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Abstract

This chapter summarizes background and setup of wave-flume experiments
investigating boulder transport by tsunamis. It emphasizes both opportunities for
better understanding boulder transport in natural settings and limitations, i.e., the
sources of uncertainty, related to these experiments. It also reviews the most
important findings published so far, explains linkages with numerical models, and
draws conclusions on research directions and open questions, which need to be
tackled in future studies.
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Introduction

Physical experiments are, beside in situ observations and theoretical analysis, the foun-
dation of our understanding of how coastal coarse clasts (boulder- and block-sized) are
transported by tsunamis and how to differentiate whether they were transported by
storm waves or tsunamis. They provide clues to the development of empirical equations
and numerical models describing the transport processes and fundamental mechanics
(see Chapters 28 and 29). Rooted in pioneering tank models on the interaction of waves
and clastic sediments, such as those of Bagnold (1940) simulating pebble beach forma-
tion, experiments focusing on the interaction of tsunamis and coarse clasts are a
comparably young field with only a few well-documented examples (e.g., Imamura
et al., 2008; Nandasena and Tanaka, 2013; Bressan et al., 2018).

Experiments on tsunami-induced boulder transport can be conducted in a well
controllable and (in the optimal case) repeatable environment—in most cases a
wave flume or wave basin—and, therefore, provide quantitative data on the governing
parameters of boulder transport. However, an approximation to natural settings and
downscaling of models in the lab is associated with several shortcomings such as inap-
propriate replication of bottom roughness, flow turbulences and trapped air in the flow
(especially during the bore impact), or simplified topographies and boulder shapes.
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This chapter presents typical experimental setups of wave-flume experiments on
tsunami-induced boulder transport. It introduces the most important theoretical
background for flume experiments and commonly applied measurement and
wave-generation techniques and methods. Furthermore, the chapter reviews the
most important findings published so far and explains the linkage between physical
experiments and numerical models for boulder transport by tsunamis. It concludes
with future research directions and open questions. While there are similar experi-
mental studies on coastal boulder transport by storm waves (Hansom et al., 2008;
Cytrynbaum, 2018; Cox et al., 2019), these are not systematically covered and
considered beyond the scope of this review due to their significantly different
hydrodynamics.

Dimensionless quantities and scaling of experiments
Dimensional analysis

Physical experiments regarding tsunami-induced boulder transport are typically
conducted in a downscaled environment. The downscaling process is not straightfor-
ward, since important physical laws react sensitively toward changing dimensions,
exemplified by the surface tension of water: a small pebble hitting the surface of a
filled coffee cup only induces small uniform, circular waves on the water surface
without strong turbulences or white water formation. In the same scenario with a
25 times larger “coffee cup” and “pebble,” we observe turbulent flows around the
impact resulting in locally high Froude numbers (Fr) with white water and distinct
splashes.

To be able to describe fluid mechanics in a scaled environment properly, dimen-
sional analysis (Kobus, 1974) is applied to find depending variables whose combi-
nation leads to a dimensionless quantity. These dimensionless variables can then
be used for planning and optimizing scaled physical experiments and the proper
transmission of their results to nature (Hughes, 1993; Martin and Pohl, 2000).
Furthermore, dimensionless variables allow for reducing the number of variables,
which need to be considered in experimental studies, since they are represented
by depending key numbers (Hughes, 1993; Herwig, 2008). For experimental inves-
tigations of gravity-driven waves (like tsunamis), the Froude number is the most
important variable and, thus, is derived in the following section as an example for
dimensional analysis.

The Froude number and scaling laws
The Froude number

H @7.1)
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(v [m/s] = velocity, g [m/s2] = gravity and / [m] = characteristic length) expresses
the ratio between gravity and inertia forces within the hydrodynamic system (Martin
and Pohl, 2000). For the following example, it is important to recognize that every
physical variable, e.g., the length [ = 10 m, consists of a quantity (/0), dimension (I),
and unit (m). In principle, the scaling ratio for a variable in prototype and the scaled
model is defined as follows:

M =22 (27.2)

M

where x stands for an arbitrary variable in the nature prototype (subscript P) or the
scaled model (subscript M). However, for the dimensional analysis, some basic
physical dimensions need to be defined as a ruling basis, which can rely, e.g., on
electrical, thermal, or mechanical quantities (Goseberg, 2011). For hydrodynamic
laboratory experiments with an open water surface and focusing on gravity-driven
waves, a mechanical similarity between prototype and model is intended. Following
this, the dimensional analysis is based on the following quantities: length in meter
[m], time in seconds [s], and mass in kilogram [kg] (Martin and Pohl, 2000; Herwig,
2008; Goseberg, 2011).

Therefore, density p [kg/m3], length / [m], volume V [m3], time ¢ [s], and accel-
eration a [m/s’] are scaled as follows:

[
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Scaling of the inertia or gravity forces:

Frp _ pp-Vp-apr

(27.8)
Frm pyVu-am

Inertia :

Fep _ pp-Vr-gpr
Fom  py-Vm gm

Considering Eqgs. (27.3) to (27.7), Egs. (27.8) and (27.9) can be rewritten as
shown:

(27.9)

Gravity :
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Equalizing the scale numbers of two dominant forces leads to dimensionless key
numbers and specified relationships, which allow converting the physical quantities
between prototype and model (Martin and Pohl, 2000). In Froude-scaled models, the
dominant forces are inertia and gravity. Therefore,

Mr=Mg (27.12)
or, considering Eqs. (27.10) and (27.11),
M, M}
h

=M, -My-M; (27.13)

Laboratory experiments are generally conducted by using freshwater. The
slightly lower density of freshwater (approximately 2.7% below saltwater in a tem-
perature of 25°C) is usually neglected in such experiments. Therefore, density and
gravity remain the same in prototype and model, and lead, by considering Eq.
(27.13), to the following scaling rule for the time ratio M, (considering the length
ratio or geometric similarity, respectively, as the leading constant) in Froude models:

M, =M, (27.14)
Rewriting, extending with % and substituting with Mt2 = M; (Eq. 27.13) results
in
M, M M M7 M M?
1 L i I I v (27.15)

TMEM, M2-M, M; M2-MgM; M2-M, M2 Mg-M,

which becomes

3
7 (27.16)
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ensuring that the Froude number is equal in prototype and model. This dimensional
analysis is focused on mechanically driven Froude models and can be carried out for
every depending variable set (Gibbings, 2011). Further explanations and examples
are provided by Buckingham (1914), Hughes (1993), or Martin and Pohl (2000).
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The example for a dimensional analysis regarding the Froude number already
shows the scaling law for time in Eq. (27.14). To account for further scaling effects,
mechanical scaling laws are introduced, in hydrodynamics determined by the geo-
metric (shape, A [—]), kinematic (motion, 7 [—]), and dynamic (forces, k [—]) simi-
larity between prototype and model. In most cases the geometric similarity is the
leading constant that determines the size of the model following:

l
Geometric similarity A= l_P (27.18)
M
t
Kinematic similarity 7= t—” (27.19)
C Fp
Dynamic similarity x=— (27.20)
Fy

with [ [m] for length or geometric dimension, # [s] for time, and F [N] for force. To
keep the ratio for the dynamic similarity true for hydrodynamic experiments, the
acting forces for inertia, gravity, friction, surface, and spring (elastic) force need
to be considered. The similarity laws for these forces depend, with varying power,
on the geometric ratio between prototype and model. Additionally, inertia and fric-
tion forces are influenced by the time ratio between prototype and model. Therefore,
to keep a complete similarity for the dynamic forces, the following equation (Eq.
27.21) needs to be fulfilled:

Kinertia = Kgravity = Kfriction = Ksurface forces = Kelasticity (27.21)
4
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with p for density [kg/m’], A as the length ratio between prototype and model, 7 as
the time ratio [-], £ [N/mz] for elasticity, n [N - t/mz] for dynamic viscosity, and o
[N/m] for surface tension.
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Assuming that the investigated medium is the same in prototype and model
(pp = pm), which is true for water-related experiments, Eq. (27.27) can be simplified
to this:

2 A3_12_

Iz T

K A= (27.28)

To keep full similarity between prototype and model, Eq. (27.29)
K=T=24 (27.29)

has to be fulfilled, which obviously is not possible with Eq. (27.28), except for a
scale of 1:1. Thus, only the two most important forces are commonly considered
in scaled laboratory experiments to keep the geometric ratio (almost) free of choice.
Mainly four scaling laws are available for this issue, each focusing on the similarity
of two specific force types (Martin and Pohl, 2000).

For laboratory experiments on boulder transport by tsunamis, the Froude scaling
law is the appropriate equation since the impact of a hydraulic bore is mainly
gravity-driven (Robertson et al., 2011; Lloyd, 2016; Li and Chanson, 2017). In ex-
periments scaled according to the Froude scaling law, the Froude number is the same
both for the prototype and for the model:

vp VM
F rp \/g_lp \/g_lM Fr, M (2730)
It keeps the similarity between inertia and gravity forces (holding a constant
Froude number), which are the most influencing forces in gravity-driven,
free-surface flows, i.e., tsunami waves. Table 27.1 shows the most important
relationships, which need to be considered while planning an experimental hydrody-
namic/hydraulic model following the Froude scaling law.
If possible, Froude-scaled experiments should not be carried out in the transition
zone between subcritical and supercritical flows (Fr = 1), as the flow could easily
flip between both states caused by small divergences, e.g., in bottom roughness.

Table 27.1 Froude scaling laws.

Parameter | Sign | Dimension Scaling law
Length | [m] v = /% 2 :l/ﬁ (31)
M
Area A [m?] Ay = % 32)
Volume v m3 Vi = % (33)
i _ 1t
Time t [s] ty = \;7 (34)
i Ve
Velocity v [m/s] vy = ﬁ (35)
Acceleration | a [m/s?] ay = ap (36)
Force F [N] Fy = % (87)
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Scaling effects regarding turbulence and air inclusions in the bore tip need to be
considered even more carefully in Froude-scaled experiments since these are not
properly scalable (She and Leveque, 1994; Chanson, 2009; Nistor et al., 2017).

Further restrictions regarding downscaling arise from possible transitions from
turbulent to laminar flow conditions (denoted by the dimensionless Reynolds num-
ber Re, see Section The Reynolds number). However, recognizing and considering
the Froude scaling law and the influence of the Reynolds number in laboratory ex-
periments does not allow for scaling as geometrically small as possible (e.g., due to
surface tension of water). A minimum flow depth of 2 cm should be realized in the
model to avoid the influence of surface tension on wave propagation, for example
(Le Méhauté, 1976).

The Reynolds number

If laboratory experiments are Froude-scaled, the Froude number is conserved be-
tween the prototype and model, as explained earlier. However, beside the Froude
number, the influence of the Reynolds number

_pvd
n

with p [kg/m3] as the fluid density, v [m/s] as the fluid velocity, d [m] as the char-
acteristic length (e.g., flow depth or boulder diameter), and 7 [kg/(m-s)] as dynamic
viscosity, needs to be considered when conducting experiments related to boulder
transport by tsunamis. The Reynolds number describes the ratio between inertia
and viscous forces and indicates (but does not prove) the type of flow in terms of
laminar (low Reynolds number) or turbulent (generally high Reynolds number)
flow (Fig. 27.1). Froude scaling of natural prototypes with only gentle turbulent
flows could result in laminar conditions in the model due to the lower flow velocity
in the downscaled environment inadequately representing the processes in nature
(Martin and Pohl, 2000). Therefore, the Reynolds number of the model should be
compared to the transition Reynolds number (Re_,;), which describes the threshold
from turbulent to laminar flows (e.g., Re.;; = 2320 for flow in a pipe), while plan-
ning physical hydrodynamic experiments (Martin and Pohl, 2000). Since tsunami
runup is typically highly turbulent (Yeh, 1991), laboratory experiments following
Froude scaling laws require a similar turbulent flow regime, even if the Reynolds
number cannot be conserved between the prototype and model due to Froude
scaling.

Moreover, a high Reynolds number ensures that inertial forces are dominating in
the experimental setup compared to the viscous forces, which is an important prop-
erty regarding the influence of boundary roughness. Since the active friction is a
function of fluid viscosity and boundary roughness, scaling of the roughness might
result in violating the threshold from rough to smooth hydraulic conditions (or vice
versa) and cause an unintended change in the influence of boundary roughness on
flow conditions (Martin and Pohl, 2000). Generally, reducing the boundary

Re

H (27.38)
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FIGURE 27.1

Streamlines around a smooth sphere by different Reynolds numbers. The drag coefficient
decreases from (A) to (D). (A) Low Reynolds number. Inertial forces are much lower than
viscous force along the sphere. (B) With increasing Reynolds number, the stream is
detached and stationary eddies occur behind the sphere. (C) Higher Reynolds number.
The eddies behind the boulder increase until instabilities initiate their detachment and
lead to a broad turbulent stream behind the boulder. The drag coefficient is fairly constant
in this range. (D) Very high Reynolds number. Comparable to (C) but with narrower
turbulent stream behind the sphere.

roughness while ignoring the geometric similarity can help to avoid unintended
changes in the hydraulic friction conditions (Heller, 2011). However, if the hydraulic
conditions in the natural prototype are already close to the threshold from hydraulic-
rough to hydraulic-smooth, applying a fluid of adjusted viscosity or operating a dis-
torted (e.g., superelevated) model should be considered (Martin and Pohl, 2000).

Furthermore, when focusing on tsunami—boulder interaction, the nonlinear in-
fluence of the Reynolds number on the shape-specific drag coefficient ¢, [-] should
be considered. The drag coefficient is an experimentally derived and Re-depending
(Spurk and Aksel, 2018), dimensionless number describing the resistance of an ob-
ject to the surrounding flow (e.g., the tsunami runup) and influences the force of drag
directly following:

1
F, :§~p-v2-cd~A[N] (27.39)

where v [m/s] is the flow velocity relative to the fluid, and A [m?] is the reference
area of the object (commonly the frontal area of the object). The higher the drag co-
efficient of a particular body, the more force is exerted to the exposed object during
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the flow impact. Therefore, the coefficient of drag and, thus, the Reynolds number,
have a strong influence on the transport of boulder by tsunamis. To keep the coeffi-
cient of drag of the transported body in the range of natural prototypes, the Reynolds
number needs to be in the same range even if it is not possible to conserve the exact
value between prototype and model (Munson et al., 2009; e.g., in the range of
Re = 10> [-] to Re =2 x 10° [-] for sphere, compare Fig. 27.1). Nevertheless, for
setups of high Reynolds numbers and bodies different from smooth spheres, the
drag coefficient becomes essentially independent from the Reynolds number (Mun-
son et al., 2009).

As shown before, it is not possible to keep the Reynolds number the same be-
tween prototype and model if the model is scaled following Froude scaling laws.
Reference values for Reynolds numbers for some idealized boulder models in lab-
oratory boulder transport experiments can be found in Bressan et al. (2018) or Nan-
dasena and Tanaka (2013). Further advice concerning scaling effects and
corresponding issues can be found in Martin and Pohl (2000) or Fang (2019). Heller
(2011) provides further rules, hints, and examples to deal with scaling effects for
several experimental hydrodynamic setups.

Measuring approaches in the wave tank

The reliability of information derived from physical experiments is also closely
linked to the recording, usage, and interpretation of data. A broad range of measure-
ment devices is available and chosen based on study goals, parameters of interest
(e.g., mobilization threshold or transport distance), availability of measurement de-
vices and time for collecting, processing and interpretation of data. It is recommen-
ded to focus on a few crucial parameters only and to consider extending the study in
the case that more time is available or the experiments show unexpected results.

Measuring the wave behavior and parameters is an essential component of physical
hydraulic experiments. For wave measurements, the choice and final placement of de-
vices in the flume as well as the subsequent data analysis need to be planned carefully.

Ultrasonic wave gauges can be a basis for measuring the wave development dur-
ing the impact on the boulder and runup. However, at least in a wave basin, these are
point measurements of a three-dimensional phenomenon. Therefore, if the focus of
the experiments is to particularly investigate the wave behavior, the use of 3D mea-
surement systems might be an option (e.g., Evers, 2018).

Propeller velocimeters are often used to measure current or wave velocity, since
they are comparably easy to install and use. However, since measurements are based
on revolutions of the propeller per time, inaccuracies occur at the first wave impact
(propeller needs time to reach full speed). Furthermore, they suffer from small par-
ticles affecting the rotation mechanics leading to breakage and measurement errors.
Other options for velocity measurements are acoustic doppler velocimetry, electro-
magnetic liquid velocity meters, laser measurements, particle-image velocimetry,
and electromagnetic current meters, as described in more detail by Martin and
Pohl (2000) or Tavoularis (2006).
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Investigations of the boulder transport path benefit from the use of an inertial
measurement unit (IMU) or a real-time locating system installed inside the boulder
replicate (e.g., Gronz et al., 2016; Nistor et al., 2017), which records parameters such
as acceleration, direction and duration of motion, or altitude. IMUs, however, can be
influenced by electronic waves of other instruments in the laboratory and alter
the center of mass and, thus, the behavior of the boulder. Another alternative is
the use of high-speed camera recordings in combination with a grid applied
on the model’s surface or to combine both approaches. Video analysis requires auto-
mated distance measurements for each recorded frame, which take surface inclina-
tions of the model into account (e.g., by using MATLAB scripts; Stolle et al., 2016).
Multiple camera positions (e.g., side and top view) are recommended to compensate
for white-water disturbances. Fig. 27.2 shows an automatized color range-based
boulder-tracking algorithm developed in MATLAB. It can be seen that the algorithm
is affected by colors similar to the boulder color (white water, white lines). While
white water remains problematic, disturbances can be avoided by using clearly con-
trasting colors. Furthermore, applying an algorithm based solely on color ranges re-
mains a very simple approach. Applying algorithms accounting for neighboring
pixel or applying more sophisticated filters (e.g., Kalman Filter in Stolle et al.,
2016) could lead to significantly better results.

Types of wave generation

Several approaches exist for wave generation. They range from relatively simple
techniques for tsunami bores (e.g., dam-break scenarios; Imamura et al., 2008; Nan-
dasena and Tanaka, 2013; Freund, 2014; Liu et al., 2015; Bressan et al., 2018),
which are most commonly used in experiments addressing tsunami-induced boulder
transport, to more sophisticated techniques with wave paddles or pumps resembling
a desired wave series (e.g., Goseberg et al., 2016; Schimmels et al., 2016).

In the dam-break scenario, the tsunami is not modeled as a solitary wave but as a
nearshore and already broken tsunami of highly turbulent flow with a high Reynolds
number (Fig. 27.3). The tsunami bore is based on the sudden release of a specific
amount of water stored behind a gate (slide- or swivel-type valve), which is either
opened manually by hand (Bressan et al., 2018), by a pulley system (Liu et al.,
2017), or by a pneumatic mechanism (Hsu et al., 2012). For long waves, i.e., the un-
broken tsunami, a piston-type wave maker is often applied, where pistons displace
the water column of a connected tank in horizontal direction (Fig. 27.3). Piston-type
wave makers can also be installed as multiple devices arranged in a wave basin (e.g.,
Rhinefrank et al., 2010).

Furthermore, the tsunami or bore generation can be based on pumping systems of
different types. In Oetjen et al. (2017, 2018), the bore is generated by pumping water
through a rectifier on a dry bed, where the water runs against a barrier of a specific
height, which generates the final bore (Fig. 27.4). High-end pump and pneumatic
systems such as in Goseberg (2011, 2012), or the HR Wallingford/UCL Tsunami
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FIGURE 27.2

Boulder tracking algorithm developed in MATLAB. Image on top shows the initial state.
Here, the boulder is detected by specifying rgb color ranges encompassing only the
boulder color by excluding others. Time steps 2 to 5 show the detection shortcomings
especially due to the occurrence of white water, the color of which is too similar.

Generator (Allsop et al., 2014), provide more control on the bore in terms of wave-
length, height, etc. (Fig. 27.4). Goseberg (2011, 2012) developed an advanced mech-
anism for the generation of long waves based on pumps, which allows controlling
the discharge using a predefined wave-generation algorithm. Here, the long wave
is generated by adjusting acceleration and deceleration phases (positive and negative
pumping phase) of the water column to generate wave crests and wave troughs. In
Allsop et al. (2014), the wave is generated as a pump-driven dam- break scenario.
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(A) dam-break type
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FIGURE 27.3

Dam-break and piston mechanism for bore generation. In dam-break setups the bore is
generated by suddenly opening a gate and the subsequent water release from an
impounded storage (A). In piston-type setups (B) the wave is generated by accelerating
and releasing the water column horizontally using a piston-driven paddle.

However, by generating the wave through a controllable tank in which several water
depths and release velocities can be realized, the Tsunami Generator allows creating
more specific wave shapes of desired heights and velocities (Fig. 27.3). A significant
advantage of computer-controlled systems as in Goseberg (2011, 2012), Goseberg
et al. (2013), Oetjen et al. (2017, 2018), or Nistor et al. (2017) is an enhanced
reproducibility.

Parameters studied in physical experiments

Typical parameters investigated in experiments on tsunami boulder transport (e.g.,
Imamura et al., 2008; Nandasena and Tanaka, 2013; Liu et al., 2015; Oetjen
etal., 2017; Bressan et al., 2018) are the initial boulder setting (submerged, partially
submerged, subaerial), wave parameters (velocity, height), orientation of the main
boulder axis to the flow (0 degrees, 45 degrees, 90 degrees) (Fig. 27.4), and boulder
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FIGURE 27.4

Pumping-type wave maker modified after (A) Oetjen et al. (2017): bore generation by
pumping water out from a reservoir vertically and subsequent gravity-driven flow over an
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shape (cubic, natural, flat). In most existing studies, the shore is kept constant and
designed as a uniformly inclined shore with angles between 5 degrees and 12 de-
grees (e.g., Nandasena and Tanaka, 2013; Liu et al., 2015; Bressan et al., 2018).
With the number of varied parameters, the number of experimental runs hugely in-
creases, following the equation

n
Number of necessary runs = H P; (27.40)
i

where P; = the number of variations for the parameter i. Thus, investigating three
types of pre-transport setting (submerged, partially submerged, subaerial), three
types of main axis orientation (0 degrees, 45 degrees, 90 degrees), and two different
shapes, the minimum number of runs is 18. Since experimental runs are commonly
repeated at least three times, the preceding example results in 54 runs.

The parameters control boulder transport in many different ways. Altering the
boulder shape in terms of flatness or cuboid/spherical shapes changes the available
impact area for the incoming wave. The force transferred from the wave to the
boulder decreases with a more streamline boulder shape. On the other hand, a
streamlined boulder shape with a natural, rough surface increases the energy trans-
fer, which is translated to transport capacity. The orientation of the boulder to the
flow influences the energy transfer in a similar way; the long axis aligned perpendic-
ular to the flow captures more wave energy. In agreement with field observations
(e.g., May et al., 2015; Boesl et al., 2019), several experiments showed that boulders
tend to rotate around their main axis perpendicular to the flow immediately after the
wave impact (e.g., Imamura et al., 2008). During this process, energy is dissipated
and no longer available for transport. Changing the bottom roughness during the ex-
periments provides information on the resisting force resulting from bottom friction.
Table 27.2 provides a summary of the most commonly investigated parameters, their
influence on boulder transport, and finally the estimated complexity of the
investigation.

Published wave-tank experiments on tsunami-boulder
transport

Experimental setups

Experiments have been conducted with boulders of several shapes, dimensions and
densities. The dimensions range between main axis lengths of <2 cm up to 15 cm
and densities between 1.5 g/cm® to 2.71 g/cm?. Generally, the boulder dimensions

<

installed barrier; (B) HR Wallingford (Allsop et al., 2014): wave generation by suctioning and
releasing water vertically; and (C) Goseberg (2011): accelerating and decelerating the water
column by pumping water either in positive or negative direction in a looped channel.



Table 27.2 Examples for parameters of interest in physical experiments and their influence. A qualitative evaluation is given
on the necessary effort to implement parameter changes in the model setup.

Direct influence on
Available Impact Level of
wave Available Available force complexity
Impact Duration impact Active Resisting wave transport over to
Parameter force of impact | area friction | force energy path time investigate
Wave X X X Easy to
parameter difficult
(velocity, (depending
height, on wave-
shape) making
mechanism)

Boulder X X X Medium
shape
Boulder X X Medium
density/
weight
Boulder X X X Easy
orientation
Bottom X X Difficult
roughness
Submergence X X X Easy
Shore type/ X X X X X Medium
shape
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depend on the focus of the study and on the applied scale. However, most boulder
experiments do not follow a natural prototype setting. To characterize the shape
of boulder models, Nandasena and Tanaka (2013) introduce the “flatness index”
(FD) for their experiments, which accounts for the ratio between the boulder axes
following the equation

a+b

2-c
with a [cm], b [cm], and ¢ [cm] for the boulders’ long, intermediate, and short
(height) axes.

Experimental setups of the most relevant published studies are summarized in
Table 27.3 and Figs. 27.6 and 27.7. In a further study not yet published internation-
ally, Freund (2014) investigates six different cuboid boulders of 8 x 6 x 3 cm®
(FI=2.33) and 5 x 5 x 5cm’ (FI = 1) with densities of 1.98 g/cm?, 2.4 g/cm?,
and 3.1 g/cmB, respectively. Freund (2014) uses a 19.05 m long, 0.3 m wide, and
0.35 m high flume in combination with a dam-break mechanism and a shore incli-
nation of 1:20. The author compares different degrees of pre-transport submergence
from subaerial over partially submerged to fully submerged. In the same laboratory,
Strusinska-Correira et al. (2017) study tsunami-induced boulder transport using two
different boulder shapes (cubic and cuboids) made of concrete (density p = 2.1 g/
cm®) with axis dimension ranging from a = 16—44 cm, b= 16—22cm, and
¢ = 8—22 cm. An initial water depth of 0.6 m is used in the flume.

FI=

(27.41)

Key findings

Nandasena and Tanaka (2013) find different predominant transport modes depend-
ing on boulder shape. While their rather flat boulders (FI ~2—3) mainly slide, boul-
ders of a lower FI of ~ 1 tend to roll. Imamura et al. (2008), however, do not indicate
varying transport modes even though the FI of their boulder models also ranges be-
tween 1 and 2. The correlation between transport mode and FI found by Nandasena
and Tanaka (2013) indicates a highly sensitive boulder behavior even if dimension-
less parameters are applied. Liu et al. (2015) observe rolling transport in only one
case, whereas in all other experimental runs the boulder is transported by sliding,
showing that the different scales in which the experiments are conducted are key
to understand the diverging transport modes. Imamura et al. (2008) reach flow ve-
locities of up to 1.5 m/s, which is comparable to the 1.4 m/s in Liu et al. (2015).
However, Liu et al. (2015) use a boulder of 20 x 12 x 12 cm’, whereas the largest
one of Imamura et al. (2008) measures 3.2 x 3.2 x 3.2 cm3, i.e., a ratio of 3.75:1
(Table 27.3). By applying the Froude scaling law, the velocity of Imamura et al.
(2008) becomes the following:

v A

M

vp = \/X‘VM



Table 27.3 Comparison of the experimental parameters from Imamura et al. (2008), Nandasena and Tanaka (2013), Liu
et al. (2015), and Bressan et al. (2018).

Nandasena and

Imamura et al.

Tanaka (2013) (2008) Bressan et al. (2018) Liu et al. (2015)
Flume Dimension [ [m] 18 10 11 18
h[m] | 0.75 n.p. n.p. n.p.
w 0.4 0.3 0.5 1
(m]
Shore [-] Uniformly inclined | Uniformly Uniformly inclined (1:10) Uniformly inclined
(1:20) inclined (1:10) (3.75:100)
Initial 15 15 Dry 40
water level 20 20 bed 42
[om] 25 25 45
30 30 -
Boulder Number of 15 6 4 1
different
boulders
Dimension Min 1.5x15x%x1.5 16x16x1.6 | 3.05x3.00 x 2.85 20 x 12 x 12
[cm] (following | Max | 8 x4 x 4 32x32x82 |592x3.14 x 3.08
the volume)
Flatness index 1-3 1-2 1.03—-1.47 1.33
[-]
Density [kg/ Min 1723* 1550 1900 2400
m°] Max | 2880* 2710 2600
0 0 0 0
Orientation [°] 45 - 45 45
90 90 90 90
Continued
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Table 27.3 Comparison of the experimental parameters from Imamura et al.

(2015), and Bressan et al. (2018).—cont’d

Submergence
Bore Wave vel.
generation | (app.) [M/s]
Max. wave
height (app.)
[cm]
Type
Key
outcomes

Nandasena and
Tanaka (2013)

Subaerial

0.7-1.3

8.7—14.7

Dam break

Boulders with
FI'=2 and 3 tend
to sliding
Boulders with

FI =1 tend to
rolling

Transport mode
is influenced by
friction

Impact force does
not significantly
influence the total
transport
distance
Pre-transport
angle influence
the total transport
distance
significantly

Imamura et al.
(2008)

Partially
submerged

1.5

n.p.

Dam break
Mainly rolling
and saltating
transportation
for cubic
boulder

Shorter
transport
distance for
non-cubic block

(2008), Nandasena and Tanaka (2013), Liu et al.

Bressan et al. (2018)

Partially submerged (seems also
subaerial and submerged. But not
clearly published)

0.25

n.p.

Dam break

Boulder experiments are highly
uncertain

Identification of three velocity zones
regarding the possibility for boulder
mobilization: certain boulder
mobilization, maybe mobilization,
impossible mobilization

Liu et al. (2015)

Subaerial

1.24-1.37

11.7-13.3

Dam break
Sliding as
predominant
transport mode

Shorter total
transport distance
for rolling

Transport distance
is sensitive
regarding the bore
height/velocity

Boulder transport
can be divided in
acceleration,
steady, and
deceleration phase

n.p.: not published;

‘not clearly published whether measured dry or wet
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FIGURE 27.5
Typical boulder orientation and submergence in physical experiments.
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Comparison of the experimental flumes from Imamura et al. (2008), Nandasena and
Tanaka (2013), Liu et al. (2015), and Bressan et al. (2018).
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This example shows the relevance of appropriate scaling when comparing results
of different experiments and labs (Table 27.4, Fig. 27.8).

Furthermore, Liu et al. (2015) report a time lag of 1 s between bore impact and
boulder mobilization, which has not been reported by Imamura et al. (2008) and is
attributed to the significantly larger wave height to boulder height ratio (Liu et al.,
2015). Regarding incipient motion, Bressan et al. (2018) find that a boulder may start
moving by the approaching bore even before it is completely submerged and that
with decreasing flow depth a higher flow velocity is needed to mobilize the boulder.



604 CHAPTER 27 Experimental models of coarse-clast transport by tsunamis

.?QP_._I
I o 60 =|
= e =| 59.2
= | 0
L 1 _1_ !
I 0O efo
I o
200 60 59.2
| 2
e ©
o = 8‘ w
o 3 i [ -
g ] - —
i I i
@ I
N e & o S &
N ) B
S & N SN AN
& 8“)‘, \"J’Q 6\{]9 6@%\(}9
52 F& N >
\0‘?‘ e e &

FIGURE 27.7

Comparison of the largest applied boulders (in mm) from Imamura et al. (2008),
Nandasena and Tanaka (2013), Liu et al. (2015), and Bressan et al. (2018).

Maximum transport distance is strongly influenced by boulder orientation. Nan-
dasena and Tanaka (2013) find a 27% shorter distance in case the main axis is ori-
ented parallel to the flow and a 3% shorter distance for a 45-degree orientation. In a
two-boulder setting, Nandasena and Tanaka (2013) find a slightly increased
maximum transport distance for one boulder at the expense of the second one, attrib-
uted to momentum transfer during boulder-boulder collisions.

Bressan et al. (2018) identify flow turbulences to significantly influence the
boulder behavior resulting in a widely scattered transport pattern. Thus, they recom-
mend considering value ranges for flow depth and velocity instead of using exact
values when reconstructing past boulder transport events. In general, the authors
define three stages of transport: an acceleration phase, constant moving, and deceler-
ation. Before the acceleration phase, a phase of beginning mobilization has been iden-
tified, in which the bore impacts the boulder but resisting forces are not exceeded and
the boulder still rests. This phase can further be divided in velocity zones, where the
boulder is certainly, maybe, or impossibly mobilized (Bressan et al., 2018).

Finally, Freund (2014) finds an increasing influence of the flow velocity on
boulder transport with decreasing density of the boulder. The author observes that
submerged boulders are mobilized after a short time lag when the bore impacts,
whereas subaerial ones are immediately set in motion, mostly through sliding.

Further related studies

Besides the quasi two-dimensional studies on tsunami transport of Imamura et al.
(2008), Nandasena and Tanaka (2013), Liu et al. (2015), and Bressan et al.
(2018), other experiments focusing on similar hydrodynamic processes and environ-
ments also provide important implications (see also Table 27.5). Stolle et al. (2016)



Table 27.4 Scaled comparison (using scaling laws in previous sections.) between Imamura et al. (2008), Nandasena and
Tanaka (2013), Liu et al. (2015), and Bressan et al. (2018). No further parameter (boulder dimension, weight, etc.) is
considered. If available, the maximum velocity is taken for comparison. For Bressan et al. (2018), the calculated average
velocity is used. From every calculation, one boulder is taken for comparison that is in a similar range for Fl and density. As
leading scaling parameter, the a-axis is considered.

Liu et al. (2015)

Nandasena and
Tanaka (2013)

Imamura et al. (2008)
Bressan et al. (2018)

20

3.2
5.92

Boulder dimension

c \'}
cm cm®
12 12 2880
4 4 96
1.6 1.6
3.14 3.08 57.3

FI

[-1
1.42
1.25

1.5
1.47

Scale to Liuetal.
(2015)

[-]
Reference
3.33

6.25
3.38

Max bore
velocity
Voriginal Vscaled
[m/s]
1.24 1.24
1.32 2.41
1.54 3.85
0.25 0.46

Max. Transport

distance
Adoriginal Adscaled
[cm]
233 233
119 396
140 875
n/a n/a
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FIGURE 27.8
Graphic comparison of transport distances and flow velocities in Imamura et al. (2008),

Nandasena and Tanaka (2013), and Liu et al. (2015) for scaled and unscaled results
(Table 27.4).

and Nistor et al. (2017) conduct experiments regarding the entrainment of shipping
containers at a scale of 1:40, where the focus is on the transport pattern of multiple
arranged bodies due to bore impact.

Hansom et al. (2008) investigate cliff-top erosion and deposition of boulders by
storm waves by simulating prototype coastal settings of the northern and western
British Isles with steep cliffs, concluding that storm waves have a high capacity
of moving cliff-top boulders.

Cytrynbaum (2018) and Cox et al. (2019) study boulder transport driven by
storm waves at a scale of 1:100. The bathymetry and the shore are designed
following the shape of the coastline of their prototype site on the Aran Islands off
the western coast of Ireland (Cox et al., 2018). The authors find that, in agreement
with field observations, even very large boulders can be transported by storm waves,
even though specific constraints regarding the wave, boulder, as well as coastal
topography and bathymetry are required.

Becker et al. (2015) investigate the behavior of pebbles in a flume, where chan-
nelized flow under fluvial conditions is simulated. In the same flume and with similar
conceptual background, Gronz et al. (2016) test the application of a Smartstone
probe, a new IMU, which is installed inside the clasts and tracks their movement
in running water. However, comparing the movement patterns derived from Smart-
stones with high-speed camera tracking still reveals significant deviation in orienta-
tion and the clipping of data, which the authors hope to reduce in the future through
the application of probabilistic modeling (Gronz et al., 2016).

Further experiments investigate the interactions between tsunamis and immov-
able solid bodies (e.g., coastal defense structures). Such experiments target the
flow behavior of tsunamis at the shore and around buildings (e.g., Esteban et al.,
2017) or evaluate the impact force acting on tsunami-mitigation structures (e.g.,



Table 27.5 Key information from selected experimental studies on transport of rigid bodies under wave attack not in
particular related to tsunami-induced boulder transport.

Motivation

Experimental
setup

Transported
bodies

Special
features

Stolle et al. (2016);
Nistor et al. (2017)

Entrainment of
shipping containers

3D wave basin

Solitary wave with an
extended tail

Multiple bodies
(shipping container)

Real-time locating
system (RTLS) for
debris tracking

Hansom et al.
(2008)

Cliff-top erosion and
deposition of
boulders by storm
waves

Flume
(74 x 4.6 x 2.2m3)

Storm wave series
and single bore

Boulder (long axis
1.56—3.2m)

Downscaled cliff

Cytrynbaum (2018);
Cox et al. (2019)

Boulder transport by
storm waves

3D wave basin

JONSWAP (Joint
North Sea Wave
Project) storm wave
spectrum

Pebbles and cobbles
(density 1.6 g/cm® to
2.55 g/cm®)
Bathymetry and the
shore are designed
following the shape of
the coastline of a
prototype site on the
Aran Islands (W
Ireland)

Becker et al. (2015);
Gronz et al. (2016)

Pebble transport/
tracking in steady
flow

Flume (I = 2.7,
w = 0.265m)

Steady flow (1 m/s)
under fluvial
conditions

Pebbles, cobbles,
and cuboids up to
16 cm

IMU sensor;
integrating a triaxial
accelerometer, a
magnetometer, and a
gyroscope, which is
installed inside the
clasts and tracks
their movement in
running water

Yao et al. (2014)

Behavior of solid
bodies lighter than
water under the
impact of solitary
waves

Flume (I = 34,

w = 0.55m)
Solitary wave

Cubes of
polyethylene
(10 x 5 x 5mm?)

Continued
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Table 27.5 Key information from selected experimental studies on transport of rigid bodies under wave attack not in particular related
to tsunami-induced boulder transport.—cont’d

Key
outcomes

Stolle et al. (2016);
Nistor et al. (2017)

Established a function
describing the
maximum inland
transport distance and
another one describing
the spreading angle,
depending on the
amount of debris
bodies

Random behavior of
single debris after bore
impact

Results corroborate

in situ observations of
tsunami-induced
debris transport of
Naito et al. (2014)

Hansom et al.
(2008)

Storm waves are
able to mobilize cliff-
top boulders

Advocate caution to
associate boulders,
which are not
deposited in the
impact range of
normal wave activity,
strictly to tsunamis

Cytrynbaum (2018);
Cox et al. (2019)

Even very large
boulders can be
transported by storm
waves, even though
specific constraints
regarding the wave,
boulder, as well as
coastal topography
and bathymetry are
required

Bore velocity, boulder
dimension, and wave
front slope in
combination with
wave height are
considered main
influencing
parameters on
boulder transport

Becker et al. (2015);
Gronz et al. (2016)

Similar influence of
the pebble size,
shape, and pre-
transport orientation
on transport

Yao et al. (2014)

Highly sensitive
behavior of the
bodies, which
increases with energy
of the incoming
wave. If multiple
bodies are arranged
in a line, the
maximum inundation
distance decreases
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Robertson et al., 2008; Chen et al., 2016). Yao et al. (2014) study the behavior of
solid bodies lighter than water under the impact of solitary waves. Key findings
of Yao et al. (2014) include the highly sensitive behavior of the bodies, which in-
creases with energy of the incoming wave. Additionally, they find that if multiple
bodies are arranged in a line, the maximum inundation distance decreases.

Link to numerical models

Physical laboratory experiments have two main goals: deriving (analytical) descrip-
tions of processes and interaction of different parameters, and the development of
well elaborated datasets with quantitative results as basis for numerical models
(e.g., Imamura et al., 2008; Nandasena and Tanaka, 2013). In the latter case, the
quantitative results of experiments are used for comparison with results obtained
from a numerical model and for calibration, verification, and validation. In this
sense, the parameters of a numerical model are adjusted to find the parameter com-
bination, which generates the numerical results best fitting those of the physical ex-
periments. In numerical models, such parameters may be the (artificial) viscosity of
the fluid, the numerical treatment of roughness and turbulences, or the computa-
tional time step. After the successful calibration, the numerical model can be used
for a known event and setting of boulder transport and investigation of parameters
that might not be changeable in physical experiments (e.g., roughness). If the numer-
ical model sufficiently reproduces results for such an event, it is validated, meaning
that the program is able to reproduce events/setups (e.g., experimental results) for
which it is not especially programmed (e.g., real-world bathymetry or initial
tsunami/earthquake parameters). An overview for definitions of calibration, valida-
tion, and verification can be found in NASA (2008). Regarding tsunami models,
several benchmark tests exist (e.g., Synolakis et al., 2007; NTHMP, 2012), which
are used to verify a developed numerical tsunami model for operational use. After-
wards, the model can be applied to unknown or possible future events, by still
considering several restrictions. For boulder transport, no benchmarks similar to
those of Synolakis et al. (2007) and NTHMP (2012) exist so far.

Conclusions and recommendations

Experimental studies on tsunami-induced boulder transport in particular or focusing
on adjacent research questions (e.g., the transport of shipping containers) give essen-
tial insights into tsunami-induced transport of rigid bodies in nearshore areas and,
thus, help to reconstruct past tsunamis based on the characteristics and spatial dis-
tribution of coastal boulders.

The existing experiments also provide a basis for developing and testing numer-
ical models. However, across the existing publications a certain sensitivity of the
boulder transport processes within high-energy, turbulent flows becomes obvious.
Experiments show divergent predominant transport modes (e.g., rolling and saltation
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in Imamura et al., 2008 and sliding in Liu et al., 2015) for different setups and espe-
cially the boulder’s FI. The studies of Nandasena and Tanaka (2013) and Imamura
et al. (2008) indicate that boulders with an FI ~ 1 are more likely transported by roll-
ing compared to boulders with higher FI, while overall the predominant transport
mode seems to be sliding (e.g., Freund, 2014; Liu et al., 2015; Nistor et al.,
2017). However, the transport mode is highly influenced by the boulder shape,
and since most published experiments use regular-shaped cuboids and cubes with
different FIs, it needs to be investigated further in which amount more irregular
shapes influence the transport mode. Oetjen et al. (2017, 2018) apply a boulder
resembling a natural prototype and found sliding as the predominant transport
mode as well, which is possibly related to the high FI. The influence on bottom
roughness on transport mode, however, is not yet clear and needs to be addressed
in future studies.

In general, authors agree that boulders tend to align the long axis parallel to the
flow. Nandasena and Tanaka (2013) find shorter transport distances for high FI
compared to cubic boulders, a hypothesis that is not yet confirmed by others.

For future studies, it would be beneficial if researchers agree on a basic set of pa-
rameters regarding their experimental setup, which should be clearly presented in pub-
lications (Table 27.6) and unequivocally defined. Equal terms for the boulder transport
distance, for example, should be used throughout the research community. As in Ima-
mura et al. (2008) the transport distance should at least be separated regarding the
maximum transport distance and total transport distance (Fig. 27.9). An additional
benefit might be to itemize boulder movements in direction components (e.g., in
flow direction as well as perpendicular movements) in the result presentation.
Regarding the bore, for example, a standardized point of velocity measurement
with a fixed distance from the shore or boulder should be commonly used.

Table 27.6 Recommendation for standard parameters to be published with
every experimental study.

Transport
Bore Boulder process
Velocity Density Max. transport
distance
Height Dimensions Total transport
distance
Type of bore generation (e.g., dam break or Shape Mode
piston system) Orientation Time series
(Froude number) Submergence
Flatness index
(FD
Scale (if
applicable)
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boulder reaches the
maximum position app.
with maximum runup

boulder in initial position
before bore impact

flow direction

t, bore impact 17 max. runup
reversion of flow direction

boulder moves downwards boulder in rest

due to backwash total transport distance reached

t, backwash
boulder remobilisation

FIGURE 27.9

Difference of maximum transport distance and total transport distance for an initially
partially submerged boulder setup (t;). After the maximum flow runup (t,) the boulder
could be transported in backwash direction (t3) before it finally comes to rest (t4) possibly
before the backwash ends on the initial water level.

1, final boulder position

The FI requires improvement to a general boulder index that considers shape and
density. Due to the highly random boulder behavior under bore influence, it may
even be advantageous to move a step back and to conduct very basic experiments
(idealized shapes of different sizes, uniformly inclined channel, several wave
heights) to better understand the basic processes. Existing experiments show some-
times diverging results leading to uncertain equations. For experiments focusing on
boulder behavior, a standard wave bore could be defined facilitating the comparison
of results from different studies with different boulder types. Vice versa, experiments
focusing on the influence of wave parameters could benefit from standardized
boulder models.

Focusing on the boulder shape, the step between two shapes should be as small as
a divergent behavior between the shapes can be observed. This would help to find
relationships between the boulder shape and transport behavior and could lead to
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more reliable analytical equations and a stronger calibration basis for numerical
models. Especially drag, lift, and friction forces are today considered as relatively
widespread coefficients in numerical models and analytical solutions, which are
commonly chosen according to observed and approximated values from literature
and are not based on a fundamental understanding of the ongoing processes.

Even if numerical models provide a good alternative to physical experiments,
they still suffer from physical inaccuracies (Chapters 28 and 29). Regarding
tsunami-induced boulder transport, numerical models are at an early stage of devel-
opment compared to more common questions in hydrodynamic research, and some
crucial and basic mechanisms of nearshore tsunami hydrodynamics and the exerted
forces are not entirely understood. Boulder transport experiments can provide an-
swers to these questions and may help to improve not only specialized numerical
boulder-transport models, but also numerical models focusing on the nearshore
tsunami, its inundation extent, and especially the acting forces on coastal structures.
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