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Wave impact on a vertical wall has been investigated in a physical - and numerical
wave tank. Two different impact phenomena were explored. A flip-through, where the
front face of the wave was moving rapidly vertical due to a jet and a case with a very
steep wave were generated in a wave tank. In the latter, the front was almost vertical
and the measured pressure at impact was 60% higher than the flip-through event.

Both kinematics and pressures were measured and compared with numerical sim-
ulations. Similar features were seen in both experiments and simulations. Maximum
pressure is found when a vertical front is violently impacting on a vertical wall. A
pronounced double pressure peak is observed in the pressure measurements due to the
impact and rundown process.

1 Introduction

Breaking waves is a topic of hydrodynamic wave theory for which our insight is still very
limited. Qualitative description and classification are found in, for instance, Cokelet
(1977); Peregrine (1983) and formation of plungers have been simulated since 1976
(Longuet-Higgins & Cokelet (1976)), but a number of aspects and applications for
breaking waves still await proper analysis. In mid ocean breaking waves are important
for momentum transfer from wind to ocean currents as well as mixing of the surface
layers. From an engineering point of view plunging breakers and extremely steep waves
may present extreme loads on structures and vessels, see Peregrine (2003).

Violent impact on structures can cause damage in coastal areas and in deep wa-
ter. The pressure forces from breaking waves can be large when they impact with
structures, for example breakwaters, vessels and offshore wind turbines. There are nu-
merous of studies conducted with this topic and a recent investigation was published
by Plumerault et al. (2012). They analyzed the role of the presence of air on the impact
of braking waves on a vertical wall. Others have also studied this problem, see e.g.
Chan & Melville (1988) and Hattori et al. (1994). The SPH method has been used
extensively during the last decade to model breaking wave impact, see e.g. Dao et al.
(2013), Guilcher et al. (2012) and Guilcher et al. (2010).

Oumeraci et al. (1993) performed experiments where they generated different types
of breaking waves and measured the loads on vertical structures. A more recent and
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similar study is by Bullock et al. (2007). They investigated four different types of
impact and discussed how aeration changed the impact.

There exist several classifications of waves impacting structures; flip-through, verti-
cal wave front and plunging breakers where air is captured between the wall and water.
The flip-through phenomenon is defined as, in e.g. Peregrine (2003), a high-speed, ver-
tical jet which emerges from the toe of the wave before impact. Lugni et al. (2006)
studied the flip-through in great detail, measuring the kinematics and dynamics of the
waves when they impact. A comprehensive study by Scolan (2010) investigated this
phenomenon using potential theory without surface tension. Hattori et al. (1994) stud-
ied several of the mentioned phenomena with pressure gauges and high speed video.
The work by Cuomo et al. (2010) included experiments in a large scale flume. Irregular
waves were generated, wave loads were measured and scale effects were studied. The
wave forces were compared with existing prediction methods and also a new prediction
formulae was presented. They also include a very nice literature review of related in-
vestigations, both experimental and numerical. Kimmoun et al. (2009) have conducted
a very similar set of experiments to the present study. However, they used a flexible
vertical wall that were exposed to breaking waves.

In Jensen et al. (2003), the dynamics of incident solitary waves on the verge of
onshore plunging, on a 10.54◦ slope, were investigated with the PIV technique. Among
other things, acceleration distributions leading to reversal of breaking in overhanging
waves were reported. In Jensen et al. (2005) another set of experiments with runup of
solitary waves on a 7.18◦ slope was studied. The velocity and acceleration distribution
in massive onshore plungers are measured with PIV and computed by a VOF technique.
This investigation aimed to recognize conditions leading to extreme runup and onshore
impact of tsunamis and swells.

The present study employs the same incidents waves as Jensen et al. (2005), but
the inclination of the beach is lowered to 5.1◦ as in Smith et al. (2017). Waves may
now develop large, but well defined, plungers as opposed to the collapsing breaker
that was reported in Jensen et al. (2005). A surface-piercing vertical plate is mounted
at the beach. The aim of the these experiments is to measure the time evolution of
the pressure, which is measured at the wall with three probes, and wave kinematics.
Special attention is given to the rundown process where a second peak in the pressure
recordings is observed and also reported by Oumeraci et al. (1993). Experiments with
breaking waves only and impact on a cylinder were also conducted. These results are
reported in Mo et al. (2013) together with numerical simulation. The experimental data
were also used recently in Chella et al. (2017), validating a numerical model (codename
REEF3D).

2 Methods

2.1 Experimental setup

All experiments were conducted in the wave flume at the Hydrodynamics laboratory,
University of Oslo. The wave flume is 1 m high, 0.5 m wide and 25 m long. At one
end of the flume solitary waves were generated by a hydraulic piston attached to a
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vertical paddle and an iteration technique was used to generate a pure solitary wave,
see Jensen et al. (2005) for more details. All experiments were repeated three times.
The water depth was h = 0.205 m for all runs. Opposite to the wave paddle, a beach
was mounted with an inclination of 5.1◦ at a distance of 5.2 m from the mean position
of the wave maker to the leading edge of the beach. The experimental setup is shown
in Figure 1. Two different wall positions (W1 and W2 in Figure 1) were used in the
experiments. Wall 1 and wall 2 were located at 0.0237 m and 0.037 m, respectively,
upstream from the still water level on the beach. These walls were rigidly mounted on
to steel frames connected to the wave tank structure to minimize any motions of the
wall due to the impact of the solitary wave.

θ

h

A

W1W2

Figure 1: Sketch of the flume with the location of the two walls. Only one wall was
used at a time for each experiment.

2.2 Particle image velocimetry

Velocities were measured using particle image velocimetry (PIV). Velocities were cal-
culated using a cross-correlation method from subsequent images obtained with a high
speed video camera. Passive particles of diameter 50 µm were added to the flow and
illuminated using a Nd:YLF laser. The data acquisition rate for the measurements
were for most cases 1000 fps. Three pressure gauges with a sampling rate of 300 Hz
were flush mounted on the wall with a vertical spacing of 2.5 cm from the beach.

The surface elevation of the incident wave was measured by an acoustic wave gauge
when the wave traveled in finite depth. Figure 2 shows a solitary wave measured by
this method. Free surface profiles are also extracted from digital images obtained with
the high speed video camera to acquire a spatial profile of the solitary wave.
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Figure 2: Free surface elevation of the incident wave, A/h = 0.47.

Experimental data were collected with one data acquisition card and trigged with
the same time base. This is to secure that there is no phase lag between the different
instruments used in this investigation.

2.3 Numerical experiment

All numerical simulations were performed with a incompressible Navier-Stokes model
with codename NS3. The basic spatial and temporal discretization of NS3 follows
Mayer et al. (1998), Mayer & Madsen (2000) and Kawamura et al. (2002), using pro-
jection and a finite volume method with cell-centered variable layout on moving general
curvilinear multi-block grids using the Arbitrary Lagrangian Eulerian (ALE) approach.
Numerical time integration of the momentum equation is performed to second order ac-
curacy. To describe the free surface geometry, the VOF methodology of Hirt & Nichols
(1981) is applied. The viscous term is neglected and only the Euler equation is solved.
See also Jensen et al. (2005) for more information. The motion of the wavemaker was
measured with high accuracy and used as input to the numerical wave tank. Some
preliminary simulations without walls were performed to find the optimal positions of
the two walls. Two cases were wanted; a gentle collision and a more violent impact
with as little air captured in the wave as possible. Therefore, an incompressible solver
can be used to simulate these events.

3 Results

The same solitary wave with nondimensionalized amplitude A/h = 0.47, where A is
the amplitude of the solitary wave and h is the depth, was used for the impact with
the wall for both wall positions. The waves were plunging but hit the wall before the
overhanging part would collapse at the beach. Since the walls were located at two
different positions the impact acted at different stages in the breaking process.
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A first comparison between the laboratory experiments and Navier-Stokes solver
is presented in figure 3. This shows a comparison between a breaking wave at the
beach without any vertical wall. As mentioned earlier, a preliminary simulation was
performed to support the experimental design - especially with the choice of wall loca-
tions. Two different types of impact were generated: flip-through breaking and perfect
breaking. W1 was in a position such that the water depth was larger and a flip-through
type of impact acted on the wall. When the wall (W2) was moved closer to the shore-
line, the solitary wave was at a later stage in the breaking process, and less water was
stored up in front of the wave and a vertical front hit the wall with smaller bubbles
captured. In the literature this is referred to as perfect breaking by e.g Hattori et al.
(1994).

−100 0 100 200 300 400 500 600

0

50

100

150

200

Figure 3: A comparison between an image from the PIV recording and the Navier-
Stokes solver; free surface.

The flip-through case has no air entrapment and is a perfect case for the incom-
pressible Navier-Stokes solver. In Figure 4, the free-surface evolution from the VOF

model is shown with a nondimensionalized timestep (t
√
g/h) of 0.33. It starts in the

left panel from top with increasing time downwards with the solitary wave propagating
from right to left in each panel. The overturning begins as the solitary wave propagates
closer to the wall. At impact, the toe of the wave (the free surface at the beach and
wall) is beginning to move vertically and oppose the overturning of the crest of the
wave. This is very similar to what is described in Jensen et al. (2003) for a large am-
plitude solitary wave entering a steep beach. The runup is as expected in these figures
- a more interesting feature is in the rundown. At the beach, when the wave is prop-
agating away from the wall, a crater is created and the wave is collapsing backwards.
This feature is also observed in the images from the high-speed recordings (images not
shown).
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Figure 4: Surface profiles from NS3 simulations for the flip-through breaking case.

Nondimensional time t
√
g/h - 35 : 0.33 : 40. The horizontal and vertical axis are

scaled by the depth (x/h and y/h).

In Figure 5, raw PIV images are presented with the vector field overlaid. The left
panel shows the wave when the front is starting to accelerate along the wall. A jet is
formed along the wall and the flip-through is already ended after only a few hundredths
of a second. The right panel show the velocity field when maximum pressure is reached.
The runup and rundown is very similar to the numerical simulations shown in Figure
4. The collapsing backward feature gives rise to a second pressure peak, see Figure 6.
In this figure, both pressure measurements and simulations are displayed. A vertical
mean is calculated from the numerical pressure calculations. First runup gives an
experimental maximum of P/ρgh = 1.1 for the first pressure peak, with the numerical
value being 10% higher. The presence of the second peak is clearly resolved in both the
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experiment and numerical simulation. It should be noted that the numerical simulation
is able to capture both the phase and the magnitude of the impact and also reveal
details on the second pressure peak observed and measured in the experiments.
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Figure 5: PIV velocity fields for flip-through breaking. The blue line shows the location
of the vertical wall (W1).
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Figure 6: Pressure distribution at the vertical wall (position W1) compared with NS-
VOF simulations for flip-through breaking. Rise time: ∆t = 0.17s

In the second set of experiments, the wall was moved closer to the shoreline (W2)
to give the wave more time to overturn and a more violent event would occur. The
solitary wave was later in the breaking process when it approached the wall. The
overturning had come to a later stage in the process and the jet along the wall was
too late to overcome the steepening and overturning crest. The vertical front hit the
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wall at the same time and small bubbles were trapped between the wall and the fluid.
This is, as mentioned earlier, referred to a perfect breaking and will maybe give rise
to a maximum pressure peak in the recordings. When more air is caught in a pocket
close to the wall, the magnitude of the peak pressure will decrease and the pressure
rise time will increase. This is reported by, Hattori et al. (1994) and Chan & Melville
(1988). This case is not simulated by the numerical model, because the simulations
broke down when the wave reached the wall, but experimental results are shown. In
Figure 7, the velocity field is presented. The left panel shows the breaking wave close
to the wall. At the wall, the free surface is starting to move upwards and a jet similar
to the flip-through is formed. However, herein the velocities in the crest of the wave
are much larger at this stage of the breaking process compared to the wave speed and
the vertical front hits the wall, as shown in the right panel in Figure 8.
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Figure 7: PIV velocity fields for perfect breaking. The blue shows the position of the
vertical wall (W2).

This impact lasts only a few hundreds of a second. The wave is entering the wall
at t = 5.20 s, impact at 5.22 s and the wave is running up along the wall at t = 5.28 s
(as shown in Figures 7 and 8).
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Figure 8: PIV velocity fields for violent wave impact (perfect breaking). Left: Image
of close up of impact. Right: Raw image and PIV vector field for t = 5.2 s. The blue
line is the vertical wall (W2).

Results from all three pressure gauges are presented in Figure 9. After the impact,
the pressure increases quite rapidly and a maximum of approximately P/ρgh = 1.6 is
reached. The rundown is similar to the time evolution of the pressure shown in Figure
6.
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Figure 9: Pressure distribution at the vertical wall (position W2). Rise time: ∆t =
0.06s

The difference between the flip-through and perfect breaking is clear when the
kinematics/dynamics are compared. The kinematics of the pre-impact and post-impact
were similar. It is when the front face of the wave approached the wall that the
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difference in impact occurred. Both events produced a strong jet when the toe reached
the wall. However, since the wall was moved closer to shore for position W2, the
wave had more time to develop a plunging breaker, which acted to suppress the jet
along the wall. This is also noticeable when Figures 6 and 9 are compared. Maximum
pressure was reached for a much shorter duration for the plunging breaker (Figure
9) than the flip-through breaker (Figure 6), with rise times of ∆t = 0.06s and 0.17s
respectively. Furthermore, more oscillations were observed in the pressure recordings
for the plunging break (Figure 9). In both breaking types, the second pressure peak
was observed due to the crater and the backward collapsing wave.

4 Concluding remarks

Wave impact on a vertical wall has been investigated. A large amplitude solitary
wave was generated and was shoaling on a beach before it impacted a wall. Two wall
positions were used and mounted on the beach. Furthermore, since the wave impacted
the wall at different stages in the breaking process, two different events were occurring.
When the wall was located in deeper water, a flip-through phenomenon was observed,
where the front face of the wave was moving rapidly vertical due to a jet that was
formed at the crossing between the beach and the wall. Both kinematics and pressures
were measured and compared with numerical simulations. Similar features were seen
in both experiments and simulations. When the wall was moved closer onshore, a
more vertical front was impacting the wall. A small amount of air was entrained in
the impact and a fast rise of the pressure peak was observed. In the literature this
is referred to as a perfect breaker and gives rise to a peak pressure when a wave is
violently impacting on a vertical wall. If the wave is overturning before it is impacting
on a vertical wall, more air is captured when the wave close around. In this case,
less pressure is reported in both theoretical and experimental studies (e.g. Peregrine
(2003)).

For both cases a pronounced double pressure peak was observed in the measure-
ments. The time duration for both peaks are larger than the time the solitary wave
needs to runup and rundown on the wall. High speed imagery and high resolution
numerical simulation reveal that this is caused by a back collapsing wave that fills the
crater that is created by the rundown. A second wave is breaking in opposite direction
of the traveling wave that is going offshore. This second collapsing breaking wave is
the source that created the second pressure peak.
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