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Abstract: Understanding key flooding processes such as wave overtopping and overflow (i.e., water
flows over a structure when the crest level of the structure is lower than the water level in front) is
crucial for coastal management and coastal safety assessment. In port and harbour environments,
waves are not only perpendicular to the coastal structure but also very oblique, with wavefronts
almost perpendicular to the main infrastructures in the harbour docks. Propagation and wave—
structure interaction of such perpendicular and (very) oblique waves need to be appropriately mod-
elled to estimate wave overtopping properly. Overflow can also be critical for estimating flooding
behind any coastal defence. In this study, such oblique and parallel waves (i.e., main wave direction
is parallel to the structures) are modelled in a non-hydrostatic wave model and validated with phys-
ical model tests in the literature. On top, overflow is also modelled and validated using an existing
empirical formula. The model gives convincing behaviours on the wave overtopping and overflow.

Keywords: wave overtopping; overflow; port; numerical modelling; non-hydrostatic model;
SWASH; oblique waves

1. Introduction

Flooding risk in coastal areas is increasing due to ongoing sea level rise [1,2]. Wave
overtopping and overflow are key processes for coastal flooding and influence the safety
of people and economic losses inland. For sustainable coastal management, it is essential
to predict wave overtopping and overflow based on sea level rise scenarios.

In ports and harbours, offshore waves enter from the openings of ports, and the
waves propagate inside the harbour basins. Overflow occurs when the water level rises
above the structure level, while wave overtopping occurs when the crest of the waves or
the runup exceeds the level of the structures. Much knowledge is available in the literature
on wave overtopping and overflow (e.g., in EurOtop [3]). However, many cases are still
out of the applicable range in reality. For example, wave overtopping over a vertical wall
(i.e., a quay wall) cannot be estimated when there is a storm wall inland (i.e., a storm wall
with a berm on a quay) using existing formulas. It is noted that such configurations are
not exceptional, as storm walls are often constructed on quay walls to protect the hinter-
land as a countermeasure for wave overtopping and overflow. The locations of such storm
walls depend on the area to be protected; therefore, the berm width (i.e., the distance be-
tween the vertical quay and the storm wall) can be broad. Another example is very oblique
wave cases. When the wave directions are very oblique to the structures, even in the ex-
treme case of the primary wave direction being parallel to the structure, the knowledge is
limited, excepting some recent studies [4,5]. Dan et al. [4] conducted physical model tests
in a wave basin to characterise wave overtopping over sloping dikes and quay walls in
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combination with storm walls under long-crested very oblique waves and associated
forces acting on the storm walls. van Gent [5] investigated the influence of obliqueness on
wave overtopping over caisson breakwaters and proposed the gamma factors applicable
to vertical structures with and without parapets for short-crested and long-crested waves.
The hydraulic boundary conditions (e.g., significant wave height and peak wave period)
in ports and harbours range widely, including with different wave angles. The wave di-
rection does not always show a single peak, but can be multiple if the wave reflections
from the adjacent quays and dikes inside ports and harbours are dominant. The frequency
spectrum can also possess two peaks due to the combination of swell and locally gener-
ated wind waves. As such, various geometrical and hydraulic conditions make it even
more challenging to estimate wave overtopping discharge precisely over the coastal struc-
tures inside ports and harbours.

Under such circumstances, physical models and numerical models play essential
roles. A physical model can provide data on the wave overtopping over the target struc-
tures. However, modelling a detailed 3D structure and execution of the test usually costs
more than using numerical models. A typical use of numerical models for such port and
harbour applications is to first estimate the hydraulic boundary conditions along the
quays. Consequently, the wave overtopping discharge is calculated based on the empiri-
cal equations in combination with the estimated hydraulic boundary conditions. How-
ever, as mentioned above, suitable empirical equations are not always available due to the
complexity of the structure. On top, the hydraulic boundary conditions cannot always be
described by a simple combination of wave properties (e.g., multiple peaked spectra, both
for frequency and directional domain inside the port, as described above). Furthermore,
the number of applicable wave models is somewhat limited due to the high computational
load for such 3D problems. High-end models, for instance, OpenFOAM [6] and SPH-
based models [7,8], cannot deal with such problems, because the computational time can
be too demanding. On the other hand, phase-averaged wave models such as SWAN [9]
or Tomawac [10] are not the best options because the diffraction inside ports cannot be
calculated directly based on the governing equations. It must be noted that wave diffrac-
tion can be modelled in a simplified manner using a phase-decoupled refraction—diffrac-
tion approach such as that proposed by Holthuijsen et al. [11]. Instead, Boussinesq models
such as Mike21BW [12,13] and FUNWAVE [14] have often been used to obtain hydraulic
boundary conditions, and these models will help estimate hydraulic boundary conditions
in port environments. As an option, non-hydrostatic wave models, such as SWASH [15],
can also be used for port applications.

This study investigates the applicability of the non-hydrostatic model SWASH [15]
for wave overtopping estimation in port environments. Special attention is given to very
oblique and parallel waves over port banks (i.e., quays and sloping dikes) with storm
walls. On top, the applicability of SWASH for the overflow is investigated, as it is an es-
sential application. To this end, relevant physical model tests conducted in the past (Dan
et al. [4], Willems et al. [16]) and empirical formulas are used for the model validation.

2. Methods
2.1. Numerical Model

SWASH is a wave-flow model based on a Non-Linear Shallow Water equation with
non-hydrostatic pressure terms. The model can be run either in 1D mode (flume-like) or
2D mode (basin-like) for the horizontal domain and in depth-averaged mode or multi-
layer mode for the vertical domain. It is possible to maintain frequency dispersion by in-
creasing the number of layers instead of increasing the order of derivatives of the depend-
ent variables like the Boussinesq models. Wave breaking is controlled by HFA (hydro-
static front approximation [17]) when the number of vertical layers is limited. On top, it
preserves nonlinear wave properties such as asymmetry and skewness. For more details,
see [15]. Since the first version of SWASH was released in 2011, the number of applications
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of SWASH has been increasing, as can be seen in the literature; these are not limited to
traditional wave propagation and coastal structure interaction (e.g., breakwater), but also
include interaction with ships [18], infragravity waves [19], overtopping in shallow fore-
shores [20], internal wave generation [21] and interaction with vegetation [22,23].

SWASH maintains a good accuracy of wave transformation and overtopping for
coastal applications and is not too computationally demanding. Once the model has been
validated for wave overtopping estimation over quays, the application range will be wid-
ened. As mentioned, SWASH is computationally less demanding, and thus it is useful for
engineering applications. The drawback of SWASH is that it cannot deal with complex
structures, such as parapets and overhanging structures, due to the nature of the depth-
integrated model. On such occasions, detailed wave modelling using RANS models [24]
or SPH models [8,25] can be coupled with SWASH to solve the problem [26,27].

2.2. Physical Models

Data sets from two physical model campaigns were selected (Dan et al. [4], Willems
et al. [16]) for validation. Both physical model campaigns were conducted in Flanders Hy-
draulics Research, Belgium. Dan et al. [4] used the wave basin with the uni-directional
wave maker to measure perpendicular and (very) oblique wave overtopping over a
dike/quay with storm walls (the long-crested wave angle ranges from 0 to 80 degrees,
where 0 degrees is perpendicular to the structure), see Figure 1. The generated waves were
long-crested and irregular waves based on the JONSW AP spectrum, with a peak enhance-
ment factor of 3.3. The incident wave properties were measured at the upstream side of
the structure. For further details, see Dan et al. [4]. The scale factor was 1 in 50. Willems et
al. [16] used a wave basin with the multi-directional wave maker to measure parallel wave
overtopping (i.e., the short-crested waves with the main direction of 90 degrees to the
structure) over a quay wall with storm walls on top; see the overview of the wave basin
setting in Figure 2. The scale factor was 1 in 48. The multi-directional wave maker is 12 m
in width in total, with 30 piston paddles (0.4 m each). The wave maker equipped with
super-harmonic second-order wave generation and active wave absorption can generate
regular and irregular long and short-crested waves. For more details on the wave maker
and wave basin of Flanders Hydraulics Research, see [28]. It is noted that 24 paddles out
of 30 were used for this physical model campaign, as shown in Figure 2, to generate short-
crested waves with a one-sided directional spreading value of 17 degrees, and irregular
waves based on JONSWAP spectrum with the peak enhancement factor of 3.3. A straight
quay wall model of 12.3 m (590 m in prototype) was built in the wave basin. Six boxes
(OT1-6; each box has a different width, ranging from 1.63 to 2.67 m) were placed behind
the crest of the structure to collect the overtopping. An ultrasonic sensor was used to
measure the water level inside each overtopping box. The average overtopping discharge
was calculated based on the collected water volume. In total, 35 wave gauges were used
to measure the wave field during the tests. It is noted that only one array consisting of
seven wave gauges was used for the multi-wave directional analysis and 28 wave gauges
(two gauges for 14 places, each one 0.208 m and 0.417 m in front of the structure, which
are 10 m and 20 m in prototype, respectively) were analysed to obtain the wave properties
in front of the structure. The location of the array was changed during the campaign. It is
noted that the array data was not used in this paper. A passive wave absorption was
placed at the end of the domain to minimize the influence of the reflected waves. All the
tests were conducted with the active wave absorption. The post-processing was con-
ducted using the Wavelab software package developed by Aarborg University. Willems
et al. [16] reported the significant wave height obtained at GOLF_04, GOLF_05 and
GOLF_06 (i.e., averaged value for Zone OT 3; ‘GOLF’ stands for wave gauge) as a repre-
sentative significant wave height in their physical model campaign. In line with the sig-
nificant wave height measurement, the wave overtopping discharge is determined by the
overtopping measurement at OT3.
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A total of 25 cases were selected for each validation based on Dan et al. [4], and Wil-
lems et al. [16]. Detailed information can be found in Table 1.

Structure -/a

Guiding

Wave B

gauges

Slope /quay

Figure 1. The position of the structure in the wave basin during experiments of Dan et al. [4]: (a)
wave direction 80°; (b) perpendicular wave attack 0°; (c) wave direction 45°. The length of the struc-
ture is 8 m in the model scale (1/50) (this figure is reproduced from Dan et al. [4]).
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Figure 2. Plan and cross-sectional view of the physical model in the multi-directional wave basin
(reproduced from Willems et al. [16].) ‘GOLF’ stands for wave gauge, and the decimal signs here
are expressed as *,” instead of " (e.g., '4,8" is 4.8).

Table 1. Data for the validation cases (prototype scale). Case names starting with D are from Dan et
al., and those starting with W are from Willems et al.

Wave Dike

Case Angle Slope Pike Wall Height Wall Position Rc Water Hmo Tp
3 [deg] [1/x] Height [m] [m] [m] [m] Level [m] [m] [m]
D343 0 0 10 0 0 0.75 9.25 1.18 12.3
D344 0 0 10 0 0 0.50 9.50 1.16 11.2
D219 45 2.5 10 2 0 2.50 9.50 2.54 12.6
D225 45 2.5 10 1 0 1.50 9.50 1.60 12.6
D212 45 2.5 10 1 5 1.00 10.00 1.47 12.6
D209 45 25 10 1 25 1.00 10.00 1.55 12.6
D208 45 2.5 10 1 50 1.00 10.00 1.58 12.6
D231 45 0 10 2 0 2.50 9.50 1.96 12.6
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D229 45 0 10 1 0 1.50 9.50 1.96 12.6
D189 45 0 10 1 5 1.00 10.00 1.16 12.6
D176 45 0 10 1 25 1.00 10.00 1.21 12.6
D173 45 0 10 1 50 1.00 10.00 1.20 12.6
D111 80 2.5 10 1 0 1.00 10.00 1.52 12.6
D105 80 25 10 1 5 1.00 10.00 1.49 12.6
D107 80 25 10 1 5 1.00 10.00 2.25 12.6
D162 80 0 10 2 0 1.00 11.00 2.32 11.8
D145 80 0 10 1 0 1.00 10.00 2.29 12.6
D160 80 0 10 2 5 1.00 11.00 2.29 11.8
D149 80 0 10 1 5 1.00 10.00 2.29 12.6
D157 80 0 10 2 25 1.00 11.00 231 11.8
D165 80 0 10 2 50 1.00 11.00 3.07 11.8
D158 80 0 10 2 25 1.00 11.00 3.09 11.8
D161 80 0 10 2 5 1.00 11.00 3.1 11.8
D153 80 0 10 1 25 1.00 10.00 2.29 12.6
D155 80 0 10 1 25 1.00 10.00 3.06 11.8
W01 90 0 15.77 1.63 0 0.79 16.61 2.81 10.7
W02 90 0 15.77 1.63 15 0.73 16.67 1.86 10.7
W03 90 0 15.77 1.63 30 0.71 16.69 1.70 10.7
W04 90 0 15.77 1.63 0 1.26 16.14 2.88 10.7
W05 90 0 15.77 1.63 15 1.25 16.15 217 10.7
W06 90 0 15.77 1.63 30 1.23 16.17 1.96 10.7
W07 90 0 15.77 1.63 0 0.75 16.65 2.53 10.7
W08 90 0 15.77 1.63 15 0.71 16.69 1.64 10.7
W09 90 0 15.77 1.63 30 0.69 16.71 1.49 10.7
W10 90 0 15.77 1.63 0 1.25 16.15 2.57 11.1
W11 90 0 15.77 1.63 15 1.24 16.16 1.94 10.7
W12 90 0 15.77 1.63 30 1.24 16.16 1.74 10.7
W13 90 0 15.77 1.63 0 0.68 16.72 1.86 10.7
W14 90 0 15.77 1.63 15 0.70 16.70 1.27 10.7
W15 90 0 15.77 1.63 30 0.68 16.72 1.07 10.7
W16 90 0 15.77 1.13 15 1.15 15.75 2.29 10.7
W17 90 0 15.77 1.13 30 1.10 15.80 2.22 10.7
W18 90 0 15.77 1.13 15 1.13 15.77 2.03 10.7
W19 90 0 15.77 1.13 30 1.11 15.79 2.00 10.7
W20 90 0 15.77 1.63 0 0.73 16.67 222 10.7
W21 90 0 15.77 1.63 15 0.72 16.68 1.49 10.7
W22 90 0 15.77 1.63 30 0.66 16.74 1.28 10.7
W23 90 0 15.77 1.13 0 0.73 16.17 2.18 11.1
W24 90 0 15.77 1.13 15 0.74 16.16 1.59 10.7
W25 90 0 15.77 1.13 30 0.71 16.19 1.43 10.7

2.3. SWASH Model Settings

All the wave overtopping simulations are conducted in 3D (three-dimensional;
multi-layer mode in combination with a horizontal domain) in prototype scale. As dis-
cussed in Dan et al. [4], the scale effects are limited, and therefore the physical model test
results are upscaled to the prototype scale for comparison. It is useful to discuss the over-
topping at prototype scale, since the characteristics of the discharge depend on the mag-
nitude (e.g., standard deviation). The version of the model applied in this study is version
7.01. A model domain is created with the size of 700 m (x-direction) x 1000 m (y-direction)
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for the horizontal domain, see Figure 3. It is noted that the configuration (e.g., basin shape
and size, quay wall length) is not the same as the physical model settings of Dan et al. [4]
(i.e., mobile wave generator placed at 45-80°, 400 m straight quay) and Willems et al. [16]
(i.e., fixed wave generator, 590 m straight quay). However, the numerical model can ef-
fectively reproduce the same/similar waves in the physical model tests. It was decided
that the grid size would be 4 m both in the x- and y-directions in the prototype based on
the grid convergence (see details in Section 3.1), taking into account model efficiency and
stability. The threshold water level (DEPMIN) is 0.01 m for the prototype calculation,
which increases the computational stability compared to the default value of 0.00005 m.
The default BOTCEL function is applied here for simplicity and computational stability.
Two equidistant layers are employed in the simulation to maintain frequency dispersion.
The waves are generated from the offshore boundary, along the first grids of the x-direc-
tion for very oblique (i.e., 80 degrees) and parallel wave direction (i.e., 90 degrees) cases.
Two offshore boundaries (i.e., along the x- and y-axes) are used by specifying the wave
generation segments for the oblique waves (i.e., 45 degrees). JONSWAP spectrum with
the gamma factor 3.3 is adopted for all cases. It is noted that a directional spreading of 17
degrees is applied to the case of Willems et al. [16], while a directional spreading of 0
degrees (i.e., long-crested waves) is applied to the case of Dan et al. [4]. A sponge layer
with a width of 100 m is used at the end of the domain to dissipate the wave energy.
Internal wave generation [21,29] is not used, since the reflection from the structure is very
limited for very oblique and parallel wave cases. For the oblique wave cases, the reflection
cannot be ignored, but the re-reflection from the offshore wave generation boundary has
no influence on the overtopping geometrically. The momentum conservation is applied
in the simulations. The Keller-box scheme is employed for the scheme for the vertical pres-
sure gradient since the number of the vertical layer is two. ILU preconditioner is used for
computational robustness. The standard first-order up-wind scheme is employed for the
discretization of the vertical term for the w-momentum equation for stability, while other
discretization uses MUSCL limiter to achieve second-order accuracy. Time integration is
explicit, and a Courant number of 0.5 is used to cope with high and nonlinear waves used
in this study. The Manning formula with a Manning coefficient of 0.012 is employed to
represent bottom friction for the entire domain, taking into account that smooth concrete
for the bottom and a Polyvinyl chloride for the structures were used in the physical mod-
els (Dan et al. [4]; Willems et al. [16]). Standard wave breaking control parameters, alpha
=0.6 and beta = 0.3, are used for wave breaking, and those values are also used in [20]. A
total duration of 50 min is simulated. The wave properties for the wave generations in the
models are based on representative incident wave properties from the physical model tests.

Incident wave properties obtained at the upstream 3D array are used as the input
parameters at the wave generators in SWASH for the cases of Dan et al., while the signif-
icant wave heights modelled in SWASH (in front of the structure; average value from y =
200-800) are calibrated with the measured data for the cases of Willems et al. The accepted
error of the wave height for the calibration is 5%. Different methods are adopted for Dan
et al. and Willems et al. since these are most represented values used in their studies.

An overflow simulation is conducted in ‘2D’ at prototype scale. Here, 2D simulation
means a simulation with the one-dimensional mode (simulation with a horizontal do-
main) in combination with multi-layers in the vertical direction in SWASH. The 2DV mod-
elling is good enough for the overflow simulation since the overflow occurs in principle
in the cross-section perpendicular to the structure. The domain of 2000 m is created to
have enough space to avoid the influence of the boundary. The grid size is 4 m. The target
water level is assigned at the offshore boundary and keeps it to the crest of the sloping
dike structure, where the overflow is measured, while the water level behind the crest is
kept dry (no water). Two wave gauges are placed to monitor the water level during the
overflow. See details in Figure 4. The still water level is 17.43 m, and the crest level of the
dike is 16.91 m in this case. A total duration of 12 min is simulated.
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Figure 3. Plan and cross-sectional view of the SWASH domain settings for wave overtopping sim-
ulations (3 different wave directions: 45, 80 and 90 degrees).
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Figure 4. Cross-sectional view of the SWASH model domain setting applied to the overflow simu-
lation (the straight line represents the initial water level).

2.4. Post-Processing of SWASH Output

For the overtopping cases, SWASH outputs a time series of discharge at the selected
locations, see Figure 3 (at the points on the crest of the structure). Only the x component
of discharge is taken into account. A 50 min simulation is analysed to calculate wave over-
topping discharge, corresponding to ~250 waves. The number of locations is eight, and
equally distributed every 100 m (y = 200-800 m). The discharge time series is used to cal-
culate the average overtopping discharge at each point first, and space averaged q is cal-
culated from the eight average overtopping discharges.

In the case of overflow, the discharge is measured at the crest of the dike. The last 2
min (out of the 12 min simulation) is analysed to calculate overflow discharge, where the
flow system becomes stable.
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3. Results
3.1. Sensitivity of Grid Size

Prior to validation, the sensitivity of the grid size is investigated, since the perfor-
mance of the model, in principle, depends on the grid size. An optimum grid size needs
to be explored for the sake of maintaining the reliability and feasibility of the model. Fig-
ure 5 shows the relationship between the simulated wave overtopping discharge and the
grid size for cases D229, D145 and W07 (see the condition of the cases in Table 1). It is
noted that the grid size is uniform for the entire domain (dy is the same size as dx). As can
be seen, the overtopping discharges are saturated when dx is equal to 4 m (Lo/dx~50).
Figure 6 shows the spatial distribution of significant wave heights for the case of D229
and D145. The spatial distribution of the significant wave heights is qualitatively the same.

10% | 1
—_ X
£ ey < NIRRT A
E A ................ g ............ ﬁ
— X
cjr:) AT '
1L . 4
<10 e
[72]
(o
»»»»» A 45 deg (D229)
e 80 deg (D145)
100 | 1
..... Bgo deg (WO?)

dx=8 m dx=6 m dx=4 m dx=3m dx=2.5m

Figure 5. The mean overtopping discharges with different grid sizes (dx = 2.5 to 8 m) for different
wave directions (45, 80 and 90 degrees) to check the grid conversion. Directions of 45 and 80 degrees
are the cases with long-crested waves, while directions of 90 degrees correspond to the cases with
short-crested waves.
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Figure 6. Spatial distribution of significant wave heights with different grid sizes (upper: Case D229,
45 deg, dx = dy = 4.0 m and dx = xy = 2.5 m; lower Case D145, 80 deg, dx = dy =4.0 m and dx = xy =
2.5 m).
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Dan 0 deg, SWASH vs Physical model

3.2. Control Case— Overtopping over a Quay Wall without a Storm Wall

Before validating wave overtopping for (very) oblique and parallel waves over the
port banks, a simple wave overtopping case, namely long-crested perpendicular waves
over a quay without a storm wall, is tested (Case D343 and D344). The same settings are
used for SWASH, and the waves are generated from the west boundary (along the y-axis).

The results are shown in Figure 7. As can be seen, the overtopping discharge was
estimated inside a range of a factor 5 line against the physical model and also EurOtop.
The right figure also compares the physical model result with EurOtop —this indicates
that the physical model results give slightly lower values compared to the empirical esti-
mation while they are still inside the factor 5 line. In overtopping estimation, estimation
quality is good when the estimated value is within factor 3 (e.g., Ref. [20]) compared to
the physical model test results. Factor 5 is still a reasonable estimation, seeing the scatter
in [3,30,31]. In this case, SWASH results are always within factor 3 compared to both phys-
ical model and EurOtop. Based on this observation, it can be concluded that the SWASH
model is capable of reproducing overtopping discharge for the simple quay geometry.

Dan 0 deg, SWASH, Phys. vs EurOtop
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Figure 7. Measured and computed mean wave overtopping discharge (Case D343 and D344: Dan et
al. [4], wave direction 0 degrees). Dashed lines show factor 5 overtopping deviation from 1:1 line
(e.g., the upper line crosses 5 1/s/m and the lower line crosses 0.2 1/s/m at the target overtopping
discharge 1 1/s/m).

3.3. Validation for (Very) Oblique and Parallel Wave Cases

Figure 8 shows a comparison between measured averaged wave overtopping dis-
charge from the physical models and simulated wave overtopping discharge using
SWASH for wave angles of 45, 80 (long crested) and 90 degrees (short crested). As can be
seen, the results are scattered around the 1:1 line, and most of the data are located inside
the range of a factor 5 line. The quality of the prediction performance by the SWASH
model is quantified by geometric mean (Geo) and geometric standard deviation (GSD),
where the Geo values for Dan et al. (i.e., 45 and 80 degrees) and for Willems et al. (i.e., 90
degrees) are 2.11 and 1.07, respectively. This indicates that the SWASH slightly overesti-
mates the overtopping discharge for the cases of Dan et al. On the other hand, SWASH
results for Willems et al. give an excellent estimation as a mean value. When all the results
are integrated, Geo value is 1.50. The GSD values, which represents deviation of the data,
for Dan et al. and Willems et al. are 3.01 and 3.82, respectively. The integrated value is
3.57. It is noted that the duration of the simulation of this validation is around 250 waves.
Based on these observations, it can be concluded that the SWASH model is capable of
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reproducing overtopping discharge over dikes and quays with storm walls for different
wave angles and types of waves (long-crested and short-crested).

Dan (long-crested), SWASH vs Phys

Willems (short-crested), SWASH vs Phys
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Figure 8. Measured and computed mean wave overtopping discharge (left: Dan et al., long-crested
wave cases, right: Willems et al., short-crested wave cases). Dashed lines show factor 5 overtopping
deviation from 1:1 line.

3.4. Validation for Overflow Case

Figure 9 shows the water surface elevation and overflow discharge time series. As
can be seen, the system needs some time to reach a stable overflow state. The fixed water
level is assigned at the offshore boundary; however, the water level is slightly reduced
due to the constant overflow. The model estimates the overflow discharge as 583 1/s/m,
while the empirical equation of overflow (EurOtop) indicates 554 1/s/m under the same
conditions, considering the slightly reduced water level.

The difference in the estimated overflow discharge is 5%; thus, SWASH estimates
overflow with good quality.
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Figure 9. Time series of water surface elevation at offshore wave gauge WG1 and nearshore wave
gauge WG2 (upper) and measured overflow discharge on the crest of the dike.

4. Discussion
4.1. Computational Stability and Time

The results obtained using the SWASH model were compared with the results ob-
tained using physical models reported in the literature for the cases essential to flooding
estimation in port environments. Here, flooding means wave overtopping and overflow,
with particular attention on oblique to parallel waves for the wave overtopping over dif-
ferent quay and dike configurations. The model was designed to be applicable and feasi-
ble in engineering applications—it is foreseen that the model can be extended to a large
domain, O(km), for each x- and y-direction, with long simulation durations, for example,
500-1000 waves. It is noted that in reality, storm durations of 200-300 waves are generally
accepted for wave statistics, while 500 waves in general is recommended for overtopping
estimation [32] (in this work, 250 waves were used for validation, and the estimation error
could be decreased by using more waves). These are typical requirements for engineering
applications. Furthermore, repeating calculations with different wave boundary condi-
tions and seeds of waves is also in scope. For this reason, the model needs to be robust
and efficient. In order to develop such a model, the model was designed with particular
attention to be computationally stable.

For this reason, the grid size was set to be relatively large (4 m, which is around 50
grid cells per peak wavelength) based on the sensitivity analysis on the grid. As far as the
results are concerned, the quality of the wave overtopping estimation in this study with a
4 m grid was good enough for a range of wave steepness of 0.005-0.015 (based on the peak
wave period), and was computationally stable. According to the SWASH manual, the
number of the grid per wavelength can be higher, especially for cases with higher waves
(e.g., 100 grid cells per peak wavelength). The overflow cases are not so critical for the
computational grid since it is not a short wave propagation case.

In engineering applications, computational stability is also very important. Compu-
tational stability is something to do with the configuration of the structure. In this study,
a quay wall (with a storm wall) was applied for most of the validation cases. For such
vertical configurations, the computational stability is less compared to sloping structures
in SWASH, based on the authors” experience. For this reason, some numeric and treatment
of computational cell centres, a relatively large threshold water level, and a relatively large
grid size were applied as described in the model settings.

The computational time was about one hour (with some scatter depending on the
cases) in a cluster with 32 processors (the machine CPUs are 2 x Intel Xeon X5550 quad
core 2.67 GHz, with RAM of 12 GB) for the physical time of 50 min. As described earlier,
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the model domain is 1000 m by 700 m, and the number of waves applied here is around
200. As stated above, the computation for engineering applications can be longer for one
case (with 500-1000 waves and potentially larger domains). Based on the computational
time applied here, the computation will be feasible with the setting developed in this
study.

4.2. Quality of Overtopping Estimation

It is also possible to estimate wave overtopping discharge using empirical formulas
based on the incident wave properties for those cases without berm (i.e., the structures are
a simple vertical quay wall for the selected cases 229 and 145). Table 2 shows the estimated
overtopping discharge using EurOtop eq 5.17 (Equation (1)) and Kim et al. [33] (Equation
(4)) as examples, see the all equations below.

= 0.047exp [—(2.35 —<)13]
HmoYp

5.17: ==
,Ian310
where g is overtopping discharge, g is gravitational acceleration, Hmo is significant wave
height, Rcis free board, and y; is a reduction factor for obliqueness. In EurOtop, for long-
crested waves, yp is expressed as follows.

)

yp =1-0.0062 for 0° < 3 < 45° (2)
yp =0.72 for 45° )

q 0.04exp ( 2.6 R, )
= 0.04exp (—— 4
ﬂgHTS,lO )/,8 HmO ( )

The yg values are given by the figure in their paper —reading the figure, yz = 0.70
for 45° and 0.37 for 80° for the long-crested waves.

The ys value is thus a crucial factor in determining overtopping discharge for oblique
wave attack. In the literature, many different values have been proposed especially for
very oblique waves (e.g., 80 degrees). This high degree of variability was also reported in
Dan et al. [4]. EurOtop recommends using a constant ys value of 0.72 for angles greater
than 45 degrees (Equation (3)), while van Gent [5] recommends a relatively higher value
(0.8 or higher for long-crested waves) based on their observation of the physical model
tests. On the other hand, Dan et al. [4] and Kim et al. [33] show much lower values for
very oblique waves (e.g., less than 0.4 for long-crested waves with a wave angle of 80
degrees). The estimation of ys value from Kim et al. [33] is interesting, since the value
remains more or less constant between 40 and 60 degrees and shows a rapid decrease
again towards 80 degrees. This rapid change can also be seen in the dataset of van Gent
[5], even though they noted that the low value was due to scale effects. The discharges
estimated in SWASH are close to the discharges estimated based on the ys value of Kim
et al. [33] (within factor 2).

As such the overtopping discharges for the very oblique waves show a large variety
of the estimation. It indicates the necessity of further study on wave overtopping estima-
tion for very oblique waves.

Table 2. Measured (physical model), simulated (numerical model) and estimated (EurOtop, Kim et
al.) wave overtopping discharge (vertical structure, no berm).

Wave q q ve q ve q
Case No [I;C] I-[Inr?]O Angle phys num. EO * EO Kim Kim
[deg] [1/s/m] [1/s/m] [-] [1/s/m] [-] [1/s/m]
D229 1.5 1.96 45 47.6 32.8 0.72 15.2 0.70 20.0
D145 1.0 2.26 80 11.8 39.5 0.72 104.5 0.37 20.2

* EO stands for EurOtop.
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4.3. Applicability

The benefit of using SWASH for the estimation of wave overtopping instead of using
empirical equations is that the model provides more information on the physical pro-
cesses. It gives average wave overtopping discharge at a point of interest and time-de-
pendent overtopping discharge, individual overtopping volume, overtopping flow thick-
ness and velocity at any location. If necessary, pressure and force can also be output [24].
In practice, the geometries and hydraulic boundary conditions are often very complex.
For instance, it is not certain how incident significant wave height can be calculated in a
3D environment—in other words, the necessary widths of energy bins (in terms of direc-
tionality) to be integrated in order to calculate incident Hno from a 3D spectrum for hy-
draulic boundary conditions. Geometries are always much more complex than simpli-
fied/schematized geometries that derive the empirical equation. There are, for example,
some bumps on the quay in front of the storm wall. Under such complex situations, ap-
plying empirical equations in combination with a specific boundary condition is challeng-
ing to estimate wave overtopping discharge. Therefore, it is a great help for engineers to
use a numerical model capable of simulating from offshore to the point of interest where
wave overtopping discharges are calculated.

This study tested SWASH for different geometrical configurations with a certain
range of hydraulic boundary conditions. However, the geometries and hydraulic bound-
ary conditions applied here could be outside the range. In this case, extra validation would
be helpful to confirm the applicability of SWASH with the necessary conditions. It was
not tested in this study, but it would be interesting to know if the model works for the
combination of overflow and overtopping, which will occur in sea level rise scenarios.

5. Conclusions

In this study, a non-hydrostatic model SWASH was applied to model flooding (i.e.,
overflow, perpendicular, oblique and very oblique overtopping) and evaluated the model
applicability. The model could generally reproduce wave overtopping discharge and
overflow well for the cases randomly selected from Dan et al. [4] and Willems et al. [16].
The selected cases from Dan et al. [4] include a simple quay configuration with a perpen-
dicular long-crested wave case (0 degrees) as a control case, quays and 1 in 2.5 sloping
dikes with various berm lengths and storm wall heights in combination with long-crested
oblique (45 degrees) and very oblique waves (80 degrees). The selected cases from Wil-
lems et al. [16] are based on a quay with various berm lengths and storm wall heights in
combination with short-crested parallel waves (90 degree waves propagate along the quay
wall). The range of the wave steepness was 0.005-0.015.

The results indicated that the model could estimate the average wave overtopping well.

Further study on the validation of wave overtopping will be useful since the variety
of the bank configuration in port environments is broad and diverse. In this study, the
number/variety of the tested cases for validation is somewhat limited. Extra validation
with different configurations and the number of test cases can give more insight into the
SWASH model for further applications.
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