5.20 shows raw images of a slide impact for α = 90° and h = 0.450 m with normalised 
coordinates (x/h; z/h) and no flow separation. The slide material has a bulk slide density of 
ρs = 623 kg/m3 typical for a glacial ice avalanche. The dimensionless quantities resulting in 
this flow type were found to be small (Table 5.1). The parameters used were a slide Froude 
number F = 2.08, a relative slide thickness S = 0.30, a relative slide mass M = 0.21, and a 
relative grain diameter Dg = 0.011. The granular material dives into the water body in    
Figure 5.20(a) with a relatively small water splash generation at relative time Tr = 0.93 after 
slide impact. The maximum relative wave amplitude of AM ≈ 0.35 is visible in Figure 5.20(b). 
The slide centroid reaches the lowest level in Figure 5.20(c) and is slightly submerged on the 
top. The lifting force exceeds the slide impact impulse in Figure 5.20(d) and the slide material 
is displaced towards the water surface at Tr = 4.67. The crest of the primary impulse wave 
reaches CWG1 a little bit earlier with the measured relative maximum amplitude of 
AM = 0.184 [see 5.3.1] being considerably smaller than observed in Figure 5.20(b). The granu-
lar slide material is mixed with the water resulting in an ill-defined boundary between the 
slide material and the water in Figure 5.20(e). These raw images show that the slide does not 
reach the channel bottom and a considerably part of the slide energy is directly conversed to 
the water body, therefore. For a slide with a density larger than of water a part of the slide 
energy is dissipated during impact on the channel bottom. Lighter slides are therefore more 
efficient concerning the energy conversion to the water body [see 5.3.5]. This explains the 
relatively small effect of the bulk slide density ρs on the relative maximum wave amplitude 
AM (Zweifel et al. 2006). 

The velocity vector fields of Figure 5.20 are shown in Figure 5.21. One velocity vector 
represents a rectangle of 50.5(H) mm × 25.2(V) mm. Figure 5.21(a) shows the radial dis-
placement of the water with maximum velocity vectors of about 0.5(gh)1/2. Velocity vectors at 
the wave crest which exceed the wave celerity would result in wave breaking [see Appen-
dix C]. Two main flow directions are observed from Figure 5.21(b) namely to the right fol-
lowing the primary impulse wave and to the left submerging the slide material. The velocity 
vectors are nearly nil at the channel bottom and the wave type is in the intermediate-water 
regime, therefore [see 2.1]. The water particle velocity of the primary wave in Figure 5.21(c) 
are clearly smaller than the shallow-water celerity ( gh)1/2. The abrupt displacement of the 
slide material in Figure 5.21(d) replaces the water on the top, and the granular slide material 
starts to arrange horizontally due to the water buoyancy in Figure 5.21(e). A second impulse 
wave is generated which has no effect on the dominant primary impulse wave. The maximum 
water particle velocities in Figure 5.21(e) of the primary wave reduce to the order of 
0.2( gh)1/2. Note the significant primary wave amplitude decay between Figures 5.21(a) and 
(e) of about −50%.  
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Figure 5.20 PIV raw images with a glacier ice avalanche type density of ρs = 623 kg/m3 resulting in 

no flow separation for h = 0.450 m, α = 90°, F = 2.08, S = 0.30, M = 0.21, and Dg = 0.011 
recorded at (a) Tr = 0.93, (b) 2.18, (c) 3.42, (d) 4.67, and (e) 5.91 after slide impact 
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Figure 5.21 Velocity vector fields from Figure 5.20 with the reference velocity vector ( gh)1/2; the vec-

tor colour indicates the vector length 
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5.3.6.3 Backward collapsing impact crater 
 
Figure 5.22 shows raw images with normalised coordinates (x/h; z/h) of a slide impact for 
α = 45° and h = 0.300 m resulting in a backward collapsing impact crater (Fritz et al. 2003). 
The slide material has a bulk slide density ρs = 1,678 kg/m3 typical for a crushed rock slide. 
The dimensionless quantities for the backward collapsing impact crater are in the medium 
range of the test program (Table 5.1). The parameters were F = 2.72, S = 0.32, M = 1.25, and 
Dg = 0.013. The images with a horizontal length of about 2.50 m are disturbed by a black 
vertical steel profile of the wave channel. The granular slide material dives into the water 
body in Figure 5.22(a) developing flow separation between the slide surface and the water 
body at the relative time Tr = 1.14 after slide impact. During this instant the maximum relative 
wave amplitude is AM ≈ 0.70. The slide progresses further into the water body while the water 
above the slide starts to collapse in Figure 5.22(b). The impact crater collapses completely on 
the top of the slide material in Figure 5.22(c) and produces a water-air phase mixing and 
turbulence with the air entrained from both the impact crater and the pore volume of the slide. 
The primary wave of maximum measured relative wave amplitude AM = 0.394 reaches CWG1 
in Figure 5.22(d) [see 5.3.1]. Note that the primary wave is unaffected by the backward flow. 
The slide material reaches its final position in Figure 5.22(e). A part of the flow runs up the 
hill slope ramp to generate a bore-type secondary impulse wave not shown herein. As com-
pared with Figure 5.20, a portion of the slide energy is dissipated on the channel bottom; the 
conversion to wave energy is therefore less effective than for a granulate density lighter than 
water [see 5.3.5]. 

The velocity vector fields of Figure 5.22 are shown in Figure 5.23. One velocity vector 
represents a rectangle of 50.5(H) mm × 25.2(V) mm. Figure 5.23(a) shows the displacement 
of the water to the right and to the top with maximum velocity vectors of about 1.5 times the 
reference vector (gh)1/2 next to the slide front. The impact crater collapse in the vertical direc-
tion is apparent from Figure 5.23(b). The water-air mixture in Figure 5.23(c) results in ill-
defined velocity vectors [see Appendix A]. The velocity vectors indicate a flow direction up 
the hill slope ramp in Figure 5.23(d). The generated impulse wave may be classified into the 
intermediate-water regime because of small velocity vectors on the channel bottom. The run-
up water particle velocities are small in Figure 5.23(e) initiating the run-down phase. The 
maximum water particle velocities of the primary wave in Figure 5.23(e) are of the order of 
0.4( gh)1/2. 
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Figure 5.22 PIV raw images with a crushed rock slide type density of ρs = 1,678 kg/m3 resulting in a 

backward collapsing impact crater for h = 0.300 m, α = 45°, F = 2.72, S = 0.32, M = 1.25, 
and Dg = 0.013 recorded at (a) Tr = 1.14, (b) 2.29, (c) 3.43, (d) 4.57, and (e) 5.72 after 
slide impact; grey areas indicate zone with a high air content for which PIV records were 
ill-defined 
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Figure 5.23 Velocity vector fields from Figure 5.22 with the reference velocity vector ( gh)1/2; the vec-

tor colour indicates the vector length 

 



5 EXPERIMENTAL RESULTS Slide impact zone 

- 98 - 

5.3.6.4 Outward collapsing impact crater 
 

Figure 5.24 shows raw images with normalised coordinates (x/h; z/h) of a slide impact for 
α = 30° and h = 0.300 m with an outward collapsing impact crater (Fritz et al. 2003). The 
granular slide material has a bulk slide density ρs = 1,654 kg/m3 representing a crushed rock 
slide impact. The dimensionless quantities for the outward collapsing impact crater are in the 
upper range of the test program (Table 5.1) with F = 2.62, S = 0.56, M = 2.46, Dg = 0.013. 
The images with a horizontal length of about 2.40 m are disturbed by a black vertical steel 
profile of the wave channel. The granular slide material displaces the water body mainly in 
streamwise channel direction in Figure 5.24(a) at relative time Tr = 0.76 after slide impact. 
The slide displaces the water body so much in Figure 5.24(b) that the top of the water profile 
and the water splash are out of the observational area. The crater collapses in Figure 5.25(c) 
and encloses the slide material far away from the coordinate origin. As for all previously 
presented velocity vector fields, the flow separates in Figure 5.24(d) with the larger portion 
generating the primary wave and the smaller portion flowing back to the hill slope ramp. At 
the same instant the maximum relative wave amplitude AM = 0.877 was measured at CWG1 
[see 5.3.1]. The primary wave is again not affected by the backward flow which runs up the 
hill slope ramp in Figure 5.24(e) producing a bore-type secondary impulse wave not shown 
herein. The energy conversion of this rock slide is less effective than for slower or lighter 
slides because a considerably part of the kinetic slide energy is dissipated on the channel 
bottom [see 5.3.5] 

The velocity vector fields relative to Figure 5.24 are shown in Figure 5.25. One velocity 
vector represents a rectangle of 50.5(H) mm × 25.2(V) mm. Figure 5.25(a) shows the dis-
placement of the water to the right and to the top with maximum velocity vectors of about 
2.2(gh)1/2 = 3.77 m/s which are close to the slide impact velocity Vs = 4.50 m/s. The water 
body is further displaced to the top and the right in Figure 5.25(b) whereas the upward velo-
city component is reversed in Figure 5.25(c). The maximum velocity vectors due to the gravi-
tational acceleration in Figure 5.25(d) are in the range of the maximum water particle veloci-
ties of Figure 5.25(a). The water-air mixture due to the water crater collapse and the water 
splash impact results in ill-defined velocity vectors because the PIV method is inapplicable in 
these regions [see Appendix A]. The flow runs up the hill slope ramp with a water particle 
velocity of about 1.5(gh)1/2 in Figure 5.25(e). The generated impulse wave may be classified 
in the intermediate to shallow-water regime because of a nearly constant velocity vector 
distribution from the crest to the channel bottom. The maximum water particle velocities of 
the primary wave in Figure 5.25(e) are in the order of 0.9(gh)1/2. 
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Figure 5.24 PIV raw images with a crushed rock slide type density of ρs = 1,654 kg/m3 resulting in an 

outward collapsing impact crater for h = 0.300 m, α =30°, F = 2.62, S = 0.56, M = 2.46, 
and Dg = 0.013 recorded at (a) Tr = 0.76, (b) 1.91, (c) 3.05, (d) 4.19, and (e) 5.34 after 
slide impact 
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Figure 5.25 Velocity vector fields from Figure 5.24 with the reference velocity vector (gh)1/2; the vec-

tor colour indicates the vector length  
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5.3.7 Wave nonlinearity 
 
The following relates to the primary wave measured at CWG1. The wave nonlinearity is 
crucial for the specification of the appropriate wave theories to describe landslide generated 
impulse waves. The governing wave theories were introduced in Chapter [2]. The relevant 
parameters for the wave nonlinearity are shown in the (x; z) plane of Figure 5.26, namely the 
wave height H, the wave amplitude a, the wave length L, the wave period T, the wave cen-
troid celerity cc, and the still water depth h. The validity range of linear waves is specified in 
Section [2.3] as 
 

H/h < 0.03, and H/L < 0.006. (5.19) 
 
The relative wave height at CWG1 was 0.10 ≤ H/h ≤ 2.57 and the wave steepness 
0.02 ≤ H/L ≤ 0.30. The wave length was evaluated with L = cc·T1, where the wave period T1 
was determined directly from the wave profiles at CWG1 and the centroid celerity cc between 
CWG1 and CWG2. All impulse waves of this study were nonlinear waves, therefore. The 
order of wave nonlinearity depends on the three parameters (Le Méhauté 1976): 
 

• Wave steepness H/L for deep-water waves (L/h < 2), 
• Ursell parameter U = HL2/h3 for intermediate-water waves (2 ≤ L/h ≤ 20), and 
• relative wave height H/h for shallow-water waves (L/h > 20). 

 
The relative wave lengths at CWG1 were in the range of 5.1 ≤ L/h ≤ 82.7. All generated im-
pulse waves of this study were intermediate to shallow-water waves, therefore. Over 90% of 
the experiments were in the intermediate-water range. Consequently, the most appropriate 
criterion for the wave nonlinearity is the Ursell parameter U introduced in Section [2.2] as the 
ratio of the nonlinear to the dispersive effects. Recall that the relevant wave theory may be 
selected with U for periodic waves, as shown in Table 5.4. 
 

Table 5.4 Appropriate wave theory for periodic water waves according to the Ursell parameter U 
with the related sections in this study and the appropriate references 

criteria wave theory section reference 

U → 0 linear wave theory 2.3 Miles (1980) 

U ≈ 1 solitary wave theory 2.4.4 Le Méhauté (1976) 

U < 10 Stokes wave theory 2.4.2 Sorensen (1993) 

U > 25 cnoidal wave theory 2.4.3 Sorensen (1993) 

10 ≤ U ≤ 25 Stokes or cnoidal wave theory 2.4.2/3 Sorensen (1993) 

U >> 1 bore wave theory 2.4.5 Le Méhauté (1976) 

 
The following shows that a wave type classification with U is difficult in the present study. 
The Ursell parameters U at CWG1 were in the range of 2.7 ≤ U ≤ 10,340, i.e. all nonlinear 
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waves. The parameter U allows for an explicit classification for the Stokes, the cnoidal, and 
the solitary wave theory, whereas for 10 ≤ U ≤ 25 the wave may be described either with the 
Stokes or the cnoidal wave theory. The criterion for the bore wave presence is imprecise. No 
perfect solitary wave was produced in the wave channel according to the criterion U ≈ 1 in 
Table 5.4. The solitary wave has a theoretical wave length L → ∞ which is not possible in the 
wave channel. The Ursell parameter is composed of three wave parameters namely the wave 
height H, the wave centroid celerity cc, and the wave period T. Because U depends on three 
parameters, the analysis of U was characterised by a large scatter and not successful. 

The investigated impulse waves were found to be nonlinear and in the range of intermedi-
ate to shallow-water herein. The allocation of the generated impulse waves to the relevant 
wave theory by means of U is difficult. The wave type classification presented in Subsec-
tion [5.4.5] is therefore based on optical wave profiles inspection. 
 

 
Figure 5.26 Definition of the impulse wave characteristics concerning the wave nonlinearity 

 

5.4 Wave propagation zone 

5.4.1 Overview 
 
The data concerning the wave propagation zone are presented hereafter. As compared with 
Section [5.3], the relative distances X = x/h from the coordinate origin are relevant        
(Figure 5.1). Table 5.5 includes all applied relative distances X of the seven CWGs. The 
relative distances X changed with the still water depth h and the slide impact angle α due to an 
adjustment of the CWG locations as shown in Figure 4.13. The relative CWGs distances from 
the coordinate origin were for α = 30° between X = 2.92 and 46.47, for α = 45° between 
X = 2.67 and 48.53, for α = 60° between X = 2.69 and 51.44, and for α = 90° between 
X = 2.92 and 59.15 (Table 5.5). As the slide impact angles α decrease the maximum relative 
distances X reduces because the hill slope ramp was farther away from the channel front end 
and the free wave channel was shorter, therefore. The combination α = 45° and h = 0.675 m 
was only applied by Fritz (2002). Only one run was conducted at α = 45° and h = 0.400 m   
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during scale family tests and included herein. No tests at h = 0.600 m and α = 90° were made 
because the laboratory ceiling was too low for the pneumatic landslide generator. 
 

Table 5.5 Relative distances X of the seven CWGs from the coordinate origin 
α h X = x/h 
[°] [m] [-] 

  CWG1 CWG2 CWG3 CWG4 CWG5 CWG6 CWG7 
30 0.150 6.47 13.13 19.80 26.47 33.13 39.80 46.47 

 0.200 5.28 10.28 15.28 20.28 25.28 30.28 35.28 
 0.300 4.10 7.43 10.77 14.10 17.43 20.77 24.10 
 0.450 3.31 5.53 7.75 9.98 12.20 14.42 16.64 
  0.600 2.92 4.58 6.25 7.92 9.58 11.25 12.92 

45 0.150 8.53 15.20 21.87 28.53 35.20 41.87 48.53 
 0.200 6.65 11.65 16.65 21.65 26.65 31.65 36.65 
 0.300 4.77 8.10 11.43 14.77 18.10 21.43 24.77 
 0.400 3.83 6.33 8.83 11.33 13.83 16.33 18.83 
 0.450 3.51 5.73 7.96 10.18 12.40 14.62 16.84 
 0.600 2.88 4.55 6.22 7.88 9.55 11.22 12.88 
  0.675 2.67 4.16 5.64 7.12 8.60 10.08 11.56 

60 0.150 9.04 16.11 23.18 30.24 37.31 44.38 51.44 
 0.300 4.81 8.34 11.88 15.41 18.94 22.48 26.01 
 0.450 3.40 5.76 8.11 10.47 12.82 15.18 17.53 
  0.600 2.69 4.46 6.23 7.99 9.76 11.53 13.29 

90 0.150 8.75 17.15 25.55 33.95 42.35 50.75 59.15 
 0.300 4.37 8.57 12.77 16.97 21.17 25.37 29.57 
  0.450 2.92 5.72 8.52 11.32 14.12 16.92 19.72 

 

5.4.2 Wave amplitude decay 
 
The wave amplitude decay is of interest for hazard prevention. An endangered shore, dam, or 
structure may be located farther away from the impulse wave generation zone than the loca-
tion of the maximum wave amplitude [see 5.3.1]. Impulse waves decay much faster due to air 
entrainment and detrainment, turbulence production, and frequency dispersion than do for 
example wind waves. Analytical expressions based on the potential theory underestimate the 
wave amplitude attenuation: For a solitary wave in a rectangular channel the expression de-
rived by Keulegan (1950) from Eq. (4.6) includes only the damping effect due to boundary 
layer existence and therefore underestimates the wave amplitude attenuation e.g. up to a 
factor 73 for the test presented in Heller et al. (2007). 
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Figure 5.27 Wave amplitude decay: (a) A(X ) versus PX 

−1/3 with amplitudes belonging to one run 
connected with a solid line, (–) Eq. (5.20) (R2 = 0.81) and (--) ±30% deviation and        
(b) measured Ameas(X ) versus the calculated relative wave amplitudes Acalc (X ) based on 
Eq. (5.20); Notation see Table 5.2 on page 73 



5 EXPERIMENTAL RESULTS Wave propagation zone 

- 105 - 

The wave amplitude decay was evaluated from the seven CWGs. For each run seven rela-
tive wave amplitudes A(X ) = a(X )/h at different relative streamwise distances X = x/h were 
considered (Table 5.5). Figure 5.27(a) shows the ratio of the relative wave amplitude A(X ) 
versus the product PX 

−1/3. Note the identical product on the abscissa as for the correlation of 
the wave height decay (Figure 5.29(a)). Because the relative distance X is in the denominator 
the coordinate origin in Figure 5.27(a) corresponds to X → ∞, where the wave amplitude 
tends to nil. The seven relative amplitudes of each run are connected with a solid line. Sym-
bols described as ( ) refer to the 25 runs which may be affected by a scale effect. All these 
runs were identified as bore-like wave types [see 5.4.5.5; 2.4.5] and they were found to decay 
faster than do runs with a negligible scale effect. The multiple regression with a deviation of 
±30% and a coefficient of determination R2 = 0.81 yielded 
 

( ) ( )( ) 5/43/15/3 −= XXA P  (5.20) 
 
with P = FS1/2M 

1/4(cosβ )1/2 from Eq. (5.2). Applying Eq. (5.20) the parameter limitations in 
Table 5.1, Eq. (5.2), and Table 5.5 have to be considered. The scatter in Figure 5.27(a) may be 
explained with the four different wave types generated having different damping characteris-
tics, as described in Subsection [5.4.5]. The wave type classification suggests the investiga-
tion of the amplitude wave decay for each individual wave type. A multiple regressions for 
Stokes-like waves, for cnoidal- and solitary-like waves, and for bore-like wave types resulted 
in a slightly better correlation as for the complete data set in Figure 5.27(a). However, the 
coefficients of determination were smaller than in Figure 5.27(a). The wave decay for each 
individual wave type is presented in Appendix [B] together with a zoomed detail of        
Figure 5.27(a). 

Once the impulse wave is generated with a certain impulse product parameter P, the wave 
amplitude decay depends only on the relative distance X 

–
 
4/15. The average exponent of X over 

all 211 experiments was determined as − 0.282 which is well represented in Eq. (5.20) by the 
exponent − 4/15 = − 0.267. The slide impact angle α is included in Eq. (5.20) according to 
Eq. (5.1). The influence of the relative grain diameter Dg was negligibly small and is neither 
include in Figure 5.27(a) nor in Eq. (5.20). A relative wave amplitude of A(X =1) = 0.5 may 
damp to A(X = 10) = 0.27 (− 46%) and to A(X = 100) = 0.15 (−70%) according to Eq. (5.20). 
The wave channel for most of the experiments was too short to make a general statement 
about a possible stable wave amplitude beyond X = 37 according to Kamphuis and Bowering 
(1972) [see 3.3.2.1]. 

Figure 5.27(b) shows the ratio of the measured Ameas(X ) versus the calculated relative 
wave amplitudes Acalc(X ) based on Eq. (5.20). Most of the data are located within ±30%. The 
data of all 434 VAW runs are shown in Figure 5.28. The different symbols refer to different 
studies as shown in Table 5.3. Identical axes as in Figure 5.27 were selected and the data 
analysis resulted in a slightly better coefficient of determination of R2 = 0.83. The wave am-
plitude decay of different hydraulic models including 2D and 3D are discussed in Sections 
[6.3; 6.4]. 
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Figure 5.28 Data of all VAW runs: (a) Wave amplitude decay A(X ) versus PX 

−1/3 with amplitudes 
belonging to one run connected with a solid line, (–) Eq. (5.20) (R2 = 0.83) and (--) ±30% 
deviation and (b) ratios of measured Ameas(X ) versus calculated relative wave amplitudes 
Acalc(X ) based on Eq. (5.20); Notation see Table 5.3 on page 73 



5 EXPERIMENTAL RESULTS Wave propagation zone 

- 107 - 

5.4.3 Wave height decay 
 
The wave height decay is relevant because in most of the run-up and overtopping formulas, 
the wave height is the governing input parameter (Synolakis 1987; Müller 1995; Schüttrumpf 
2001). Most of the qualitative details of the wave height decay are identical to the wave am-
plitude decay and are not repeated hereafter [see 5.4.2]. 

The wave height decay was evaluated from the first six CWGs. For each run six relative 
wave heights Y(X ) = H(X )/h at different relative distances X = x/h were evaluated. The wave 
height at CWG7 was not considered because its trough was affected by wave reflection 
[see 4.4.4; Figure 5.4]. Figure 5.29(a) shows the relative wave height Y(X ) versus PX 

−1/3. 
Note the identical product on the abscissa of the correlation for the wave amplitude decay 
(Figure 5.27(a)). The six relative wave heights of each run are connected with a solid line. 
Symbols ( ) refer to the 25 runs which may be affected by a scale effect. A multiple regres-
sion with a deviation of ±30% and a coefficient of determination R2 = 0.80 yielded 
 

( )( ) 5/43/14/3)( −= XXY P   (5.21) 
 

with P = FS1/2M 
1/4(cosβ )1/2 from Eq. (5.2). Applying Eq. (5.21) the parameter limitations in 

Table 5.1, Eq. (5.2), and Table 5.5 have to be considered. The scatter in Figure 5.29(a) may be 
explained with the four different wave types generated with different damping characteristics 
as described in Subsection [5.4.5]. The coefficient of determination R2 = 0.81 for the relative 
wave amplitude decay A(X ) [see 5.4.2] is slightly better than for the relative wave height 
decay Y(X ) because the latter is composed of two measurements, namely the wave crest and 
the wave trough. The benefits of an individual data correlation for each wave type were small 
in relation to the additional complexity for engineering applications [see Appendix B]. The 
relative wave height decay of an impulse wave depends again only on the relative distance 
X 

−4/15. The slide impact angle α is included in Eq. (5.21) according to Eq. (5.1). The influence 
of the relative grain diameter Dg was again negligibly small. A relative wave height 
Y(X =1) = 0.5 may damp to a relative wave height Y(X = 10) = 0.27 (− 46%) and to 
Y(X = 100) = 0.15 (−70%) according to Eq. (5.21) and analogously to Eq. (5.20). The wave 
height reduces identical as does the wave amplitude according to Eqs. (5.21) and (5.20), 
respectively. Note further that the ratio of Eqs. (5.20) and (5.21) results again in a wave height 
(5/4) times the wave amplitude in accordance to the maximum wave height and maximum 
amplitude height [see 5.3.2]. The impulse waves explored by Huber and Hager (1997) damp 
proportional to the factor Y(X ) ∝ X 

–
 

1/4, i.e. close to the present result Y(X) ∝ X 
– 4/

 
15. The 

wave height decay of different hydraulic models including 2D and 3D are discussed in    
Subsection [6.4.4]. Figure 5.29(b) shows the measured Ymeas(X ) versus the calculated relative 
wave heights Ycalc(X ) based on Eq. (5.21). Most of the data are located within ±30%. 

The data of all 434 VAW runs are shown in Figure 5.30 resulting again in a slightly better 
coefficient of determination of R2 = 0.84.  
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Figure 5.29 Wave height decay: (a) Y(X ) versus PX 

−1/3 with wave heights belonging to one run con-
nected with a solid line, (–) Eq. (5.21) (R2 = 0.80) and (--) ±30% deviation and (b) meas-
ured Ymeas(X ) versus calculated relative wave heights Ycalc(X ) based on Eq. (5.21); Nota-
tion see Table 5.2 on page 73 
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Figure 5.30 Data of all VAW runs: (a) Wave height decay Y(X ) versus PX 

−1/3 with wave heights be-
longing to one run connected with a solid line, (–) Eq. (5.21) (R2 = 0.84) and (--) ±30% 
deviation and (b) measured Ymeas(X ) versus calculated relative wave heights Ycalc (X ) 
based on Eq. (5.21); Notation see Table 5.3 on page 73 
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5.4.4 Wave celerity  
 
The wave amplitude celerity is crucial for hazard prevention particularly in the sea because 
the dimensions are in general sufficiently large to react after slide impact in the shore region 
until wave run-up. For small lakes the time between the wave generation and wave run-up is 
too short to react. The wave celerity c was evaluated from the wave profiles. It was deter-
mined as the average between CWG1 and CWG6 for both the primary crest locations and the 
primary wave elevation centroid locations as shown in Figure 5.1. The data from CWG7 were 
not considered because they were often affected by wave reflection [see 4.4.4]. Figure 5.31(a) 
shows the mean relative wave celerity cam/(gh)1/2 evaluated for the crest propagation whereas 
Figure 5.31(b) relates to the mean relative wave celerity ccm/(gh)1/2 evaluated for the wave 
elevation centroid propagation versus the mean relative wave amplitude am/h. Data described 
with ( ) were in the range of a possible scale effect. These runs tend to result in a slightly 
smaller wave celerity (< 5%) due to surface tension as compared with the remainder (Heller et 
al. 2007). The correlation in Figure 5.31(a) may be described with a coefficient of determina-
tion R2 = 0.95 as 
 

( )
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The data in Figure 5.31(b) follow a linear trend with a coefficient of determination R2 = 0.92 
as 
 

( )
( )( ) 95.0/2/12/1 += ha

gh
c

m
cm . (5.23) 

 
Both the wave crest and the wave centroid celerity differ from the linear shallow-water wave 
celerity from Eq. (2.7). The larger the mean relative wave amplitude am/h, the larger becomes 
the differences between the measured and the linear shallow-water wave celerity considered 
with cam/(gh)1/2 = 1 in Figure 5.31(a) and ccm/(gh)1/2 = 1 in Figure 5.31(b), respectively. All 
impulse waves in this study were nonlinear [see 5.3.7]. For nonlinear waves the amplitude 
has an additional effect on the wave celerity as may be seen for the solitary wave celerity 
from Eq. (2.15). The solitary wave celerity is shown in Figure 5.31(b) as a dashed line with a 
coefficient of determination R2 = 0.83. The impulse wave celerity may be well approximated 
with the solitary wave celerity as was previous noticed by Kamphuis and Bowering (1972), 
Huber (1980), Fritz (2002), Zweifel (2004), among others. This may be due to the wave 
trough which is in average only about (1/4) of the wave amplitude being close to the solitary 
wave where the trough is nil [see 2.4.4; 5.3.2]. As is noticed from Figure 5.31, the crest cele-
rity is larger than the centroid celerity for large relative wave amplitudes am/h. A large am/h 
value corresponds often to runs with an outward collapsing impact crater (Fritz et al. 2003).  
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Figure 5.31 Mean relative wave celerity relative to (a) the wave crest cam/(gh)1/2 versus the mean rela-

tive wave amplitude am/h with (–) Eq. (5.22) (R2 = 0.95), and (b) the wave centroid 
ccm/(gh)1/2 versus the mean relative wave amplitude am/h with (–) Eq. (5.23) (R2 = 0.92); 
solitary wave celerity (--) Eq. (2.15) (R2 = 0.83); (−) relative linear wave celerity based 
on Eq. (2.7); Notation see Table 5.2 on page 73 

 
The relation between cam and ccm is presented next. Figure 5.32(a) shows the ratio of the 

mean crest to the mean centroid celerity cam/ccm versus the mean wave amplitude am/h. The 
data correlation with a coefficient of determination R2 = 0.65 is 
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Equation (5.24) may be solved for the centroid celerity ccm. Figure 5.32(b) shows the meas-
ured ccm,meas versus the calculated mean centroid wave celerity ccm,calc based on Eq. (5.24). The 
coefficient of determination was R2 = 0.85 and the deviation ±15%. 
 

 
Figure 5.32 (a) Ratio of mean wave crest to centroid celerity cam/ccm versus mean relative wave ampli-

tude am/h with (–) Eq. (5.24) (R2 = 0.65) and (b) measured ccm,meas versus calculated mean 
wave centroid celerity ccm,calc with (–) based on Eq. (5.24) (R2 = 0.85) and (--) ±15% de-
viation; Notation see Table 5.2 on page 73 
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Figure 5.33 shows the data of all VAW runs for both the mean crest celerity cam and the 
mean wave centroid celerity ccm. The data in Figure 5.33(a) are described with Eq. (5.22) with 
a coefficient of determination R2 = 0.91 whereas those in Figure 5.33(b) with Eq. (5.23) and 
R2 = 0.94. Applying Eqs. (5.22), (5.23), and (5.24) the parameter limitations in Table 5.1 have 
to be considered. 
 

 
Figure 5.33 Data of all VAW runs: Mean relative wave celerity (a) at wave crest cam/(gh)1/2 versus 

mean relative wave amplitude am/h with (–) Eq. (5.22) (R2 = 0.91) and (b) at wave cen-
troid ccm/(gh)1/2 versus the mean relative wave amplitude am/h with (–) Eq. (5.23) 
(R2 = 0.94); Notation see Table 5.3 on page 73 

 

5.4.5 Wave types 
 

5.4.5.1 Wave type classification 
 
Different wave types offer different features concerning wave damping, mass transport, pro-
file, or energy, as described in Chapter [2]. As compared with the theoretical wave types, real 
waves undergo a damping due to frequency dispersion and energy dissipation mainly due to 
turbulence in the water body and in the boundary layer. For practical applications, most wind 
waves are modelled with a basic sinusoidal wave profile according to the Airy wave theory 
[see 2.2] with satisfactory results (USCE 1977; Müller 1995; Zanke 2002). Landslide gener-
ated impulse waves are in general nonlinear and in the range of intermediate to shallow-water 
waves with small to considerably mass transport [see 2.2; 5.3.7]. This suggests an approxima-
tion of the generated impulse waves with nonlinear wave theories. Noda (1970) presented a 
wave type classification for box-drop generated impulse waves [see 3.3.2.1]. The classifica-
tion shown in Figure 3.3 was based on the slide Froude number F and the relative block 
thickness S and contained oscillatory, nonlinear transition, solitary, and bore waves. Huber 
(1980) observed in his slide model impulse waves of sinusoidal, cnoidal, and solitary wave 
profile character based on optical wave profile inspection. Panizzo et al. (2005b) applied the 
wavelet transform analysis to distinguish between linear, transient, and solitary wave charac-
ters. The wave type classification of Zweifel et al. (2006) was based on the ratio of the wave 
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amplitude to the wave height a/H where 0.4 < a/H ≤ 0.6 refer to weakly nonlinear, 0.6 < 
a/H ≤ 0.9 to moderately nonlinear, and 0.9 < a/H ≤ 1.0 to strongly nonlinear waves. Their 
wave types classification based on the nonlinearity contained oscillatory, cnoidal, solitary, 
and bore waves as a function of the slide Froude number F, the relative slide thickness S, and 
the relative slide volume V. However, their classification resulted in regions where more than 
one wave type occurred. The impulse waves in this study were found to have similar features 
as the four presented nonlinear wave types in Section [2.4] namely the Stokes wave, the cnoi-
dal wave, the solitary wave, and the bore wave type. 

 

Table 5.6 Criteria for the wave type classification 
Stokes-like wave cnoidal-like wave solitary-like wave bore-like wave 

symmetric wave profiles to both 
axes 

symmetric wave profiles 
to the vertical axis 

symmetric wave profile 
to the vertical axis 

irregular wave profile 
to both axes 

trough identical long as crest trough longer than crest  
steep wave front, 
flat wave tail 

multiple equivalent crests (at 
least two) 

multiple crests (at least 
two) 

one dominant crest one dominant crest 

ati ≈ ai ati < ai 
trough nearly absent 
at < 1/4a 

at < ai 

no air transport small air transport small air transport large air transport 
aM < 1/2h (≈ intermediate-water) aM < h (≈ shallow-water) very shallow-water very shallow-water 

 
Three approaches were considered concerning the wave type classification. The first 

method was the classification with the ratio of the wave amplitude to the wave height a/H as 
was previously applied by Zweifel et al. (2006). This method was unsatisfactory because it 
resulted in ranges where two wave types were possible resulting in many outliers. The second 
method was based on the concept of the Ursell parameter U = HL2/h3 [see 5.3.7; 2.2]. This 
concept was not applied because U has ranges where different wave theories are possible 
[see 5.3.7]. The wave type classification applied herein was based on the third method, the 
optical wave profiles inspection. 

The criteria for the wave type classification are included in Table 5.6 and discussed indi-
vidually in the Subsections [5.4.5.2; 5.4.5.3; 5.4.5.4; 5.4.5.5]. This classification takes the 
intermediate waves types into consideration as well, and may not only consider perfect wave 
types. Impulse waves may change their type even in the short VAW wave channel. Bore-like 
wave profiles in the impact zone for instance transform to a cnoidal-like wave profile farther 
away from the impact zone due to air detrainment. For the present wave classification, the 
wave type which was most characteristic for the spacing between CWG1 and CWG7 was 
selected. Figure 5.34 shows the product S1/3Mcosβ versus the slide Froude number F for the 
data of the present study in Figure 5.34(a) and for the data of all VAW runs in Figure 5.34(b), 
respectively. The symbols refer to Stokes-like waves ( ), cnoidal-like waves ( ), solitary-like 
waves ( ), and bore-like waves ( ). Data described with ( ) and ( ), respectively, may be 
affected by a scale effect and were all classified as bore-like wave types. Dark data in    
Figure 5.34(a) refer to runs with ρs ≈ 1,720 kg/m3 and open data to runs with ρs ≈ 590 kg/m3; 
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in Figure 5.34(b) open data refer to runs of Fritz (2002), light shaded data to runs of Zweifel 
(2004), and dark data to the present study. All four wave types occurred at all considered slide 
impact angles α. However, solitary-like wave types are particularly well developed for 
α = 90° according to Russell’s (1837) experiments where solitary waves were generated with 
a vertically dropped block into a water body. The four wave types are presented in detail in 
the next Subsections [5.4.5.2; 5.4.5.3; 5.4.5.4; 5.4.5.5]. Three wave type zones may be noticed 
in Figure 5.34 namely 

 
5/73/1

5
4cos −< FβMS  Stokes-like waves, (5.25) 

 

2/53/15/7 11cos
5
4 −− ≤≤ FF βMS  cnoidal or solitary-like waves, and (5.26) 

 
2/53/1 11cos −> FβMS  bore-like waves. (5.27) 

 
The cnoidal and solitary-like waves were not separable in Figure 5.34. The reason may be the 
theoretical similarity between these two. The solitary wave theory is a limiting case of the 
cnoidal wave theory with T → ∞ (Wiegel 1960; Dean and Dalrymple 2004). The slide impact 
angle α is included in Eqs. (5.25) to (5.27) according to Eq. (5.1). The relative grain diameter 
Dg had a negligible influence on the wave type classification. The number of outliers in 
Figure 5.34(a) is 8 (4%) and in Figure 5.34(b) 37 (9%), respectively. Intuitively, runs with 
large values of F, S, M, and small slide impact angles α produce bore-like waves because of 
the large momentum component in the x-direction. On the contrary, small F, S, M, and large α 
values produce Stokes-like waves, according to a small momentum component in the x-
direction. 
 

 
Figure 5.34 Wave type classification with ( ) Stokes-like waves, ( ) cnoidal-like waves, ( ) soli-

tary-like waves, and ( ) bore-like waves with (–) Eq. (5.25) (= instead of <) and             
(--) Eq. (5.27) (= instead of >) for (a) present data with open symbols ρs ≈ 590 kg/m3, 
dark symbols ρs ≈ 1,720 kg/m3, and  ( ) with a possible scale effect; (b) data from all 
VAW runs with open data from Fritz (2002), light shaded data from Zweifel (2004), dark 
data from the present study, and ( ) with a possible scale effect 
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5.4.5.2 Stokes-like wave 
 
The basic features and the Stokes wave profile were introduced in Subsection [2.4.2].     
Figures 5.35(a) to (c) show a photo sequence of a Stokes-like impulse wave generation and 
Figures 5.35(d) to (e) the propagation at relative distances X = 6.1 to 10.7. This wave type 
was produced with ρs = 608 kg/m3, a slide impact angle α = 60°, and small relative quantities 
F = 1.36, S = 0.23, and M = 0.11 to satisfy Eq. (5.25).  

Typical wave profiles of Stokes-like impulse wave are shown in Figure 5.36. The relative 
wave profiles η/h versus the relative time t( g/h)1/2 are shown from top to bottom at CWG1 in 
Figure 5.36(a) to CWG7 in Figure 5.36(g). The grey zone is affected by wave reflection. 
These wave profiles allow for a classification according to Table 5.6. Stokes-like waves fea-
ture a symmetrical wave profile both to the vertical and the horizontal axes where multiple 
crests occur. The rule of thumb that the wave trough is (1/4) of the wave amplitude is poorly 
satisfied for Stokes-like waves, therefore [see 5.3.2]. The wave crest profiles are nearly iden-
tical to those of the wave trough, therefore. Due to small relative quantities and small wave 
amplitudes, i.e. much smaller than at wave breaking [see Appendix C], only a small air trans-
port may be observed. The maximum wave amplitude aM was small (aM < 1/2h) to assure 
intermediate-water range to which the Stokes wave theory applies [see 2.4.2]. 
 

 
Figure 5.35 Stokes-like wave generation (a) - (c) and propagation (d) - (f) for h = 0.600 m, 

ρs = 608 kg/m3, α = 60°, F = 1.36, S = 0.23, M = 0.11, Dg = 0.008, X = 6.1 - 10.7, and 
Tr ≈ (a) 0.8, (b) 2.4, (c) 4.0, (d) 18.5, (e) 19.8, and (f) 21.0 
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Figure 5.36 Stokes-like wave profiles for h = 0.600 m, ρs = 608 kg/m3, α = 45°, F = 1.18, S = 0.17, 

M = 0.29, Dg = 0.003 at (a) CWG1, (b) CWG2, (c) CWG3, (d) CWG4, (e) CWG5,            
(f) CWG6, and (g) CWG7; the grey area is influenced by wave reflection 

 

5.4.5.3 Cnoidal-like wave 
 
The basic features and the wave profile of the cnoidal wave were introduced in Subsec-
tion [2.4.3]. Figures 5.37(a) to (c) show a photo sequence of a cnoidal-like impulse wave 
generation and Figures 5.37(d) to (e) the propagation at relative distances X = 10.3 to 17.6. 
This wave type was produced at a bulk slide density ρs = 610 kg/m3, a slide impact angle 
α = 30°, and medium to large relative quantities F = 2.27, S = 0.40, and M = 0.45 to satisfy 
Eq. (5.26). The granular slide material dives into the water body in Figure 5.37(a) and gener-
ates a considerable water splash in Figure 5.37(b). The envelope of the amplitude and the 
splash profile is visible on the wet dark zone on the channel back wall. The splash impacts the 
water surface between Figures 5.37(b) and (c) and a great amount of air is entrained. In  
Figure 5.37(d) the cnoidal-like impulse wave transports still lots of air from the slide impact 
process. This air escapes and the wave consist nearly only of water in Figure 5.37(f). 
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Figure 5.37 Cnoidal-like wave generation (a) - (c) and propagation (d) - (f) for h = 0.300 m, 

ρs = 610 kg/m3, α = 30°, F = 2.27, S = 0.40, M = 0.45, Dg = 0.017, X = 10.3 - 17.6, and 
Tr ≈ (a) 1.1, (b) 3.4, (c) 5.7, (d) 11.0, (e) 13.1, and (f) 15.1 

 
Typical wave profiles of cnoidal-like impulse waves are shown in Figure 5.38. The rela-

tive wave profiles η/h versus the relative time t(g/h)1/2 are shown from the top to the bottom at 
CWG1 in Figure 5.38(a) to CWG7 in Figure 5.38(g). The grey zone is affected by wave reflec-
tion. These wave profiles allow for a classification according to Table 5.6. Cnoidal-like waves 
feature a symmetrical wave profile to the vertical axis where multiple crests occur. The wave 
troughs are longer than the wave crests and the wave crest amplitudes are larger than the wave 
trough amplitudes. The maximum amplitude aM is larger than for the Stokes-like impulse 
waves for which the limitation aM < h was applied. Cnoidal-like wave types may transport air 
as shown in Figure 5.37 due to the impact crater formation. These waves were in the shallow-
water range to which the cnoidal wave theory applies [see 2.4.3]. 
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Figure 5.38 Cnoidal-like wave profiles for h = 0.300 m, ρs = 610 kg/m3, α = 45°, F = 2.70, S = 0.34, 

M = 1.11, Dg = 0.027 at (a) CWG1, (b) CWG2, (c) CWG3, (d) CWG4, (e) CWG5,            
(f) CWG6, and (g) CWG7; the grey area is influenced by wave reflection 

 

5.4.5.4 Solitary-like wave  
 
The basic features and the wave profile of the solitary wave were introduced in Subsec-
tion [2.4.4]. Figures 5.39(a) to (c) show a photo sequence of a solitary-like impulse wave 
generation and Figures 5.39(d) to (e) the propagation at relative distances X = 15.3 to 24.3. 
This wave type was produced using a bulk slide density ρs = 609 kg/m3, a slide impact angle 
α = 90°, and large relative quantities F = 3.77, S = 0.81, and M = 0.90 satisfying Eq. (5.26). 

The wave profiles of Figure 5.39 are shown in Figure 5.40. The relative wave profiles η/h 
versus the relative time t(g/h)1/2 are shown from top to bottom at CWG1 in Figure 5.40(a) to 
CWG7 in Figure 5.40(g). The grey zone is affected by wave reflection. These wave profiles 
allow a classification according to Table 5.6. Solitary-like waves feature a symmetrical wave 
profile to the vertical axis with only a singular or solitary dominant crest. The wave trough is 
nearly absent, if the criterion at < (1/4)a is applied. The maximum relative wave amplitudes 
were 0.49 ≤ aM/h ≤ 0.94, i.e. close to the wave breaking point according to Appendix [C]. 
Solitary-like waves entrain in general no air. These waves were in the very shallow-water 
range to which the solitary wave theory applies [see 2.4.4]. 
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Figure 5.39 Solitary-like wave generation (a) - (c) and propagation (d) - (f) for h = 0.300 m, 

ρs = 609 kg/m3, α = 90°, F = 3.77, S = 0.81, M = 0.90, Dg = 0.017, X = 15.3 - 24.3, and 
Tr ≈ (a) 2.1, (b) 4.1, (c) 6.1, (d) 15.5, (e) 17.5, and (f) 19.5 

 

 
Figure 5.40 Solitary-like wave profiles from Figure 5.39 at (a) CWG1, (b) CWG2, (c) CWG3,           

(d) CWG4, (e) CWG5, (f) CWG6, and (g) CWG7; the grey area is influenced by wave re-
flection 
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5.4.5.5 Bore-like wave 
 
The basic features and the wave profile of the bore wave were introduced in Subsec-
tion [2.4.5]. Figures 5.41(a) to (c) show a photo sequence of a bore-like impulse wave genera-
tion and Figures 5.41(d) to (e) its propagation at relative distances X = 14.9 to 24.3. This wave 
type was produced using a bulk slide density ρs = 1,664 kg/m3, a slide impact angle α = 60°, 
and very large relative quantities F = 4.22, S = 0.61, and M = 2.47 satisfying Eq. (5.27).  

The wave profiles of Figure 5.41 are shown in Figure 5.42. The relative wave profiles η/h 
versus the relative time t(g/h)1/2 are shown from top to bottom at CWG1 in Figure 5.42(a) to 
CWG7 in Figure 5.42(g). The grey zone is affected by wave reflection. These wave profiles 
allow a classification according to Table 5.6. Bore-like waves with their typical dominant 
crest feature an unsymmetrical wave profile both relative to the vertical and the horizontal 
axes. The steep wave front, the flat wave tail and the large air transport are typical features of 
these waves. The maximum amplitude aM may be up to 2.5 times as larger as the still water 
depth h. These waves were in the very shallow-water range to which the bore wave theory 
applies [see 2.4.5]. 
 

 
Figure 5.41 Bore-like wave generation (a) - (c) and propagation (d) - (f) for h = 0.300 m, 

ρs = 1,664 kg/m3, α = 60°, F = 4.22, S = 0.61, M = 2.47, Dg = 0.013, X = 14.9 - 24.3, and 
Tr ≈ (a) 2.3, (b) 4.6, (c) 6.7, (d) 10.6, (e) 12.9, and (f) 15.0 
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Figure 5.42 Bore-like wave profiles of Figure 5.41 at (a) CWG1, (b) CWG2, (c) CWG3, (d) CWG4,  

(e) CWG5, (f) CWG6, and (g) CWG7; the grey area is influenced by wave reflection 
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5.5 Summary 

The landslide generated impulse wave process was discussed both qualitatively and quantita-
tively. The results are based on 211 own granular slide model runs in a wave channel for the 
parameter ranges as shown in Table 5.1. The impulse waves were found to be nonlinear and 
in the range of intermediate to shallow-water. Empirical formulas in the slide impact zone for 
the maximum wave amplitude including its period and location, the maximum wave height, 
the wave volume, and for the wave propagation zone the wave amplitude and wave height 
decay were presented as a function of the seven governing parameters. The main parameter 
for all these formulas was the impulse product parameter P from Eq. (5.2). The wave height 
was found to be in average (5/4) times the wave amplitude resulting from both the wave 
maximum and the wave decay analysis. The larger the momentum component in the stream-
wise directions, the larger were the wave properties such as the maximum wave height, in 
agreement with intuition. The slide Froude number F was found to have the major effect on 
the wave characteristics such as the maximum wave height. The slide impact angle affects the 
process over the cosine whereas the effect of the slide granulometry was negligible small. The 
wave celerity is well described with the solitary wave celerity from Eq. (2.15). The presented 
formulas were confirmed with the 223 runs of the previous two studies resulting even in 
improved correlations. A diagram classifies the generated impulse waves into Stokes-, cnoi-
dal-, solitary-, and bore-like wave types which have different wave properties according to 
their wave theories. For 26 runs, the potential and the kinetic wave energies were determined 
with PIV allowing for a qualitative discussion. Better correlations are expected with smaller 
interrogation window sizes than applied herein. Further, complete data for numerical simula-
tions including the velocity vector fields, the slide profiles, and the wave profiles were deliv-
ered for a glacier ice avalanche and for two crushed rock slide runs. 
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6 DISCUSSION OF THE RESULTS 

6.1 Introduction 

Selected relevant results from Chapter [5] are hereafter compared with previous model stu-
dies. The effect of the slide impact angle is inconsistent in the technical literature. This dis-
crepancy is discussed in Section [6.2] together with the effect of the slide shape on the im-
pulse wave generation. Section [6.2] includes also considerations on the measurement uncer-
tainty. The 1958 Lituya Bay case is introduced in Section [6.3]. This event is validated with 
the empirical equations of the present study. In Section [6.4] the maximum wave amplitude, 
the maximum wave height, and the wave decay are compared with the results of both the two 
previous studies of Fritz (2002) and Zweifel (2004) and other model studies. The parameters 
of the Lituya Bay case provide a basis of comparison, and they confirm the applicability of the 
model to field data. The relevant equations of the present study are recalled in the computa-
tional example of Section [6.5].  
 

6.2 Effects of influence parameters 

6.2.1 Slide impact angle 
 
The effect of the slide impact angle α on the impulse wave generation is inconsistent in previ-
ous studies. According to Huber and Hager (1997) the wave height increases with α accord-
ing to the parameter sinα from Eq. (3.9); Panizzo et al. (2005b) found that the wave height 
decreases with α according to their parameter (sinα)− 

0.88 from Eq. (3.8); and from Kamphuis 
and Bowering (1972) the effect of α is negligibly small from Eq. (3.4). In the present study 
the slide impact angle α was included as cosβ with the effective angle β = (6/7)α from 
Eq. (5.1). The wave height increases with decreasing α due to the larger impulse component 
in the x-direction. The qualitative effect of α in the present study is identical to that of Panizzo 
et al. (2005b), therefore. They conducted experiments in the range of 16° ≤ α ≤ 36°. The 
relative effect in this range is [sin(16°)/sin(36°)]− 

0.88 = 1.95 for the wave height H. The pa-
rameter (cosβ )1/2 of the present study from Eq. (5.5) would give a ratio for the same range of 
[(cos(13.7°)/cos(30.9°))1/2]4/5 = 1.05. Note that α = 13.7° lies not in the parameter range 
30° ≤ α ≤ 90° of the present study. The effect of α in the study of Panizzo et al. (2005b) with 
1.95 is therefore much larger than in the present study with 1.05. 

For α = 30° the relative maximum wave height is in the present study 1.75 times larger 
than for α = 90° if all other dimensionless parameters remain constant [see 5.3.2]. Note that F 
and S change in prototype applications if α  varies. The slide Froude number F for instance 
increases for α = 90° as compared to α = 30°. The question is if the effect of (cosβ )1/2 or the 
change of F is dominant for the wave height by a change of α. 
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The slide centroid impact velocity Vs for different hill slope angles α may be determined 
with the energy balance between the slide release and the slide impact location, taking into 
account the dynamic bed friction angle δ. This equation solved for Vs reads 

 
( )αδ cottan12 −Δ= scs zgV . (6.1) 

 
Equation (6.1) is identical to Eq. (4.13), but with an initial slide velocity Vbox = 0 [see 4.3.5]. 
The slide centroid velocity Vsc0 at Laser Distance Sensor LDS0 is identical to the slide impact 
velocity Vs and the angle αsc0 from horizontal to centroid at LDS0 is approximated with the 
slide impact angle α. The parameter Δzsc is the slide centroid drop height between the initial 
position and the impact location and g the gravitational acceleration. 
 

 
Figure 6.1 Definition sketch for the slide impact velocity Vs determination of three identical slides at 

different slide impact angles α = 30°, 60°, and 90°  

 
Figure 6.1 shows three slides of identical shape and volume at identical drop height posi-

tion Δzsc = 200 m and with identical dynamic bed friction angle δ = 20°. The hill slope angles 
α = 30°, 60°, and 90° are different, however. Applying Eq. (6.1) results for α = 30° in 
Vs = (2·9.81·200(1 − tan(20°)·cot(30°))1/2 = 38.1 m/s, for α = 60° in Vs = 55.7 m/s, and for 
α = 90° in Vs = (2·9.81·200)1/2 = 62.6 m/s thereby neglecting δ. The effect of the change of Vs 
with α is applied on the relative maximum (subscript M ) wave amplitude AM from Eq. (5.3). 
The parameter Vs is included in Eq. (5.3) in F with the exponent (4/5). A decrease from 
α = 90° to 30° results in a change of the relative maximum wave amplitude ΔAM (vel.) of 
(38.1/62.6)4/5 = 0.672. Figure 6.2(a) shows ΔAM (vel.) with (- -) for the whole test range 
30° ≤ α ≤ 90° relative to α = 90°. 

The effect of a change of only α on AM with constant F, S, and M is also shown in    
Figure 6.2(a). The line (···) shows this effect of the momentum (mom.) change in x-direction 
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on AM according to Eq. (5.3) such that {[(cos((6/7)30°))1/2]/[(cos((6/7)90°))1/2]}4/5 = 1.750. 
Figure 6.2(b) shows the ratio of these two changes ΔAM (mom.)/ΔAM (vel.) versus the slide 
impact angle α, again relative to α = 90°. The effect of the momentum change is always 
larger than that of the velocity change. Increasing relative maximum wave amplitudes AM 
with decreasing α are expected not only for constant dimensionless quantities, but also under 
real life scenario conditions, therefore. This estimation includes only the most important 
parameter Vs for a specific δ and Δzsc. Both the change of the slide thickness s [see 6.2.2] and 
of the bulk slide volume Vs [see 3.2] with α were not considered. 
 

 
Figure 6.2 (a) Change of the relative maximum amplitude ΔAM  due to (···) the momentum (mom.) 

change in x-direction and (- -) due to the impact velocity (vel.) change based on Eq. (6.1) 
versus α and (b) ΔAM (mom.)/ΔAM (vel.) versus α; all data are relative to α = 90° (○) 

 
The experiments of Huber and Hager (1997) were conducted in the range of 

28° ≤ α ≤ 60°. The slide impact velocity Vs is not included in their Eq. (3.9) for the wave 
height decay H(x)/h. Huber and Hager (1997) stated “the effect of impact velocity Vs is some-
how contained in the slope term,…”. This slope term is sinα. The relative effect 
sin(30°)/sin(90°) = 0.5 is close to the effect 0.672 of the change of Vs between α = 30° and 
90° as previously found with Eq. (6.1) and Figure 6.1, respectively. The effect of α on the 
relative maximum wave height HM in the present study (Eq. (5.5)) is small with 
{[(cos((6/7)30°))1/2]/[(cos((6/7)60°))1/2]}4/5 = 1.159. Equation (3.9) from Huber and Hager 
(1997) indeed considers indirectly a part of the effect of the slide impact velocity Vs with sinα 
and thereby probably neglects the effect of the slide impact angle α. This demonstrates the 
importance of an independent parameter variation in hydraulic modelling. The effects are 
otherwise not allocable to the individual influence parameters. An independent parameter 
variation was possible in the present study due to the pneumatic landslide generator 
[see 4.3.3]. 

 
 



6 DISCUSSION OF THE RESULTS Effects of influence parameters 

- 126 - 

6.2.2 Slide shape 
 
The effect of slide shape in the present study is solely represented by the slide thickness s and 
the bulk slide volume Vs. Numerical simulations indicate that the slide front angle φ has a 
significant effect on the impulse wave features (personal communication of Prof. Dr. Peter 
Rutschmann, TU Munich). The parameter φ was introduced by Kamphuis and Bowering 
(1972), as shown in Figure 3.1(a). They found this effect insignificant and the parameter was 
no more systematically varied in model studies. Figure 6.3 shows four examples of slide 
shapes produced in the present study for an impulse product parameter P ≈ 1.42. The slide 
profiles ξ (xramp) at LDS0 are shown during slide impact versus the fictitious coordinate along 
the hill slope ramp (subscript ramp) x ramp. The LDSs record the slide profiles as a function of 
time (Figure 4.11(b)). The entire slide profile was assumed to move with the slide centroid 
impact velocity Vs [see 4.3.5]; the coordinate xramp is a fictitious parameter with the coordinate 
origin at the intersection of the still water depth and the hill slope ramp, therefore. The slide 
front angles φ were determined between the hill slope ramp and the line connecting the slide 
front with a reference point (○) as shown in Figure 6.3. Note the different scaling of the 
abscissas. Figure 6.3 shows that a wide range of slide profiles were generated in the present 
study. Table 6.1 includes the corresponding parameters. The box forms f were introduced in 
Subsection [4.3.3]. Bulk slide (subscript s) densities ρs heavier and lighter than water are 
included in Table 6.1. The slide impact velocities were in the range of 
3.77 m/s ≤ Vs ≤ 7.40 m/s and the slide lengths were 0.97 m ≤ ls ≤ 2.93 m. Further, the still 
water depths h and the dimensionless quantities F, S, M, and α are also included in Table 6.1. 
The slide front angle φ varied almost by a factor of 5 from 16.7° to 79.8° for the four slide 
shapes shown in Figure 6.3. The impulse wave features are represented herein by the relative 
maximum wave amplitude AM. An impulse product parameter P = 1.42 in Eq. (5.3) yields 
AM = 0.59. All four slides of Figure 6.3 generated between 1% and 25% smaller relative 
maximum wave amplitudes as compared with AM = 0.59, but still were in the range of ±30% 
(Figure 5.5(a)). The run with the smallest value φ = 16.7° generated the minimum value of AM 
but the slide with the largest angle φ = 79.8° did not generate the largest value of AM. It ap-
pears that φ and AM are not linearly related, therefore. 
 

Table 6.1 Relevant parameters for the slide profiles shown in Figure 6.3 
Figure f ρs Vs ls h F S M α φ AM 

 [-] [kg/m3] [m/s] [m] [m] [-] [-] [-] [°] [°] [-] 
Figure 6.3(a) f 1 1,583 5.31 1.29 0.45 2.53 0.4 1.04 45 36.2 0.58 
Figure 6.3(b) f 1 599 7.4 2.93 0.45 3.52 0.33 0.4 45 51.5 0.52 
Figure 6.3(c) f 2 1,578 3.77 0.97 0.3 2.2 0.43 1.17 30 16.7 0.44 
Figure 6.3(d) f 1 1,651 6.1 1.96 0.45 2.9 0.37 1.09 60 79.8 0.55 

 
The slide front angle φ of the present study was varied over an estimated range of 

10° ≤ φ ≤ 90°. Its effect is somehow included in the slide impact angle α and the slide impact 
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velocity Vs. Slides generated with α = 90° generally have a larger φ, typically around φ = 90° 
whereas the parameter φ ≈ 20° results for slides generated with α = 30°. Further, for slides 
with small values of Vs the slide shape is flatter than for large Vs. The slide front angle φ is not 
an independent parameter, however, and its inclusion in the dimensional analysis is inappro-
priate, because all governing parameters should be independent from each other [see 4.2.1].  
 

 
Figure 6.3 Slide profiles ζ (xramp) at LDS0 for runs with impulse product parameters P ≈ 1.42 and 

different slide front angles φ relative to (○); see also Table 6.1 

 
It may be concluded that the slide shape is well described solely by the slide thickness s 

and the bulk slide volume Vs. The effect of φ is negligible because it is mainly included in the 
slide impact angle α and the slide impact velocity Vs. Additional effects on φ would be the 
granular shape, the granular water content, and the crushing degree of grains. 
 

6.2.3 Measurement uncertainty 
 

The purpose of this Subsection is to estimate the measurement uncertainty. The accuracy of 
instrumentation suffers from random and systematic errors according to e.g. Grabe (2005). 
The true value of a phenomenon is within the interval of the measurement ± the measurement 
uncertainty Δ, in which the latter is composed of both random and systematic errors. The 
systematic errors are unknown with respect to magnitude and sign. One example for a sys-
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tematic error in the present study would be a nonlinear behaviour of the CWGs between the 
two calibration fix points [see 4.4.4]. Systematic errors may be subject to temporal drifts over 
a long measurement period. The present data were collected over seven years from three PhD 
students without any noticeable variations of the results [see 5]. The drift of the systematic 
errors is negligible small and the systematic errors are assumed constant in the present study. 
As a consequence, the scatter such as in Figure 5.5 is not ascribed to systematic errors. A 
repetition of measurements would not reduce the systematic errors whereas random errors 
would be reduced. These are appreciable, in contrast to the systematic errors (Grabe 2005). 
An example for a random error in this research is the LDS measurement error of ±4.0 mm. In 
the following the random errors are quantified.  
 

Table 6.2 Extreme differences (dif.) of the governing parameters within six repetitions of run 1 and 
three repetitions of run 2 

symbol dimension 
run 
1.1 

run 

1.2 
run 
1.3 

run 
1.4 

run 
1.5 

run 
1.6 

dif.
run 
2.1 

run 
2.2 

run 
2.3 

dif. 

h  [m] 0.300 0.300 0.300 0.300 0.300 0.300 0.00 0.300 0.300 0.300 0.00 
s [m] 0.177 0.177 0.177 0.177 0.177 0.177 - 0.125 0.119 0.132 0.013 
Vs [m/s] 6.160 5.960 6.070 6.110 6.160 6.160 0.20 4.890 4.870 4.870 0.02 

Vs [m3] 0.067 0.067 0.067 0.067 0.067 0.067 - 0.067 0.067 0.067 - 

ρs [kg/m3] 1,669 1,669 1,670 1,667 1,668 1,669 3 589 591 591 2 

β [° ] 51.4 51.4 51.4 51.4 51.4 51.4 - 25.7 25.7 25.7 - 

ms [kg] 111.47 111.47 111.52 111.36 111.44 111.46 0.16 39.34 39.45 39.47 0.13 
F [-] 3.59 3.48 3.54 3.56 3.59 3.59 0.11 2.85 2.84 2.84 0.01 
S [-] 0.59 0.59 0.59 0.59 0.59 0.59 - 0.42 0.40 0.44 0.04 
M [-] 2.48 2.48 2.48 2.47 2.48 2.48 0.01 0.87 0.88 0.88 0.01 

 
To estimate the test repetition accuracy within the governing parameters some runs were 

repeated. Table 6.2 shows the basic data and the extreme differences for run 1 which was 
repeated six and run 2 which was repeated three times, respectively. For run 1 the slide profile 
was only measured once and the slide thickness s is constant, therefore [see 4.4.3]. In run 2 
the slide profiles were measured three times. The extreme differences (dif.) within these two 
runs are included in Table 6.2 as well. These small values result from the well defined initial 
experimental conditions due to the pneumatic landslide generator [see 4.3.3]. The main parts 
of the extreme differences in Table 6.2 result e.g. from a variable slide shape within a test 
series and not only from the measurement uncertainty. From Table 6.2 and personal judge-
ment the measurement uncertainties Δ of the relevant parameters were figured as shown in 
Table 6.3. The still water depth h was adjusted with a point gage and its measurement uncer-
tainty was estimated to ±0.5 mm. The bulk slide volume Vs was set identical to the box (sub-
script box) volume Vbox, resulting in Δ = 0. The value Δ for the bulk slide density was ex-
pressed with the slide mass ms. The distance between CWG1 and the coordinate origin x1 is 
relevant for the measurement uncertainty of the streamwise distance. It was estimated to 
0.01 m due to the flexibility of the CWG under the wave force during a test. The time t was 
adjusted relative to the instant of slide impact resulting in an estimated value Δ = 0.05 s. The 
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measurement uncertainty Δ of the slide impact angle α  was appraised Δ = 0.5°, and that of 
the grain diameter dg was not relevant because its effect was found negligible in the present 
study. 

 

Table 6.3 Measurement uncertainties Δ of the governing parameters 

symbol dimension Δ symbol dimension Δ 
h [m] 0.0005 t [s] 0.05 
s [m] 0.005 β [°] 0.5 
x1 [m] 0.01 F [-] see Table 6.5 
Vs [m/s] 0.15 S [-] see Table 6.5 
Vs [m3] 0 M [-] see Table 6.5 
ms [kg] 0.1 Tr [-] see Table 6.5 
ρs [kg/m3] 20    

 
Most of the present results are composed of product parameters. The maximum relative 

error does not exceed the sum of the individual relative errors (e.g. Demidovich and Maron 
1987). For the product u = x”1x”2…x”n the relative error |Δu/u| is expressed as 
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Applying Eq. (6.2) for the slide Froude number F = Vs /(gh)1/2 excluding the constant gravita-
tional acceleration g results in 
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Dividing Eq. (6.3) by F, taking the absolute value, and considering the maximum possible 
error results in 
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The measurement uncertainty of F depends on the slide impact velocity Vs and the still water 
depth h, therefore.  

Most of the results of the present study are related to the impulse product parameter P 
from Eq. (5.2). Three experiments were selected to cover the whole measurement range as 
shown in Table 6.4, namely run I with the smallest P = 0.17, run III with the largest P = 8.13, 
and run II with a typical value P = 1.95. Table 6.4 shows the relevant parameters for these 
three selected runs. Times t = 1.60 s, 0.80 s, and 0.35 s for the instant of the energy dissipa-
tion are typical values [see 5.3.5]. For P = 0.17 and with Table 6.3, Eq. (6.4) results in 
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|ΔF/F| = |0.15/2.31| + (1/2)|0.0005/0.600| = 0.065, for P = 1.95 in |ΔF/F| = 0.028, and for 
P = 8.13 in |ΔF/F| = 0.026. The maximum measurement uncertainty for F is thus ±6.5%. The 
relative measurement uncertainties for the dimensionless quantities and the empirical equa-
tions are included in Table 6.5 in percent in terms of the parameters of run I, II, and III in 
Table 6.4. Maximum measurement uncertainties follow for small dimensionless quantities. 
This is apparent also from the plots where the relative scatter increases with decreasing value 
on the abscissa (e.g. Figures 5.5). Relative measurement uncertainties of up to 36.8% were 
determined for P in Table 6.5. The value Δ generally increases with decreasing P, except for 
the wave energy with the opposite trend. For the typical run II with P = 1.95, the measure-
ment uncertainties for the relevant wave features such as the relative maximum wave ampli-
tude AM or the relative wave decay are Δ ≈ 3% (Table 6.5). The absolute measurement uncer-
tainty e.g. for the Froude number for run II in Table 6.4 is F = 3.17 ± 2.8%·3.17 = 3.17 ± 0.09 
(Tables 6.4; 6.5). 

The slide impact velocity Vs and the slide thickness s were identified as the most sensitive 
parameters concerning the measurement uncertainty. The main scatter such as in Figure 5.5 is 
due to the measurement uncertainty whereas a small portion of scatter may be explained with 
effects of less significant parameters not considered herein, such as the water temperature or 
the water splash in the slide impact zone. 
 

Table 6.4 Three runs with typical impulse product parameters P including its governing parameters 

symbol dimension run I run II run III 
  P = 0.17 P = 1.95 P = 8.13 

h [m] 0.600 0.300 0.150 
s [m] 0.065 0.165 0.201 
x1 [m] 1.749 1.443 1.357 
Vs [m/s] 2.31 5.44 6.07 
Vs [m3] 0.033 0.033 0.067 
ms [kg] 20.054 54.137 112.235 
ρs [kg/m3] 600 1,621 1,680 
t [s] 1.60 0.80 0.35 
β [°] 25.7 51.4 51.4 
F [-] 0.95 3.17 5.01 
S [-] 0.11 0.55 1.34 
M [-] 0.11 1.20 9.98 
Tr [-] 6.47 4.57 2.83 

 
The different errors involved in PIV were discussed by Huang et al. (1997), Raffel et al. 

(1998), and Westerweel (2000). The PIV method assumes identical motion of both the seed-
ing particles and the surrounding fluid. This basic assumption is satisfied in the present appli-
cation except for a small error of 0.4% according to Fritz (2002). In addition, the total abso-
lute measurement error of a single displacement vector was smaller than 0.07 m/s corre-
sponding to a few percents for the present research. 
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Table 6.5 Relative measurement uncertainties Δ [%] of the dimensionless quantities and the empiri-
cal equations as a function of three typical runs I, II, and III 

parameter description reference Δ [%] 
   run I run II run III 
   P = 0.17 P = 1.95 P = 8.13 

F slide Froude number - 6.5 2.8 2.6 
S relative slide thickness - 6.2 2.6 2.3 
M relative slide mass - 0.7 0.5 0.8 

(cosβ  )1/2 - - 0.4 1.1 1.1 
X1 relative wave propagation distance - 0.7 0.9 1.1 
Tr relative time - 3.2 6.3 14.5 
P impulse product parameter Eq. (5.2) 36.8 3.9 1.9 
AM relative maximum wave amplitude Eq. (5.3) 29.4 3.1 1.5 
XM relative streamwise distance of AM Eq. (5.4) 18.4 2.0 1.0 
YM relative maximum wave height Eq. (5.5) 29.4 3.1 1.5 

TM (g/h)1/2 relative wave period of AM Eq. (5.6) 18.4 2.0 1.0 
VcP /(bh2) relative primary wave volume Eq. (5.8) 44.2 4.7 2.3 

Es [J] slide energy Eq. (5.9) 7.0 2.9 2.6 
Etot/Es relative wave energy Eq. (5.14) 0.1 1.3 15.5 

Tr relative time for energy estimation Eq. (5.16) 36.8 3.9 1.9 
Ekin  /Es relative kinetic wave energy Eq. (5.17) 1.0 3.9 52.4 
Epot /Es relative potential wave energy Eq. (5.18) 2.2 3.3 5.0 
A(X ) relative wave amplitude decay Eq. (5.20) 29.6 3.5 1.8 
Y(X ) relative wave height decay Eq. (5.21) 29.6 3.5 1.8 

cam /(gh)1/2 relative wave crest celerity Eq. (5.22) 0.1 0.2 0.3 
ccm /(gh)1/2 relative wave centroid celerity Eq. (5.23) 0.1 0.2 0.3 
S1/3Mcosβ wave type classification Eq. (5.25) 25.6 3.1 1.7 

 

6.3 Comparison with 1958 Lituya Bay case 

6.3.1 Introduction 
 
Field data are limited to (1) wave heights measured far away from the slide impact zone,     
(2) wave run-up heights deduced from the destroyed vegetation, or (3) the slide deposit 
[see 3.2]. The Lituya Bay case in 1958, Alaska, is convenient for a comparison with 2D wave 
channel tests because (1) it is probably the best documented case, (2) the governing parame-
ters match the parameter range of the present study, and (3) the Lituya Glacier on the left side 
of the water body reduced 3D effects. Following a description of the Lituya Bay case the 
available data such as the wave height H are compared with the calculations of the present 
study. The Lituya Bay case was previously applied for a validation of the hydraulic models of 
Noda (1970), Slingerland and Voight (1982), Fritz et al. (2001), Fritz (2002), Walder et al. 
(2003), and Zweifel (2004). A numerical model validation was performed by Quecedo et al. 
(2004) and Mader (1999).  
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6.3.2 Lituya Bay case 
 
The Lituya Bay case in 1958 was described by Miller (1960), Slingerland and Voight (1979), 
Fritz et al. (2001), among others. The T-shaped Lituya Bay is located near the St. Elias Moun-
tains on the south coast of Alaska. Figure 6.4 shows a plan view. The main bay is about 
12 km long and 1.2 km to 3.3 km wide. The exit to the Pacific Ocean is restricted to a width 
of about 300 m. Several impulse waves were generated in this bay according to Miller (1960) 
but only the largest in 1958 is considered hereafter. On July 9 an 8.3 magnitude earthquake on 
the Richter scale with the epicentre located about 21 km southeast of the Lituya Bay lasted 
some 1 to 4 minutes (Slingerland and Voight 1979). As a consequence, a rock slide fell from 
a maximum altitude of 914 m above sea level with an mean slide impact angle of α = 40°, as 
shown in Figures 6.5 and 6.8, respectively. The rock slide consisted mainly of amphibole and 
biotite schists with a mean grain (subscript g) density of ρg = 2,700 kg/m3. The mean slide 
width was b = 823 m and the maximum slide thickness s = 92 m. The slide centroid started at 
Δzsc = 609 m above the still water surface. The slide dimensions resulted in a slide grain 
volume of Vg = 30.6 × 106 m3. This rock slide generated an impulse wave with a maximum 
run-up height of R = 524 m on the opposite shore at a distance x ≈ 1,350 m and a run-up angle 
of 45° (Figure 6.5). The mean still water depth in the slide impact zone was h = 122 m. The 
impulse wave propagated towards the Pacific Ocean resulting in a second run-up height of 
208 m at a radial distance r ≈ 3,800 m from the slide impact source at the Mudslide Creek 
(Figure 6.4). Thereafter, the wave underwent further refraction and diffraction processes and 
reached the Cenotaph Island at radial distance r ≈ 6,300 m with a wave amplitude height of 
about 30 m according to eyewitnesses (Miller 1960). Beyond this island the impulse wave 
grasped a trolling boat and flushed it onto the forest at a height of 24 m. Two persons on 
another fisher boat perished. Figure 6.4 shows the trimline - the upper limit of the destroyed 
vegetation - after the event. The governing parameters of the Lituya Bay case are listed in 
Table 6.6. 

The scale between the present hydraulic model and the Lituya Bay case is 1:610, if the 
prototype still water depth is h = 122 m as compared with model still water depth of 
h = 0.200 m according to the Froude similitude (Table 4.3). No reliable data of the maximum 
wave amplitude or the wave height are available. However, the wave run-up height is avail-
able from the destroyed vegetation. The wave height may be inversely computed with the 
solitary wave run-up formula of Hall and Watts (1953) on an impermeable slope. Their em-
pirical equation for a run-up angle of 45° is according to Fritz et al. (2001) 
 

15.1

1.3 ⎟
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h
H

h
R . (6.4) 

 
Equation (6.4) results in H = 162 m immediately in front of the shore for a run-up height 
R = 524 m and a still water depth h = 122 m.  
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Figure 6.4 1958 Lituya Bay plan with the trimline and the 524 m wave run-up height (after Miller 

1960) 

 

Table 6.6 Governing parameters of the 1958 Lituya Bay case and associated bibliography 
symbol dimension value study; comments 

h [m] 122 Miller (1960); Noda (1970); Slingerland and Voight (1979); Fritz et al. (2001); Zweifel (2004) 
s [m] 92 Miller (1960); Noda (1970); Slingerland and Voight (1979); Fritz et al. (2001); Zweifel (2004) 
b [m] 823 Miller (1960); Slingerland and Voight (1979); Fritz et al. (2001); Fritz (2002); Zweifel (2004) 

ls [m] 970 Slingerland and Voight (1979); Fritz et al. (2001); Fritz (2002) 
Vs [m/s] 92 according to Eq. (6.1) with a bed friction angle δ = 14° from Slingerland and Voight (1979) and 

Δzsc = 609 m from Miller (1960) 

Vg [m3] 30.6 × 106 Miller (1960); Slingerland and Voight (1979); Fritz et al. (2001); Fritz (2002); Zweifel (2004) 

Vs [m3] 51 × 106 with n = 40% and volume increase due to the crushing of the grain volume Vg  

ρg [kg/m3] 2,700 Miller (1960); Slingerland and Voight (1979); Fritz et al. (2001); Fritz (2002); Zweifel (2004) 

ρs [kg/m3] 1,620 according to Eq. (4.12) with n = 40% 
α [°] 40 Slingerland and Voight (1979); Zweifel (2002) 
F [-] 2.66  
D [-] 1.62 with n = 40% 
S [-] 0.75  
V [-] 4.16 with n = 40% 
M [-] 6.74  
ls/h [-] 7.95   
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Figure 6.5 1958 Lituya Bay case, with rock slide impact and maximum wave run-up height 

R = 524 m (after Fritz et al. 2001) 

 

6.3.3 Calculation of 1958 Lituya Bay case 
 
The Lituya Bay data including the back calculation of Eq. (6.4), the eyewitnesses’ informa-
tion, and the values of the case study of Fritz et al. (2001) [see 3.3.3.1] are calculated with the 
equations of the present study. The present study yields a maximum wave height HM = 179 m 
from Eq. (5.5). The wave maximum location is XM = 10 from Eq. (5.4), immediately in front 
of the opposite shore in Figure 6.5 with nearly identical X = x/h = 1,350/122 = 11 in the proto-
type. The wave height of HM = 179 m is about 10% too large as compared with the back 
calculated value H = 162 m from Eq. (6.4). The reasons may be the wave energy spread to the 
left side of the water body as compared with wave channel experimentation. However, these 
10% are contained within ±30% of the calculation (Figure 5.8(a)). The eyewitnesses’ estima-
tion of a wave amplitude of a = 30 m at r ≈ 6,300 m may be calculated in 2D at 
X = x/h = 6,300/122 = 51.6 thereby assuming a constant water depth h. Equation (5.20) for the 
wave amplitude decay yields a(X = 51.6) = 68 m. The observed value a = 30 m is of course 
much smaller than calculated in 2D due to the complex bathymetry and the radial and trans-
verse spread of the wave energy [see 6.3.2]. 

Further data from the Lituya Bay case are available from the case study of Fritz et al. 
(2001) as introduced in Subsection [3.3.3.1]. Note that some governing parameters of Fritz et 
al. (2001) differ from the values included in Table 6.6. They applied Vs = 110 m/s thereby 
neglecting the slide bed friction and Vs = Vg = 30.6 × 106 m3. Nevertheless, they measured a 
maximum wave height HM = 162 m at a relative distance X = 7.25 which matches exactly the 
back calculated value H = 162 m from Eq. (6.4) at X = 11. Their measured maximum wave 
amplitude aM (X = 7.25) = 152 m may therefore be close to the real value in the Lituya Bay 
case. The present study yields a maximum wave amplitude aM = 143 m in good agreement 
with the value aM (X = 7.25) = 152 m of Fritz et al. (2001). All equations of the present study 
are applied to the Lituya Bay case in the computational example in Subsection [6.5].   
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6.4 Comparison with other empirical formulas 

6.4.1 Introduction 
 
The relative maximum wave amplitude AM and the relative maximum wave height YM of the 
present study are compared with other empirical formulas herein. The applied governing 
parameters are identical to the 1958 Lituya Bay case as shown in Table 6.6. In Subsection 
[6.4.2], the equations of the present study are exclusively compared with the two previous 
studies of Fritz (2002) and Zweifel (2004), followed by a comparison with other studies in 
Subsection [6.4.3]. The wave decay relative to the relative streamwise distance X in 2D and 
the relative radial distance r/h in 3D are compared in Subsection [6.4.4]. All equations dis-
cussed herein were introduced in Chapter [3].  
 

6.4.2 Comparison with the two previous studies 
 
The present study is a continuation of the two previous investigations of Fritz (2002) and 
Zweifel (2004). The upper part of Table 6.7 compares the calculation of the maximum wave 
amplitude aM of the present with these two studies. Equation (5.3) of the present study yields 
a maximum wave amplitude aM = 143 m with the governing parameters from the Lituya Bay 
case in Table 6.6. The deviations ΔaM in Table 6.7 are related to the value aM = 143 m of the 
present study. Equation (3.11) of Zweifel (2004) results in aM = 151 m which is close to the 
reference aM = 143 m (+6%). Equation (3.10) of Fritz (2002) results in aM = 95 m being con-
siderable smaller (−34%) than aM = 143 m. This deviation of −34% may be because Fritz 
(2002) varied not all governing parameters. The slide impact angle α and the bulk slide den-
sity ρs were held constant in his investigation. Further he neglected the effect of the relative 
slide mass M in Eq. (3.10). 

Figure 5.5(a) shows the graphical basis for Eq. (5.3) of the present study and Figure 3.9(a) 
for Eq. (3.11) of the study of Zweifel (2004). The expression P = FS1/2M 

1/4(cosβ )1/2 on the 
abscissa of Figure 5.5(a) is identical to the expression FS1/2M 

1/4 on the abscissa as shown in 
Figure 3.9(a) except for the additional parameter (cosβ )1/2. Note that the slide impact angle α 
in β = (6/7)α was constant in the study of Zweifel (2004). In contrast to the linear function of 
Zweifel (2004), the power function of Eq. (5.3) describes the data in Figure 5.5(a) best. The 
following reasons indicate a power instead of a linear function for the relative maximum wave 
amplitude AM: 

 
• The relative slide to wave energy conversion in Figure 5.17(a) is less efficient with 

increasing F, S, and M coinciding with an increasing impulse product parameter P. 
This indicates an asymptotic developing of AM in Figure 5.5(a) [see 5.3.5]. 
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• The cosine is not a linear function. The additional parameter (cosβ )1/2 on the abscissa 
adjusts the measurement data from a linear function in Figure 3.9(a) to a power func-
tion in Figure 5.5(a).  

• A power function for the description of AM agrees with the wave amplitude decay 
from Eq. (5.20) which includes also the data of AM. 

 
The pre-factors and the exponents in Eqs. (5.3), (3.10), and (3.11) change if an additional 

parameter is considered. The additional parameter of Zweifel (2004) was M, and of the pre-
sent study α. However, the relative effects of F and S have to be identical within the three 
studies. This is nearly the case with exponent ratios ≈ 2 between F and S from Eq. (3.10) of 
Fritz (2002), Eq. (3.11) from Zweifel (2004), and Eq. (5.3) from the present study 
[see 3.3.3.1]. Further, the data of both Fritz (2002) and Zweifel (2004) perfectly match 
Eq. (5.3) in Figure 5.6 and even improve the goodness of fit [see 5.3.1]. 

The aforementioned shows that Eq. (5.3) of the present study and Eq. (3.11) of Zweifel 
(2004) physically agree except for the effect of the additional parameter (cosβ )1/2. 
 

Table 6.7 Comparison of the equations of the present study with the two previous of Fritz (2002) 
and Zweifel (2004) calculated with the governing parameters from the 1958 Lituya Bay 
case 

study equation aM ΔaM 
    [m] [%] 

present study; Eq. (5.3) AM = (4/9)(FS1/2M 
1/4(cosβ )1/2)4/5 143 basis 

Zweifel (2004); Eq. (3.11) AM = (1/3)FS1/2M 
1/4 151 +6 

Fritz (2002); Eq. (3.10) AM = (1/4)F7/5S 
4/5 95 −34 

study equation a(X ) Δa(X ) 
    [m] [%] 

present study; Eq. (5.20) A(X ) = (3/5)[FS1/2M 
1/4(cosβ )1/2X 

−1/3]4/5 102 basis 
Zweifel (2004); Eq. (3.12) A(X ) = 2S1/2tanh[0.25F3/2(M/X )1/2] 146 +43 

 
The lower part of Table 6.7 compares the wave amplitude a(X = 11) of the present study 

with Eq. (3.12) of Zweifel (2004). No wave amplitude decay formula is available from Fritz 
(2002). Equation (5.20) of the present study yields a wave amplitude a(X = 11) = 102 m again 
with the governing parameters from the Lituya Bay case in Table 6.6. Equation (3.12) of 
Zweifel (2004) results in a(X = 11) = 146 m which is +43% larger than a(X = 11) = 102 m. 

Figure 3.9(b) shows the graphical basis for Eq. (3.12) of the study of Zweifel (2004) and 
Figure 5.27(a) for Eq. (5.20) of the present study. Equation (5.20) in Figure 5.27(a) considers 
rather the general wave decay than the relative maximum wave amplitude AM from Eq. (5.3). 
The maximum wave amplitude consists for large P of a water sheet and less of a water wave 
(see e.g. Figure 4.5) and it was not found representative for the wave decay. Equations (5.20) 
and (3.12) coincide therefore ill for small values of the relative streamwise distance X and a 
large P. For a smaller P than in the 1958 Lituya Bay case or further away from the slide 
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impact location, e.g. at X = 40 instead of X = 11 the agreement is then better with 
a(X = 40) = 72 m from Eq. (5.20) and a(X = 40) = 88 m from Eq. (3.12).  

According to Eq. (3.12) of Zweifel (2004) the impulse waves decay with an exponent 
−1/2 of the relative streamwise distance X. The exponent of the present study concerning X is 
considerable smaller with − 4/15 = − 0.267 from Eq. (5.20). The wave type classification in 
Subsection [5.4.5] shows that impulse waves have different decay features. However, the 
wave decay for each individual wave type in Appendix [B] resulted in no satisfactory solution 
and only the combined correlation for all wave types was presented in Eq. (5.20). An analysis 
of each of the 211 runs of the present study concerning the exponents of X resulted in an 
exponent range of +0.075 to − 0.678. A positive exponent indicates a growth of the wave with 
the relative streamwise distance X as was previously observed e.g. by Sander (1990) for soli-
tary waves. Both the exponent −1/2 of Zweifel (2004) and − 0.267 of the present study are 
within this range. The mean over all exponents is − 0.282. The value − 4/15 = − 0.267 of the 
present study is close to the mean value, therefore. Similar exponents of X observed Wiegel et 
al. (1970) with −1/5 and Huber and Hager (1997) with −1/4. They are discussed in Subsection 
[6.4.4]. 

Note that the data of both Fritz (2002) and Zweifel (2004) perfectly match Eq. (5.20) in 
Figure 5.28 and even improve the goodness of fit [see 5.4.2]. The aforementioned shows that 
Eq. (5.20) of the present study and Eq. (3.12) of Zweifel (2004) result in a discrepancy for a 
small X for the Lituya Bay case because Eq. (3.12) includes also the maximum wave features 
whereas the present study considers rather the general wave decay. Further away from the 
slide impact location the agreement between these two equations is better. A comparison of 
the maximum wave height HM or the wave height decay H(X ) was not possible because nei-
ther Fritz (2002) nor Zweifel (2004) offered a formula.  
 

6.4.3 Wave amplitude and height comparison 
 
The upper part of Table 6.8 includes all available empirical equations for 2D impulse waves 
for both the maximum wave amplitudes and wave heights. The present study as applied to the 
Lituya Bay case yields a maximum wave amplitude aM = 143 m and a maximum wave height 
HM = 179 m from Eqs. (5.3) and (5.5), respectively. In the following the percent numbers for 
the upper part of Table 6.8 are related to aM = 143 m and HM = 179 m. 

2D maximum wave amplitude aM and wave height HM formulas were presented by Noda 
(1970) [see 3.3.4] for a piston type model, by Monaghan and Kos (2000) [see 3.3.2.1] and 
Walder et al. (2003) [see 3.3.2.1] for block models, and by Fritz et al. (2001) [see 3.3.3.1], 
Fritz (2002) [see 3.3.3.1], and Zweifel (2004) [see 3.3.3.1] for granular slide models. 

As previously discussed in Subsection [6.4.2], the maximum wave amplitude aM = 95 m 
according to Fritz (2002) is 34% smaller, and aM = 151 m according to Zweifel (2004) is +6% 
larger than the value aM = 143 m of the present study. The piston type model of Noda (1970) 
strongly overestimates the maximum wave amplitude with aM = 428 m (+199%). In this 
model the impulse waves were generated with a horizontal moving plank. This plank is much 
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greater than the still water depth h and allows no water flow over its back, whereas in the 
Lituya Bay case a part of the water flowed over the back of the landslide (Fritz et al. 2001). 
The Russell (1837) wave generator of Monaghan and Kos (2000) consisting of a vertical 
dropping rigid box as shown in Figure 3.5(a) predicts the primary (subscript P) wave ampli-
tude to aP = 111 m (−22%). The parameter aP is compared with aM because the primary wave 
normally coincides with the maximum wave in the present study [see 5.3.1]. A conservative 
value aM = 83 m (−42%) yields the block model of Walder et al. (2003). Their experiments 
were conducted with still water depths h = 0.051 m to 0.13 m, clearly in the range of non-
negligible scale effects h < 0.200 m. Fritz et al. (2001) built a specific model for the 1958 
Lituya Bay case from which a relative slide thickness S ≈ 0.75 resulted. They measured at 
X = 7.25 a maximum wave amplitude aM = 152 m (+6%) and HM = 162 m (−9%). 
 

Table 6.8 2D model comparison for the 1958 Lituya Bay case with above: Formulas for the maxi-
mum wave amplitude aM and wave height HM and below: Formulas for the wave ampli-
tude decay a(x) and wave height decay H(x) at X = 11; the deviations are relative to the 
values of the present study 

study equation aM ΔaM HM ΔHM 

    [m] [%] [m] [%] 

present study; Eq. (5.3) AM = (4/9)P4/5 143 basis   

present study; Eq. (5.5) HM = (5/9)P4/5   179 basis 

Noda (1970); Eq. (3.16) AM = 1.32F 428 +199   

Monaghan and Kos (2000); Eq. (3.6) AP = 3(ms/(40ρw sbh))2/3S 
2/3 111 −22   

Fritz et al. (2001); Subsection [3.3.3.1] case study 152 +6 162 −9 

Fritz (2002); Eq. (3.10) AM = (1/4)F7/5S 
4/5 95 −34   

Walder et al. (2003); Eq. (3.5) AM = 1.32(Ts/V )− 
0.68; Ts = 4.8(ls/h)2/5 83 −42   

Zweifel (2004); Eq. (3.11) AM = (1/3)FS1/2M1/4 151 +6   

study equation a(X ) Δa(X ) H(X ) ΔH(X ) 
    [m] [%] [m] [%] 

present study; Eq. (5.20) A(X ) = (3/5)[PX −1/3]4/5 102 basis   

present study; Eq. (5.21) Y(X ) = (3/4)[PX −1/3]4/5   128 basis 

Kamphuis and Bowering (1982); Y(X ) = F0.7[0.31 + 0.2log(Sls /h)]   130 +2 

Eq. (3.4)             + 0.35exp(− 0.08(X ))     

Huber and Hager (1997); Eq. (3.9) Y(X ) = 0.88sinα (ρg /ρw)1/4[Vg/(bh2)]1/2X 
−1/4   77 −40 

Zweifel (2004); Eq. (3.12) A(X ) = 2S1/2tanh[0.25F3/2(M/X)1/2] 146 +43   

 
Some authors offered only a formula for the wave amplitude a(x) or the wave height de-

cay H(x), respectively, but no indication on the maximum wave features. The lower part of 
Table 6.8 includes all these equations for 2D impulse waves. They are again applied to the 
Lituya Bay case at X = 11. The present study yields a wave amplitude a(X = 11) = 102 m from 
Eqs. (5.20) and a wave height H(X = 11) = 128 m from Eqs. (5.21). These values are the basis 
for the deviations of the lower part of Table 6.8. In the present study the maximum wave 
amplitude aM = 143 m and the wave amplitude a(X = 11) = 102 m are not identical. The wave 
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decay analysis considers rather the general wave decay than the maximum wave features, 
therefore [see 6.4.2; Figure 5.27(a)). A further reason for this discrepancy is the ill-defined 
relative streamwise distance xM of AM (Figure 5.7(a)).  

2D wave height decay formulas were presented by Kamphuis and Bowering (1972) [see 
3.3.2.1] for a block model and by Huber and Hager (1997) [see 3.3.3.1] and Zweifel (2004) 
[see 3.3.3.1] for a granular slide model. 

Equation (3.12) of Zweifel (2004) yields a wave amplitude a(X = 11) = 146 m which is 
larger (+43%) than a(X = 11) = 102 m of the present study discussed in Subsection [6.4.2]. 
The solution H(X = 11) = 130 m of Kamphuis and Bowering (1972) is close to 
H(X = 11) = 128 m (+2%) of the present study whereas the solution of Huber and Hager 
(1997) results in a much smaller wave height with H(X = 11) = 77 m (−40%). Equation (3.9) 
from Huber and Hager (1997) yields rather conservative values as previously noted by Fritz 
(2002) and Fritz et al. (2004). 

 

Table 6.9 3D model comparison for the 1958 Lituya Bay case with above: Formula for the maxi-
mum wave amplitude aM and below: Formulas for the wave height decay H(x) at r/h = 11 
and γ = 0°; the deviations are relative to the values of the present 2D study in Table 6.8 

study equation aM ΔaM 
  [m] [%] 

Slingerland and Voight log(AM) = −1.25 + 0.71·log[(1/2)(Vg /h3)(ρg /ρw)F2] 253 +77 

(1982); Eq. (3.14)       

study equation H(r/h, γ ) ΔH(r/h, γ ) 
  [m] [%] 

Huber and Hager (1997); Y(r/h, γ ) = 2·0.88(sinα )cos2(2γ /3)(ρg /ρw)1/4[Vg /(bh2)]1/2(r/h)−2/3 57 −55 
Eq. (3.15)    
Panizzo et al. (2005b); Y(r/h, γ ) = 0.07[Ts /(bs/h2)]− 

0.45(sinα )− 
0.88exp(0.6cosγ )(r/h)− 

0.44; 30 −77 
Eqs. (3.8) and (3.7) Ts = 0.43(bs/h2)− 

0.27F−
 
0.66(sinα)−1.32     

 
Table 6.9 shows the available equations from 3D model studies. The upper part of     

Table 6.9 includes the 3D formula of Slingerland and Voight (1982) for the maximum wave 
amplitude aM. Wave amplitudes and heights under the same conditions as in 2D wave chan-
nels are in 3D models normally smaller because of the radial and transverse spread of the 
wave energy [see 3.3.5]. The study of Slingerland and Voight (1982) is an exception. No 
explanation for this effect was found. In the Lituya Bay case 3D models may underestimate 
the real value H = 162 m from Eq. (6.4) because the Lituya Glacier prevented a transverse 
wave energy spread to the right side of the water body. Equation (3.14) from  Slingerland and 
Voight (1982) yields aM (r/h ≈ 4; γ = 0°) = 253 m (+77%). Note that their maximum wave 
amplitude is only applicable for r/h ≈ 4 and a wave propagation angle γ = 0°. At r/h ≈ 4 the 
wave height is indeed larger according to the PIV Figures of Fritz et al. (2001) than at 
r/h = 11. However, this does not explain the large difference of +77%. Equation (3.14) of 
Slingerland and Voight (1982) is based on two 3D case studies and is hardly applicable for 
general cases, therefore. 
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The lower part of Table 6.9 includes the 3D wave height decay formulas of Huber and 
Hager (1997) and Panizzo et al. (2005b) applied with a wave propagation angle γ = 0° and a 
relative radial distance r/h = 11 (Figure 3.1(b)). The basis for the deviations of the wave 
height ΔH(r/h, γ ) is again H(X ) = 128 m from Table 6.8. The slide model of Huber and Hager 
(1997) results in H(r/h = 11; γ = 0°) = 57 m (−55%). The value H(r/h = 11; γ = 0°) = 30 m of 
Panizzo et al. (2005b) is almost 2 times smaller than H = 57 m of Huber and Hager (1997) or 
−77% as compared with the present study, although they applied a block model resulting 
normally in higher wave heights than granular slide models [see 3.3.5]. No explanation for 
this effect was found. The discrepancy between the data of Huber and Hager (1997) and 
Panizzo et al. (2005b) was previously discussed by Panizzo et al. (2005b) as shown in     
Figure 3.6(b). This point is furthered in Subsection [6.4.4] together with the comparison of 2D 
and 3D wave decay equations. 
 

6.4.4 Wave decay comparison 
 
The relative wave height Y(X ) = H(X )/h and wave amplitude decay A(X ) = a(X )/h are com-
pared with other model studies hereafter. Once an impulse wave is generated, its decay de-
pends only on the relative distance X = x/h in 2D models [see 5.4.2], or on the relative radial 
distance r/h and the wave propagation angle γ  in 3D models (Figure 3.1). The wave decay is 
discussed in terms of these three parameters. It depends largely on whether a 2D or a 3D 
model is applied [see 3.3], such that these two approaches are considered separately. Further, 
the wave decay depends on the wave type (Huber 1980), and runs affected by a scale effect at 
still water depth h < 0.200 m decay faster than the remainder [see 4.2.2; Heller et al. 2007].  
 

Table 6.10 2D studies on wave decay and osc. = oscillatory, c. = cnoidal, s. = solitary, and b. = bore 
wave 

study model type wave types exponent distances
    x/h 

present study; Eqs. (5.20) and (5.21) 2D slide model osc., c., s., b. A(X ) ∝ X −4/15; Y(X ) ∝ X −4/15 2.7 - 59.2 
Law and Brebner (1968) 2D block model - Y(X ) ∝ X −1/2 - 
Wiegel et al. (1970); [see 3.3.2.1] 2D block model osc. A(X ) ∝ X −1/5 5 - 55 
Kamphuis and Bowering (1972); Eq. (3.4) 2D block model osc., s. Y(X ) ∝ exp(−0.08X ) 10 - 48 
Huber and Hager (1997); Eq. (3.9) 2D slide model osc., c., s. Y(X ) ∝ X −1/4 5 - 100 
Zweifel (2004); Eq. (3.12) 2D slide model osc., c., s., b. A(X ) ∝ tanh(X −1/2) 2.9 - 48.5 

 
Table 6.10 shows the considered 2D model studies, containing the model types and the 

observed wave types of oscillatory (osc.), cnoidal (c.), solitary (s.), or bore (b.) waves. Some 
studies considered either only the relative wave height decay Y(X ) or the relative wave ampli-
tude decay A(X ). In the present study both were evaluated and the exponents of A(X ) ∝ X − 

4/15 
and Y(X ) ∝ X −

 

4/15 were found to be identical. Wave height and wave amplitude decays are 
presented together subsequently, therefore. The last column in Table 6.10 contains the consid-
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ered relative streamwise distance X = x/h to limit the results. More details about the studies in 
Table 6.10 are included in Subsection [3.3]. 

Figure 6.6(a) shows the decays A(X ) and Y(X ) versus the relative streamwise distance X 
for all 2D studies included in Table 6.10. The exponents of X were in the range of − 0.2 to 
− 0.5; only Eq. (3.4) of Kamphuis and Bowering (1982) had an exponential character. All 
experiments were arranged to point (○) at A(X = 10) = Y(X = 10) = 0.2 to allow for a com-
parison independent if this wave height was really observed or not. No information of the 
relative distances was available for the data of Law and Brebner (1968). Because their tests 
were similar to those of Kamphuis and Bowering (1972), a range of 10 ≤ X ≤ 50 was as-
sumed. The oscillatory waves of Wiegel et al. (1970) hardly decayed, although oscillatory 
waves are known to decay normally faster than e.g. cnoidal or solitary waves. The wave of 
Kamphuis and Bowering (1972) tended to a stable (subscript st) wave height Hst within 
X = 80 [see 3.3.2.1]. The wave height decay was only plotted up to X = 37 because Hst was 
reached already there for some of their tests. Basically, three wave decay characteristics are 
noticeable in Figure 6.6(a): (1) The waves of Wiegel et al. (1970), Huber and Hager (1997), 
and the present study decay with an exponent ≈ −1/4, (2) these of Law and Brebner (1968) 
and Zweifel (2004) have an exponent of −1/2, and (3) the waves of Kamphuis and Bowering 
(1972) have a exponentially damping characteristic. All studies except for Kamphuis and 
Bowering (1972) agree in terms of a power law for A(X ) and Y(X ). The damping characteris-
tic of the present study is in good agreement with Wiegel et al. (1970) and Huber and Hager 
(1997). 
 

 
Figure 6.6 Comparison of wave decay of (a) 2D studies Y(X ) or A(X ) versus X with (−) for Wiegel 

et al. (1970), (−) for Huber and Hager (1997), (- -) for the present study, (- -) for Law and 
Brebner (1968), (···) for Zweifel (2004), and (···) for Kamphuis and Bowering (1972) and 
(b) 3D studies Y(r/h, γ = 0°) or A(r/h, γ = 0°) versus r/h with (−) for Panizzo et al. 
(2005b), (−) for Huber and Hager (1997), (- -) for Johnson and Bermel (1949), and          
(- -) for Davidson and Whalin (1974) 

 
Figure 6.6(b) shows the 3D wave height Y(r/h, γ = 0°) and wave amplitude A(r/h, γ = 0°) 

decays versus the relative radial distance r/h for the four studies of Table 6.11. They were 
arranged to the point (○) with Y(r/h = 10, γ = 0°) = A(r/h = 10, γ = 0°) = 0.2 to allow for a 
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simple comparison. The wave amplitude damping of Johnson and Bermel (1949) and    
Davidson and Whalin (1974) are not representative because they are based only on two runs 
presented by Slingerland and Voight (1979). More representative are the studies of Huber and 
Hager (1997) based on 150 experiments and Panizzo et al. (2005b) based on 288 runs. Both 
studies include oscillatory and solitary wave types. Nevertheless, the relative distance expo-
nents differ considerable with −2/3 of Huber and Hager (1997) and − 0.44 of Panizzo et al. 
(2005b). The generally faster wave decay for 3D studies in Figure 6.6(b) with γ = 0° as com-
pared with 2D studies in Figure 6.6(a) is obvious. 
 

Table 6.11 3D studies on wave decay; abbreviations see Table 6.10 
study model type wave types exponent distances

    r/h 
Johnson and Bermel (1949) 3D block model - A(r/h,γ ) ∝ (r/h)−1 10 - 110 
Davidson and Whalin (1974) 3D bags osc. A(r/h,γ ) ∝ (r/h)−19/20 1.5 - 13.5 
Huber and Hager (1997); Eq. (3.15) 3D slide model osc., c., s. Y(r/h,γ ) ∝ cos2(2γ /3)(r/h)−2/3 5 - 30 
Panizzo et al. (2005b); Eq. (3.8) 3D block model osc., s. Y(r/h,γ ) ∝ exp(0.6cosγ )(r/h)− 0.44 1.3 - 15.1 

 

 

Figure 6.7 Comparison of 3D relative wave height decay Y(r/h, γ ) as a function of the wave propa-
gation angle γ  and the relative radial distance r/h of (a) Huber and Hager (1997) based on 
Eq. (3.15) and (b) Panizzo et al. (2005b) based on Eq. (3.8) 

 
Figure 6.7 shows the wave height decays Y(r/h, γ ) versus the propagation angle γ and dif-

ferent relative radial distances r/h of the study of Huber and Hager (1997) and of Panizzo et 
al. (2005b). The reference point (○) was defined at Y(r/h = 5, γ = 0°) = 0.25. Huber and Hager 
(1997) proposed a wave height decay Y(γ ) ∝ cos2(2γ /3)(r/h)−2/3 whereas Panizzo et al. 
(2005b) found Y(γ ) ∝ exp(0.6cosγ )(r/h)− 

0.44 as shown in Table 6.11. The two models yield 
considerable differences when comparing Y(r/h = 15, γ = 90°) ≈ 0.03 of Huber and Hager 
(1997) with Y(r/h = 15, γ = 90°) ≈ 0.08 of Panizzo et al. (2005b). A difference with a factor 
2.7 occurs although similar wave types were generated (Table 6.11). The agreement for γ = 0° 
is better, namely Y(r/h = 15, γ = 0°) ≈ 0.12 of Huber and Hager (1997) and Y(r/h = 15, 
γ = 0°) ≈ 0.15 of Panizzo et al. (2005b) resulting in a difference of 25%. 
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6.5 Computational example 

The 1958 Lituya Bay case is again adopted for this example because of its good description 
[see 6.3.2]. Some formulas in the technical literature consider the slide parameters in its initial 
position (ρg, Vg) whereas others work with the slide parameters during slide impact (ρs, Vs). 
Because the slide shape and as a consequence the slide thickness s and the slide impact velo-
city Vs were evaluated during slide impact in the present study, all slide parameters were 
related to slide impact. This has the advantage that the bulk slide porosity n is incorporated 
[see 4.3.4]. The main disadvantage is the uncertainty of the parameter estimations during slide 
impact as compared with the initial slide position. The deformation of the slide between its 
initial position and the impact location depends on criteria such as the slide material, the 
travel distance, the slide impact angle etc. and should be discussed with an expert. The rele-
vant equations of the present study are included in Table 6.13 with its reference and the values 
obtained. The computational procedure is as follows: 
 
a) Estimation of the governing parameters 
 The maximum slide thickness s, the mean (subscript m) bulk slide density ρs, the mean 

slide width b, the bulk slide volume Vs, the slide impact angle α, and the mean still water 
depth h in the slide impact zone were estimated, as shown in Table 6.12. The slide thick-
ness is s = 92 m and the mean slide width b = 823 m during impact. It is assumed in this 
example that the slide impact porosity is n = 40% of the crushed slide and n = 0% in the 
initial position. Consequently, with a grain density of ρg = 2,700 kg/m3 the bulk slide den-
sity ρs = (1 − 0.4)2,700 = 1,620 kg/m3 results from Eq. (4.12). Applying Eq. (4.12) again 
and thereby replacing ρs = ms /Vs and ρg = mg /Vg, the bulk slide volume 
Vs = Vg /(1 − n) = 30.6 × 106/(1 − 0.4) = 51 × 106 results. Note that mg = ms and that Vs in-
cludes the slide porosity n in contrast to Vg. The mean still water depth in the slide impact 
zone is h = 122 m and the mean slide impact angle α = 40°. The slide centroid (subscript 
c) impact velocity Vs was calculated with Eq. (6.1) thereby applying the relevant parame-
ters of Figure 6.8. The centroid drop height was Δzsc = 609 m and the dynamic bed friction 
angle of δ = 14° was proposed by Slingerland and Voight (1979). The value 
Vs = (2·9.805·609·(1 − tan(14°)·cot(40°))1/2 = 92 m/s results from Eq. (6.1). 

 

Table 6.12  Governing parameters during slide impact and dimensionless quantities for the example 
symbol dimension value symbol dimension value 

h [m] 122 α [°] 40 
s [m] 92 δ [°] 14 
b [m] 823 β [°] 34.3 
Vs [m/s] 92 F [-] 2.66 
Vs [m3] 51 × 106 S [-] 0.75 

ρs [kg/m3] 1,620 M [-] 6.74 
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b) Dimensionless quantities 
In the next step the dimensionless quantities are computed as shown in Table 6.12. The 
slide Froude number is F = Vs/(gh)1/2 = 92/(9.805·122)1/2 = 2.66, the relative slide thick-
ness S = s/h = 92/122 = 0.75, the relative slide mass M = ms /(ρwbh2) = Vsρs /(ρwbh2) 
= 51,000,000·1,620/(1,000·823·1222) = 6.74, the effective angle β = (6/7)·40° = 34.3° 
from Eq. (5.1), the impulse product parameter P = 2.66·0.751/2·6.741/4·cos(34.3°)1/2 = 3.37 
(Eq. (5.2)), and the relative (subscript r) time Tr = 5.5 − (3/5)·3.37 = 3.48 from Eq. (5.16). 
 

Table 6.13 Overview of the relevant equations of the present study with the results of the example 
wave feature equation reference result 

impulse product parameter [-] P = FS1/2M 
1/4(cosβ )1/2 Eq. (5.2) 3.37 

relative time [-] Tr = 5.5 − (3/5)P Eq. (5.16) 3.48 
maximum wave amplitude [m] aM = (4/9)P4/5h Eq. (5.3) 143 
distance of maximum wave amplitude [m] xM = (11/2)P1/2h Eq. (5.4) 1,232 
wave period of maximum wave amplitude [s] TM = 9P1/2(h/g)1/2 Eq. (5.6) 58 
maximum wave height [m] HM = (5/9)P4/5h = (5/4)aM Eq. (5.5) 179 
wave volume of primary wave [m3] VcP = P6/5bh2 Eq. (5.8) 53 × 106 
slide energy [J] Es = (1/2)msVs

2 Eq. (5.9) 350 × 1012 
total wave energy [J] Etot = (3/5)exp[(−1/10)FSM ]Es Eq. (5.14) 55 × 1012 
kinetic wave energy [J] Ekin = (1/4)exp[(−1/5)SM Tr]Es Eq. (5.17) 3 × 1012 
potential wave energy [J] Epot = (1/2)exp[(−1/3)FS ]Es Eq. (5.18) 90 × 1012 
rough estimation kinetic wave energy [J] Ekin = (1/2)Epot Eq. (5.15) 45 × 1012 
wave amplitude decay [m] a(x) = (3/5)[PX −1/3]4/5h Eq. (5.20) 68 
wave height decay [m] H(x) = (3/4)[PX  

−1/3]4/5h ≈ (5/4)a(x) Eq. (5.21) 85 
wave crest celerity [m/s] cam = [1 + 2(am/h)2]1/2( gh)1/2 Eq. (5.22) 55 
wave centroid celerity [m/s] ccm = [(1/2)(am/h) + 0.95]( gh)1/2 Eq. (5.23) 48 
approximation wave centroid celerity [m/s] cc = (g(h + a))1/2 Eq. (2.15) 47 
Stokes-like wave type [-] S1/3Mcosβ < (4/5)F−7/5 Eq. (5.25) - 
cnoidal or solitary-like wave type [-] (4/5)F−7/5 ≤ S1/3Mcosβ ≤ 11F−5/2 Eq. (5.26) - 
bore-like wave type [-] S1/3Mcosβ > 11F−5/2 Eq. (5.27) 5.06 > 0.95 

 

 
Figure 6.8 1958 Lituya Bay case: Parameters for the slide centroid impact velocity Vs 

 

c) Control of the parameter limitations 
The parameter ranges of the dimensionless quantities of the present study are shown in 
Table 5.1 as 30° ≤ α ≤ 90°, 0.86 ≤ F ≤ 6.83, 0.09 ≤ S ≤ 1.64, 0.11 ≤ M ≤ 10.02, and 
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X ≤ 59. All four dimensionless quantities F, S, M, and α are located in these ranges. In ad-
dition, the product parameter P = 3.37 satisfies the limitations of Eq. (5.2) as 
0.17 ≤ P ≤ 8.13. The Lituya Bay case corresponds to a typical example of the present 
study, therefore. The parameter limitations relative to the slide to wave energy conversion 
are from Subsection [5.3.5] 30° ≤ α ≤ 90°, 1.20 ≤ F ≤ 5.13, 0.22 ≤ S ≤ 1.51, 
0.21 ≤ M ≤ 5.08, and 2.16 ≤ Tr ≤ 6.54. In addition, an application to the total wave energy 
Etot requires 0.1 ≤ FSM < 23.7, the kinetic wave energy Ekin 0.4 ≤ SM Tr < 14.1, and the 
potential wave energy Epot 0.3 ≤ FS < 7.8. These limitations are satisfied except for the pa-
rameter SM Tr = 17.6 to be considered under f). 
 

d) Maximum wave amplitude including its location and period 
The maximum wave amplitude is aM = (4/9)·3.374/5·122 = 143 m at location 
xM = (11/2)·3.371/2·122 = 1,232 m and the corresponding wave period is 
TM = 9·3.371/2·(122/9.805)1/2 = 58 s. 
 

e) Maximum wave height and primary wave volume 
The maximum wave height is HM = (5/9)·3.374/5·122 = 179 m. The location of the maxi-
mum wave height HM coincides nearly always with the location of the maximum wave 
amplitude xM = 1,232 m [see 5.3.2]. The primary wave volume is with 
VcP = 3.376/5·823·1222 = 53 × 106 m3 slightly larger than the bulk slide volume of 
Vs = 51 × 106 m3. The primary wave crest in the present study has normally the highest 
wave amplitude.  
 

f) Wave energy 
The wave energy was estimated in a water body of length 8h as shown in Figure 5.15. 
From the slide energy Es = (1/2)·51,000,000·1,620·922 = 350 × 1012 J about 
Etot = (3/5)·exp[(−1/10)·2.66·0.75·6.74]·350 × 1012 = 55 × 1012 J (15.7%) are conversed to 
this water body of length 8h = 8·122 = 976 m. The remaining energy is mainly trans-
formed to internal slide friction, to slide deformation, and to mechanical deformation of 
the sea bottom. The kinetic wave energy is from Eq. (5.17) 
Ekin = (1/4)·exp[(−1/5)·0.75·6.74·3.48]·350 × 1012 = 3 × 1012 J (0.7% of slide energy) and 
the potential wave energy is Epot = (1/2)·exp[(−1/3)·2.66·0.75]·350 × 1012 = 90 × 1012 J 
(25.7% of slide energy). However, the limitation SM Tr < 15 is violated and the result for 
Ekin has to be considered with care. The kinetic energy may be estimated also with 
Eq. (5.15) to Ekin = (1/2)·90 × 1012  = 45 × 1012 J. The condition Etot = Ekin + Epot is not sat-
isfied (55 × 1012 J ≠ 3 × 1012 J + 90 × 1012 J) due to the large scatter of the data (Figure 
5.19).  
 

g) Wave amplitude and wave height at X = 50 
The wave amplitude and the wave height are determined by assuming a constant still wa-
ter depth h = 122 m up to X = x/h = 50, thereby omitting the opposite shore. The maxi-
mum wave amplitude aM is not developed until some distance away from the slide impact 
zone. Equation (5.20) is not valid immediately in the slide impact zone because 
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A(X → 0) → ∞. The relative distance of the maximum wave amplitude is at 
XM = 1,232/122 = 10. The amplitude decay from Eq. (5.20) is only valid for 10 ≤ X ≤ 59 
(Table 5.1). The wave amplitude is a(x = 6,100 m) = (3/5)[3.37·50−1/3]4/5·122 = 68 m. The 
wave height is H(x = 6,100 m) = (3/4)[3.37·50−1/3]4/5·122 = 85 m or simply 
H = (5/4)·aM = (5/4)·68 = 85 m. 
 

h) Mean wave celerity 
For the mean wave celerity up to x = 6,100 m the mean wave amplitude 
am = (aM + a(x = 6,100 m))/2 = (143 + 68)/2 = 106 m is calculated thereby assuming a lin-
ear wave amplitude decay. With a constant water depth of h = 122 m the mean wave crest 
(subscript a) celerity is cam = [1 + 2(106/122)2]1/2·(9.805·122)1/2 = 55 m/s and the mean 
wave centroid celerity ccm = [(1/2)(106/122)2 + 0.95](9.805·122)1/2 = 48 m/s. The solitary 
wave celerity cc = (9.81(122 + 106))1/2 = 47 m/s is an accurate approximation for the wave 
centroid celerity ccm.  
 

i) Wave type 
The wave type is classified with the three criteria S1/3Mcosβ < (4/5)F−7/5 for Stokes-like 
waves, (4/5)F−7/5 ≤ S1/3Mcosβ ≤ 11F−5/2 for cnoidal or solitary-like waves, and 
S1/3Mcosβ > 11F−5/2 for bore-like waves [see 5.4.5.1]. The parameter 
S1/3Mcosβ = 0.751/3·6.74·cos(34.3°) = 5.06 is larger than 11F−5/2 = 11·2.66−5/2 = 0.95. A 
bore-like wave is produced, therefore. This wave type may decay slightly faster than de-
termined from Eq. (5.20) (see Eq. (B.4) of Appendix B). 

 

The related measurement uncertainties of the example are discussed in Subsection [6.2.3]. 
The experiments of the present study were conducted in a wave channel. Note that results 
from 2D models may qualitatively be transferred to 3D tests [see 3.3.5]. Further, the wave 
property differences in the impact zone of 2D and 3D models are small according to Huber 
and Hager (1997) and the corresponding equations in Table 6.13 may be applied as an estima-
tion on the safe side for 3D studies. However, the wave decay is much larger in a basin than in 
a wave channel due to the radial and transverse spread of the wave energy. In the studies of 
Huber and Hager (1997) and Panizzo et al. (2005b) the wave decay in a 3D model was inves-
tigated as discussed in Subsection [6.4.4]. The 3D wave decay may be estimated with the 
results of the present 2D study thereby replacing the relative distance X 

−4/15 with either the 
factor cos2(2γ /3)(r/h)−2/3 of Huber and Hager (1997) or the factor exp(0.6cosγ )(r/h)−0.44 of 
Panizzo et al. (2005b) and change the pre-factor [see 3.3.3.2]. However, this is delicate and 
further investigations are planed subsequently to this study to investigate the link of 2D and 
3D formulas. The bathymetry is of relevance concerning the wave propagation provoking 
effects such as wave refraction, reflection, or diffraction (Huber and Hager 1997). The formu-
las in Table 6.13 allow for a general estimation of landslide generated impulse wave features. 
However, only case model studies or numerical simulations allow for a more precise consid-
eration of 3D and bathymetry effects in a specific reservoir. 
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6.6 Summary 

This Chapter discussed the main results of the present study as compared with both previous 
model studies and the 1958 Lituya Bay case and demonstrated the applicability of the results. 
The discrepancy in the literature concerning the effect of the slide impact angle shows how 
important an independent parameter variation in a physical model study is. The slide shape 
was found to be adequately represented by the slide thickness and the bulk slide volume, 
whereas no specific influence of the slide front angle was found because its partial inclusion 
in the hill slope angle and the slide impact velocity. The Subsection measurement uncertainty 
confirms the high repetition accuracy of the present tests, a basic requirement for semi-
empirically derived equations. The measurement uncertainties are smaller than ±30% for the 
maximum wave amplitude in which the slide impact velocity and the slide thickness are the 
most sensitive parameters. The 1958 Lituya Bay case was used to validate the model approach 
and its parameters were applied to compare the maximum wave features and the wave decay 
with other models. The comparison of the present study with the two previous studies of Fritz 
(2002) and Zweifel (2004) was thereby discussed in detail. The Lituya Bay case example 
resulted in a good agreement between field data and the present model computations. The 
discrepancies between different models are considerably, however, and most of them are 
explainable. The maximum wave amplitude in 2D models as compared with the present study 
differ in the range of +6% and −34%, thereby excluding the piston type model of Noda (1970) 
and studies in the non-negligible scale effect range. The wave amplitudes in 3D studies are 
normally considerably smaller due to the radial and transverse spread of the wave energy. The 
empirical equations of the present study are successfully applied to a calculation example. 
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7 CONCLUSIONS AND OUTLOOK 

7.1 Summary and limitations 

7.1.1 General 
 

• Subaerial landslide generated impulse waves were successfully investigated in an un-
distorted 2D hydraulic model according to the Froude similitude [see 4.2]. The pris-
matic wave channel was 11 m long, 1 m high, and 0.500 m wide [see 4.3.2]. The in-
vestigation covers different slide materials such as ice or rock slides (Table 5.1).  

• The governing parameters were independently varied from each other and a high test 
repetition accuracy due to the pneumatic landslide generator was achieved [see 4.3.3; 
6.2.3]. 

• The number of experiments was 211 and the total number including the data of Fritz 
(2002) and Zweifel (2004) was 434. This study is a general 2D investigation of 
subaerial landslide generated impulse waves with a small data scatter and maximum 
measurement uncertainties such as for the maximum wave height of ±30% [see 5; 
6.2.3]. 

• The applied measurement system consisted of two Laser Distance Sensors LDS to re-
cord the slide profiles prior to the impact, seven Capacitance Wave Gages CWG to 
measure the wave profiles axially along the channel, and a Particle Image Veloci-
metry PIV system to determine the velocity vector fields in the slide impact zone 
[see 4.4; Appendix A]. 

• Considerable scale effects due to surface tension or the fluid viscosity were ruled out 
with special scale family test series. The limiting conditions are a Reynolds number 
R ≥ 300,000 and a Weber number W ≥ 5,000 or - simplified - a limiting still water 
depth h = 0.200 m for a channel width of b = 0.500 m [see 4.2.2]. 

• The validation of the proposed computational approach using the 223 runs from the 
two previous studies resulted in improved correlations as compared with diagrams 
only considering the 211 test of the present study [see 5.3; 5.4]. 

 

7.1.2 Governing parameters 
 

• The seven test parameters were the still water depth h, the slide thickness s, the grain 
diameter dg, the slide impact velocity Vs, the bulk slide volume Vs, the bulk slide den-
sity ρs, and the slide impact angle α [see 4.2]. 
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• The relevant dimensionless quantities for the 2D impulse wave generation were 
evaluated with a dimensional analysis. These are the slide Froude number F, the rela-
tive slide thickness S, the relative slide mass M, the slide impact angle α, the relative 
grain diameter Dg, the relative distance X, and the relative time Tr [see 4.2.1]. 

• The impulse product parameter P = FS 
1/2M 

1/4(cosβ )1/2 was found to be the relevant 
parameter for the maximum wave amplitude including its period and location, the 
maximum wave height, the primary wave volume, and the wave amplitude and the 
wave height decay. The wave features such as the maximum relative wave amplitude 
AM or the primary wave volume VcP increase with increasing P [see 5]. 

• The slide impact angle α has a considerable effect on the wave properties. Its effect 
was accounted for using the parameter cosβ with the effective angle β = (6/7)α. The 
impulse wave height and amplitude decrease with increasing α [see 5]. 

• The slide granulometry was investigated with three granular materials of grain diame-
ter dg = 2 mm, 4 mm, and 8 mm and mixtures [see 4.3.4]. The relative grain diameter 
Dg was found to have a negligible effect on all investigated wave properties. Also, no 
effect of the mixture characteristics on the dominant wave features was noted [see 5].  

• The slide impact Froude number F is the most important dimensionless parameter on 
impulse wave generation followed by the relative slide thickness S. Further, the rela-
tive slide mass M and the slide impact angle α affect the impulse wave generation 
[see 5].  

• The slide front angle φ was not introduced as a test parameter because it depends on 
the slide impact angle α and the impact velocity Vs among other parameters. Never-
theless, a wide variety of slide shapes and slide front angles between φ ≈ 10° and 90° 
resulted from the test program [see 6.2.2]. 

 

7.1.3 Slide impact zone 
 

• The primary wave crest had in 95% of all tests the highest wave amplitude 
[see 5.3.1]. 

• The relative maximum wave amplitude AM and height YM were expressed as a func-
tion of the impulse product parameter P with coefficients of determination R2 = 0.88 
and 0.82, respectively. The value YM is in the average (5/4) times AM [see 5.3.1; 
5.3.2].  

• The relative distance XM of the maximum wave amplitude AM is expressed as a func-
tion of the impulse product parameter P with a coefficient of determination R2 = 0.23. 
The relative distance was in the range of 2.67 ≤ XM ≤ 17.13 [see 5.3.1]. 

• The relative wave period TM (g/h)1/2 was expressed as a function of the impulse pro-
duct parameter P with a coefficient of determination R2 = 0.33 [see 5.3.3]. 
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• The relative primary wave volume VcP /(bh2) was expressed as a function of the im-
pulse product parameter P with a coefficient of determination R2 = 0.82. The primary 
wave volume VcP exceeded the slide volume Vs up to a factor 6.6 [see 5.3.4]. 

 

7.1.4 Wave propagation zone 
 

• Empirical formulas for the relative wave amplitude decay A(X ) and the relative wave 
height decay Y(X ) were evaluated. They depend again mainly on the impulse product 
parameter P. The value Y(X ) is in the average (5/4) times A(X ). The decay of both 
A(X ) and Y(X ) are proportional to the relative streamwise distance X − 

4/15 [see 5.4.2; 
5.4.3]. 

• The mean wave centroid celerity ccm is well described with the solitary wave celerity. 
The mean wave crest celerity cam is larger than ccm and was expressed as a function of 
ccm [see 5.4.4].  

 

7.1.5 Wave types 
 

• Both linear and nonlinear wave theories were taken into account. The most important 
features of the four relevant nonlinear theories were highlighted. These are the 
Stokes-, cnoidal-, solitary-, and bore-wave theories [see 2].  

• The investigated impulse waves were highly nonlinear and range from intermediate to 
shallow-water with sparse to considerable fluid mass transport [see 2; 5.3.7]. 

• The Ursell parameter U of the primary wave was 2.7 ≤ U ≤ 10,340. The wave type 
classification based on U or on the ratio of the wave amplitude to the wave height a/H 
was not successful. Instead an optical wave profile inspection was applied [see 5.4.5]. 

• The impulse waves were divided into Stokes-, cnoidal-, solitary-, and bore-like wave 
types according to the underlying theory [see 2.4]. The wave type depends on the 
slide Froude number F, the relative slide thickness S, the relative slide mass M, and 
the slide impact angle α [see 5.4.5; Figure 5.34]. 

• Stokes-like waves result from small relative quantities F, S, and M. They consist of 
several waves with symmetrical wave profiles, are intermediate waves, and are char-
acterised by small fluid mass transport [see 5.4.5.2; 2.4.2]. 

• Cnoidal-like waves involve medium to large relative quantities F, S, and M. They 
consist of a longer wave trough than the wave crest, are intermediate waves, and are 
characterised by fluid mass transport [see 5.4.5.3; 2.4.3]. 

• Solitary-like waves follow from large relative quantities F, S, and M. They consist of 
one dominant wave crest, the wave trough is nearly absent, and their fluid mass 
transport is large [see 5.4.5.4; 2.4.4].  
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• Bore-like waves result from large relative quantities F, S, and M. They consist of one 
dominant wave with a large amount of air at the wave front and are related to hydrau-
lic jumps. They develop typically due to an outward collapsing impact crater; how-
ever, due to the massive turbulence production they decay fast. Bore-like waves 
transport a great amount of fluid mass [see 5.4.5.5; 2.4.5]. 

• The bore-like and Stokes-like wave types decay faster than cnoidal- or solitary-like 
wave types. The analysis of the wave decay for each individual wave type resulted 
only in slightly better fits as compared with an overall correlation. One formula for all 
wave types was recommended, therefore [see Appendix B]. 

 

7.1.6 PIV 
 

• The PIV equipment delivered raw images with 15 Hz and included two CCD-cameras 
with a resolution of 1,008(H) pixels × 984(V) pixels, a twin cavity Nd.YAG-laser, 
and seeding particles of diameter dP = 1.6 mm [see Appendix A]. 

• Particle Image Velocimetry PIV was successfully applied in the slide impact zone. 
The 0.765 m high and 2 × 0.784 m long observational window was for selected ex-
periments extended to a length of up to 3.6 m with different camera positions in three 
runs and the same test parameters [see 5.3.6]. 

• For three tests the raw images and the velocity vector fields are illustrated for five 
time steps together with the slide profiles prior to impact and the wave profiles allow-
ing for calibration or validation of numerical simulations of landslide generated im-
pulse waves [see 5.3.6; Appendix D]. 

 

7.1.7 Wave energy 
 

• The relevant parameter limitations for the 26 runs where the wave energy was deter-
mined are 30° ≤ α ≤ 90°, 1.20 ≤ F ≤ 5.13, 0.22 ≤ S ≤ 1.51, 0.21 ≤ M ≤ 5.08, and 
2.16 ≤ Tr ≤ 6.54 [see 5.3.5]. 

• The wave energy was directly determined for one time step with the velocity vector 
fields in a volume of height from the channel bottom to the water surface, of length 
8h, and of width b and it was compared with the kinetic slide energy Es. Between 
11.3% and 85.7% of Es was converted to wave energy. The potential wave energy 
was always larger than the kinetic wave energy except for one run [see 5.3.5]. 

• The general approach of an equi-partition between the kinetic and potential wave en-
ergy is ill-defined in the slide impact zone. The potential wave energy is in average 
double as large as the kinetic wave energy [see 5.3.5].  
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• The absolute slide to wave energy conversion tends to increase with the impulse 
product parameter P and as a consequence with the maximum wave height or wave 
amplitude. The scatter is considerable, however. The estimation of the maximum 
wave amplitude with an energy approach is therefore difficult because the wave train 
sometimes consists of only a single, sometimes of several waves which are in addi-
tion either intermediate or shallow-water waves [see 5.3.5].  

 

7.1.8 Model comparison 
 
• The wave height or the wave amplitude, respectively, were compared with twelve ap-

proaches from prior studies and the wave decay with nine other approaches. Similar 
model studies result in considerable differences concerning the maximum wave am-
plitude due to sometimes not-negligible scale effects, the modelling of the slide as a 
rigid block or with granulate, or the application of different measurement systems or 
locations [see 3.3; 6.4]. 

• Block models overestimate the wave amplitude up to a factor of 4 as compared with 
slide models [see 3.3]. 

• Impulse waves in a wave basin (3D) decay much faster than in a wave channel (2D) 
due to the radial and transverse wave energy spread [see 6.4]. 

• 3D model tests depend on the same governing parameters as 2D model tests except 
for the radial distance r replacing the streamwise distance x, and the wave propaga-
tion angle γ [see 3.3]. 

• In all model studies the wave decay was described with a power law concerning the 
relative streamwise distance X except for Kamphuis and Bowering (1972) [see 6.4.4].  

• General model studies work either with the slide properties such as the bulk slide 
density ρs and the bulk slide volume Vs or the grain properties such as the grain den-
sity ρg and the grain volume Vg [see 3.3]. 

• The currently available 3D test studies are in some points controversial. Further re-
search in wave basins are required [see 6.4.4]. 

 

7.1.9 Limitations 
 
Parameters with a dimension may be up-scaled to a prototype with the similitude ratios in 
Table 4.3. The parameter limitations in the present study are: 
 

• still water depth 0.150 m ≤ h ≤ 0.675 m 
• slide thickness 0.050 m ≤ s ≤ 0.249 m 
• slide impact velocity 2.06 m/s ≤ Vs ≤ 8.77 m/s 
• bulk slide volume 0.0167 m3 ≤ Vs ≤ 0.0668 m3 
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• grain slide volume 0.0096 m3 ≤ Vg ≤ 0.0455 m3 
• bulk slide density 590 kg/m3 ≤ ρs ≤ 1,720 kg/m3  
• grain slide density 955 kg/m3 ≤ ρg ≤ 2,745 kg/m3 
• slide impact angle 30° ≤ α ≤ 90° 
• grain diameter 2 mm ≤ dg ≤ 8 mm 
• slide mass 10.09 kg ≤ ms ≤ 113.30 kg 
• bulk slide porosity 30.7% ≤ n ≤ 43.3% 
• streamwise coordinate 0.00 m ≤ x ≤ 8.90 m 
 

Dimensionless parameters are identical between a model and its prototype. The limitations of 
the dimensionless quantities were as follows: 
 

• slide Froude number 0.86 ≤ F ≤ 6.83 
• relative slide thickness 0.09 ≤ S ≤ 1.64 
• relative slide volume 0.05 ≤ V ≤ 5.94 
• relative slide density 0.59 ≤ D ≤ 1.72 
• relative streamwise distance 0.0 ≤ X ≤ 59.0 
• slide impact angle 30° ≤ α ≤ 90° 
• relative grain diameter 0.003 ≤ Dg ≤ 0.040 
• relative time 0.0 ≤ Tr ≤ 80.8 
• relative slide mass 0.110 ≤ M ≤ 10.020 
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7.2 Outlook 

The present work concludes a systematic parameter variation from three PhD studies on 2D 
impulse wave generation with granular slide material. The results allow for an estimation of 
the predominant wave features in the slide impact zone and its near field. 

Landslide generated impulse waves in wave basins (3D) are based on the same governing 
parameters as 2D studies, except for the additional parameters describing the wave propaga-
tion direction γ and the radial distance r. Huber and Hager (1997) analysed 2D and 3D data 
resulting in Eq. (3.9) and Eq. (3.15), respectively, which are identical except for the pre-factor 
and the parameters including the streamwise distance x, γ, and r [see 3.3.3]. The link between 
Eqs. (5.20) and (5.21) for 2D wave decay of the present study and 3D wave decay may be 
possible and will be investigated subsequently to this study. 

The two existing general 3D studies of Huber and Hager (1997) and Panizzo et al. (2005b) 
are in some points controversial, concerning the effect of the slide impact angle α or the wave 
damping characteristics [see 3.3; 6.4.4]. Additional experiments in wave basins are required. 
Because 3D tests are expected to depend on the relevant 2D parameters, the particular effect 
of the additional 3D parameters γ and r is of interest. Such 3D experiments are currently 
under investigation by Dr. Hermann Fritz, Georgia Institute of Technology, USA, and by Dr. 
Andrea Panizzo, L'Aquila University Rome, Italy (personal communication). 

General formulas in wave channels or wave basins with a horizontal bottom allow for an 
estimation of the principle wave features thereby neglecting the wave transformation due to 
the reservoir bathymetry. Only a specific scale model of a prototype or numerical simulations 
may provide more precise wave data. The future in terms of an efficient and accurate predic-
tion of the wave features for a specific bathymetry lies in numerical simulations. One experi-
ment of Fritz (2002) was successfully reproduced by Falappi and Gallati (2007) with SPH. 
The present study provides three complete experimental sets for the validation of numerical 
simulations which are electronically available on a CD. The numerical verification of these 
experiments would contribute to a more general application of numerical models. 
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NOTATION 
a [L] = wave amplitude 

aa [L] = positive wave amplitude 

am [L] = mean wave amplitude between CWG1 and CWG6 

aM [L] = maximum wave amplitude 

aMbox [L] = maximum wave amplitude due to a box according to Zweifel (2004) 

aP [L] = primary wave amplitude 

at [L] = wave trough amplitude 

ax‘ [L] = wave amplitude at distance x’ from CWG1 

A [-] = relative wave amplitude; A = a/h 

AM [-] = relative maximum wave amplitude; AM = aM  /h 

AM,meas [-] = measured relative maximum wave amplitude 

AM,calc [-] = calculated relative maximum wave amplitude 

Ameas [-] = measured relative wave amplitude 

Acalc [-] = calculated relative wave amplitude 

AP [-] = relative primary wave amplitude; AP = aP /h 

At [-] = relative wave trough depression; At = at /h 

b [L] = channel width 

c [LT–1] = wave celerity 

cam [LT–1] = mean wave crest celerity 

cc [LT–1] = wave centroid celerity 

ccm [LT–1] = mean wave centroid celerity 

ccm,meas [LT–1] = measured mean wave centroid celerity 

ccm,calc [LT–1] = calculated mean wave centroid celerity 

cG [LT–1] = group celerity 

cmin [LT–1] = minimum water wave celerity 

cP1 [LT–1] = wave celerity of primary wave at CWG1 

csound [LT–1] = speed of sound in water 

C [-] = Cauchy number; C = ρwVs
2/Ew 

Cp [-] = number of seeding particles per unit volume 

d [-] = differential 

ddiff [L] = diffraction limited minimum particle image diameter 

de [L] = diffracted particle image diameter 

dg [L] = grain diameter 

dp [L] = seeding particle diameter 

dr [L] = centre to centre spacing for one pixel; dr = 9 μm 
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dτ [L] = recorded particle image diameter 

D [-] = relative slide density; D = ρs /ρw 

Da [-] = diaphragm aperture 

Dg [-] = relative grain diameter; Dg = dg /h 

Ekin [ML2T–2] = kinetic wave energy 

Ekin,lin [ML2T–2] = kinetic linear wave energy 

EkinS [ML2T–2] = kinetic solitary wave energy 

Epot [ML2T–2] = potential wave energy 

Epot,lin [ML2T–2] = potential linear wave energy 

EpotS [ML2T–2] = potential solitary wave energy 

Es [ML2T–2] = kinetic slide energy; Es = (1/2)msVs
2 

Esd [-] = dimensionless kinetic slide energy 

Etot [ML2T–2] = total wave energy; Etot = Ekin + Epot 

Ew [ML–1T–2] = modulus of elasticity 

f [-] = box forms f 1, f 2, f 3 f 4, f 5, f 6, and f 7 

f# [-] = f *-number; f# = f */Da 

f * [L] = focal length 

F [-] = slide Froude number; F = Vs/( gh)1/2 

g [LT–2] = gravitational acceleration 

h [L] = still water depth 

hb [L] = still water depth at breaking 

H [L] = wave height 

Hb [L] = wave height at breaking 

HM [L] = maximum wave height 

HP [L] = wave height of primary wave 

Hst [L] = stable wave height according to Kamphuis and Bowering (1972) 

i [-] = number of experiments 

I [-] = energy gradient 

j [-] = number of governing dimensionless parameters 

k [L–1] = wave number; k = 2π /L 

K [L1/3T–1] = Strickler roughness coefficient 

lbox [L] = inner box length 

ls [L] = slide length 

L [L] = wave length 

Lb [L] = wave length at breaking 

Lmin [L] = minimum water wave length 

LP1 [L] = wave length of primary wave at CWG1 
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m [-] = number of governing independent parameters on impulse wave generation 

mg [M] = slide grain mass identical to slide mass 

ms [M] = slide mass identical to slide grain mass 

M [-] = relative slide mass; M = D·V = ms /(ρw bh2) 

M* [-] = camera magnification factor; M* = xip / xop = zip / zop 

Ma [-] = Mach number; Ma = Vs/csound 

n [-] = bulk slide porosity 

n* [-] = refractive index 

Niw [-] = number of seeding particles in an interrogation window volume 

NL [-] = length scale ratio; NL = lengthN /lengthH 

Npair [-] = number of detected particle image pairs in an interrogation window 

o [-] = number of fundamental dimensions 

pA [ML–1T–2] = box acceleration pressure 

P [-] = impulse product parameter; P = FS1/2M 
1/4(cosβ)1/2 

Pil [-] = probability of in-plane particle loss 

Pol [-] = probability of out-of-plane particle loss 

q [divers] = governing independent parameters q1, q2, …, qk 

r [L] = radial distance 

R [L] = run-up height 

Rh [L] = hydraulic radius 

R2 [-] = coefficient of determination 

R [-] = Reynolds number; R = g1/2h3/2/νw 

Rº [-] = friction Reynolds number; Rº = hV º/νw 

s [L] = slide thickness 

sbox [L] = inner box height identical to slide thickness in the box 

S [-] = relative slide thickness; S = s/h 

So [-] = bed slope 

t [T] = time after slide impact 

tbox [T] = slide centroid time at slide release 

t−1 [T] = slide centroid time at LDS−1 

t0 [T] = slide centroid time at LDS0 

ts [T] = time of underwater landslide motion 

T [T] = wave period 

Tb [T] = wave period at breaking 

TM [T] = wave period of aM 

TP1 [T] = wave period of primary wave at CWG1   
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Tr [-] = relative time; Tr = t(g/h)1/2 

Ts [-] = relative time of underwater landslide motion; Ts = ts(g/h)1/2 

T1 [T] = wave period at CWG1 

u [divers] = product for the measurement accuracy 

U [-] = Ursell parameter; U = HL2/h3 

v [LT–1] = particle displacement velocity 

vp [LT–1] = particle settling velocity 

vpx [LT–1] = water particle velocity in x-direction 

vpz [LT–1] = water particle velocity in z-direction 

V [-] = relative slide volume; V = Vs /(bh2) = ms /(ρsbh2) 

Vbox [LT–1] = slide box velocity 

Viw [L3] = interrogation window volume 

Vs [LT–1] = slide impact velocity 

Vsc0 [LT–1] = slide velocity at LDS0 

Vsc–1 [LT–1] = slide velocity at LDS–1 

V 
º [LT–1] = friction velocity 

Vbox [L3] = box volume identical to bulk slide volume 

VcP [L3] = primary wave volume 

VcP,meas [L3] = measured primary wave volume 

VcP,calc [L3] = calculated primary wave volume 

VcP1 [L3] = primary wave volume at CWG1 

VcP6 [L3] = primary wave volume at CWG6 

Vg [L3] = slide grain volume 

Vs [L3] = bulk slide volume identical to box volume 

W [-] = Weber number; W = ρw gh2/σw 

x [L] = streamwise coordinate 

xbox [L] = box position along hill slope ramp 

xC [L] = reference quantity for cnoidal wave profile 

xip [L] = length of the image plane 

xiw [L] = length of an interrogation window 

xM [L] = streamwise distance of maximum wave amplitude 

xop [L] = length of the object plane 

xramp [L] = coordinate along hill slope ramp 

x1 [L] = streamwise coordinate of CWG1 

x‘ [L] = distance from CWG1 

x” [divers] = variables for the measurement accuracy 

xramp [L] = fictitious coordinate along the hill slope ramp   
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X [-] = relative streamwise distance; X = x/h 

XM [-] = relative streamwise distance of maximum wave amplitude; XM = xM /h 

X1 [L] = relative streamwise coordinate of CWG1; X1 = x1/h 

y [L] = coordinate orthogonal to the object plane 

yip [L] = image distance 

yop [L] = object distance 

Y [-] = relative wave height; Y = H /h 

YM [-] = relative maximum wave height; YM = HM /h 

YM,meas [-] = measured relative maximum wave height 

YM,calc [-] = calculated relative maximum wave height 

Ymeas [-] = measured relative wave height 

Ycalc [-] = calculated relative wave height 

YP [-] = relative primary wave height; YP = HP /h 

Ymeas [-] = measured relative wave height 

Ycalc [-] = calculated relative wave height 

z [L] = vertical coordinate 

zip [L] = height of the image plane 

zop [L] = height of the object plane 

 

Greek symbols 

α [°] = slide impact angle; i.e. hill slope angle 

αsc0 [°] = angle from horizontal to centroid at LDS0 

αsc–1 [°] = angle from horizontal to centroid at LDS–1 

β [°] = effective angle; β = (6/7)α 

γ [°] = wave propagation angle 

δ [°] = dynamic bed friction angle 

δy [L] = depth of field 

Δ [divers] = measurement uncertainty 

Δa [-] = deviation of the wave amplitude in terms of a basis 

ΔaM [-] = deviation of the maximum wave amplitude in terms of a basis 

ΔAM [-] = change of the relative maximum wave amplitude 

ΔH [-] = deviation of the wave height in terms of a basis 

ΔHM [-] = deviation of the maximum wave height in terms of a basis 

Δs* [L] = mean seeding particle displacement within an interrogation window during 

Δt*  
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Δt [T] = time interval  

Δt* [T] = laser pulse separation 

Δu [divers] = deviation of u 

Δx [L] = spacing between two CWGs 

Δxbox [L] = spacing between two box positions along hill slope ramp 

Δxramp [L] = spacing along hill slope ramp between box position 2 and coordinate origin 

Δxramp0 [L] = spacing along hill slope ramp between LDS0 and coordinate origin  

Δxramp–1 [L] = spacing along hill slope ramp between LDS−1 and coordinate origin  

Δx1 [L] = spacing between CWG1 and hill slope ramp end  

Δx* [L] = mean seeding particle displacement in x-direction within an interrogation 

window during Δt* 

Δyop [L] = object plane thickness identical to laser light-sheet thickness 

Δz [L] = spacing between the initial box bottom position and the still water surface 

Δzsc [L] = centroid drop height 

Δzsc0 [L] = centroid drop height at LDS0 

Δzsc–1 [L] = centroid drop height at LDS–1 

Δz* [T] = mean seeding particle displacement in z-direction within an interrogation 

window during Δt* 

ε [L2T–3] = rate of energy dissipation 

η [L] = water surface displacement 

ηK [L] = Kolmogorov microscale; ηK = (νw
3/ε )1/4 

κ [-] = ratio of wave height to still water depth at breaking; κ = Hb /h 

λ* [L] = laser wave length 

νw [L2T–1] = kinematic viscosity of water 

ξ [L] = slide profile 

ξ0 [L] = slide profile at LDS0 

ξ–1 [L] = slide profile at LDS–1 

π [-] = numerical constant; π = 3.14159 

Π [-] = governing dimensionless parameters Π1, Π2, Π3, Π4, Π5, Π6, Π7, and Π8 

ρg [ML–3] = grain density 

ρs [ML–3] = bulk slide density 

ρp [ML–3] = seeding particle density 

ρw [ML–3] = water density 

σw [MT–2] = surface tension for water  
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φ [°] = slide front angle 

φ ' [°] = internal friction angle 

ω [T–1] = wave frequency; ω = 2π /T 

 

Subscripts 

a  = crest 

ap  = aperture 

A  = acceleration 

b  = breaking 

box  = box 

c  = centroid 

C  = Cnoidal 

calc  = calculated 

d  = dimensionless 

diff  = diffraction 

g  = grain 

G  = group 

h  = hydraulic 

H  = hydraulic model 

i  = at CWGi with i = 1, 2, 3, 4, 5, 6, and 7 

il  = in-plane loss 

ip  = image plane 

iw  = interrogation window 

kin  = kinetic 

K  = Kolmogorov (1958) 

lin  = linear 

L  = length 

m  = mean 

meas  = measured 

min  = minimum 

M  = maximum 

N  = prototype (nature) 

ol  = out-of-plane loss 

op  = object plane 

p  = particle 

pair  = pair 

pot  = potential  
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px  = particle in x-direction 

pz  = particle in z-direction 

P  = primary 

r  = relative 

ramp  = ramp 

s  = slide 

sound  = sound 

st  = stable 

S  = solitary 

t  = trough 

tot  = total 

w  = water 

x  = x-direction 

z  = z-direction 

0  = at LDS0 

–1  = at LDS–1 

 

Superscripts 

*  = concerning PIV 

º  = friction 

‘  = from CWG1 

 
Abbreviations 

ADC  = analog-digital converter 

AL  = Alaska 

b.  = bore 

BaSO4  = barium-sulphate 

c.  = cnoidal 

CAPS  = cable actuated position sensor 

CCD  = charged coupled device 

cn  = Jacobian elliptic function 

CS  = case study 

CWG  = capacitance wave gage 

dif.  = difference 

ETH  = Swiss Federal Institute of Technology 

ft  = feet 

fund.  = fundamental  
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hyd.  = hydrostatic pressure  

H  = horizontal 

irro.  = irrotational flow 

IN  = Indonesia 

IT  = Italy 

JP  = Japan 

LDS  = laser distance sensor 

mom.  = momentum 

MM  = mathematical model 

nhyd.  = non-hydrostatic 

Nd.YAG  = neodymium yttrium aluminium garnet (crystal for laser rod) 

NM  = numerical model 

NSE  = Navier-Stokes equations 

NW  = Norway 

osc.  = oscillatory wave 

P  = Peru 

P et al. (2005) = Panizzo et al. (2005a) 

PIV  = particle image velocimetry 

PNG  = Papua New Guinea 

PP  = polypropylene 

PS  = parameter study 

PTU  = programmable timing unit 

ro.  = rotational flow 

RWG  = Russell’s wave generator 

s.  = solitary 

SPH  = smoothed particle hydrodynamics 

SWE  = shallow water equations 

S & V (1979) = Slingerland and Voight (1979) 

trans.  = translatory wave 

USA  = United States of America 

vel.   = velocity 

V  = vertical 

VAW  = Laboratory of Hydraulics, Hydrology and Glaciology 

WT  = wavelet transform 

W & D (2003) = Ward and Day (2003)  
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2D  = two-dimensional  

3D  = three-dimensional 
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APPENDIX A: PARTICLE IMAGE VELOCIMETRY PIV 

A.1 Introduction 

Particle Image Velocimetry PIV (superscript *) is an optical and non-intrusive method to 
evaluate the velocity vector field. It yields spatial velocity information about instantaneous 
flow fields and is adequate for unsteady processes such as the impulse wave generation, there-
fore. The velocity vectors are determined indirectly by the motion of seeding particles which 
are assumed to move identical to the surrounding fluid (Raffel et al. 1998). The impulse wave 
generation was treated with a two-dimensional approach and only the in-plane velocity com-
ponents along the channel axis were determined, therefore. Some reviews on the PIV method 
may be found in Adrian (1991), Grant (1997), and Westerweel (1997). PIV was applied to 
water waves by Lin et al. (1999), Chang and Liu (2000), and Grue et al. (2004), among others. 

The seeding particles were homogeneously distributed in the water body prior to an ex-
periment (Figure A.6(e)). The object plane was defined with a twin cavity Nd.YAG-laser. 
Two digital cameras equipped each with a Charge Coupled Device CCD-sensor were ar-
ranged orthogonally to the measurement plane (Figure A.2). Linepass filters were screwed on 
the CCD-camera objectives which were only permeable for the specific laser light         
(Figure A.1(a)). The cameras were synchronised with the laser shots and grabbed a raw image 
at times t and at t + Δt*, with 15 Hz (Figure A.1(b)). The seeding particles were visible on the 
raw images as white points on a dark background. In the PIV-software DaVis® 6.2 the raw 
images were divided in quadratic interrogation windows (Figure A.5(b)). A cross-correlation 
algorithm determined the uniform seeding particle displacement Δs* for each interrogation 
window resulting in a velocity vector from 

 
v = (Δs*/M *)/Δ t*  (A.1) 
 

where M * is the camera magnification factor defined as the ratio of the image plane to the 
object plane dimension (Eq. (A.2); Figure A.2). Equation (A.1) was applied to the whole 
image with 15 Hz allowing for the determination of the complete velocity vector fields 
(Figure A.6(f)). For each PIV-experiment, 50 velocity vector fields were determined resulting 
in a total time span of 3.33 s. The measurement uncertainty concerning PIV is discussed in 
Subsection [6.2.3]. 
 

A.2 Image acquisition 

The image acquisition was done with two CCD-cameras (Kodak-ES1.0DC) shown in Figure 
A.1(a). They both contained a CCD-sensor with a resolution of 1,008(H) pixels × 984(V) 
pixels on an area of 9 mm × 9 mm resulting in a pixel size of 9 μm. The CCD-cameras were 
equipped with 532 nm linepass filters (Andover Corp., Salem, NH) only permeable for the 
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specific laser light. The measurement plane was strictly defined by the laser light-sheet and it 
was not disturbed by other light sources, therefore. Two precision measurement objectives 
(Xenon, Schneider-Kreuznach, D) with a focal length f * = 25.6 mm and an f *-number 
f# = 1.4 were used resulting in a diaphragm aperture (subscript ap) Dap = f * /f# = 18.3 mm. The 
barrel distortions of the objectives were < 0.7% (Figure A.3(b)). The cameras were movable 
in the x- and z-room directions along black X95 profiles (Newport, D) and rotatable around all 
three axes with special brackets (tilt and rotating stages M-PO46BL-50, Newport, D; Man-
frotto MA 410, LaVision, D). The image acquisition was controlled by the software 
DaVis® 6.2 (LaVision GmbH, Göttingen, D). 
 

 
Figure A.1 (a) Two CCD-cameras with objectives and linepass filters and (b) trigger scheme of laser 

shots and image acquisition after Fritz (2002) 

 

 
Figure A.2 Sketch of the image plane on the CCD-sensor and the object plane in the wave channel 

axis with main dimensions 

 

The trigger scheme of the laser beam shots and the measurements are shown in         
Figure A.1(b). The image acquisition modus was double frame/double exposure (Raffel et al. 
1998). The camera shutters were opened isochronic with a shot from laser A and the images 
were mapped on the CCD-sensors. Afterwards, the shutters were closed and the image infor-
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mation was read out. The shutters were opened again and a beam shot from laser B was fired. 
The laser pulse separation time Δt* between laser shots A and B was altered between 1.6 and 
10 ms depending on the slide (subscript s) impact velocity Vs and the interrogation window 
size considering the ideal seeding particle displacement Δs* between two frames of 2 to 5 
pixels (Willert and Gharib 1991). With the aid of two frames one velocity vector field was 
calculated in DaVis® 6.2. The 2 × 15 Hz frames resulted in 15 velocity vector fields per sec-
ond. 

The geometric image set-up is shown schematically in Figure A.2. The CCD-sensors 
acted as image plane (subscript ip) and measured each an area of 784(H) mm × 765(V) mm 
on the object plane (subscript op) defined by the laser light-sheet. The camera magnification 
factor M * was defined as 
 

M * = xip / xop = zip / zop = 0.0115 (A.2) 
 
with the image plane dimensions xip(H) × zip(V) = 9 mm × 9 mm and the object plane dimen-
sions xop(H) × zop(V) = 784 mm × 765 mm, respectively. The spacing between the CCD-
cameras and the object plane was about 2.3 m, whereas the last part of 0.25 m was in the 
wave channel. Due to different perspective image distortion caused by different refractive 
indices between the water in the wave channel n* = 1.33 and the air outside of it with n* = 1, 
M * ≠ yip / yop with yip as the image distance and yop as the object distance, respectively 
(Fritz 2002). 
 

 
Figure A.3 (a) Calibration plates for the CCD-cameras and the laser light-sheet for slide impact angle 

α = 45° and (b) causes of image distortion and undistorted image after image correction 

 
The image may be distorted on the CCD-sensor due to the barrel distortion or an oblique 

view of the CCD-cameras on the object plane. This may affect the image as shown in Figure 
A.3(b). To rule out considerable errors in velocity vector calculations, a camera calibration 
plate with engraved crosses on a 40 mm grid as shown in Figure A.3(a) was used to correct 
image distortion. The image distortion on the image border was only a few percents because 
an adjustment of the CCD-cameras orthogonally to the object plane was carefully controlled 
prior to an experiment and the barrel distortion due to the objective was negligible small, as 
aforementioned [see Appendix A.2]. 
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A.3 Laser light-sheet 

The laser light-sheet was defined with a pulsed twin cavity Nd.YAG-laser (Kneubühl and 
Sigrist 1995). The produced laser beams with a non-visible wave length of 1,064 nm were 
transformed to a green laser light of a wave length λ* = 532 nm via a frequency doubling 
process. The lasers had a repetition rate of 2 × 15 Hz, pulse energies of 2 × 225 mJ at 532 nm 
and were manufactured by Surelite-PIV Continuum Inc. (Santa Clara, Ca.). The beam profile 
was Gaussian with a diameter of 5 mm. The laser intensity and the laser pulse separation were 
controlled in DaVis® 6.2. The laser beam was produced outside of the wave channel and 
guided with four mirrors through the glass channel bottom in the object plane as shown in 
Figure A.4(a). Additionally, a three component lens system under the channel bottom as 
shown in Figure A.4(b) was necessary to transform the Gaussian laser beam profile into a 
laser light-sheet. The laser beam passed first a plano-concave cylindrical lens with a focal 
length of f * = –90 mm, then a bi-convex spherical lens with f * = +105 mm, and finally a 
plano-concave cylindrical lens with f * = –10 mm. The laser-sheet thickness was adjustable 
with the spacing altering between the first two lenses whereas the laser sheet divergence was 
adapted with the spacing altering between the latter two. After having passed the three lenses 
and the channel bottom, the laser beam was deflected with a 2”-mirror to the area of interest 
(Figure A.2). The position, thickness and divergence of the laser light-sheet were controlled 
with the light-sheet calibration plate shown in Figure A.3(a). The laser sheet adjustment was 
necessary at least for each new slide impact angle α, still water depth h, or CCD-camera 
position. 
 

 
Figure A.4 (a) Laser beam guidance outside and under the wave channel and (b) detail of optical 

components and laser light-sheet adjustment principle (after Fritz 2002) 
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The seeding particles in the object plane had to be all in the focal point to provide a sharp 
raw image. According to Adrian (1991) this is fulfilled if the object plane thickness Δyop is 
smaller than the depth of field defined under the use of large seeding particles as 
 

δ y = 4f# 2λ*(1 + 1/M *)2 ≈ 32 mm . (A.3) 

 
In Eq. (A.3) the f *-number of the objective was f# = 1.4, the involved laser wave length 
λ * = 532 nm and the camera magnification factor M* = 0.0115 [see Appendix A.2]. The laser 
light-sheet thickness was about 3 mm in the area of interest whereas it was scattered to about 
Δyop = 9 mm due to the presence of seeding particles (Fritz 2002). The latter were only added 
to the area of interest to minimise the laser light scattering. The condition Δyop ≤ δy was 
clearly fulfilled and the whole object plane was mapped sharp on the image plane, therefore. 
 

A.4 Seeding particles 

The requirement for the seeding particles were an identical density as water, a spherical 
shape, transparency for the laser light, and a diameter to cover ideally 2 to 5 pixels on the 
CCD-sensors according to Raffel et al. (1998). The selected seeding particles (subscript p) are 
shown in Figure A.5(a). They consisted of grilamid (L20/L16 nature) and had a diameter 
dp = 1.6 mm, a density of ρp = 1.006 t/m3, and a refractive index of n* = 1.52. The raw mate-
rial was delivered by Ems-Chemie AG (Domat/Ems, CH) and the particles were produced by 
GALA Kunststoff- und Kautschukmaschinen GmbH, D. 

The particle diameter on the image plane (CCD-sensor) should be ideally 2 to 5 pixels. 
The uncertainty in velocity detection increases roughly by a factor of 10 for particle images 
that are too small (Raffel et al. 1998). The recorded particle image diameter dτ on the CCD-
sensor is given approximately by 
 

6.2022 =+= re dddτ μm (A.4) 

 
where de is the diffracted particle image diameter prior to recording and dr = 9 μm is the 
centre to centre spacing for one pixel on the CCD-sensor (Fritz et al. 2003). According to 
Adrian and Yao (1985), the diffracted particle image diameter de may be approximated as 
 

5.18)( 222* =+= diffpe ddMd μm (A.5) 

 
with M * = 0.0115 and dp = 1.6 mm. The diffraction (subscript diff ) limited minimum image 
diameter ddiff may be calculated as 
 

ddiff = 2.44(M* + 1)f#λ* = 2 μm (A.6) 
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with f# = 1.4 and λ* = 532 nm. The particle image diameter for one seeding particle covers 
about 20.6 / 9 = 2.3 pixels. The criteria of 2 to 5 pixels diameter for one seeding particle on the 
CCD-sensor according to Raffel et al. (1998) is fulfilled, therefore. 
 

 
Figure A.5 (a) Seeding particles: Grilamid with dp = 1.6 mm and ρp = 1.006 t/m3 and (b) schematic 

mean seeding particle displacement Δs* calculation in one interrogation window with the 
cross-correlation algorithm 

 
Preconditions for an accurate velocity vector field determination are a high particle image 

density and a homogenous distribution (Unger 2006). This was assured with the seeding 
particles agitation in the water body just prior to an experiment. Figure A.5(b) shows one 
interrogation window at times t and t + Δt* which resulted in one velocity vector. The mean 
seeding particle displacement Δs* within an interrogation window is determined with a cross-
correlation algorithm. The valid detection probability in a first cross-correlation pass exceeds 
95% for Npair > 7 according to Keane and Adrian (1992) where Npair is the number of seeding 
particle pairs (subscript pair), the number of particles at t which were again detected at t + Δt* 
within an interrogation window (subscript iw). The number of detectable particle image pairs 
may be calculated as 
 

Npair = Niw (1 – Pil)(1 – Pol) (A.7) 
 
where Niw is the number of seeding particles per interrogation window volume, Pil the pro-
bability of in-plane loss (subscript il ) of particles and Pol the probability of out-of-plane loss 
(subscript ol ) of particles (Keane and Adrian 1992). According to Scarano and Riethmuller 
(2000), the probability of in-plane loss of particles may be estimated to Pil ≈ 0 for the applied 
iterative multi-pass interrogation technique [see Appendix A.5]. The entire measurement 
technique is based on the assumption that the whole impulse wave generation in the VAW 
model is a two-dimensional phenomenon. The probability of out-of-plane loss Pol is estimated 
of the order of a few percents. This assumption may be confirmed with zero values on diver-
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gence plots as shown by Fritz (2002). The number of seeding particles per interrogation win-
dow volume may be calculated as 
 

2

2

∗
Δ==

M

xyCVCN iw
oppiwpiw . (A.8) 

 
In Eq. (A.8) Viw is the interrogation window volume defined by a xiw mm × xiw mm interroga-
tion window on the image plane, a laser light-sheet thickness Δyop [mm] according to      
Section [A.3] and Cp [particles/mm3] is the number of seeding particles per unit volume. For 
Npair = 8, Npair < Niw = 9 taking into account the probability of out-of-plane loss Pol, the num-
ber of seeding particles per unit volume Cp = 1.6·10–3 particles/mm3 results from Eq. (A.8) 
with a sample interrogation window size of xiw × xiw = 0.288 mm × 0.288 mm corresponding 
to 32 pixels × 32 pixels with a centre to centre spacing of 9 μm on the CCD-sensors. The 
required amount of seeding particles for an experiment may be estimated with CP. The object 
plane of one CCD-camera was xop ≈ 784 mm in length (Figure A.2). With a sample still water 
depth of h = 0.300 m, a slide impact angle α = 90°, and a seeding particle sphere volume of 
2.14 mm3, the required amount of seeding particles 0.007 dm3 for one CCD-camera in the 
light-sheet volume of thickness Δyop = 9 mm is 0.4 dm3 applied to the whole channel width 
b = 0.500 m. 

The settling velocity vp of the seeding particles may be derived from Stokes’ drag law as 
 

( )
g

d
v pwp

p μm18

2ρρ −
= = 8 mm/s (A.9) 

 

with dp = 1.6 mm, ρp = 1.006 t/m3, and the water (subscript w) density ρw (Fritz 2002). The 
peak flow velocities were typically two to three orders of magnitude larger than the settling 
velocity vp and this effect was negligible, therefore. 
 

A.5 Velocity vector field calculation 

The velocity vector fields were determined in DaVis® 6.2 and 6.3, respectively. The most 
important steps for the velocity vector field calculation are shown in Figure A.6. The image 
acquisition in DaVis® 6.2 resulted in raw images shown in Figure A.6(a) and (b), respectively. 
On the raw images, the seeding particles were visible as white points on a dark background. 
The image stitching algorithm was not yet implemented in the version DaVis® 6.2. The im-
ages stitching, the length scaling, and the coordinate origin definition were accomplished in 
the beta software DaVis® 6.3 (Figure A.6(c)). DaVis® 6.2 was used for the further steps, 
namely the pre-processing prior to velocity vector calculation, the velocity vector calculation, 
and the post-processing after vector calculation. 

The first step of the pre-processing was a background subtraction of small intensity (< 5) 
with a high-pass filter to eliminate background noise e.g. due to optical reflections        
(Figure A.6(d)). Next, the required vector area was defined with a mask as shown in       
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Figure A.6(e). Water splashes, the water surface, the channel ramp or high two- or even three-
phase mixing areas were excluded form the vector calculation because PIV is not able to cope 
properly with such multiphase flow regions. The vector calculation was conducted iteratively 
with the cross-correlation algorithm (Keane and Adrian 1992) via multi-pass to reduce out-of-
plane particle loss [see Appendix A.4]. The interrogation window size was decreased from 
initially 64 pixels × 64 pixels to 32 pixels × 32 pixels. Additionally, a 50% overlap was ap-
plied resulting in a final interrogation window size of 16 pixels × 16 pixels corresponding to 
an area of 12.6 mm × 12.6 mm on the object plane (Heller et al. 2006). The post-processing 
may be applied to exclude or even replace spurious vectors, which are more or less inevitable, 
even in carefully designed experiments. These spurious vectors are normally a consequence of 
insufficient particle-image pairs (Westerweel 1994). The character of a velocity vector field 
may be totally changed with post-processing algorithms such as vector smoothing, removal, 
or substitution. The post-processing in the present application was minimised, therefore. Only 
a median filter which removed vectors larger than three times the median of the surrounding 
eight vectors was applied resulting in a velocity vector field as shown in Figure A.6(f ). For 
repeated experiments with four camera positions as shown in Figure 4.15, the camera posi-
tions 1 and 2, and 3 and 4, respectively, were stitched together. The whole image consisting of 
all four camera images was accomplished after velocity vector calculation with the Adobe® 
Illustrator® CS2 12 software. 
 

 
Figure A.6 Main steps of velocity vector field calculation with (a), (b) raw images from CCD-

cameras 1 and 2, respectively, (c) stitched raw image, (d) high-pass filtered image, (e) 
masked image, and (f ) velocity vector field 
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APPENDIX B: INDIVIDUAL WAVE TYPE DECAY 
 
The relative wave amplitude decay was presented for all wave types in Subsection [5.4.2] for 
both the runs of the present study and for all VAW runs. Different wave types offer different 
features concerning wave decay. The wave type classification in Subsection [5.4.5] suggests 
an investigation of the relative wave amplitude decay for each individual wave type. The 
relative wave amplitude decay is presented below for the Stokes-like, the cnoidal- and soli-
tary-like, and the bore-like wave types. The wave amplitude decay was evaluated from the 
seven CWGs. For each run seven relative wave amplitudes A(X ) = a(X )/h at different relative 
distances X = x/h were evaluated (Table 5.5), where h is the still water depth. 

Figure B.1(a) shows a detail of Figure 5.27(a), the relative wave amplitude A(X ) versus 
the product PX 

−1/3 again for all 211 runs as discussed in Subsection [5.4.2]. The relevant 
dimensionless parameter is the impulse product parameter P = FS1/2M 

1/4(cosβ )1/2 from 
Eq. (5.2). The multiple regression with a coefficient of determination R2 = 0.81 resulted in 
 

( ) ( )( ) 5/43/15/3 −= XXA P . (B.1) 
 
Figure B.1(b) shows the relative wave amplitude A(X ) versus the product PX −1/3 for the 57 
Stokes-like waves including outliers satisfying Eq. (5.25) (Figure 5.34(a)). The multiple re-
gression with a deviation of ±30% and a coefficient of determination R2 = 0.65 yielded  
 

( ) 3/1)2/1( −= XXA P . (B.2) 
 
Figure B.2(a) shows again A(X ) versus PX 

−1/3 for the 81 cnoidal- and solitary-like waves 
including outliers satisfying Eq. (5.26) (Figure 5.34(a)). The multiple regression with a devia-
tion of ±30% and a coefficient of determination R2 = 0.51 yielded 

 

( ) ( )( ) 5/43/15/3 −= XXA P . (B.3) 
 
Figure B.2(b) shows again A(X ) versus PX 

−1/3 for the 73 bore-like waves including outliers 
satisfying Eq. (5.27) (Figure 5.34(a)). All 25 runs with h = 0.150 m which may be affected by 
a scale effect were identified as bore-like waves and all are included in Figure B.2(b), there-
fore. They may decay too fast as compared with runs with a negligible scale effect [see 5.4.2]. 
The multiple regression with a deviation of ±30% and a coefficient of determination R2 = 0.23 
yielded 
 

( ) ( ) 5/63/1)2/1( −= XXA P . (B.4) 
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Different exponents for F, S, M, and β than included in P were also tested, however, the 
goodness of fit was worse than for the aforementioned cases. Table B.1 compares the expo-
nents from Eq. (B.1) for all wave types together, Eq. (B.2) for the Stokes-like, Eq. (B.3) for 
the cnoidal- and solitary-like, and Eq. (B.4) for the bore-like waves. The different wave decay 
characteristics in Figures B.1 and B.2 is obvious. Although the visual control of the three 
correlations in Figures B.1(b), B.2(a), and B.2(b) deceive better correlations than in        
Figure B.1(a) including all wave types, the goodness of fit represented by the coefficient of 
determination R2 is worse for the individual wave type correlations. Only the combined corre-
lations for all wave types were presented in the Subsections [5.4.2; 5.4.3], therefore. The 
decay of a 2D impulse wave depends only on the relative distance X from the coordinate 
origin. Stokes-like and bore-like waves decay faster as is expressed with exponents –1/3 and  
–2/5, respectively, than do cnoidal- and solitary-like waves with the exponent                       
– 4/15 = – 0.267. The bore-like wave is subject to a large energy dissipation due to air en-
trainment and turbulence production at the bore front, the typical process of the breaker zone 
(Führböter 1970). Huber (1980) noted also a faster decay of smaller waves by characterising 
them as dissipative sinus waves, as compared with cnoidal and solitary waves. He observed 
no bore waves in his study. For Figure B.1(a) the exponent – 4/15 of the relative streamwise 
distance X is identical to the exponent of the cnoidal- and solitary wave types. Equations (B.1) 
and (5.20), respectively, underestimate therefore the relative wave amplitude decay of the 
bore- and Stokes-like waves whereas they are identical for the decay of cnoidal- and solitary-
like waves. The relative wave amplitude A(X = 100) of a Stokes-like wave is 22% (Eq. (B.2)), 
of a cnoidal- or solitary-like wave 29% (Eq. (B.3)), and of a bore-like wave 16% (Eq. (B.4)) 
of its individual relative wave amplitudes A(X = 1). Equation (B.1) results also in a relative 
amplitude height of 29% at X = 100.  

The slide Froude number F in Table B.1 is always the dominant parameter independent of 
the wave type with an exponent between 4/5 and 6/5. The exponents of S range between 2/5 
and 3/5, those of M between 1/5 and 3/10, and those of cosβ again between 2/5 and 3/5   
(Table B.1; Eq. (5.2)). 
 

Table B.1 Comparison of exponents of X and P concerning the relative wave amplitude decay of 
Eqs. (B.1), (B.2), (B.3), and (B.4) 

  equation with goodness of fit X P 
all impulse waves Eq. (B.1) (R 

2 = 0.81) − 0.27 0.80 
Stokes-like waves Eq. (B.2) (R 

2 = 0.65) − 0.33 1.00 
cnoidal- and solitary-like waves Eq. (B.3) (R 

2 = 0.51) − 0.27 0.80 
bore-like waves Eq. (B.4) (R 

2 = 0.23) − 0.40 1.20 
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Figure B.1 Wave amplitude decay A(X ) versus PX −1/3 and (--) ±30% deviation: (a) Detail of       

Figure 5.27(a) for all wave types with (–) Eq. (B.1) (R2 = 0.81) and (b) Stokes-like waves 
with (–) Eq. (B.2) (R2 = 0.65); Notation see Table 5.2 on page 73 
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Figure B.2 Wave amplitude decay A(X ) versus PX −1/3 and (--) ±30% deviation: (a) Cnoidal- and 

solitary-like waves with (–) Eq. (B.3) (R2 = 0.51) and (b) bore-like waves with                
(–) Eq. (B.4) (R2 = 0.23); Notation see Table 5.2 on page 73 
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APPENDIX C: WAVE BREAKING 
 
The wave breaking (subscript b) is relevant in the present study because some of the gene-
rated impulse waves violate the limiting breaking criteria in both the slide impact [see 5.3] 
and the wave propagation zones [see 5.4]. The following equations were theoretically derived 
for waves progressing on a horizontal bottom. Water waves may break if the wave steepness 
H/L or the relative wave height H/h exceeds a certain limit (Wiegel 1964; Weggel 1972; 
Zanke 2002; Dean and Dalrymple 2004). With increasing wave height the horizontal asym-
metry and the crest particle velocity increase and the latter becomes identical to the wave 
celerity at the breaking point (Sorensen 1993). Depending on whether the wave propagates in 
deep, intermediate, or shallow-water [see 2.1] the wave steepness, the relative wave height, or 
both may be relevant for wave breaking. For deep-water the wave steepness is the limiting 
criterion. According to Michell (1893) wave breaking then occurs provided 
 

142.0≥
b

b

L
H

    or    027.02 ≥
b

b

gT
H

. (C.1) 

 
In Eq. (C.1) Tb is the wave period at breaking and g the gravitational acceleration. For inter-
mediate-water waves both the wave steepness and the relative wave height are relevant. Ac-
cording to Miche (1944) wave breaking for these occurs if 
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
≥

b

b

b

b

L
h

L
H π2tanh142.0 . (C.2) 

 
For shallow-water waves the relative wave height is relevant. According to the solitary wave 
theory wave breaking for shallow-water occurs beyond [see 2.4.4; McCowan 1894; Munk 
1949] 
 

78.0≥=
b

b

h
Hκ . (C.3) 

 
The still water depth hb at breaking is identical to the still water depth h for a horizontal bot-
tom. The impulse waves in the present study are intermediate to shallow-water waves 
[see 5.3.7] where Eqs. (C.2) and (C.3) are relevant. In the surf zone every wave behaves as a 
shallow-water wave, with the parameters Hb and hb defined in Figure C.1(d). As compared 
with Eq. (C.3) for a horizontal bottom, the surf slope has a considerably influence on the 
breaking criterion in Eq. (C.3). The larger the slope, the larger becomes κ. Values of up to 
κ = 1.56 were observed in studies summarized by Weggel (1972) associated with a maximum 
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surf slope of 1:5. For slopes 1:∞, the value κ = 0.78 was found to scatter considerably. Zanke 
(2002) proposed κ = 1.0 for engineering applications on a horizontal bottom, therefore. 
 

  
Figure C.1 Three types of wave breaking: Spilling breaker (a) of the run introduced in Section [5.2] 

and (b) in a sequence, plunging breaker (c) in the VAW wave channel on a sloping beach 
(Heller et al. 2005) and (d) in a sequence, and surging breaker (e) on a beach (Wiegel 
1964) and in a sequence (Zanke 2002); (b), (d), and (f) from Zanke (2002) 

 
Three different wave breaking types are observed namely the spilling breaker, the plung-

ing breaker, and the surging breaker (Wiegel 1964; Zanke 2002). Galvin (1968) considered 
also the collapsing breaker, an intermediate type between the plunging and surging breaker, 
as a fourth type. The wave breaking type is mainly a function of the surf slope. The three 
main breaker types are shown in Figure C.1. 

A spilling breaker is shown in Figures C.1(a) and (b), respectively. Figure C.1(a) shows a 
spilling breaker in the VAW wave channel of the run introduced in Section [5.2] and       
Figure C.1(b) shows it in a sequence (Zanke 2002). Spilling breakers are characterised by the 
appearance of a whitecap at the crest and their gradually breaking over a long distance parallel 
to a decrease of the wave height (Wiegel 1964; Sorensen 1993; Duncan 2001). They occur for 
slightly inclined surf slopes such as natural beaches (Schüttrumpf 2001). The spilling breaker 



APPENDIX C Wave breaking  

- C-3 - 

may be relevant for both the slide impact zone and the wave propagation zone where the 
impulse wave exceeds one of the limiting breaking criteria of Eqs. (C.2) or (C.3). 

A plunging breaker is shown in Figures C.1(c) and (d), respectively. Figure C.1(c) shows 
a plunging breaker in the VAW wave channel during run-up on a sloping beach (Heller et al. 
2005) and Figure C.1(d) shows it in a sequence (Zanke 2002). Plunging breakers are charac-
terised by a steepening of the wave front toward the vertical, then concave overturning, and its 
top curling over to plunge down. The air entrainment occurs during curling over from the air 
“tube”. As a consequence, the wave transforms to a bore type after wave breaking [see 2.4.5; 
5.4.5.5]. Much energy is dissipated during a short distance (Führböter 1970; Li and Raichlen 
2003). Plunging breakers occur for medium inclined surf slopes such as slightly sloped dykes 
(Schüttrumpf 2001). They may be relevant for the slide impact zone in the present study. The 
outward collapsing impact crater behaves similar to this breaker type and transforms after-
wards to a bore. 

A surging breaker is shown in Figures C.1(e) and (f), respectively. Figure C.1(e) shows a 
surging breaker at a beach (Wiegel 1964) and Figure C.1(f) shows it in a sequence (Zanke 
2002). Surging breakers peak up as if to break in the manner of a plunging breaker; but then 
the base of the wave surges up the beach face with the resultant disappearance of the collaps-
ing wave crest (Wiegel 1964). This breaking type occurs on very steep beaches or dykes and 
is of small relevance concerning the present study. 
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APPENDIX D: WAVE AND SLIDE PROFILES FOR PIV RUNS 
 
The purpose of this Appendix is to present additional data to the PIV raw images and velocity 
vector fields discussed in Subsection [5.3.6] to provide complete data for numerical simula-
tions. Figures D.2, D.4, and D.5 show the wave profiles belonging to Figures 5.20, 5.22, and 
5.24. The related slide profiles are shown in the Figures D.1 and D.3, respectively. The slide 
velocity histories are shown in Table D.1. The related relevant Subsections are [4.3.1; 4.3.3; 
4.3.4; 4.3.5; 4.4.3]. The parameters in Table D.1 are explained with the data in the second 
column. The original slide shape was identical to the box form f 3 (Table 4.4). The granular 
slide left with a box (subscript box) velocity Vbox = 3.25 m/s (Figure 4.8) with the box at 
position 2 in Figure 4.5 and the box centroid located at Δxramp = −1.285 m along the hill slope 
ramp. The according point in time is tbox = − 0.284 s. The slide accelerated after having left the 
box due to the gravitational acceleration g according to Eq. (4.13) and reached at LDS−1 the 
slide (subscript s) centroid (subscript c) velocity Vsc−1 = 4.37 m/s at Δxramp−1 = − 0.346 m and 
t−1 = 0.060 s. The slide shape during impact was measured at LDS0 where the slide velocity 
was nearly identical to the slide impact velocity Vs ≈ Vsc0 = 4.67 m/s due to the small spacing 
between LDS0 and the coordinate origin Δxramp0 = − 0.013 m with t0 = 0.130 s. The first ex-
periment in Table D.1 started without box acceleration from position 3 shown in Figure 4.5. 
Accordingly, the box velocity was Vbox = 0. 
 

 
Figure D.1 Slide profiles ξ [m] versus t [s] at LDS−1 and LDS0 of experiments in (a) Figure 5.20 and 

(b) Figure 3.22 

 

Table D.1 Slide profile velocity histories with corresponding locations and point in times 

raw profiles Vbox Δxramp tbox Vsc−1 Δxramp−1 t−1 Vsc0 ≈ Vs Δxramp0 t0 
images    [m/s] [m] [s] [m/s] [m] [s] [m/s] [m] [s] 
Figure 3.20 f 3 and Figure D.1(a) 0.00 − 0.674 − 0.410 3.43 − 0.374 0.064 4.37 − 0.041 0.178
Figure 3.22 f3 and Figure D.1(b) 3.25 −1.285 − 0.284 4.37 − 0.346 0.060 4.67 − 0.013 0.130
Figure 3.24 f 1 and Figure D.3 3.99 −1.338 − 0.186 4.38 − 0.347 0.068 4.50 − 0.014 0.150
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Figure D.2 Wave profiles for experiment of Figure 5.20 at (a) CWG1, (b) CWG2, (c) CWG3, (d) 

CWG4, (e) CWG5, (f) CWG6, and (g) CWG7; the grey area is influenced by wave reflection 

 

 

Figure D.3  Slide profiles ξ [m] versus t [s] at LDS−1 and LDS0 of Figure 5.24 
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Figure D.4 Wave profiles for experiment of Figure 5.22 at (a) CWG1, (b) CWG2, (c) CWG3, (d) 

CWG4, (e) CWG5, (f) CWG6, and (g) CWG7; the grey area is influenced by wave reflection 
 

 
Figure D.5 Wave profiles for experiment in Figure 5.24 at (a) CWG1, (b) CWG2, (c) CWG3, (d) 

CWG4, (e) CWG5, (f) CWG6, and (g) CWG7; the grey area is influenced by wave reflection 



APPENDIX D Wave and slide profiles for PIV runs  

- D-4 - 

 



  

CURRICULUM VITAE 
 
 
Valentin Heller, MSc ETH 
 
 
Day of birth January 15th, 1978 
Place of birth  Kottwil, Lucerne (Switzerland) 
 
 
08.1985 - 06.1991  Elementary school in Kottwil 
 
08.1991 - 06.1998  Grammar school type C (mathematics) 
 
07.1998 - 10.1998  Military service 
 
11.1998 - 02.1999  Subworker as a tiler 
 
03.1999 - 10.1999  Subworker as a construction worker 
 
10.1999 - 01.2004  Study: Civil Engineer, Swiss Federal Institute of Technology 

Zurich (ETHZ), Switzerland 
  Specialisation in hydraulic structures and construction 
 
09.2003 - 10.2003  Language school in London (St. John’s Wood School of 

English) 
 
10.2003 - 01.2004  Diploma work: Ski jump hydraulics 
  Laboratory of Hydraulics, Hydrology and Glaciology (VAW), 

ETHZ, Switzerland 
 
10.2004 - 12.2004  Language school in Sydney (Cambridge Certificate in 

Advanced English) 
 
04.2004 - 11.2007 PhD: Landslide generated impulse waves: Prediction of near 

field characteristics 
 VAW, ETHZ, Switzerland 
 Secondary: Supervision diploma and project works and 

organisation celebration 75 years VAW  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




