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Abstract

The increasing use of submerged breakwaters is not only due to their important
role in beach protection, but also because of their low environmental impact. In
their design process, an analysis of the pressure fields (near and along the
structure slope) under wave flow is needed. Although a considerable amount of
research has been conducted in order to improve our understanding of these
structures behaviour and establish reliable formulae for design purposes, several
outstanding questions remain.

This paper aims to present the evolution of dynamic pressure fields when the
structure is submitted to the action of regular incident waves. These pressure
fields are obtained by indirect means, through the measured horizontal wave
flow velocity component as a function of the wave phase and water depth.
Keywords: submerged breakwater, wave-induced pressure fields, dynamic
pressure.

1 Introduction

Submerged breakwaters are used for coastal and harbour structure protection.
They are usually detached and parallel to the shoreline, with their crest heights
fixed below a specified design water level to allow for the passage of some wave
energy. Since they are less vulnerable to wave action and have a lower crest
height, the required volume of material is less than for emerged breakwaters. A
number of authors prefer submerged breakwaters for coastal protection since, in
addition to defending the coastline from erosion, they (if well designed) do not
disturb the landscape scenery and thus contribute to the preservation of the
environment, which is one of the major design priorities at the moment. This
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type of structure also acts as an active primary defence during extreme wave
climates by providing some wave energy dissipation. On the other hand, they
require a more sophisticated design/project and, often, an adequate buoy/marker
system to mark navigation hazards, since their crest height is near the surface
(Lamberti & Mancinelli [12]).

The main purpose of submerged breakwater is to provide a “filtered” shelter
for the coast on their lee-side by dissipating the highest incoming waves. Like
other coastal structures, they are submitted to different kinds of wave actions
which can be predicted by wave theory analysis. These actions frequently cause
damage to maritime structures and can affect the overall strength and reliability
of blocks structures. The role of wave-induced pressure diagrams has great
importance in breakwater design, to calculate the forces acting on the structure.

In this paper a summary review of the literature will be presented, followed
by an overview of the assumptions and analysis techniques used in the current
study. A description of the experimental set-up and a discussion of the results
will also be presented. The evolution of dynamic pressure caused by regular
incident wave actions in the vicinity of submerged structure slopes, as a function
of the wave phase and water depth, will also be analysed. These results were
obtained indirectly, using laboratory measurements of horizontal wave velocities
taken in previous research projects.

2 Wave-induced pressure fields

2.1 Introduction

Submerged breakwaters have been the subject of numerous studies and
investigations. Many authors have studied the performance of submerged
breakwaters in coastal protection and pointed out advantages such as their
reduced visual and environmental impact and other benefits in comparison to
more traditional structures. The importance of a careful design (considering the
transmission coefficient, crest submergence, crest height and width, sufficient
distance from the shoreline, etc.) has also been discussed.

Some numerical approaches trying to simulate a wave field near, over and
after passing a submerged structure have also been carried out, as in Chen &
Chen [5], Lara [13] and others.

Taveira-Pinto et al. ([18], [19]), Hsu et al. [11], Gironella & Sanchez-Arcilla
[9], Browder et al. [2] and Groenewoud ef al. [10] have conducted experimental
studies to better understand the physical effects of submerged breakwaters on the
surrounding area. Most of them are concerned with the importance of wave-
structure interaction processes (e.g. wave transmission, reflection and
dissipation), the crest height and width, the ratio between the freeboard and the
wave length, sediment transport, turbulence, the gaps and the consequences of
scour, among other factors.

Since the processes and variables involved in the design of submerged
breakwaters are less understood and rather more complex than in emerged
breakwaters there is still a lot of research to be done, although in recent years
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there have been some studies which provide valuable information on the most
important forces and processes to be considered. One of those forces is due to the
wave motion, acting mostly as pressure forces (impacts) and as shear forces, on
the structure slope. On impermeable and smooth breakwater slopes, percolation
effects are not important, and forces depend only on the energy transformation
process (Taveira-Pinto ef al. [18]).

Determining the pressure fields caused by the wave action on a coastal
structure is essential to good design, by allowing the calculation of the resultant
forces. Several researchers have investigated methods of establishing these
wave-induced forces, including Fuhrboter [8], Burchart [4], Allsop et al. [1],
Martin et al. [15], Bullock et al. [3], Luis [14] and Taveira-Pinto & Neves [21].
These authors studied: (a) the wave loading on vertical, composite and perforated
caisson breakwaters; (b) the effects of wave obliquity and multidirectionality on
the response of the breakwaters; (c) the design methods for wave loading; (d) the
scale effects and (e) compared the results from field measurements with those
measured in the laboratory and predicted by theories.

An accurate estimate of wave-induced dynamic pressures is essential,
therefore, as it allows calculation of the wave forces and moments acting on a
structure slope.

2.2 Dynamic pressure evaluation

The wave flow interference with a submerged breakwater generates a standing or
partially standing wave field (caused by the reflection of the incident wave). A
part of the incident energy is transmitted and the remaining part is absorbed by
the structure (Taveira Pinto [19]).

The linear theory (Demirbilek & Vincent [7] provides a good first estimate of
wave parameters. Waves are considered as two-dimensional and of small
amplitude, and the nonlinear terms in the boundary conditions are ignored. This
is only possible when velocities are small, e.g., when waves have small
amplitudes.

The pressure field, p, associated with a partially standing wave is determined
from the unsteady Bernoulli equation, developed for non-rotational flows and
expressed by

P 1 of
E+gZ+E(u2+V2)_E=C(t) (M

where p represents the pressure in a point at the depth -z, p the fluid mass
density, g the gravitational acceleration, u and v the horizontal and vertical
components of velocity, respectively, and ¢ the velocity potential.

Dean & Dalrymple [6] reduced the previous equation to

P @ e
p ot
by neglecting the small velocity square terms, for a point at depth - z.
A partial standing wave is produced by the interaction of two progressive

waves moving in opposite directions, with wave heights equal to half of the
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standing wave height and having the same period. Thus, the velocity potential
for partially standing waves is given by the subtraction of the velocity potential
of two progressive waves,

H, g cosh [k (z+ d)]

b= _Hi gwse}n(kx —ot)+—L=— "+ “sen(kx + ot +¢)
2 o cosh (kd) 2 6 cosh (kd) (3)

_ g cosh [k (z+d)][ H
26 cosh (kd) !
where H; and H, represent the incident and the reflected wave heights
respectively, k is the wave number (equal to 27/L), L is the wavelength, o is the
angular frequency (equal to 27t/T), T is the wave period, d is the water depth and
¢ is the wave phase delay, induced by the reflection process (equal to zero in the
case of theoretical total reflection).
The height of the reflected wave can be calculated by
H, =C.H; 4)
where C, represents the reflection coefficient.
Rearranging equation (2), one can obtain

sen(kx — ot) + H,sen(kx + ot + 8)]

o
p =—pgz+p—
ot )
= —pgz +p HiEM [cos(kx —ot) + C,cos(kx + ot + a)]
—— 2 cosh (kd)
hydrostatic
pressure, pp dynamic

pressure, pq
Looking at equation (5) one can say that the resulting pressure, p, will be the
contribution of two effects: the hydrostatic pressure and the dynamic pressure
due to acceleration and directly related with the water elevation.

3 Indirect analysis of dynamic pressure

3.1 Introduction

The main objective of this work was to assess dynamic pressure profiles, pg,
acting on a submerged breakwater. Experimental data from the measurements
undertaken in the Hydraulics Laboratory of the Faculty of Engineering of Porto
and a theoretical approach were used to calculate dynamic pressure from the
horizontal component of the velocity at different points along the slopes,
measured during previous projects. Two structures were tested (one rough and
one smooth) and horizontal velocity measurements were obtained for regular
incident waves.

3.2 Dynamic pressure and the horizontal velocity component

Isolating the term corresponding to the dynamic pressure, py, from equation (5),
gives

cosh [k (z+ d)][

o B (6)
= = cos(kx — ot) + C,.cos(kx + ot + €
Pa=PHI ) ( )+ Crcos( )]
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According to linear wave theory, the horizontal component of velocity is
expressed by
_@_icosh[k(z+d)]

u= =
ox 20 cosh (kd)

[—kHi cos(kx —ot) + kH,cos(kx + ot + a)]

g coshlk@+a)] o @)
26 cosh (kd) (- K)[cos(kx — ot) — ¢, cos(kx + ot +£)]
kgeoshlk@rd] oo
's2  cosh(kd) [cos(kx — ot) — C, cos(kx + ot +&)]
Equation (6) can be re-typed Els folloTvs;
gceoshlk(z+d) -
Pa_ 2 cosh(kd) [cos(kx — ot) + C, cos(kx + ot + )]
vy kegcoshlk@ s ) ®

cos(kx —ot) — C,cos(kx + ot + &
's2 cosh (kd) [ (kx = o) = Creos(ix +.0 )]

_ o cos(kx —ot) + C,cos(kx + ot + &)
k cos(kx —ot) — C cos(kx + ot + €)
which is equal to

cos(kx —ot) + C, cos(kx + ot +¢)
py = puC )G ©))
cos(kx —ot) — C, cos(kx + ot +€)

where C represents the wave celerity, equal to L/T, assuming that it remains
constant in the vicinity of the structure.

Hence, it can be concluded that by knowing the values of p, C, u, Cr and ¢,
one can estimate the dynamic pressure, pq, at different x positions.

24.5m

=N fosm

Figure 1: Layout of the FEUP Hydraulics Laboratory (1-Wavemaker; 2-
Dissipating beach; 3-Model; 4-Thin dividing wall; 5-Traversing
table).

4 Experimental set-up

Velocity measurements were carried out in a unidirectional wave tank at the
Porto University Faculty of Engineering, schematised in Figure 1. The wave tank
is 4.8 m wide, 24.5 m long, and has a maximum water depth of 0.60 and 0.40 m,
near the piston-type wave generator and in the measuring section, respectively.
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To avoid three-dimensional effects and wave diffraction during the tests with
regular waves, a thin dividing wall was used to isolate the measuring section
from the rest of the tank. A gently inclined absorbing beach was also constructed
to reduce wave reflection by dissipating wave energy.

Wave probes, placed in the section where the horizontal velocity component
was measured, recorded simultaneous measurements of the instantaneous water
surface elevation. A detailed description of the experimental set-up can be found
in Taveira-Pinto [19].

Horizontal velocity component measurements were made using a Laser
Doppler Anemometry optical system (Argon-lon Laser Spectra-Physics Stabilité
2017S operating in single-mode with 2 Watts of power and an optical system
consisting of 55X modular LDA optics based on a Dantec fibre optic system and
a 60 mm probe, working in a backscatter configuration). These measurements
were taken in different locations, successively nearer to the breakwater and in the
seaward and landward slopes, as indicated in Figure 2.

|
I
|
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Figure 2: Location of the profiles.

Two models were tested, a rough one and a smooth one, with a crest width of
0.20 m. They had similar dimensions but different roughness qualities. The
structure was 0.20 m height and had 1V:2H slopes.

5 Results and discussion

The measured regular wave conditions selected for this study were the following:
water depth, d, equal to 0.22m; mean measured wave height, Hm , equal to 0.037
m; mean measured wave period, Tm, equal to 1.21; mean measured wave

length, L, equal to 1.56 m and mean measured wave celerity, Cm, equal to
1.30 m/s.

The reflection coefficients and the wave phase delay of the smooth and the
rough model were calculated, giving a reflection coefficient of 0.114 and 0.068,
and a wave phase delay of 65° and 18° respectively, Taveira-Pinto [19].

The evolution of the horizontal velocity and the dynamic pressure along the
wave phase were analysed for each measurement point, see Figures 3 to 6. The
measured values were compared with those obtained by the linear wave theory
for a reflected wave field. As mentioned before, the dynamic pressure was
calculated from the mean measurements and from the theoretical (linear theory)
horizontal component of the velocity. The figures represent the measurements of
profile at x =0.5 and at x ’=1.0 m, for the smooth and the rough model.
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Figure 3: Evolution of horizontal velocity and dynamic pressure along the wave
phase (Profile at x =0.5 m, smooth model).
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Figure 4: Evolution of horizontal velocity and dynamic pressure along the wave
phase (Profile at x’=1.0 m, smooth model).
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Figure 5: Evolution of horizontal velocity and dynamic pressure along the wave

phase (Profile at x '=0.5 m, rough model).

During their propagation, waves deform and begin to shoal when interfering
with the rising front of the model (due to the water depth reduction), giving rise
to an asymmetric profile and, finally, to an unstable situation where they break
(in the crest zone). When this non-linear wave decomposition process starts, the
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use of the linear wave theory is no longer valid. For this reason, we have only
used this approach on the seaward side of the structure and in the offshore slope
until x’=1.0 m.
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Figure 6: Evolution of horizontal velocity and dynamic pressure along the wave
phase (Profile at x '=1.0 m, rough model).

The results of the dynamic pressure for the rough model seem to be in better
agreement with the theory than the respective values for the smooth model. This
could be explained by the small phase difference verified in the smooth model
between the measured velocities and the theoretical ones, which does not occur
in the rough model. The dynamic pressure (eqn. 9) depends directly on the value

cos(kx —ot) + C,cos(kx + ot +€)

cos(kx —ot) — C,cos(kx + ot +€)

, which becomes very high when the

theoretical horizontal velocity is near zero. If, in this instant, the measured
horizontal velocity is not near zero, the dynamic pressure will be very over-
predicted.

As expected, the dynamic pressures in the smooth model are higher than in
the rough model, as they are not attenuated as much.

6 Summary and conclusions

This study demonstrates a methodology to determine the dynamic pressures
through the horizontal wave flow velocity component. Although other tests were
carried out, only one case for regular waves is presented in order to present the
methodology used. Wave-induced dynamic pressure fields for the reflected field
were calculated using linear wave theory using the theoretical approach
presented, considering that the celerity remained constant until x =1 m.

For all cases, high velocities and, therefore, high dynamic pressures occurred
in the upper measurements, for the higher z/d values closer to the water surface.
The closer the measurements were to the structure the higher were the velocities
and, consequently, the dynamic pressures due to the reduction of the flow
section, which led to the increasing velocities.

The calculation of the total horizontal dynamic forces by integration of the
pressure field could be useful in determining the more sensitive areas of a
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submerged breakwater, where special care can then be taken in its construction.
These conclusions can be particularly important in further investigation on
defining critical stability areas. More research, with a wider range of input
conditions under regular and irregular sea states closer to prototype conditions, is
also being performed.
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