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This study treats a detached homogenous low-crested structure (HLCS) made of Cubipod concrete elements
placed seaward of a vertical wall (forming a basin in between) to reduce overtopping. Assessing the complex
hydrodynamics and effects of changing the geometry of such a system in relation to overtopping reduction is
challenging. The numerical model OpenFOAM was applied to this end. Forchheimer coefficients for wave
transmission and the flow through the HLCS were calibrated and validated using existing physical modeling data
(@ = 500 and g = 1.0, with varying porosity based on the Cubipod shape), while the effect of the basin and
vertical seawall was determined fully numerically. The crest freeboard (R.), crest width (B), and basin length (Lg)
were the main geometrical parameters that influenced the performance of the HLCS in reducing overtopping. An
exponential decay was observed in the overtopping discharge when the values of these geometrical parameters
increased. As Lg increased, this decay was primarily due to the dissipation of the broken-wave bores. The largest
gradient in the predicted overtopping discharge was noted at R./H;; ~ 0, B/Hy; ~ 4.5, and Lp/L, ~ 1.2, where H;

is the incident significant wave height and L, is the peak wavelength in the basin.

1. Introduction

Seawalls are commonly used to protect coastal areas from flood risks
and wave action, mainly because they occupy a limited space compared
to other coastal protection structures (e.g., revetments). However,
owing to climate change, an increase in sea level is expected in some
parts of the world, which results in more overtopping discharges on
coastal seawalls. Moreover, due to enhanced wave reflection, increased
wave loads and moments are expected to act on vertical structures
(AlYousif et al., 2021, 2022; Vijay et al., 2022a,b). Therefore, detached
low-crested structures (LCS) are commonly used to reduce the direct
wave attacks on seawalls (Roenby et al., 2017; Van den Bos and Ver-
hagen, 2017). Sometimes, LCS (e.g., rubble-mound breakwaters or
concrete reef-type elements) are used in combination with beach
nourishment (Pilarczyk, 2003). Because the crest of the LCS is around
the Still Water Level (SWL), it can be in emergent or submerged

conditions, depending on the site’s tidal range and the water level setup
in a storm surge (Rock Manual, 2007). The LCS interacts with the inci-
dent waves, lowering their transmission on the lee side via wave
reflection and energy dissipation. Detached LCS have several advantages
over emerged structures, such as requiring fewer construction materials,
allowing better water circulation, boosting the surrounding biodiversity,
and enhancing the aesthetic appearance by reducing visual obstruction.
These advantages encouraged the execution of a project called “Envi-
ronmental Design of Low Crested Coastal Defense Structures” (DELOS)
between 2001 and 2004. The objectives of this project were to analyze
the hydrodynamics and stability of LCS, investigate their impact on
biodiversity, quantify their benefits in different European countries, and
develop operational guidelines for their design (Lamberti and Zanuttigh,
2004). Homogeneous low-crested structures (HLCS) are made of large
armor rocks or precast concrete elements without a core. Concrete ele-
ments are typically used when stones of suitable quality are not
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available to protect the coast via conventional rubble mound LCS
(Medina et al., 2019). These types of structures can protect the coastline
in the same way as a conventional rubble mound LCS but have reduced
environmental impact, a relatively clean construction phase, are easily
adaptable, and fully reusable (Medina et al., 2019). Moreover, HLCS
allow the passage of light through their porous concrete elements, which
allows them to serve as green multipurpose reef structures (Odériz et al.,
2018). Therefore, HLCS have multiple possible advantages over con-
ventional rubble mound LCS depending on the local site conditions and
availability of construction materials.

Most studies on wave transmission (Van der Meer, 1990; Van der
Meer and Daemen, 1994; D’Angremond et al., 1996; Briganti et al.,
2003; Van der Meer et al., 2005; Seabrook and Hall, 1998; Buccino and
Calabrese, 2007) have been based on conventional rubble-mound LCS
with a core and armor layer. However, the roughness values of the
concrete elements, nominal median diameter (Dys), and porosity of the
HLCS were not similar. Structures with higher porosity, such as HLCS,
are expected to exhibit different wave breaking at the crest compared to
conventional rubble-mound LCS (Hattori and Sakai, 1994) and higher
wave transmission (Buccino and Calabrese, 2007). Moreover, studies on
water level setup prediction formulas (Longuet-Higgins, 1967; Diskin
et al., 1970; Loveless et al., 1998; Calabrese et al., 2003) have been
based on conventional rubble-mound LCS. Unlike conventional LCS,
HLCS have a better capacity to restore the water level and lower the
water level setup because of their higher permeability (Calabrese et al.,
2008; Zanuttigh et al., 2008). Furthermore, HLCS are expected to
experience less wave breaking owing to the shift in the incipient
breaking location, which also lowers the wave-induced water level setup
(Hattori and Sakai, 1994). Consequently, the hydrodynamic perfor-
mance of the HLCS is different from that of the conventional rubble
mound LCS. Therefore, the use of the prediction formulas developed for
conventional rubble-mound LCS for HLCS is questionable. Molines et al.
(2019) introduced an equation to predict wave transmission over a
Cubipod HLCS that uses only the crest freeboard (R.), which is the dif-
ference between the crest height (h.) and water depth (h), as an input
parameter. Hence, the effect of the HLCS on the water level setup behind
the structure, as well as the effect of crest width (B) on wave trans-
mission, are knowledge gaps and unknown. Wider crests are expected to
have greater wave energy dissipation (D’Angremond et al., 1996) and
continuous wave breaking along the crest, resulting in lower wave
transmission. Furthermore, wider crests are expected to have more
momentum release owing to waves breaking along the crest, and thus
cause more water level setup within the basin. Increasing h. for the
submerged LCS is expected to increase the water level setup owing to the
restricted return flow over the structure but decreases the wave trans-
mission. The largest water level setup is expected for R, ~ 0 (Loveless
et al., 1998), whereas for emerged structures (R, > 0), less water level
setup is expected as less water overtops the crest of the structure.

It is a complex task to assess the hydrodynamics of a system con-
sisting of a detached HLCS in front of a seawall to understand the effect
of changing the geometrical layout of the HLCS on overtopping reduc-
tion at the seawall. From the literature review, it is noted that empirical
prediction formulas for the overtopping discharge for the combination
of a detached HLCS in front of a seawall are lacking. Moreover, the
available prediction formulas for water level setup and wave trans-
mission have either been developed for conventional rubble-mound LCS
or lack the effect of the critical geometrical parameters of HLCS. Hence,
it is necessary to optimize the design of such a system using numerical or
physical modeling (or both). OpenFOAM is an advanced open-source
CFD model based on Reynolds-averaged Navier (RANS) equations. To
treat free-surface elevation, OpenFOAM uses the volume-of-fluid (VOF)
method. If OpenFOAM is combined with the waves2Foam toolbox, it can
be used to validate and model complex hydrodynamics in different types
of coastal structures (Higuera et al., 2014a, 2014b; Jacobsen et al., 2015,
2017, 2018; Jensen et al., 2014; Molines et al., 2019). Unlike conven-
tional breakwaters (e.g., rubble-mound breakwaters), OpenFOAM does
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not have validated porous media resistance parameters to be used for a
structure consisting of a homogeneous layer of large concrete elements.

For the aforementioned knowledge gaps, the main objectives of this
study are summarized as follows.

e To validate the porous media resistance parameters used for a HLCS
(i.e., areef-type structure) consisting of a homogeneous layer of large
Cubipod concrete elements.

e Determine the influence of the main geometrical characteristics of a
combined system of a detached HLCS in front of a seawall to reduce
overtopping, and determine the dominant hydrodynamic
phenomena.

e Provide design recommendations for these combined structures (i.e.,
HLCS in front of a seawall) to reduce overtopping.

The primary method used was detailed numerical modeling (using
OpenFOAM). The elements of the HCLS are not resolved, but are
modeled as a porous medium, of which the Forchheimer coefficients are
calibrated using existing physical modeling data. The main geometrical
parameters describing the combined HCLS-seawall structure were var-
ied (h, B, and Lg). The value of the mean overtopping discharge (q) at
the seawall is expected to be influenced by a combination of all hy-
drodynamics within the system (i.e., wave transmission, water level
setup, and seiching-resonance). The larger basin lengths, which are the
distances between the HLCS and the seawall, are expected to have a
lower water level setup because of the available storage volume inside
the basin, depending on the restoring abilities of the HLCS. Increasing
the crest width or height is expected to reduce the overtopping discharge
due to the reduction in wave transmission. For basin lengths equal to the
seiching-resonance frequency of the basin, more overtopping discharge
is expected.

The scope of this study is limited to a cross-shore two-dimensional
configuration, with long-crested waves and a basin between the HCLS
and seawall that is closed off from the sides, thus hindering the outflow
of water to the sides. A single hydraulic boundary condition was used in
the parametric study as listed in Table 1.

The remainder of this paper is organized as follows: Section 2 de-
scribes the physical modeling experiment, numerical model, and cali-
bration and validation processes. Section 3 discusses the results of the
design sensitivity analysis, use of OpenFOAM to model the effect of the
HLCS on wave transmission, and design recommendations. Section 4
presents the main conclusions and directions for future studies.

2. Methodology
2.1. The geometry of available test data

The numerical model setup used in this study was based on a two-
dimensional no-damage physical modeling experiment performed by
Medina et al. (2019) and Odériz et al. (2018) with a length scale of
1:37.5. To calibrate and validate the OpenFOAM model, an experiment
was conducted on five layers of the Cubipod HLCS under irregular
waves. In this experiment, the HLCS has B of 0.11 m, h, of 0.23 m, and
the structure’s base width (W) of 0.59 m. Moreover, to calibrate the
OpenFOAM model, the experimental data of observed wave trans-
mission coefficients (K;) by Medina et al. (2019) were used. Hence, the
transmitted significant (Hs,) and incident significant (H;;) wave heights
were measured, and K, was calculated as follows:

K, :Ht.l/Hx,[“ (1)

The HLCS was installed on a flat platform, elevated by 0.1 m, and has
a foreshore slope of 0.02. Experiments were performed with a sampling
rate of 100 Hz for H; and R, values in the range of 4.5-11.6 cm and —1.0-
4.0 cm, respectively. The Cubipod units had a mass density (p,) of 2280
kg/m3, D,so of 4.35 cm, and were placed in a triangular grid
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Table 1

Applied system characteristics and boundary conditions to the OpenFOAM
model for the basic configuration of the parametric study. For more in-depth
details on the boundary conditions on all performed simulations, the reader is
referred to Jonker (2020).

Input Symbol  Value Unit
Hydraulic The spectral JONSWAP
The factor of peak 7 3.3 [-1
enhancement
Offshore water depth at ho 33 [em]
WG00
Water depth in the basinat  h 23 [em]
WGO05
Incoming measured H; 11.24 [cm]
significant wave height at
WG02
Incoming measured peak Tpi 1.63 [s]
period
Incoming measured peak L, 230 [em]
wavelength
Number of waves N 500 [-1
Geometrical HLCS Structure height h, 23 [em]
Parameters HLCS Crest freeboard R, 0 [cm]
HLCS Crest width B 33 [em]
HLCS Base width w 59 [em]
Basin length Lg 277 [em]
Seawall Crest freeboard Re seawall 6 [em]
HLCS numerical Alpha o 500 [-1
Beta p 1.0 [-]
Core porosity T core 50 [%]
Outer layer porosity Ty outer 75.2 [%]
Keulegan-Carpenter KC 13.15 [-]
number
Nominal diameter Dpso 4.35 [cm]
Seawall Front face Openness e 3 [%]
numerical Front face Head loss & 1.5 [-]
coefficient
System Simulation duration 680 [s]
Solver InterFOAM [-]
configuration.

2.2. Numerical model description

The numerical framework used in this research is called Coast-
alFOAM, which contains various packages of OpenFOAM (e.g., wave-
s2Foam, coupling to OceanWave3D, and permeable interactions) that
can be used to model complex wave-structure interactions and coastal
zone environments. Moreover, non-open-source tools and processing
utilities were implemented in the numerical framework. These additions
were developed as part of the JIP CoastalFOAM Program, founded by the
following engineering companies: Royal Haskoning DHV, Boskalis
Westminster, Van Oord, and Deltares. Using OpenFOAM combined with
the waves2Foam toolbox to model the hydrodynamics of permeable
structures has been implemented and validated in several studies
(Jacobsen et al., 2015, 2017, 2018; Jensen et al., 2014). A similar
implementation was made by Higuera et al. (2014a,b) for IHFOAM. In
this study, the relaxation zone techniques described by Paulsen et al.
(2014) were used to couple OpenFOAM and the efficient potential flow
solver OceanWave3D in the waves2Foam toolbox, such that the Open-
FOAM domain was nested within a larger OceanWave3D domain.
Further details of the numerical model set-up are provided in the next
section. For more information on OceanWave3D, please refer to Eng-
sig-Karup et al. (2009).

In OpenFOAM, RANS equations are used to compute the hydrody-
namics of the flow velocities and pressures for a two-phase flow. For
coastal engineers, a macroscopic approach for obtaining the flow
through a permeable material is more applicable because of the rela-
tively large size of the structures (Losada et al., 2016). This approach has
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been validated for different coastal structures (Jacobsen et al., 2015;

Van Gent, 1995) as presented by Jensen et al. (2014), in which the

equations of the volume-averaged RANS (VARANS) are described as
dpu 1_p . . 1

(1+¢)5—+—V—uu" =-Vp +gexVp+—VeuVu—F,Veu
otn, n, n, n,

=0,
(2)

where ¢, is the added mass coefficient, t is time, p is the fluid density, u is
the filter velocity in Cartesian coordinates, u” is the transpose of u, i, is

the porosity, V = (%, 0%,, %) is the gradient operator, p* = p — pgx is the

excess pressure, p is the total pressure, g is the vector of gravitational
acceleration, x = (x,y,2) is the Cartesian coordinate vector, y is the
dynamic viscosity, and F, is the vector of flow resistance due to the
interaction with the porous structure. The coefficient c, in Eq. (2) was
calculated as given by Van Gent (1995).

¢ =1, 3)

n,

where y, is an empirical coefficient that is usually set as 0.34 (Van Gent,
1995; Jensen et al., 2014) and the F, is calculated as adopted in the
momentum equation as:

Fp:a,:ﬂu+bhﬂ‘|”“2"’ (4)

where a, and b, are the drag force-resistance coefficients. These two
coefficients are calculated according to Van Gent (1995) as follows:

(-n)

H=a ”,3, * /’Diso ®
and
7.5 1—n, 1
= 1+—= ___r_ -
bp ﬂ( +KC) * n Dnso7 ©

Where a and g are the closure coefficients and KC is the Keulegan-
Carpenter number, which is at the toe of the structure as defined by
Jacobsen et al. (2015):

Hm 8 1.1 Tm—l 0
KC=—t  [o - mo10
¢ 2 \/; DnSO ’ (7)

The magnitude of the closure coefficients (o and p) are strongly
influenced by the flow regime, which can be identified by obtaining the
pore Reynolds number (Re,) as (Jensen et al., 2014):

Re, = <ﬁ> DnSO

» ) (®
nyv

where (u) the average flow velocity per time step per control volume
(computational cell) and v is the kinematic viscosity. For concrete ele-
ments, Re, value is in the order of 1x10° (Jensen et al., 201 4), which is a
fully turbulent flow regime with a dominance of the f3 coefficient (Jensen
et al., 2014; Losada et al., 2016).

A large range of values has been reported in the literature for closure
coefficients, and no predictive methodology has been developed. Hence,
as noted by del Jesus et al. (2012), calibration was required. Jensen et al.
(2014) and Jacobsen et al. (2015) showed the possibility of correctly
representing bulk hydrodynamics (i.e., free-surface elevation, wave
absorption, and wave reflection) without directly accounting for tur-
bulence. The amount of turbulence depends on the dimensions of the
elements of the HLCS, magnitude of the incoming waves, and di-
mensions of the HLCS. Hence, turbulence is produced inside the HLCS.
The turbulence inside the porous media is integrated within the closure
coefficients (o and f) and KC, as Jensen et al. (2014) suggested. No
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additional turbulence models were adopted outside the porous media.
OpenFOAM uses the VOF method to solve two-phase free-surface
Newtonian fluids and tracks the highly nonlinear interface between the
fluids (water and air), as introduced by Jensen et al. (2014).

OF 1
—+—[VeuF+Veu (l—F)F|=0, 9
6t n,

where F is the indicator field function, which is the volume ratio of water
to air per computational cell, r}: is a factor included by Jensen et al.

(2014) to ensure the conservation of mass for the fluid motion through
the porous structure, and u, is the relative velocity, which compresses
the solution at the interface (for more details on u,, please refer to
Berberovic et al. (2009)). OpenFOAM uses wave relaxation zones to
generate and absorb free-surface water waves via the waves2Foam
toolbox (Jacobsen et al., 2012). The value of q (m3/s) at each time step
in a structure was measured using the waves2Foam toolbox by defining
an overtopping face (Jacobsen et al., 2017). When F = 1, it is assumed
that the fluid is water, and q over a set of faces (f) can be estimated as
(Jacobsen et al., 2017):

_ S
=2

fer

(10)

where sy is the non-unit normal vector to the face and ¢y is the flux of
fluid across a face multiplied by the indicator function field F.

2.3. Numerical model setup

In this study, different numerical model setups were used within the
same numerical wave flume as follows.

e The first configuration, which did not include the HLCS or seawall,
was used to verify the hydrodynamic wave flume.

The second configuration did not include the HLCS but included the
seawall and was used to verify the overtopping behavior by
comparing the model overtopping results with the EurOtop predic-
tion formula.

The third configuration was based on physical model experiments
conducted with the HLCS but without the seawall, and was used to
calibrate and validate the hydrodynamic behavior of the HLCS.
The fourth configuration is the basic configuration, which includes
the HLCS and seawall, as shown in Fig. 1, and uses the same hy-
draulic boundary conditions as in the third configuration. The final
configuration was used for the parametric study by changing the
geometrical layout of the system. If necessary, a fictitious length
scale 37.5 is used to report the results on a realistic scale.

The numerical wave flume had a length and height of 25.08 m and
0.59 m, respectively. As in the physical modeling experiment, a platform
that starts at x = 6.58 m with a forehead slope and height of 0.02 and
0.1 m was used. The numerical flume consists of a nested OpenFOAM
model within a larger Oceanwave3D model, as presented in Fig. 1. At x
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= 0 m, waves were generated, and at x = 5 m, information on the free-
surface elevation was coupled from OceanWave3D to the OpenFOAM
domain. The waves within OpenFOAM were absorbed using the outlet
relaxation zone, and at x = 21 m, the waves within OceanWaves3D were
absorbed using the outlet relaxation zone based on pressure damping. To
obtain wave data from the numerical flume, nine wave gauges were
placed at the exact locations used in the physical modeling experiment,
as shown in Fig. 1. For the parametric study, additional 81 wave gauges
were installed with increments of 0.1 m starting at x = 17 m. Rectan-
gular grid cells were used over the complete numerical domain using
block-MeSH. It is recommended to use orthogonal grid cells to obtain an
aspect ratio of 1 (Ax = Ay), where the free surface is expected as it has a
substantial impact on the wave propagation performance of OpenFOAM
(ITTC, 2011; Jacobsen et al., 2012; Roenby et al., 2017). This resulted in
a grid size of Ax = Ay of 0.011 m (10 grid cells per significant wave
height). Furthermore, refinements (1/4 of the original size) were applied
at the regions of interest (near the free surface, HLCS, and seawall) using
snappyHexMesh. A maximum Courant number (Cpqy) of 0.2 is used.

The hydraulic boundary conditions used to calibrate the wave flume
hydrodynamics and the parametric study are presented in Table 1. The
conditions were selected such that these hydraulic boundary conditions
without HLCS cause severe overtopping at a prototype scale of 294 1/s/
m, which corresponds to structural damage at a non-paved revetment
seawall (Rock Manual, 2007). Furthermore, the usage of these relatively
large hydraulic boundary conditions enhances the quality of comparison
in the overtopping discharges while maintaining the stability of the
HLCS elements (i.e., f—i) ~ 2). Moreover, the wave height is such that
realistic wave breaking conditions occur on the sloping foreshore, as
often is the case in design. The applied offshore boundary wave height
(H;) resulted in a measured incoming significant wave height at gauge
WGO02 (Hs;) of 11.24 cm due to wave shoaling with a measured peak
wave period (T,;) and wavelength (I,) of 1.63 s and 230 cm,
respectively.

The third configuration was used to calibrate and validate the porous
media coefficients for the HLCS. No additional turbulence model is
included as all the turbulence effects are calibrated in the calibrated
porous media resistance coefficients (¢ and f). For the basic configura-
tion and parametric study, the fourth model configuration consisted of a
seawall installed on the lee side of the HLCS, where an overtopping face
was applied on the top and front sides of the structure to measure the
overtopping discharges and wave forces, respectively. An openness and
head loss coefficients of 3% and 1.5, respectively, were adopted, which
Jacobsen et al. (2018) validated for the force prediction of a crown wall
installed on a rubble-mound breakwater. In all the simulations, 500
waves were used, following the recommendations of Romano et al.
(2015) for overtopping simulations.

2.4. Numerical model calibration and validation procedure
The calibration and validation procedures are ideally based on raw

water surface elevation data, overtopping volumes, pressures, or steer-
ing paddle input signals. However, because these data were unavailable

Y [m]
S, & & & S & & OpenFOAM|OceanWave3D
%q,*“ Qg‘\“ e'-”q'e?%e & ":13) o,’.\°a,9°u.°b @@,
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] 4
= Y
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Fig. 1. Layout of the numerical flume that includes the OceanWave3D and OpenFOAM domains as used for the parametric study (not to scale). For the calibration of

the HLCS, there was no seawall implemented.
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to the authors, a general approach was adopted.

2.4.1. Verification of wave flume hydrodynamics

OpenFOAM has been proven to be fully capable of describing
irregular wave fields, overtopping, and porous flow through structures
(Jacobsen et al., 2012, 2015; Jensen et al.,, 2014). In this study, a
comparable grid resolution (10 grid cells per wavelength), grid shape
(rectangular with an aspect ratio of 1), Courant number (Cpq, = 0.2),
and coupling techniques with relaxation zones (minimum of one
wavelength long) were applied. However, to verify the implementation
of the model configuration, the bulk wave flume hydrodynamics (sur-
face-level elevation and overtopping) were verified. The verification
process consisted of the following three steps:

e Step 1: Numerical flume configuration-1 without the HLCS and
seawall. An analysis was performed on the direct coupling between
both models (OpenFOAM and OceanWave3D) on raw surface
elevation signals at the coupling zone for different grid resolutions
and Courant numbers using the Pearson Correlation Coefficient
(PCC) and root mean squared error (RMSE) to determine the good-
ness of fit.

Step 2: Numerical flume configuration-1 without the HLCS and

seawall. The wave propagation was analyzed after reaching the

coupling zone. This was achieved by comparing the water surface
elevation signals and statistical parameters between the output of the
standalone OceanWave3D model and those of the coupled Open-

FOAM and OceanWave3D models. for different grid resolutions and

number of courts. For the adopted model setup, the difference be-

tween the computed statistical wave parameters of the OpenFOAM
and OceanWave3D outputs is approximately 1%. For further details
on the verification procedure, refer to Jonker et al.(2020).

e Step 3: Numerical flume configuration-2 without the HLCS but with
the seawall. For different freeboard values of the seawall (R seqwar),
the adapted grid resolution and Courant number from the previous
step were compared to the CLASH database and EurOtop 2018
design guidelines for impulsive overtopping conditions, which were
calculated for 0 < R seqyai/Hm, < 1.35as (Van der Meer et al., 2018):

Hm 0.5 _n oReseawall
g :0'011( 0 ) (e 257 ), 1D
o N Su-10

my

where sp_10 is the wave steepness. For R; seqwa/Hm, > 1.35, the over-
topping discharge is calculated as (Van der Meer et al., 2018):
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H 0.5 R » -3
q :00014< mop ) < c,sea 111> B (12)
ng'ln h Sm—l,O Hmo

To obtain the reflected waves from the incoming signal, a wave-
reflection procedure based on Zelt and Skjelbreia (1993) was used. A
high agreement is observed in Fig. 2 between the predicted mean
overtopping discharge by OpenFOAM and both the EurOtop formulas
and CLASH database.

2.4.2. Calibration and validation of HLCS hydrodynamic behavior

Water flowing through the HLCS experiences resistance, which
causes energy dissipation. As described in section 2.2 (Egs. (5) and (6)),
the flow resistance is influenced by Dys9, KC, n,, as well as the closure
coefficients @ and . Calibration was performed on a and $ using the
third numerical model configuration corresponding to the physical
model experiments. In addition, considerable effort has been devoted to
correctly defining the layered porosity of HLCS using large concrete
elements.

In this study, the values of D50, KC, and n, were kept constant in the
numerical model. Using Eq. (7), KC was obtained as 13.15, indicating
that the flow was turbulent with a related vortex shedding and drag
force. The Dpsp has a constant value based on the physical model ex-
periments of 4.35 cm.

2.4.2.1. HLCS porosity. Volume-averaged numerical models typically
consider a homogeneous value for porosity within computational cells;
thus, they lack knowledge of the boundary effect. However, this can
influence wave breaking in the structure. Although HLCS consist of a
single type of large concrete element without a core, two numerical
layers were implemented in OpenFOAM to have a good numerical rep-
resentation of the higher porosity of the structure in the outer boundary
layer. A study was conducted on the porosity distribution of the Cubipod
concrete elements to determine the thickness and porosity of the nu-
merical outer layer. For the numerical core layer, the measured porosity
of the HLCS in the physical model experiments is used, which is 50%.
We derived the solidity curve distribution for each randomly placed
Cubipod orientation. Nine different orientations were obtained that
described all possible orientations within 22.5° increments. The sample
solidity curve distribution for one of the nine orientations in 22.5° in-
crements is shown in Fig. 3. As expected, large solidity gradients over
the vertical distance were observed for all the orientations, particularly
near the boundaries. The porosity distribution for each orientation was
obtained as porosity = 1 - solidity. The porosity profile presented in
Fig. 4 is the mean of the porosity distributions for all nine orientations.
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Fig. 2. Comparison between the CLASH database, EurOtop 2018 empirical prediction formulas, and OpenFOAM predictions for the mean overtopping discharge for
the seawall with different freeboards. Data are obtained from Van der Meer et al. (2018).
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Fig. 4. Porosity distribution for one layer of randomly placed Cubipod armor with layer formation (a/Dpso = 1.58 and b/Dyso = 1.27). The outer layer has a layer
thickness of 0.42 Dpsp = 1.8 cm and a porosity of 75.2%, whereas the core has a porosity of 50%.

The outer layer is defined as the layer between the intersection of the
porosity distribution with the mean porosity (50%) and the outside of
the concrete element (highlighted in light green in Fig. 4). The mean
porosity of this layer was derived by taking the mean value of the
porosity distribution of the outer layer, which was found to be 75.2%
corresponding to an outer layer thickness of 0.42 D,;sg.

2.4.2.2. HLCS closure coefficients. The calibration case should be as
close as possible to the intended use of the model. This study aims to
describe the porous behavior of an HLCS with a crest freeboard of
approximately zero for a constant set of boundary conditions. Hence, the
values of the wave characteristics (i.e., significant incident wave height,
peak wave period, and wave transmission coefficient) were used, as
presented in Table 1. Furthermore, the time-resolved hydraulic bound-
ary conditions of the physical modeling experiment were unknown. The
hydraulic boundary conditions corresponding to the incoming wave
characteristics at the sloping foreshore (wave gauge 2; Fig. 1) were used
for the offshore boundary of the OceanWaves3D model coupled with the
OpenFOAM model. The calibration was performed on the wave trans-
mission coefficient by comparing the measured experimental wave
transmission coefficient (K exracteq; Of the calibration case) and the pre-
dicted wave transmission coefficient by OpenFOAM (K; openroam) for
different combinations of closure coefficient values (500 < a < 2500
and 0.2 < f < 6). The results were only sensitive to different values of 5.
The best agreement between K, exiracted and K openroam Was noted at a =
500 and $ = 1.0 with uncertainty of only 0.7%.

The OpenFOAM model was then validated to predict the wave
transmission associated with the HLCS using calibrated porous media
resistance parameters for different values of H;, Tp;, and R, as reported
in the physical modeling experiment by Medina et al. (2019). For
different hydraulic boundary conditions, model runs with and without
the HLCS were conducted to avoid the need for a wave-reflection pro-
cedure, as previously described in the calibration methodology. Hence,
the validated range of model applicability is —0.1 < R./H;; < 0.38. It is
noted that the OpenFOAM model underpredicted the wave transmission
for all of the performed numerical experiments with a mean of 6.6%. The
lowest error of 2.6% was noted for the HLCS with a crest level around
the SWL (R, ~ 0). This is logical, because the numerical model was
calibrated for such a condition. For more details on the calibration and
validation procedures of the HLCS hydrodynamic behavior, please refer
to Jonker (2020).

3. Results and discussion
3.1. Design sensitivity analysis

In this section, the OpenFOAM-validated model is used to extend the
limited available knowledge on the design considerations of an HLCS
made of Cubipod concrete elements to reduce overtopping at a seawall.
For the basic configuration, the effects of changing a single parameter of
the main geometric layout (h.. B, and Lg, see Fig. 5) on K;, mean water
level setup near the seawall (7seqwan), and q, were analyzed. When
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Fig. 5. Outline of the geometrical parameters investigated in this design sensitivity analysis study.

varying Lg, the HLCS was maintained at the same location, whereas the
seawall moved landward. When varying B, the width increased land-
ward, as did the location of the seawall, to keep Lg constant. When
varying h., the number of Cubipod layers was varied (by one layer) as
well as W to maintain a constant B. Owing to the high reflectivity of the
seawall, the wave field inside the basin (the lee side of the HLCS) con-
sisted of waves traveling landward and seaward. Only landward waves
were considered to obtain K;. To obtain transmitted wave signals, a
wave reflection procedure based on Zelt and Skjelbreia (1993) was used
with gauges 5-7. The 7seauan is evaluated directly adjacent to the seawall
and is defined as the difference between the mean instant water level
and the still water level in the flume. The overtopping discharge was
determined by integrating the water flowing through the plane
extending above the front face of the seawall. The basic configuration is
described by a relative crest-free board (R./H;;), relative crest width (B/
H;), and relative basin length (Lg/L,) of 0, 3.0, and 1.2, respectively
(Table 2). Afterward, these parameters were independently varied ac-
cording to the ranges —0.4 < R./H;; < 0.8,1.5 < B/ Hy; < 15,and 0.5 <
Lg/L, < 1.8. A high level of nonlinearity was noted between the pa-
rameters without a simple trend. Hence, the effects of changing these
parameters are thoroughly investigated in the following subsections.

3.1.1. Effect of changing the crest freeboard

R./H;; was varied between —0.4 and 0.8, whereas B/ Hy; and Lg/ L,
were kept equal to the values of the basic configuration, as given in
Table 2. Fig. 6a shows the wave transmission over the HLCS (blue dotted
line) and the mean overtopping discharge over the vertical seawall
(green dotted line) corresponding to different crest freeboards. By
increasing the crest height, a strong initial decay in the mean over-
topping discharge was observed. This behavior is closely related to the
trend of the wave transmission coefficient, indicating that wave trans-
mission strongly influences the mean overtopping discharge. In Fig. 6a,
the wave transmission coefficients obtained in this study are compared
with those of Medina et al. (2019) wave transmission coefficients (black
dotted line). A similar relationship is observed between the two results.
Notably, the difference in magnitude is due to the smaller crest width of
B/H;; = 1.0, used by Medina et al. (2019), compared with the larger
crest width of B/H,; = 3.0, used in the OpenFOAM model. A slight in-
crease in wave transmission with freeboard was noted with the emergent
HLCS (R, > 0), whereas a continuous reduction was expected for a
conventional rubble-mound LCS. It is likely that this effect is mainly
caused by the higher porosity of the HCLS in combination with the larger
element sizes compared to the conventional rubble-mound LCS. Hence,
wave energy can be transported through the larger pores of the HLCS
with less energy dissipation, and therefore, increased wave trans-
mission. Moreover, higher porosity affects wave shoaling and breaking,
and lower wave energy dissipation is expected at the crest of the HLCS
(Hattori and Sakai, 1994).

In this study, a small increase in the wave transmission coefficients

Table 2
Values of the parameters used to perform the design sensitivity analysis.

Cases Value of Parameters

Basic configuration R¢/H;i =0, B/Hy; = 3.0, Ly /L, = 1.2

Changing R,/ H,; —0.4 <R¢/H;; < 0.8, B/H;; = 3.0, Lg /L, = 1.2
Changing B/ H,; Re/Hs; =0,1.5 < B/H;; <15, Lg/L, = 1.2
Changing Lg/ L, R./H;; =0, B/H;; = 3.0,0.5 < Lg/L, < 1.8

was observed for emergent HLCS (R, > 0), whereas Medina et al. (2019)
observed a more constant trend for emergent HLCS (R, > 0). This dif-
ference could be caused by uncertainties related to the influence of the
water level setup behind the HLCS, wave reflection caused by the
seawall, or the accuracy of the physical modeling measurements (e.g.,
the wave reflection procedure and duration of the measurements).
Fig. 6b shows the mean water level setup near the seawall (orange
dotted line) and the mean overtopping discharge for different crest
heights of the HLCS. As the crest height increases, the water level setup
also increases until it reaches its maximum around slightly emergent
structures (0 < R./Hs < 0.4). Subsequently, the mean water level
decreased for the emergent structures (R, > 0.4). This trend in the water
level setup was similar to the results obtained by Loveless et al. (1998),
who also found that the maximum water level setup to occur when the
crest was around the SWL. Here the influx of water due to overtopping
increases, but no large backflow over the LCS has occurred yet. In the
present study, the exact maximum water level setup cannot be extracted
due to the lack of additional data points; however, it is expected to have
the maximum water level setup within this region of slightly emergent
structures (0 < R./Hs < 0.4).
3.1.2. Effect of changing the crest width

Next, B/H;; was varied between 1.5 and 1, whereas R, /H,; and L /L,
were maintained equal to the values of the basic configuration, as listed
in Table 2. Fig. 7a shows the wave transmission coefficients (blue dotted
line) and mean overtopping discharges (green dotted line) for different
crest widths of the HLCS. By increasing the crest width, a similar
exponential-like decay was noted in both the wave transmission co-
efficients and mean overtopping discharge. This behavior indicates that
the wave transmission over the reef strongly influences the mean over-
topping discharge at the vertical seawall. The amount of wave trans-
mission was influenced by the amount of wave energy dissipation owing
to the two dissipation mechanisms and reflection. The first dissipation
mechanism involves wave breaking at the crest of a structure, which
causes turbulence and energy dissipation. The second dissipation
mechanism is energy dissipation via porous flow. The concept of breaker
travel distance was used to roughly estimate the most effective crest
width related to energy dissipation by wave breaking (Shore Protection
Manual, 1984):

x,=(40—-9.25m) e H,, 13)

where x, is the breaker travel distance; m is the foreshore slope (0.02);
and Hj, is the breaker wave height. For the given boundary conditions, a
crest width of B/H;; = 4.4 was obtained. Therefore, for smaller crest
widths (B/H;;< 4.5), the reduction in the wave transmission coefficient
was primarily related to the enhanced wave breaking on the crest of the
HLCS, whereas for larger crest widths (B/H,; > 4.5), it was primarily
related to the enhanced porous flow resistance as it traveled through the
structure. In Fig. 7a, a gradual decrease in the effectiveness of wider
crests is noted for B/H;;> 4.5 as past this benchmark, most of the wave’s
energy would dissipate due to the enhanced porous flow resistance;
hence, smaller differences would be noted in the values of wave trans-
mission. Fig. 7b presents the mean water level setup near the seawall
(orange dotted line) and the mean overtopping discharge. For wider
crests (B/H;;> 4.5), increased porous water resistance is expected;
hence, most of the wave energy dissipates. Therefore, the water level
setup remained constant past this benchmark with minor differences.
Moreover, the behavior of the water level setup inside the basin has little
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Fig. 6. Effect of changing the relative crest freeboard for B/H,; = 3.0 (note that Medina et al. (2019) used different B/Hg; value of 1.0) and Lg/ L, of 1.2 on a) wave
transmission coefficient and the predicted mean overtopping discharge and b) water level setup and the predicted mean overtopping discharge.

effect on the mean overtopping discharge compared with the dominant
influence of wave transmission, as observed in Fig. 7a.

To further understand the effect of the HLCS on wave transmission,
the wave transmission coefficients obtained from the OpenFOAM model
(blue dots) for the HLCS were compared with the data used by Van der
Meer et al. (2005) to obtain empirical prediction guidelines for a con-
ventional rubble-mound LCS with zero freeboards (Fig. 8). The empir-
ical prediction guidelines (Eqs. Fourteen and 15) by Van der Meer et al.
(2005) were based on an extensive experimental investigation of con-
ventional rubble-mound LCS with different crest widths under non-
breaking, breaking, and broken waves.
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Fig. 8 shows a similar trend in wave transmission between the HLCS
and conventional rubble mound LCS. Furthermore, the data for the
HLCS fit well with the empirical prediction formulas and were located
within the bandwidth of the scatter of the underlying data used by Van
der Meer et al. (2005) for the conventional rubble-mound LCS. However,
for a crest width of B/H;; ~ 10, the Van der Meer et al. (2005) equations
provide an ambiguous answer and very different results. Moreover,
these equations do not include the HLCS (the main focus of this study).

Therefore, a fitted curve equation was explicitly derived for the HLCS
based on the OpenFOAM model as follows:

B\ 049
K,=0.59 ( )
H,

s,

(16

The fitted curve fits all data points well. This equation can be used for
the initial assessment of the wave transmission in an HLCS. This equa-
tion, in combination with that of Medina et al. (2019), describes the
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and b) water level setup and the predicted mean overtopping discharge.

effect of relative crest height on wave transmission for HLCS and pro-
vides a good estimation of the hydraulic performance of wave trans-
mission for these structures. The effects of the relative crest height and
crest width can therefore be included in the transmission prediction of
the HLCS, as in the equations of Van der Meer et al. (2005).

Hence, it is concluded that the newly fitted equation is best used for
the initial evaluation of the effect of the HLCS crest width on wave
transmission, particularly around B/H,; = 10.

3.1.3. Effect of changing the basin length

The effect of changing Lg was investigated according to the pro-
cedure described in Section 3.1. Therefore, Lg/L, varied between 0.5
and 1.8, whereas R./H,; and B/H;,; were kept equal to the values of the
basic case, as listed in Table 2. The wave transmission coefficients (blue
dotted line) and mean overtopping discharges (green dotted line) cor-
responding to different basin lengths are shown in Fig. 9a. An
exponential-like decay was observed in the mean overtopping discharge

as the basin length increased. However, the wave transmission coeffi-
cient exhibited a constant trend because no changes were made to the
HLCS cross-section. The water level setup (orange dotted line) and mean
overtopping discharge for different basin lengths are shown in Fig. 9b.
The mean water level near the seawall increased as the basin length
increased, whereas the mean overtopping discharge decayed exponen-
tially. Visual inspection of the simulations showed that the breaking
waves over the HLCS for smaller basin lengths created hydraulic bores
that traveled above the SWL and caused extensive overtopping of the
seawall. These traveling bores lose energy owing to the turbulence
during propagation. This explains why less overtopping is observed for
larger basin lengths. Furthermore, smaller basins have less storage vol-
ume, which causes a faster increase in the water level inside the basin as
the wave groups enter (i.e., larger water-level gradients). Hence, smaller
waves at the end of a wave group can surpass the seawall. These waves
were unable to surpass the seawall in larger basins because of the larger
storage volume and therefore lower water levels during the wave group
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propagation inside the basin. It is also noted in Fig. 9b that the faster
increase and decrease in the water level inside the smaller basins does
not influence the mean water level setup near the seawall.

A continuous (partial) reflection between the HLCS and the seawall
can create standing waves, which cause seiching-resonance if the nat-
ural frequency of the wave is equal to the eigenfrequency of the basin.
These low-frequency waves can also enhance sloshing in the basin,
thereby increasing the mean overtopping discharge at higher water
levels. Multiple simulations were performed with different basin lengths
to understand the effects of the seiching-resonance within the basin. This
was achieved by comparing raw wave spectra near the seawall for each
tested basin length. Furthermore, the theoretical resonance frequencies
for a closed basin were determined and the raw wave spectra near the
seawall were compared for different basin lengths. For basin lengths
equal to 0.5, 1.0, and 1.5 Lg/L,, more overtopping is expected owing to
the seiching-resonance. A match was noted between the theoretical
resonance frequencies and energy peaks of these wave spectra. Addi-
tionally, some basins with lengths equal to the theoretical resonance
basin lengths had slightly larger mean overtopping discharges. How-
ever, the increase in overtopping was not significant. For more details on
the effect of the seiching-resonance on overtopping at the seawall,
please refer to Jonker (2020).

3.2. Design recommendations

Based on the design sensitivity analysis performed in the previous
section, design recommendations for the geometric parameters are
provided in this section. The effects of changing the relative freeboard,
relative crest width, and relative basin length on the wave transmission
coefficients and mean overtopping discharge at the seawall are pre-
sented in Fig. 6a, 7a and 9a, respectively. For all tested geometrical
parameters, it was noted that increasing them caused an exponential-
like decay in the mean overtopping discharge. These results were pre-
viously discussed in detail; however, we revisited them in this section to
obtain the optimal geometrical parameters for the HLCS. The optimal
design parameters were selected based on the maximum effectiveness of
the parameters in reducing the mean overtopping discharge, where the
largest gradient in overtopping was noted. By selecting smaller values
for these parameters, greater overtopping is expected at the seawall. In
contrast, larger values are expected to reduce overtopping and increase
construction costs. Therefore, engineers are responsible for designing
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according to the site conditions, performance requirements, and avail-
able budgets.

By examining Fig. 6a, 7a and 9a, the largest gradient in the mean
overtopping discharge is noted at R /H;; ~ 0, B/H;; ~ 4.5, and Lg /L, ~
1.2. These values are dependent on the number of data points used.
Ideally, it is preferred to have continuous data points for all different
configurations. The number of available data points is, however, limited
by the large computational time of the simulations, which were not
available to the authors. The exact value of the largest gradient may vary
around the presented value (e.g., if B/Hs; = 6 is available, the largest
gradient may be a little different than the currently obtained one).
However, it is expected that the presented values give a good estimation
for design purposes. Hence, R, ~ 0 is recommended for the design of
HLCS, especially that increasing the crest height would increase the
construction cost. This is because the base width increases as the height
of the structure increases. The effective crest width corresponding to the
maximum gradient in the mean overtopping discharge was approxi-
mately equal to the crest width at which the maximum wave energy
dissipation by wave breaking was noted. It was found that the effective
width could be estimated using the concept of the breaker travel dis-
tance. This concept is expected to be valid under different wave and
boundary conditions. Based on OpenFOAM simulations, the effect of the
relative crest width on the wave transmission for the initial estimation
can be best described using Eq. (16). For Lg/L, < 1.2, it was noted that
the wave breaking on top of the HLCS caused the propagation of hy-
draulic bores and extensive overtopping at the seawall. Hence, a basin
length of roughly Lg/L, ~ 1.2 is recommended, at which the maximum
gradient in the mean overtopping discharged was noted. For a beach
with a steep slope, it is more economical to increase the crest height or
width and decrease the basin length to minimize overtopping at the
seawall.

In this study, it was noted that overtopping was mainly dominated by
wave transmission (influenced by the width and height of the structure)
and bore dissipation behind the HLCS (influenced by the basin length)
and was less influenced by the water level setup and seiching-resonance.
Hence, an additional assessment was performed without a CFD model to
predict the overtopping discharge based on wave transmission only and
without the water level setup effect or any additional hydrodynamics
associated with the difference in basin length (e.g., low-frequency wave
motion and broken wave propagation). A comparison was made be-
tween the overtopping discharges estimated using EurOtop guidelines
based on wave transmission only (keeping the water level in the basin
equal to the offshore value) and those obtained using the OpenFOAM
model. A mean underestimation of 69% was noted. Hence, the effects of
the water level setup, bore propagation, and seiching-resonance were
not negligible. Advanced CFD models (e.g., OpenFOAM) or physical
modeling are important for evaluating overtopping, particularly for
systems with complex hydrodynamics influenced by dissipating bores
and seiching-resonance inside the basin.

4. Conclusions, limitations, and recommendations
4.1. Main conclusions

The main geometric parameters that significantly influenced the
hydrodynamic performance of the HLCS composed of Cubipod concrete
elements and overtopping events were R, B, and Lg. OpenFOAM can be
used to numerically model the hydrodynamic behavior of porous
structures using the Van Gent (1995) parameterization of the extended
Darcy-Forchheimer equation, similar to the VARANS equations. The
best agreement between the modeled and experimental transmission
coefficients is found at @ = 500 and = 1.0 in combination with two
numerical layers with a core porosity of 50% and an outer layer (0.42
Dpso) porosity of 75.2%.

By assessing overtopping for different HLCS crest heights and widths,
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Fig. 9. Effect of changing the relative basin length for R. /H;; = 0 and B/H,; = 3.0 on: a) wave transmission coefficient and the mean overtopping discharge and b)

water level setup and the mean overtopping discharge.

it was found that the mean overtopping discharge was dominated by
wave transmission and broken bore dissipation and was less influenced
by the water level setup and seiching-resonance. The broken wave
propagation (i.e., hydraulic bores) due to waves breaking over the HLCS
crest significantly impacts the mean overtopping discharge. Notably,
these hydraulic bores fade at larger basin lengths.

An exponential-like decay is noted in the overtopping discharge
when the values of all the tested geometrical parameters (R, B, and Lg).
The most influential parameter for overtopping was found to be R.. The
largest gradient in the mean overtopping discharge is noted at R./ H;; ~
0, B/H,; ~ 4.5, and Lg /L, ~ 1.2. Hence, it is recommended to construct
an HLCS using these values for the geometrical parameters. For com-
parable hydraulic boundary conditions (i.e. the same order of H;, Hs/h,
h/L,) with similar homogeneous low-crested structures (i.e. R./Hs; ~ 0)
in front of vertical or sloping seawalls, it is expected that this Open-
FOAM model can be used without further calibration.

11

4.2. Limitations and recommendations

This subsection discusses the study limitations and proposed rec-
ommendations for future studies. The influence of changing the
geometrical parameters in this study was assessed independently by
varying only one parameter per simulation using the basic configuration
as a starting point. The basic configuration is a single predefined set of
values for the geometrical layout parameters related to the conducted
physical model experiments with the corresponding geometry of the
HLCS and flume layout dimensions. Because the geometrical layout
parameters are not varied simultaneously, the results may have a de-
pendency on the chosen basic configuration. The authors expect similar
results of the main geometrical parameters using a different basic
configuration. However, to avoid the uncertainty in the selected basic
configuration, it is recommended to investigate the dependency of the
geometrical parameters on each other in a more comprehensive test
matrix as it may provide additional information that can be used for
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design considerations and reduces the impact of the adopted basic
configuration.

Additionally, to gain more insight into the hydrodynamic perfor-
mance of the HLCS itself, it is recommended that the wave reflection and
energy dissipation within the structure be investigated in relation to the
adopted Darcy-Forchheimer parameters. Moreover, in this study, it was
found that changing Lg had a major influence on the overtopping
discharge at R./H;,; =~ 0, likely due to hydraulic bores. Hence, it would
be interesting to: a) assess the effect of changing this parameter when
the HLCS is submerged or emerged, and b) investigate and assess the
influence of bore propagation. The decay of waves in the basin between
the seawall and HLCS reef-type structure is driven by turbulence, which
is not yet perfectly included in OpenFOAM. To validate the numerical
model and initial prediction formula for a larger range of input pa-
rameters, a thorough physical modeling investigation of a wide range of
crest widths for the HLCS is recommended. The equation obtained to
describe the effect of the relative crest width of the HLCS on wave
transmission is not a general equation because it is based on only one
wave condition (Hj, Tp). Hence, it is recommended that this formula be
generalized for different wave conditions. Furthermore, the combined
effect of the relative crest height and crest width on wave transmission,
following the work of Medina et al. (2019) and this study was analyzed.
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