ENHANCED FIELD OBSERVATION BASED PHYSICAL AND NUMERICAL MODELLING

OF TSUNAMI INDUCED BOULDER TRANSPORT
PHASE 1: PHYSICAL EXPERIMENTS
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Coasts around the world are affected by high-energy wave events like storm surges or tsunamis. By focusing on
tsunami impacts, we investigate tsunami-induced transport of boulders by an interdisciplinary combination of field
observations, laboratory experiments and advanced numerical modelling. In phase 1 of the project we conduct
physical laboratory experiments based on real-world data. Following the experimental phase we will develop an
enhanced numerical boulder transport model (BTM) based on an existing two-phase model.
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Introduction

Coasts are crucial areas for living, economy, transportation, and all sectors of industry. Many of
them are periodically affected by high-energy wave events. Referring to Neumann et al. (2015) and
depending on the applied scenario for population growth, in 2060 between 1,052 and 1,388 million
people will live within the low-elevation coastal zones. Compared to the 625 million inhabitants today,
this is equivalent with an increase between 68 % and 122 %. Therefore, there is an urgent need to
improve the understanding of the characteristics, maximum magnitudes, recurrence intervals and socio-
economic impacts of high-energy wave events (Huntington et al., 2007; Knutson et al., 2010; Vose et
al., 2014). Marine-borne geological deposits in coastal geo-archives provide essential information on
long term, prehistoric frequency-magnitude patterns of high-energy wave events. This is a basic
requirement for long-term coastal hazard management (Engel et al., 2014). Fine-grained deposits may
quickly be altered after such events and may not be preserved in the sedimentary record (Engel &
Briickner, 2011). Coarse clasts with weights of more than 80 t (so called boulders, a-axis > 0.25 m or
blocks, a-axis > 4.1 m), which were dislocated by extreme waves, represent more reliable records in
terms of preservation potential and should Therefore be used for the investigation of past events. For
establishing an accurate chronology and typing of high-energy wave events and classifying them in
terms of risk assessments, it is necessary to detect whether the boulders were moved by storm or
tsunami.

However, differentiating between storm- and tsunami-dislocated clasts is a challenge, and therefore
the development of reliable approaches and tools to solve this issue, preferably based on field
observations, is essential to accurately assess extreme coastal hazards. Such tools can be numerically
coupled tsunami and boulder transport models (BTM) supporting the in situ work of geologists,
geographers, engineers and other researchers. To analyze boulder deposits numerically, two basic
approaches are applied nowadays: (i) inverse modelling uses specific boulder characteristics as input
for analytic equations. These equations (e.g. Nott, 1997; Pignatelli et al., 2009; Nandasena et al., 2011a;
Benner et al., 2010; Engel & May, 2012) describe the necessary threshold wave height or wave velocity
to displace a boulder of known dimensions and density by the use of momentum balances. Those
equations only provide rough estimates for minimum wave energy since they do not consider the
complex non-linear interactions between turbulent flow fields and boulders. (ii) On the other hand,
forward models (e.g. Imamura et al., 2008; Zainali & Weiss, 2015) operate numerically and calculate
tsunami-induced boulder movements from given wave characteristics in more detail. Their validation
and calibration on the basis of physical measurements or observations is essential. This can be achieved
by field observations (e.g. Nandasena et al., 2011b) and physical experiments (e.g. Imamura et al.,
2008). However, current forward models still suffer from insufficient quantitative understanding of
essential processes during boulder transport by waves. So far, only very few major tsunami events
allows the field-observation based validation of numerical models (e.g. Indian Ocean Tsunami 2004;
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Goto et al., 2010; Nandasena et al., 2011b). Thus, well controlled laboratory experiments are essential
for systematic calibration processes of numerical hydrodynamic models.

Boulder transport modelling

Wave-induced transport of any three-dimensional solid body is influenced by many dynamic
variables and parameters, which can be classified in three groups:

1. Hydrodynamic forces: Transport-inducing and wave-induced forces accounting for the

impact forces on the body,

2. Body characteristics: Body-inherent characteristics like shape, density or dimensions, etc.

3. Environment: Topography, surface roughness, bathymetry and boulder pre-transport

setting, etc.

None of these variables and parameters is simple to determine in the field or easy to reproduce in

the laboratory or numerically, and many uncertainties remain.

1. Hydrodynamic forces

Existing inverse models commonly consider drag, inertia, lift, friction and (reduced) gravity as
impact or restraining forces (Sugawara et al., 2014 and references therein). Figure 1 displays these basic
hydrodynamic forces acting on an idealized boulder during wave impact. The lift and reduced gravity
forces are also influenced by the initial boulder location, which will be discussed later in more detail.
By considering particular boulders in the field, in most cases no accurate observations or even
measurements of the transport-inducing event are available. In most cases, the event itself is not known
(e.g. Hisamatsu et al., 2014; Prizomwala, 2015). Therefore, none of the hydrodynamic variables such as
wave length, wave height or amplitude is known; they need to be estimated from today’s obtainable
indicators, like boulder characteristics. However, with the existing numerical models (forward and
inverse) it is not possible to determine the necessary wave length, velocity and height with required and
high accuracy which is necessary for distinguishing between storm and tsunami (e.g. Zainali & Weiss,
2015). Shortcomings include the treatment of the boulder as an isolated, single and idealized body or
the utilization of rough estimated regionally uniform coefficients (e.g. for drag coefficient) in available
numerical models (Sugawara et al., 2014; Hisamatsu et al., 2014). Therefore, since wave length and
velocity are crucial parameters for the distinction between storm and tsunami waves, advancements in
numerical modelling are essential.
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Figure 1. Basic impact forces related to hydrodynamics. FM: Inertia; FD: Drag; FA: Lift; FG:
Gravity; FR: Friction (Pignatelli et al., 2009).

2. Body characteristics

The body characteristics are unique for every single boulder deposit. All known numerical and
laboratory BTM use idealized boulder shapes and homogeneous densities for simulations (e.g. Imamura
et al., 2008; Nandasena & Tanaka, 2013; Liu et al., 2014). However, a simplified shape, such as a
rectangular prism or cube, might be more or less exposed to friction and drag forces than the natural
irregular counterpart. Combined with uncertainties associated with assumptions of bottom friction,
idealized boulder shapes lead to largely inaccurate results for the predominant transport mode, e.g.
rolling, sliding, saltation (Etienne et al., 2011) or a combination of these (Figure 2a). Furthermore, the
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impact of hydrodynamic forces on a complex shape will differ substantially from the impact on
rectangular shapes. Not to mention micro-turbulences on irregular boulder surfaces, the impact will
noticeably decrease the more the boulder front converges towards a shape with little drag. Zainali
Weiss (2015) recently pointed out the importance of the boulder aspect ratio of rectangular bodies
for transport in a fluid. Investigating the behavior of more complex bodies and the comparison to
idealized bodies will Therefore lead to new insights of how the shape influences boulder transport
mechanisms.

3. Environment

Bathymetry and topography strongly influence the flow and wave characteristics. They
determine the distance between the wave breaking point and the initial boulder location. After the
wave breaks, the flow front becomes supercritical with increasing Froude number because the flow
becomes shallower and faster (e.g. Zainali & Weiss, 2015). This problem can be adequately treated
numerically with high-resolution adaptive computational grids (in time and space). Then, the results
can be validated with accurate field measurements. Furthermore, the onshore transport distance of a
boulder will be significantly influenced by the pretransport setting: whether the boulder is initially
subaerial, submerged, partially submerged and/or joint-bounded (Figure 2b) (Zainali & Weiss,
2015). During the initial wave impact and depending on the submergence of a boulder, particular
forces can be neglected or additional forces need to be considered. A subaerial boulder will initially
be affected by full gravity, while reduced gravity needs to be considered if flow depth exceeds
boulder height. In addition, a boulder connected with the cliff first needs to be detached and
temporarily enhanced restraining forces have to be applied (e.g. Noormets et al., 2004). The
transport mode of the boulder is highly affected by macro- and micro-topography (bottom
roughness). A complex shaped boulder with sharp edges, e.g. in Kkarstified reef rock, on a very
rough ground tends to rolling or even saltation, whereas the same boulder on a plain ground will
preferably move by sliding. An accurate numerical boulder transport model needs to account for all
possible initial boulder locations, pre-transport settings, bottom roughness and dominant forces.

(a) Commonly considered transportation modes ] (b) Commonly considered initial boulder positions
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Figure 2. Boulder transportation modes (a) and initial positions relative to water level (b) which are commonly considered
in numerical models.

Physical boulder transport modelling

A fundamental requirement of a numerical model is its ability to reproduce nature as accurately
as possible. For verification purposes, several highly developed laboratory experiments on tsunami
generation, propagation and inundation have been established in which researchers follow
divergent approaches regarding tsunami characteristics and wave generation (e.g. Penchev, 2008).
However, realistic laboratory experiments focusing on boulder transport mechanism due to tsunami
waves are still rare (Martinez et al., 2011; Nandasena & Tanaka, 2013; Liu et al., 2014; Bressan et
al., 2015); even some of the most basic processes, e.g. influence of boulder shape and sedimentary
load on hydrodynamics, are not or not entirely understood. Imamura et al. (2008) conducted
laboratory experiments in an open channel ending on a slope, and compared the results with those
of their numerical BTM. This model setup - a plain bed ending on a slope - is to our knowledge the
only today conducted setup type for experimental boulder transport modelling (e.g. Nandasena &
Tanaka, 2013; Bressan et al., 2015). Except for Sangster et al. (unpublished) and Martinez et al.
(2011), who used near to spherical bodies and marbles, respectively, all experiments involve only
rectangular boulder replicas. These results in significantly different transport behavior as compared
to realistic shapes due to, for instance, variations of the drag force. Modelling the broken tsunami
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wave as a bore is widely accepted (Sugawara et al., 2008). To our knowledge, the only laboratory
boulder transport experiments in which the velocity and orientation of boulders are measured directly
directly out of the (idealized) boulder are conducted by Agnieszka Strusinska-Correia at the
Leichtweil-Institute for Hydraulic Engineering and Water Resources at the Technical University of
Braunschweig. However, so far no results have been published in this context. Summarized, no
laboratory experiments are known which consider for complex boulder bodies, non-uniformly sloped
bathymetries and sedimentary load in a tsunami bore.

Case study “Island of Bonaire”

The foundation of the presented research project lies in a case study at the Island of Bonaire
(southern Caribbean, Leeward Antilles, Figure 3). Large limestone boulders were transported from the
cliff edge of the island landward during high-energy wave events in the past. However, the transport
causing event (paleo-tsunamis or severe hurricanes) is still discussed highly controversial (e.g.
Scheffers 2005; Spiske et al., 2008; Watt et al., 2010; Engel & May, 2012).

We applied an iterative approach simulating historical and other potential tsunami events in the
Caribbean Sea in order to identify the most suitable event(s) for creating sediment patterns on Bonaire
as well as the source of possible future threats (Oetjen et al., 2015).

Delft 3D (Deltares, 2014a) and DelftDashboard (Deltares, 2014b) of Deltares systems (NL) was
utilized to compute different tsunami scenarios for Bonaire (Table 1, Figure 3). The initial, tsunami
triggering, earthquake was simulated using DelftDashboard (DD). As result DD generated an initial
input file used for Delft 3D in which the tsunami propagation across the Caribbean Sea and the impact
at Bonaire’s coastline are computed in depth-averaged 2D.
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Figure 3. Location of Bonaire and the earthquale scenarios (left). Location of the study areas on Bonaire and the
largest boulder BOL2 at Boka Olivia (right).

Table 1. Parameters of the simulated tsunami scenarios.

Virgin Muertos Southern
Islands Trough Carib.Deformed
Belt
Wit. Wit. Hyp. Hyp.

g Year 1900 1867 8 H
LS. AS N | S
E  Magnitude [Mw] 7.79 7 8.79 8.34
2

2 Length [km] 144 49 554 302
e

F Width [km] 100 39 130 100

Lander et Barkan &ten Bruiia et al.

Ref. al. (2002) Brink (2010)  (2014)

10C (2012)
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We applied a multi-scale modelling approach of three scales where we utilized two coarse models
based on the GEBCOO08 bhathymetry data set (GEBCO, 2014) and one of higher resolution around
Bonaire applying data provided by Gonzalez-Lopez & Westerink (University of Notre Dame) with a
spatial resolution of 500 — 600 m (Figure 4). The topography was generated with SRTM4.1 (Jarvis et
al., 2008) for all models.
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Figure 4. Model bathymetry near to Bonaires shoreline.

None of the simulated scenarios indicated a significant impact at Bonaire’s shoreline. The highest
waves were obtained for the Muertos Trough Scenario at Boka Olivia with a wave height of 3.4 m
(Figure 5). According to analytical solutions for boulder transport and results of Engel & May (2012),
such a tsunami does not carry enough hydrodynamic energy to move a boulder like Bonaire’s largest of
app. 80 me. Finally the results of our numerical model could not clarify whether the boulders were
transported by storm waves or tsunamis and hence the corresponding discussion is still alive.

Recognizing these results and considering the scientific state of the art, we founded a research
group aiming at improving the understanding of tsunami induced boulder transport and associated
nearshore tsunami hydrodynamics. Therefore we conduct well controlled downscaled physical
experiments utilizing field data from the Island of Bonaire. Beside the new insights gained from the
physical experiments, these data are furthermore used for the validation of a new developed numerical
BTM.
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Figure 5. Computed wave heights at Boka Olivia.

Physical experiments

Within the physical experiments we want to achieve a better knowledge in terms of the
hydrodynamics of nearshore tsunami behavior. Therefore we investigate three key questions:
1. Influence of realistic / non-uniform boulder shapes,
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2. Influence of (non-uniform) bathymetry/onshore topographies,
3. Influence of boulder interactions during transport,

on boulder transport path, mode, distance and deposition pattern.

The experiments are conducted in the tilting flume at Institute of Hydraulic Engineering and Water
Resources Management (IWW, RWTH Aachen University Germany). The 33.5m x 1 mx 1 m large
flume consists of two centrifugal pumps of 30 kW with 400 I/s conveying capacity. In combination
with the following valves and an automatical control program reproducible experiments are guaranteed
(Figure 6). Bonaire’s largest boulder measures 8.7 m x 4.8 m x 3.8 m. Since the experiments scale is
1:50 the model counterpart of the boulder is approximately 18 cm x 10 cm x 8 cm. Figure 7 shows the
general setup of the physical experiments.

bore height
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Figure 6. Left: Comparison of two test runs for bore generation in the IWW test flume. Right: Photo of a generated
tsunami bore (Peltzer, 2015).
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Figure 7. Principal test setup of the flume (not to scale).

The measurement setup regarding the wave encompasses five ultrasonic sensors, one impeller flow
meter as well as an acoustic doppler velocimeter (ADV). For the measurement of the boulder behavior
we use inertial measurement units (IMU) and image respective video processing with Matlab®.

The IMU is used for the measurement of acceleration and inclination of the boulder during the
wave impact. In combination with a drawn 10 cm x 10 cm grid on the shore replica the video
processing shows distance and path of the boulder during the impact.
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For the investigation of the influence of shape, boulders at the Island of Bonaire are recorded using
photogrammetry. Therefore the digital photos (recorded with a Sony Cyber-shot DSC-HX200V) are
computational processed (Figure 8). The obtained digital mesh can be processed further which is
necessary for not reachable boulder ranges as the on ground lying part, for example. The final dataset is
printed in three dimensions with a German RepRap X400 PRO® 3D printer (Figure 9). The obtained
model from PETG plastic is further used as a template for a negative mask. This mask is created from
silicone rubber (ELASTOSIL® M, Wacker Chemie AG). This two-part silicone rubber is highly suitable
as the final template for the creation of the concrete boulder model. The initial fluent rubber fills the
gaps of the highly irregular boulder model.
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Figure 8. a) Perspective view and mesh model of a boulder deposited on Bonaire. b) Comparison between the original
photograph and the numerical model). ¢) Contrasting shapes of idealized and complex-shaped boulders (a, b, ¢ =
main axes of boulders).

Figure 9. Printing process of the bottom part of a boulder replica in 1:50.

The IMU is finally installed inside of the boulder. We apply the Sensor Fish sensor by the Pacific
Northwest National Laboratory of the U.S. Department of Energy (Figure 10, Deng et al., 2014). The
Sensor Fish Gen 2 is able to store data for acceleration, rotation velocity and orientation with a
sampling rate of 2048 Hz on a flash memory inside of the device. Therefore, the boulder model needs
the possibility to remove the Sensor fish and download the data. This is realized due to a closeable
thread until the boulders centroid where the sensor is inducted.

Once the non-idealized boulder models are created it is possible to compare the behavior of
idealized (cubes, cuboids) to non-idealized boulder shapes in terms of transport path, distance and
mode (Figure 8).

Beside the investigation of several boulder shapes we analyze the influence of the shore. Hence we
constructed four divergent shore replicas (Figure 11). We use idealized replicas of Bonaire’s shoreline
resembling a low plunging cliff with an elevated platform, emulating the setting the model coastal
boulder field on Bonaire (Engel & May, 2012). The shores are created to change the setup comparable
fast. All shores ends up at the same cuboid. The shores themselves consist of two parts that can be
easily installed by one or two persons.
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Figure 10. CAD model of the Sensor Fish Gen 2 device
(Deng et al., 2014).

2
>

Figure 11. Shore replicas used for the physical experiments.
The experimental plan encompasses several settings regarding the initial boulder position on the
shore and the submergence (full, partial, subaerial). Furthermore, we apply different wave heights.
Finally, utilizing the IMU, video processing and common measurement devices allows us to derive
exactly the necessary tsunami energy to shift a boulder in motion.

Phase 2: Numerical model
Parallel to the physical experiments a numerical boulder transport model (BTM) is in development.
The BTM is based on the real two-phase model of Pudasaini (2012). The model of Pudasaini solves the
equations for two-phase flows (fluid and particles) explicit on a eulerian grid. In order to include the
movement of a rigid boulder with an arbitrary shape the boulder is treated as an immersed boundary
with the direct forcing technique (e.g. Gornak, 2013). In this context the physical behavior of the
boulder within the flow will be solved with the pe Rigid Multi-Body Physics Engine of the Friedrich-
Alexander-University Erlangen-Nuremberg (Iglberger & Ride, 2009).
Hence, the development of the numerical model encompasses two essential steps:
1.Determine the crucial physical forces on the boulder,
2.Well coupling of the pe (FORTRAN 95) and the two-phase model (C++).
The model will be validated using the data from the physical experiments. Especially the data
captured from the IMU is very helpful to determine the accuracy of the BTM highly correct.

Summary

Regarding to our experience due to the field study on the Island of Bonaire we recognized several
problems in the field of numerical and physical boulder transport modelling. By conducting well
controlled physical experiments utilizing real-world data we want to tackle three crucial gaps (boulder
and shore shape, boulder interactions) in research. Within our project, we combine the expertise of
different research fields like geographers, engineers and (geo-) physicist. By applying real world data
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for the boulder and shore models we make a step away from over-simplified model assumptions both
for physical experiments and numerical modelling.
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