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Abstract: Fishermen frequently suffer accidents and may even drown when they are swept into
the sea by coastal freak waves near the shore of northeastern Taiwan. To accurately predict the
deformation of free surfaces when waves violently strike coastal structures, the smoothed particle
hydrodynamics (SPH) model with a nonlinear and mesh-free numerical approach was adopted in
this study. Eight cases based on an actual coastal freak wave accident were simulated. The results
show that the maximum splash height of the coastal freak wave in the breakwater was dependent
not only on the incident wave but also on the existence of armor blocks. The armor block installation
reduces the overflow discharge but enhances the horizontal throw speed of the coastal freak wave by
more than five times.
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1. Introduction

Freak (rogue) waves are hazardous surface waves that occur in the world’s oceans.
A wave such as this is defined as one that is larger than twice the significant wave height.
Many shipwrecks have been reported to be attacked by freak waves [1-5]. Scientists have
studied the mechanics of freak wave occurrence based on field measurements, experiments
and numerical simulations [6-14].

Unlike freak waves that occur in the ocean, coastal freak waves (CFWs) are the large
amounts of splash water that take place at the coast as a result of complex wave-structure
interactions. These are recognized as the wave overtopping processes. Many people like
fishing on harbor breakwaters or rocks in the coastal area of Taiwan. Sometimes, they are
attacked by coastal freak waves or even washed into the sea. CFWs are often generated
without any forewarning in the calm sea state. People, especially fishermen who stay in
coastal zones, cannot protect themselves from overtopping flow or splashes that surge on
the tops of breakwaters or in coastal zones. CFWs have happened anywhere and anytime.
Especially before a typhoon arrives, long-period waves from the typhoon can propagate
nearshore and generate CFWs after interacting with the coastal shelf or coastal structure.
Wave groupness is one of the possible causes that generates CFWs [15]. CFWs have been
reported worldwide [16-20]. Doong et al. [21,22] used an optical camera to monitor CFWs
and built a warning system using an artificial neural network. Tsai et al. [15] proposed that
the generation of a CFW is associated with typhoons and the winter monsoon, and they
found that wave groups were highly correlated with the occurrence of CFWs. Nikolkina
and Didenkulova [19] collected CFW events, including non-expected waves with extreme
heights on the coast but sudden run-up events on the shoreline. Slunyaev et al. [23] noted
that an extreme event may occur in coastal zones under strong wave—coast interactions.

The case in which a CFW occurs at the breakwater is often recognized as wave over-
topping. Many empirical formulas are used to estimate the mean overtopping discharge
for engineering purposes [24,25]. The amount of overtopping always corresponds to the
wave conditions, seabed slope, structure arrangement, surf similarity parameter and other
factors. However, the understanding of the water amount is insufficient to assess whether
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it is dangerous for people. Takahashi et al. [26] concluded from an experimental study
on the conditions of danger for people due to floods caused by tsunamis that the depth
and velocity of water flows are considered critical factors. Bruce et al. [27] estimated the
throw speed generated by wave-structure interactions, which can be the key parameter
to identify a dangerous coastal freak wave. In this study, a numerical approach is used to
estimate the throw speed of wave overtopping, which appears to be a coastal freak wave.

Many researchers have investigated fluid—solid interactions using numerical models
to simulate the hydrodynamic conditions for wave overtopping. For example, Peng and
Zou [28] established a Reynold-averaged Navier—Stokes solver (RANS) with the volume
of fluid (VOF) method to simulate the spatial distribution of wave overtopping. Their
simulations were in good agreement with the experimental data. Quang and Van [29]
extended the RANS-VOF with a nonlinear shallow water model (NLSW) to investigate
wave overtopping in a sea dike in Vietnam. Another mesh-free smooth particle hydrody-
namics (SPH) approach was identified by Didier et al. [30] to simulate wave deformation
and breaking and predict the spatial distribution of water particles after wave interactions
with coastal structures. Therefore, this study uses SPH with the Lagrangian approach to
study the hydrodynamic properties of overtopping water triggered by coastal freak waves.

2. The Simulation CFW Event

On 13 October 2014, a CFW swept a scooter rider into the sea from the breakwater at
the National Taiwan Ocean University (NTOU) breakwater at the northern coast of Taiwan
(Figure 1). The splash height was approximately 7 to 8 times the height of an adult. During
this time, Typhoon Vongfong was in the northwest Pacific Ocean and moved to Japan. The
typhoon track (Figure 2) shows that the distance between the typhoon and accident location
was approximately 800 km. A wave buoy was deployed 1 km off the breakwater at a water
depth of 40 m. Figure 3 shows the location of the buoy and the bathymetry of the study
area. According to the buoy measurements, the significant wave height (SWH, Hy,o) was
4.5 m with a significant period (Tp2) of 12 s (peak period 15.1 s) when the CFW occurred.
Long-term statistics show that the mean SWH in October is 1.34 m and the period is 6.1 s
(mean peak period 8.4 s) for this area. In addition, the measured wind speed was relatively
low without being affected by Typhoon Vongfong. These data show that the sea state was
significantly dominated by swell when this coastal freak wave occurred.

CFW position

Figure 1. Cont.
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Figure 1. (a) Location of the coastal freak wave (CFW) occurrence in northern Taiwan; (b) Snapshot
of the CFW accident. The scooter rider (white circle) was hit by the CFW and swept into the sea.

40 {‘/4215 130 135 4o N 145 150 155 160 s
e
V% : 10114
35 for, 35
1013,
30
= 1012
257 " 25
4
20 : 20
10/10
15 15
o
N
;U"‘\Sl 10/04
2
% %o‘f, _ . /10/o¢ .
h 120_& 130 135 140 145 150 155 160" ° 14

( ® Vmax>51 m/s; & Vmax=32.7-50.9m/s; & Vmax=17.2-32.6 m/s; &© Vmax<17.2m/s)

Figure 2. Track of Typhoon Vongfong. The red point is the position of the typhoon when the CFW
occurred. Vmax is the maximum wind speed near typhoon center.
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Figure 3. Bathymetry of the CFW occurrence sea area and the wave buoy location.

3. Numerical Simulations
3.1. Governing Equations

The Lagrangian description of the Navier-Stokes equations is used for each single fluid
particle, which represents a finite volume of water centered about a point. The governing
equations describe the motion of a viscous incompressible flow with full nonlinearity and
without simplification. The mass and momentum equations of particle-scale flow can be
derived from the Navier-Stokes equations, which can be expressed as

dp _

3= PVu @

‘Z;::A;+g+vv2u @)
where p is the fluid density, u is the particle velocity, P is the pressure, g is the gravitational
acceleration and v is the fluid viscosity. The fluid is treated as compressible. To calculate the
fluid pressure term in the momentum equation, the fluid is treated as weakly compressible,
and the equation of state (Equation (3)) is used. Monaghan et al. [31] suggested that the
relation between pressure and density could be assumed as follows

roal(g)

where v is the constant with a value of 7 suggested by Monaghan et al. [31], pg is the
reference density of water (1000 kg m~2), and B can be calculated by the formula below

B = copo/y 4)

where g is the speed of sound at reference density.
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3.2. Numerical Scheme

To solve the Navier-Stokes equations, numerical technology has been applied to treat
unsteady problems, especially highly nonlinear problems and turbulence problems. In
computational fluid dynamics, the numerical solution of the equations has generally been
achieved by the finite difference technique, the finite element method in the structural
mechanics field and the finite volume method.

The particle method, smoothed particle hydrodynamics (SPH), is another method
to solve Navier-Stokes equations. It is a mesh-free and particle method based on the
Lagrangian approach. Every particle can be easily calculated independently, especially for
fast moving objects with any shape. SPH was originally developed for astrophysics [32,33].
Later, Monaghan [34] first applied SPH to model surface flows and simulated dam breaking
and wave breaking. The method has become more widely applied to solve computational
fluid problems such as two-phase flows [35], weakly incompressible flows [36,37] and
gravity flows [34]. The application of SPH in wave modeling is similar to the work of
Lo and Shao [38]. The study combined a large eddy simulation (LES) approach with the
SPH model to simulate solitary wave mechanics in the nearshore area. The SPH-LES
model was used to simulate the wave interaction with the curtain wall [39]. The turbulence
production and vortex motions near the structure were investigated. Khayyer et al. [40]
found that the SPH model could accurately reproduce the water surface profile during
wave breaking and post-breaking steps. Based on the Lagrangian approach and easily
treating the wave breaking problem, Gomez-Gesteira et al. [41] explored wave overtopping
on the decks of offshore platforms. Shao et al. [42] simulated the wave overtopping of
coastal structures and proved that this model can predict the overtopping characteristics
under different wave conditions. Didier and Neves [43] applied the SPH model to simulate
wave overtopping phenomena on the Portuguese coast. Rao et al. [44] discussed the impact
of overtopping flow on the leeward side of breakwaters. Pu and Shao [45] proposed a
porous material for the SPH model and compared the wave overtopping load for different
shapes of breakwaters. Altomare et al. [46] developed a three-dimensional grooved cubic
block to investigate the effect of armor blocks on wave run-up height.

According to the fundamental property of the Dirac delta function, the partial differ-
ential equations of continuum fluid dynamics have to be transferred into the SPH form to
approximate any function A(r) by

A(r) = / A YW(r — 7, h)dr’ 5)
Q

where h is the smoothing length or width of a kernel function W(r — r’). The kernel function
should generally satisfy the normalization, delta function and compactness conditions [47].
Thus, the gradient of A(r) can be expressed as

(VA(r)) = / (VAW (r =+, h)dr’ ©)
QO

If the support domain of W(r) is inside the computational domain (), Equation (6) can
be written as

(VA(r)) = —/A(r’)VW(r— ', h)dr )
o

For a fluid consisting of many particles in computational domain (), Equation (6) can
be written as m
(VA(ra)) ==Y ?:A(r,,)ku —~ 7y, h) 8)
b
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Hence, the continuity and momentum equations by the SPH approximation can be
written as

d N
% =Y myiigy - VoW )
b
du P, P 41, VoW
J:_Zmb ey Ch Vawb+§+zmb “b”“b]_)b (10)
dt ) i o0 ’ b (pa +pu)lranl*] "

where a denotes the critical particle and b denotes all other particles within the active kernel
function radius of 2 h. u, is the velocity variation of the particle between the velocity u, of
calculated particle a and that (u;) of other particles. Wy, is the kernel function, and P is the
fluid pressure. The laminar stress term simplifies, according to Lo and Shao [38], where
v is the kinetic viscosity of laminar flow, to r,, = 1, — ;. Capone et al. [48] proposed that
the quintic kernel is the best compromise between accuracy and the cost of computation
time. Hence, this kernel function has been adopted in the present model. According to
Monaghan et al. [49], the force on each boundary particle is computed by summing the
contribution from all the surrounding water particles. Denoting the force per unit mass on
a moving body boundary particle k by fi, the equation is given by

Jop = M%/ = ;mkfk (11)

where M is the mass of a rigid body, V is the velocity of the center of mass, the subscript wp
indicates water particles and fy is the force per unit mass exerted by water particles on the
boundary particle. For a breakwater, the torque due to waves impacting the object must
be considered.

3.3. Model Setup

A wave flume is simplified from the real water depth profile in front of the breakwater,
which is the location of the CFW event without downscaling. From Figure 1, it is found that
the study site is a bay-shaped coastal area that easily concentrates wave energy. Therefore,
a large number of armor blocks stand in front of the breakwater to protect the structure.
The size of the blocks is approximately 2 x 2 m with a weight of 15 tons. The water depth
is 5.7 m at the toe of the breakwater but 20 m at 150 m offshore. The average slope of
the seabed in front of the CFW location is approximately 1:9. Therefore the length of the
computational domain is designed to be 360 m in length and 20 m in depth with a 1:9
seabed slope before the breakwater, as shown in Figure 4. The elevation of the breakwater
is 3 m above the mean sea level. The left boundary is a piston-type wave maker. The seabed
and right boundary are assumed to be impermeable boundaries. The fluid particle was
initially set in a staggered grid with dimensions of dx = dz = 0.3 m, which led to 26,001 fluid
particles and 2898 boundary particles. The smoothing length (h) is therefore 0.42 m. The
particle per wavelength is between 600 to 2000 according to various simulation cases and
is higher than 600 in Chen et al. [50], 500 in Gémez-Gesteira et al. [41] and 200~600 in
Shao et al. [42] who ran simulations for wave-structure interactions or wave overtopping.
In addition, the Courant number in this study is 0.005, which is very stable in the SPH
simulation recommended by Shao and Lo [51]. The fixed dummy particle was used for the
boundary. To reflect the real condition, armor blocks were randomly placed in front of the
breakwater. Simulations with and without armor block installations were implemented.
In this study, three parameters, the splash height (Hjps), horizontal throw speed (1ix)
and vertical throw speed (u;), were estimated from the simulations. They were estimated
averagely by the simulation results of all particles in the analysis zone as shown in Figure 4.
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Figure 4. Layout of the model setup and the definition of overtopping parameters.

3.4. Model Validation and Convergence Analysis

The convergence, consistency and stability are important issues for numerical methods,
including SPH. Vacondio et al. [52] showed they are one of Grand Challenges. A recent
study [53] simulated the breaking waves and showed, in some cases, orders of magnitude
improvement by halving the particle spacing. Akbari and Torabbeigi [54] presented a
convergence study for SPH simulations on wave interactions with reshaped and non-
reshaped berm breakwaters. Since the simulation is based on a real event, no experimental
results can be used for validation or discussions. The dam-break flows according to
Zhou et al.’s [55] experiment are used to validate the SPH model presented in this study
as several researches did [56-60]. Figure 5 shows the simulations have good agreement
with Zhou et al.’s [55] experimental results. In addition, Koshizuka et al.’s [61] experiment
results are used for a validation and convergence study as Xu et al. [62] did. Figure 6 shows
good agreements also with the experimental results. When the particle size is small enough
(i.e., the particle number is large enough, for example, dx = 0.005 and 0.002 in Figure 6), the
simulation results are close. These comparisons show the SPH model of this study works
well and has convergent results. Table 1 shows the results of the convergence study of the
CFW simulation by the presented SPH model. They were simulations of the conditions:
wave height 4.5 m and period 12 s, i.e., the NTOU CFW scenario. The maximum splash
height (Hgpissn as shown in Figure 4), mean throw speed (i) and the starting time of CFW
occurrences (t;,;) were derived according to three particle sizes (dx = 0.5, 0.3 and 0.15 m).
The results shows the biases are only 7.6% and 1.8% on max. Hgyj,s, estimations when the
particle sizes are twice larger or smaller, respectively. They are even less than 5% for throw
speed estimations. For CFW occurrence time, they are almost the same for various particle
sizes. These numbers show again the SPH model presented very convergent results.
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Figure 5. Time series of the pressure at point (3.22 m, 0.16 m) in Zhou et al.’s [55] numerical tank.
The red solid line is the SPH simulation result of this study. The circles are experimental results from
Zhou et al. [55].
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Figure 6. Validation and convergence studies of the presented SPH model. (a) is the snapshot of the
flow—structure interaction from the experiment implemented by [61]. The image was reproduced
from [62] which is similar to the CFW condition in this study; (b-d) are the SPH simulations of this
study at 3 s after dam breaking; dx is the particle size and P is the particle number.
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Table 1. Results of the convergence study for SPH simulation by presented SPH model.
Particle Size dx=0.5m dx=0.3m dx=0.15m
Particle number 10,156 26,001 104,004
max. Hypjgsp (m) 7.11 6.61 6.49
mean throw speed (m/s) 0.77 0.81 0.84
tini (8) 25.1 25.2 25.2

4. Results and Discussion
4.1. Simulation Cases

The weakly compressible SPH numerical model was used to simulate the coastal freak
waves that overtopped a vertical wall to compare the characteristics of overtopping flows
under different wave conditions and the effect of armor blocks. The regular wave condition
chosen for the simulation in this study represents a wave shape similar to a typhoon swell.
The field measurements by the buoy show that the significant wave height was 4.5 m and
the period was 12 s for the CFW event introduced in this study. The wave conditions for
the simulation are therefore designed as in Table 2, which derives wave conditions with the
same steepness. Eight cases that depend on wave conditions and armor block installation
were simulated.

Table 2. List of simulation cases and corresponding conditions.

Case Wave Height Wave Period Impulsive Armor Block

(m) (s) Parameter (d¥) Installation
nAl 1.5 8 0.76 N
nA2 3.0 10 0.24 N
nA3 45 12 0.11 N
nA4 6.8 15 0.04 N
Al 1.5 8 0.76 Y
A2 3.0 10 0.24 Y
A3 45 12 0.11 Y
A4 6.8 15 0.04 Y

Bruce et al. [63] proposed the impulsive parameter to assess the overtopping types,

and the definition is as follows
g d 2D

"~ HgT?
where D is the water depth of the wave flume, d is the water depth at the toe of the
breakwater, H is the wave height and T is the wave period. When waves are relatively
small in relation to the water depth (i.e., lower wave steepness), a non-impulsive condition
occurs (d° > 0.3). These waves run up and over the wall smoothly. However, impulsive
conditions occur (4 < 0.2) when waves are larger because they may be shoaling up over
the bathymetry or structure toe. These waves will break violently against the wall with
very large forces. Overtopping discharge under these conditions is characterized by a
powerful surging jet of water. The transition between conditions for which the overtopping
response is dominated by breaking and nonbreaking waves lies from 0.2 to 0.3. The values
of impulsive parameters for the eight simulation cases range from 0.04 to 0.76 and cover
wide incident wave conditions.

(12)

4.2. Results without Armor Blocks Installation

Snapshots of the simulation results for coastal freak waves without armor block
installation (case nA3) are found in Figure 7, which shows the distribution of water particles
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under the process of wave overtopping. The color of each water particle represents the
horizontal velocity. The wave shoaling effect occurred at 23 s. The wave front was too
sharp to maintain the wave shape after propagating through the slope. The wave broke at
24.2 s and hit the breakwater at 25.4 s. The largest splash height of wave overtopping was
6.63 m above the breakwater elevation. Simulated results show that wave overtopping has
been investigated in cases nA2, nA3 and nA4 (in impulsive conditions). Figure 8 shows the
time series of the maximum splash height. In the case of nA2, overtopping was found at 24,
34 and 44 s. The maximum splash heights in each overtopping flow were 6.2, 3.9 and 5.8 m.
The maximum splash height of the second overtopping flow decreased by 2.3 m compared
with the first overtopping flow. This is because of the interaction with the reflected wave
generated from the first incident wave. The second incident wave broke further than the
first incident wave. However, in the nA3 case, the maximum splash height of the second
overtopping flow reached 9.3 m, which was higher than that of the first overtopping flow.
The effect of superposition was found due to the interaction between the incident wave
and reflected wave. Figure 9 shows the different interaction results in different locations
for cases nA2 and nA3. It was also found that the maximum splash heights of the first
overtopping in cases nA2 and nA3 were similar. These results showed that the splash
height was affected not only by the incident wave height but also by the interaction of
the incident and reflective waves, especially depending on their phases. In this study, we
focused on the overtopping flow occurring at the first incident wave, which is always an
unexpected coastal freak wave.
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Figure 9. Simulation results of the interaction of incident and reflective waves for cases nA2 (upper
panel) and nA3 (lower panel). They show different types of interactions at different locations.

4.3. Results with Armor Blocks Installation

In this section, armor blocks were installed in front of the breakwater in the wave
flume for coastal freak wave simulations. The overtopping flow was investigated in only
cases A3 and A4. Snapshots of the simulation results for case A3 can be found in Figure 10,
which shows the distribution of water particles under the process of wave overtopping.
Compared with Figure 5, the discharge of overtopping flow was obviously less than that in
case nA3 due to the armor block installation. The armor blocks change the overtopping
flow pattern. The horizontal motion of water particles dominates the overtopping flow
when armor blocks exist, for example, in case A3, which differs from the vertical motion
of water particles in the cases without armor block installation, such as nA3. From the
simulation, it is found that the mean horizontal throw speed is 4.3 m/s (case A3), which
is more than five times that in case nA3. A larger horizontal throw speed in the splash
increases the hazard of coastal freak waves. In case A3, overtopping was found at 24 and
33 s (Figure 11). The maximum splash heights in each overtopping flow were 6.2 and 5.8 m,
respectively. The reflected wave was also found to affect the maximum splash height of
overtopping flow, which reduced the splash height of the first overtopping flow by 31%.
The simulation results show that the installation of armor blocks significantly influences
the occurrence of hazardous coastal freak waves. Armor installation may not reduce the
splash height; however, it increases the throw speed in the horizontal component.
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Figure 11. Time series of the splash height triggered by the CFW when armor blocks are installed
(cases A3 and A4).

4.4. Discussion

The simulated cases that investigated overtopping waves are listed in Table 3, in-
cluding the splash height, throw speed and unit discharge of overtopping flow. The unit
discharge (Q") could be calculated during wave overtopping from the time (ff) of the first
water particle flow passing through the breakwater (i.e., at x = 160 m cross section in
Figure 4) to the time (f7) of the last water particle passing through the breakwater (i.e., at
x =161.5 m cross section in Figure 4). The formula can be written as

Q= / " oA (13)
= (tL — tP) b particle

where 7144icl, is the number of water particles flowing through the breakwater and Ax is
the water particle size. The characteristics of the coastal freak waves that occurred with
and without armor blocks were definitely different, especially in throw speed. In nA2 to
nA4, the vertical throw speed was three to four times the horizontal throw speed. Under
impulsive conditions, in case nA4, the discharge rate was also three to four times that of the
non-impulsive conditions, in cases nA2 and nA3. The results show that coastal freak waves
that are less dangerous occur in an environment with no armor block installation, especially
under non-impulsive wave conditions. Under impulsive conditions, the hazard will be
relatively insignificant because the horizontal throw speed of water is small, although
the overtopping discharge is large. However, in cases A3 and A4, the horizontal throw
speed was significantly larger than the vertical throw speed, which was up to 3.5 times,
although the discharge rate decreased. Moreover, the horizontal throw speed in A4 (with
armor block installation) was obviously larger than that in nA4 (both are in impulsive
condition). The profile of horizontal throw speed versus height above the breakwater is
shown in Figure 12. This shows that the maximum splash height of the coastal freak wave
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that appears on the breakwater did not strictly agree with the incident wave height. The
effect of the armor block may change the direction of water particle movement from the
vertical to horizontal direction. It is also shown that the discharge rate of overtopping flow
decreased due to armor block installation.

Table 3. Simulation results: max splash height and average throw speed.

Average Vertical Average Horizontal

Case Max Splash Height Throw Speed (i) Throw Speed (1) Dischat;ge Rate
(m) (m?/s)
(m/s) (m/s)
nA2 6.63 257 0.74 9.3 x 1072
nA3 6.61 3.67 0.81 15 x 107!
nA4 14.12 11.07 3.57 5.1 x 1071
A3 9.14 1.21 430 1.0 x 107!
A4 10.4 1.61 5.48 2.7 x 1071
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Figure 12. Profile of the average horizontal throw speed above the breakwater.

5. Conclusions

A 2D SPH numerical model was developed to simulate the hydrodynamic properties
of coastal freak waves. Coastal freak waves are splash waters that generally seem to be
wave overtopping induced by wave-structure interactions. Coastal freak waves are not all
dangerous for people if there is only a large amount of water. However, if the mass of water
has its speed (in the horizontal direction in this study), this splash becomes hazardous. This
study simulated the splash height and throw speed in the horizontal and vertical directions
based on the wave conditions of a significant coastal freak wave event that occurred in
northern Taiwan in 2014. Eight cases of combinations of various incident waves and armor
block installation conditions were simulated. The impulsive parameter was also used
to understand the overtopping conditions before the simulations. Coastal freak waves
occur frequently in impulsive conditions because of their large steepness and stronger
shoaling effect.
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The simulation without armor block installation showed that the heights of coastal
freak waves are more than twice the incident wave heights, as shown in Tables 2 and 3.
However, it is not only dependent on the incident wave height. The installation of armor
blocks in front of the breakwater plays an important role in coastal freak wave occurrence.
When armor blocks did not exist, the vertical throw speed of the coastal freak wave was
three to four times the horizontal throw speed. However, the presence of armor blocks
induced a smaller overtopping discharge rate and splash height and significantly increased
the horizontal throw speed of the water of coastal freak waves. From the simulations in
this study;, it is found that the horizontal throw speed of coastal freak waves when armor
blocks exist increases more than five times compared to when there are no armor blocks.
It is assumed that coastal freak waves are hazardous when the horizontal throw speed is
large enough to wash people away.

The simulations showed that the height of coastal freak waves was affected not only
by the incident wave height but also by the interaction of the incident and reflective waves
and the armor blocks. The occurrence of freak waves at the coast depends highly on the
phase of the waves. In this study, we focused on the overtopping flow occurring at the first
incident wave because it is always an unexpected coastal freak wave.
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