SIMULATION OF EXTREME EVENTS OF OBLIQUE WAVE INTERACTION Wl TH POROUS
BREAKWATER STRUCTURES
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This paper introduces a numerical approach for the anatysistreme events of wave interaction with coastal and ma-
rine structures. The method is exemplified by investigatibligue wave interactions with a rubble mound breakwater
structure. The use of numerical models for analysis of wakgcture interaction is seen more often. For many appli-
cations a two-dimensional approximation is valid, howef@rinvestigating complex structural details or e.g. qbé
wave interaction with coastal structures, a three-dinmradisimulation is required. One challenge for a practisa u

of three-dimensional simulations is the computationak.cé®r extreme event analysis it is necessary to determine
the characteristics of the extreme events which will ocauing) an irregular sea state of a given duration. Therefore
the complete irregular sea state must be simulated. A tfireensional simulation of a full irregular sea state with
duration of e.g. 3 hours will be a large computational burdEine present work proposes a methodology where the
analysis is performed in two steps. 1) A two-dimensionalusation of a full 3 hour irregular sea state is performed
including the breakwater structure. The extreme eventslserved in terms of loads on the super-structure. 2) The
extreme events are reproduced in a three-dimensional nasd#dlique waves by short realizations. The method was
validated by comparing the surface elevation and sea-oaét from a full irregular sea state to the short reprodacti
sequences. Good agreement was found for both surfaceiefeeatd horizontal sea-wall forces. The short reproduc-
tion of extreme events was applied in a three-dimensiortapder investigating the féect of oblique waves. For an
incident wave angle of 30a reduction of the peak impact load of 250 % was found for the tested extreme events.

Keywords: Wave-structure interaction; Extreme eventsbi®e mound breakwaters; Porous media; Navier-stokes
equations; OpenFoam

INTRODUCTION

In the field of coastal engineering the use of computationdd ftlynamics (CFD) has gained more
popularity in the recent years. The possibility to include &fect of porous media such as rubble mound
breakwaters and the description of free surface water waaes enhanced the applicability of CFD within
coastal engineering. The extension of the numerical mamelsandle porous media was presented in
van Gent (1995) where thefect of the porous media was included in the Navier-Stokeatins based on
a resistance term. This method has been developed in e.gt Blu(1999) and Hsu (2002). Recent exam-
ples of the development and application of this type of pityosodels are del Jesus et al. (2012), Lara et al.
(2012a) and Higuera et al. (2014a). In Jensen et al. (20&4)etailed derivation of the porous media equa-
tions was presented together with the most recent versitreafquations implemented in the open source
CFD library OpenFoa®. Together with the wave generation capabilities preseintethcobsen et al.
(2012) the OpenFoam model has contributed to the avaifalbifiopen source CFD for coastal engineer-
ing topics. Examples of the use of OpenFoam for consideraig flow in connection with breakwaters,
modelling of scour around structures, and cross-shore neailynamics were recently seen in for exam-
ple Lara et al. (2012b), Matsumoto et al. (2012), Stahlmarth&chlurmann (2012), Jacobsen and Fredsge
(2014), and Higuera et al. (2014b).

For three-dimensional prototype applications one of thitilng factors is the computational time. In
the case where irregular sea states are being considerexy ibenimpossible seen from a practical engi-
neering perspective to conduct a detailed CFD analysistaigue analyses the entire irregular time series
must be included in the simulations, however, for extremengs/and ultimate-limit-state (ULS) analysis
only a few very short events are of interest. For these casemethodology presented in this paper may
contribute to enhancing thefieiency of the CFD analysis for practical applications. Thetmod combines
a two-dimensional screening model including the entiregalar sea state and a three-dimensional model
where only the extreme event of interest is reproduced. Blyepbint in that respect is the ability of the
model to simulate the extreme event as a very short sequéttoe ioregular time series.

The focus of the work presented in this paper was to validagentethod for reproducing extreme
events from irregular time series. The short reproductadrextreme events were applied for investigating
the efect of oblique waves on the forces on a breakwater sea-wedlidusly a numerical investigation
of the dtfect of oblique waves on a vertical impermeable breakwaterprasented in Lara et al. (2012b)
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however this included regular waves. Theeet of extreme events due to the interaction of the irregular
waves was not investigated. In Higuera et al. (2014b) a degjience of an irregular sea state was also
applied to investigate oblique wave-interaction with atieat breakwater however, the applicability of the
method and the accuracy of the reproduction in short se@semas not addressed.

The remainder of this paper is organised as follows. Fingtntumerical model is described including
the extension of the model to handle porous media for reptiesethe breakwater structure. Following
this, a short note is given on the statistical crest heig$iridution of the irregular sea state in the model
compared to empirical distributions. The two-dimensiag@kening is conducted in the following section
where the rubble mound breakwater is exposed to the entige tiour irregular sea state. The forces on
the sea-wall is computed throughout the simulation and ftioisia number of impact events are chosen
to be investigated for oblique wave interactions. The negtisn performs a validation of the method of
reproducing the extreme impact event as a short sequenae Wieeirregular sea state is started with a
phase ffset. Finally, the same reproduction in short sequencesaafermed in a three-dimensional model
where the waves are generated as oblique waves relative torglakwater. Conclusions are given in the
last section.

NUMERICAL MODEL

The model was based on the Navier-Stokes equations, thattvegrsformed to the Volume Averaged
Navier-Stokes equations for including thffeet of the porosity. The numerical method was based on a
finite volume discretisation on a collocated grid arrangemelhe present paper used a version of the
Navier-Stokes equations where the eddy viscosity was kehtato account; for a formulation of turbu-
lence closures in porous media, the reader is referred tbténature, e.g. Antohe and Laget (1997) and
Nakayama and Kuwahara (1999).

The starting point was the general form of the incompressilalvier-Stokes equations formulated with
the continuity equation:
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wherep is the density of the fluidy; is the Cartesian velocity vectar = (u, v, w), p is the excess pressure,
gjis the j'™ component of the gravitational vectarjs the dynamical viscosity,is the time, anc; are the
Cartesian coordinates.

If Eg. (1) and (2) are to be solved in the porous media, knogéddd required about the geometry of
the pores forming the porous media. Furthermore, a veryyfiredolved computational mesh would be
required in order to capture this geometry, which in mosesas not feasible. To overcome this problem
the Navier-Stokes equations were averaged over a volumeviisaassumed to be larger than the length
scale of the pores constituting the porous media. A detaiestription of the derivation of the volume
averaged equations for porous media is presented in Jehakr{2014). In the following the final form of
the continuity and momentum equations for porous media flepeesented.

The volume averaged continuity equation was given as:
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where(U;) is the volume averaged ensemble averaged velocity oveothkcbntrol volume including the
solids of the porous media. The volume averaged momentuatiequvas formulated as:
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whereCy, is the added mass cfieient to take the transient interaction between grains aatkminto
accountn is the porosity, andp)' is the volume averaged ensemble averaged pore pressutieeifuore,
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an additional term on the right hand sidg, was included to take account of the resistance force due to
the presence of the porous media. The details of the demvafithe resistance force term were presented
in Jensen et al. (2014) and is discussed further in the faligwsection. Note the negative sign on the
gravitational term on the right hand side whiclffelis from that presented in Jensen et al. (2014) where it
was mistyped as being positive.

Porous media resistance forces

When the momentum equation was volume averaged in the poredis, two terms arose representing
frictional forces from the porous media and pressure foffoem drag) from the individual grains as shown
in Jensen et al. (2014). Also Hsu (2002) and del Jesus etHl2j2resented these terms. A closure model
must be applied to describe the contributions from thesedes they cannot be resolved due to the volume
averaging of the porous media. Here the extended DarcyhRemmer equation was applied, that includes
linear and nonlinear forces as well as inertia forces to aetfor accelerations. The linear and nonlinear
resistance forces were expressed as:

Fi = —ao(ti) — bp /(Tj){T;)Ti) (5)

wherea andb are resistance cfiicients. These cdigcients must be determined. Engelund (1954) for-
mulated a relation between the resistancefta@ents and the porosity, viscosity, and grain diameter for
steady state flow, as also later included in Burcharth ancefsah (1995). These relations were included
in the model presented by del Jesus et al. (2012). A similpression to Engelund (1954) was formulated
in van Gent (1995), where thdfect of oscillatory flows was added to the expressions in terftise KC-
number. The latter formulations were applied in the modekpnted by Liu et al. (1999) and were also
adopted and implemented in the present model. The resestardicients were formulated as:

a2
aza(l 3n) Lz (6)
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whereds is the grain diameter andC = u,T/(ndsg), Whereuy, is the maximum oscillating velocity and
T is the period of the oscillation which in the following wag sethe spectral peak periodly. & andg are
empirical codficients. Several values have been proposed famdg in the literature e.g.van Gent (1995)
who usedr = 1000 ang3 = 1.1, and Liu et al. (1999) who applied = 200 and3 = 1.1. In Jensen et al.
(2014) a calibration was performed including a greater eanigflow regimes than previously seen and
values ofe = 500 andg3 = 2.0 were proposed. These are applied in the following.

Finally, the inertia term in the extended Darcy-Forchheisguation was included in Eq. (4) through
Cm, Which van Gent (1995) gave as:

1-n
Cm =')/pT (8)

wherey, is an empirical coficient, which takes the value 0.34.

Free surface VOF modelling

The interface tracking of the free water surface was coredlasing a volume of fluid approach (VOF),
where the specific details are given in Berbettial. (2009). The tracking was resolved by the solution
to:

T o (@) + S (el -) =0 ©
whereq is 1 for water and 0 for air(@’) = (Uf) — (T® is a relative velocity between the fluid and the air
as described in Berberdvet al. (2009). The last term is denoted the compression éenhandles the
compression of the interface between fluid and air. This teaishes in the fluidof = 1) and in the air
(e = 0), and is only active in the interface region of the free acef Note that the/h terms have to be
included to account for the fact that a given volume is fikadptied faster, when a sediment grain takes up
part of the volume.
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IRREGULAR SEA STATE CREST HEIGHT DISTRIBUTION

The irregular sea state was generated by super-positionwohéer of regular linear wave components.
As such it is of interest to evaluate whether the irregulavegsaobserved in the numerical wave flume
resembles the actual crest height distribution to be explénta real natural sea state. This is also a question
of relevance for physical model testing where irregularstates are often generated based on linear wave
theory, see e.g. Sciiar et al. (1994). The crest height distribution for an irdegsea state can be expressed
by different empirical relations. The most common are the WeilndIRayleigh distributions. In Forristall
(2000) it was shown that for wave conditions with more naredir wave components these distributions
may not give the best description. Here the Forristall iigtion was proposed which takes into account a
higher degree of non-linearity.

In order to verify the statistical distribution of crest gbis an irregular sea state was generated in an
empty numerical wave flume on a flat horizontal bed. The dorhatha length of 1000 m and a heights
of 70 m with the water depth maintainedtat= 35 m. The waves were generated based on a JONSWAP
spectrum with a significant wave height; = 9.0 m and a peak wave periof, = 11.0 s. Wave generation
was based on Jacobsen et al. (2012) where relaxation zomesapglied with an inlet relaxation zone of
200 m and an outlet relaxation zone of 150 m.

Figure 1 presents the distribution of crest heightcompared to the Rayleigh and Forristall distribu-
tion. Five diferent positions in the wave flume are presented. The creghtsavere found to be overes-
timated compared to the Rayleigh distribution whereas theigtall distribution was found to provide a
better estimate of the simulated crest heights. As sucht#iistical distribution of the waves was compa-
rable to a realistic irregular sea state.
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Figure 1: Crest height, C, distribution for a significant wave height at H; = 9.0 m and a peak period at
T, = 110s. Thex-values corresponds to the wave gauge position in the flume whe x = 0 is positioned600
m from the inlet boundary.

Itis noted that the irregular time series for the presentfations were composed by a number of wave
component equally distributed across the frequency domlvis means that the same number of wave
components were included for e.g. the high frequency patti@fvave spectrum as for the area around
the peak frequency. Another approach is to cluster the wangonents at the frequencies which contains
the most energy in the wave spectrum, i.e. around the pegldreey. This may féect the overall wave
distribution and the wave-wave interaction in the irreg@gaa state and thereby provide a more realistic
representation of the wave distribution. This was not itigased in the present study.

TWO-DIMENSIONAL SCREENING

The first step in the proposed methodology was to performwioedimensional screening where the
parameters of interest were evaluated for the completgulae time series. The example applied in the
present paper was a breakwater in deep water exposed talarega states. Figure 2 presents a cross
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section of the breakwater with thefidirent structural parts. The focus in the present study weafotites
on the concrete sea-wall which may cause sliding or overitigif they are not taken correctly into account
during the design phase.

20.0 m

Concrete sea wall

Quarry stones, 2 t

Core, quarry run

Quarry stones, 0.5 t

—35m

160 m

Figure 2: Sketch of the Bilbao breakwater profile. After Jensen (1984).

The model was setup with a distance from the inlet boundathyetdoe of the breakwater at 600 m. The
distance from the leeward side of the breakwater to the owts 240 m. The height of the domain was
70 m. Relaxation zones were added at the inlet and outletdgevgeneration and absorption with a length
at 200 m and 150 m respectively. A uniform grid size d¥ in was used in the domain. Grid refinement
was applied around and inside the breakwater structure avighid size at 5 m in all directions. A
total of 10Q 000 grid cells were applied. The total simulation lasted Grhavhich yields 720-1000 waves
depending on the wave period. Each simulation was complgtagbarallel computation on eight processor
cores in approximately 48 h. The porosity module was appligl resistance cd&cients set tar = 500
andp = 2.0 according to the calibration results given in Jensen ¢28l14) and theKC-number defined
with the peak wave period,.

The breakwater profile was investigated for a number of wavelitions described in Burcharth et al.
(1995). All simulations were performed in prototype. Inadsy waves were generated based on a JONSWAP
wave spectrum with peak enhancement fagtet, 3.3. The significant wave height wak = [8,9, 10, 11]

m with a peak wave period df, = 15 s. The wave condition withls = 8 m was further tested for a peak
wave period afl, = [10,17,21] s andHs = 11 m forT, = [17, 19]. These choices gave wave steepnesses
in the interval 002 to Q05 where the steepness was evaluateldsaﬂi.56T§ for deep-water conditions.

15 T T T T T T T T T T
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0 1000 2000 3000 4000 5000( ) 6000 7000 8000 9000 10000
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Figure 3: Surface elevation for the complete three hour irrgular sea state for a significant wave height at
Hs = 9.0 m and a peak period atT, = 150s.

Figure 4 presents the incident and reflected wave spect@n®mwave condition. The incident wave
spectrum was found from the surface elevation recorded affainore position at a distance of 200 m from
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the toe of the breakwater. It should be noted that the spadhas an extra peak at approximately 61z
which is not the case for the standard JONSWAP spectrum. i§lkige to the fact that the irregular wave
generation was achieved by superposition of a number cdiliregular wave components. As the waves
propagate from the inlet boundary towards the breakwatgrériharmonics are introduced, which lead to
the second peak in the wave spectrum.
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Figure 4: Wave spectra for incident and reflected waves for arfncident significant wave height atHs = 10.0
m and a peak period atT, = 150s.

The reflection cofficient was found as the ratio between reflected and incidgnifisiant wave height
based on the method described in Zelt and Skjelbreia (19823dparating incident and reflected wave
fields. In this work five wave gauges were applied for sepagaitie incident and reflected waves. The
results for all simulated cases are shown in Figure 5 as ditumaf the breaker (surf-similarity) parameter,
{o = tana/ vSo, whereS, is the wave steepness based on the spectral p&riogh = m_1/mp and the
significant wave height at the toe of the breakwater. Theltestere compared to the empirical relation
given in Zanuttigh and Van der Meer (2006). The simulateccsithn codficients were found to compare
well with the empirical relation and as such the selectee eal the numerical model provides a realistic
representation of the wave-structure interaction withtdbte mound breakwater.

0.6 T T T :
Zanuttigh and Van der Meer (2006)
0.5t ® Numerical _

0.4 1

0.3r 1

0.2r 1

Kr = Hr/Hi (-)

0 1 2 3 4 5
Surf-similarity parametet

Figure 5: Reflection codficients for the Bilbao test case. Comparison with empirical elation presented in
Zanuttigh and Van der Meer (2006)
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The forces on the sea-wall were computed throughout the &lstmulation by integrating the pressure
on the surface of the wall. In the following the forces and sadsequent reproduction of the extreme
events are shown for the sea state vidth= 11 m andT, = 19 s. Figure 6 presents the time series for a
typical impact load in terms of the horizontal and verticaktles. The time variation of the horizontal force
resembled the so-called "church roof" force variation,chtis characteristic for wave impacts on a vertical
wall. This was shown in for example Bullock et al. (2007) anédnose et al. (2009). The first part of the
impact originates from the impact of the main body of watersiag an impulsive load with a very short
duration and a large magnitude. This is followed by the hgtiric load from the water column in front of
the sea-wall as the water initiates the run-down stage.

3000

Horizontal force
2500r| ——— \Vertical force

Impact load

/

2000

1500f
Overtopping Hydrostatic Ioad_

Fx,Fy (KN)

1000}

500f

0
7405 7410 7415 742?( )7425 7430 7435 7440
S

Figure 6: Impact event on the breakwater sea-wall.

Figure 7 presents the pressure contours during the impaat &here the approach, run-up, impact
and run-down stages are illustrated. At run-down it is semm the next incoming wave interacts with
the run-down and thereby causing wave breaking along thekimater slope. This shows how the run-up
stage, and thereby the impact on the sea-wall, depends @pfiteaching wave but also the run-down of
the previous wave.
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Figure 7: Pressure contours for an impact event on the sea-Wlaepresented by the approach, run-up and
run-down stages.
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TWO-DIMENSIONAL REPRODUCTION OF EXTREME EVENTS
The procedure for reproducing extreme events was validgtaelecting three events of impact on the

sea-wall. These were reproduced in a short sequence in thditmensional model. The irregular wave
generation was started with a phaskset,¢, defined as:

¢ =cx+ NTp (10)

wherec is the wave celerity taken as= @ x is the distance from the inlet boundary to the point of
reproduction[T, is the peak wave period, amdlis the number of peak wave periods to apply as warm-up.
Values ofN = 1 — 5 was applied for validating the method. The reproducedtewas compared to the
corresponding event form the complete irregular time sdrigerms of the water surface elevation at the
toe of the breakwater and the horizontal forces on the sdlssuger-structure.

Figure 8 presents the surface elevation at thighore location in front of the breakwater. The target
surface elevation represents the entire irregular timeserfThe short reproductions are denoted by the
factorN as given in Eq. (10). For a short warm-up period\b£ 1 the surface elevation was in general not
reproduced correctly. The surface elevation before theemé event was in general not captured. Also at
the peak of the surface elevation some discrepancies wene 8eN = 4 andN = 5 a good agreement was
found between the target time series and the reproduce@seguAlso the variation of the free surface
before and after the extreme target wave was reproducedNvith4 andN = 5. This is of relevance
for reproducing the forces on the breakwater sea-wall dertom-up event. The run-up is a result of the
interaction of the dferent wave components as they approach the breakwater andrgsiot only the one
extreme event needs to be reproduced correctly.

15

— — - Target

—N=1

—N=4
N=5

n (M)

630 635 640 645 650 655 1475 1480 1485 1490 1495 1500 2030 2035 2040 2045 2050 2055 2060
t(s) t(s) t(s)
Figure 8: Surface elevation in front of the breakwater for three impact events. The target represents the
surface elevation from the full irregular time series whichis compared to the short reproductions.

In Figure 9 the horizontal forces on the sea-wall for theeatinepact events are presented. As for the
surface elevation the short warm-up period\bf 1 gives a less accurate reproduction of the forces. For
N = 4 andN = 5 better agreement was seen although the level of agreenasrtilf slightly lower than
for the comparisons of the free water surface elevation.

It is noted, that the reproduction of en short event does agectly reproduce the internal setup of
the phreatic level. In Wellens and van Gent (2012) a numiaricalel was applied to show how the internal
setup develops during an irregular sea-state and is gayésne.g. the wave height to stone diameter ratio,
Hs/Dnso. For the present cases of extreme run-up events the inteehgd was assumed to have a minor
effect on the maximum run-up due to the relatively large stonerizd sizes which reduces the setup.

For the present example the flow conditions in front of theakweater is very muchfected by the
relatively high reflection of energy from the breakwateelitsAs such the surface elevation and forces on
the sea-wall is also depending on the conditions previotisgtactual extreme event. It is expected that for
cases with less reflection, e.g. wave impacts on mono-pil@cket structures, the warm-up period may
be reduced compared to the present case.
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Figure 9: Horizontal forces on the sea-wall of the breakwatefor three impact events. The target represents
the forces from the full irregular time series which is compaed to the short reproductions.

THREE-DIMENSIONAL REPRODUCTION - OBLIQUE WAVE INTERACTION

The impact events that were reproduced in the previousoseati short sequences were applied to in-
vestigate theféect of oblique waves on the sea-wall impact forces. For thisee-dimensional model setup
is required. The model domain applied for the two-dimenaigereening was extended in the transversal
direction and the breakwater was rotated by an angle of 3@e layout of the three-dimensional model
domain is shown in Figure 10.

Wave direction

_|_|_>

Crown wall section for
impact load comparisons

400 m

300 m

Figure 10: Layout of the three-dimensional model domain foroblique wave interaction.

The model domain covered the same distance upstream andstleam the breakwater structure as
for the 2D screening model. In the transversal directionstadice of 300 m was included. The same grid
resolution was maintained as for the 2D models. A totat dft® grid cells was applied. Each simulation
was completed with parallel computation on 40 processa<iorapproximately 96 h.

Figure 11 presents the time series of the horizontal foroeghie three impact events as shown in
Figure 9. The results are shown for the case with an incidemevangle of attack of°Qi.e. head-on, and
for an oblique wave with an angle of attack of°30'he dfect of the oblique wave was clear in terms of
a reduced impact peak load. The wave travelled along théuwegar and the sea-wall which removed the
direct impact that caused the peak load for head-on wavesh&simulated extreme events the peak load
was in general reduced by 2550 %. Figure 12 shows the free surface in-front of the breadmval he
run-up event that impacts the sea-wall moves along the atek and only interacts with the sea-wall at a
relatively short section at a given time.

The dfect of oblique waves was evaluated based on the forces oreatiersof the sea-wall as shown
in Figure 10. It is expected that the forces varies alonge¢hgth of the breakwater i.e. there is a spatial
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variation. This was shown in Lara et al. (2012b) for the faroa a vertical impermeable breakwater ex-
posed to oblique waves. In the present work the spatialtiamiavas not addressed although it is expected
that the reduction of the horizontal impact forces as foumtthé present simulations may also show some
variation along the length of the breakwater.
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Figure 11: Effect of oblique waves on horizontal forces on the sea-wall ofie breakwater.

Figure 12: Visualization of the free surface during wave imgct on the sea-wall.

CONCLUSIONS

This paper presented the combination of a two-dimensianaésing process for irregular wave condi-
tions and a three-dimensional reproduction of an extreraetariginating from the irregular sea state. This
combination greatly enhances thé@ency of the CFD model in terms of a reduction in the compoite
time as compared to simulating a complete irregular sea stat three-dimensional setup.

The main conclusions are summarised as:

1. The numerical model was found to provide a reasonabledeigtion of the crest height distribution
in an irregular sea state. The best fit was found by compaoitiget empirical Forristall distribution
although some improvements can be made.

2. Good agreement was found between the surface elevationtfre entire irregular sea state and the
short reproduction sequences applying a warm-up period pf 4

3. The horizontal forces on the sea-wall were also repradiugth good agreement although slightly
more variation was seen compared to the reproduction ofutiace elevation.
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4. For the simulations of the extreme events with obliqueasawith an incident angle of 3@he peak
impact load was reduced by 2550 %.

The work presented in the present paper aimed at providirenargl validation of the methodology
for reproducing extreme events from an irregular sea stateshort sequence based on a phaksebof
the wave generation signal. Although the methodology i®thas a numerical investigation the method
is also of relevance, and applicable, in relation to physitadel experiments. In cases where a specific
impact event needs to be repeated e.g. for testifigrdnt structural configurations or for providing better
statistical data basis for the extreme value analysis it beynore time ficient to apply the presented
methodology.

The method was applied for investigating thiéeet of oblique waves on the sea-wall forces on a
rubble mound breakwater. Only a limited number of simulaiavere performed which did not cover the
entire parameter space which may be of interest. It is recemd@d to further expand the investigations
initiated in this paper to cover a range of incident wave asglvave conditions etc. This will give a more
complete understanding of th&ect of oblique waves on the forces on breakwater supertategexposed
to extreme run-up and impact events.
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