THE EFFECT OF WIND STRESS ON WAVE OVERTOPPING ON VERTICAL SEAWALL
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Onshore wind can significantly affect wave overtopping process and increase mean overtopping discharge. Thus, the
wind should be an important variable in coastal design process. However, despite many researches have analyzed the
influence of wind on the overtopping, there is still a lack of exhaustive knowledge about this phenomenon. To further
analyze the wind effects, the CFD model FLOW-3D has been used to investigate wave overtopping at vertical seawalls.
The single-fluid approach has been adopted, i.e. the presence of wind has been simulated via the wind shear stress on
the sea surface. The main aim of this work is to verify the ability of this simplified numerical modelling to capture the
macro-processes involved in the phenomenon of wave overtopping. The presence of wind shear stress has led to
physically consistent results. It confirmed that as the mean overtopping discharge decreases, as the wind effect increases.
Furthermore, numerical results have shown that the advection of water droplets behind the structure by the wind is the
key mechanism for the enhancement of wave overtopping. Finally, by gathering numerical results and laboratory data
carried out by Durbridge (2021), a new predictive formula to estimate the wind factor is provided.
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INTRODUCTION

The onshore wind that blows during storms can significantly enhance wave run-up and overtopping,
increasing the risk of coastal flooding and jeopardizing people safety. As indicated in the EurOtop 2018
manual, the influence of wind on green water overtopping is negligible, while it might increase by up
four times discharges of the order of 1 I/s/m, which represents the threshold for structural damages and
pedestrians and vehicles safety. Therefore, wind should be an important variable to account for in the
design of coastal defenses against flooding.

However, despite researchers have been studying the influence of wind on wave overtopping since the
end of the last century, the full understanding and correct assessment of its effects is still fraught with
uncertainty. Most of the literature, indeed, has investigated this phenomenon through physical modelling
(among the others, de Waal 1996, Wolters 2007, Durbridge 2021), experiencing some difficulties as both
Froude and Reynolds scales are needed to analyze the wind effect on the overtopping process. On the
other hand, a few numerical studies have examined this phenomenon (Kiku and Kawasaki 2014 , Hieu
2014, Xie 2014., Di Leo et al., 2022), although numerical models have the advantage of avoiding scale
effects associated with laboratory experiments. Moreover, only a few studies have proposed predictive
equation to quantitatively estimate the influence of wind on wave overtopping. The formula provided by
Pullen et al. (2009), obtained by gathering field and laboratory data, relates the wind transport factor
fwino (i.e. the ratio of mean overtopping discharge with and without wind) to the overtopping regime,
and argues that the wind only affects discharge lower that 10 I/s/m approximately. Nonetheless, they
neglect the possible influence of other variables on the wind factor, such as the wind speed. More
recently, Murakami et al. (2020) proposed a new equation based on laboratory experiments in which the
wind factor is a function of wind speed, wave characteristics and the crest freeboard of the structure.
However, it might underestimate the effect of wind since only the water flow on the seawall crown was
taken into account (the advection of splash beside the structure due to the wind was neglected).

In this study, we use a CFD numerical model to assess the role of wind on the mean overtopping discharge
at a vertical seawall. In particular, the CFD multi-physics solver FLOW-3D HYDRO (Flow Science
2022) has been employed, which can reproduce the presence of wind using either a single or a two-fluids
approach. Among them, we have adopted the former technique that models the wind by the shear stress
it exerts on the sea surface. Despite the less rigorous modelling, we aim to demonstrate that it is sufficient
to reproduce the macro-feature of the phenomenon, namely the growth of the overtopping rate due to the
wind.

Specifically, we have tried to clarify what is the key mechanism by which the wind causes the
enhancement of the overtopping rate and to figure out the variables that must be taken into account in
order to quantify this enhancement. Finally, we have developed a new predictive equation for the wind
factor.
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EXPERIMENTS

Numerical model

In the current study, the CFD code FLOW-3D HYDRO has been used due to its reliability to deal with
wave-structure interaction problems, as demonstrated in previous works (Dentale et al. 2018, Buccino et
al. 2019a, b).

FLOW-3D HYDRO solves the Reynolds-Averaged Navier—Stokes (RANS) equations using an Eulerian
approach under the assumption of incompressible fluid flow. Imposing continuity within the flow, the
following system is then solved:
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where u is the time averaged velocity, pis the fluid density, p is the pressure, vis the kinematic viscosity,
vr is the eddy viscosity and g is the gravity acceleration. The eddy viscosity vy is determined through the
RNG k-& model (Yakot and Smith 1992), with the equations for the turbulent kinetic energy k and the
specific turbulent dissipation ¢, as follows:

ok Ok 9 [wrvok]

at J ox; dx; o, 0x; € B ®)
os de 9 [(v+vyp) 0¢ g2 £ )
g — T e Zv.P+R=0
ot " Yoy x| o, om) 2k kT

The Egs. 1-4 are integrated on a mesh of fixed rectangular cells with a finite-difference scheme, a
staggered grid arrangement is adopted. The free surface is tracked according to the Volume of Fluid
(VOF) technique (Hirt and Nichols 1981). In this volume-of-fluid (VOF) approach, the fraction F of the
cell filled with fluid is stored: F = 0 outside the fluid domain (void region), F = 1 within the interior of
the fluid, and 0 < F < 1 for cells that contained the free surface. Curved obstacles, wall boundaries, or
other geometric features are embedded in the mesh by defining the fractional areas of the cells that are
open to flow (FAVOR™ method) (Hirt and Sicilian 1985).

To maintain the stability and accuracy of the solution, a variable time-stepping is implemented. In
particular, the n" time step is automatically selected as the minimum between the user-specified time
step and a convergence time step, At"con, needed to avoid numerical instabilities. Since the advective
fluxes have been computed using a simple first order donor cell, At"con is required to meet the following
criterion:

Ax

JAzAa,

where Atcre is the time step to satisfy the Courant—Friedrichs—Lewy (CFL) stability criterion, and the
second quantity at the right-hand side of Eq. 5 ensures surface waves cannot propagate more than one
cell at time step (a; indicates vertical acceleration).

As mentioned in the previous section, the wind has been modelled introducing in the RANS equations
the shear stress that it exerts on the sea surface. If the vertical distribution of the sea wind follows
logarithmic law, the wind shear stress acting on the sea surface is typically estimated by:

AthN = mln(05 . AtCFL’ 0.5 ) (5)

T, = Pacnlo|m|U1o (6)

where pa is the density of air (1.225 kg/md), Uy is the wind velocity at 10 m above the sea surface and
Couo is the wind shear coefficient (or drag coefficient).

Experimental setup
Numerical experiments aim to analyze the enhancement of wave overtopping at a vertical seawall due to
the wind. The numerical experiments were performed at prototype scale.
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According to the literature, as the overtopping discharge diminishes, as the influence of wind increases.
Therefore, crest freeboard of vertical seawall, R¢, has been varied in order to obtain different order of
magnitude of overtopping discharge (10! + 102 I/s/m). Fig.1a shows seven different values of R
simulated, which varies from 2.23 to 9.27 m. The vertical seawall is located at the end of a multi-slope
foreshore (Fig.1b), which represents a schematization of the Havana foreshore investigated during an
experimental campaign conducted at the University of Napoli Federico Il (Lopez et al. 2015, 2016).
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Figure 1. Characteristics of the foreshore and vertical seawalls reproduced in the numerical model. Panel a)
seven different crest freeboards investigated; panel b) the bathymetry and the vertical seawall reproduced in
the numerical flume.

Both breaking and non-breaking waves have been investigated; the wave height varies from 1.5m to 8m
and two wave periods have been examined (10s and 125s).

The wind speeds simulated, U1, derive from the sea age parameter B, i.e. deep water wave celerity to
wind speed ratio, which characterizes wave condition under the action of wind (Bretschneider 1964),
Table 1. Specifically, values of B ranging from 0.5 to 1.25 represent seas under the dominant effect of
tangential wind stress; larger values, up to 10, characterize swells under weak winds.

Crest freeboards investigated for each wave condition, as well as the wind conditions, are reported in
Table 2. 34 experiments have been performed.

Table 1. Sea age parameter values and wind speeds simulated.
Co=15.61m/s Co=18.74 m/s

B[] Uio [m/s] B[ Ujo [M/s]
0.50 31.2 0.62 30.0
0.82 19.0 1.00 18.7
1.25 12.5 2.00 9.4
3.00 5.2 3.07 6.1
5.04 3.1 9.86 1.9

Table 2. Wave and wind characteristics investigated, as well as the crest
freeboards simulated for each test.

H [m] T [s] Co [m/s] R¢ [m] Ui [M/s]
TEST_1 8.0 10.0 15.61 8.27;9.27 3.1+31.2
TEST_2 8.0 12.0 18.74 2.23 1.9 +30.0
TEST_3 5.4 10.0 15.61 2.23;9.27 3.1+31.2
TEST_4 15 10.0 15.61 2.23 +9.27 3.1+31.2

The drag coefficient required in Eg. 6 has been estimated using the formula of Andreas et al. (2012),
which is one of the most recent and accurate formulations for wind drag:

0.239 + 0.0433 - {(Uy, — 8.271) + [0.120 - (U, — 8.271)% + 0.181]°5}

VCp1o = Uso (7

CFD numerical setup

A 2D-numerical wave flume was set up to carry out the numerical simulations. The bathymetry and the
structure characteristics described in the previous section are generated using a CAD software, and then
imported into the code as an STL file.
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The computational domain had only a general mesh block; a rectangular cell has been adopted
(0.4x0.4x0.15m). Previously, a grid sensitivity study based on the final overtopping volume was
performed, which is described in (Di Leo et al. 2022a,b) and omitted here for sake of brevity.
Numerical waves were generated at the boundary condition by using the Stokes and Cnoidal (Fourier
series method, Fenton (1999)) wave generator. The waves enter the computational domain and
propagates in the direction normal to the boundary. At the opposite side, behind the vertical seawall, an
“Outflow” condition has imposed, which lets the waves flow out the computational domain without any
reflections. The lateral boundaries are characterized by a “Symmetry” condition, where the velocity
gradient vanishes, and the turbulence production is zero. At the bottom, the “Wall” condition has defined,
which applies a zero-velocity condition normal to the boundary.

Finally, a list of relevant numerical parameter settings of the present study is given in Table 3.

Table 3. General parameter settings in CFD numerical simulations.

Parameter Settings
Fluid Water (20°); incompressible
Turbulence RNG

Pressure solver
VOF advection
Time step control

GMRES
Split Lagrangian method (TruVof)
Automatic (stability and convergence)

RESULTS

Physical processes
As observed by the literature (e.g. de Waal 1996 and Resio 1987), the wind can affect wave overtopping

either by raising the mean sea level (77 ) or by acting on the wave profile at the wall. The primary aim is

to assess whether the simply wind modelling adopted in this study (i.e. single fluid technique) is able to
reproduce such behaviors.

The effect on mean sea level includes either a direct effect, wind setup, or an indirect effect, wave setup.
The effect on wave profile encompasses the change in phase-averaged and time-domain wave properties
(e.g., variation of the wave height and breaking point), the deformation of the run-up wedge, or the
advection behind the structure of the droplets produced during the up-rush process.

As concerns the wind setup, it is ruled by the cross-shore balance between the time-averaged wind stress
and the hydrostatic forces, which can be integrated and parametrized in terms of the quantity A (i.e. the
shear to hydrostatic force ratio):

A=(Ty 1p)/pug h3 ®

where n accounts for the effects of bottom friction, Ip is the domain’s length and hg is the offshore water
depth. However, even if the maximum wind speed investigated is considered (Ui = 31.2 m/s), the
parameter A equals 4.7 x 10, indicating that the role of shear forces can be assumed to be negligible.
The length of the computational domain is too small (410m) to allow a significant wind setup.

The indirect effect on wave setup is due to the variation in breaking point generated by the presence of
wind. An increase in wave energy caused by the wind leads to an increase in the radiation stress gradient,
that produces a greater setup or set-down for breaking and non-breaking wave respectively. As can be
observed in Fig.2, the wind shear stress reproduces the aforementioned correlation. This is except for
two outliers circled in the figure, for which mean sea level reduces due to a reforming/rebreaking process
that occurs in the innermost part of the foreshore.

Overall, Fig.2 demonstrates that for the numerical domain investigated, the variations in mean sea water
level due to wind are too small (lower than 5%) to have a significant effect on the mean overtopping
discharge.
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Figure 2. Variation of mean sea level due to the presence of wind as a function of the profile variance ratio,
namely the variation of wave energy due to the wind.

Analyzing the influence of the wind on wave profile, the effects may be different for breaking and non-

breaking wave.

As suggested by Kiku and Kawasaki (2014), the presence of wind enhances run-up wedge and pushes
forward the droplets that otherwise would fallen back into the sea. Figs. 3a,b show that CFD model well
reproduces both the mechanisms, which lead to a consequent increase in the overtopping rate (Fig. 3c).
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Figure 3. Effects of the wind either on the run-up wedge or on the advection of the droplets behind the seawall.
TEST_3 and R; 6.77m at the time 177.5s. Panel a) no wind condition; panel b) wind U;o 19.0 m/s; panel c)
comparison between cumulative overtopping volume curves with and without wind.
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Figure 4. Variation in the breaking point due to the presence of wind, TEST_1 and R, 8.27m.

On the other hand, for breaking waves the wind may reduce the overtopping rate. The presence of
wind moves seaward the breaking point (Fig.4), as observed by Perlin et al. (2013). As greater the surf
zone, as greater the energy dissipation, which eventually results in a lower amount of wave overtopping.
However, this is not a systematic behavior. A reduction in wave overtopping has not been observed for
all breaking waves investigated. Indeed, as the order of magnitude of discharge reduces, as the wind
enhances the overtopping rate both for breaking and non-breaking waves.

Finally, we have verified the ability of wind modelling adopted to properly reproduce the
enhancement of the overtopping rate due to the wind. To this end, a qualitative comparison has been
performed between the CFD outcomes and the physical results carried out by the laboratory experiments
of Pullen et al. (2009), which have tested the same range of wind speed (Fig. 5).

The comparison shows that the influence of the wind shear stress on the overtopping is consistent
with those observed during the experiments. Laboratory data demonstrate that the wind effect increases
as the overtopping discharge decreases. Numerical outcomes well reproduce this behavior; although
more scattered, CFD data spread within the same cloud of Pullen et al.” results. Furthermore, as reported
in de Waal et al. 1996 and in Pullen et al. 2009, the wind shear stress confirms that the influence of wind
is negligible for green wave overtopping (i.e. gno-wino larger than O(102) I/s/m).
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Figure 5. Comparison between CFD and physical results obtained by Pullen et al. (2009).

A further qualitative analysis has been carried out to understand the variation in the wind effects
depending on the magnitude of overtopping discharge. Fig. 6 and 7 compare an overtopping event with
and without the presence of wind for a mean overtopping discharge of O(10%) and O(1071) l/s/m
respectively.

In the first case, there were no significant differences comparing wind and no wind conditions (Fig.
6). The wind effect seems to be negligible as compared to the momentum of overtopping water, so that
the mean overtopping discharge is not influenced by the wind.

On the other and, for the lower overtopping regime, the overtopping occurs when the wind pushes
the droplets behind the structure. Droplets may be indeed carried over the wall under its own momentum
without wind, otherwise it falls back into the sea (Fig. 7a). Therefore, for “white overtopping” the onshore
wind plays a key role in the overtopping process. The advection of water droplets represents the leading
mechanisms in the growth of overtopping rate. Therefore, a depth-integrated numerical model cannot
properly reproduce the effect of the wind on the wave overtopping, as observed by Di Leo et al. (2022b).
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Figure 6. Test with a mean overtopping discharge of the order of 100 I/s/m. Panel a) overtopping event without
wind; b) overtopping event with wind.
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Figure 7. Test with a mean overtopping discharge of the order of 0.1 I/s/m. Panel a) overtopping event without
wind; b) overtopping event with wind.

The wind factor fwino
The wind factor quantitatively indicates the influence of wind on the mean overtopping discharge:

qwinD
fwinp = ——— ©)
dNowIND

which, according to Pullen et al. (2009), assumes the following expression:

—lo _ -2 m3
fwinp =1+ 3( gqNo3WIND ) 3107 < gno-winp < 10_2% (10)

Fig. 8a shows numerical wind factors and the Pullen et al’ formula. Both exhibit a decreasing trend
with increasing overtopping discharge. However, they differ essentially in two aspects: CFD data provide
a maximum value of fwinp 0f 10 compared to 4 suggested by Pullen et al.2009; and, according to the Eq.
11, the effect of wind may already be negligible at an overtopping discharge of 1 I/s/m, while the CFD
results indicate a strong influence of wind even for larger rates. In Fig. 8b, laboratory data of Durbridge
(2021) have been shown as well. Conversely to our experiments, the 2D test carried out at Plymouth
University by Durbridge investigate the effect of wave frequency, analyzing regular and irregular waves,
while the structure’s freeboard and the offshore wave height was left constant. However, numerical and

physical results are consistent, showing a significant influence of the wind also for values of qno-wino Of
the order of 10 I/s/m.
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Figure 8. The wind factor as a function of the mean overtopping discharge. Panel a) CFD data vs the formula

of Pullen et al. (2009); b) numerical and physical results obtained by Durbridge (2021) compared to the Pullen
et al.’ formula.
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By gathering numerical and Durbridge’s experimental data, we propose a new predictive formula
(Fig. 9):
fwinp = 14 0.00037 - max{0.001, g*}~ 1062 §__, (11)

in which g” is the non-dimensional overtopping discharge:

X q

q = NE (12)

and Ss.a is the shallow water sea age:

== (13)

The expression above essentially relates the wind correction factor to the probability of occurrence
of water droplets during the overtopping events. The presence of droplets clearly reduces with increasing
the relative flow rate q" (when the overtopping regime tends to “green overtopping”) as well as with
increasing water depth. Oppositely, wave breaking occurrence in shallow water increases the generation
of droplets, which explains the use of shallow water celerity Vgh. Finally, the higher the wind speed the
higher the wind factor.
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Figure 9. The new wind factor formula proposed by gathering numerical and experimental data compared to
those of Pullen et al. (2009).

Fig. 10 shows calculated and measured wind factors, which leads to an R? statistics of 0.5. The
regression equation resulted however significant at a level of 5%. A low value of R? is not surprising
since the process which governs the formation of droplets is highly random.

Although the numerical data used to infer Eq. 11 derive from a rough modelling (single-fluid
approach), its reliability has been confirmed by comparing computed wind factors with those of Hieu et
al. (2014). The latter were obtained by performing numerical experiments with the two-fluids technique.
As a further evidence of the ability of the single-fluid approach to correctly reproduce the enhancement
of the mean overtopping discharge due to the wind, Fig. 11 indeed shows that results are quite close to
the perfect line of agreement.
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Figure 11. Comparison between wind factors estimated using Eq. 11 and those obtained by Hieu et al. (2014).

CONCLUSIONS

The main purpose of this work was to verify the ability of simplified wind modelling to capture the
macroprocesses involved in the phenomenon of wave overtopping in the presence of onshore wind. To
this end, a single fluid RANS model has been employed to investigate the wave overtopping of a vertical
seawall.

Although the presence of wind has been modelled via the single fluid approach, we demonstrated that
an appropriate shear stress can properly reproduce the physical processes observed in the literature. The
wind shear stress affects the wave profile by deforming the run-up wedge, moving seaward the breaking
point and pushing shoreward the droplets formed in the uprush phase, thus leading to a variation in the
overtopping rate. In particular, advection of droplets by the wind behind the seawall plays a key role in
enhancing wave overtopping. On the other hand, the variations in the mean water level appear negligible
in the numerical experiments performed.

Furthermore, by gathering our numerical results and physical experimental data carried out by
Durbridge (2021), a new predictive equation was proposed to quantify the effect of the wind on the mean
overtopping discharge. The new formula relates the wind factor to the mean overtopping discharge, the
wind speed and the water depth.

Future research will adopt the two-fluids approach to analyze the influence of wind on wave
overtopping. The aim is twofold: to further understand the process and to evaluate the impacts of the
wind modelling used on the results.
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