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Abstract

Tsunamis are among the most destructive natural hazards and can cause massive damage to
coastal communities. This paper presents a first numerical study on the tsikeasoiitary wave
impinging and overtopping based on the mesh-free Consistent Particle Method (CPMjstiFioe
feature of CPM is that it computes the spatial derivatives in a way consistierthe Taylor series
expansion and hence achieves good numerical consistency and accuracy. This largeiysaties
spurious pressure fluctuation that is a key issue for the particle method. ¥dliglathe benchmark
example of solitary wave impact on a seawall, the CPM model is shown to be abjgute the
highly deformed breaking wave and the impact pressure associated with wawgingpand
overtopping. Using the numerical model, a parametric study of the effect of seavgalsectional
geometry on the characteristics of wave overtopping is conducted. It is found thatrawader level
can lead to much more intensive overtopping volume and kinetic energy of the pweyttipw,
which implies that the coastal areas are at higher risk as the sea leseFdsdahe purpose of
engineering interest, a simple and practical way to estimate the intensitgabftsunami is presented

in terms of the volume and energy of the bulge part of the incident wave.

Keywords: Consistent Particle Method; solitary wave; wave impinging; overtopping

1. Introduction

Tsunamis possess tremendous destructive power and are among the most horribleazahasl
in coastal regions. Upon impact, tsunamis can cause serious damage to coastal stAfitures.
transgressing sea defense structures, the tsunami waves may destriogdfiatilities and cause
inland flooding, often accompanied by heavy casualties. For example, the catastrophic tsunami
disasters which occurred in Indonesia in 2@6 [1] and in Japan inll [2] caerentable losses

to those societies. For the most recent tsunami disaster triggeeed.5ymagnitude earthquake in

" Corresponding author. Tel.: +86 2885406172; fax: +86 238648
E-mail{cvelinpz@126.conP. Lin).
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Indonesia, the disastrous wave of height up to 6 meters slammed into the Sulawesi Island at a speed of
800 km per houEF]. The death toll has until now gone beyond 2000 with almost 3000 people being
seriously wounded and more than 70,000 homes were destroyed or damaged. Improved understanding
and prediction of tsunami waves and the associated overtopping flows areyungeted for the

mitigation of tsunami hazards.

Solitary waves have resemblances to tsunami waves and hence are frequently used as the substitute
in tsunami studie 5], although some studies looked into the differencesrbetwektary wave
and a tsunami wa H ﬁ 7]. The works on both solitary and tsunami waves didicdossed hereafter

without emphasizing their differencg&oring [8] derived theoretical formulations based on the

Boussinesq equations to generate solitary waves using a piston-type wave madtethaiftthis
theory has been extensively used in numerical simulations and wave flumeélzpsitiments.

Another strategy of solitary wave generation is to add a source term integhmass conservation

equationﬁ] or the momentum equat on"lm, in the internal flow region.

The wave run-up and run-down on a slope beach/seawall have been extensivel @I- [12,
Some researchers investigated the solitary wave impact pressure/forceegofsignificance for
engineering design) on seaw[14]. In recent years, the solitary waaziinies with subaqueous
structures have been studied such as the bottom-mounted rectangular cks [15kcw@ad ci

cylinders . Liang et al. [17] studied the solitary wave interaction with a vertitalable seawall

and explored the effects of various factors on the peak impact force experienced by the Seaall.
of the abovementioned studies contain both the numerical simulations and experimekdalliver
laboratory data enriched the database of solitary wave hydrodynamics and provided Hdenfimmar
the numerical model validations. Although large amount of researches have investigatetitary
wave run-up/run-down and the wave-structure interactions, the studies about #mcmfid seawall
section on the solitary wave overtopping characteristics are limited, whicbeaihe focus of the

present study.

With the rapid development of computer technology, the numerical modelling has become
increasingly feasible and many numerical algorithms have been developed to sitifiidegat kinds
of fluid dynamics problems. The majority of the numerical methods require predaheshes. In
recent years, a new category of numerical methods, i.e. particle methods, has achiefieahsigni
developments. Two well recognized particle methods are the Smoothed Particle Hydrodynamics (SPH)
] and Moving Particle Semi-implicit (MPS) meth@[ZO]. Without a fixed mestersy the
particle methods are in principle capable of treating the large defomsatuch as fluid merging and

splitting easily and tracking the free surface (or fluid interfaczgyrally. These provide benefits in

simulating the wave hydrodynamizl{23|ﬂ, wave-structure interactign [24426], multi-phase f@ [27]

and flow in porous mediWS]. The tp-date developments of particle method technologies can be
referred tp Gotoh and Khayyer [29] Tnd Ye et al. [30].
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Particle methods have the advantage of being able to capture large deformations, dufteca
from spurious pressure quctuatio, which further cause the misestimation of the peak impact
pressure]. One major cause is that the derivative approximation schemes éntnacharical
errors particularly for the irregular particle distributio[38]1bstantia| researches have been

devoted to reducing the unphysical noises by developing derivative computation sofidrigher-

schemes such as diffusive terms [3%-37] and particle sh

(CPM) was developed to enhance the derivative computation from a new pers@ti@'f{é@]nt

from the kernel approximation schemes in SPH and the weighted-average padieletion models
in MPS, the CPM computes the first- and second-order derivatives simultanéassly on the
Taylor series expansioEPZ]. In this way, the numerical consistency that ey &sdue in the
derivative approximation of particle methods can be achieved and hence thécauaezuracy is
improved. This further leads to an accurate prediction of the fluid pressui@ent free surface flow

and two-phase flov@ problems.

This work presents the first application of the CPM model for solitsaye overtopping and
impinging on a seawall in coastal applications. In the paper, the key formulatiodistimet features

of CPM are introduced. The numerical model is validated against the published experimaraatida

numerical results gf Hsiao and Lin [14]. The studies on wave profile, wave ietevahd wave

impact pressure/force serve as a comprehemsivenstration of the CPM’s capability in predicting
the coastal breaking waves. Using the validated model, the volume and lkinetigy of the
overtopping waves with different seawall sections are parametritatlied. A simple and practical

way of estimating the intensity of tsunami is recomneehd
2. CPM methodology

2.1. Governing equations

CPM solves the governing equations of the conservations of mass and momentumiNagighe

Stokes equations, as follows

1br v.v-o (1)
p Dt
m=—1Vp+vV2v+g (2)
Dt yo)

wherep is the density o# fluid, v the particle velocity vector, p the fluid pressure, t the tirihe
kinematic viscosity ofa fluid and g the gravity acceleration. The fluid domain is discretized by

Lagrangian particles that carry fixed masses and move under the forces governed byation (2).



2.2. Two-step semi-implicit solution scheme

There are two main approaches to solve the governing equations. Thegisdiprelates the
fluid pressure and density by an equation of state, and hence treats tlaes Weiakly-compressible.
The standard SPH adopts this strategy. Another approach solves for fluid pressuoityifmpla two-

step algorithm and imposes the fluid incompressibi , and CPM adoptthe latter
approach. In the predictor step, the temporary particle velocitiés) @nd positions (°) are

computed by neglecting the pressure gradient term:
v =V [ WAV s g]at (3)
r’=r® +v At (4)

wherev®® andr® are the particle velocity and position in thethKprevious) time step, respectively

At =t*? _t® is the time step size, governed by the Courant-Friedrichs-Lewy (CFL) condition:

Yna ¢ (5)

| max
0

whereV,

max

is the maximum particle velocity, the initial particle spacing and the coeffici&t,

selected to be 0.25.

In the corrector step, a pressure Poisson equation {PB&lyed as follows

1 (k+1) 1 P(kﬂ) _P*
V'( -Vp = AL (k+D) (6)
P r p

The fluid incompressibility condition is enforced by setting the fluid deraitthe current time
step (p(k*l)) to the initial value p,). The intermediate fluid densityo( ) of a particle is evaluated by

taking the particle summation within its influence domain (the influence ragiug. i) .

Applying the derivative computation scheme presented in following Sectipn 2.3 to tharldft-

side of Equatio), a linear equation system with sparse and non-symmetriciarusffi@an be

obtained. With the solved pressures, the velocities and positions of fluid particles calateelag

v (k+1)
v =y’ —(—pj At )
yo
and
(e 004 0 5y 4 y &) At @)



2.3. Derivative computation based on Taylor series expansion

The Taylor series expansion for a smooth functionyj(in the vicinity of a reference particleo(x

Vo) can be expressed as
1 2 1 2 3
f(x,y)=", +hf,xo+kf’yo+5h f o thkf xy0+5k f, o0 (9)

where h= X — X, K=y — o, fo = f(Xo, Vo), fxo is the first-order derivative of function f with respect to x
at (>, Yo), and fyo the second-order derivative of function f with respect to x and y,afxand the
same definitions also apply to other derivatives. By writing Equn (Bdan of the neighboring

particles, the following equation system can be obtained
[A[{Df}-{f}=0 (10)

where Q] is a function of relative particle positions (i.e. h and{8), is acombination of the variable

differences between the reference particle and its neighboring particle$,—(it§, and{Df} is a

vector including the five derivatives in Equa (9). Solving Equation (10) tsagveighted-least-
square approach, the first- and second-order derivatives can be obtained simult@séollslys

%:Z[wf(alh+azlj<+0.5qﬁ+ ahke05aK( 3] (11)
and
LS wh(eh ok +05aff+ o ks 056 R)( - 1] (12)

where wis the weighting function used in the weighted-least-square scheme. Thisingefghttion
is essentially different from the kernel in SPH and the weighting fumdti the particle interaction

model of MPS, both of which senasthe weighting in the weighted average calculation of function

value or derivatives. Coefficients@=1, 2, ..., 5) in Equation (11)) and ¢i =1, 2, ..., 5) in Equation

(12)| are the coefficients generated by the weighted-least-square scheméo(Eed@iation (21) in

32]). Substituting the general variable f in Equatjons |(11)] and (12) with particle tyebogiressure

leads to the required derivative computagion

2.4. Freesurface and solid boundas

The free surface particles are recognizedhby‘arc” method . If any arcs of a circle around a
reference particle are not covered by the circles of its neighbors, tbaefiétience particle is a free
surface particle (the reader is referre [32] for more details). Beated boundary condition, i.e.

p = 0, is enforced on the free surface particles.

Impermeable walls are modelled by the fixed particle appr@, i.e. one layer of wall

particles placed on the physical wall and two more layers of dummy partiotside the wall to
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ensure that the fluid density is not truncated near the solid boundary. The maiagpaddle is
simulated by updating the positions of wall and dummy particles in accordahcieviphysical wall
motion. The pressures on the wall particles are solved in the same way asdtipatfiicies. The
pressures on dummy particles are related to the pressure of the neareparticdéds by the

hydrostatic relationship, satisfying the Neumann boundary condipgén =—pg-n, wheren is the

outward unit vector of the solid boundary.

3. Benchmark study — Solitary wave impact on an imper meable seawall

The solitary wave impact on an impermeable seawall is simulated by CPM praigsom with the

experimental data and the finite difference method simulat'mlrhﬂ;siao and Lin [14]. The solitary

waves are generated by a piston type wave maker, whose motion is determinedttugothe

presented in Goring [8].

3.1. Computational parameters

Fig. 1 sketches the physical domain of the problem. In the experimental sfudy of Hsiam and Li

[14], the sloping beach starts at 10 m from the initial positiothefwave paddle. To balance the
computational efficiency and an adequate flume length to capture the key physics, drealum
simulationin adopts a shorter wave flume in which the slope beach starts at x = 7 enfdtor
comparison, the CPM simulations adopt the same computational do as [14]. The typeo2 and ty
3 solitary waves i that induce significant wave overtopping are studied @ble 1). In CPM

simulations, the initial particle spacing of 0.005 m and fixed time step of 0dM@5used (satisfying
the G-L condition). The latest OpenMP parallel CPM cc@ is used. The computational time per
1000 time steps for type 2 (87,841 particles) and type 3 (104,944 particles) svabesiti 0.75 hour
and 0.86 hour, respectively, on a laptop with Intel(R) Core i7-7500U (4 threads).

7 — Onshore direction Unit: m
<— Wave maker = @ o~ — — — — — Seawall
n Ho 9‘1 /
R Y
M 5.9
ho
(7,-0.18
g22 g28 g37 g38
| | |
0.076]--------nmmmmmmmem e — g39 g40
0.022)-cmeemmeem e p6p7[311 | |
[0 e er e pl p3 : : p12
10.6 10.9 10.948 11.045

Fig. 1. Dimensions of computational domain and positions of wave gauges and pressure sensors



The wave elevations are studied at eight positions as shawn in|Fig. 1, whose x coordinates from
the initial paddle position are 5.9 m (g1), 7.6 m (g3), 10.462 m (g22), 10.7328n 1{4.005 m (g37),
11.024 m (g38), 11.045 m (g39) and 11.12 m (g40), respectively. The wave pressuresetdeastudi
six positions on the seawall ($ee Fig. 1). The x coordinates of these measuremerrgdidi€3 m
(p1), 10.7 m (p3), 13.8 m (p6), 13.83 m (p7), 14.01 m (p11l) and 14.02 m (p12), respectively.

Table 1. Parameters of solitary waves in Hsiao and Lir} [14]

Case number ho (M) Ho (m) e=Ho/ho
Type 2 0.22 0.0638 0.35
Type 3 0.256 0.0589 0.23

3.2. Type 2 solitary wave

Fig. 2 shows the type 2 solitary wave profiles predicted by CPM in comparison witlstisire

Hsiao and Lin [14]. Generally, CPM captures the breaking and post-breaking prafdabsesolitary

wave accurately. As the wave propagates onshore, a plunging breaker forms and entrapqd sgmje air (F

E*aand b). The plunging wave slams on the seawall, generating energetic bowislyFig. 2c). This

slamming impact is one of the main factors that causes the damages of parajieds facilities on
the seawal]. In CPM results, the bubbly flow is not reproduced as tpbase is not modeled

explicitly. Immediately following a plunging wave impact, a jet flow towards the ledS&ide 2d) is

evident. The jet flow falls under gravity (Fig. 2e) and then impinges on the leasideasid the field
after the seawa1| (Fig.|2f). Some air is entrapped between the jet flow and the back klopesan

be seen from both the experimental and CPM (air void as air is not modalpdhasts. The jet flow

impingement may cause structural failures of the seawall back slope and efodienfoundation
behind the seawa@6]. The wave elevations at typical positions are preseritedsft tolumn of
Fig. 3. The CPM solutions are in good agreement with the experimental and numeritsiblf

This demonstrates the accuracy of CPM to reproduce the highly deformed breaking waves.

800 1000 Pa
M
(a)t=2.95¢

11I.2 11.4
800 1000 Pa
B
(b) t=3.01 ¢

10.8




800 1000 Pa
]
(c)t=3.07 s

1I1 11I.2 1.4

600 800 Pa
I ]

d)t=3.14s

11I.2 114

600 800 Pa
! ]
(e)t=3.22¢

b -.\-:-_q}‘._,'

S 2
11.2 114
200 400 600 800 Pa
0.2 |
Ht=3.34s
0.1
"R b s
10.4 10.6 10.8 11 11.2 11.4

Fig. 2. Type 2 solitary wave profiles: left column - laboratory imag [14]; rightrool CPM
particle distributions with pressure contour and experimental (diamond) re in [14]

Type 2 solitary wave Type 3 solitary wave

0.1

T2 gl T3 gl




t(s) - t(s)

Fig. 3. Wave elevations at typical positions: CPM results (black solid line), numeedalash line)
and experimeiad (black circle) results irlT|4]

The left column of Fig. ¢ shows the wave impact pressures on the seawall. The CBdmssolu

agree well with both the experimental data and the numerical regultsam &l Lin [14]. The peak

impact pressures are successfully predicted except p12, which is near thedidtterteeside of the
seawall. The overtopping flow impinges on the back slope and entraps air. Betaesation, the

wave evolves into the bubbly flow (4ee Fig. 2e and f). In a single-phase simidgiioimg the air

phase, the air entrapment region that should be occupied by air is empty. When thes wave i
approaching the structure and has not fully occupied the air entrapment region, satugabtr
particles are recognized as inner fluid particles and hence their presswngs shambtained by
solving the PPE. Because of the void (includes air in reality), the influemain® of these wall
particles that are adjacent to the void and recognized as inner particles eatettuithis induces
numerical errors to the intermediate fluid densities of these structurilgmariSpecifically, the
computed densities tend to be smaller. Although the Laplacian operator of prdssieé {tand side

of thePPB is computed with good accuracy, the errors in fluid density (the right hand sideRifEhe

lead to smaller pressures and pressure fluctuations. This is why the mjpgaet ipressure pl2 is
smaller than the experimental result and shows some fluctuations. To daptaie entrapment in
detail and enhance the pressure result would re@uitgo-phase simulation that allows for the
compression of air. Another consequence of the numerical noise is that the indudedsspu
fluctuations tend to dominate the fluid turbulence and hence there is no sense to dudeactr
model in simulation. Ignoring the turbulence model is attributed to another reason of the discrepancies

between the numerical and experimental results.



Although ignoring the air phase misses some local physics and induces some unphysical pressur
fluctuations, the single-phase model is able to predict the general wave mgpargl overtopping
processes as demonstrated by the results of wave profile, wave elevation and wave impact pressures at
the locations other than pl2. In addition, the single-phase simulation cosks less (the exact
number is dependent on the ratio between water and air particles) time than thaintateqphase
simulation. Taking the balance between the accuracy and efficiency, the current stuthe issegle-

phase simulation.

Type 2 solitary wave

Type 3 solitary wave

12 - : 1.2
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=06 5
=
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Fig. 4. Dynamic pressures on the seawall induced by solitary wave impinging: CPM kdaaks (

solid line), numerical (red dash line) and experirakfiitlack circle) results irlT|4]
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Integrating the wave pressures along the seawall shall give the horizantaing-vertical (k)

components of the wave force applied onto the seawall, as presgnted ih Fig. 5. On the sdaward si

the CPM solutions are in better agreement with the experimental data than the duesultain

. Since the seaward side slope of the seawall is very gentle, the hdrieam#aon the seawalki
small and hence the seawall has good overturn-resistance capability. On the oththihgedtle-
slope seawall also applies a small resistance force to the wave and thus inducagdass$lections.
Therefore, the waves can run-up the seaward slope and over the crest with a lagy, eeld
induce larger dynamic forces on the structures and land behind the seawsillg caore damages.

On the leeward side, the wave forces predicted by CPM are smalleh¢haorherical solutions and
experimental results i@. It is hypothesized that the wave flow transgressing the seawall is very
thin and a large amount of overtopping flow particles are recognized as freze qaftcles (see the

red particles above the back slope of the seawall in Fig. 2f) and hence have zero pregsuteads

to smaller wave forces.

Seaward side Leeward side

0.24 0.06
9 Experiment in [14] L Experiment in [14]
018 Simulation in [14] 1 0 N v i Simulation in [14]
— CPM _ CPM
:-:j 0.12 £
é é 0.02 r
= )
i e
0 o
-0.06 -0.02
2 3 4 5 6 7 8 2 3 4 5 6 7 8
t(s) t(s)
0.24 : 0.06 T
° Experiment in [14] o Experiment in [14]
0.18 r L | e Simulation in [14] ] giod |— | Simulation in [14]
A s CPM ' CPM

o

o

F, - (kN/m)

-0.02

1(s) t(s)
Fig. 5. Horizontal (k) and vertical () components of dynamic wave forces on the seawall induced

by type 2 solitary wave

3.3. Type 3 solitary wave

The type 3 solitary wave is also studied. Because the water depth is laeggpe 3 wave does
not break on the seaward side of the seajvall (Fig. 6a). Instead, it overtapevtheof the seawall

straightforwardly and collapses on the back slope of the seawall ilFig. Id)overtopping flow

induces air entrapment (the “white bubble” in experiment and “void” in CPM simulation ip Fig. [6¢).

Similar to type 2 solitary wave, bubbly flows are generated subsequently becausaeshtios| (Fig
11




EP). Since the present CPM model does not consider the air phase, the aeration effiecbabldly

flows cannot be reproduced. Hence, some discrepancies exist between the CPM ancregberim
shapshots at t = 3.33 s. The water keeps moving to the leeward of wadl,sedich can cause
serious damages to the buildings and facilities behind the seawall as weédinasfinoding. After
inundating the inland, the waves come back and swash the foot of the back slope. The terning ov
flows may cause damages and erosions to the foundation of the seawall. Thigfitherthree main
collapse mechanisms of the seawall damages in the Fukuoka Tsunami i@Oll [45]. As ghewn in

right column of Fig. B, the wave elevations on the seaward and leeward sides of the sedigtddpr

by CPM are in good agreement with the experimental and numerical res@ in [14]. Aodliso

CPM solutions of wave impact pressures (the right column of Fig. 4handdve impact forces on

the front and back slope of the seawall (Fig. 7). This shows the capabilt?M to simulate the

highly deformed breaking waves and the accompanied wave impact pressures and force.

200

400 600 800 1000 1200 1400Pa
‘ : [ o—

(@) t=2.79 ¢

16.6 16.8 1‘1 11I.2
500 1000 1500 Pa
z B ]

(b) t=3.11 ¢

10.2 104

106 10.8 11 1.2

0 200 400 600 800 1000 1200Pa
] i .

. (c)t=3.25¢

108 11 112

200 400 600 800 1000 1200 Pa
] I ! |

(d)t=3.33:

10.2 10.4 10.6 10.8 11 1.2
Fig. 6. Type 3 solitary wave profiles: left column - laboratory imag [14]; rightrool CPM

particle distributions with pressure contour and experimental (diamond) re in [14]

To demonstrate the spatial convergence of the CPM model, type 3 solitary wawdiad &ty

using two additional particle spacing)(li.e. 0.01 m and 0.0075 m. Fid. 8 presents the wave elevation

at g22 and wave impact pressure at p7 for different particle sizes. In thest@ase /= 0.01 m),
both the wave elevation and pressure show phase lags and have slightly smalledesnpdimpared

to the experimental results 144]1 the case ofyl= 0.0075 m, there are no evident phase lags and

12



the amplitudes are predicted well. The results of the finest gasd® 005 m) are very close to those

of Ip = 0.0075 m, but they do show less pressure fluctuations and slightly better ergsewiith the
experimental data in general. This shows the particle size convergence of the @f\ The
particle spacingol= 0.005 m is adopted in the parametric study of wave overtopping characteristics

with seawall section (presented in Sen 4).

Leeward side

Seaward side

0.24 0.06
° Experiment in [14] o Experiment in [14]
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2 3 E 5 6 7 8 2 3 4 5 6 7 8
t(s) t(s)
0.24 ‘ 0.06 . T
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0.18 ¢ ‘ """"" Simulation in [14] | 0.04 I s o Simulation in [14]
- ; CPM '
£
)
=
Y
-0.02
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Fig. 7. Horizontal (k) and vertical () components of dynamic wave forces on the seawall induced

by type 3 solitary wave
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Fig. 8. Comparison of T3 g22 and T3 p7 at initial particle spacing of 0.01m, 0.0075m and 0.005 m,

respectively- CPM results vs. experiment and simulation in [14]

4. Influence of seawall section on solitary wave overtopping

Wave overtopping is amostthe most important factors in the design of coastal defense structures.
To date, there has been very little published on the relationship betveesaativall cross-sectional
geometry and solitary wave overtopping. To fill this gap, this section studieslihime and kinetic
energy of the solitary wave overtopping flow for various seawall sectionsvane scenarios. In

addition to type 2 and 3 waves as presented in Sggtion 3, six more solitary wavessidezd (see

Table 3. The water depths for the wave case group 1 (type 4, 5, 2 and 6) and group 2 (type 7, 3, 8 and

9) are 0.22 m and 0.256 m, respectively, and the wave heights in each group are presented in an
ascending order. The seawall section is changed by varying its slope. As s the
coordinates (x3, y3), (x4, y4) and (x5, y5) are fixed, and (x2, y2) shifitg) dhe red-dash line to get
Sﬁ:tion 3), S2 = 0.5, S3 =2las#t S5 = infinite

(vertical sea wall). The hydrodynamic characteristics of the overtopping wate i40 cases are

the slopes of S1 = 0.25 (the cases presented in

investigated.

S1 =0.2552=0.50
S3=1.00, S4=2.00
S5 = infinite

(3,y3)

(x4, y4)

”
_.4_’___L.L.J ________________
S2 S3S4 S5

Fig. 9. Schematic view of different seawall cross sections
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Table 2. Wave parameters and wave overtopping voinorak cases

Case Volume of Wave overtopping volume (0.001%m)
number ho (m) | Ho (M) | solitary wave

(me/m) S1 | s2 | s3 | s4 | s5

T4 0.044 2.50 10.3 10.0 9.6 8.9 8.7
Group | T5 000 | 0055 2.79 142 | 14.0 | 13.1 | 123 | 125
1 T2 0.064 3.01 17.3 16.9 16.1 15.2 15.3
T6 0.077 3.31 21.6 20.9 20.1 194 19.8
T7 0.051 3.38 31.6 31.3 31.0 30.2 29.6
Group | T3 0056 | 0059 3.63 357 | 357 | 353 | 342 | 339
2 T8 0.077 4.14 43.6 43.9 43.4 42.0 41.7
T9 0.090 4.48 49.4 49.8 494 47.7 47.3

4.1. Influence of seawall section on the volume of overtopping wave

The wave overtopping volume (per unit length of the seawall) of each caseestptein Table|2

and Fig. 10. Generally, the wave overtopping increases with wave height and weltéviiteh more

wave overtopping occurs if the still water level is higher. Specifically, of tme seave height, the
water depth of T8 is about 16% higher than that of T6, but the wave overtoppingsmmb8e than
double of that in T6 for all the seawall sections. The practical imgitagithat as the sea level rises,
the ocean waves possess much greater threats to the coastal structures.

[ e—S1 —+—82 —+—83]- ity P

—+—84 —+—S§5

o
<
<

Overtopping volume (m‘Vm)
o
o
o

T4 T5 T2 T6 T7 T3 T8 T9
Wave scenarios

Fig. 10. Wave overtopping volumes in the studied cases

For each wave scenario, the overtopping volume in different seawall slopes (onSjeidio

normalized by the overtopping volume of S1, as shown in Fig. 11. Generally, a stesyml s®ops

more seawater and hence reduces wave overtopping within a certain range, becausse laaypl

horizontal forces to the waves and more wave reflections occur. The wave overtiop@noup 1

and group 2 solitary waves is reduced by around 12.5% and 5% respectively when the sqmwall slo

increases from 0.25 (S1) to 2 (S4). It means that when the water dedticélheea level raised by a

real tsunami event) is higher, increasing the seawall slope becomes lesseeiifentitucing wave

overtopping. In this situation, a more effective way is to increase the héigfnt seawall, which

however, is very colst. In group 2 waves, the overtopping volume of S5 is almost the same af that
15



S4. In group 1 waves, the overtopping of S5 is even more than that of S4. It meamisethahe

slope of the seawall reaches a certain value, further increasing tkee vgllbmot enhance the

performance of a seawall in intercepting the overtopping wave, for the studied waveoscenari

—a TR —w—T9||

g 1.05 ‘ : ‘ g 1.05 ‘
= —=—T4 ——T5| | 3

£ 1.00} £ 1.00}

[=11] [=11]

£ =

£095f £095f
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S 0.90 S 0.90

=} =}

f?g 0.85 '§ 0.85

= ! ! ‘ = ! !
£ 0.80— : - : * £ 0.80— :
5 Sl S2 S3 S4 S5 5 S1 S2
= =

Seawall slope

S3 S4 S5

Seawall slope

Fig. 11. Normalized wave overtopping volume against slope of seawall

Integrating the first-order solitary wave equation with respect to asgttie volume (per unit

length) of the bulge part of a solitary wave (the light blue shade grea in Figislpafameter is used

as an indicator of the scale of the incident solitary wave. The ratio of th®meg volume to the

volume of the incident solitary wave is showh in Fig, 12. The volume percentagémars% and

50% for group 1 and group 2 solitary waves, respectively. In reality, the wiavitycand height of a

tsunami can always be measured by a warning system. The above findings on the overdbppiag

percentages provide a guidance in the estimation of tsunami overtopping magnitude| f$g. 12 a

shows that increasing the slope of the seawall (from S1 to S4) helps to reduce the wappiogert

although the effect for group 2 waves is marginal.

14 B S s ——T4 ——T5l! gl . —=—T7 ——T3|
o e : ——T2 —»—T6 & : : —a—T8 —»—T9
&0 i T T on y
= 30%¢- ; £ 55%¢ |
L] L]
2 2
8 25%¢r 2 50%
L L
= ; =
= 20% T 1 =2 45%
=} =}
> ] : j > ] : :
15% ; : : : ; 40% ; : : : ;
Sl 52 53 S4 S5 Sl 52 53 S4 S5
Seawall slope Seawall slope

Fig. 12. Ratio of the overtopping volume to the volume of the bulge part of a solitary wave

4.2. Influence of seawall section on the kinetic energy of overtopping wave

The overtopping volume can be useshn indicator of the coastal flooding intensity, but it i®als

of great significance to investigate the destructive power that theoppery waves carry, because

lots of public facilities and buildings are built near the coastlinequamtify this effect, the kinetic

energy (KE) of the overtopping wave computed @s5my is presented

n Fidl3| It shows that the

overtopping in Group 2 wave scenafas much more KEs than the group 1 waves. ae energy
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has to be dissipated via the wave impact on coastal structures, erosion esitte ¢¢ the seawall or
the inland inundation, all of which should cause damages and/or disastersctasks areas. In
contrast to the group 1 waves, whose overtopping KEs increase gently with theeightethe KEs
in group 2 waves increase considerably (around 2.5 times from T7 to T9). This isebdwwater
depth (the local sea level raised by a real tsunami event) is quite high andheeseawall is hard to
stop the vast wave overtopping. This shows the high risk of coastal atbaseckground of global

sea level rising.

n
o

—+—5] —=—82 —a—83 ' 1

e
(=]

[§S] LI
=] =]

=

Overtopping KE (kg-mz/sz)

T4 T5 T2 T6 T7 T3 T8 T9
Wave scenarios

Fig. 13. KEs of the overtopping wave in the studied cases

The KE of the bulge part of a solitary wave can be approximated by assuntira the fluid

particles move with the wave celerity c, the ratio of the overtopping wavi® Kaich is shown in

Fig. 14. TheKE densityof the overtopping wave evaluated by > 0.5pv2 is also evaluat (se¢ Fig. 1p)

In all the wave scenarios, the seawall slope has little effect on the KE and KKy denthe
overtopping wave. For group 1 waves, around 12% of the solitary wave KE is treashséethe back

of the seawall. This amount is more than double (~25%) for group 2 waves. The KE fiergioyp

2 waves is about 30% larger than that for group 1 waves. Both the KE peecehthg overtopping
wave and the KE density should provide useful guidamastimating the destructive power of the
tsunami overtoppingn a real event. In addition, the results show that the wave overtopping in the

circumstance of higher water depth is much more disruptive.

T T T T 40% T T T T T
2506k b S —=—T4 —»—T5| | : 3 —=—T7 ——T3

——T2 —»—T6 35%"F | —4—T8 —¥—T9| -
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Fig. 14. Ratio of overtopping KE to the KE of the bulge part of a solitary wave
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Fig. 15. Kinetic energy density of the overtopping wave

5. Conclusions

In this study,a mesh-free CPM based numerical wave flume is developed to study theysolita
wave impinging and overtopping on an impermeable seawall. The CPM computes the gradient and
Laplacian operators in the governing equations in a way consistent with the Jexyégr expansion
achieving better numerical consistency and accuracy. By using the numerical wave dlume
documented experimental case is revisited. The wave fragmentation/coalescent and walve impac
pressure/force predicted by CPM are in good agreement with the experimental daénamndark
numerical results.

Using the validated numerical wave flume, the characteristics of solitavg overtopping are
investigated thoroughly by varying the seawall section and the incident wave canditsofound
that in the tsunami event involving a higher water depth, the overtopping evoamd the
accompanied kinetic energy of the overtopping flow can be much more intensivemphés ithat
the seaside cities aeaposed to higher risks of coastal inundation and facility/building danmathes i
background of global sea level rising. Increasing the slope of the seawall can tezldisenami
overtopping in some extent, but it is not so effective especially when the et is high. The
percentages of the tsunami overtopping volume and kinetic energy comparedogétiof the bulge
part of the incident wave are also evaluated. The data provides some geigtlines in the

estimation/assessment of the intensity and hazardous effect of a real tsunami in figddtical

The CPM has intrinsic advantages in terms of the derivative computation. Comprehensive analyses

of the energy and volume conservation of CPM are ongoing and will be presented in a future article.
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