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This paper and its companion Higuera et al. (2014–this issue) introduce the formulation of Volume-Averaged
Reynolds-AveragedNavier–Stokes (VARANS) equations inOpenFOAM® to simulate two-phaseflow through po-
rous media. This new implementation, so-called IHFOAM, corrects the limitations of the original OpenFOAM®
code. An innovative hybridmethodology (2D–3D) is presented to optimize the simulation time needed to assess
the three-dimensional effects of wave interaction with coastal structures. The combined use of a 2D and a 3D
model enables the practical application of the 3DVARANS code to simulate real cases, contributing to a significant
speed-up. This is highly convenient and especially suitable for non-conventional structures, as it overcomes the
limitations inherent to applying semi-empirical formulations out of their range or 2D simulations only. A detailed
study of stability and overtopping for a 3D porous high-mound breakwater at prototype scale subjected to
oblique irregular (random) waves is carried out. Pressure around the caissons, overtopping discharge rate and
turbulentmagnitudes are presented in three dimensions. Themeanpressure laws present a high degree of accor-
dance with the formulation provided by Goda–Takahashi. Furthermore, local effects due to three-dimensional
processes play a significant role, especially close to the breakwater head.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The study of wave-induced three-dimensional processes interacting
with coastal structures has been traditionally addressed testing scale
models physically in a laboratory, and less frequently, instrumenting
real structures. Such procedure usually involves an experimental facili-
ty, a large amount of time andwork for the construction process and the
adequate sampling instruments, yielding a high cost.

The numerical models can be used to assist the laboratory work
(e.g. to dimension the structure prior to building the scale model).
They can also be applied to extend the range of physical simulations
after the tests have ended. Furthermore, the numerical simulations can
be applied at prototype scale, thus avoiding the scale effects. However,
as it was shown in the first part of this work (Higuera et al., 2014–
this issue), the numerical simulations have to be calibrated according
to experimental tests to obtain optimal results.

Until less than a decade ago only two-dimensional models were
used for these purposes, because the computing power was barely
enough to run them and to obtain results in a reasonable time. These
models included 2DV Navier–Stokes (NS) equations (e.g. Guanche
et al., 2009; Lara et al., 2008; Losada et al., 2008b), 2DH Boussinesq
equations (e.g. Losada et al., 2008a; Wei and Kirby, 1995) and 2DH
Nonlinear Shallow Water equations (e.g. Hu et al., 2000; Zijlema and
Stelling, 2011) among others. The 2DV models can solve the vertical
ghts reserved.
variations of pressure and velocity, hence they can accurately simulate
nonlinear interaction between waves and wave breaking processes.
They are limited to normal wave incidence, though. The 2DH models
are depth-integrated, therefore they cannot solve vertical profiles,
because their main assumption is hydrostatic pressure distribution.
They can treat waves in shallow water regime really well, but not dis-
persive ones as accurately. For the same reasons, wave breaking has to
be triggered artificially. However, they can offer oblique incidence.

The main drawback of these pioneering approaches is that they are
two-dimensional, while the processes derived from the interaction be-
tween waves and coastal structures are essentially three-dimensional
(e.g. wave generation, wave transformation over a real bathymetry,
wave reflection and diffraction around a structure, overtopping and
finally wave breaking).

Nowadays there is an increasing demand for three-dimensional sim-
ulations. This is not only a direct effect of the computational resources
becoming cheaper and most powerful than ever, but also because nu-
merical simulations have gained popularity as they have proven to be
very valuable instruments. In this fashion, placing any number of probes
and in any disposition is probably one of themost versatile features they
can offer, as it can be carried out with very little effort and without
disturbing the flow.

Another factor to take into account is the advances in wave genera-
tion and absorption, which improve the accuracy of the results directly
from the base. Currently the most real three dimensional, directional
irregular waves can be generated. The most classic approach involves
using source functions and sponge layers or dissipative zones (Ha et al.,
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2013; Jacobsen et al., 2012). However, the size of the domain is increased
by some fraction of thewavelength,which adds significant computation-
al cost to the case. The other approach is to use Dirichlet-type boundary
conditions to generate and absorb the waves, as in the works presented
by Luppes et al. (2010), del Jesus et al. (2012) and Higuera et al. (2013a),
which does not noticeably alter the computational cost.

Furthermore, 3D RANS codes have already been used to analyse a
small number of processes and typologies providing accurate solutions
(Higuera et al., 2013b; Lara et al., 2012). However, its use is not general-
ized yet and its validation is not as broad as the one available for 2DV
models.

This paper is the continuation of another (Higuera et al., 2014–this
issue), in which a new model called IHFOAM, which solves the
VARANS equations and includes turbulence modelling, is developed
from OpenFOAM® and validated for two-phase porous media flow
interacting with porous structures.

The present work is structured as follows. After this introduction, a
2D–3D hybrid methodology to calculate the variables linked to the ulti-
mate limit state of a structure is presented. This approach rationalizes
the way to obtain these effects by simulating only the most relevant
wave groupwithin a sea state. The case of study, a long crested irregular
sea state interaction with a high mound breakwater, is described next.
Then, the numerical setup, first for the 2D model and second for the
3Dmodel is presented. After that, the results of the 2D model are stud-
ied and used to feed IHFOAM. Finally, stability, overtopping and turbu-
lence variables from the 3D simulation at prototype scale are analysed.
To conclude, the conclusions of this work are highlighted.

2. Three-dimensional simulation of a vertical breakwater

Once the numerical model has been tested against laboratory data
and proven to accurately represent the processes involved (Higuera et al.,
2014–this issue), a three-dimensional structure at prototype scale is now
simulated.

2.1. Methodology

Three-dimensional RANSmodels require a relatively large computa-
tional power to run. However, as we have shown so far in the first part
of this work (Higuera et al., 2014–this issue) and in Higuera et al.
(2013b), the run times can be reasonable.

Nevertheless, if wewere designing a non-conventional coastal struc-
ture based on the standards, we would have to run at least an irregular
sea state of 1 h, which at a typical simulation rate of 2 s per hour will
take 75 days, a very long time for practical purposes. Furthermore, the
output data can be relatively large in each time step.

A solution is proposed here, by applying a 2D–3Dhybridmethodology
which not only will shorten the time and resources needed, but will also
overcome the current limitations inherent to applying semi-empirical
formulations or 2D simulations only.
Fig. 1. Section of the high
The first step is to run a 2DV RANS simulation using the IH2VOF
model (Lara et al., 2011; Losada et al., 2008a), which has proven to
yield accurate results. A 1 hour irregular (random) sea state generated
for the design wave height, period and frequency dispersion is selected
and tested. The structure is numerically monitored throughout the
whole simulation, so the variables linked to the design limit state
can be obtained, namely instantaneous safety factors for sliding
and overturning.

A typical 2D simulation of 1 hour sea state at prototype scale with
IH2VOF takes less than a day. The postprocessing time is negligible,
as results can be obtained almost immediately after finishing the
simulation. With the time series of pressures around the structure,
the critical instant in terms of sliding and overturning can be obtain-
ed. From the experience, both of them occur almost at the same time,
or within the same wave group. Very often, this is the group which
includes the highest wave of the sea state, although this is not always
true, due to wave propagation and non-linear interaction of waves.
Locating precisely this wave group is the main purpose to run the
2D simulation.

The next step is to run the same simulation with IHFOAM, but
restricted to the critical wave group. As the system starts from rest,
the simulation should begin around 5 mean wave periods prior to the
target waves, so that the system is already “warmed up” when they
reach the structure.

Finally, once the 3D simulation is finished, the postprocessing proce-
dure is carried out as usual, so the three-dimensional effects acting on
the structure can be investigated.
2.2. Description of the case of study

The main objective of these purely numerical simulations is to test
the influence of thewave incidence angle (30°) on the limit state design
variables (i.e. instantaneous safety factors for sliding and overturning)
of a high mound breakwater.

The structure is a high mound breakwater located at 20 m water
depth. It has been designed using Goda–Takahashi formulation (Goda,
1985) as applied in Kim (2009, chap. 18) for a maximum wave height
of 8.1 m and a significant wave period of 10 s.

A sketch of the breakwater is presented in Fig. 1. The caisson, which
complies with the safety prescriptions against sliding and overturning,
has 7 m below and 6 m above still water level. The primary armour
layer consists of two layers of concrete cubes of side 1.7 m (mean
weight of 13 tons). The berm is three pieces wide and lies submerged
2 m below the sea surface. The secondary layer is formed by two layers
of rocks, with 0.8 m of nominal diameter (1.3 tons). The core is made of
crushed rocks with a nominal diameter around 0.3 m. The estimated
porosities are: 0.45 for the core, 0.5 for the secondary armour layer
and 0.55 for the primary armour layer.

To simulate wave directionality the structure is rotated within the
domain. This way the base mesh would be the same and waves would
mound breakwater.
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always be generated in identical manner regardless of the incidence
angle.

2.3. 2D numerical setup

The numerical setup for IH2VOF corresponds to a slice of the
hypothetical three-dimensional domain for 0° incidence angle, taking
a plane normal to the Y axis. For the axes definition see Fig. 2. Since
IH2VOF has its ownmeshing tool, the 2D and 3Dmeshes are generated
independently. However, it is advised tomesh (or at least to sketch) the
case in 3D first, so that both are as similar as possible in order to avoid a
grid influence in the numerical simulations.

As sketched in Fig. 2, the caisson is placed 200 m away from the
wave generation boundary (right wall). The outflow boundary with
active wave absorption condition (Higuera et al., 2013a) is located
133 m leeside of the structure (left wall).

The mesh is composed of three zones in the X direction and two
zones in the Z direction, with variable cell sizes. First, a wave propaga-
tion zone was prepared in the X direction, in which Δx varies from
1 m at the generation boundary to 0.25 m, 10 m away from the caisson.
Next, a uniform zone inwhichΔx is equal to 0.25 m spans for 80 m. The
width of this second zone is chosen so that the structure lies within it on
the 3D mesh, for the 30° rotation angle. Finally, a 75 m long zone leads
to the absorbing boundary, grading the cell size from 0.25 m to 1 m. In
the Z axis the vertical cell size varies from 0.5 m near the bottom to
0.25 m at the initial free surface level, and then it is maintained
throughout the remaining height. The final mesh is orthogonal and
conformal, and has less than 100.000 cells.

Thewave forcing corresponds to an irregular sea statewhich follows
a JONSWAP spectrum of Hs = 4.5 m, Tp = 10 s and γ = 3.3. The ran-
domwaves have been obtained based on an iterative process, which en-
sures that the sea state obtained is representative of the parameters
provided. This is done by obtaining a free surface series, carrying out
an upcrossing analysis and comparing the obtained values for Hs and
Tp with the theoretical ones. On top of that, an additional condition re-
garding the highest wave height on the sea state, which must be at
least 1.8 times Hs, was checked. A 2% error is allowed.

The free surface elevation of the simulated sea state is presented in
Fig. 3. An upcrossing analysis of the signal yields the maximum wave
height: 8.04 m, which takes place at t = 1707 s. Afterwards we will
show that the greatest event in terms of the total dynamic force on
the caisson is associated to this particular wave.

The closure terms in the VARANS equations are implemented differ-
ently in IH2VOF, therefore, there is no direct equivalence between the
porous media parameters used in it and those applied in IHFOAM.
Fig. 2. Three-dimensional sketch of t
Hence, a set of parameters which are known to work with rubble
mound breakwaters was used. The estimated porosities and mean rock
size previously introduced have been used.

The 1 hour sea state simulation is completed in less than 19 h.

2.4. 3D numerical setup

The numerical mesh is created around an impervious obstacle
(i.e. the caisson). The first step is to create a base mesh. Then, the obsta-
cle is removed using snappyHexMesh and finally snapped to the original
surface for a better definition of the obstacle, yielding the final mesh.

The base mesh has the shape of a box (345 × 225 × 35 m), and is
orthogonal and conformal. It presents 3 zones in X, 2 zones in Y and 2
zones in Z, with variable cell size. Similarly to the 2D version, the
zones in X and Z match. The major difference is that the discretization
is half, so the cell sizes presented for the 2D case aremultiplied by 2. Re-
garding the 2 zones in the Y direction, the first one spans for 135 mwith
constant resolution of 0.5 m, thus covering the areawhere the structure
is located. Then, on the second zone, the Δy grows up linearly to 1 m,
90 m away from the end of zone 1. Once the base mesh is ready, the
structure is removed without performing additional refinement around
its surface, yielding a mesh with 10 million elements.

The smallest cell in the 3D mesh is a cube of side 0.5 m, hence, the
resolution is not very good. If the size of all the cells was half they
would be equal to the ones in the 2D case. However, the base mesh
would have near 80 million elements, which would be very difficult to
handle and would need enormous computational resources. A more
convenient method is applied to obtain the required discretization:
dynamic mesh refinement along the free surface.

The dynamic mesh refinement along the free surface is already
provided in OpenFOAM®. Nevertheless, an improved version had to
be developed so that it could be applied to meshes created with
snappyHexMesh. The tool is integrated in the solver, and refines by split-
ting in halves the cellswhich the interface (defined as the cellswhereα1

ranges from 0.01 to 0.99) between both phases is crossing and their im-
mediate neighbours. An example can be seen in Fig. 4. It also handles
un-refinement when necessary. This process takes place each 10 time
steps and it is not fast, as it almost doubles the time it takes to calculate
a regular time step. During the simulation the number of cells varies
constantly, but a mean of 20 million is obtained for this case.

Thewaves are generated using the boundary conditions described in
Higuera et al. (2013a). Wave generation linked with active wave ab-
sorption takes place at the boundary, using the spectral components
which lead to the free surface elevation signal in Fig. 3. The phases
have been shifted accordingly to start at t = 1625 s in the IH2VOF
he domain and the breakwater.
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simulation time, other than that, the data that feed the model are iden-
tical. Ten individual slices of the boundary are considered to actively
absorb the incoming waves independently while generating, so that
free surface variations along the generation boundary due to the reflec-
tion pattern can be handled. The boundary opposite to wave generation
is purely absorbent. It is also divided in 10 slices which work indepen-
dently for the same reason. The lateral boundaries are set to a slip
boundary condition, this way the incoming waves do not get distorted.

The turbulence is modelled using the porous k-ω SST model
(Higuera et al., 2014–this issue), which is applicable in cases in which
large flow separation can be expected. In this case such process will
most likely take place on the rubble mound and on the breakwater
front. All the fields are stored each 1 s for the first 70 s of simulation.
As this is the warming up time, no more resolution is needed. From
t = 70 s until the end of the simulation (t = 110 s), all the fields are
saved at 20 Hz.

The simulation rate is more or less 200 s per week, parallelizing the
case into 96 processors (2.6 GHz).

2.5. 2D numerical results

As it has been mentioned before, the 2D simulation is run to cal-
culate the critical instant for the structure in terms of sliding and
overturning. The pressure time series around the structure are integrat-
ed to calculate the forces and moments to which the structure is
subjected. Then the safety factors are calculated as follows:

CSD ¼ μ
WCaisson−UpliftX

FHorizontal
ð1Þ
Fig. 4. Dynamic mesh refinement. Most of the cells are hexahedral, as the triangulation
shown is only a visualizing artefact. Water is the dark phase, and air is the light phase.
COT ¼ Mom:W: CaissonX
Mom:Horizontal F: þMom:Uplift

ð2Þ

where CSD is the safety coefficient against sliding, in the same manner
that COT is the one against overturning.WCaisson is theweight of the cais-
son, Uplift denotes the uplift force and FHorizontal considers the rest of the
horizontal forces. Mom. stands for momentum, and the subscript indi-
cates the force by which it is produced. Finally, μ is the friction factor
between the caisson and the core, which takes the typical value of 0.7.

The two-dimensional results are presented in Fig. 5. The sliding coef-
ficient is shown in the upper panel, while the overturning coefficient is
shown in the lower panel. The lower dashed line indicates the mini-
mum threshold which may never be surpassed. The global minimum
is marked with a circle. It can be noted that it occurs at the same time
(t = 1707 s) step for both panels, therefore we can conclude that in
this particular case the limit state is linked to the highest wave group.
This analysis yields the shifting time before the 3D simulation is started
(t = 1625 s, as already mentioned).

2.6. 3D numerical results

In this section the three-dimensional results for wave group interac-
tion with a high mound breakwater are analysed. The breakwater is
divided in 5 independent caissons of 25 m in length, as presented in
Fig. 6.

The evolution of the safety coefficients against sliding and overturning
is calculated for each of the caissons first. The dynamic pressure distri-
bution is obtained all along the breakwater, considering 1 m long slices
(i.e. 25 profiles per caisson) and a 10-cm resolution between points.
The integration of the 3D pressure yields the forces and the moments
that act on the caisson. Finally, the safety coefficients are calculated.

The safety coefficients (top panels) and dynamic forces (lower
panels) for the five caissons are plotted in Fig. 7. As it can be seen,
both safety coefficients (sliding represented as a continuous line and
overturning as a dash-dot line, top panels) evolve similarly, having
more or less the same shape when the seaside force presents a crest
(see lower panels, in continuous line). The sliding coefficient decreases
as well when a minimum in the seaside force is obtained, associated
with a wave trough. However, the magnitude is smaller than for the
previous case. It is remarkable that the uplift force (dotted line, lower
panels) is in phase with the seaside force, while the leeside force
(dash-dot line, lower panels) presents a phase lag dependent on the
location of the caisson.

The minimum safety coefficients have been extracted and gathered
in Table 1, along with the time of occurrence. For the first 4 caissons,
the critical instant is associated to the first of the two high waves of
the group. For the caisson number 5, which is located at the breakwater
head, the secondwave impact is of larger magnitude. Although the first
impact is also considered, the second is the most critical and is named
Caisson 5 Prime. The values in Table 1 show that the breakwater is

image of Fig.�3
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Fig. 5. Evolution of safety coefficients on the caissons for the 2D case. The global minimum is marked with a circle.
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never in danger of failing for this design sea state, as the safety coeffi-
cients are larger by far than the 1.4 design value.

The Goda–Takahashi pressure distribution (Takahashi et al., 1994)
has been calculated using the sea state significant wave height as a
starting point and the 30° incidence correction angle (Tanimoto et al.,
1976). There is also another factor that has been taken into account.
The correction term presented in Burcharth and Liu (1999) [Eq. (5)]
reduces the effective pressure acting on the caisson, as it takes into con-
sideration that due to the oblique incidence the maximum pressure
does not take place along the whole caisson at once. The calculation
for long-crested waves yields a factor of 0.983, which is less than a 2%
reduction.

Although the mean measured pressure distribution is close to the
theoretical one, the formulation yields safety factors 3.3 and 3.34 for
sliding and overturning, respectively. The theoretical sliding coefficient
is systematically higher than the ones obtained numerically. This
indicates that the three dimensional effects are not negligible, as
they are not on the safe side.

Fig. 8 includes the seaward, leeward and uplift pressure distribution
on each of the caissons for themost critical instant. The Goda–Takahashi
expected pressure distribution for this incidence angle (dashed line) is
also plotted. The mean numerical pressure is represented scaled as a
dash-dot line, while the maximum and minimum pressures along the
caisson are represented as dotted lines.
Fig. 6. Individual locati
The seaside pressure laws for caissons 1 and 2 resemble in shape and
magnitude of the theoretical approach by Goda and Takahashi. For the
rest of the caissons the numerical pressure is noticeably smaller than
the theoretical one, probably because of the three-dimensional effects
induced by the reflection of the waves. Nevertheless, the first wave im-
pact yields a consistent shape all along the breakwater. In general, the
seaside pressure towards the top part of the face is smaller in the nu-
merical model. This indicates that Goda–Takahashi predicts a higher
run-up and splash. The uplift pressure is also systematically found
smaller (from 20% to 50%) depending on the location. The second im-
pact is shown for case Caisson 5 Prime (bottom right panel) only. The
shape of the mean pressure is not so linear, but more pointed with
smooth transitions, and large variations appear between the smallest
and largest values. In fact the maximum pressure shows a very pro-
nounced peak which almost doubles the pressure predicted by Goda–
Takahashi.

In order to understand better the process of thewaves impacting the
caissons we may refer to Fig. 14, which will later be used to explain the
overtopping pattern. This figure features snapshots of the first wave
of the group, which causes the worst safety scenario for caissons 1–4,
impacting on the structure. It is noticeable that this wave is not broken
and it does not break onto the structure either. What is interesting to
note is that the splash is turning backwards conforming the reflected
wave which propagates away already broken (see t = 86 and 88 s).
on of the caissons.

image of Fig.�5
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Fig. 7. Evolution of safety coefficients and total forces on the caissons.
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The interaction between the reflected wave and the secondwave of the
groupmakes that the latter one arrives completely broken to the struc-
ture (barely visible in the centre of Fig. 13).

The time series of the dynamic pressure acting on the midpoint (X =
112.5 m, Zlocal = 6.5 m) of the seaside wall of caisson 5 is presented in
Fig. 9. The result is in accordance with the observations made in the pre-
vious paragraph regarding the twomainwaves. Thefirstwave produces a
non-impulsive impact. The second wave presents a large spike, which is
almost double than the subsequent sustained pressure, and is the result
of a brokenwave impact. This proves that even though IHFOAM is a solver
for two incompressible phases, impulsive pressure peaks can be detected.
Furthermore, treating the wave breaking in 3D makes the air to escape
sideways (unlike in 2D simulations) when impacting, which yields a
more realistic pressure distribution.

image of Fig.�7
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In Fig. 10 the dynamic force acting on a vertical slice located in the
middle of the seaside face of each caisson is presented in the left
panel. The theoretical force given by the Goda–Takahashi formulation
is represented in a horizontal red dashed line. The instantaneous
dynamic pressure distribution on such slices for the instant with the
largest force (marked with the vertical black dashed line in the left
panel) is shown in the right panel. The first impact is more or less
even throughout the whole structure, presenting small variations only,
inherent to the three-dimensionality of the processes. The second
wave is more interesting. It shows a peak resulting from the localized
impulsive impact, and is decreasing towards the breakwater head, as
the wave is losing height due to the local breaking process.
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Fig. 8. Pressure distribution on the cai
The instantaneous pressure distribution in the right panel (blue
dots) is quite different from the ones shown in Fig. 8. The comparison
with the Goda–Takahashi distribution, represented as a black dashed
line, confirms the impulsive nature of the impact which can be inferred
from the distinctive shape of the pressure law. However, as it has
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Fig. 10. Dynamic force acting on a vertical slice (left panel) and dynamic pressure distribution for the instant with the largest force (right panel).
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Fig. 11. 3D pressure distribution on caisson 5 for the two critical instants. Lower panel represented with a local coordinate system.
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already been pointed out, the impulsive effects are so localized that the
most restrictive safety factors occur for the first wave impact.

The difference between the impacts on caisson 5 (first wave) and
5 prime (second wave) is clearer in Fig. 11. In it the whole three-
dimensional pressure distribution around the fifth caisson (top panel)
and a contour of dimensionless dynamic pressure on the seaside wall
(Pdyn/(ρgHs), bottom panel) are plotted. The left panels show the first
impact and the right panels show the second one. No pressure scale
has been included because of the perspective, but the reader is either re-
ferred to the bottom panel or to Fig. 8 (lower panels) for an order of
magnitude. The first impact presents an even pressure distribution
throughout the seasidewall of the caisson, just showing a slight increase
in pressure where the wave crest is located (Xlocal between 7.5 and
15 m), right at the initial water level (white dashed line). The second
impact presents a large peak close to the end of the caisson,much larger
in magnitude (almost double than on the left panel). The effect is very
concentrated and located 1 m above the initial water level. The leeside
and bottom faces do not show significant changes between both cases.
However, the frontwall presents a noticeable depression for the second
impact due to the greater flow separation.

The evolution of the free surface around the structure for the first re-
markable wave impact is shown in Fig. 12). The free surface is coloured
according to the module of the water particle velocity. The wave starts
to impact on the first caisson (t = 82 s) and continues propagating to-
wards the breakwater head. Overtopping can be observed starting at
t = 84 s encompassed with wave reflection, which propagates away
from the caissons. Wave diffraction at the breakwater head can be dis-
tinguished in all the snapshots. The secondhighwave to reach the struc-
ture can be spotted in the last frame, interactingwith the reflectedwave
prior to impacting the structure. The primary armour layer appears dry
on this last picture, towards the zone of caisson 1, due to the arrival of
the wave trough.

A more detailed view of the strongest impact on caisson 5 is
presented in Fig. 13. The incoming wave is already broken, and even
some pockets of air are trapped and can be seen in the snapshot. This
can also be inferred from the shape of the seaside force (Fig. 7,caisson
5, bottom panel). Therefore, the pressure distribution corresponds to
impulsive loading.

The whole sequence of overtopping can also be observed in
Fig. 13 starting from the breakwater head. First, the wave impacts
and splash occurs. In this case it reaches 5 m above the crest level.
The splash continues to advance and falls gradually, impacting the
surface of the breakwater. Finally, it falls on the other side of the
caisson.

A quantitative analysis of the overtopping is presented in Fig. 14. The
instantaneous overtopping discharge rate is plotted as a function of the
simulation time and the local coordinate on the breakwater. The caisson
1 starts at Dist = 0 mand the caisson 5 ends at Dist = 125 m.A total of
125 measurements have been taken over the breakwater at a 20 Hz
sampling rate. The three-dimensional effects are clear. The first wave
produces a maximum overtopping rate of around 9 m3/s between the
first two caissons. Then it is reduced drastically and becomes more or
less even for the rest of the caissons (2.5 m3/s). The second wave is
influenced by the reflected wave, as the overtopping rate for the first
caissons is cut almost a half. The rest of the caissons suffer from an
increase of overtopping rate. The effect is more pronounced on the
last caisson, in which it is almost triple. The results point out that
overtopping is a magnitude highly dependent on the location and on
the preceding waves, so in order to study it from a statistical point of
view, very long simulations will be needed.



Fig. 12. Free surface around the breakwater for the critical wave impact and water particles velocity module.
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Another relevant variable that can be studied is the velocity of water
particles, as there are studies (Tørum, 1994) that correlate the velocity
magnitude above the breakwater primary armour layer with the forces
occurring at each of its elements.
Fig. 13. Critical wave impact for caisson 5.

Fig. 14. Space-time series of instantan
In the left panel of Fig. 15 the distribution of particle velocities on a
plane 10 cm above the bottom is represented. The right panel shows
the same situation but with a different colour scale, as the velocities
on the outer layer of the breakwater are superposed. As expected, the
velocity is lower inside the porous media and it continues to decrease
until it reaches the core due to increasing frictional effects. The places
where the horizontal particle velocity changes direction are easily dis-
tinguishedwith a dark blue colour, between the red zones. Trying to fol-
low them from the top boundary of the figure yields to the conclusion
that the water particle velocities increase above the porous media, due
to the effective decrease in water depth.

The rocks are subjected to a velocity on the order of 2 m/s at this in-
stant, which recalling from Fig. 13 corresponds to the critical state for
caisson number 5. Two locations present high values: the breakwater
head near the free surface, and the seaside berm, where the water is
retreating. These results are promising and can lead to the analysis of
stability of the amour layers.

Relevant turbulent variables around the structure are presented in
Fig. 16. A number of slices of the domain have been obtained to better
eous overtopping discharge rate.

image of Fig.�13
image of Fig.�14


Fig. 15. Particle velocity distribution around the structure. Left panel: at 10 cm from the bottom. Right panel: at 10 cm from the bottom and on the primary armour layer.
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visualize the results. The turbulent kinetic intensity (k) is larger in the
vicinity of the breakwater and close to the free surface, a result of the
high turbulence levels in the air, induced by the overtopping events
which have occurred and are occurring at that instant (see Fig. 12). No
significant k levels are present inside the porous media, although on
the first slice a part of the interface between the primary armour layer
and the clear region shows a noticeable value. It can be concluded that
the use of a k-ω SST model, which does not include the closure terms
for the porous media, yields smaller dissipation inside the porous
materials, unlike k- according to the results presented in the first part
(Higuera et al., 2014–this issue).

Regarding ω (turbulence eddy frequency), the values are not only
high near the breakwater, but also throughout entire air region all
over the domain. The region leeward the breakwater shows smaller ω
levels, as the agitation in that zone is not as high as in the exposed
area. It is important to note that the ω level increases due to the varia-
tion of porosity between the different layers of the breakwater.
Fig. 16. Relevant turbulent variables around the structure. Waves come from the left.
3. Conclusions

In this paper and in its companion (Higuera et al., 2014–this
issue) a new numerical model called IHFOAM, based on
OpenFOAM®, has been developed to deal with real applications in
coastal engineering. After validating the model, it has been applied to
carry out the stability and overtopping analysis of a porous breakwater
in three dimensions. The following conclusions can be extracted.

Recalling from the first part: IHFOAM has been developed to
address the lack of rigorous treatment of two-phase porous media
in OpenFOAM® (i.e. failure to conserve mass). The special boundary
conditions for wave generation and active wave absorption presented
in Higuera et al. (2013a) have also been included as part of the model.
The VARANS equation implementation includes the k- and k-ω SST
turbulence models.

An innovative hybrid methodology (2D–3D) has been presented in
this second part to optimize the simulation time needed to check the
three-dimensional effects of wave-induced pressure, overtopping and
turbulence acting on coastal structures. A 1-hour sea state simulation
carried out with the IH2VOF model allows to obtain the location of the
group of waves which induces the most critical effects on the structure.
This single group can be simulated next in IHFOAM, reproducing just a
fraction of the initial sea state. This methodology results in a significant
speed-up (×36 approximately) in simulation time and in a rationaliza-
tion of the computational resources.

The importance of this methodology is that it allows obtainingmag-
nitudes linked to the limit state of coastal structures in 3D. The use of the
3D numerical simulations is specially indicated for cases where semi-
empirical formulations and 2D simulations may not accurately repre-
sent the existent physical processes, as it overcomes most of the limita-
tions of both. Furthermore, if it was not for the hybrid methodology
proposed in here these sea-state-long simulations would be virtually
unaffordable.

The high mound breakwater simulation yields highly three-
dimensional results. The mean pressure laws present a high degree of
accordancewith the formulation provided by Goda–Takahashi. Howev-
er, the safety coefficients obtained are, most of the times, lower than
those from theory. This indicates that the three-dimensional effects
are not negligible. Some impulsive forces are obtained for the second
wave on the group, but they introduce limited local effects, so in general
the lowest safety factors are induced by non-impulsive loads. The
overtopping discharge rate is completely dependent on the location of
the point, but also on the preceding waves. To obtain more significant
results, long simulations must be carried out.

The turbulent kinetic intensity distribution is concentrated around
the structure, where the largest values are present. This fact, along
with the results of the previous part (Higuera et al., 2014–this issue) re-
veals that the turbulence is an important process to consider in coastal

image of Fig.�15
image of Fig.�16
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engineering simulations, and especially when flow through porous
media is present. The use of a k-ω SST model, which does not include
the closure terms for the porousmedia, yields smaller dissipation inside
the porous materials, unlike k- , for which closure terms are included.

Potential results for future studies regarding stability of the rubble
mound have been shown. The model successfully shows, according to
reality, that water velocities are smaller inside the porous media, and
that the critical zones in terms of stability are the seaside berm and
the front primary armour layer close to the free surface.

In short, IHFOAM has proved to be a valuable instrument to assess
the three-dimensional effects in simulations which include complex
sea states and porous media flow.
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