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A B S T R A C T

The accurate modelling of overtopping of coastal defences by tsunami waves is of vital importance for the
formulation of disaster management strategies. To improve knowledge of this phenomena the authors conducted
experiments on coastal structure overtopping using bores that were generated by a dam-break mechanism. Three
types of structures were tested, namely a coastal dyke, a wall, and a wall of infinite height. The results highlight
the necessity to consider the energy present in a bore to determine if a structure will be overtopped or not. As a
result of these experiments an empirical formula to determine the height of overtopping given the incident bore
height and velocity was validated. The study highlights the importance of clearly modelling the velocity and
Froude number of a tsunami. Such experiments should be conducted on rough beds, for which a suitable
Manning's n seems to be around 0.06 sm-1/3. The study also contrasted the results obtained to those of the ASCE7
method, and concludes that the Manning's n values recommended in ASCE7 are probably too low.

1. Introduction

Tsunamis can devastate large portions of the coastline, inflicting
severe casualties to any community situated on it that is not adequately
prepared. To counteract these events, concrete structures have been
built along large sections of coastlines at risk, particularly in the case of
Japan. Despite the presence of such structures, the 2011 Tohoku
Earthquake and Tsunami (which generated run-ups of 10–40m along the
Tohoku coastline, Mori et al., 2012), went on to inflict casualties that
sometimes exceeded 10% of the resident population (Yamao et al.,
2015). Almost 20,000 people lost their lives in total, between those
dead and still missing (The Japan Times, March 8, 2016), and 169 bn
USD of assets were lost (equivalent to approximately 3% of the coun-
try's GDP (Ranghieri and Ishiwatari, 2014).

The failure of what was considered at the time a modern counter-
measure system (Mori et al., 2012) has led to a re-assessment of the role
of “hard” structures in tsunami disaster mitigation. Particularly, en-
gineers have been trying to draw lessons about why some structures
were overtopped but others were not. In areas where a bore might not
have possessed enough energy only minor flooding was recorded be-
hind the structures, such as in the case of Fudai. In this town floodgates
and dykes were effective at dissipating the tsunami's energy, even
though the structure was eventually partly overtopped (Fig. 1, left).
However, throughout most of the coastline the defences were not high

enough, and the wave carried enough energy to overtop and destroy the
town behind them (such as at Taro, for example, Fig. 1, right).

Following the 2011 event the Japanese coastal engineering com-
munity has started to classify tsunamis into two different levels, de-
pending on their severity and intensity (Shibayama et al., 2013). Level
1 events would have a return period of several decades to around 100
years, and would result in smaller inundation heights than Level 2
events. Level 2 events would have return periods of a few hundred to a
few thousand years, and for the case of substantial parts of the Japanese
coastline would have inundation heights in excess of 10m (Shibayama
et al., 2013). The 2011 Tohoku Earthquake and Tsunami is considered a
Level 2 event, given that it has a return period greater than 1 in 1 000
years, though the tsunami height levels are calculated at each point of
the coastline according to historical data on tsunami return periods.
While there is some uncertainty on these, this change in philosophy
essentially represents a move by Japanese disaster risk management to
move to a probabilistic management of tsunami risk.

The determination of the tsunami level is crucial when it comes to
the design of tsunami countermeasures. “Hard measures”, such as
breakwaters or coastal protection dykes, should be sufficiently high to
protect residents and their property in the case of a Level 1 event. For
the case of Level 2 events it is accepted that coastal defences would be
overtopped, and that residents would have to rely on “soft measures”,
such as evacuation to higher ground or tsunami shelters. However, even
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in this case hard measures are expected to survive the event, and should
play a secondary role in slowing the advance of the tsunami and pro-
viding residents with extra time to evacuate (Tomita et al., 2012). For
example, in the case of Otsuchi town, in Iwate prefecture, prior to the
2011 event the highest tsunami walls were built up to a height of
+6.4 m T.P..1 Simulations carried out by the national and prefectural
governments indicate that the 1896 Meiji-Sanriku tsunami should be-
come the benchmark for a Level 1 event (which required tsunami walls
to be a level of +10.5 m T.P.) (Iwate Prefecture Tsunami Disaster
Prevention Technical Committee, 2013). However, as the town is lo-
cated close to Kamaishi city it was decided that most of the tsunami
walls would be built to the same inundation height as that expected in
Kamaishi, i.e. to a level of +14.5 m T.P (see Fig. 2, top left). Simula-
tions indicate that even for such a wall partial overtopping is possible,
allowing some water to flood the land behind it (Esteban et al., 2015).
While the land behind the dykes has also been raised (Fig. 2, top right),
it is necessary to understand to what extent the new dyke will be suc-
cessful at stopping inundation behind it. Other similar dykes are being
rebuilt elsewhere along the coastline (see Fig. 2, bottom).

In the aftermath of the 2011 event many field survey reports have
analysed the types of failure mechanisms of coastal structures (Kato
et al., 2012; Mikami et al., 2012; Mori et al., 2012; Jayaratne et al.,
2016; Esteban et al., 2014). It is evident that beach bathymetry, coastal
geomorphology, onshore coastal topography, coastal structure geo-
metry and tsunami wave conditions, influence the failure modes and
mechanisms of coastal structures (Kato et al., 2012; Mikami et al., 2014;
Jayaratne et al., 2016). For the case of dykes, a number of authors (Kato
et al., 2012; Mikami et al., 2014; Jayaratne et al., 2016) identified how
leeward toe scour was the leading failure mechanism, though a number
of other types of mechanisms could also be observed (Bricker et al.,
2012; Kato et al., 2012; Tonkin et al., 2014; Jayaratne et al., 2016).
Essentially, most structures were insufficiently strong to withstand the
lateral and overtopping pressures and forces exerted on them, as they
were based on research on solitary waves that had mostly not con-
templated overtopping (see Tanimoto et al., 1984; Ikeno et al., 2001,
2003; Mizutani and Imamura, 2000; Esteban et al., 2009, 2012a,
2012b). However, following the 2011 event the use of solitary waves in
tsunami modelling has been questioned, due to the relatively short
distance between the source region and coast, compared to the distance
in which a soliton forms (Madsen et al., 2008). Due to this, many re-
searchers nowadays accept that the use of solitary waves can only be
considered to reproduce the first stage of a tsunami wave as it reached
the coastline (Goseberg et al., 2013). Hence, in recent times other

researchers have focused on the current velocity and overtopping ef-
fects to design armour of breakwaters against tsunami attack
(Sakakiyama, 2012; Hanzawa et al., 2012; Kato et al., 2012), even
though it is difficult to accurately replicate such effects in the lab.

It is important to note how, despite failing, protection structures
might have played a role in mitigating tsunami damage (Nateghi et al.,
2016), as highlighted by field surveys (Mikami et al., 2012; Suppasri
et al., 2012; EERI, 2011; Omira et al., 2013; Latcharote et al., 2016) and
numerical simulations (Nandasena et al., 2012; Stansby et al., 2008;
Hunt-Raby et al., 2011). One of the more significant of such structures
was the Kamaishi tsunami breakwater, the deepest breakwater built
anywhere in the world. Following the disaster, Tomita et al. (2012)
conducted simulations that show that the structure could have reduced
inundation heights in Kamaishi city from 13.7m to 8.0m, providing
residents an extra 6min to evacuate (though the effect of the damaged
sections of this breakwater was neglected in the calculations of tsunami
approach time, Cyranoski, 2012). However, other more typical break-
waters were basically designed to reflect wind waves, and the reduction
of the tsunami impact due to them should also not be overestimated
(Takagi and Bricker, 2014).

Thus, the 2011 event triggered an abundance of research dealing
with the stability of tsunami countermeasures, though comparatively
little experimental research has been conducted on understanding the
overtopping of tsunami-induced flows over tsunami walls or dykes. To
properly understand the benefits of coastal structures that are over-
topped, as is expected for Level 1 tsunamis, it is important to determine
the volume of water, flooding depth (df) and velocity (v) that can result
from an overtopping tsunami. The df v product is particularly im-
portant, as values higher than 0.5m2/s can result in 50% mortality,
which increases to almost 100% when df v > 2m2/s (Jonkman and
Penning-Rowsell, 2008). If correctly designed, these structures can play
a critical role in lowering this df v value, and provide residents with
extra time to evacuate (Okumura et al., 2017; Takabatake et al., 2017,
2018). Coupled with improved evacuation procedures and commu-
nication, such disaster management systems would make it easier for
residents and visitors to an area evacuate in the case of a tsunami (San
Carlos-Arce et al., 2017).

As a result, Esteban et al. (2017) set out to investigate overtopping
flow patterns that result from a variety of different incident bore-type
conditions. The laboratory experiments detailed by these authors were
then followed by detailed computer simulations by Glasbergen (2018),
using a bathymetry that attempted to simulate typical beach profiles
along the Sendai planes, in the northern Tohoku region in Japan. The
results of Esteban et al. (2017) and Glasbergen (2018) showed that
whether a structure is overtopped or not will depend on the energy in
the bore, with lower velocity bores less likely to overtop a structure
than higher velocity ones.

Fig. 1. Left: The dyke and floodgates at Fudai successfully stopped the tsunami, despite suffering some overtopping (inundation marks of ~20m in front of the
structure, indicated by the blue sign on the rightmost tower). Right: At Taro the massive coastal walls were overtopped, and the town behind them completely
destroyed (pictures by authors). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

1 These heights are presented relative to Tokyo Peil (T.P. corresponds to mean
sea level of Tokyo Bay).
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However, the experiments of Esteban et al. (2017) suffered from the
limitation of only having been carried out on a smooth bed, and thus
did not take into account the effect of different (and more realistic) bed
roughness coefficients. Furthermore, it is not clear whether the high
velocities and Froude numbers obtained using a dry bed are truly re-
presentative of a tsunami-like flow. Thus, in the present work the au-
thors set out to address this problem by conducting a new set of ex-
periments on a rough bed, which were then compared to the original
results detailed in Esteban et al. (2017). The authors then provide some
guidelines as to how high a structure would have to be so that it can
effectively help in the evacuation of citizens against a Level 2 tsunami.

However, tsunamis can also represent a threat to coastal commu-
nities outside Japan. The ASCE7 (ASCE, 2016) became the first North
American standard that is written in mandatory language, addressing
tsunami hazards and how these apply to the context of North America
(Stolle et al., 2019). The International Building Code (IBC) references
design provisions that are provided for in the ASCE7 Standard, and thus
has become part of an enacted building code law through adoption of
the model International Building Code by the state, county, or city
(Chock, 2015). This guideline contains a simplified method (called the
Energy Grade Line, or EGL, method) to establish maximum tsunami
inundation depth and flow speed values, based on inundation maps
throughout the United States. The present research will also attempt to
validate the accuracy of such a model, in light of the laboratory ex-
periments carried out in the present work, and the simulations con-
ducted by Glasbergen (2018).

2. Experimental program

Two different rounds of laboratory experiments (in Sept 2017 and
Sept-Oct 2018) using a dam break generation mechanism were per-
formed in a wave flume (dimensions 14m×0.41m×0.6m) at
Waseda University, Tokyo, Japan. The first analyses of the 2017
smooth-bed tests was given by Esteban et al. (2017). Froude scaling of
1:50 was used when converting the velocity of the bore to real-life

conditions, to see how accurately the wave resembled that of a real life
tsunami event. A schematic representation of the wave tank and the
apparatus in it, as used for both tests series, is shown in Fig. 3. On the
left side of the tank a dam break generation mechanism was operated
by a system of pulleys attached to a heavy weight (See Fig. 4). The
opening height of the gate was 15 cm. As the weight was not changed
throughout the experiments, the gate opening speed also remained
constant. Behind this gate a 4.5m reservoir ensured that there was
enough water to generate a long bore (water levels behind the gate
varied between experimental cases, meaning that between 18.9 and
37.8m3 of water was released each time). In total, 12 experimental
cases were carried out, for water levels in the reservoir of d=30, 40,
50 and 60 cm, and water levels in front of the reservoir of h=0, 10 and
20 cm.

A metal false bed was constructed on top of the floor of the tank,
with the start of the sloping section being only 5 cm away from the edge
of the gate. The horizontal section of the false bed was 20 cm above
flume bed, with the slope of the initial section being 1:10. All of the
experimental cases were repeated for two false bed conditions. The first
was the smooth metal finish of the actual bed. For the second condition,
acrylic layers were fixed on top of the false bed, with small diameter
stones (3–5mm, corresponding to a Manning n=0.02 sm-1/3 according
to Limerinos, 1970) being glued to the entire face of each of the panels.
This made the bed in the rough bed case slightly (ca. 5 mm) higher.
Note that there are more physically realistic ways than Manning's n to
parameterize bed roughness (see for example the discussion at the end
of Bricker et al., 2015), but Manning's n still pervades the practice of
inundation modelling and is encoded by the ASCE7, so it is thus the
focus of the present study.

The test section was located 1.65m away from the top end of the
sloping part of the false bottom, with three different structures being
tested: (1) a coastal dyke, (2) a low tsunami wall and (3) a high tsunami
wall (this wall was not overtopped, so it can be regarded as a wall of
“infinite height”). The dyke was constructed using a combination of
acrylic panels and a hollow metallic structure (9.5 cm high, 26 cm long

Fig. 2. Top left. Construction of new dyke in Otsuchi town (Sept 2018). Top right. New park in Otsuchi, showing the original level of the town (pond on the right) and
the new level (houses at the back). Bottom left. Reconstructed dike along the Sendai plains coastline (photo courtesy of Glasbergen, T). Bottom right. New coastal
dyke at Rikuzentakata, in front of a preserved memorial building.
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across the base and 6 cm wide at the top, see Fig. 5). The low tsunami
wall was essentially one concrete block 15 cm high and 10 cm wide
(Fig. 5). The high tsunami wall consisted of a 39 cm high acrylic panel,
supported at the base by a concrete brick (Fig. 5). The false bed and all
of the test structures were fixed to the sides of the wave tank using
silicon, and particular attention was paid to them being completely
sealed. No movement was observed in any of the structures or false bed
during the experiments. At the end of the tank a wave absorption beach
was constructed, under which there was a drain that allowed for excess
water to be removed after each experiment.

Several wave gauges (WG) and velocity meters (VM) were placed in
the tank, as shown in Fig. 1. All gauges (KENEK CHT6–30, 40) were of
the capacitance type, with a range of either 30 or 40 cm. Table 1 shows
a summary of the experimental conditions (note that some definitions
in the table will be further elaborated in the section detailing the re-
sults). To evaluate the hydrodynamic conditions of the waves that were
generated experiments were also performed without any structures
being present inside the tank, focusing on the unobstructed water sur-
face elevation and velocity profile just before the test area. The in-
struments used a data logging system (KENEK ADS2016), which was
connected to a PC. The sampling frequency of all measurements was
200 Hz. A high-speed Nikon D5200 camera (60 frames per second) was
mounted on a tripod directly in front of the structures. This allowed the
analysis of the profile of the bores as they hit the structures, and the
overflowing patterns that resulted from them.

The velocity meters (KENEK VMT2–200–04P, 04 PL) used in the
experiment were all electromagnetic current meters (ECMs), with a
range of measurement of 2m/s. A low pass filter of 20 Hz was applied
after the data acquisition. They were placed at the top of the structure

and 15 cm behind it, to attempt to measure the overtopping conditions.
However, due to air bubbles entrained within the turbulent bore and
disturbance of the free surface due to the high-speed flow around the
probe head, the complete velocity profile could not be accurately re-
corded for the entire length of the experiments. Thus, the measure-
ments obtained by this type of instrumentation were considered to be
approximate reference values, and the bore front velocities were mea-
sured from the wave gauge (WG) data, as will be discussed later.

In preparation for each of the experimental cases the tank was
drained and filled to the specified height with water (both for the case
of the water in the reservoir and that in the main test section). It should
be noted that wet bed conditions were used in all experimental con-
ditions. To ensure replicability certain experimental conditions were
repeated five times, as will be discussed later in this paper.

T/2 (the “wave half-period” of the “tsunami-like wave”) was esti-
mated from the wave profile of the experimental cases where no
structure was present in the tank. For the experimental cases with less
water, T/2 could be calculated precisely (For example, for the smooth
bed experiments T/2= 10.6 s for d=30 cm and h=0 cm, which
would correspond to a real life T/2=74.9 s) However, as the amount
of water in the reservoir was increased the wave was faster and it
reached the end of the tank and was reflected before a full cycle could
be recorded. Thus, it was only possible to conclude that, T/2 > 16.1
for d=60 cm and h=0 cm for the smooth bed (corresponding to a real
life tsunami T/2 > 113.8 s). For the case of the rough bed, the wave
appeared to advance slower, and for d=30 cm a secondary wave (re-
flected from the sloped section onto the gate and back onto the struc-
ture) reached the test section before a full cycle was finished. Thus, it
was only possible to conclude that T/2 > 12.18 s for d=30 cm and

Fig. 4. Experimental Apparatus. a) View of the back of the gate. b) Weight system to release the gate. c) Wave gauge and velocity meters (smooth flat bed). d) Stone
flat bed.

Fig. 3. Schematic of the wave flume and intrumentation [not to scale].
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h=0 cm and T/2 > 14.12 s for d=60 cm and h=0 cm for the rough
bed (real life T/2 of 86.1 and 99.8 s, respectively). Despite this limita-
tion, a T/2 > 10 s meant that the experiments were able to reach a
quasi-stationary overtopping flow (for the experimental cases where
overtopping took place), which could be considered similar to what was
observed during the 2011 Tohoku Earthquake and Tsunami.

3. Results

3.1. Experiment repeatability

When performing tests using dam-break experiments it is important
to ascertain whether these are consistent. Esteban et al. (2017) proved
this by repeating experiments 5 times for the case of the “low tsunami
wall” and “dyke” structure experiments with d=50 cm and h=0 cm
(showed in bold italics in Table 1). For the case of the rough bed the
coefficient of variation from the averaged maximum water level re-
corded at each gauge was low, as shown in Table 2.

However, the measurements by the velocity metres were much less
consistent, for both the rough and smooth bed conditions. In this sense,

the present experiments were unable to improve on the methodology of
Esteban et al. (2017) and were thus omitted (the velocity meters are
electromagnetic instruments that do not produce reliable results in
conditions of substantial air entrainment).

3.2. Dam break wave profile

As stated earlier it was difficult to get accurate readings from the
velocity metres, as the velocity of the incident bores typically exceeded
their capabilities (full range of 2m/s), and the entrapment of air behind

Fig. 5. The structure types tested [not to scale]. From left to right, “high vertical wall”, “low vertical wall” and dyke.

Table 1
Summary of experimental conditions and results (note that some of the variables mentioned will be defined in the section detailing the results). Numbers in bold
italics indicate the experimental conditions (d=50, h=0 cm, for both the low vertical wall and the dyke) that were repeated 5 times. Results for the smooth bed
case are repeated from Esteban et al. (2017).

Rough Bed
Water depth in reservoir/in front of the
reservoir

Structure Type

No structure High vertical wall (non-
overtopped)

Low vertical wall Dyke

No d [cm] h [cm] Hi [cm] Vi [m/s] Hf0 [cm] Hf [cm] Ho [cm] Hb [cm] Hf [cm] Ho [cm] Hb [cm]
WG5 WG2-4 WG3 WG3 WG5 WG6 WG3 WG5 WG6

30 0 3.42 1.24 8.24 8.57 0 0 8.06 0.41 1.43
10 3.67 1.15 7.79 7.15 0 0.02 8.57 0 0.61
20 3.73 0.88 8.2 7.49 0 0.02 8.7 0.04 0.12

40 0 5.49 1.68 16.15 15.21 0.9 1.48 13.73 5.55 4
10 5.64 1.37 14.59 14.46 0.21 1.41 13.39 4.41 2.4
20 5.64 1.79 15.41 14.85 0.57 1.62 13.58 3.89 2.58

50 0 8.59 2.12 24.3 21.04 10.76 5.31 17.61 11.35 7.56
10 7.79 1.92 22.38 19.28 4.92 3.26 17.11 9.22 6.88
20 8.32 1.66 21.41 20.16 5.31 4.3 17.97 10.45 7.38

60 0 12.17 2.59 33.69 27.55 16.33 9.45 20.32 16 9.92
10 10.74 2.43 28.61 24.35 11.11 6.95 20.36 13.16 8.95
20 10.27 2.7 28.63 24.17 12.38 6.88 20.89 13.48 10.12

Yes 30 0 3.38 0.99 8.59 8.81 0.03 0.04 7.62 0 0
10 3.11 0.86 7.44 6.89 0 0 7.48 0 0
20 3.28 0.78 8.32 7.38 0.03 0.04 8.01 0 0

40 0 5.63 1.36 18.13 16.07 0.32 0.62 15.27 5.19 2.61
10 5.23 1.28 16.46 14.18 0.28 0.03 13.87 2.99 2.02
20 5.86 1.29 17.66 16.13 0.72 1.99 13.85 3.22 2.21

50 0 7.95 1.82 25.98 21.59 6.518 3.784 19.138 9.234 4.844
10 7.5 1.49 24.08 22.54 4.1 3.69 18.09 7.22 4.2
20 8.01 1.27 26.35 21.88 7.63 2.61 18.4 11.06 3.37

60 0 10.55 1.96 33.55 28.38 12.29 7.15 24.34 13.67 8.13
10 9.96 1.65 32.95 35.55 10.27 6.24 21.21 12.08 7.6
20 10.76 1.42 32.38 31.45 11.65 4.66 21.43 12.38 6.09

Table 2
Summary of the coefficient of variation for the various experiments conditions,
for d=50 cm and h=0 cm (based on 5 experiments).

Structure Bed type WG1 WG3 WG5 WG6

Low Vertical Wall Smooth bed 1.2% 1.9% 13.5% 10.6%
Rough bed 3.8% 0.6% 12.0% 6.3%

Dyke Smooth bed 1.2% 1.7% 4.8% 6.3%
Rough bed 1.0% 4.2% 6.9% 5.3%
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the probes resulted in missing data points (also reported in Esteban
et al., 2017). To overcome this problem, the authors used the bore front
velocity to approximate the maximum kinetic energy present in the
wave-like flow (following Dressler, 1954; Estrade and Martinot, 1964;
and Chanson, 2006, who estimated that the flow velocity in the tur-
bulent bore tip is roughly equal to the bore front velocity). As the ex-
periments were conducted over a horizontal, flat, unobstructed surface,
the bore front velocity should represent the maximum velocity of the
flow.

Following Esteban et al. (2017), the bore front velocity was thus
calculated by measuring the time for the bore tip to travel between
WG2 and WG4 (which were situated 1.0 m apart from each other) when
no structure was present in the tank (see Fig. 6). The incident wave
height (Hi) was considered to be the maximum height of the wave as it
traversed WG5 (as this was the location of the centre of the structures in
the other experimental cases), with Table 1 also showing the values of
Vi. When no structures were present the bore appeared uniform as it
made progress over the false bed (i.e. there appeared to be no change in
its profile between WG4 and WG5, see Fig. 6). This obviously changed
when the structres were placed inside the tank, as the wave crashed into
the structure and overtopped it (if it had sufficient kinetic energy).

The notional Froude number Fr for the bore front given in Fig. 6 is
defined by equation (1).

=Fr V
gH

i

i (1)

It is important to remember that this Fr is not the steady flow Froude
number, given that it is a front propagating over a dry bed, and that the
front velocity and (maximum) flow depth are measured at different
times. The Fr for the rough bed and smooth bed experiments was clearly
different, as shown in Fig. 7. This indicates that the bore front slows
down and steepens up due to the roughness. There are indications that
the lower Froude numbers of the rough bed experiments are more
realistic than those of the smooth bed, according to Glasbergen (2018)
and Matsutomi et al. (2001). The SWASH simulations conducted by
Glasbergen (2018) indicate that in the coastal area (around 300–500m
from the seashore) the Fr number for a tsunami-like propagating front
should be in the order of 1. Matsutomi et al. (2001) summarized Froude
numbers for past tsunami events, which they calcuated using the sur-
veyed flow depths and velocities estimated from Bernoulli's equation,
and showed that they ranged from 0.7 to 2.0 near the shoreline.

In order to get a more direct view of the change in bore shape due to
the roughness, the slope of the wave front was measured from the video
images that were recorded during the tests. The image taken at the
moment that the front made first contact with the wall was used for the
analysis. Then, the water depth of the wave at a distance of 30 cm from
the wall was read from the image. The water surface could be

Fig. 6. Diagramatic representation of the calculation of the bore velocity Vi. The continous line indicates the wave profile as the bore reaches WG4. Hi, the incident
(unobstructed) wave height, was taken as the maximum water lever at WG5 (with the discontinous line showing the wave profile at this moment).

Fig. 7. Comparision of Fr numbers for the rough and smooth bed experimental conditions for the range of experimental conditions provided in Table 1.
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distinguished best by observing a series of pictures from the movie
recording, with the image coordinates being transformed into real-life
coordinates by relating the pixel size to objects of known size in the
image (that were located at the same distance from the camera as the
water surface). The pixel size ranged from 0.5 to 1mm. No image
correction was applied, so that the accuracy was estimated to be better
than 5%. From Fig. 8 it can be seen that the front slope of the wave on
the rough bed seems to be steeper than that on the smooth bed. The
only cases in which this trend is not clear are for the tests with the
largest initial water level (d=60 cm).

3.3. Inundation height after the structure

Esteban et al. (2017) introduced a number of parameters to analyse
the wave overtopping. Hf, Ho and Hb are the maximum values of the
water surface elevation of the bore as it impacts, overtops and continues
to run behind the structure (which were obtained from WG3, WG5 and
WG6, respectively). These parameters are diagramatically explained in
Fig. 9. All experiments showed a similar pattern, with the front rapidly
approaching the structure and eventually overtopping it if it had en-
ough kinetic energy. A quasi-stationary overtopping flow was subse-
quently achieved (with the durations indicated by T/2 earlier), which
would last several minutes for the case of real tsunamis, though in the
case of the laboratory water quickly ran out.

In basic wave hydraulics the energy of an incoming steady flow
traversing WG5 without structure would be given by equation (2)

= +E V
g

H
2i

i
i

2

(2)

where Ei is the total head, Vi is the flow velocity (for which we here take
the maximum incident bore front velocity in front of the structure), g is
the acceleration due to gravity, and Hi is the water level (for which we
here take the maximum incident water level relative to the flume false

bottom, as defined in Fig. 4).
The authors first summarized the data for the high wall case (which

was not overtopped and can hence be regarded as the maximum run-
up), by using the maximum value recorded at WG3, placed close to the
front of the high seawall, which is referred to as Hf0. It is assumed that
Hf0 is a stagnation pressure that is equal to the incoming ‘energy head’
Ei, which was also corroborated by Esteban et al. (2017). Fig. 10 shows
the relationship between static head at the edge of the gate relative to
the elevation of the false bottom (d – 0.2 m) and Ei, showing how the
rough bed dissipates some of the energy of the incoming wave.

Esteban et al. (2017) provide a formula to estimate the inundation
height after a structure of a given height Hw, given the total head of the
incident front Ei (which can be calculated according to its incident wave
front velocity Vi and wave height Hi). The ratio Hb/Hi is given by the
relationship between the ratio of wave depth after the wall [Hb] to the
incident wave height [Hi] and the Ei/Hw

= =H H E
H

R/ tanh 0.51 0.36 ( 0.89)b i
i

w

2
(3)

The formula is applicable for both dykes and vertical walls, for
structures and tsunamis where 0.2 < Hi/Hw < 1.3. In the present
work the authors verified that the equation is still applicable for rough
beds, and that its range of applicability is independent of the roughness
of the bed or Froude number of the bore, as shown in Fig. 11.

3.4. Comparison of results with the ASCE 7 energy gradeline method

The ASCE7 (ASCE, 2016) contains a simplified method (called the
Energy Grade Line, or EGL, method) to establish maximum tsunami
inundation depth and flow speed values, based on inundation maps
throughout the United States. As explained in detail in Kriebel et al.
(2017), the EGL assumes that a conservative way to calculate the
maximum inundation depth and flow speed values along a 1-dimen-
sional transect normal to the shoreline is via the total head equation (2),
starting at the point of maximum runup (known elevation and zero
kinetic head), and calculating back towards the shoreline. Moving to-
wards the shoreline, the friction loss is added back into the total head
(4) via Manning's equation (5)

Ei= Ei-1 + siΔx (4)

=
( )

s u

h
i

i

n i

2

1 2 4
3

(5)

where s is frictional head loss slope, E is total head, Δx is the distance
between calculation points i and i-1, ui is the maximum flow speed at
point i, n is Manning's n, and hi is maximum flow depth at point i.

The experiments of this paper provide a chance to check the
Manning's n values suggested by ASCE7 for Equation (5) against phy-
sical results. To do this, a simple HEC-RAS version 5.0.6 unsteady flow
model (Bruner, 2016), which uses the one-dimensional St. Venant

Fig. 8. Comparison of direct video measurement of front slope angle for smooth
and rough beds, for different water depths (d) in the reservoir.

Fig. 9. Wave parameters used to analyse the overtopping wave. Hf, Ho and Hb represent maximum values of the surface profile of the wave as it impacts, overtops and
runs past the wall. These values were obtained from WG3, WG5 and WG6, respectively.
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equations, was implemented to estimate flow depths and speeds
throughout the flume. HEC-RAS has been shown to model 1-dimen-
sional dam breaks with enough accuracy for practical applications
(Bricker et al., 2017). The model was set up to run with a cross-section
spacing of 1 cm and a time step of 0.1 s. Initial conditions represented
the water levels within and in front of the reservoir, and the gate was
assumed to open instantaneously, with an orifice coefficient of 0.8.
Since HEC-RAS assumes a rough bed, it was compared only to the rough
bed experiments detailed earlier in this paper. Model calibration re-
sulted in a Manning's n=0.03 s/m1/3 (model scale) best approximating
the bore speed and depth at each wave gauge. Fig. 12 shows the
comparison of water depth time series at each wave gauge.

The lesson from these laboratory experiments is related to the
Manning's n values in Eq. (5), for which ASCE7 recommends values of
0.025 sm-1/3 for “coastal water or nearshore bottom friction, or open
land or fields”, 0.04 sm-1/3 for urban areas, and 0.03 sm-1/3 for all other
cases. For coastal and open areas, these suggested values are similar to
those for steady flow (i.e., Chow, 1959), but for urban and vegetated
areas, much larger values are suggested for both steady and unsteady
flows (Bricker et al., 2015). The rough bed laboratory experiments
presented in this resarch utilized stones 3–5mm in diameter (d50 ap-
proximately 4mm). Limerinos (1970) relates the median stone dia-
meter d50 and the hydraulic radius R to Manning's n in steady flow via
Eq. (6).

=
+ ( )

n
R log

0.0926
0.35 2.0 R

d
1/6

10 50 (6)

For the shallow, wide flume, the hydraulic radius is approximately
equal to the flow depth, which for the bores shown in Fig. 12 is on the
order of 0.05m. The resulting Manning's n from Eq. (5), intended for
steady flow, is 0.02 sm-1/3. However, the calibrated HEC-RAS model
required n=0.03 sm-1/3 to correctly capture the waveforms of Fig. 12,
indicating that the steady-flow Manning's n value was too small for the
unsteady dam-break flow of the experiments. Bricker et al. (2015)
suggests that tsunamis require larger effective Manning's n values than
steady flow because of the enhanced turbulent dissipation of energy in
the unsteady flow bottom boundary layer (Bricker et al., 2005);
Williams and Fuhrman (2016) and Larsen and Fuhrman (2019b) cor-
roborate this further by showing the bottom boundary layer under a
tsunami to be unsteady, therefore not reaching the full water depth.
Since Manning's n scales with the geometric scale to a power of 1/6, the
Manning's n value expected for a tsunami over this terrain at prototype
scale (the bed grains themselves correspond to cobbles of 20 cm dia-
meter at prototype scale) is n=0.06 sm-1/3, which is again much larger
than any of the Manning's n values suggested by ASCE7 (ASCE 7 sug-
gests a maximum value of n=0.04 sm-1/3, for “buildings of at least
urban density”, which are much larger than cobbles).

Since the suggested application of Eq. (4) and Eq. (5) in the EGL
method is to begin at the location of runup (the edge of inundation) on
a hazard map, and then to calculate total head Ei seaward up to the
shoreline, the incremental friction head si (Eq. (5)) is added back into
the total head at each spatial step. Small values of Manning's n generate
small values of the friction head si, and thus small values of the total
head, with error accumulating seaward. Since the Manning's n values

Fig. 10. Relationship between Ei and static head at the edge of the gate for the high seawall.

Fig. 11. Relationship between the ratio of wave depth after the wall [Hb] to the incident wave height [Hi] and the Ei/Hw.
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suggested by ASCE7 are much smaller than those suggested by Bricker
et al. (2015) in urban and vegetated areas, the current EGL method
appears non-conservative, requiring futher research into appropriate
Manning's n values for tsunamis.

4. Discussion

The experiments detailed in this study, combined with the HEC-RAS
computer simulations, and those performed by Glasbergen (2018) al-
lowed the authors to obtain some insights into how accurately labora-
tory experiments can represent tsunami waves.

The roughness of the experiment bed used has a clear influence on
the incoming tsunami front. The shape of the waves was different, with
steeper fronts and lower Froude numbers for rough bed experiments.
However, the different approaching flows did not noticeably change the
observed response of the tested tsunami walls to the transient flow. The
overtopping flow depth data collapsed onto the results of Esteban et al.
(2017) for smooth walls, and provides further evidence that the equa-
tion of Esteban et al. (2017) might be applicable to real tsunamis. It also
is further proof that the total head is a good parameter to describe the
hydraulic response of the structure to the considered stationary/tran-
sient flow (while formally it is only valid for stationary flow). Herewith,
the range of applicability of the formula has been increased to en-
compass a wider range of conditions.

The simulation of tsunamis in the laboratory is clearly difficult, as
Froude numbers should match those of the real tsunamis. Glasbergen
(2018) computed tsunami generation and runup for realistic ranges of

tsunami sources and coastal shapes, using the SWASH model (Zijlema
et al., 2011). After calibration of the inundation depth and the runup
height at the coast near the town of Yuriage, it was found that a
Manning's n of 0.06 sm-1/3 could reproduce the event well. Glasbergen
(2018) then determined (slightly differently defined) Froude numbers
for the bore fronts that resulted from these tsunamis, and compared
them to the smooth bed tests (Esteban et al., 2017). For the smooth bed
tests the bore-front Froude numbers at the location of the structure
ranged from 1.45 to 2.69, while the bore-front Froude numbers of the
simulations were much lower at that location (ranging from 0.65 to
1.14). However, the computed bore-front Froude numbers at the coast
were 1.34–2.6, so essentially the inland bore-front Froude numbers (by
Glasbergen, 2018) of the smooth bed tests match the Froude numbers of
the simulations at the coast line. With the increased roughness the bore
slows down and steepens, and this Froude number resembles the inland
bore front-Froude number more closely.

A HEC-RAS simulation calibrated to the rough-bed laboratory ex-
periments results in a Manning's n much higher than that suggested by
ASCE7. The implications of this for disaster risk management are that
the ASCE7 energy grade line (EGL) method is non-conservative. This is
due to the friction loss in Equation (5) which, when added back into
Equation (4) between the inundation limit and the shoreline, is smaller
than the actual friction loss. However, for the USA this error may be
mitigated since the original simulations used to generate the ASCE7
tsunami inundation maps also used Manning's n values that were too
small, thereby resulting in conservative estimates for the limit of the
inundation. A real danger is that the ASCE7 method may be applied by

Fig. 12. Comparison of laboratory experiments (rough bed, no structure scenarios) and HEC-RAS time series (with n=0.03 sm-1/3) at wave gauges WG1 through
WG4, for reservoir depths d of 30 cm, 40 cm, 50 cm, and 60 cm, released into a water depth in front of the reservoir h of 20 cm.
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non-US entities looking to use the EGL method with hazard maps that
were not generated in the same way as the ASCE7 hazard maps. If the
EGL method is applied with inundation maps based on historical data,
for example, the resulting flow depths and speed estimated by the EGL
method would be too small. This is particulary worrying given that the
product of these two parameters largely determines mortality rates
(with depth velocity products of over 1.2m2/s generally considered as
the upper limit for pedestrians, Suga et al., 1995; Wright et al., 2010;
Takagi et al., 2016).

The results of the present experiments thus emphasize the need to
consider the incident bore velocity in the design of coastal protection
structures. Video footage of the 2011 Tohoku Earthquake Tsunami
highlighted how in some areas the tsunami manifested itself as rapidly
rising tide, in others as a slow bore, and yet in others as a rapidly ad-
vancing high velocity bore. This further emphasizes the need to start
cataloguing tsunami waves into different types of waves, which should
be clearly described and catalogued, rather than simply lumped to-
gether under the term “tsunami” (as in, efforts should be made to cat-
alogue tsunami waves into different types, in the same way that
breaking wind waves are differentiated into breaking, spilling and
surging by the clearly defined Irribarren number, breaking solitary
waves are classified by the solitary wave breaking criterion (Grilli et al.,
1997), and breaking windwave groups are described by the normalized
bed slope parameter (Battjes et al., 2004)). Glasbergen (2018), Roubos
(2019), and Larsen and Fuhrman (2019a) present suggestions for such a
quantitative classification of tsunami wave types. This difference in
wave type will have implications for the design of coastal dykes, as
under the current tsunami disaster management in Japan (which dif-
ferentiates Level 1 and 2 events), coastal structures need to protect
settlements against the expected inundation that could be brought
about as a result of a 1 in 100 year tsunami (Level 1). The results thus
indicate that this is not just a problem of how high to build the dyke,
but that careful consideration needs to be given to the wave velocity
and overtopping mechanism. While consideration of the failure me-
chanism is outside of the scope of this work, it is worth noting how
lessons have been learnt as a consequence of the 2011 event, and that
many new structures have improved leeward slope and toe protection
(Kato et al., 2012; Mikami et al., 2014; Jayaratne et al., 2016).

5. Conclusions

The level of understanding on how to defend against tsunamis has
greatly increased in the last 15 years, through observations in the
aftermaths of the many events that have taken place in this period and
important research efforts with laboratory experiments and computer
simulations. Nevertheless, important challenges and gaps in knowledge
still exist regarding how to accurately model these waves in the la-
boratory. In the present work the authors analysed how changes in bed
roughness affect dam-break bores, and the resulting overtopping pro-
cesses on three different structures, namely an “infinite” vertical wall, a
dyke, and a low vertical wall.

The bores on rough floors had lower Froude numbers and steeper
fronts. As a result, the range of applicability of the formula for over-
topping flow depth by Esteban et al. (2017) has been increased to en-
compass this different type of rough-floor approach flow.

The results clearly corroborate the necessity of considering the en-
ergy present in the bore to determine whether a structure will be
overtopped or not, which is a critical consideration considering how
coastal structures in Japan should not be overtopped by a 1 in 100
tsunami event (Level 1). They also show the importance of clearly
modelling the velocity and Froude number of a tsunami, and of con-
ducting experiments using a realistic rough bed, for which a suitable
Manning's n was 0.06 sm-1/3 for both the experiments carried out
(which correspond to a bed of cobbles at prototype scale) and for a
SWASH model calibrated by Glasbergen (2018) for the tsunami in-
undation of Yuriage in 2011. Otherwise, the use of a smooth bed in

tsunami experiments might result in waves that do not accurately re-
produce the real phenomena observed in nature (though the present
experiments also indicate that they would represent conservative esti-
mates, as compared to rough beds).
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