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Abstract— Wave overtopping is a violent natural event that
involves highly complex phenomenon such as large fdemation
of free surface, turbulence and eddy vortices, str@ interaction
between the wave and the structure. Models based @moothed
Particle Hydrodynamics (SPH), that used a mesh-fregechnique,
are an option to address wave overtopping and othgghenomena
involved on the interaction between waves and coadtstructures.
In the present paper, SPHysics model is validatechd applied for
wave propagation and wave overtopping of an impernable
seawall. Validation and convergence study is carrie out
considering several parameters such as the initigarticle density
and the gxspy parameter. Free surface elevation in several gauge
and overtopping discharge over the structure are amyzed and
compared to experimental data and other numerical esults. A
very satisfactory agreement is obtained with expemental
measurements. Finally, the numerical model is appid for
modelling wave propagation with breaking and overtpping of
an impermeable sea wall coastal defence structur@ common
structure employed at the Portuguese coast. Numeat results
are compared with experimental data from model scal tests
carried at the National Civil Engineering Laboratory (LNEC).
Good agreement is obtained for both free surface eation and
overtopping discharge over the structure.

. INTRODUCTION

Sea wallls are structures that allow the proteatiocoastal
areas from the wave attack. In the project of theisactures,
wave-structure interaction study should be maddefine the
viability and efficiency of the structure, namelyhet
overtopping discharge and the forces applied orstheture.
Wave-structure interaction generates very complenpmena
involving nonlinear processes, like wave propagatand
transformation, run-up, wave breaking, and overtopp
Coastal structures could have different
characteristics: could be impermeable or porouscstres,
composed by artificial blocs, be an arc crown wgallictures,
etc.

The models based on the nonlinear Boussinesq eqaati
such as COULWAVE [1], give good predictions compgri
with field data and laboratory physical modellitpwever, it
does not model the breaking wave and highly noatine
processes that occur between waves and coastatusés,
such as breaking and overtopping.

Some numerical models allow simulating these very
complexes phenomenon. Those models are generaidd um
fluid dynamic equations, i.e. the Navier-stokesaigus, and
developed using an Eulerian approach. Numericallsition
of free surface flows is treated using the VolunieFtuid
(VOF) approach, such as the Reynolds Average N&takes
(RANS) model COBRAS-UC [2]. However the recent
advances on Smoothed Particle Hydrodynamics (SRidels
show that Lagrangian method is a very promisingraitive
approach to simulate wave breaking and overtopguggto its
completely mesh-free technique.

In the present paper, SPHysics numerical modelig3]
validated for wave propagation through an imperreeab
coastal structure for two different cases. In ir& tase, wave
overtopping discharge over an impermeable sea dedéince
structure is simulated. Numerical results of SPEk/shodel
are compared with results from a SPH model [4]mfro
Eulerian numerical models [5] and with experimendalta
obtained by Saville (from Shao et al. [4]). Validat of the
numerical model for this very complex phenomenon is
performed studying the influence of various parargtsuch
as the initial density of particles, the viscositgdel (artificial
[6] and SPS [7]) and thespy parameter of the XSPH variant
of Monaghan [8] that allows correcting the velocity a
particle. In the second case, SPHysics model idiegpor
modelling wave propagation with breaking and oygstng of

structurgly impermeable sea wall coastal defence struciucemmon

structure employed at the Portuguese coast. Nuategsults
of free-surface deformation at several positionsglthe flume
and overtopping discharge are compared with exgeiah

Numerical models, more or less complexes dependin data from model scale tests obtained at the NAdtiQiwl
the approach and on the physical assumptions, allgRgineering Laboratory (LNEC) in the framework dfet

simulating near shore transformation and propagatid
waves.

Composite Modelling of the Interactions betweendbes and
Structures (CoMIBBs) project — HYDRALAB 1ll Europea
project [9].



4" international SPHERIC workshop Nantes, France, May 27-29, 2009

II.  NUMERICAL MODEL seawall are carried out to validate the SPHysicdehdresults
Partic% average overtopping Qischarge obtaine_d with SiRidy
model are compared with other numerical results and
experimental measurement.

SPHysics is an open-source Smoothed
Hydrodynamics program developed jointly by researshof
several Universities [3]. The model is inspired Iiye
formulation of Monaghan [6]. The fluid in the stamd SPH Data of wave overtopping of sea walls were coldig
formalism is treated as weakly compressible. Thedeho Saville in a wave flume using regular waves (froha® et al.
presents a modular form and a variety of featuresagailable [4]). Several seawall profiles, wave heights, waegiods and
to choose different options, like: 2D and 3D mod#éhe water depths were tested. Here, just one of thosggurations
scheme (Predictor-Corrector or Verlet algorithmnstant or s simulated to validate SPHysics model and to ysttite
variable time step, various kernels, viscosity ntedartificial, convergence behaviour.
laminar and Sub-Particle Scale turbulence modedysity i , ,
filter (Shepard or MLS), and solid boundary coruit Figure 1 shows the schematic profile of the tests wall,

(dynamic boundaries, repulsive forces). Detail afnerical Where h, ds and Rc are the water depth at the seaward
implementation and references are available awesite of Poundary, the water depth at the toe of the stracand the
SPHysics [3]. crest level of seawall above the still water swefathe beach

and the seawall slopes are 1:10 and 1:3, resphctivhe

For the present numerical simulations, the quatiainel simulation is carried out fdnr=3.0m,ds=0.75m andRc=0.5m.
[10] is used to determine the interaction betwdengarticles. The regular wave period i$=4.73s and the wave height
The fluid is treated as weakly compressible whittbwes the H=1.0m. The wave length at the seaward is 23.4m.pEdele
use of an equation of state to determine fluid fues The at the left boundary moves harmonically with an ktonge
relationship between the pressure and the densityassumed equal to 0.624m. However, it is not designed toodbshe
to follow the equation of state. The compressipikt adjusted reflected waves from the downstream.
to slow the speed of sound so that the time stepermodel,
based on the sound velocity, is reasonable. Iniegran time
is performed by the Predictor-Corrector model usingariable
time step. The repulsive boundary condition, degwetb by
Monaghan [8], is used and allows preventing a waseaticle
crossing a solid boundary. Variable time step edu® ensure
the CFL condition. ds /1:3

Simulations are carried out considering variousomgt for h
the numerical parameters for studying their infes on
results:

Wave

paddle SLW RC

1:10

e Sub-Particle Scale — SPS - turbulence model [7] or
artificial viscosity model [6]. Artificial viscosjt model

required to define the empirical coefficient, ugpal ; ; . -
taken as 0.01-0.1. Padova [11] shows that sm%l To calculate the overtopping discharge, a partolenter is

irical ficienta all bett t with cated at the beginning of the seawall crest. Assnand
empirica cole icienta allows better agreement wi density are associated to the water particles, myakasy to
experimental measurements. define the total overtopping volume and the averigeharge
~ Particles are usually moved using the XSPH variaRer wave. Average overtopping discharge is coubteen

due to Monaghan [12], witbysp=0.5 (values ranged the 3" and %' waves when flow structure interaction is
between 0 and 1). The method is a correction fer tielatively periodic and before re-reflexion of wawe the wave

velocity of a particle, which is recalculated takiimto paddle.
account the velocity of that particle and the agera  Free surface elevation is compared in three galogesed
velocity of neighbouring particles. at 0.0m, 6.5m and 14.5m, respectively gauge 1,023arfrom

Computations are carried out with several initiattigles the beginning of the beach.
spacing to study the convergence behaviour ofduetace and

Figure 1. Schematic profile of the computational domain.

overtopping discharge. A. Influence of initial particle spacing
For the computational domain, a uniform particlaspg is
I1l.  CONVERGENCE ANALYSIS AND VALIDATION used, varying fromdx=dy=0.03m to 0.15m. The number of

particles varies from 56287 to 2509. SPS turbufeatlel and
exsp=0.0 are used for simulations. Shao et al. [4] uzdg a
iform particle spacing witbx=dy=0.1m, that corresponds to
90 particles.

The numerical simulation of the overtopping of avgall is
a very challenging problem due to the complex ph@mwn
that occur during this event: wave propagation arﬁg
transformation in the nearshore region, wave bregkiun-up,
reflection, interaction between the incident wawved athe Figures 2, 3 and 4 show the free surface elevatiothe
reflected wave and overtopping. Numerical simutaioof three gauges, 1, 2 and 3. It can be noted that wave
wave overtopping over a smoothed and impermeablg@ngl transformations occur during the propagation over lheach
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profile due to the nonlinear processes. Analysiigyife 2 it is
possible to see that the difference between waestsrdue to
the particle density, is larger than the differebetween wave
through. Differences up to 16% are found for waegght at
the wave crest and around 7% for wave through katwbe
larger and smaller initial particle density. In &ig 4, nonlinear
effect can be observed and differences between weests
and through increase. However, for initial partidensity with
spacing 0.03 to 0.05, wave shape presents simikrdit
Differences at gauge 1 and 3, with particle spadiegveen
0.03 and 0.05, are only around 2% and 3%, respygtiv
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Figure 2. Free surface elevation at gauge.0m.
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Figure 3. Free surface elevation at gauge.5m.

o
[

o

Free surface (m)

S
o

5

Time(s)
Figure 4. Free surface elevation at gauge=314.5m.

Figure 5 presents the total overtopping discharfgmined

clear. It should be pointed out that overtoppingaisvery
sensitive parameter and strongly depends on the Wesaking
and other nonlinear processes that occur in frbtiteosea wall
structure.

Figure 6 shows the total overtopping volume cakedaat
wave 3 and 6. For low particle density the caladat
overtopping volume is underestimated and the ecampared
with larger particle density, is around 30% lowé&or the
particle density that corresponds to particle sgaéiom 0.03
to 0.05, differences on calculated overtopping r@uare
smaller and equal to 7% and 4% for wave 3 and
respectively. It seems that convergence is appratein
obtained with initial particles spacing smaller rth@.06m.
However it is necessary to confirm this tendendpgis larger
particle density.
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Figure 5. Overtopping discharge for various initial partidiensity.
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Figure 6. Overtopping volume discharge at waves 3 and &ifterent
initial particle density.

B. Influence of XSPH correction parameter

Particles motion is usually performed using the MSP

during the simulation. Overtopping discharge préesethie variant of Monaghan. Influence of XSPH parametggpy, is
same trend for all initial particle densities andedopping studied considering initial particle spacidg=dy=0.05m and

volume increases from wave to wave. However
overtopping volume value varies with the particlensity.
Eventhough, as it is possible to see, convergeng®i very

thae SPS turbulent model.
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Figures 7 and 8 show the free surface elevatiayaage 2,
for the time interval of Os to 45s and 65s to 108spectively,

and for XSPH parameters from 0.0 to 0.5. Free sarfa

elevation is the same for the first waves but dijgsancy
increases during the simulation. Significant défeces are

found in function of thexspy parameter value. For the usua -
valueeysp=0.5, free surface elevation presents a very unusigs

behaviour, since free surface elevation decreaamatically
during the simulation, until the program stops rafseme

iterations. Asexspy Value tends to zero, discrepancies of free

surface elevation decreases.

Figure 9. Particles crossing the solid boundary for XSPH peater

exspr=0.5.

For value ofeysp=0.5, water particles cross the solid

boundary due to the presence of structures with katicity
intensity and velocity near the solid slope bougd&igures 9
and 10 show, for the same time, the position ofpdugicles for
exsp=0.5 and exsp=0.0 respectively. As expected,
behaviours are very different, since in the casg&f~0.5 the
mean water level decrease due to the particlesctioss the
solid boundary and wave breaking occurs far froenga wall
since the water depth is smaller. When the comrcdSPH is

zero, exspr=0.0, particles do not cross the solid boundary at

the results are very different.
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Figure 7. Free surface elevation at gaugec.5m, for various XSPH
parameters between time Os to 45s.
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Figure 8. Free surface elevation at gauge%.5m, for various XSPH
parameters between time 65s to 100s.

the

Figure 10.Particles not crossing the solid boundary for XS§firameter
exsph =0.0.

C. Influence of the viscosity model

Sub-Particle Scale (SPS) approach for modellingutence,
first described by Gotoh et al. [7], is used andhpared with
the artificial viscosity (AV) model proposed by Maghan [6],
with the empirical coefficientt varying from 0.01 to 0.10.
Initial particle density corresponds to particle asipg
dx=dy=0.05m.

Figure 11 presents the total overtopping dischdtging the
simulation. Figure 12 shows the overtopping disgbarolume
at waves 3 and 6. As expected, there are diffeezhetwveen
SPS approach and artificial viscosity model incesaas the
empirical coefficientn increases. The model is too dissipative
and the overtopping discharge accuracy decreasés.r@sult
is confirmed by Padova [11] that shows that bedtmeement
is obtained between numerical results and expetahen
measurements with smaller empirical coefficientieal

5
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Artificial viscosity, 0.05
Artificial viscosity, 0.10
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Figure 11.0vertopping discharge for SPS approach and asifiiscosity
model for various empirical coefficierd.
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Figure 12.0vertopping discharge volume: comparison betweB$ S
approach and artificial viscosity model for vari@mpirical coefficient from
0=0.01to 0.10, at wave 3 and 6.

Figures 13 and 14 present the free surface elevaio
gauges 1 and 3. As it is seen the wave shape psebensame
trend for the four cases. Differences are relagiveimall
between SPS and artificial viscosity models at gaudg
However, when nonlinear effects increase due todderease
of the water depth, wave height increases and rdiffies
appear for these steepness waves. An error of $3dund for
the wave crest between the SPS results and atificodel
with the smaller empirical parameters0.01.
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Figure 13.Free surface elevation at gauge 1, for SPS modkehdificial
viscosity model for various empirical coefficient
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Figure 14.Free surface elevation at gauge 3, for SPS modkehsificial
viscosity model for various empirical coefficient

D. Comparison with experimental data

Numerical
measurement of Saville (from Shao et al. [4]) andherical
results produced by Kobayashi and Wurjanto [13].etlal. [5]

results are compared with experimental

and Shao et al. [4]. The last author uses an incessfble SPH
method with an initial particle spacinig=dy=0.10m.

The dimensionless average overtopping discharges,

Q/(H(gH)Y?, whereg is the gravityH the wave height an®

the overtopping discharge, is presented FigureSPHysics
results for various particle densities are includethe figure.
Numerical model was run considering the SPS model a
XSPH correction parametessp=0.0. Figure 16 shows the
error of calculated overtopping discharges compangith
experimental results.

Numerical results converge to experimental dat&afille
as particle density increases. Error for particengity with
particle spacing smaller than 0.05 is less than B&6.these
particle densities, mean overtopping discharge isll w
reproduced by the numerical model. The presenttseagree
better with experimental measurement of Savillenthihe
numerical result of Shao et al. [4], with an erapound 25%,
Kobayashi and Wurjanto [13] and Hu et al. [5], wéth error
around 60% and 40%, respectively.
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Figure 15.Mean overtopping discharge: comparison between ricate
results and experimental data.
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Figure 16.0vertopping discharge: error between numericalltesmd
experimental data.
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IV.  APPLICATIONS TO COASTAL STRUCTURES

Physical modelling performed in flume considerirgled
model of coastal structures allows validating nuoarmodel
since field data for prototype structures are raslyeto obtain.
Here, the results of SPH numerical model are coetbarith
experimental measurement obtained for a typicakmmgable
coastal structure with a slope of 2:3.

A. Experimental setup

The experimental tests [9] were performed
framework of the Composite Modelling of the Intdias

between Beaches and Structures (CoMIBBs) project

HYDRALAB 1l European project, to study the influea of
the physical model scale in the simulation of wpk@pagation
on coastal defences, in particular where the wanealing
phenomena plays an important role.

Several tests had been made in two different wawaes.
The case study used in this paper corresponds dotest
performed in the large wave flume of LNEC with 3width,
73 m length and 2 m height (Figure 17). The flusequipped
with 6 wave gauges, 4 sensor pressures at thetuseyand
one overtopping device designed to measure thetapgng
volumes of water.

A special attention was paid to the breaking aréerey
video cameras were located, allowing the analysthe wave
breaking characteristics. The incident regular wased here
has a periodT=3.79 s, a wave heightj=0.40 m, and water

depth isd=1.5 m. The wave length is in this case 12.04m. The

bottom profile is composed by a horizontal bottonithw
35.74m length and a bottom with a slope of 1:20indur
18.675m. The impermeable structure has a slope3adrd the
crest is located at 1.684m from the bottom,Re&=0.534m.

Crest level =1.684 m

h2 =1.15m

v

L1=18.675m

A A

A

[
>

35.74 m

v

20m

Figure 17.Wave channel and cross section of the case study.

B. Numerical modelling

The computational domain consists in 62000 fluidiples
with initial particle spacing equal to 0.02m.

SPS turbulence model is used and it was adopteX Sk

beginning of the beach slope. Thus the horizontdtom is
smaller than that of the experimental configuration

C. Resultsand discussion

Numerical simulation is performed for a total timE70s,
with a mean time step equal to“0 A flexible paddle is used
for regular wave generation. The flexible paddleowes to
impose an horizontal velocity profile similar toethwvave
profile in the correspondent section of the flukealysing the

in th%pectrum of the free surface elevation historyQah before the

beginning of the slope, it can be seen that harosomave only
a very small contributions. So, the regular waveainied using
the flexible paddle is similar to the experimentalve.

Figures 18 and 19 present the time-history of Bedace
elevation at two gauges located at 7.5m and 12.fien the
beginning of the beach slope, respectively. Corspas
between experimental measurements and numericaltges
show good agreement.

I X=7.5m

o o o o
= N w »

ree surface elevartion
o

0.1

-0.2¢

10 20 30 40 50 60 70
Time (s)

Figure 18.Free surface elevation at 7.5m from the beginnirthebeach
slope: comparison between experimental and nunieesalts.

b x=12.0m Exp.

Free surface elevation (m)

20 60

0 10

30 Time (s) 40

Figure 19.Free surface elevation at 12.0m from the beginofrthe beach
slope: comparison between experimental and nunieesalts.

Figure 20 shows the mean overtopping discharge and
compared experimental data with numerical resufsr
numerical results, mean overtopping is calculatetivben the
2" and %' waves and the"2and &' waves. As the paddle is
not designed for dynamic wave absorption, re-réflexoccurs

parameteexspi=0. Quadratic kernel is also used for this case.n the numerical flume and only some waves makmitsible

Wave generation is performed by a piston wavemak

without dynamic absorption. In the numerical sintiolas, the
wave paddle is located at a distance of 10.0m fitbmn

calculate the mean overtopping discharge. Tiperxental
tests were repeated for 6 times, allowing the dtéafim of a
confidence interval for the overtopping discharge.
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As can be seen, numerical results and experimen
measurements are in good agreement: numerical agimof
mean overtopping discharge is included in the uaterof
experimental measurements. The difference in tkgtopping
discharge obtained from the numerical model is tughe
number of waves considered for the calculation.

SPH - 7 waves| |

SPH - 4 waves

Exp. Min

Exp. Max

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 00012 0.0014

Mean overtopping discharge (m3/s/m)

Figure 20.Mean overtopping discharge: comparison between ricate
results and experimental measurement.

Figure 21 shows the snapshot of free surface measda
wall structure. It can be seen the ability of SPidtiod to
model very complex phenomena that occur in thise tgb
fluid-structure interaction, such as the overtogpamd run-up
and wave-wave interaction, such as the interadteiween the
incident wave and the reflected wave by the se&siraicture.

V. CONCLUSIONS

Numerical model based on SPH presents a very Bitege
option to address coastal processes, particulariyup, wave
breaking and overtopping phenomenon that occupsdntical
problems in coastal engineering. These problemohiev
complicated free surface deformations and, evegfua
complex structure for that SPH model is an idegraach to
simulate. For local studies of interaction betweeves and
structures, such as coastal structures, numericdehling also
presents a very attractive complement to physicaletiing.

The weakly compressible numerical model SPHysics wa

used in the study of interaction between wavesasda wall
structure and, in particular, the overtopping disge. A
convergence study with the particle density valisesarried

15
1 e

05

28

24 30

26

24 26 28 30

Figure 21.Snapshot of free surface near the sea wall streictur

artificial viscosity model. Consequently, it seeb&tter to use
the Sub-Particle Scale model.

Numerical model is used for modelling experimesizle
model tests of wave propagation through a sea stalcture
performed in a wave flume at LNEC. Results of waegght
and overtopping obtained by the numerical modedgmegood
agreement with experimental measurements.

These results show that SPHysics model is a very
promising tool to be used in future applications far
example, to elaborate maps of risk in coastal araéisough
the present model and computational resourcesperiyit the
used of simplified geometries and impermeable giras.
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