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To investigate past extreme waves which deposited cliff-top boulders, it is important to elucidate the wave force
acting on wave-cut notches beneath coastal cliffs. Our laboratory experiments have revealed that extreme waves
over coastal cliffs generated both sustained and impulsive forces, and that sustained forces can be estimated from
buoyancy, because velocities are rather small when sustained forces are generated. Thus, boulders at coastal
cliffs are likely moved by impulsive forces but not by sustained forces. We have also proposed coefficients of the
formula which can reproduce impulsive and sustained wave forces acting on the notch based on observed and
simulated wave heights and velocities. Using the proposed formula, wave heights and velocities that are
necessary to move boulders up coastal cliffs can be estimated without numerical simulations. In our future

investigation, we will account for the scaling effect of impulsive forces acting on coastal cliffs.

1. Introduction

Transport of boulders onto cliff-tops from under cliffs or cliff edges
(e.g., Hansom et al., 2008; Watanabe et al., 2019) by tsunami and storm
waves has been widely reported around the world (e.g., Autret et al.,
2016; Cox et al., 2012; Cox, 2019; Erdmann et al., 2018; Fichaut and
Suanez, 2011; Hall et al., 2006, 2008; Hall, 2011; Hansom et al., 2008;
Goto et al., 2010, 2011; Kennedy et al., 2017, 2021; Noormets et al.,
2004; Pignatelli et al., 2009; Piscitelli et al., 2017; Rovere et al., 2017;
Suanez et al., 2009; Williams and Hall, 2004; Watanabe et al., 2019).
Most cliff-top boulders have been transported from cliff edges, based on
field observation (e.g., Hall et al., 2006, 2008; Hall, 2011; Hansom et al.,
2008; Rovere et al., 2017; Williams and Hall, 2004; Watanabe et al.,
2019). Cliff-top deposition of coastal boulders has also been investigated
in laboratory experiments, which, for example, revealed that a boulder
can be transported from a cliff edge (Hansom et al., 2008) and from
under a cliff onto the cliff top (Watanabe et al., 2019) by
reasonably-sized extreme waves. At cliff topography, it has been found
that wave runup is strongly dependent on wave frequency (Carbone
et al.,, 2013), and that a breaking position of a wave is important for
boulder movement (Steer et al., 2021).

Other researchers investigated removal of coastal boulders from cliff

edges owing to coastal waves (e.g., Kogure et al., 2006; Kogure and
Matsukura, 2012; Herterich et al., 2018). Kogure and Matsukura (2012)
investigated the relation between the tsunami/storm wave size and the
dimensions of boulders which can be removed from coastal cliffs. Her-
terich et al. (2018) proposed an equation to estimate boulder collapse
from cliffs based on the estimation of bending stresses acting on the cliff
owing to fluid pressure.

To investigate tsunami or storm wave propagation over cliff-
topography, numerical simulation is a powerful, albeit computation-
ally costly, tool. For example, to model wave propagation at coastal
cliffs, three-dimensional numerical simulation models or Smoothed
Particle Hydrodynamics (SPH) methods (e.g., Rogers and Dalrymple,
2008; Sarfaraz and Pak, 2017) are suitable because they can directly
solve pressure acting on the boulder.

The extreme wave force acting on vertical walls or artificial struc-
tures such as buildings and piers has been investigated by many studies
(e.g., Fukui et al., 1963; Asakura et al., 2000, Arikawa et al., 2005, 2006;
Nouri et al., 2010; Carbone et al., 2013; Palermo et al., 2013; Kihara
et al., 2015, 2021; Okamoto et al., 2020, 2021; Watanabe et al., 2022),
with some studies proposing a formula to estimate wave pressure only
from water depth or from water depth and wave velocity (e.g., Arikawa,
2015; Arimitsu and Kawasaki, 2016; Asakura et al., 2000, 2002; Cross,
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1967; Sakakiyama, 2012). Some previous studies have investigated
wave forces at coastal cliffs (e.g., Hansom et al., 2008; Carbone et al.,
2013; Steer et al., 2021), while not proposing a formula to estimate wave
force or pressure over coastal cliffs based only on water depth and
velocity.

In this study, we have conducted both wave tank experiments and
numerical simulations, and proposed a new method to estimate wave
pressure/forces over coastal cliffs. For the experiment, a cliff topography
was installed in the tank, and solitary waves were generated using a
wave maker. The coastal cliff shape was changed multiple times, and
each time wave force acting on the cliff was measured. We first revealed
the hydraulic characteristics of solitary waves. After that, we conducted
numerical simulation of the experiment and validated its accuracy.
Based on the results of the experiment and numerical simulation, we
then proposed a simple formula to estimate wave pressure without nu-
merical modeling.

2. Method
2.1. Hydraulic experiments

For our experiments, we used a wave tank at Chuo University. The
wave tank is 34.08 m long, 0.5 m wide, and 1.0 m high (Fig. 1). The
water depth in the wave tank was set to 0.45 m. At x = 0.0 m, there is a
piston-type wave generator, used to generate soliton waves 5, 10, and
15 cm high (using a scaling of 1:50 based on the Froude similarity law,
the waves would have been 2.5, 5.0, 7.5 m high). At x = 16-25 m, a
slope was set at an angle of 1/20 (Fig. 1). A 20-cm (10-m) high
(measured from still water level) vertical wall representing a cliff was set
at x = 25 m, with a flat topography on top of the cliff (Fig. 1). Extending
up to x = 27 m. From x = 30 m-34.08 m, there is a wave absorber.

We first conducted experiments by inputting soliton waves when a
rectangular block was not installed at the cliff edge (Figs. 2 and 3), and
then measured time series of water levels and vertical velocities in front
of the vertical wall. The time series of water levels were measured at x =
14 m (WG1, water depth; 0.45 m) and x = 24 m (WG2, water depth;
0.05 m) with a sampling rate of 100 Hz. The water levels were measured
using CHT7-100, which was manufactured by KENEK CO., LTD. The
propagation of the soliton waves was recorded at 30 frames per second
by a video camera in front of the tank. The bore inundation over the cliff
was also recorded using the video camera. Based on the video recording
analysis, wave angles (¢), maximum water levels at the cliff, and
maximum water levels when the waves reached the cliff (hereinafter,
Hb) were measured. The definition of these values is shown in Fig. 4.

The above parameters taken from our video analysis were used only
to reveal the parameters affecting the magnitude of sustained and
impulsive wave forces because of large variance of measurements
derived from the video analysis (described in Section 3.1). To propose a
new simple formula to estimate wave pressure acting on a coastal cliff
only from water level and velocity, we used the simulation results,
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Fig. 2. The laboratory setup in this study. The notch depth, notch height, cliff
height, and 3-component dynamometer are indicated.

whose accuracies were validated. When a notch is formed by wave
erosion (commonly several meters deep) (Fig. 5), the likelihood of a
boulder being transported from a cliff edge by extreme waves increases.
This is because when a notch is present, vertical force can act on the
bottom of the boulder (e.g., Watanabe et al., 2019). To reproduce a cliff
notch in the experiment, we installed a rectangular block at the cliff edge
(a gap was left between the block and the vertical wall representing the
cliff to prevent friction, but it was tiny enough to prevent water from
entering the gap), and measured vertical and horizontal wave force
acting on the notch with a 3-component dynamometer fixed at the
rectangular block (Figs. 1 and 2). The forces acting on the rectangular
block were measured using LSM-B-100NSA1Z10-P, which was manu-
factured by Kyowa Electronic Instruments CO., LTD.

When a tsunami is close to the shore, a bore is generated owing to
wave breaking and soliton fission at the leading edge of the tsunami. The
maximum value of force generated when the bore impacts an object is
called impulsive force (Arikawa et al., 2005). After that, continuous
arrival of tsunami waves raises the water level. The force which is
generated during this phase is called sustained force (Arikawa et al.,
2005). Examples of both impulsive and sustained force are shown in
Fig. 6. For measuring wave pressure when impulsive wave force is
generated, it is recommended that sampling rate should be set as more
than 1000 Hz (Shimosako, 2001). We set the sampling rate of the
dynamometer at 1000 Hz. The resultant impulsive wave is described in
Section 3.1. Owing to the shape of the coastal cliff, the wave force acting
on the notch changes. In this study, we varied the height and depth of
rectangular blocks (hereinafter the notch height and notch depth,
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Fig. 1. A schematic diagram of the wave tank. The numerical domain for the CADMAS-SURF/3D-2F is also shown.
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Fig. 3. Laboratory video stills for wave height of 10 cm, notch depth of 4 cm,
and notch height of 10 cm. (a) Before the experiment (0 s after the wave
generation); (b) when the wave reached the vertical cliff (36.64 s after the wave
generation); (c) when the wave reached the notch (36.8 s after the wave gen-
eration); (d) when the wave reached the maximum water level (37.04 s after the
wave generation).

Fig. 4. The definition of symbols and a conceptual diagram of the notch at the
coastal cliff used in this study. H is the maximum water level when the
generated wave reached the cliff, 6 is the wave angle, a is the notch height, and
b is the notch depth.

Table 1) installed at the cliff edge to reveal the wave force of coastal
waves at various types of coastal cliffs. We set the notch height as 5, 10,
and 15 cm and the notch depth as 2, 4, and 6 cm. The width of the block
remained constant at 3.5 cm. All experiments were repeated three times
for each case to account for variability. In all cases, both impulsive forces
and sustained forces were generated, although, in some cases, sustained
forces and impulsive forces could not be separated. We excluded such
data from our experimental data summary and from comparison of
observed and simulated values.

2.2. Numerical simulations

We conducted three-dimensional simulations of the laboratory ex-
periments using CADMAS-SURF/3D-2F, which is three-dimensional
incompressible viscous fluid, and Navier-Stokes equations (Fig. 7) to
propose a simple formula to estimate wave pressure acting on coastal
cliffs only from water level and velocity.

2.2.1. CADMAS-SURF/3D-2F

CADMAS-SURF/3D-2F (Arikawa et al.,, 2005) is a numerical
wave-tank flume model developed for advanced maritime structure
design. This model comprises Equations (1)-(4). equation (1) is
continuous for the three-dimensional incompressible viscous fluid and
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equations (2)-(4) are Navier-Stokes equations in the x, y, and z di-
rections developed based on the volume of the porous model.
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where, t stands for time, x and y are the horizontal coordinates, and z is
the vertical coordinate. Also, u, v, and w, respectively, represent the flow
velocity components in the x, y, and z-directions. p stands for pressure, p
is the reference density, p* represents buoyancy considering the density,
v denotes viscosity, v; stands for eddy viscosity, v, expresses the sum of
the molecular kinematic v and v;, and g signifies the acceleration of
gravity. yx, vy, and y,, respectively, represent the area transmittance in
the x, y, and z directions. 4y, 4, and 4, are inertia coefficients. Dy, Dy, and
D, are coefficients for the energy damping area. Ry, Ry, and R; are drag
forces from the porous model. S, S, Sy, and Sy, are source terms for the
wave-making source.

2.2.2. Conditions of numerical simulations

For the simulations using CADMAS-SURF/3D-2F, we adopted a
nonuniform grid-cell (0.05-0.005 m) in the vertical grid cell. The sizes in
X, ¥, and z directions in the computational domain were set as 34 m, 0.5
m, and 1.0 m, respectively. The grid cell size in the x and y directions
was 0.02 m. The grid cell size in the z direction was 0.05-0.005 m. We
used fine grid-cells near the water surface and coarse ones for the other
areas. The time-cell size was determined automatically based on the
Courant number. The simulation time was 25 s. In the numerical
domain, the upper area was defined as the free boundary, while the
remaining areas were defined as slip boundary. At the far downstream
position of x = 30 m, a damping area was set to absorb incoming waves.
The VOF (Volume of Fluid) method (Hirt and Nichols, 1981) was applied
to calculate the free surface of the water.

A soliton wave was input in the numerical domain using the
following equation:

5(x, ) = H sech’ <\/% (x— \/Mt>> 5)

where, 5(x, t) is the water level, H is the wave height, h is the distance
from the bed to the water surface. The soliton wave heights were 0.05 m,
0.1 m, and 0.15 m (Table 1) at the water depth of 0.45 m.

For the simulations, the vertical force acting on the notch was
calculated by integrating the simulated pressure over the projected area
of the notch bottom. We conducted parallel computing using an Earth
simulator (ES4), which is a multi-architecture supercomputer owned by
Japan Agency for Marine-Earth Science and Technology (JAMSTEC)
(JAMSTEC, undated), with the total peak performance and total mem-
ory, respectively, of 19.5 PFLOPS and 556.5 TiB. In this study, we used
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Fig. 5. The photographs of (a) notch formed under the cliff on Shimoji Island, Japan and (b) boulder located at the cliff-top in the same location. The weight of the

boulder is approximately 6000 tons (Goto et al., 2010).
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Fig. 6. An example of impulsive force and sustained force when the generated
wave height was 10 cm, notch height was 10 cm, and notch depth was 4 cm.

Table 1

Experimental conditions.
Water depth (m) 0.45
input wave height (m) 0.05, 0.1, 0.15
notch depth (m) 0.02, 0.04, 0.06
notch height (m) 0.05, 0.1, 0.15

684 VE-equipped Nodes of the Earth Simulator (ES4). In the
VE-equipped Nodes, the total memory of the host part is 128GiB, and the
total memory of the accelerator is 48GiB (JAMSTEC, undated).

2.3. Estimation of wave pressure without numerical modeling

Methods to estimate pressure acting on the notch not using numer-
ical simulations have also been widely used. In general, pressure can be
determined from the inundation depth d (e.g., Arikawa, 2015; Arimitsu
and Kawasaki, 2016; Asakura et al., 2000, 2002; Sakakiyama, 2012) or
the inundation depth d and flow velocity u (e.g., Cross, 1967; Arimitsu
and Kawasaki, 2016; Kihara et al., 2021). Equations to express wave
pressure are sometimes expressed by the sum of the hydrostatic and
hydrodynamic pressure, which is how the pressure over the notch was
estimated in this study. The equation is as follows:

1
Prrax =pg(ash—Z) +§pCpu2 for 0 <Z < ayh,and

p=0forZ > a,h 6)

where, Ppq is the maximum pressure on the buildings, g is the accel-
eration of gravity, Z is the distance from the bed, h is the distance from
the bed to the water surface, and a4 is a coefficient of no dimensional
wave pressure (Asakura et al., 2000), u is the typical speed, Cp is the
pressure coefficient. In the typical speed, we used the vertical velocity in
front of the cliff when the block was not installed. The velocities in front
of the vertical cliff at the time that maximum vertical impulsive and
sustained forces were measured were defined as the typical speed in this
study. For the water level for the calculation of P4y, we also used the
values at the time that both types of force were measured when the block
was not set at the cliff edge. For the distance from the bed (= Z), we used
the value of notch height. We used the measured maximum impulsive
and sustained pressure as Py,q. For the water level and typical velocity
for the calculation of P, we used the calculation values from
CADMAS-SURF/3D-2F. As mentioned in section 3.2 below, the
measured time series of water level and pressure acting on the notch
were reasonably reproduced. The above equations were proposed to
reveal the tsunami wave pressure on a sea wall or structure (e.g., Asa-
kura et al., 2002). In this study, we estimated the coefficients a4 and Cp,
which can estimate impulsive and sustained pressure over the notch at
coastal cliffs.

Firstly, we varied the values of a4 between 1.0 and 3.0 at 0.01 in-
crements and Cp = 0.0 to investigate whether the pressure over the
notch can be expressed without hydrodynamic pressure. Secondly, we
varied Cp within the range of 1.0-3.0 at 0.01 increments while ag = 1.0
to determine the Cp value that represents hydrodynamic pressure.

To determine the values of az and Cp that can explain the observed
pressure, we used the geometric mean K and the log-normal standard
deviation . The definitions of these values are as follows:

1 n
log(K) = ngzl In (%) ()

=[5 ((22) -}

®
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Fig. 7. Snapshots of numerical simulations with the CADMAS-SURF/3D-2F when the generated wave height was 10 cm, notch depth was 4 cm, and notch height was
10 cm. The snapshots are at (a) 13.45 s, (b) 15.0 s, (c) 15.6 s, and (d) 16.2 s after the start of the simulation.

where, Cal and Obs denote the predicted and measured values at the
measurement point, respectively, and n is the number of points
comparing the physical quantity. K and « (Aida, 1978) indicate the
geometric average value and the fluctuation in the ratio of the observed
to computed values, respectively. A high value of K means a high dif-
ference between the calculated and observed results. Similarly, a high
value of x means a high variability of the calculated and observed re-
sults. The K and « have been used to validate estimation methods of
wave pressure by quantitatively comparing estimated and observed
values (e.g., Kihara et al., 2021; Watanabe et al., 2022). We also output
the relation between the Froude number (F, = u/+/gd) and impact/-
sustained forces. For the Froude number, g is the acceleration of gravity,
and u and d are the flow velocity and inundation depth of the flow,
respectively. The velocity u was assumed to be at the bottom of the
notch, while the inundation depth d was assumed as the water depth
when maximum impact/sustained pressures were measured. These two
values were also simulated using CADMAS-SURF/3D-2F.

To include the component of hydrodynamic pressure, some studies
proposed a method to estimate the value of ¢4 based on the value of F; (e.
g., Arikawa, 2015; Arimitsu and Kawasaki, 2016; Asakura et al., 2002;
Kato et al., 2012; Sakakiyama, 2012). For example, Kato et al. (2012)
proposed the following relation which is determined by the Froude
number:

a;=1.04+0.5F> (Cp=0.0) 9
where, F,(=u/+/gd) is the Froude number, g is the acceleration of
gravity, and u and d are the velocity and inundation depth of the flow,
respectively. To calculate F, for the case when the rectangular block was
not installed at the cliff edge, we used values for the vertical velocity at
the bottom of the notch and for the water depth when maximum sus-
tained forces were observed. Impulsive wave forces were observed when
the waves reached the bottom of the notch, thus water level from the
bottom of the notch was almost zero. Thus, if the relation of equations
(6) and (9) are used, impulsive wave forces were zero. Therefore, we
applied this method only for sustained forces.

3. Results
3.1. Hydraulic experiment
A soliton wave generated by the wave maker propagated on the

slope, reaching the vertical wall (cliff), where the water rushed verti-
cally up, and often over, the wall (Fig. 3). The time series of water levels

is shown in Fig. 8. When the input wave height was 5 cm, the maximum
water level at the vertical wall was 16 ¢cm, and the bore did not reach the
clifftop. With 10 cm and 15 cm initial wave heights, the maximum water
level in front of the vertical wall was, respectively, 32 cm and 37 cm
(Table 2). In these cases, the wave reached to the cliff-top and inundated
the land behind it.

The maximum measured horizontal and vertical forces were,
respectively, 2.56 N and 11.8 N (Fig. 9). The time series of measured
vertical wave forces when the input wave height was 10 c¢m, notch
heights were 5 cm, 10 cm, and 15 cm, and the notch depth was 4.0 cm
are shown in Fig. 10. Impulsive forces were initially observed, with the
duration of less than 0.1 s in all cases, when the leading edge of the input
wave reached the notch. Also, maximum impulsive forces observed
corresponded with increases in the Froude number. After the observa-
tion of impulsive forces, water level reached maximum values, and at
the same time vertical velocity and the Froude number decreased. After
that, the maximum sustained wave force was generated (Fig. 10). The
observed impulsive wave forces were 11.8-1.23 N, and the observed
sustained wave forces were 3.35-0.77 N (Fig. 9).

The relationship between the wave angle, maximum water level at
the cliff, and Hb versus maximum vertical impulsive and sustained forces
were derived (Fig. 11 a-f). The measured ranges of all parameters in
Fig. 11 increased when both impulsive and sustained forces increased.
The input wave height, notch height, and notch depth versus maximum
vertical impulsive and sustained forces are also shown (Fig. 12). There
are negative correlations between wave angle and impulsive force as
well as wave angle and sustained force (Fig. 11a and d). If size of input
wave increases, water level in front of the cliff increases. Then, the
vertical impulsive and sustained forces increase. Thus, there is a positive
correlation between the maximum water level at the cliff and input wave
height and impulsive and sustained force (Fig. 11b, e, 12). Vertical force
increases with the increase in the notch depth (Fig. 9). This is because
the projected area of vertical force increases. When the bottom of the
notch is close to the still water level, the pressure acting on the notch
bottom increases with increasing water depth as measured from the
bottom of the notch (Fig. 9).

3.2. Numerical simulation

Firstly, we compared simulated water levels and water levels
observed at water gauges WG1 and WG2 (Fig. 8). The computed time
series of water levels at 17.5-18.5 s for a 5-cm wave height and at
15.5-17 s for a 10-cm wave height are underestimated in the calcula-
tion. This is because the movement of the wave generator piston is not
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Fig. 8. Time series of water levels measured during the experiment and simulated by the CADMAS-SURF/3D-2F at WG1 when the generated wave height was (a) 5
cm, (b) 10 cm, and (c) 15 cm. Time series of water levels measured during the experiment and simulated by the CADMAS-SURF/3D-2F at WG2 when input wave

height was (d) 5 cm, (e) 10 cm, and (f) 15 cm.

Table 2
The wave height of generated soliton waves, observed maximum water levels in
front of the cliff, offshore maximum water levels, and wave angles.

Wave height (cm) 5 10 15

Maximum water level in front of cliff (m) 0.16 0.32 0.37
Offshore maximum water level (m) 0.066 0.17 0.15
Wave angle (°) 62.3 58.2 53.3

reproduced in the simulation. Another reason is that the shapes of the
dynamometer and the instruments supporting the dynamometer are not
included in the simulation. In this study, we concentrated on maximum
impulsive and sustained pressure generated during the first wave. As
shown in Fig. 8, the computed water levels of first waves is consistent
with the observed values (Fig. 8).

We also compared the simulated and observed vertical impulsive and
sustained forces acting on the notch (Fig. 12). The simulated maximum
sustained forces were reasonably consistent with observed maximum
sustained forces. Also, the simulated maximum impulsive forces were
reasonably consistent with observed maximum impulsive forces. How-
ever, the accuracy of numerical modeling of maximum impulsive forces

was lower than the accuracy of numerical modeling of sustained forces
(Fig. 12). The same accuracy issue was encountered by Arikawa et al.
(2021) during numerical simulation of wave pressure acting on vertical
cliffs. The issue arises because simulations of impulsive forces need to
account for air that is compressed between the wave and the cliff as well
as for air pockets inside the wave. The relationship between pressure
and notch height, notch depth, and input wave height was reproduced
reasonably accurately. The observed time series of vertical forces were
also reasonably consistent with the simulated values (Fig. 10).

The maximum impulsive and sustained wave forces versus the
Froude number are shown in Fig. 13. When the maximum impulsive
wave forces were generated, the Froude numbers were between 1.41
and 2.91. When the maximum sustained wave forces were generated,
the Froude numbers were between 0.16 and 0.32. In the case of
impulsive wave forces, the forces increased with the increase in the
Froude numbers (Fig. 13). The distributions of velocities and pressures
over the cliff are shown in Figs. 14 and 15, respectively. Observation
points of the maximum wave velocities and pressures on CADMAS-
SURF/3D-2F were set at 0.5-cm intervals on the cliff when the notch
was not installed (Figs. 14a and 15a) and when it was installed
(Fig. 15b). In the area of <2.5 cm from the still water level, horizontal
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velocities are higher than vertical velocities, meaning that vertical wave
forces become significant within the area of 2.5-20 cm from the still
water level (Fig. 14c). At the vertical wall, within the area of 2.0-4.0 cm
from the still water level, wave pressure increased in all cases because
the waves hit this cliff area first (Fig. 15). In the cases of all notch
heights, the pressure also increased in the area where the notch was
installed. In all other areas, the values of computed pressure were almost
identical with the values calculated when the notch was not installed
(Fig. 15).

The comparison of observed maximum Impulsive and sustained
pressure and estimated pressure using equation (6) are shown in Fig. 16.
When hydrostatic pressure was used (Cp = 0.0, ag = 1.0), the observed
sustained pressure was consistent with the calculated values (Fig. 16a),
and the values of K and x were, respectively, 1.06 and 0.76 (Table 3).
When hydrodynamic pressure was not assumed (Cp = 0.0), the K values
were mostly small when @y = 1.0 (Table 3). For the impulsive pressure, K
and x were 0.015 and 3.0, respectively, when hydrostatic pressure was
used (Cp = 0.0, @y = 1.0) (Table 3). In this case, most calculated (using
equation (6)) pressures were underestimated (Fig. 16b).

In the case when hydrodynamic pressure was assumed, the K values
for impulsive pressure were mostly small when Cp = 1.38 and gy = 1.0
(Fig. 16d). In these cases, K and x were, respectively, 1.0 and 1.31
(Table 3). When Cp = 1.38 and a4 = 1.0, K and « of sustained pressures
were, respectively, 1.14 and 0.79. When Cp = 1.38 and aq = 1.0 were
assumed for sustained pressures, estimated pressures were consistent
with the observed values (Fig. 16c).

When equation (9) was used, the sustained forces were also repro-
duced reasonably accurately (Fig. 16e). In this case, K and x were,
respectively, 1.17 and 0.72 (Table 3). This is because the Froude number
is small during sustained forces (Fig. 13), thus a4 is close to 1.0 when
equation (9) is used.

4. Discussion
4.1. Wave force acting on the coastal cliff

In the experiment, both impulsive and sustained forces were
observed as in the case of tsunami load on vertical walls (e.g., Fukui
et al., 1963; Asakura et al., 2000, Arikawa et al., 2005, 2006, Nouri
et al., 2010; Palermo et al., 2013; Kihara et al., 2015). Impulsive force,
which was stronger than sustained force (Fig. 13), increased with the
decrease in wave angles and increase in the maximum water level at the
cliff (Fig. 11). Sustained force was reproduced when (og4, Cp) = (1.0, 0.0)
(Fig. 16), meaning that sustained force can be expressed as hydrostatic
pressure/buoyancy. Thus, sustained force cannot move a boulder whose
density is higher than water upward, and the boulder is moved by
impulsive forces.

The influence of impulsive force on boulder transport was also
investigated by Nandasena and Tanaka (2013), who revealed that
impact force contributes to initial velocity of a rectangular block over
the shoreline owing to dambreak flow. They then revealed that impul-
sive force does not contribute to time series of boulder velocity and
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when the wave reached the cliff (Hj). Also shown are the observed sustained vertical wave forces acting on the coastal cliff versus (d) wave angle, (e) maximum water
level at cliff, (f) Hp. In these figures, we showed measured range of the experiments.

boulder transport distance after a wave hits a boulder.

To estimate the minimum wave height to move a boulder, Nott’s
(2003) model has been widely used (e.g., Whelan and Kelletat, 2005;
Mastronuzzi et al., 2007; Spiske et al., 2008; Costa et al., 2011; Miller
et al., 2014; Gandhi et al., 2017). Nott’s model assumes the Froude
numbers of tsunami as 2. In our experiment, the Froude numbers for
impulsive waves were 1.41-2.91, which is a comparable range to Nott’s
model, and 0.10-0.40 for sustained forces (Fig. 13), which is much
smaller that the Froude number in Nott’s model. Thus, the minimum
wave height to move a coastal cliff boulder by sustained forces cannot be
reasonably estimated using Nott’s model. The Froude number proposed
by Nott (2003) is 2.0 and our experimental results in the case of
impulsive waves are within the range of this value (Fig. 13). Thus, the
initiation of boulder transport from the cliff edge by impulsive forces of
tsunami waves can be calculated using Nott’s equation.

4.2. The formulation which can estimate wave force acting on the coastal

cliff

Kihara et al. (2021) investigated the coefficients of @y and Cp to
reproduce tsunami wave force acting on the structure. For the case that
impulsive force was generated, they found that (a4, Cp) = (1.0, 1.5)

reproduced tsunami wave force on the structure best. In our experiment,
the parameters which best reproduced vertical impulsive wave (a4, Cp)
= (1.0, 1.38) were close to Kihara et al.‘s values. This is because in both
experiments, high hydrodynamic forces were generated. However,
when the coefficient of hydrodynamic component is not included, such
as when (ag, Cp) = (3.0, 0.0) were assumed (parameters in Asakura
et al., 2002), the K value was 0.022, which means that the estimated
force was lower than the observed force.

Our values of (a4, Cp) = (1.0, 1.38) or equation (9) can also be used to
reproduce sustained wave force acting on the notch (Fig. 16c and e)
because the velocity and hydrodynamic force when sustained force was
generated were quite small. Thus, sustained pressure can be reproduced
without considering hydrodynamic components. Therefore, the values
(ag, Cp) = (1.0, 1.38) can be used for both impulsive forces and sustained
forces. The « value when (a4, Cp) were used to estimate impulsive wave
pressure was further from 1.0 than the « value when (a4, Cp) were used
to estimate sustained wave pressure (Table 3). This is because the
variability of measurement of impulsive wave forces is higher than that
of sustained forces.

In this study, we confirmed that our proposed formula can estimate
impulsive and sustained wave forces acting on the notch. When this
proposed simple method is combined with the method of Herterich et al.
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(2018) for calculating bending stress, we can also estimate the water
depth and velocity that are necessary to remove (break off) the boulder
from the cliff’s edge. In the experiment, we used Froude scaling. While
Froude scaling cannot not scale viscous forces, capillary forces, and air
compressibility reasonably accurately, viscous forces have only local
effect in the cliff topography, and capillary forces are negligible for
waves at both full and model scales (Hansom et al., 2008). In compar-

ison, air compressibility-when a large wave impact traps air between

the cliff and the wave-is important for wave force measurement

(Hansom et al., 2008) and can significantly affect impulsive wave force
measurement at experimental levels (Kihara et al., 2015). However, air
compressibility cannot be scaled (Shimosako et al., 2001). Future

studies should aim at investigating impulsive forces over coastal cliffs at
lower scales.

(a)
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5. Conclusion

While coastal boulders transported from cliff edges or from under
cliffs have frequently been observed, the characteristics of wave forces
acting on the notch at the cliff topography have not been investigated.

Firstly, we conducted laboratory experiments to measure wave
forces acting on a coastal cliff. We have revealed that vertical force
(maximum observed value of 11.8 N) is high compared to horizontal
force (maximum observed value of 2.34 N). Both impulsive and sus-

tained wave forces were observed, just as in the case of tsunami load at
vertical structures. We have confirmed that the magnitude of the
observed vertical force increases when the notch height is low, notch
depth is long, and the maximum water depth at the cliff is high.
Secondly, we conducted numerical simulation using the three-
dimensional simulation model CADMAS-SURF/3D-2F. The time series
of vertical wave force acting on the notch was reasonably reproduced,
with the accuracy of numerical simulation of impulsive forces being
lower than the accuracy of numerical simulation of sustained forces. The
Froude numbers for impulsive waves were 1.41-2.91 and 0.16-0.32 for
sustained forces.
Thirdly, after the validation of the numerical simulation, we have
proposed the values of a4 and Cp that can reproduce impulsive and
sustained wave pressure acting on the notch. When (a4, Cp) = (1.0, 0.0)
for sustained forces and (ag4, Cp) = (1.0, 1.38) for impulsive forces were
set, both types of observed forces were reproduced most accurately. We
have found that sustained forces acting on the coastal cliff can be
expressed by buoyancy. Thus, it is likely that the cliff boulder starts to
move while impulsive forces act on it rather than when sustained forces
do. Sustained forces can also be reproduced using (a4, Cp) = (1.0, 1.38)
or (ag, Cp) = (1.0+ O.SFf, 0.0), because the velocity when sustained
force is generated is rather small. The values (a4, Cp) = (1.0, 1.38) can
reproduce most accurately both impulsive forces and sustained forces.
Using the method proposed in this study, wave forces acting on the
notch at the coastal cliff can be estimated from only water depth and
velocity. Therefore, the proposed method can be widely applied to un-
derstand the size of past extreme waves using only coastal boulder pa-
rameters. However, as the impact of scaling on simulating impulsive
forces is significant, impulsive forces over coastal cliffs should be
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investigated at lower scales in the future.
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Table 3
K and « values versus a4 and Cp values for impulsive wave forces and sustained
wave forces.

(ag, Cp) K (Impulsive)  « (Impulsive) K (Sustained)  « (Sustained)
(1.0, 0.0) 0.015 3.0 1.06 0.76
(3.0, 0.0) 0.022 4.32 3.17 0.76
(1.0, 1.38) 1.0 1.31 1.14 0.79
(1.0 +0.5F%,0.0) - - 1.17 0.72
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