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[1] Subaerial landslide-tsunamis and impulse waves are caused by mass movements
impacting into a water body, and the hazards they pose have to be reliably assessed.
Empirical equations developed with physical Froude model studies can be an efficient
method for such predictions. The present study improves this methodology and addresses
two significant shortcomings in detail for the first time: these are the effect of three
commonly ignored block model parameters and whether the slide is represented by a rigid
block or a deformable granular material. A total of 144 block slide tests were conducted in
a wave flume under systematic variation of three important block model parameters, the
slide Froude number, the relative slide thickness, and the relative slide mass. Empirical
equations for the maximum wave amplitude, height, and period as well as their evolution
with propagation distance are derived. For most wave parameters, remarkably small data
scatter is achieved. The combined influence of the three block model parameters affects the
wave amplitude and wave height by up to a factor of two. The newly derived equations for
block slides are then related to published equations for granular slides. This comparison
reveals that block slides do not necessarily generate larger waves than granular slides, as

often argued in the technical literature. In fact, it is shown that they may also generate
significant smaller waves. The new findings can readily be integrated in existing hazard
assessment methodologies, and they explain a large part of the discrepancy between

previously published data.

Citation: Heller, V., and J. Spinneken (2013), Improved landslide-tsunami prediction: Effects of block model parameters
and slide model, J. Geophys. Res. Oceans, 118, 1489-1507, doi:10.1002/jgrc.20099.

1. Introduction

1.1.

[2] Subaerial landslide-generated impulse waves, also called
landslide-tsunamis if they occur in an ocean, are generated
by mass movements such as landslides, rock falls, shore
instabilities, or glacier calving impacting into a water body.
The most devastating examples include the 1958 Lituya
Bay case where a landslide-tsunami destroyed the forest up
to a run-up height of 524 m above mean sea level [Miller,
1960], and the 1963 Vaiont case in Northern Italy, where
an impulse wave overtopped a dam by more than 70 m and
caused about 2000 casualties [Miiller, 1964]. Many further
examples of subaerial landslide-tsunamis and impulse waves
are summarized by Slingerland and Voight [1979] who
address cases worldwide, Huber [1982] who focuses on
events in Switzerland, and Panizzo et al. [2005a] who
describe cases in Italy. These reviews are a reminder of how
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frequently such waves occur, particularly in mountainous
countries, fjords, and at volcanic islands.

[3] Subaerial landslide-tsunamis (for simplicity this term
also includes impulse waves hereafter) need to be reliably
predicted on many occasions to reduce risk to both humans
and infrastructure. Such occasions include the planning and
operation phases of reservoirs [Fuchs et al., 2011], or in
general when a slide starts to creep above a water body such
as in the Vaiont case [Miiller, 1964]. Field studies deliver
valuable traces of tsunamis such as run-up heights or slide
deposits [Miller, 1960; Watt et al., 2012]; however, there
are few direct observations of the waves themselves. Both
physical model studies [Walder et al., 2003; Fritz et al.,
2004; Panizzo et al., 2005b; Heller and Hager, 2010] and
numerical studies [Quecedo et al., 2004; Liu et al., 2005;
Lynett and Liu, 2005; Lovholt et al., 2008; Abadie et al.,
2010; Giachetti et al.,2011; Abadie et al., 2012] are therefore
essential for landslide-tsunami hazard assessment. Analytical
studies [Di Risio and Sammarco, 2008] are much less
frequently conducted. Perhaps the most accurate method in
predicting the wave features remains a prototype-specific
physical model study that can reproduce all geometric and
bathymetric details [ Western Canada Hydraulic Laboratories,
1970; Fuchs et al., 2011].

[4] Generic physical model studies systematically vary
parameters (slide properties, hill slope angle, water depth),
which may be estimated a priori for real-world events, and
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express the unknown wave parameters (amplitude, height,
period) as a function of these parameters. The resulting
empirical equations can be very efficient in predicting future
events [Heller et al., 2009], and are often the most straight-
forward method if time is limited. At the very least,
such equations can help to determine whether or not a proto-
type-specific numerical or physical model study is required,
these latter methods being both considerably more expen-
sive and time consuming. The present work concentrates
on empirical equations to improve their capabilities in real-
world predictions.

[5] A number of empirical formulae have been proposed
to predict subaerial landslide-tsunamis. Empirical equations
for the maximum (subscript M) wave amplitude ay; were
presented by Noda [1970], Slingerland and Voight [1979],
Monaghan and Kos [2000], Walder et al. [2003], Fritz
et al. [2004], and Zweifel et al. [2006]. The evolution of
ay; with the distance x from the slide impact zone has been
considered by Zweifel et al. [2006], Ataie-Ashtiani and
Nik-Khah [2008], and by Mohammed and Fritz [2012] for
the primary wave. The majority of these equations were
developed based on tests conducted in wave channels, where
2-D wave propagation occurs in x, the longitudinal direction
of the channel. Equations for the maximum wave height Hy,
and/or the maximum wave height evolution H(x) are
available for 2-D wave propagation from Kamphuis and
Bowering [1972] and Huber and Hager [1997], and from
Huber and Hager [1997] and Panizzo et al. [2005b] for a
wave basin geometry, where 3-D wave propagation occurs
in half circles in r, the radial direction. The prediction of the
maximum wave period T\ is more challenging. Nevertheless,
Kamphuis and Bowering [1972], Panizzo et al. [2005b],
Ataie-Ashtiani and Nik-Khah [2008], and Mohammed and
Fritz [2012] proposed equations to predict the wave period.
Heller et al. [2009] (2-D and 3-D) and Heller and Hager
[2010] (2-D) proposed empirical equations for all three
parameters ay;, Hyi, and Ty, including their evolution with
x. This is important in an engineering context, because all
these parameters are required for the prediction of the run-up
height or forces on dams. Methods to transform parameters
deduced in 2-D to 3-D were also suggested [Huber and
Hager, 1997; Heller et al., 2009, 2012].

[6] A disadvantage of empirical equations is that they often
result in considerable differences in wave predictions. For
instance, Heller and Hager [2010] directly compared the
outcome of their predictive equations with 11 studies for
the Lituya Bay case and observed discrepancies in tsunami
height by up to a factor of 5.6. Similar variations were found
by Watt et al. [2012] who used four empirical equations for
the wave amplitude to investigate scenarios of landslide-
tsunamis generated around the volcanic island Montserrat.
Slingerland and Voight [1979] even found discrepancies
of up to a factor of 60 between 2-D and 3-D studies. The
potential reasons for such substantial discrepancies are
detailed in appendix A. These include model effects (water
body geometry, slide model, block model parameters, wave
parameter definition, and violation of parameter limitations),
measurement effects (different measurement systems or
locations), scale effects, and human error. The aim of the
present work is to quantify discrepancies (a) due to three
commonly ignored block model parameters and (b) between
models in which the slide is represented by a rigid block or

granular material. The firm aim is to improve landslide-tsunami
predictions for real-world examples.

1.2. Focus of the Present Work

[7] A first focus of this study is the systematic investigation
of three block model parameters with new subaerial landslide-
tsunami experiments. Heller and Kinnear [2010] pointed out
that these three parameters may be responsible for a significant
part of the discrepancies between studies because they are not
considered in any predictive equation to date. These three
block model parameters, as illustrated in Figure 1, are:
(i) The blockage ratio by/b, defined as the slide (subscript s)
width b relative to the channel width b, (i) The slide front
angle ¢ and, (iii) The transition type at the slope toe.

[8] The transition type specifies how the transition in
slope from the hill slope to the horizontal channel bottom
(45° in the present study) is modeled (Figure 1). Table 1
summarizes a number of block model studies conducted in
wave channels (2-D) including their values for (i) to (iii).
All previous studies in Table 1 are based on a single value
for by/b (with extremes by/b=0.526 and 1, which is strictly
speaking impossible because a block with b;=5b would not
move), and one transition type (with extremes abrupt stop
with buffer and smooth rounded). The overall variation of
the slide front angle ¢ was between 28.5° and 113.5°. The
only study to date which varied ¢ is Kamphuis and Bowering
[1972]. They found that the slide front orientation angle
& +a, with the slide impact angle o (Figure 1), has a direct
impact on the wave height. However, despite their findings,
this effect was not included in their empirical equations for
the wave height, only in its limitations. Consequently, no
previous study includes the effects of (i) to (iii) in empirical
equations; this likely leading to a source of discrepancies
between different block model studies. Note that even though
some model configurations (abrupt slide stop, blockage ratio)
may rather not occur in real-world examples, it is important
to investigate these extreme cases to understand which
consequences small model changes can have on the
tsunami features.

[¢] A second focus of the present study is to develop a
comprehensive understanding of the effect of the slide
model (rigid block versus granular slide) on the wave
characteristics. Physical model studies use either a block
slide model [Kamphuis and Bowering, 1972; Monaghan
and Kos, 2000; Walder et al., 2003; Panizzo et al., 2005b;
Heller et al., 2012] or a granular slide model [Huber and
Hager, 1997; Fritz et al., 2004; Zweifel et al., 2006; Heller
and Hager, 2010; Mohammed and Fritz, 2012]. Both
idealizations have their justification in practice because a
wide variety of mass movement types is observed in nature
including slide, flow, fall, topple, and spread [Cruden and
Varnes, 1996].

[10] The effect of the slide model was only investigated
for limited parameter ranges and a small number of tests have
been carried out to date. The previous studies addressing this
effect all concluded that blocks generate larger waves than
granular slides [cf. Heller and Kinnear, 2010]. Based on a
literature review, Slingerland and Voight [1979] stated that
the 2-D vertical box-drop tests from Noda [1970] generate up
to four times larger waves when compared to 3-D tests where
bags filled with iron and lead were used. However, the major
part of this difference may be attributed to the effect of the
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Figure 1.

Ramp with pulley system, slide, and wave parameters for the case without transition, and

definition of the three investigated block model parameters.

Table 1. 2-D Block Model Studies®

Study b (m) bs (m) by/b (-) a (%) d () d+a (%) Transition Type

Wiegel et al. [1970)/ 0.305 N.A. N.A. 90 90 180 None

Noda [1970]

Kamphuis and 1.000 N.A. N.A. 19.9-90 28.5-113.5 60-180 None

Bowering [1972]

Heinrich [1992] 0.550 0.550 1.000 45 45 90 Abrupt stop with
buffer

Monaghan and Kos [2000]  0.400 0.390 0.975 90 90 180 None

Panizzo et al. [2002] 0.110 N.A. N.A. 90 90 180 None

Monaghan et al. [2003] 0.400 0.385 0.963 10.1 90 100.1 None

Walder et al. [2003] 0.285 0.150 0.526 11.2-19.5 32 43.2-51.5 Curved smoothly

Zweifel [2004] 0.500 0.490 0.980 45 90 135 None

Scelevik et al. [2009] 0.510 0.450 0.882 35 45 80 Smooth rounded

Heller et al. [2012] 0.250 0.240 0.960 45 45 90 Circular

This study 0.600  0.59,0.58,0.53  0.98, 0.96, 0.88 45 30, 45, 60,90 75,90, 105, 135  None with stopper,
circular

b is channel width, b slide width, /b blockage ratio, o slide impact angle,

available [after Heller and Kinnear, 2010].

water body geometry rather than to the slide model (appendix
A). Ataie-Ashtiani and Nik-Khah [2008] found that granular
slides generate up to 35% smaller wave amplitudes and up to
30% larger wave periods than block slides in a wave channel
considerably wider than the slide width. Zweifel [2004]
generated impulse waves with both block and granular slides.
He conducted eleven tests with a 0.335 m long, 0.205 m high,
and 0.490 m wide block (block model parameters by/b=0.980,
¢ = 90°, and no transition, Table 1). The maximum wave
amplitudes an,piock generated by the block (subscript block)
were compared with the corresponding granular (subscript
granular) values apgranutar Calculated with Zweifel’s [2004]
empirical equation based on 86 tests. He observed up to
7.4 times larger wave amplitudes generated by block slides

¢ slide front angle, and ¢ + o slide front orientation angle; N.A. indicates not

than by the corresponding granular slides. The present study
investigates the effect of the slide model with a much larger
data set and for six, rather than one wave parameter, to
achieve a more comprehensive insight. This investigation
is based on new block slide data and already published
granular slide tests.

[11] This article is organized as follows: section 2 introduces
the physical model employed for the new block model tests.
Sections 3.1 and 3.2 present the experimental results. The
effects of the three block model parameters (i) to (iii) are then
quantified (section 3.2.2) and included in empirical equations
(section 3.3). In section 4, the wave features of the new block
model tests are compared to data from granular slide tests and
their application to real-world cases is addressed. The most
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relevant points are summarized in the conclusions (section
5). Reasons for discrepancies between different model
studies are addressed in appendix A and appendix B presents
an application example.

2. Physical Model

[12] The set-up and measurement system employed in the
present study is identical to that used in Heller and Spinneken
[2012]. The experiments, based on Froude similarity, were
conducted in the Coastal Wave Flume of the Hydrodynamics
Laboratory of the Department of Civil and Environmental
Engineering at Imperial College London. This flume is
24.5mlong, b=0.600 m wide, and 1.0 m high. The hill slope
ramp shown in Figure 1 was built with the front inclined at
o =45°, and it was placed at one end of the flume. The ramp’s
front surface consisted of PVC sheets with a stainless steel
guide in the center matching a groove in the slide bottom to
assure that the slide, used to generate the tsunamis, stayed
in the channel center during impact. The slides were moved
in the raised position with a pulley system and released with
a mechanism fitted on the slide surface. Silicon sealant was
filled in the gaps between the PVC sheets and flume walls.
The glass bottom in the immediate slide impact zone was
protected with a 1m long and 2mm thick rubber sheet
covered with a 2 mm thick stainless steel plate. In addition,
mastic sealer was placed at the bottom of the slope to assure
that the slide came to an abrupt rest in the scenario without
transition, such as in the study of Heinrich [1992] (Table 1).
The circular-shaped transition in other scenarios was made of
an aluminum sheet bent to an eighth of a circle of radius
0.400 m (Figure 1).

[13] The tsunamis were generated by block slides made of
PVC. The slide parameters are defined in Figure 1, namely
the slide volume ¥, the slide density p;, the slide mass m,
the slide thickness s, the slide length /;, the slide front angle
¢, the slide centroid impact velocity Vg, and the slide width
bs. The still water depth /4 is measured at the slope toe. The
coordinate origin (x; z) is defined at the intersection of the
still water surface and the hill slope ramp. This is also the
origin of the x’-coordinate along the hill slope. The most
relevant wave parameters are the maximum wave amplitude
ay, the maximum wave height Hy,, and the maximum wave
period T\;; the latter being defined as the time between two
consecutive wave zero up-crossings. Note that Hy; and Ty
are defined at the same position (or wave probe) and for
the same wave within the wave train as ay; was measured.
Similarly, the evolution of the wave amplitude a(x), the
height H(x), and the period 7(x) as a function of distance x
are deduced for the same wave in the wave train where ay,
was observed. This convention should prevent the mixing
of parameters from different waves in the wave train or
locations in subsequent engineering calculations; the
computation of the run-up height or force on a dam being
prime examples.

[14] The test program included 144 tests; their experimental
parameters and the slide features being shown in Table 2. For
all experiments the slide thickness was s=0.120 m % 0.4%,
the slide volume #,=0.0373m’>+0.9%, and the slide
mass my=57.23kg+0.4%, resulting in a slide density
ps ~ 1534 kg/m® + 1.0%. These constant values were achieved
despite the variation of the slide width by or slide front

angle ¢. For each investigated ¢ a slide base was manufactured
and PVC additions were mounted at the sides and/or rear of
these bases to vary b,. The total volume of base plus additions
was constant. This is illustrated in Figure 2 for the slide used
for tests with ¢ =90°.

[15] The test program included the three blockage ratios
by/b=0.98, 0.96, and 0.88 (Figure 1, Tables 1 and 2). More
extreme values were excluded because wall effects may
become too dominant for slides with /b > 0.98, and 3-D
effects may be significant for by/b < 0.88. The test program
further included four slide front angles ¢ =30, 45, 60, and
90°, and two transition types (Figure 1) in order to reflect
the full range of parameters applied in previous studies
(Table 1). Two water depths namely /#=0.300 and 0.600 m
were selected to investigate wide parameter ranges and
different wave types. Note that the water depth was in the
range £ >0.200 m where Heller et al. [2008] found that scale
effects relative to the maximum wave amplitude are insignif-
icant (appendix A). The slide front release positions were
x’=0.00, —0.50, and —1.10 m (4=0.300 m) and 0.00, —0.30,
and —0.70 m (2=0.600 m), resulting in slide centroid impact
velocities of 0.59<V,<3.56 m/s.

[16] A set of dimensionless parameters was introduced
based upon the definitions in Heller and Hager [2010]. This
includes the slide Froude number 0.34 <F =V/(gh)"?<2.07
with gravitational acceleration g, the relative slide thick-
ness 0.20<S8=s/A<0.40, relative slide mass 0.27<M=
my(pwbsh®)<1.21 with the water (subscript w) density py,
and hill slope angle o =45°. These dimensionless parameters
were combined to the impulse product parameter 0.16 <P =
FS"2 M"*{cos[(6/7)o]}"* <1.19. The parameter P is related
to the streamwise slide momentum flux component and was
successfully used to predict most wave characteristics in the
study of Heller and Hager [2010].

[17] The measurement system included a laser distance
sensor (LDS) to determine the slide centroid impact velocity
Vs. A PVC strip with holes at constant intervals was bonded
on the top surface of the slides (Figure 2), and this strip was
scanned with the LDS at 128 Hz. The velocity V was then
calculated with the spatial and temporal interval between
two holes before and after the hole corresponding to the slide
centroid impact location. This methodology resulted in
highly consistent Vg values, as shown in Figure 3, for all
tests conducted for the parameter combination with no
transition and ¢=90°. Note that the tests of the present
study are compared with granular tests from Heller and
Hager [2010] in section 4, such that the identical method
to measure Vs was applied herein. In predicting real-world
cases, the slide centroid impact velocity V; may be estimated
more easily than the slide front impact velocity. This further
underpins the choice of this parameter. The wave features
were recorded at 128 Hz using seven resistance type wave
probes located at relative distances x/A=3.0, 5.0, 7.5, 9.7,
15.0, 25.0, and 40.0, for #=0.300m, and 3.0, 5.0, 7.5,
10.0, 15.0, 20.0, and 29.5, for #=0.600m (Table 2).
Photographs of selected runs were taken with a digital camera.

[18] Some tests were repeated three times in the prestudy of
Heller and Spinneken [2012] to investigate the repeatability of
the wave parameters a, H, and 7. Deviations of individual tests
from the mean of all three tests were typically less than £4%,
with values for the maximum deviations lying within £10%.
The scatter of correlated data is often in the order of
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Additions

Figure 2. Plane view of slides for tests with ¢ =90° consisting of a base (marked in white) and of
additions mounted to the sides and/or rear to vary the blockage ratios by/b from (a) 0.98, (b) 0.96 to
(c) 0.88, with the slide volume held constant; fittings on the slide were used to connect the pulley system

and crane [after Heller and Spinneken, 2012].
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Figure 3. Slide centroid impact velocity V versus centroid
release position x’ along the ramp surface for tests without
transition and ¢ =90° [after Heller and Spinneken, 2012].

+100/-50% relative to a/h or H/h [Walder et al., 2003;
Panizzo et al., 2005b], and the results for the wave period
are often omitted. Maximum deviations of +10% can
therefore be considered as relatively small such that each
test was only once conducted in the present study.

3. Experimental Results

3.1. Analysis of Selected Block Slide Tests

[19] Figure 4 shows a series of images, at time increment
0.167s, of a test without transition (Figures 4a to 4e), and
the corresponding test with a circular transition (Figures 4f
to 4j). These sequences illustrate the effect of the transition
type for #=0.300 m, F =1.47 (no transition), F=1.04 (circular
transition), S=0.40, M=1.08, bs/b=0.98, and ¢ =45°. Note
that in both experiments the slide was released from an
identical height, but the transition type has a considerable
effect on the slide centroid impact velocity V, and
consequently on F. This is due to the dynamics of the slide
nose, which is still moving on the 45° slope for tests without
transition while Vy is deduced, whereas the nose already
propagates on the circular transition for the remaining tests.
In the latter tests, the slide decelerates due to the impact into

the water and the circular transition, while in the former tests
only the water resistance has a decelerating effect. This point
is further investigated in section 3.2.2.

[20] The slide front is slightly submerged at the beginning
of both photo sequences in Figures 4a and 4f, respectively.
On the next frame, 0.167 s later, the slide in the experiment
without transition has already reached its final position
(Figure 4b) and stops abruptly due to the mastic sealer at
the slope toe (Figure 1). The rear part of the slide stays above
the calm water surface and only the front part is actively
involved in wave generation. In fact, this was the main reason
for also conducting tests at #=0.600m, where the whole
slide submerges, because this is more realistic in real-world
situations. On the corresponding frame for the test with
transition (Figure 4g), the slide front reaches the end of the
circular transition. The two transition types result in different
impact craters as seen if Figures 4b and 4g are compared. The
water crater trim detaches from the block in Figure 4c due to
its abrupt deceleration, whereas its lower part attaches in
Figure 4h and encloses an air pocket on the slide top, which
is detrained in Figures 4i and 4j. Nevertheless, for both
transition types the crater collapses outward, and a bore-like
wave runs up on the slide top (Figure 4d) or the hill slope
(Figure 4i), resulting later in the secondary wave. When
comparing Figure 4d with Figure 44, it can be observed that
the water splash, the wave amplitude, and in particular the
volume of the primary wave is much larger for the test with
circular transition. The impact of the water splash generates
a violent two phase air-water mixture when the primary wave
crest passes the first wave probe slightly prior to Figures 4e
and 4j. For the case with transition the slide mass finally
comes to rest in Figure 4j.

[21] Figure 5 shows the relative water surface displace-
ment /A versus relative time #(g/h)"’?, with time ¢, for the
two tests considered in Figure 4. The signals were recorded
at relative distances 3.0 (Figure 5a), 7.5 (Figure 5b), 15.0
(Figure 5c), and 40.0 (Figure 5d). The difference in wave
amplitude is 44% at x/h = 3.0, increases with increasing distance
from the slide impact zone, and reaches 98% at x/h=40.0. The
secondary wave is created by the bore-like wave run-up shown
in Figures 4d and 4e, and Figures 4i and 4;j. Both Figures 4 and
5 give a first indication of the critical relevance of the previously
unconsidered transition type.

[22] The effect of the slide front angle ¢ is illustrated in
Figure 6 for tests with #=0.300m, F =x1.43, §=0.40,
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Figure 4. Series of images at time increment 0.167s showing the effect of the transition type,
without transition (a) to (e) and circular transition (f) to (j), on wave generation for otherwise mostly

identical parameters 2=0.300m, F =1.47 (no transition),

F =1.04 (circular transition), $=0.40,

M=1.08, by/b=0.98, and ¢ =45°; also shown are the LDS and the first wave probe.

M=1.10, by/b=0.96, and no transition. The slide front angle
is ¢ =30° in Figures 6a and 6b, ¢ =45° in Figures 6¢ and 6d,
and ¢ =90° in Figures 6e and 6f. The slide fronts reach the
bottom of the hill slope on the frames in Figures 6a, 6c,
and 6e, and the primary wave crest passes the first wave
probe on Figures 6b, 6d, and 6f The slide impact crater
changes considerably with ¢, and the wave amplitude at the
first wave probe also increases with ¢. Further affected are

the run-ups and splashes, particularly notable if Figures 6b
and 6f are compared. Most importantly, ¢ affects the wave
parameters significantly, as further discussed below.

3.2. Analysis of All Tests

3.2.1. Initial Correlations
[23] Figure 7a shows the relative maximum wave amplitude
ayp/h versus slide Froude number F for all 144 tests. The
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Figure 5. Relative water surface displacement 1/A of test-
s in Figure 4 versus relative time #(g/k)"? at (a) x/h=3.0,
(b) x’h="1.5, (c) x/h=15.0, and (d) x/h=40.0.

parameter F was identified in many studies [e.g., Noda, 1970;
Fritz et al., 2004; Heller and Hager, 2010] as the most
dominant parameter in predicting the amplitude of subaerial
landslide-tsunamis. For 77% of the tests, ay; was observed at
the primary wave, whilst for the remaining tests the secondary
wave was larger. Black symbols in Figure 7a refer to tests
without transition, and dark grey, light grey, and white
symbols to tests with circular transition. The slides on the

circular transition did not always run out as smoothly as
shown in Figures 4g to 4j. Mainly depending on the slide
impact velocity V; and the water depth /4, some slides stopped
with their front nose on the transition (dark grey symbols),
some with the nose slightly after the transition (light grey
symbols) and some run-out smoothly (white symbols).
Consequently, the dependency between the slide kinematics
and ay/h is large. However, since the slide run-out distance
increases with F (Figure 7a), this variation is directly
incorporated into F.

[24] Generally speaking, tests conducted with a circular
transition generate about 50 to 100% larger waves than tests
conducted without transition at water depth 2=0.300m
(Figure 7a). This effect is much smaller for #=0.600 m (tests
marked with a grey background in Figure 7). The reason is
that the primary wave for #=0.600 m has already propagated
away from the slide impact zone once the slide reaches the
transition such that the effect of the transition type on the
primary wave is limited. The different symbols in Figure 7a
refer to different slide front angles with ¢ =30° (<), ¢ =45°
(solid triangle), ¢ =60° (solid diamond), and ¢ =90° (solid
square). The effect of ¢ is significant, and tests conducted with
$»=90° tend to generate larger waves than tests with ¢ =30°.
Finally, the symbol size reflects the blockage ratio, with the
largest symbols for by/b=0.98 and the smallest symbols
for by/b=0.88. Overall, ays tends to increase with increasing
by/b, which may be readily observed for the three tests
conducted at F ~ 1 and ay/h =~ 0.4 in Figure 7a. However,

Figure 6. Series of images showing the effect of the slide front angle ¢ on wave generation with
h=0.300m, F ~1.43, §=0.40, M=1.10, no transition, by/b=0.96 and (a,b) $=30°, (c,d) b=45°, and

(e,f) d=90°.
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Figure 7. Relative maximum wave amplitude ay/h versus (a) slide impact Froude number F and (b)
impulse product parameter P for all 144 tests; data marked with a grey background were conducted at
h=0.600m, and the dashed-dotted line reflects the empirical equation of Heller and Hager [2010]

([H&H, 2010]) for granular slides.

the effect of the blockage ratio is much less dominant than the
effects of ¢ and the transition type. Note that the notation of
symbols introduced in Figure 7a remains the same throughout
the whole article.

[25] Figure 7b shows ay/h versus the impulse product
parameter P = FS"? M"*{cos[(6/7)x]}"%. Also included in
Figure 7b is the empirical equation for granular tests of
Heller and Hager [2010]. Several key features can be
observed in Figure 7b: first, the scatter of the data is clearly
reduced in Figure 7b considering the combined effects of
F, S, M, and o in comparison to Figure 7a where only F
was considered; the parameter P, originally developed for
granular slides, also seems to reflect the data of block model
tests well. Second, the block slide model data follow a similar
trend as the data from granular slides. Third, Figure 7b suggests
that block slides may generate smaller waves than granular
slides, in particularly for the region of small P (2=0.600 m).
This latter point is in marked contrast to all previous
studies, which found that block model slides always generate
larger waves than granular slides; this point being discussed
in section 4.

[26] Similar plots as shown in Figure 7b were produced
for the parameters Hy;, Ty, a(x), H(x), and 7(x), which all
showed, after multi variable regression analysis, that P
reflects the block model data well. This allows a direct and
convenient comparison between the block and the granular
slide model data in section 4. The findings that P also applies
on block model data was previously demonstrated with
Figure 1 of Heller and Kinnear [2010], where the block
model data of Swlevik et al. [2009] is in good agreement with
the empirical equations for granular slides based on P.
3.2.2. Statistical Approach

[27] To quantify the effects of the three block model
parameters (i) to (iii), a statistical approach was applied as
shown in Table 3. It considers the isolated effects of each
block model parameter (columns) on the wave amplitude a
(top), the wave height A (middle), and the wave period T
(bottom). For example, the column for the transition type
shows the difference A (%) of a particular wave parameter
in a test with circular transition compared to a test without

transition, thereby comparing pairs of tests where all remaining
test parameters were held constant, as far as possible. These
differences A are shown as a mean over all 72 test pairs, for
the pair with maximum deviation, and the pair with minimum
deviation. For by/b and ¢ more refined comparisons are
possible such that, for example, the fourth column considers
all tests with ¢p=90° relative to the corresponding tests
with ¢=30°.

[28] The slide centroid impact velocity V' may be affected
differently for different block model parameters (section 3.1).
This is investigated in the third row of Table 3, showing the
mean difference AV (%) for the particular test pairs. For
example, velocities V; for tests with a circular transition are
in average 10.9% smaller than for tests without transition,
i.e., the transition type indeed systematically affects V. In
order to make a comparison based on one block model
parameter only, and holding a// remaining test parameters
constant, the effect of AV is compensated for. This results
in the adjusted (subscript adjusted) values shown in Table 3.
This correction is achieved with an extrapolation or
interpolation, e.g., for the maximum wave amplitude with

aM/aMﬁadjustcd = [Vs/(Vs - AVS)]4/5. (1)

[29] The following modification of equation (1) can directly
be applied to the values in Table 3:

Aatagiusted = | (14 Aapg/100)(1 — AV,/100)*”° — 1/100. (2)

[30] The exponents, 4/5 in the example of equation (2), are
from the empirical equations of Heller and Hager [2010]
describing granular slides. Exponents from a granular slide
study were selected because the corresponding exponents
for block slides of the present study are unknown at this
stage and no other block model study investigated all of
the wave parameters addressed in Table 3. Note that the
correction would change insignificantly if it were based on
the exponents for block slides, as described at a later stage
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Table 3. Statistical Effect of Three Block Model Parameters on Wave Parameters®

Blockage Ratio by/b (-)

Slide Front Angle ¢ (°) Transition Type

0.98/0.88 0.98/0.96

AV (%) 0.5 0.8
Wave amplitude a

Mean Aay (%) 7.5 1.3
Maximum Aay; (%) 48.9 28.8
Minimum Aay; (%) —-13.6 -14.4
Mean Aa (%) 10.8 1.6
Mean Aay,adjusted (%0) 7.0 1.9
Mean Aaqgjustea (%0) 10.4 2.3
Wave height H

Mean AHy; (%) 6.5 -1.3
Maximum AHy; (%) 61.9 12.2
Minimum AHy; (%) -322 -38.7
Mean AH (%) 9.4 1.6
Mean AH\,adjusted (%0) 6.1 -0.7
Mean AH,gjusiea (%0) 8.9 22
Wave period T’

Mean ATy (%) 3.0 2.9
Maximum ATy (%) 100.0 223
Minimum ATy (%) - 575 -57.1
Mean AT (%) 2.9 -33
Mean ATMaadjusted (%) 2.7 -2.5
Mean AT, gjusiea (%) 2.8 -3.2

90/30 90/45 90/60 Circular/none
4.6 2.3 -4.7 —-10.9 (-20.7%)
41.1 11.2 4.0 21.4 (42.6%)

125.8 50.1 31.7 136.7

-12.6 -21.7 —21.1 -24.2
452 25.7 11.5 45.1 (87.9%)
46.4 9.1 7.9 31.9 (65.8%)
50.6 23.3 15.6 57.6 (118.4%)
37.7 13.1 2.4 10.4 (12.0%)

130.9 67.5 314 132.1
-8.8 -26.0 -33.6 —12.4
494 24.5 13.0 27.9 (56.3%)
42.7 11.0 6.3 20.0 (30.2%)
55.0 22.1 17.2 39.0 (81.7%)

1.7 6.0 0.8 20.3 (19.1%)

106.1 354 79.6 165.2

-50.5 —44.0 -45.5 -31.1
-0.1 1.8 -3.9 22.8 (16.5%)

4.0 4.7 3.1 26.7 (30.9%)
1.1 1.2 -2.8 26.0 (22.1%)

“Mean, maximum, and minimum differences A (%) of a particular wave parameter within test pairs where only one specific block model parameter is
different, for wave amplitude a (top), wave height A (middle), and wave period 7 (bottom); adjusted values are based on corrections compensating for

the difference in slide impact velocity AV.

in this article, because they are generally very close to the
exponents of granular slides.

[31] Forall tests conducted with a water depth 2= 0.300 m,
a final parameter changing between test pairs addressing the
transition type is the relative slide mass M= mgl(pwbsh?).
This is due to the rear part of the slide remaining above the
calm water surface for tests without transition (Figure 4d),
while it fully submerges for the corresponding tests with
circular transition (Figure 41). This effect could be estimated
with the same methodology as shown in the previous
paragraph for V5. However, because the effect of M on the
wave parameters is relatively small (P includes M with an
exponent 1/4 in contrast to the slide Froude number with F'
including V; linearly), it affects the wave parameters for
h=0.300m only by about 8 to 16%. This effect was
neglected and not compensated for in Table 3.

[32] The numbers in bold in Table 3 show the maximum
values for a particular block model and wave parameter.
The effect of the transition type iS Adppadjusted=31.9% in
average for ay and Ad,gjusiea =57.6% for a(x). The values
marked with * are based on the 36 test pairs conducted at
the smaller water depth £#=0.300m. The effect of the
transition for #=0.300 m is larger (e.g., Adagjusica= 118.4%)
than for both water depths combined (Ad,gjusteea=57.6%)
because for tests at #=0.600 m the primary wave has already
propagated away from the slide impact zone once the slide
reaches the transition. Besides the transition type, the slide front
angle ¢ also has a significant effect on the wave amplitude
(50.6%) and height (55.0%). The wave period is an order of
magnitude less affected by ¢, with AT,gusea=—2.8%.
Relatively moderate is the effect of the blockage ratio by/b on
the wave parameters, €.g., Ad,gjustea= 10.4%. The values for
a and H increase approximately linear with increasing by/b,
while its effect on 7 (-3.2%) may be neglected. However,
if this linear effect was extrapolated to by/b=0.526 used

in Walder et al. [2003], it would lead to a discrepancy of
approximately 50%. Generally speaking, the effects of by/b
and ¢ on the wave period are not very pronounced for the
investigated ranges, such that they are neglected in the empir-
ical equations deduced in section 3.3.

[33] All three block model parameters combined affect
a(x) and H(x) by more than a factor of two (119%) based on
mean values, and exceed a factor of four (311%) for not
adjusted ay; of individual tests. This demonstrates the
importance of considering the effects of the block model
parameters in empirical equations.

3.3. Generic Prediction of Wave Parameters

[34] Based on the discussion in section 3.2 and a careful
analysis of Table 3, a set of nondimensional expressions
may be developed as follows. The approximately linear
effect of the blockage ratio on the wave amplitude and
height can be considered with B=5b/b. The slide front angle
may be included with the expression ®=sin"?¢ resulting
in sin'290°/sin'?30° = 1.41, sin'?90°/sin?45°=1.19, and
sin'90°/sin'?60° =1.07. This is reasonably close to the
values in Table 3, e.g., AH\p,adjusted = 42.7% (1.43) resulting
from 90°/30°, 11.0% (1.11) from 90°/45°, and 6.3% (1.06)
from 90°/60°. A more appropriate parameter for wave
generation than ¢ is the slide front orientation angle ¢ +a
[Kamphuis and Bowering, 1972; Heller and Kinnear, 2010].
However, because o.=45° =constant in this study, the effect
of ¢ + o remains open for future research.

[35] A simple but effective model to consider the significant
alteration of the slide kinematics with the transition type is
developed hereafter. It is based on the characteristic time of
submerged (subscript s) landslide motion ¢ introduced by
Walder et al. [2003]. This characteristic time 7, is defined
herein as the submerged horizontal slide travel distance
divided by the mean slide velocity. The model includes the
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assumption that the slide on the circular transition stops one
slide length #/(sbs) after the slope toe, and that the mean
velocity of the slide from impact to this stop position is Vj
such that t,=[h/tana+¥/(sbs)]/Vs for tests with circular
transition and #;=(h/tana)/V for tests without transition.
Relating £, of the transition under consideration to the circular
transition, and considering that o =45°, results in the expression
Ts=tJ/{[h+¥/(sby)]/Vs}. Note that T is directly and entirely
based on a priori estimable slide parameters in real-world
cases as well as /. This is a key-advantage for real-world
predictions. A typical value for tests without transition is
T, =[(h/tana)/Vi)/{[h/tano +F/(sb) |/ Vst = h/[h + ¥/ (sbg) ] =
0.6/[0.6+0.0373/(0.12-0.588)]=0.53 and for tests with
circular transition 7, = 1. The ratio circular/none=1/0.53 =1.88
is in reasonable agreement with the values shown in Table 3,
e.g., for Aa,gjuseea=57.6% (1.58). The three expressions for
the block model parameters are summarized as follows:

(i) Blockage ratio: B=by/b
(i) Slide front angle: ® =sin
(iii) Transition type: Ts=t/{[h+¥/(sbs)|/Vs}

1/2

[36] The data in Table 3 allowed the three expressions (i) to
(iii) to be developed in their basic form. However, ratios, e.g.,
the aforementioned 1.88, will change depending on the expo-
nents selected for (i) to (iii). These exponents are found in the
following data analysis with the overall criteria to optimize
the goodness of fit. The merit of considering the block model
parameters with the expressions (i) to (iii) is not only their
representation of the mean wave statistics in Table 3, but also
their reduction to 1 for granular slides (section 4.1). This
feature is highly convenient regarding the comparison of
tsunamis generated by block and granular slides (section 4).

[37] Figure 8 shows the final correlations of the relative
maximum wave amplitude ay/h (Figure 8a), height Hy/h
(Figure 8b), and period Ty(g/h)'? (Figure 8c¢). Figure 8
predicts the wave features in the slide impact zone, which
are particularly relevant for narrow reservoirs, lakes, and
fjords. The three wave parameters in Figure 8 are shown as a
function of the impulse product parameter P multiplied by
a combination of the three expressions B, ®, and 7,. The
empirical equations describing the data are

9/10

am/h = (3/4)(PBOT,/?) (R* = 0.88) 3

Hy/h = (PBOT/H)™'*  (R? = 0.93) )
T(g/m)"? = (19/2)(PT1/2)""*  for all data (R? = 0.24) (5a)

Tu(g/h)'? = (19/2)(PT31/2)1/7 if observed at primary wave
(R =0.31) (5b)

[38] Note that the three expressions and their exponents in
equations (3) to (5) reflect the mean differences found in
Table 3. For instance, B! in equations (3) and (4) ensure
that the effect of the blockage ratio on ay and Hy; is
approximately linear, the expression T¢'? for ay; and T'¢'*°
for Hy; shows that the transition type has a larger effect on
ay than on Hy,, or the effects of B and @ were neglected
for Ty in equation (5). To indicate the amount of scatter
involved in Figure 8, lines of £30% or +50% deviations
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Figure 8. (a) Relative maximum wave amplitude ayy// versus

PB®TY? and equation (3) plotted as () with +30% deviation
as () (R*=0.88), (b) relative maximum wave height Hy/h
versus PBOTY* and equation (4) as (-) with £30% deviation
as () (R*=0.93), and (c) relative maximum wave period
Twm(g/h)"? versus PTY? and equations (5a) and (5b) plotted
as (-) with £50% deviation for the former curve as (--)
(R*=0.24 and R*=0.31); [H&H, 2010] = [Heller and
Hager, 2010].

are included containing most of the data. The data scatter
generally increases with decreasing abscissa value. The
coefficients of determination for ay (R*=0.88) and Hy,
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(R*=0.93) are excellent, whereas it is only R*=0.24 for Ty.
As is common for subaerial landslide-tsunamis, the wave pe-
riod is much more challenging to predict than the wave am-
plitude or height.

[39] Figure 8c shows a gap between data from tests where
the primary wave (upper data) includes ay (and 7Typ), and
where the secondary wave (lower data) includes Tys. Such
a clear separation was not observed for the granular tests in
Heller and Hager [2010], mainly because ay; was in 95%
of the cases measured at the primary wave. Herein, only
for 77% of the tests the primary wave was the largest, such
that 23% of the data of Ty, are based on the shorter secondary
wave. To be consistent with the granular tests (section 4),
equation (5a) reflects all data. The goodness of fit is slightly
improved in equation (5b) describing the data of tests
involving the primary wave only; however, this would
exclude the sometimes larger secondary wave. Note that the
waves were measured in both the near field (splash zone)
and far field. Measurements in the splash zone are important
when looking at narrow reservoirs, lakes, or fjords; however,
such measurements increase the overall data scatter.

[40] Figures 9 and 10 show the evolution of the wave
parameters with relative distance X=x/A to predict the wave
features in the wave propagation zone. Shown are the
relative wave amplitude a(x)/h (Figure 9a), height H(x)/h
(Figure 9b), and period T(x)(g/h)""* (Figure 10). Because X
is included with a negative exponent in Figure 9, the origin
corresponds to X — oo where both a(x) and H(x) reduce to
zero. In contrast, the wave period 7(x) in Figure 10 increases
with distance. The humps of landslide-tsunamis may consist
of a dispersive wave package and the increase in 7(x) is
mainly due to amplitude and frequency dispersion. The
following power laws describe the data in Figures 9 and 10:

9/10

(6)
™)

a(x)/h = (11/10)(PX~'/*BOTS/*) (R* = 0.85)

9/10

H(x)/h = (3/2)(PX~'3BOT,'/?) (R? = 0.89)

T()(g/m)'" = (13/2) (PX¥4T,%)™  for all data (R = 0.53)

(8a)
T(x)(g/h)"* = (33/4)(PX5/4T51/3)2/9 if observed at primary wave
(R* = 0.80) (8b)

[41] The coefficients of determination R* are excellent for
a(x) and H(x), and lines of +30% and +50% deviations
illustrate again the amount of data scatter in Figures 9 and 10.

[42] The effects of the expressions B (considering the
blockage ratio) and @ (considering the slide front angle) on
T are again neglected. The wave period mainly depends on
the characteristic time £, of submerged landslide motion rather
than its width or front shape. The transition type included
with 7§ and exponent 1/12 in equation (8a) therefore affects
T. The separation of the data in Figure 10 from the primary
and secondary wave is even more obvious than in Figure 8c.

[43] The wave celerity ¢ indicates the available time to
react to a tsunami after wave generation at a specific distance
from the source. Furthermore, and perhaps more important,
¢ also helps to estimate the wavelength L, e.g., with the
regular wave expression L= Tc. The parameter L is relevant
in determining the effects of impulse waves on a shore or
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Figure 9. (a) Relative wave amplitude a(x)/h versus

PX *BOT* and equation (6) plotted as (—) with +30%
deviation as (--) (R*=0.85) and (b) relative wave height
H(x)/h versus PX "*B®OT!? and equation (7) as (-) with
+30% deviation as (--) (R*=0.89); [H&H, 2010] =
[Heller and Hager, 2010].
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Figure 10. Relative wave period 7(x)(g/h)"? versus PX**T13
and equations (8a) and (8b) plotted as (-) with +50%
deviation for the upper curve as (--) (R*=0.53 and
R*=0.80); [H&H, 2010] = [Heller and Hager, 2010].
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dam [Miiller, 1995]. Figure 11 shows the relative wave
celerity c¢/(gh)"? as a function of the relative mean
(subscript m) wave amplitude a,,/A of two subsequent wave
probes. The celerity ¢ was derived with the distance between
two subsequent wave probes divided by the travel time of
the wave hump center resulting in six values for each
experiment. In similarity to Kamphuis and Bowering
[1972], the data in Figure 11 are compared with the solitary
wave speed given by Boussinesq [1872] as

c/(gh)'"* = 1+ aw/(2h). ©)

[44] The data are slightly lower than equation (9) supporting
that landslide-tsunamis consist of a wave package propagating
with a group celerity rather than a phase celerity as given by
equation (9), where the group celerity is commonly smaller
than the phase celerity. The separation between primary and
secondary wave is also obvious in Figure 11.

[45] The herein investigated landslide-tsunamis can
now be characterized with the presented data. The wave
length L=¢/T can be computed with 7 from Figure 10 and
¢ from Figure 11. The relative wave length is in the range
2.1<L/h<31.9, which is characteristic for intermediate- to
shallow-water waves. The wave nonlinearity can be defined
with the Ursell parameter U = (H/L)(h/LY’ = HL*/h®, with U —
0 for linear waves [Panizzo et al., 2005b; Ursell, 1953; Heller
and Hager, 2011]. The range of the investigated waves is
0.7<U<605.6. The generated landslide-tsunamis may there-
fore be characterized as moderate to highly nonlinear in the
intermediate- to shallow-water regime. This is typical for sub-
aerial landslide-tsunamis [Fritz et al., 2004; Panizzo et al.,
2005b; Heller and Hager, 2011].

4. Comparison of Tsunamis Generated by Block
and Granular Slides

4.1.

[46] To compare landslide-tsunamis generated by block
and granular slides, an appropriate base of comparison has
to be defined. In this context, the parameters in a block slide
test must be correlated to the conditions in a granular slide

Base of Comparison

2

—— Equation (9)

Notation see Figure 7(a)

C/(gh)l/z

0.0 0.4 0.8

a,/h
Figure 11. Relative hump center wave celerity c/(gh)"?

versus mean relative amplitude a,,,/h and solitary wave speed
(equation (9)) plotted as (—) with £30% deviation as (--).

test. Both block and granular slide tests should be based on
identical dimensionless parameters F, S, M, and o, and the
wave characteristics should be compared at the identical
location x/h. Furthermore, a granular slide fills the whole
channel width such that /b= 1 applies; this being best repre-
sented by the blockage ratio b/b=0.98 of the present study.

[47] It remains an open question as to which the four
investigated slide front angles ¢ and two transition types
are representative for granular slide tests. It may be argued
that a subaerial granular slide for the investigated Froude
number range F >0.34 deforms during impact, such that ¢
approximates 90°. This is due to the slide nose front being
more decelerated for ¢ < 90° than the remaining part of
the nose. The angle ¢ was indeed never included in granular
slide studies, and this omission may be explained with the
argument that ¢ adapts to approximately 90° for all granular
slides. The deformation of the front nose can be observed in
Figure 3b of Heller and Hager [2010] and in Figures 5a and
5b of Heller and Hager [2011]. The assumption ¢ == 90° for
granular slides must be understood as a rough estimation.
Nevertheless, it seems more appropriate than the comparison
to one of the remaining three angles ¢ =30°, 45°, 60°.

[48] The published literature shows further that granular
slides run out quite smoothly despite an abrupt transition at
the slope toe. This is in close similarity to the block slide for
a circular transition; examples being given by Fritz et al.
[2004] (Figure 1) and Heller and Hager [2010] (Figure 3).
Therefore, a block slide with 6/6b=0.98 (B~ 1), $=90°
(d=1), a circular transition (75=1), and identical parameters
F, S, M, o, and X is selected as a base for the most direct
comparison between tsunamis generated by block and
granular slides.

4.2. Quantification of the Effect of the Slide Model

[49] In addition to the functions describing the new block
model tests, Figures 8, 9, and 10 also include the equations
reflecting granular slide tests from Heller and Hager [2010].
Their study is based on 434 tests with slide Froude number
0.86 <F <6.83, relative slide thickness 0.09 <.S<1.64, relative
slide mass 0.11 <M <10.02, hill slope angle 30° <o <90°,
impulse product parameter 0.17< P <8.13, and relative
distance 0.0<x/2<59.0. Given that for granular slides
B=0=T,=1 (section 4.1), the inclusion of these block
model parameters on the x axis does not affect the equations
of Heller and Hager [2010] in their original form (with R*
relative to their granular slide tests)

am/h = (4/9)P*°  (R? = 0.88) (10)
Hy/h = (5/9)P*° (R =0.82) (11)
Tulg/h)'? = 9P (R? =0.33) (12)
a(x)/h = (3/5)(Px-13)*° (R = 0.81) (13)
Hx)/h = (3/4)(PX~13)° (R = 0.80) (14)
T(x)(g/h)'? =o(PxsM* (R =066). (15

[s0] Figures 8 and 9 show that the functions reflecting
block slides (equations (3), (4), (6), and (7)) always predict
larger waves than the functions reflecting granular slides
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(equations (10), (11), (13), and (14)). This comparison is based
on the assumption that the three block model parameters are
not considered. Equations (5a) and (12) for the maximum wave
period Tw(g/h)"? intersect at PTY?=1.24 in Figure 8c, while
equation (8a) for the wave period evolution 7(x)(g/h)"* for
block slides is above equation (15) for granular slides
(Figure 10). The same observation was made by Afaie-Ashtiani
and Nik-Khah [2008] who noted that granular slides generate
up to 30% longer waves than block slides. The two functions
for each parameter in Figures 8, 9, and 10 enable a first
comparison between waves generated by block and granular
slides. Further explanations are required before a more
comprehensive comparison is possible.

[s1] Figure 12 shows a direct comparison of wave
parameters found through block and granular slides. Each
subplot includes one of the six analyzed wave parameters.
For example, Figure 12a includes functions based on
[equation (3)]/[equation (10)] resulting in ays,piock/@Nsgranutar =

2.0

(a)

aM,bl()ck/aM,granular
(=}

0.5

— (i) Max. case (B = 0.98, ¢ = 90°, circular trans. with h = 0.300 or 0.600 m))
== == (ii) Intermediate case (B = 0.96,¢ = 45° no transition with h = 0.600 m)
1 w1 (iii) Min. case (B = 0.88, ¢ = 30°, no transition with h = 0.300 m)

0.0
0.0 0.5 1.0
P
2.0
(b)

0.5

HM,block/H M, granular
Iy h

0.0
0.0 05 1.0
P
2.0 :
(©)

0.5

TM,block/TM,granu]ar
=}

0.0 05 1.0
P

[(3/4)(PBDTL)*1°1/[(4/9)P*?]. The corresponding functions
for all six wave parameters are

9/10
aM‘block/aM,granular = (27/16)P1/10 <B®T51/2> (16)

1/10 1/4) /10
HM,block/HMgranular = (9/5)P (B(I)Ts ) (17)
TM,block/TM«,granular = (19/18)P71/4Tsl/8 (1 8)

9/10
a(x)block/a(x)granular = (1 1/6)P1/10X71/30 (B(I)TS3/4)

(19)

9/10
H(x)block/H(x)granular = 2P1/10X_l/30 (B(I)Tsl/z) (20)

2.0

a(x)block/ a(x) granular

05} _mmmmmm
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@)
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Figure 12. Comparison of waves generated by block and granular slides based on equations (16) to (21)
for (a) maximum wave amplitude dy,piock/@Msgranular VETSUS impulse product parameter P, (b) maximum
wave height Hyp,biock/HMsgranutar VETSUs P, (¢) maximum wave period Typ,block/Tvsgranular VErsus P, (d)
wave amplitude a(X)piock/@(X)granutar Versus PX™ 3 (e) wave height H(x)piock/H(X)granutar Versus PX™ 13

and (f) wave period T(x)piock/T(X)granutar VEISUS PX>4,
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T(x)block/T(x)gTanular = (13/18)TSI/12 (21)

[s2] Note, to be consistent with the granular tests,
equations (5a) and (8a) describing the periods for all data
were used to deduce equations (18) and (21), respectively.
Equations (16), (17), (19), and (20) show that the ratios
slightly increase with P and F. Exceptions are equation
(18), where the opposite trend is observed, and equation
(21) changing only as a function of 7.

[s3] Allratios in equations (16) to (21) change as a function
of B, @, and/or T;. To visualize this, each subplot in Figure 12
includes three curves that lie within the investigated parameter
ranges: (i) the maximum ratio (B=0.98, ®=1 (¢ =90°), and
T,=1 (circular transition)), (ii) an intermediate case
(B=0.96, ®=0.84 (¢ =45°), and T,=0.53 (no transition and
h=0.600m)), and (iii) the minimum ratio (B=0.88, ®=0.71
(¢=30°), and 7,=0.34 (no transition and #=0.300 m)). The
upmost curve of each subplot describes the most direct
comparison since all parameters between block and granulate
are identical (section 4.1). However, lower values for
B <0.98, d < 1, and/or T, <1 have also to be compared with
the unique set of granular slides (B=®=T7,=1).

[s4] The functions relating to granular slides in Figures 8, 9,
and 10 are generally lower than the corresponding block slide
functions. In contrast, the ratios shown in Figure 12 can be
significantly lower than 1; the explanation for this being as
follows: only the upmost curve in each subplot reflects the
ratio of the two particular functions without any change in
abscissa value. For the intermediate and minimum ratios,
(ii) and (iii) above, an adjustment must be made to reflect
the influence of B, @, and T on the abscissa.

[55] The evidence that follows support the result that
block slides can generate smaller waves than granular slides,
despite most previous studies finding the opposite trend
[cf. Heller and Kinnear, 2010]. First, a granular slide runs
out despite the absence of any transition and transfers more
momentum to the water than a block slide which abruptly
comes to rest. Furthermore, the granular slide nose with
angle ¢ < 90° deforms during impact such that ¢ approximates
90° (section 4.1) while a small angle ¢ for a block slide remains
constant. Both reasons result in a significant reduction of the
ratios such that for example ayg,piock/@Msgranutar = 1.66 reduces
to a minimum of 0.57 (Figure 12a). All ratios relating to the
wave period 7(x) in Figure 12f are less than one, implying that
block slides generate shorter waves than granular slides. This
finding is in agreement with Ataie-Ashtiani and Nik-Khah
[2008]. A plausible explanation may be that granular slides
tend to run-out further than block slides, resulting in the
generation of longer waves.

[s6] The conclusion that block slides can generate smaller
waves than granular slides is in marked contrast to all previous
studies that found that block slides always generate larger
waves [cf. Heller and Kinnear, 2010]. This discrepancy may
be explained by the fact that the three block model parameters
remained unconsidered in previous studies. The most
comprehensive study investigating the differences between
waves generated by block and granular slides is Zweifel
[2004], including 11 block model tests and 86 granular tests
(section 1.2). The blockage ratio of the block slide in
Zweifel’s study was B=0.98, the slide front angle ¢=90°,
and no transition (and no stopper) was used (Table 1). These

conditions are close to the parameters for the upmost curve in
Figure 12a, which shows, in agreement with the findings in
Zweifel [2004], a ratio > 1. The present study, however,
observes much smaller amplifications, with a maximum of
AMsblock/AMbgranular = 1.66, than Zweifel [2004] who found
variations of up to a factor of 7.4. A final difference to the
findings of Zweifel [2004] is that the ratio in equation (16)
increases with F'/1°, whereas Zweifel [2004] found the ratio
to decrease with increasing F. Other block model parameter
combinations, representing the lower curves in Figure 12a,
where not investigated by Zweifel [2004].

[57] No other values (apart from an,biock/@msgranular) are
available from previous studies, except for the findings of
Ataie-Ashtiani and Nik-Khah [2008] that block slides
generate 20 to 30% smaller 7y, than granular slides. This
qualitatively agrees with Figure 12c¢, however, a direct
comparison of the data of Ataie-Ashtiani and Nik-Khah
[2008] with the present 2-D data is difficult because their
water body geometry was somewhere between 2-D and 3-D.
For the same reason, their findings that granular slides generate
up to 35% smaller wave amplitudes than block slides (an,piock/
ANsgranutar = 1/0.65=1.54) is not investigated in detail herein.
However, an approximate comparison shows that 1.54
may agree well with the values predicted by the upmost curve
in Figure 12a.

4.3. Application to Real-World Cases

[s8] Appendix B shows by means of an example, how the
present results resolve discrepancies between different model
studies. The purpose of this section is to address some
important aspects relating to real-world applications of the
results. The main focuses of the present study lie on
reservoirs, lakes, and fjords where empirical equations are
relatively frequently applied. The present results may still
be applicable for volcanic islands. In this latter case, the
parameters observed may reflect the investigated parameter
ranges less well, this being due to larger water depths or
smaller hill slope angles.

[s9] Tsunamis generated in a wave flume (2-D) and a
wave basin (3-D) can be quite different (appendix A). The
findings of the present study are based on a 2-D geometry.
Even though such narrow geometries can reflect real-world
cases (e.g., narrow reservoirs, lakes, or fjords), the wave
propagation is more commonly of 3-D nature. Transformation
methodologies of results from 2-D to 3-D were presented by
Huber and Hager [1997] and Heller et al. [2009, 2012] and
also forms part of an on-going research project. The ratios
shown in Figure 12 may only be used as a first approximation
for 3-D cases because the relation of block to granular slides in
3-D is likely to be different due to the additional deformation
of the 3-D granular slide in the lateral direction.

[60] The mass movement types fall and toppling [Cruden
and Varnes, 1996] may be best described by the idealized
block slide while the remaining types slide, flow, and spread
may be better approximated with the idealized granular
slide. However, the degree of fragmentation may depend
on many additional factors such as subaerial travel distance
or the initial tensile strength. The slide type that best reflects
a particular real-world case is therefore highly case specific.

[61] The slide kinematics in the present experiments are
well represented by the slide centroid impact velocity Vg
and the expression 7 for the transition type, as evident by
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the relatively small data scatter in Figures 8§ to 10. A number
of experimental effects may result in different slide run-out
distances compared to real-world cases. This includes a scale
effect due to the overestimated slide friction in the present
Froude model, a hill slope angle larger or smaller than
o=45°, an inclined bottom (in contrast to the horizontal
channel bottom applied herein), or an impact of the slide
on the opposite slope of the valley. This is likely to affect
the wave features, at least in the cases where the tsunami
has not already left the slide impact zone before the slide
comes to rest. The magnitude of this effect and how it would
alter 7 remain open questions for future research.

[62] An abrupt slide stop at the slope toe is rather unlikely
in a real-world case. Nevertheless, in some physical model
studies, the slide was modeled in this fashion (Table 1).
The present study illustrates the impact of such small model
details on the wave features. As a result, any prototype study
must carefully adjust these details to the real-world situation.

5. Conclusions

[63] The principal aim of this study is to improve hazard
assessment of subaerial landslide-tsunamis based on empirical
equations with a main focus on reservoirs, lakes, and fjords.
To achieve this, 144 wave flume tests were conducted under
systematic variation of the slide Froude number F, the relative
slide thickness S, and the relative slide mass M. The analyzed
wave parameters include the maximum wave amplitude ay,,
height Hyy, and period Ty, and the wave amplitude a(x), height
H(x), and period 7(x) evolution with distance x.

[64] Two major shortcomings were resolved: (a) the effect
of three important block model parameters and (b) the effect
of the slide model (rigid block versus granular slide). To
understand (a), (i) the blockage ratio (slide width relative
to channel width), (ii) the slide front angle, and (iii) the
transition type (no transition with stopper and circular
transition) were varied. The effect of (i) was found to be
relatively small. However, parameter (ii) changes the wave
amplitudes a(x) by up to 50.6% and the wave heights H(x)
by up to 55.0%, as an average over all tests, while its effect
upon the wave period 7(x) may be neglected. The effect
of (iii) is significant for all six investigated wave parameters
changing a(x) by up to 57.6%, H(x) by up to 39.0%, and 7(x)
by up to 26.0%. All three block model parameters combined
change the wave amplitude and height by up to about a
factor of two (119%).

[65] Three nondimensional expressions B, @, and T were
deduced to include the three block model parameters in
generic empirical equations. These new empirical equations
express the six investigated wave parameters as a simple
function of B, ®, Ty, the impulse product parameter P,
and the relative distance X. The remaining data scatter
(typically 4+30%) associated with the empirical equations
is remarkably small for most wave parameters.

[66] To investigate the effect of the slide model, the newly
developed empirical equations for block slides are related to
the corresponding empirical equations of Heller and Hager
[2010] for granular slides. The resulting Figure 12 shows
that block slides in wave channels can generate larger,
identical, or even smaller waves than granular slides,
depending on which values for the expressions B, @, and T
are selected. For example, the ratio for the wave amplitude

is in the range apiock/dgranutar = 0.43 to 1.76. In contrast, all
previous studies found that block slides always generate
larger wave amplitudes than granular slides. Surprisingly,
this does not contradict the findings of the present work given
that previous studies were not varying B, @, and/or T and
they conducted tests in parameter ranges where the block
slides of the present study generate larger waves than
granular slides as well. A disagreement between this and
the study of Zweifel [2004] concerns the maximum observed
wave amplitude ratio an,piock/@Msgranular = 1.66, compared to
7.4 in Zweifel [2004]. The reason for this large discrepancy
remains unclear. In contrast, the present results for both the
wave amplitude and period agree much better with the
findings of Ataie-Ashtiani and Nik-Khah [2008].

[67] The application of the present 2-D results to real-world
cases was also addressed. The present results further resolve
the question as to why studies based on block slides can predict
smaller waves than granular slide studies (appendix B).
This knowledge helps to reduce discrepancies between
different studies (appendix A) and supports real-world
predictions.

Appendix A: Reasons for Discrepancies
Between Studies

[68] Figure Al shows potential reasons for discrepancies
in wave parameter predictions based on different studies.
These combined effects may be responsible for deviations
of up to a factor of 60 (section 1.1) or even more. The main
categories in Figure Al are model, measurement, and scale
effects. Additional discrepancies can be caused by human
error, including the calibration of a measurement sensor,
an incorrect application of a measurement system, incorrect
data analysis or correlation, an erroneous application of the
empirical equation, or a typo. The values in square brackets
in Figure Al specify the estimated quantitative effects,
expressed as a factor applied on a reference wave amplitude a.

[69] The most significant model effect is the water body
geometry. Generic physical model studies are conducted in
wave flumes (2-D) or wave basins (3-D). The difference in
the 2-D and 3-D wave amplitude in the slide impact zone
is relatively small, whereas it increases with increasing
propagation distance, resulting in deviations of up to an
order of magnitude or even more [Heller et al., 2012]. Note
that the estimated factors in Figure Al apply for a wave
amplitude in 3-D relative to a reference amplitude in 2-D
with constant water depth thereby excluding more complex
geometries and bathymetries.

[70] The next two model effects shown in Figure Al are
investigated in this study, namely the slide model and the
three block model parameters. Both effects are found to be
significant: the effect of the slide type changes the wave
amplitude by up to a factor of 0.43 to 1.76 (Figure 12d).
The three block model parameters are included in empirical
equations for the first time herein and they change the wave
amplitude by up to a factor of two (Table 3). Because both
these model effects were previously not considered in empirical
equations, they are a potential source of discrepancies
between studies.

[71] The model effect wave parameter definition in
Figure Al includes that an empirical equation, say for the
maximum wave amplitude ayy, is in some studies only valid
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| Reasons for Discrepancies Between Predictions Based on Empirical Equations

1 _ 1

1

Muodel effects [effect on a]

[ ‘Measurement effects [effect on a]

Scale effects [Bffectzen-aﬂ] |

Water body geometry (2D, 3D}
[1...0.1. . .unlimited |*

Different measurement systems |
(wa\'e_pmbe. video) [1.5...1...0.75]

Physical model
| withh< 0200 m [1...0.5]*

[2...1...05]

gl

Wave parameter definition
[1.5:..15.0.75]

‘ Slide model (block, granular)
‘ Violation uF punml(.tcl limitations

Block model parameters ‘

‘ Different measurement locations

[1.5...1...0.75] ‘

Human error: in calibration, application of measurement system, data analysis or correlation, application of empirical equation,
typo ete. [unlimited]

Figure Al.

Reasons for discrepancies between different empirical equations based on physical model

studies and their estimated effect, expressed as a factor applied on a reference wave amplitude a; “factor
for a wave amplitude in 3-D relative to a reference amplitude in 2-D with constant water depth excluding

more complex geometries and bathymetries; 1 may occur in the slide impact zone and 0.1. .
1 may occur for 2#>0.200m and the factor 0.5 is an approximation for a

the wave propagation zone; '
water depth of 7=0.075m.

if it occurs at the primary wave [Monaghan and Kos, 2000;
Mohammed and Fritz, 2012] while other studies, including
the present one, define ay; over all waves in the wave train
because ay; does not necessarily occur at the primary wave.
Furthermore, in studies based on video recordings, the wave
length is directly observed whereas for wave probes the
wave length is indirectly deduced based on the measured
wave period resulting in different parameter definitions. It
is estimated that the different wave parameter definitions
may affect a by a factor of 1.5...1...0.75.

[72] Violation of parameter limitations is the last model
effect, which may cause discrepancies. Empirical equations
are developed for an investigated parameter range and a
function representing the data within this range may not be
applied outside these limitations. This model effect also
considers where a piston-type model with oo =0 [Noda, 1970]
is applied on a mass propagating on a slope. In this case,
the limitation for the hill slope angle a=0 is violated.

[73] Measurement effects are due to nonidentical measure-
ment techniques being used for data collection, and they
form the second category in Figure Al, including different
measurement systems and locations. Most studies measured
the wave features with capacitance or resistance type wave
probes [e.g., Zweifel et al., 2006; Panizzo et al., 2005b]
while Ataie-Ashtiani and Nik-Khah [2008] used pressure
transducers and the analysis of Monaghan et al. [2003] is
based on video recordings. The different measurement
principles are particularly relevant for air-water mixture which
often occurs in the slide impact zone. Water splashes and
impact crater trims are further likely to affect measurement
systems differently.

[74] The measurement location is the second measurement
effect shown in Figure A1. The wave probe location does not
necessarily coincide with the location where the maximum
wave amplitude actually occurs. Dependent on whether or
not wave probes are located in the slide impact zone, quite
different wave magnitudes may be measured. This effect is
estimated to change a by a factor of 1.5...1...0.75, provided
that the measurements are conducted in reasonable proximity
of the slide impact zone.

.unlimited in

[75] Scale effects are the last category in Figure Al and
they arise due to the inability to keep each relevant force
ratio constant between different scale models [Heller, 2011].
Heller et al. [2008] conducted scale series tests including
granular slides in a 0.50 m wide wave flume with water depths
0.075<h<0.600 m. Scale effects affected the maximum wave
amplitude ay; by up to 56%. To keep scale effects in relation to
ay below 2%, the Reynolds number R=g 2132y, and the
Weber number W = pwgh /oy, have to be R>300,000 and
W >5000, with kinematic viscosity vy, surface tension oy,
and water density p,,. Those conditions correspond to approx-
imately #>0.200m. Scale effects may be acceptable for a
study if only a fraction of the tests is conducted at # < 0.200 m;
however, they may significantly affect the overall results of
studies such as Walder et al. [2003] with 0.051 </2<0.130m
or Heller et al. [2012] with #=0.100 m. The authors of the
latter study were mainly interested in relative results between
different small-scale geometries, and it was argued that scale
effects mostly cancel out for such relative results.

Appendix B: Application Example

[76] The following example shows how the present results
resolve discrepancies between different model studies. It
quantifies the difference in wave height H(x), due to the three
block model parameters, between tests of the present study
and tests of Kamphuis and Bowering [1972]. The selected
parameters of the present study are P =1.0, X=30.0,
B=0.98, $=90° (®=1.0), and a circular transition (75=1.0),
whereas the selected parameters from the tests of Kamphuis
and Bowering [1972] are P=1.0, X=30.0, B=0.98 (assumed),
$=30.0 (®=0.71), no transition (Table 1) with abrupt stop
with assumed slide volume #=0.075m’, slide thickness
s=0.250m, and water depth h= 0.300m (Ts=0.37). An
approximation for the difference in wave height is found with
equation (7) applied to both parameter sets resulting in
(1.030 20.98:1.0-1 0”2)9“0/(1 0-30 130.98-0.71:0.49"%)10=1 88,
The deviation of 88% in wave height between the present
study and the study of Kamphuis and Bowering [1972] can
therefore be attributed to the block model parameters.
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[77] Heller and Hager [2010] directly compared the
outcome of their predictive equations with 11 studies for
the Lituya Bay case [Miller, 1960]. At the time it was not
understood how 2-D block model studies can predict smaller
waves (e.g., ay =111 m after Monaghan and Kos [2000];
an =83 m computed after Walder et al. [2003]) than granular
slide models (ay;=143 m after Heller and Hager [2010]).
Common reasons such as scale effects or different measure-
ment systems (appendix A) could not fully explain these
discrepancies. This open question is now resolved given that
block model slides are indeed able to generate smaller waves
than granular slides.

[78] Acknowledgment. The position of VH is funded by an Imperial
College London Junior Research Fellowship.

Notation

a =wave amplitude, m;
ay =maximum wave amplitude, m;
b =channel width, m;
b, =slide width, m;
B =blockage ratio B=b/b;
¢ =wave celerity, m/s;
F =slide Froude number F = V/(gh)"?;
g = gravitational acceleration, m/s%;
h =still water depth, m;
H =wave height, m;
Hy; =maximum wave height, m;
Iy =slide length, m;
L =wave length, m;
mg =slide mass, kg;
M =relative slide mass M= my/(pybsh?);
P =impulse product parameter P = F S"? M"*{cos[(6/
7)o}
r =radial distance from the slide impact zone, m;
R =Reynolds number F =g"? 1*"*/v;
R? = coefficient of determination;
s =slide thickness, m;
S =relative slide thickness S=s/h;
¢t =time after slide impact, s;
ts = characteristic time of submerged landslide motion, s;
T =wave period, s;
Ty =maximum wave period, s;
T, =expression considering transition type 7=
t/{[h+Vs/(sbo)/V};
U =Ursell parameter U= HL*/h*;
Vs =slide centroid impact velocity, m/s;
—¥, =slide volume, m3;
W =Weber number W= pwghz/csw;
x =streamwise distance from the slide impact zone, m;
x' = coordinate along hill slope, m;
X =relative streamwise distance from the slide impact
zone X=x/h;
z =vertical coordinate, m;
o =slide impact angle, i.e., hill slope angle, °;
A =difference between two wave parameters, %;
¢ =slide front angle, °;
¢ + o =slide front orientation angle, °;
@ = expression considering slide front angle ® =sin'?¢;
n =water surface displacement, m;
vy =kinematic viscosity of water, mz/s;
ps =slide density, kg/m3 ;

pw = water density, kg/m’; and
oy, = surface tension of water, kg/s”.

Subscript

adjusted = adjusted;
block =block;
granular = granular;
m =mean;
M = maximum;
s =submerged, slide; and
W = water.

Abbreviation

LDS =Laser distance sensor
N.A. =Not available

2-D =two-dimensional

3-D =three-dimensional
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