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Abstract
Landslide-generated impulse waves are a risk to coastal areas near possible sources of large and rapid
landslides. A better understanding of the generation of these waves is important for the prediction of the
size of these waves. High quality experimental data of a range of different landslide parameters is
essential for the development of empirical relationships between landslide and the resulting wave. The
existing established relationships are based on physical models that feature pneumatically accelerated
slide masses, either using solid blocks or granular material. These tests have short and dense landslides
which may not represent all the landslide types. The present study adds to the existing data set using a
large scale flume and high speed cameras, which can model very large, gravity accelerated landslides.
These types of landslides may be more representative of certain types of large, rapid landslides. A total of
twenty-two tests were performed in the large scale flume with eight different water depths. The landslide
volume was constant between all tests, while the water depth varied, to change the relative size and
velocity of the landslide compared to the water body. The effect of the landslide mass, length, and volume
fraction were more pronounced than has been observed in previous studies featuring smaller and denser
landslide types. The relative landslide parameters are compared to the maximum wave amplitudes and
observed wave types. Although three different wave types were generated in the near-field to the impact
site, these waves were observed to transition into solitary waves. The speed and shape of the waves
closely matched solitary wave theory in the far-field. The run-up of the waves on a smooth impermeable
slope closely matched predictions for run-up of solitary waves. The observed maximum wave amplitudes
are also compared to existing empirical wave generation equations. An effective mass reduction factor is
introduced to account for the large size and long length of the slides tested. Long, gravity accelerated
granular landslides were found to behave significantly different during the wave generation phase than
experiments conducted using both solid block landslides and granular block landslides reported in the
literature.
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Chapter 1
Introduction
1.1 Landslide-generated displacement waves
Landslide tsunamis are impulse waves that are created when a landslide impacts a body of water,
resulting in a rapid displacement of water. Unlike earthquake induced ocean tsunamis, landslidegenerated impulse waves are generally of greatest concern on smaller bodies of water. The origin of the
landslide landslide-generated wave is a point source with the wave energy radiating outwards, and
typically have a smaller volume of displaced water than ocean tsunamis. However, on small bodies of
water (lakes, dam reservoirs, etc.) the shorter distances from impact zone to run-up location mean that the
waves can be of considerable height when they reach the shore, and can therefore be very damaging.
Many landslide-generated impulse waves have been documented in the past. In most cases, records of the
events are found only in the damage caused by the run-up along the shorelines of the water bodies. The
size of the waves and landslide can often only be back-calculated from the consequences of the event.
Some of the documented events are presented here as an example.
In 1959, a 5 million m3 landslide impacted the Pontesei reservoir in Italy, generating an impulse wave that
ran up approximately 20 m. The landslide has been estimated to have a width of 400 m and a thickness of
47m (Panizzo et al. 2005). The slide would have been approximately 270 m long. The reservoir at the
time of the slide was approximately 47 m deep.
In 2003, the Qianjianping landslide occurred in the Three Gorges Reservoir in China. The slide is
estimated to have been over 20 million m3, with an average thickness of 20 m and width of 1000 m. The
reservoir at the time of the impact was 135 m deep. The highest the wave reached is estimated at 30 m
above the still water level (Wang et al. 2004).
The most well-known landslide-generated wave is likely the Vajont Dam landslide. Two events occurred
during filling of the dam reservoir. The first event, in 1960, involved a 7 x 105 m3 landslide mass failed
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into the reservoir, generating a 30 m tall wave (Genevois and Ghirotti, 2005) and 10 m of run-up on the
dam face (Panizzo et al 2005). A much more catastrophic event occurred in 1963, when a landslide with
an estimated volume of 270 x 106 m3 impacted the Vajont Reservoir (Panizzo et al. 2005) with an
estimated velocity of 20-30 m/s (Genvois and Ghirotti 2005). The resulting wave, with an estimated
volume of 30 x 106 m3, ran up on the opposite shore to an elevation of about 260 m, and overtopped the
dam by 245 m (Petley 2006). In villages along the reservoir or downstream of the dam, the event caused
about 2500 fatalities (Petley 2006).
Landslide-generated impulse waves are localized hazards that can be catastrophic in nature and may pose
a serious risk to lives and infrastructure in landslide prone areas with bodies of water, such as lake-side
towns and hydroelectric dam reservoirs. In order to properly manage the risk from these hazards, it is
necessary to be able to predict the amplitudes generated by landslides of a range of sizes and types,
understand the way these waves propagate, and to be able to predict the run-up of these waves. Given the
unpredictability of these events in the field, the majority of our understanding of the behaviour of impulse
wave generation has been achieved through physical models.

1.2 Physical modelling techniques
The generation mechanism of landslide impulse waves has been extensively studied both in two
dimensions using linear flumes (e.g. Kamphuis and Bowering 1970; Fritz et al. 2004; Sælevik et al. 2009)
and in three dimensions using wave basins to investigate the generation and propagation of waves
radiating outwards from a point source (e.g. Huber and Hager 1997; Mohammed et al. 2012). A range of
different landslide compositions have been tested, ranging from solid blocks (Kamphuis and Bowering
1970; Sælevik et al. 2009) to blocky masses of granular material (Fritz et al. 2004; Heller and Hager
2010).
The objective of these studies has generally been to investigate relationships between landslides with
different characteristics and the waves they create using dimensional analysis of the relevant parameters
to permit scaling of the experimental data to realistic field cases. The simplified nature of the physical
2

model allows the researcher to gain an understanding of the underlying relationships between the
landslide material and the wave it creates upon impact. In this way, the wave generation process can be
empirically predicted without a need to understand the more complex wave generation mechanism as it is
caused by the grain-scale interactions and mixing of the landslide and water body. This simplified
relationship can then be applied to field cases, so long as the limitations of the empirical relationships are
understood.
Previous physical model studies have focused on small relative mass slides, typically with a short and
thick aspect ratio. While larger landslide masses have been tested more recently (Mohammed et al. 2012),
gravitationally accelerated granular landslides remain untested. It is currently unclear whether the existing
predictive frameworks apply to the long and thin landslides. Additionally, it is unknown if, in a very long
landslide, the entire mass contributes to the initial wave generation, or if only a smaller proportion of the
slide mass contributes. The long slide duration, which may continue long after the initial wave has
propagated away from the impact zone, may change the way the landslide mass or volume is involved in
the generation phase. This has implications for predictive frameworks which require the use of the mass.
Most existing studies have used relatively short flumes. Therefore, the ability to study the evolution of the
wave with distance is limited by the length of the flume. A longer flume provides a unique opportunity to
study the evolution and run-up of landslide-generated impulse waves in the very far-field.

1.3 Research objectives
The goal of this research program is to better understand the process of generation, propagation and runup of waves generated by the impact of gravitationally-accelerated granular landslides. A physical model
and high speed image analysis is used to capture the micro scale properties of the landslide and the macro
scale wave properties. Specifically, the objectives of this research are:
•

To test the applicability of current predictive equations for relating landslide parameters to
maximum wave amplitude to gravitationally-accelerated granular landslides.
3

•

To investigate the wave generation process for long and thin landslides. Specifically, to estimate
the proportion of total landslide mass in gravitationally accelerated granular landslides that is
involved in generating the initial wave and to investigate how landslide length, thickness, and
overall shape relate to this proportional mass.

•

To characterize the wave types generated in the near-field by a range of impact conditions and
how they propagate to the far-field and translate into run-up

1.4 Organization of thesis
Chapter 1 includes a general introduction of the research.
Chapter 2 presents the results of displacement wave generation experiments. The relationship between
landslide properties (flow thickness, impact velocity, mass, and length) and the initial maximum wave
amplitude is studied. The effective mass concept is introduced. The focus of this chapter is on the nearfield zone.
Chapter 3 presents the results of wave form evolution experiments in the far-field. Wave types are
determined and related to the generation conditions. Run-up of these waves in the very far-field on an
impermeable slope is studied and compared to predictive methods for wave run-up.
The conclusions of Chapter 2 and Chapter 3 are summarized, with the overall conclusions also presented
in Chapter 4.
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Chapter 2
Tsunami wave generation observed in large scale flume tests of
gravitationally-accelerated granular landslides
2.1 Introduction
Large and rapidly moving landslides are a significant hazard in a wide variety of regions. Impulse waves
generated by landslides into lakes, fjords, and dam reservoirs are an additional risk to people and
infrastructure in areas with steep slopes. There is often little to no warning before a landslide, and unlike
in ocean tsunamis, smaller water bodies have very short wave propagation distances. This means there
may be little to no time to evacuate communities threatened by landslide induced waves, and less area
over which to dissipate wave energy. An assessment of tsunamagenic landslide risk is therefore an
essential component of the design of hydroelectric dams and reservoirs. The construction of a new
reservoir increases the probability of landslides due to changes in groundwater conditions and fluctuating
reservoir levels. Land-use planning of the reservoir shoreline and the design of a dam freeboard must
consider these waves in order to prevent damage to property, loss of life, or overtopping of the dam. A
better understanding of the wave generation mechanisms will allow experts to make more accurate
predictions of possible wave risk. Improved land-use planning as a result of these more accurate
predictions will make living and developing in these areas safer.
Due to the unexpected nature and short duration of these events, observing landslide-generated waves in
nature can be difficult. However, some major events, such as the Vajont disaster, are well documented. In
1963 a landslide failed into the over 200 m deep reservoir of the Vajont Dam in Italy (Panizzo et al.
2005b). The landslide had an estimated volume of 270 million m3 which generated a 240 m high wave
over the Vajont Dam crest (Petley 2006).
In another major example, a rockslide with an estimated volume of 30.6 million m3 impacted Lituya Bay,
a glacially carved fjord in Alaska, in 1958. The slide had an estimated thickness of 92 m (Miller 1960), a
6

width up to 915 m (Fritz 2002). The maximum wave height is undocumented, but the run-up on the
opposite shore is the largest ever estimated, reaching an elevation of 524 m above sea level (Fritz 2002).
A more recent example is the 3 million m3 rock avalanche failed into Chehalis Lake, British Columbia,
Canada. The resulting wave ran over 7.5 km from the impact zone, stripping vegetation from the
shoreline over 30 m above the still water level directly across from the impact zone (Roberts et al. 2014).
While the size of the wave is unknown, the cause of the landslide and the extent of the run-up has been
well studied (Brideau et al 2012; Roberts et al. 2014), making this one of the better documented landslidegenerated wave case histories to evaluate numerical simulations (e.g. Wang et al. 2015).
Despite the existence of field evidence from these case studies and others, predictions of the amplitude of
landslide-generated waves cannot be made solely using field events as the velocity and thickness of the
landslide along with the amplitude and shape of the resulting wave are all unknown. Large scale physical
flume models therefore provide the only opportunity to examine this phenomenon empirically.
There has recently been considerable research on these waves in flume experiments, for different
geometry (2D flume tests or 3D basin tests) and landslide materials used (solid block or granular
materials). Flume tests (2D) are simpler to perform, but do not consider the radiation of wave energy in
three dimensions. They can provide accurate estimation of the near-field wave characteristics, or be
applied to field cases with similar geometry. Wave basins are more cost and labour intensive but allow for
more realistic three dimensional modelling of specific reservoir geometries. Landslide experiments using
solid blocks are much simpler, but neglect the complexity of granular flow interactions. Granular slide
materials can be used to simulate the realistic behaviour of landslides but introduce logistical
complications in materials handling and increasing experiment preparation time.
Previous studies of impulse waves generated by granular landslides have typically relied an experimental
apparatus (e.g., a sled under pneumatic loading) to accelerate the landslide material down-slope, control
the landslide velocity and thickness, and use a smaller landslide mass (Fritz 2004; Heller et al. 2008). This
7

controlled acceleration and small relative mass results in landslides that are typically short and thick
relative to the water depth.
As a result, the majority of observations from physical modelling upon which empirical predictive models
for source wave generation have been developed use landslides with this aspect ratio. In contrast, granular
landslides that are accelerated by gravity with sufficient run-out distance are instead relatively thin and
long, and impact the water body over a longer duration.
The influence of the difference in experimental geometry is illustrated in Figure 2.1. Thick and short
landslide volumes (Figure 2.1a) exhibit a shorter impact time and the entire landslide source volume
contributes to the generation of the displacement wave, with all of the landslide energy contributing to
wave generation. In contrast, long slides (Figure 2.1b) have long impact times that continue after the
initial wave is generated. In these cases, only a portion of the landslide mass generates the initial wave,
the remainder either continues to force water out of the impact zone, or falls on the landslide deposit
material, depending on the water depth.
The objective of this chapter is to use a new large-scale landslide flume facility in which large and long
granular landslides can be generated under the acceleration of gravity to investigate the effect of landslide
aspect ratio on wave amplitude, and to assess the suitability of existing predictive frameworks for the
near-field wave amplitudes generated under these conditions.

2.2 Background
Empirical estimations of the maximum wave amplitude generated by a landslide have been conducted by
a wide range of researchers using dimensional analysis. Testing methods have included solid blocks
(Kamphuis and Bowering 1970; Panizzo et al. 2005a; Sælevik et al. 2009) or bagged granular materials
(Slingerland and Voight 1982) to simulate the landslide process. Granular slide materials of various types
have been used as well (Huber and Hager 1997; Fritz et al. 2004; Heller and Hager 2010). Common to all
of these frameworks is the use of dimensionless parameters to relate landslide parameters and reservoir
8

boundary conditions to maximum initial wave amplitude, am. These studies have found their own methods
of predicting initial wave amplitudes, placing varying importance on the different landslide parameters.
The generation of impulse waves is the result of a momentum transfer between the landslide mass and the
water body, and therefore the kinetic energy is understood to be important in all existing studies. The
landslide velocity is generally considered to be a very important parameter. The landslide thickness, as a
proxy for the slide mass in momentum transfer, is also considered important. The relative maximum
amplitude, Am, is also considered, to allow for better comparison between tests and case studies. Am is the
maximum wave amplitude divided by the water depth: Am = am/h. Figure 2.1 outlines the parameters used
in this analysis. The key parameters are: ms, the landslide mass; b, the width of the flume; h, the still water
depth; Vs, the landslide volume; ls, the landslide length; s, the landslide thickness; vs, the landslide
velocity. The dimensionless parameters used in this analysis are: relative mass, M; relative volume, V;
relative slide length, L; relative thickness, S; and slide Froude number, F. These dimensionless parameters
are outlined in Equations 2.1-2.5.
M = ms/(bh2ρ);

(2.1)

L = ls/h;

(2.3)

V = Vs/(bh2);

(2.2)

S = s/h;

(2.4)

F = vs/(gh)1/2;

(2.5)

For the purposes of this study, two empirical methodologies are considered for comparison. Both studies
use a subset of the dimensionless parameters in Equations 2.1 to 2.5. The first, shown in Equation 2.6
(Fritz et al. 2004) relates the relative maximum wave amplitude, Am, to F and S. Therefore the only
landslide parameters considered in this empirical relationship are the slide velocity and slide thickness at
impact.
𝑨𝑴 = 𝟎. 𝟐𝟐 ∗ 𝑭𝟏.𝟒 ∗ 𝑺𝟎.𝟖

(2.6)
9

An alternative framework proposed by Heller and Hager (2010) uses an impulse product parameter P to
relate the landslide parameters F, S, and M, to the relative maximum wave amplitude, Am (Equations 2.7
and 2.8).
𝑷 = 𝑭∗𝑺

𝟏�
𝟐

𝟏�
𝟒

∗𝑴

∗ {𝐜𝐜𝐜[(𝟔�𝟕) ∗ 𝜶]}

𝟏�
𝟐

(2.7)

The relationship between P and Am is defined as:
𝟒

𝑨𝑴 = ∗ 𝑷
𝟗

𝟒�
𝟓

(2.8)

This relationship considers the landslide mass and has been empirically defined using data from short and
thick landslides. It is possible that this relationship may overestimate the influence landslide mass has on
the generation process in long and thin landslides as not all of the slide mass will have entered the water
at the time the first wave has been generated. Therefore, in order to study the influence of landslide aspect
ratio, in particular for long and thin slides, large scale flume tests with gravitationally-accelerated
landslides are necessary.

2.3 Methodology
2.3.1 Apparatus
In order to simulate landslides with the desired aspect ratio, a specific laboratory set-up is required. To get
a realistic granular flow, a purely gravity driven system with dam break conditions at release must be
used. The slide velocity, being controlled only by gravity, requires a long run-out distance to reach
velocities in the desired range. A large source volume is required to achieve significant slide thickness
while maintaining the desired aspect ratio. In addition, a large source volume is required to provide
sufficient particle interactions to limit the flow dilution at small volumes in granular flows (Bryant et al.
2015).
The landslide flume at the Queen’s University Coastal Lab is a 6.77 m sloped channel with a 36 m long
runout and wave propagation section. At the top of the sloped section the landslide material was held in a
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release box. A hinged door was controlled by a pneumatic air system. The soil release box measures 1.5
m long, 1.75 m wide, and 0.75 m perpendicular to the slope. The maximum capacity of this box is 1.68
m3. The flume is 2.09 m wide and 1.21 m high. The base of the 30º slope and the first 3.68 m runout
section is aluminum with 19 mm thick tempered glass side walls. The remainder of the landslide flume is
concrete. The aluminum base of the flume has had a coarse paint applied to provide consistent basal
friction. Figure 2.2 shows a schematic of the landslide flume.
Cross sectional images of the landslide flow were recorded using a Phantom v9.0 camera (1000 fps,
maximum resolution of 1600 x 1200). A 24 mm Nikkor lens was used with this camera. The field of view
was illuminated by a PALLITE VIII ring shaped high speed light source with eight 300 watt lamps
(Bryant et al, 2015).
Cross sectional images of the near-field wave generation zone were recorded using a Canon DSLR
camera with a 24 mm focal length lens.
Five capacitance wave gauges were placed along the distance of the flume to capture water elevations.
The probes were placed at the following distances from the base of the sloped section: 2.3 m, 4.0 m, 7.0
m, 15.0 m, and 25.0 m. The first few probes were more closely spaced in order to better capture the
behaviour in the near-field. The placement of the first probe was limited due to the runout of the
landslide.

2.3.2 Materials and preparation
The granular landslides were performed with 0.34 m3 of rounded ceramic beads (Denstone Ceramic Bed
Support Media), with an average diameter of 3.02 mm and a standard deviation of 0.66 mm (Bryant et al.
2015). The beads have a specific gravity of 2.4, and a dry unit weight of 14.8 kN/m3.
At the start of each test, the granular material was placed into the soil release box at the top of the sloped
section, as shown in Figure 2.2. The granular material was wet from previous tests. The water content of
the material varied between tests due to the time between tests; however, due to the large 3 mm diameter
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of the landslide material, capillary effects were observed to have no significant effect on the velocity and
flow depth of the landslide (Take et al. 2016). To begin testing, the door to the soil release box was
opened at approximately 1 m/s.
A total of eight water depths were tested: 0.05 m, 0.08 m, 0.10 m, 0.17 m, 0.20 m, 0.25 m, 0.38 m and
0.50 m. The purpose of the eight test configurations was to vary the relative size of the landslide without
changing landslide mass between tests. This set up was used to evaluate the effect of relative landslide
parameters of wave generation.

2.4 Results and discussion
2.4.1 Landslide properties
The properties of the landslide were measured using images from the Phantom high speed camera.
Particle image velocimetry (PIV) was used to characterize grain-scale velocity profiles of the flow over
time. The flow depth over time was measured from these images as well. Figure 2.3 shows an example
still image from a high speed video. Median velocities are plotted over time to determine a representative
impact velocity (Figure 2.4a). The flow depth over time is presented in Figure 2.4b. Figure 2.4 shows
results from one test which was representative of all tests. Each test featured the same landslide
conditions, including mass, slope angle and release conditions. Some variation in slope distance was
caused by the variation in water depth. However, differences in slide velocity caused by changes in water
depth were insignificant. Therefore, flow velocity and depth was consistent between all tests, and was
independent of water depth. In gravity driven slides, the slope distance, angle, slope friction angle, and
landslide mass control the flow depth and velocity. Figure 2.5 shows still images captured from the
Phantom high speed camera, demonstrating the evolution of wave generation for a typical test. Figure
2.5a shows the initial impact of the landslide, t = 0. Velocity and flow depth was calculated at the location
just prior to landslide impact throughout the duration of the slide. Figure 2.5c-d shows the generation of
the initial wave. In Figure 2.5e the landslide mass begins to form a plume under the water. These images
show that during impact of the landslide, the volume fraction of the submerged slide changes with time.
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As the slide progresses, there is significant mixing between the water body and the landslide mass. This
mixing acts to increase the submerged volume of the slide and reduce the transfer of momentum. This
makes estimation of submerged slide volume and total wave volume impossible.

2.4.2 Wave generation
The wave behaviour in the near-field zone is captured by a DSLR camera. The cross section of the water
surface was measured as it propagated through the zone and was compared between tests of different
water depths. Figure 2.6 shows still images from an example of these videos illustrating the various stages
of the impact process. Figure 2.6a shows the first moment of landslide impact, where t = 0 s. Figure 2.6b
shows the time when the submarine landslide forward velocity is less than the wave velocity, here called
wave release. At this time, the initial wave is not being forced by the landslide mass. Figure 2.6c shows
the time when the submarine velocity (measured at the front of the landslide mass) is zero. The landslide
continues to move into the water body, but the forward-most portion of the landslide has stopped moving.
Figure 2.6d shows the continued propagation of the initial wave out of the near-field zone.
Wave generation depends on the relative size and velocity of the landslide. Wave amplitude and wave
shape varies based on the test water depth. Still images collected from DSLR videos were used to trace
the water surface. These traces were plotted together to show the evolution of the wave in the near-field,
to be compared with traces at other water depths. Figure 2.7 shows typical wave forms in the near-field
for each test depth.
In tests with large relative mass (Figure 2.7a, b, c) the initial wave reaches maximum amplitude at small
values of x, close to the impact zone. The wave in these cases breaks as it is still being generated, losing
nearly half of its amplitude in the near-field zone and transforming into a turbulent bore. Intermediate
water depths (Figure 2.7d, e) create very steep waves that break towards the end of the near-field zone.
For tests with small relative mass (Figure 2.7f, g, h) the wave grows in amplitude over the near-field zone,
reaching maximum amplitude at the larger values of x. These waves are long and stable, maintaining their
amplitude without breaking.
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Measured maximum relative crest amplitudes were within 0.20 < Am < 2.50. Figure 2.8 shows the surface
elevation data from the first capacitance-type wave gauge for each water depth. All the waves generated
were nonlinear. The wave breaking criterion for solitary waves is defined as η/h = 0.78 (McCowan,
1894). In the measured waves, little to no trough exists behind the leading wave crest, and the wave
amplitude is approximately equal to the wave height (am = Hm), meaning that Am values greater than the
McCowan threshold should be expected to break. Waves modelled in the present study which exceeded
Am > 0.78 were observed to follow this criterion. In two test scenarios, the breaking criterion was
exceeded by as much as 40% before breaking. In three cases the criterion was exceeded by as much as
220%. However, in these cases where the M was large, the wave was breaking from the moment of
generation, but still greatly exceeded the relative height of 0.78. Relative maximum amplitude decreases
with increasing water depth, or with decreasing relative mass.
In all the tests presented here, the flow during impact was unseparated, and no hydrodynamic impact
crater was formed. For gravitationally-accelerated landslides, the landslide volume fraction during sliding
is smaller than when still due to the collisional nature of the granular avalanche. In the present study, the
initial volume fraction of the landslide in the release box prior to triggering was 0.63, whereas during
gravitational acceleration, the average volume fraction was calculated to be 0.28. In addition, the volume
fraction of the slide changes while underwater, and there is significant mixing of the water and slide
material. In contrast, studies featuring pneumatically accelerated landslides of smaller volumes but similar
relative thickness and slide Froude number show consistent slide density and shape. These slides
experience separation at the shoulder of the slide (Fritz et al. 2003). Landslide tests using solid block
geometries showed wave separation and forward collapsing craters (Sælevik et al. 2009), even for test
parameters that did not exhibit those behaviours in granular slide tests (Fritz et al. 2004). The efficacy of a
landslide as a landslide generator depends on the volume fraction of the slide, and the length of the slide.
Wave generation efficiency is significantly lower in the present study where the landslides have large
dimensionless slide length L and a low volume fraction at impact. Very long slides are less efficient wave
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generators because a portion of the landslide volume impacts the water after the initial wave generation
phase. Figure 2.9 shows the energy conversion from slide energy Es, to wave train energy, Ewt. The values
of Ewt/Es were calculated using methods found in Fritz et al. (2004), and are presented as functions of
relative slide length (approximated by V/S) and S. The equation is outlined below:
𝑬𝒘𝒘
𝑬𝒔

𝟏

= ∗ 𝑭𝟎.𝟓 ∗ (𝑽/𝑺)−𝟏

(2.9)

𝟖

Between 0.3% and 2% of the slide impact energy was converted to wave train energy (Figure 2.9a).
Values of V/S range between 9 and 90. In contrast, pneumatically accelerated slides feature a conversion
ratio between 4 and 50% (Fritz et al. 2004), for values of V/S between 0.3 and 3. This order of magnitude
lower energy conversion of the gravitationally accelerated landslide is consistent with the lack of
formation of an impact crater in these experiments.

2.4.3 Comparison with maximum wave amplitude predictions
Being able to predict the maximum initial amplitude for tsunamagenic waves is an important part of
modelling and designing for these phenomena. The absolute maximum wave amplitude, am, is defined as
the maximum water level above the still water level, and the relative maximum wave amplitude is Am =
am/h.
Figure 2.10 shows absolute maximum (am) and relative (Am) wave amplitudes for all tests. Figure 2.10a
shows the measured data of am as a function of h. From this figure it can be seen that for a given landslide
size, initial wave amplitude does not simply increase with decreasing water depth. There is instead a peak
water depth where the largest waves are generated. At shallower water depths, the wave amplitude
decreases. Relative maximum wave amplitude as a function of M is shown in Figure 2.10b. Am does
increase with M. However, this is not a simple linear relationship. After reaching the optimal depth for
wave generation, where the initial waves begin to exceed the breaking criterion (η/h = 0.78), the influence
of M on Am begins to decrease. For very large values of M the generation of the wave becomes depth
limited.
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Measured wave amplitudes are compared to an empirical relationship of landslide dimensionless
parameters (Heller and Hager 2010) in Figure 2.11. The impulse product parameter and its relationship
with the relative maximum amplitude are defined in Equations 2.7 and 2.8. This evaluation of the
maximum wave amplitude considers three major parameters of the landslide, as well as the slope angle.
These equations match well the data presented in Heller and Hager (2010) for cases where the water
depth is greater than 0.2 m (Heller 2011), with these authors proposing that the poor match for water
depths lower than 0.2 m is the result of scale effects. However, their study did not include long and thin
landslides and therefore did not consider the impact of landslide aspect ratio on the wave generation
process. In Figure 2.11, at large values of P the equation begins to over-predict maximum wave
amplitude, likely due to the depth limited nature of wave generation in this range of test parameters. This
over prediction indicates a need for a method to account for the diminishing influence on wave amplitude
generation by increasingly large landslide masses with long aspect ratios.
Figure 2.12a shows a comparison between Am measured and Am calculated using the prediction equation
outlined by Fritz et al. (2004), as shown in Equation 2.6. This equation predicts the maximum amplitude
for the largest slide reasonably well. However, the initial wave amplitude for small and intermediate
relative sized (deep water) slides is significantly under predicted. This relationship doesn’t account for the
landslide mass or volume in the prediction of the initial wave. The relationship does assume a slope angle
of 45° compared to the slope angle of 30° tested in the present study, which may account for some of the
under prediction. In Figure 2.12b, a comparison of Am measured and Am calculated using Equations 2.7
and 2.8 (Heller and Hager 2010) demonstrates a good prediction of the measured amplitudes for deep
water tests (within the +/- 30% error margins presented in Heller and Hager 2010), despite the difference
in slide type. However, at large relative amplitudes and large relative slides, the prediction increasingly
overestimates measured results. The inaccuracy of the prediction for large values of P has previously been
considered to be scale effects (Heller 2011). While scale effects will influence the wave amplitude
generated at very shallow water depths, the decreased volume fraction, long aspect ratio and piston-like
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forcing mechanism of gravitationally accelerated landslides have a significant role in the wave generation,
and are also a cause of the over prediction of Equations 2.7 and 2.8.
2.4.4 Effective mass
For very large relative landslides, only a portion of the landslide mass is engaged in activating the initial
wave. This subset of the landslide is analogous to a short slide used in a pneumatically accelerated
landslide test setup. Therefore, in order to use equations like those outlined by Heller and Hager (2010)
which use relative mass, a reduction factor may be required to account for the behaviour of wave
generation for large landslides. This reduction factor is here called the effective mass. The effective mass
is defined as the proportion of the total landslide mass that enters the water body before the initial wave
leaves the impact zone. The wave leaves the impact zone at such a time that it is not being forced by the
submerged landslide. At the moment of wave release, the velocity of the initial wave crest equals or
exceeds the velocity of the front of the submerged landslide mass (see Figure 2.6b). The upper limit on
the time to wave release is when the front of the submerged landslide mass comes to a stop (see Figure
2.6c). Figure 2.13 shows these two definitions of time to wave detachment for each test. The percent of
the landslide mass that enters the water in this time is the effective mass. Effective mass values for each
test are shown in Figure 2.14 as a function of V/S. For small V/S, effective mass is large, indicating that a
significant portion of the landslide activates the initial wave. For longer slides, a smaller portion of the
wave is involved in generating the wave.
This formulation fits the comparisons found in the previous section. Predictive equations that use mass
tend to over-predict wave amplitude at large M, because of the decreasing influence of mass. Landslide
mass plays an important role in wave generation for small relative slides, and so the equations which do
not consider mass tend to under-predict wave amplitudes.
In Figure 2.15, the predictive equation (Heller and Hager 2010) is modified using effective mass. Using a
reduced M in Equation 2.7 decreases the calculated maximum amplitude. For large values of M,
calculated maximum amplitudes are closer to the limits outlined in Heller and Hager (2010) when using
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effective mass. These observations suggest that modifying the impulse product parameter framework to
consider only the fraction of the mass in long thin landslides that actively contributes to the initial wave
generation may improve the predictive capabilities of these empirical relationships.

2.5 Summary and conclusions
A total of 22 large-scale physical model experiments were conducted to capture the behaviour of
generation of impulse waves caused by impact of granular landslide flows and to evaluate and expand the
parameter range for existing empirical relationships between landslide parameters and wave amplitude.
Particle image velocimetry analyses were performed on images captured using a high speed camera to
quantify the velocity and thickness of the dry granular avalanche and to qualitatively assess the behaviour
of the landslide material during impact with the water body. Tests were performed using a eight different
water depths (0.05 m, 0.08 m, 0.10 m, 0.17 m, 0.20 m, 0.25 m, 0.38 m, and 0.50 m) and a material
volume of 0.34 m3 for all tests.
It was observed that wave generation is a function of the relative size and velocity of the landslide, and
different regimes of generation result from this relative size. Where the relative thickness and relative
mass are large, the resulting wave is turbulent and breaking. In these cases, the landslide displaces all the
water in the impact zone. Where the relative thickness and mass are small, the landslide material creates a
vortex at the impact site, and an expanding plume under the water body. The wave in these cases is very
long and stable.
Gravity-driven granular material was shown to behave differently than the pneumatically accelerated
slides of Heller (2008), Heller and Hager (2010) and Fritz (2004). Gravity-driven slides move as long
trains of material with large relative slide lengths and significantly lower volume fraction than its loosest
static state. The low volume fraction at impact allows for significant inter-mixing of the slide material and
water. Water enters the voids of the landslide mass, and no impact crater is formed. As a result of the
longer shape and decreasing volume fraction, these slides are less efficient wave generators than
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pneumatically accelerated slides which behave as a singular unit. Further study is needed to better
understand the effects of this behaviour and whether or not it plays a significant role in wave generation.
PIV image analysis was used to find mean and median landslide bulk velocity over time. From these
velocity-time profiles a characteristic impact landslide velocity is found.
Two different predictive equations are compared to measured long gravity-driven landslides. The
equation from Fritz et al. (2004) which does not use M in the prediction consistently under predicted the
wave amplitudes observed in the present study, except at the largest relative landslide size tested. The
predictive framework presented by Heller and Hager accurately predicted the observed wave amplitudes
for small relative landslides, but increasingly over predicted the amplitudes from large relative landslides
in shallow water tests. The effective mass concept was proposed to modify this framework in order to
account for the long aspect ratio of gravitationally accelerated landslides.
It was observed that gravitationally-accelerated slides differ from other landslide types in the wave
generation mechanism. Gravitationally-accelerated landslides can have very long aspect ratios and a
lower volume fraction while sliding; both of these factors change the way the initial wave crest of the
impulse wave is generated. The long slide duration of these slides displaces water in a piston-like motion,
where in similar cases with other slide types it may cause an impact crater. Due to the long slide duration,
the initial wave crest may leave the impact zone before the entire landslide mass has impacted the
reservoir, and therefore only a portion of the landslide mass can act to generate the initial wave crest. This
percentage of the landslide mass which enters the water body before the wave releases from the landslide
forcing is here called the effective mass. This concept is not accounted for in empirical equations based
on granular block type landslide models, and may result in overestimation of initial wave amplitudes for
very large or long landslides.
The low volume fraction of gravitationally accelerated granular landslides while in motion results in a
reduction in efficiency of energy transfer between landslide material and water body. In the context of
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other landslide types used in physical models (solid block or granular block), it was observed that the
significant mixing of landslide material and water has an impact on the initial wave generation. Solid
block tests have been shown to create forward-collapsing impact craters (Sælevik et al. 2009) at slide
thicknesses and velocities where granular block tests have not (Fritz et al. 2004). The landslides presented
here do not generate impact craters of any type, even at slide thicknesses and velocities that did generate
craters in granular block tests (as presented in Fritz et al. 2004).
The current study presents a new set of landslide-generated impulse wave data using a different type of
landslide model. The gravity accelerated granular landslide of the current study has a different generation
mechanism from the solid block or granular block landslides of previous studies. The different types of
slide models may be better suited for modelling different types of landslides in the field. The differences
and discrepancies between these models should be considered before applying the results of physical
modelling studies to real landslide-generated wave studies.
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Figure 2.1 Schematic of basic parameters. a) Short granular or block slide pneumatically
accelerated down-slope. b) Long and thin gravitationally accelerated slide.
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Figure 2.2 Diagram of Queen’s University Landslide Flume.

Figure 2.3 Still images captured from Phantom high-speed camera. h = 0.25 m. Inset shows
examples of method of estimating slide thickness, s, and the area of calculation of PIV.
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Figure 2.4 (a) Median landslide velocity over time. (b) Landslide thickness over time. Grey lines
show variability in measurements. Black line shows mean of all measurements.
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Figure 2.5 Still images of landslide impact collected from the Phantom high-speed camera. Water
depth h = 0.25 m, indicated by dashed line. Solid white line indicates wave surface. (a) Initial
impact, t = 0 ms. (b) After first impact, landslide material loses large portion of velocity. t = 100 ms.
(c) Continued landslide impact forces beads into water. Initial stages of wave formation. t = 200 ms.
(d) Bead plume begins to form under water. Developing wave outlined in light blue. t = 300 ms. (e) t
= 350 ms. (f) t = 400 ms. (g) Landslide material reaches bottom of flume. t = 450 ms. (h) Continued
run-out of landslide material and development of submarine plume. Initial wave crest begins to
propagate away from impact site. t = 500 ms.
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Figure 2.6 Still images of landslide impact collected from Canon DSLR camera. h = 0.17 m,
indicated by dashed line. Solid line indicates wave surface. F = 3.43. S = 0.20. M = 7.97. a) Initial
stages of wave generation. Slide velocity greatly exceeds velocity of water. b) Wave “release” where
wave velocity exceeds submarine slide velocity and begins to move away from slide material. c)
Forward velocity of submarine slide material is zero. d) Wave leaves the impact zone.
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Figure 2.7 Water surface elevation traces from Canon DSLR still images. Traces are 1/15 s apart.
(a-c) Shallow water depth tests. Wave generation coincident with breaking. Wave forms a turbulent
bore. (d-e) Intermediate water depth tests. Very steep initial wave begins to break near end of nearfield zone. (f-h) Deep water tests. Long stable waves take longer to develop to maximum amplitude.
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Figure 2.8 Normalized time series for each water depth from Probe 1, where x = 2.3 m. Dashed line
shows η/h = 0.78, the breaking criterion outlined by McCowan (1894). a) h = 0.05 m. b) h = 0.08 m.
c) h = 0.10 m. d) h = 0.17 m. e) h = 0.20 m. f) h = 0.25 m. g) h = 0.38 m. h) h = 0.50 m.
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Figure 2.9 Wave generation efficiency as a function of the ratio of relative volume to relative
thickness, V/S. Points plotted using Equation 2.9. a) Ratio of wave train energy to slide energy vs.
V/S. Greyed area shows tested values by Fritz et al. 2004. (b) Ratio of wave train energy to slide
energy vs. V/S, modified using effective mass. Solid lines show lines of best fit outlined in Fritz et al.
(2004), dashed are extrapolations of that line.
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Figure 2.10 a) Maximum amplitude vs. still water depth, am vs. h. b) Am vs. M. Am is the relative
maximum wave amplitude in the near-field zone, vs. relative mass, M. Solid line indicates breaking
criterion, η/h = 0.78.
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Figure 2.11 Maximum wave crest amplitude prediction. Relative maximum wave amplitude vs.
impulse product parameter, Am vs. P. Comparison of current results to predictive equations
outlined by Heller and Hager (2010). Thin lines show +/- 30% bounds on data presented in Heller
and Hager (2010). Dashed lines indicate limits of P values tested in previous studies.
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Figure 2.12 Maximum wave crest amplitude prediction. (a) Am calculated vs. Am measured,
comparison of current results to predictive equations outlined by Fritz et al. (2004). (b) Am
measured vs. Am calculated using equations outlined by Heller and Hager (2010).
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Figure 2.13 Time from landslide impact to wave release vs. water depth. Upper points indicate time
when forward submarine landslide velocity, vs = 0 m/s. Lower points indicate time to wave
“release”, when wave velocity exceeds submarine landslide velocity, c > vs, and the wave is no
longer forced by the slide material. a) Time vs. still water depth. b) Time (relative) vs. ratio of
relative volume to relative thickness, V/S.
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Figure 2.14 Effective mass vs. V/S. Effective mass is the percent of landslide mass entering the
water body during initial stage of wave generation. Ratio of relative slide volume to relative
thickness is a proxy for the relative slide mass.
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Figure 2.15 Am measured vs. Am calculated using equations outlined by Heller and Hager (2010).
Arrows indicate calculated maximum amplitudes modified using effective mass in calculation of P.
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Chapter 3
Far-field propagation and run-up of waves generated by gravitationallyaccelerated granular landslides
3.1 Introduction
Impulse waves are created by the impact of large, rapid landslides into water bodies. In steep
mountainous regions with lakes, fjords or reservoirs, these events can be very hazardous due to both the
difficulty in predicting both a landslide event and the resulting waves generated by the slide.
Understanding the possible types of waves that are created by landslide impacts, their behaviour, and
predicting run-up elevations on coastlines is crucial for assessing risk to human life and infrastructure.
Several major landslide-generated wave events have occurred in recent history. Possibly the most wellknown event was the disaster at the Vajont Dam in Italy in 1963, when a landslide with an estimated
volume of 270 million m3 impacted a 200 m deep reservoir (Panizzo et al. 2005). The resulting wave was
140 m high when it crested the Vajont dam (Genevois and Ghirotti 2005), which flowed down a valley
and caused around 2500 deaths. In 1958 a wave was generated in Lituya Bay, Alaska, by a 30.6 million
m3 rockslide into the bay. The slide had an estimated thickness of 92 m (Miller 1960), and a width that
ranged from 732 m to 915 m (Fritz 2002). The maximum wave height is not known, but run-up on the
opposite shore was estimated from scour marks, reaching an elevation of 524 m above mean sea level
(Fritz 2002).
Physical modelling is an important method for investigating the complex mechanisms of landslides that
interact with water, and results from laboratory experiments can be used to derive empirical expressions
to describe the relationships between landslide parameters and wave parameters.
The near-field generation of landslide waves have been studied in previous work (e.g., Fritz et al. 2004;
Heller and Hager 2010; Sælevik et al. 2009) and is the focus of Chapter 2 for gravity-driven landslides.
These studies relate the dimensionless landslide parameters, such as the slide Froude number, F, the
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relative slide thickness, S, relative slide volume, V, and the relative slide mass, M, to the maximum wave
amplitude. The goal of the present Chapter is to experimentally investigate the far-field propagation of
landslide-generated waves. This problem is defined in Figure 3.1, where a wave is generated by a
landslide source, propagates out of the near-field region and eventually causes run-up on a slope above a
shoreline. In this chapter the size of the landslide relative to water depth in the reservoir is investigated as
it results in waves of different shapes that propagate along the flume and run-up on the slope at the end
of the flume. The results are compared to the results of previous physical studies, the mathematical
expressions for solitary waves and to empirical equations to estimate landslide-generated impulse waves.

3.2 Methodology
3.2.1 Apparatus
The landslide flume at the Queen’s University Coastal Lab is an 6.77 m sloped channel with a 36 m long
runout and wave propagation section. At the top of the sloped section the landslide material was held in a
release box. A hinged door was controlled by a pneumatic air system. The soil release box measures 1.5
m long, 1.75 m wide, and 0.75 m perpendicular to the slope. The maximum capacity of this box was 1.68
m3. The flume is 2.09 m wide and 1.21 m high. The base of the 30º slope and the first 3.68 m runout
section is aluminum with 19 mm thick tempered glass side walls. The remainder of the landslide flume is
concrete. The aluminum base of the flume has had a coarse paint applied to provide consistent basal
friction. The ramp was marked with tape to indicate elevation above the vertical datum (the bottom of the
flume). The run-up was measured using a GoPro Hero camera mounted in the flume and pointed towards
the ramp.
Cross section images of the near-field zone were captured using a Canon DSLR taking video at 30 fps,
with a 24mm focal length lens.
A series of 5 capacitance-type wave gauges that sample at 20 Hz were located along the flume to measure
the water surface elevation. These probes were positioned at 2.3 m, 4.0 m, 7 m, 15.0 m, and 25.0 m from
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the base of the landslide slope. Figure 3.2 shows a schematic of the landslide flume at Queen’s
University.
3.2.2 Materials and preparation
The waves were generated by the impact of a gravity accelerated granular landslide mass. The landslide
for all tests consisted of 0.34 m3 of rounded ceramic beads of 3.02 mm diameter with a standard deviation
of 0.66 mm (Bryant et al. 2015). The beads have a dry unit weight of 14.8 kN/m3 and a specific gravity of
2.4. These beads are sold commercially as Denstone Ceramic Bed Support Media.
The landslide mass was placed as a triangular wedge in the soil box at the top of the slope. In all cases the
beads are either damp from a previous test or they are dampened to be consistent, with the water content
of the landslide mass well below saturation. Effects of water content on the mobility of landslides using
this media have been shown to be minimal (Take et al. 2016). To initiate a test, the soil box door was
hydraulically opened at a velocity of approximately 1 m/s, and the landslide mass was released down the
slope by gravity. The landslide thickness and velocity was recorded from a high speed digital camera
shooting video at 1000 fps. The conditions of the landslide were the same for all tests, and the mean
landslide thickness (s) and mean landslide velocity (vs) were found to be consistent between all tests. The
mean thickness was recorded as 3.5 cm, and the mean velocity was recorded as 4.0 cm. To test the effects
of different relative landslide sizes, a total of eight different water depths were tested including 0.05 m,
0.08 m, 0.10 m, 0.17 m, 0.20 m, 0.25 m, 0.38 m and 0.50 m.

3.3 Results
3.3.1 Wave profiles
In the near-field generation zone, the water surface position was traced from still images acquired with a
30 fps Canon DSLR camera over the flume window from x = 0 - 3.68 m. This sequence of images form a
spatial time series of the evolution of the water surface elevation during the wave generation process,
shown in Figure 3.3 (discussed in detail in Chapter 2). The images indicate that different wave shapes
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occur, which depend on the ratio between landslide parameters and water depth. Large relative landslides
have shallow relative water depth and large values of S, F, and M. In these cases the maximum wave
amplitude occurred close to the landslide slope and the waves broke immediately (Figure 3.3 a,b,c).
Waves generated by intermediate relative landslides have very high water elevation gradients, with large
amplitudes and stable wave form (Figure 3.3 d,e,f). Waves generated by small relative landslides are long
and stable, with small amplitudes relative to the water depth.
These wave forms are also evident in the time series observed by the capacitance wave gauges shown in
Figure 3.4, which demonstrate that different wave shapes result from different relative landslide size at
further distances from the source region. The large relative landslides generate large relative amplitude
waves that are unstable and immediately break due to exceedance of the maximum stable wave as defined
by the breaking criterion for solitary waves, η/h = 0.78 (McCowan 1894). The amplitude of these waves
reduces with distances until it is below the breaking criterion, evident from the wave probe data at
different locations along the flume. The intermediate relative landslides generate waves which are just at
or below the breaking criterion and remain relatively stable over long distances. The small relative
landslides (which occur for the highest water depths in the experiments) have smaller wave amplitude and
smaller changes in wave shape over long distances and times, since they are not breaking.

3.3.2 Wave types
Identifying the wave types generated is important for understanding how the waves will develop in the
far-field and for modelling the waves. Physical model studies have identified four different types of
waves generated by landslides (Fritz et al. 2004) that are related to landslide parameters F and S: weakly
nonlinear oscillatory waves, nonlinear transition waves, solitary-like waves, and dissipative transient
bores. These wave types are presented in Figure 3.5a as functions of F and S (increasing relative landside
size, or decreasing water depth). Observations from the present experiments are shown in Figure 3.5b and
have been classified as: solitary-like waves, nonlinear transition waves, and dissipative transient bores.
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The nonlinear oscillatory waves as described by Fritz et al. (2004) were not observed in the current study,
even for landslides with similar F and S.
The difference in wave-type classification is likely due to the difference in experimental setup that results
in different landslide geometries between the current experiments and Fritz et al. (2004) study. The Fritz
et al. (2004) classification, which considers only the slide velocity and thickness, is not applicable in the
present tests for the long slide aspect ratio landslides gravitationally accelerated down a long slope. In the
region previously classified by Fritz et al. (2004) as solitary-like waves, observations from the present
study indicate that the waves are dissipative transient bores. The long slides, with long durations and
runout distances have a piston-like forcing mechanism where the initial wave interacts with a continuing
trail of granular material forming a transient bore. The waves classified here as solitary-like wave, with an
initial wave crest significantly larger than the trailing waves, are in the nonlinear oscillatory wave region
classified by Fritz et al. (2004). This difference is also likely caused by the long slide length. Similar
behaviour has been shown using solid block landslides of varying length (Sælevik et al. 2009). In this
work, they concluded that the shorter slide leaves a much larger void behind the initial wave, whereas in
long slides the water collapses back onto the slide body. The length of the slide therefore has an impact on
both the form of the initial wave, and the behaviour of the trailing waves.
With the long wave flume in the present study, a long propagation distance allowed the evolution of
waves to be studied in the far-field. The observed wave shapes are compared to the shape of a solitary
wave as defined by solitary wave theory (Mei 1989):
√𝟑
𝟐

𝜼 = 𝒂𝑴 𝒔𝒔𝒔𝒔𝟐 �� � �

𝒂𝑴
𝒉𝟑

(𝒙 − 𝒄𝒄)�

(3.1)

Where am is the maximum initial wave amplitude, h is the still water depth, x is the position of the
maximum wave amplitude, t is time, and c is the wave speed given by:
𝒄 = �𝒈(𝒉 + 𝒂𝑴 )

(3.2)
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The average wave speed c , determined from the arrival time difference between horizontal positions at
the wave gauges, are compared to the solitary wave speed, as predicted by Equation 3.2. For waves
generated by small relative landslides the wave speed is close to the theoretical value, shown in Figure
3.6. For waves in shallow water, generated by large relative landslides, the wave speed is significantly
larger than the estimate from solitary wave theory. Close to the near-field zone (e.g. x = 3.2 m), waves
may still be forced by the landslide impact, creating an unstable wave that is too fast to maintain its shape.
Over longer distances in the far-field (e.g. x = 20.0 m), the speed of waves in all tests approaches the
theoretical solitary wave speed.
The waves classified in Figure 3.5b as dissipative transient bores have a shape which is very poorly
represented by the solitary wave equation. These waves evolve into a long train of waves, of which the
leading wave crest begins to approximate a solitary wave in the far-field (Figure 3.7 and Figure 3.8). The
nonlinear transition waves have water surface elevation time series that are similar to the solitary wave
equation near the impact zone. Further from the impact zone (x = 15 m) the leading wave crest matches
the solitary wave equation almost exactly (Figure 3.9). The time series for waves classified as solitarylike closely match the water surface elevation predicted using the solitary wave equation at all distances
outside the landslide impact zone (Figure 3.10). For cases where the wave is not classified as a dissipative
transient bore, which is actively breaking and transforming, the solitary wave equation provides a good
approximation of the wave shape in the far-field region.
In Chapter 2 a detailed comparison between observations and predictions of the near-field maximum
wave amplitude is presented, using equations developed from previous studies of Fritz et al. (2004) and
Heller and Hager (2010). These results are summarized in Figure 3.11a-b, and the observed and predicted
maximum wave amplitude in the far-field is shown in Figure 3.11c. This far-field wave amplitude is
calculated using the predictive equation from Kamphuis and Bowering (1970) given by:
𝒂𝒄
�𝒉 = 𝑭𝟎.𝟕 ∗ (𝟎. 𝟑𝟑 + 𝟎. 𝟐𝟐 ∗ 𝐥𝐥𝐥 𝒒)

(3.3)
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where ac is the amplitude at x = 17 m, F is the slide Froude number at impact, q = Vs/b is the
dimensionless volume, where b is the flume width.
This equation approximates the relationship between the relative amplitude in the far-field, with the
velocity and volume of the landslide. Figure 3.11c shows the predicted relative amplitude at x = 17 m
compared to the measured relative amplitude at the nearest wave probe (x = 15 m). There is good
agreement between measured and predicted values for tests where the Ac is less than the solitary wave
breaking criterion. It is unrealistic to predict wave amplitudes in the far-field that are larger than the
breaking criterion since these waves will break before travelling a long distance from the source region,
and therefore the maximum value of Equation 3.3 is ac/h = 0.78.
3.3.3 Run-up
At the far end of the flume, 33 m from the impact zone, an inclined plane was positioned to investigate
the run-up behaviour of the impulse waves. The impermeable ramp, inclined at a 2:1 slope, was marked
with tape to indicate elevation above the vertical datum (the bottom of the flume). The run-up was
measured using a GoPro Hero camera mounted in the flume and pointed towards the ramp. Run-up R is
defined as the maximum vertical elevation above the still water level for each experiment. The run-up for
all tests is shown in Figure 3.12a as a function of the incident wave amplitude measured at the closest
wave gauge, x = 25.0 m. Absolute wave run-up is largest for the waves generated by intermediate relative
landslides, which have the largest incident wave amplitudes and run-up increases with the incident wave
amplitude nearest the ramp.
Run-up of solitary waves on impermeable slopes has been estimated by Hughes (2004), shown in
Equations 3.4 and 3.5 for nonbreaking waves and breaking waves, respectively:
𝑹
𝒉

𝑹
𝒉

= 𝟏. 𝟖𝟖 ∗ (𝐜𝐜𝐜 𝜷)𝟎.𝟐 ∗ (
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)
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where β is the angle of run-up, ρ is the density of water, and g is gravitational acceleration. The run-up
elevation depends on a momentum flux parameter MF:
𝟐
𝑴𝑭
𝑯
𝑯
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where O and N are empirically derived coefficients defined by:
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In the present study the incident wave height, Hi is the maximum water level elevation at the wave gauge
nearest to the run-up ramp as shown in Figure 3.12a. The relative run-up (R/h) is compared to the
momentum flux parameter in Figure 3.12b.
In the present experiments the waves are not breaking on the slope, and the results compare favourably
with the prediction for nonbreaking solitary waves. The tests with water depths of 0.10 m and 0.25 m
more closely match the prediction for breaking waves; however the observations indicate that the waves
were not breaking. This suggests that in the far-field, the leading wave generated by a landslide has the
form of a solitary wave.
Given the good agreement between measured results with empirical equations for the far-field wave
amplitude (Eq. 3.3) and for the run-up for non-breaking waves (Eq. 3.4), these equations were combined
to predict the wave run-up from the landslide parameters. Figure 3.13 shows the predicted wave run-up
using Equation 3.3 to provide the incident wave amplitude. Equation 3.3 was modified to limit the value
of ac/h in cases where it exceeded the solitary wave breaking criterion, η/h = 0.78. In these cases ac/h was
set equal to 0.78. The results show very good agreement for the solitary-like waves and the nonlinear
transition waves. The waves classified as dissipative transient bores are overestimated by the nonbreaking
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wave equation since the amplitude of these waves rapidly decreases in space between the prediction
location (x = 15 m) and the run-up slope (x = 33 m).

3.4 Summary and conclusions
Large-scale physical model experiments of gravitationally-accelerated granular landslides were conducted
to examine the far-field behaviour of impulse waves. The types of waves that were observed were
classified as solitary-like waves, nonlinear transition waves and dissipative transient bores based on time
series observations of the water surface elevation using capacitance wave probes. The wave shapes were
related to the thickness and velocity of the impacting landslide relative to the water depth in the reservoir.
The results were compared to previous studies that developed empirical equations to predict the far-field
maximum wave amplitude and the maximum run-up elevation on a slope.
The experimental methodology described here results in significantly different types of waves than those
in studies that use shorter landslide slopes with granular landslides that behave as a block of material. The
gravity-accelerated granular landslides in this study have significantly longer impact durations that result
in longer periods of wave forcing. This extended forcing time period results in landslides with a longer
aspect ratio, changes the types of waves generated by landslides, and therefore needs to be accounted for
in developing predictive empirical equations of landslide-generated waves.
The waves generated in the present experiments all behave as solitary waves in the far-field. This was
determined by comparing the water surface profile to the theoretical profile from solitary wave theory
(Mei 1989), the wave speed to the theoretical solitary wave speed, and the run-up to results from an
empirical equation for solitary wave run-up on an impermeable slope (Hughes et al. 2004). The impulse
waves generated by small relative landslides match solitary wave theory after very short distances from
the source region. For landslides with increasing relative size, the waves require increasingly long
distances to transform into solitary waves. For waves classified as dissipative transient bores, the water
surface profile does not approach that of a solitary wave over the propagation distance provided, however
the celerity and run-up does behave similarly to predicted solitary wave behaviour.
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The granular source characteristics that control the composition, shape, and velocity of a landslide and the
receiving water body geometry determine the properties of landslide impulse waves. Future research will
help to understand the behaviour of impulse waves generated by gravitationally-accelerated granular
landslides. This work should include experiments that cover a wide range of slide parameters such as the
grain size, source volume, volume fraction and slide length that may also play important roles in the nearfield generation and the far-field propagation behaviour of landslide-generated waves.
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Figure 3.1 Schematic of problem with basic parameters involved.

Figure 3.2 Diagram of Queen’s University Landslide Flume.
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Figure 3.3 Traces of waves in impact zone from Canon DSLR camera. Dt = 1/15 s. a) - c) Large
landslides which generate turbulent breaking waves. d) – f) Intermediate sized landslides which
generate large amplitude, steep waves. g) – h) Small landslides which generate long waves with
small relative amplitudes.
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Figure 3.4 Capacitance wave gauge data. Dashed line shows η/h = 0.78, the breaking criterion. a) x
= 2.3 m. b) x = 4.0 m. c) x = 7.0 m. d) x = 15.0 m. e) x = 25.0 m.
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Figure 3.5 Wave types as a function of S and F. a) Wave types as outlined by Fritz et al. 2004. b)
Wave types observed in current study, determined in near-field zone, at x = 2.3 m.
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Figure 3.6 Solitary wave speed vs. measured wave speeds. Measured wave speeds calculated as an
average between wave gauges.
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Figure 3.7 Comparison of wave traces/probe data to solitary wave theory, h = 0.05 m. a) x = 2.3 m.
b) x = 4.0 m. c) x = 7.0 m. d) x = 15.0 m. e) x = 25.0 m.
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Figure 3.8 Comparison of wave traces/probe data to solitary wave theory, h = 0.10 m. a) x = 2.3 m.
b) x = 4.0 m. c) x = 7.0 m. d) x = 15.0 m. e) x = 25.0 m.
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Figure 3.9 Comparison of wave traces/probe data to solitary wave theory, h = 0.20 m. a) x = 2.3 m.
b) x = 4.0 m. c) x = 7.0 m. d) x = 15.0 m. e) x = 25.0 m.
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Figure 3.10 Comparison of wave traces/probe data to solitary wave theory, h = 0.50 m. a) x = 2.3 m.
b) x = 4.0 m. c) x = 7.0 m. d) x = 15.0 m. e) x = 25.0 m.
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Figure 3.11 a) Measured vs. calculated Am using the equation of Fritz et al. 2004. b) Measured vs.
calculated Am using the equation of Heller and Hager 2010. c) Measured vs. calculated Ac at x = 15
m, using Equation3.3 (Kamphuis and Bowering 1970). Dashed line indicates η/h = 0.78, the
breaking criterion (McCowan 1894).
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Figure 3.12 a) Measured run-up vs. maximum water elevation at Probe 5. b) Relative run-up R/h
vs. momentum flux parameter. Solid lines show lines of Equations 3.4 and 3.5 (Hughes 2004).
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Figure 3.13 Measured vs. calculated relative run-up, using Equation 3.3 to predict incident wave
amplitude (Kamphuis and Bowering 1970), Equation 3.5 for nonbreaking waves (Hughes 2004) .
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Chapter 4
Summary and conclusions
A series of twenty two physical landslide experiments were performed in a large scale flume with a 6.77
m long sloped section, using varying water depths. Eight different water depths were tested (0.05 m, 0.08
m, 0.10 m, 0.17 m, 0.20 m, 0.25 m, 0.38 m, 0.50 m) with constant landslide volume (0.34 m3) and slope
angle (30°). The landslide volume was a granular material composed of spherical ceramic beads 3.02 mm
in mean diameter. Using high-speed digital cameras, the landslide behaviour was captured on the scale of
individual grains, including the variation of both landslide velocity and thickness with time. The wave
response was captured on a larger scale, including the maximum wave amplitude and the evolution of
wave shape over horizontal distance. The effect of landslide parameters relative to water depth on wave
generation was evaluated.

The general conclusions on impulse wave generation by gravitationally

accelerated granular landsides in a large scale flume are:
•

The interaction between landslide material and water body is dependent on the relative size and
speed of the landslide. For large and rapid landslides into relatively shallow water, the initial
wave is generated by the landslide pushing the water out of the impact zone in a piston-like
manner. For smaller or slower landslides into relatively deep water, the landslide impacts the
water body, displacing some water immediately but also transferring its momentum underwater
over a longer period of time.

•

Landslides that are very large or very long relative to the water depth are less efficient at
generating waves than shorter slides with similar velocity or thickness. Long slides generate a
wave that leaves the impact zone before the entire landslide mass has impacted the water, and
therefore some of the slide mass is not be involved in wave generation.
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•

Volume fraction of the landslide plays a role in determining the wave behaviour. Landslides
comprised of solid blocks of material (wood, steel, etc.) are very efficient at transferring
momentum from slide to water; they generate larger waves with forward collapsing impact
craters. Landslides composed of blocks of granular material can also generate impact craters, with
some mixing of water and landslide material. Gravitationally accelerated granular landslides, like
those presented here, are much less efficient at transferring energy to the water due to a low
volume fraction at impact, and dissipation of energy by turbulent mixing of water and landslide
material.

•

The effective mass concept is presented to reconcile the empirical predictions from previous
studies (Heller and Hager 2010) with the new data on long gravitationally accelerated granular
landslides. The effective mass is the proportion of the landslide mass that impacts the water while
the wave is still being forced by the submarine portion of the landslide, and is the only part of the
landslide that acts to generate the initial wave.

The waves generated in the twenty two landslide tests were studied in the far-field using a series of five
capacitance-type wave gauges and an impermeable run-up ramp in a 33 m long wave flume to investigate
the evolution of the wave shape and velocity. The general conclusions of the wave propagation study
include:
•

A variety of wave types are generated by landslides impacting a water body, depending on the
relative velocity and thickness of the landslides. The wave types are characterized according to
the classification proposed by Fritz et al. (2004). Dissipative transient bores, nonlinear transition
waves, and solitary-like waves were identified in the present study.

•

The relationship between wave type and landside parameters in the present study was found to be
different from previous studies, indicating that the wave type depends on the type of slide (solid,
granular block, or gravitationally-accelerated granular), and the slide length or duration.
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•

In the far-field, measured wave amplitudes are in good agreement with results from the predictive
equations of Kamphuis and Bowering (1970), but only when the predicted ratio of water surface
elevation to still water depth (η/h) is less than the breaking criterion (η/h = 0.78).

•

Given enough propagation distance, impulse waves begin to behave like solitary waves. In the
far-field, waves approach the shape and velocity of solitary waves, and may run-up on
impermeable slopes in a manner closely matching empirical run-up prediction for solitary waves
(Hughes et al. 2004).

The general conclusions that can be drawn from the research outlined in this thesis are:
•

The type and amplitude of landslide-generated impulse waves is dependent on the properties of
the landslide including the velocity, thickness, and mass.

•

Different types of waves are generated from landslide impacts in the near-field, but these waves
all behave as solitary waves in the far-field.

•

The effective mass concept may improve the predictions of the impulse product parameter
framework for landslides which are very long and thin relative to the water depth.

•

In the application of empirical equations developed from physical model studies to predict
maximum wave amplitude for waves in field cases, it is important to consider the types of
landslides modelled in those studies (solid, granular block, granular flow) as the wave behaviour
depends on the type of slide.
In the present study a large range of water depths was tested, but other landslide parameters were
not varied. Only one landslide volume (0.34 m3) was tested, with a consistent slope angle and
run-out distance. Future studies can expand on the range of parameter values by increasing the
slide volume, altering slope angle, and changing landslide velocity and thickness. Additionally,
only one particle grain size was used in this study. Future studies could examine the importance
of grain size or grain size distribution on the wave generation process. How volume fraction
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relates to the other landslide parameters and the role of volume fraction in wave generation will
also need to be determined.
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