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Abstract: Floating breakwaters (FBs) are frequently used to protect marinas, fisheries, or other
bodies of water subject to wave attacks of moderate intensity. New forms of FBs are frequently
introduced and investigated in the literature as a consequence of technological advancements. In
particular, a new possibility is offered by High-Density Polyethylene (HDPE) by extruding pipes of
large diameters (e.g., 2.5 m in diameter) and with virtually no limit in length (hundreds of meters).
By connecting two or three such pipes in a vertical layout, a novel low-cost floating breakwater
with deep draft is devised. This note investigates numerically and experimentally the efficiency
of this type of multi-cylindrical FBs in evaluating different geometries and aims at finding design
guidelines. Due to the extraordinary length of the breakwater, the investigation is carried out in
two dimensions. The 2D numerical model is based on the solution of the rigid body motion in the
frequency domain, where the hydrodynamic forces are evaluated (thanks to a linear potential flow
model), and the mooring forces do not include dynamic effects nor drag on the lines. The numerical
predictions are compared to the results of a 1:10 scale experimental investigation. An atypical shape
of the wave transmission (k;) curve is found, with a very low minimum in correspondence with
the heave resonance frequency. The results essentially point out the influence of the position of the
gravity center, the stiffness, and the mutual distance among cylinders on k;.

Keywords: floating breakwaters; cylinders; experimental modeling; numerical modeling; transmission
coefficient

1. Introduction

The first relevant applications of floating breakwaters (FBs) were the Phoenix and
the Bombardon FBs, constructed by the British Corps of Engineers and the British Navy
during World War II, and crucial for Normandy landings operations [1]. Since then,
different types of FBs have been used to protect marinas, fisheries, or other bodies of water
subject to wave attacks of moderate intensity. FBs are an economical and environmentally
friendly option, especially in deeper waters (e.g., 10 m), where the cost of the foundation
may be very competitive compared to other solutions, or when the tidal range is relevant
(e.g., >0.5 m) since in order to have an effective defense, the structure freeboard is necessarily
high, thus creating a large visual impact in low-tide conditions. The main disadvantage is
that the reflection and transmission coefficients are frequency dependent, and especially
long waves are poorly attenuated [2,3].

There exist several types of FBs [4,5]. Some examples are the box type, one of its
variants, the Il type (with lateral wings), and the framed FBs; see Figure 1.

Box-type FBs are basically rigid massive structures with a simple geometry, and wave
attenuation is achieved mainly by reflection. The attenuation capacity of a box-type FB
is well defined, for instance, by the classical Macagno formula [6], that states that the
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transmission coefficient k; (defined as the ratio of transmitted wave height over the incident
wave height) may be written as

k= ! (1)

kB sinh(k;h)
\/ 1+ (42cosh(kh—kd))
in which k is the wave number, / is the still water depth, and B and d are, respectively,
the width and draft of FB. The Macagno formula is based on linear potential flow (LPF)

theory for a fixed box in constant depth, and we may observe that it depends on two
non-dimensional variables, i.e., the relative draft kd and the relative width kw.

(a) (b)

Figure 1. Floating breakwaters: (a) box-type, (b) pontoon-type, and (c) framed-type.

Early experimental studies of box-shaped FBs investigated different geometries in
order to find a more cost-effective solution [7-9]. They concluded that an effective box-type
FB should have sufficient draft under the water surface and should have a comparatively
large displaced water volume. In other terms, in order to attenuate the incident waves,
the natural oscillation period of the floating body must be large enough as compared with
that of the incident wave [7].

The I'I-type design (Figure 1b) takes advantage of this concept. It has the same working
principle as the box-type but exhibits enhanced performance since it has a larger inertia
(the water trapped by the lateral wings increases the added mass). The study on I1-type
FBs [10] proposed a modification to the Macagno formula to account for typical moorings
(i.e., not-fixed FBs). The modified formula is rewritten in terms of a single non-dimensional
variable (rather than two) representing the ratio between the wave period and the natural
heave period (T;) for an unconstrained structure. T, is defined for box-type FBs regardless

of the type of constraint as
T, — 21 /d+(;.35w @)

where d is the draft, w is the beam width, and g is the acceleration of gravity. Since the ratio
T,/ Ty effectively replaces both the non-dimensional wavelength and the non-dimensional
draft as also confirmed by [11] for porous structures, it is a more convenient variable against
which to plot the transmission coefficient. In general, box-type FBs are not efficient when
the peak period of incident waves is significantly larger than T),.

Frame-type FBs (Figure 1c) are frequently composed of small cylinders (pipes) and at-
tenuate the waves mainly by reflection and turbulent losses caused by the frames. Recently,
a novel multi-cylindrical FB design was suggested that is based on large cylindrical pipes
that are vertically aligned. The design is a result of technological advancements in low-cost
Extruded High-Density Polyethylene (HDPE) pipes with large diameters (e.g., 2.5 m) and
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thicknesses of 5 to 10 cm. These pipes can be extruded directly at sea, reaching virtually
unlimited lengths of hundreds of meters [12]. By vertically connecting two or three of these
piles through heavy concrete clamps, a low-cost FB can be constructed. The lower fully
submerged pipes are filled with water, while the upper pipe is empty and provides enough
buoyancy to maintain a freeboard of half the diameter for the entire combination. This
large multi-cylindrical FB, which is allowed to heave and roll, has a large mass and hence
its performance could be, in part, similar to that of a box-type FB, but some differences are
expected due to the low center of gravity.

This paper will present, to the author’s best knowledge, the first investigation on
wave transmission past a vertically aligned multi-cylindrical FB. The aim of this note
is to study the efficiency of this type of structure and offer some preliminary design
guidelines. The performance of the multi-cylindrical FB will be examined in terms of
transmission coefficients (k;) and Response Amplitude Operators (RAOs). Several different
configurations are tested, both experimentally and numerically, and the effects of the
location of the center of gravity (CG) and mooring stiffness are examined. The investigation
is performed in two dimensions to conveniently represent the extraordinary length of
the breakwater.

The paper is organized as follows. A short literature review is presented in Section 2,
focusing on existing studies on loads and motions of horizontal cylinders, especially
studies looking into setups of two or three cylinders. Section 3 describes the experimental
methodology used to analyze the performance of the multi-cylindrical FB. It is divided in
two subsections: First, the tests are described in detail. Then, the results are shown, pointing
out the peculiar attenuation trend and the necessity for an interpretative framework.
Section 4 describes the application of a simple numerical model used to interpret the
experimental results (the model implementation is presented in Appendix A). In Section 5,
the numerical model is used to check if it is possible to reproduce the observed experimental
trend in terms of Response Amplitude Operators (RAOs) and transmission coefficients and
to investigate the influence of the depth of CG, the overall inertia, and the stiffness of the
mooring lines on the FB performance. Finally, in Section 6, the study is summarized, and
the conclusions and some design guidelines are presented.

2. Cylindrical FBs

This section recalls a number of investigations that are particularly relevant for the type
of floating breakwater here analyzed, i.e., based on a combination of cylinders. In particular,
the focus is placed on two-dimensional studies, i.e., those representing the behavior of a
very long structure such as a breakwater.

Single partially submerged cylinders have long been studied due to their relevance
to ship design. For instance, Ursell [13] shows the expressions of the added mass and the
scattered wave due to small heaving oscillations of a horizontal cylinder in 2D, followed by
experimental [14] investigations. The 2D motion of a partially submerged cylinder is also
presented in [15]. Borgman [16] studies the effect of oblique waves. Frank in [17] presents
a computer program for calculating the hydrodynamic pressure, force, and moment of
fluids on cylinders, using the 2D Green function. The approach cannot be directly applied
to the structure investigated in this paper due to the presence of a lower cylinder, but it
basically proves that the theoretical background for a numerical investigation was already
present. In [18], the complete expressions of added mass and damping for heave, sway,
and roll motion with coupling coefficients for sway and roll are given. The theoretical
solution of the hydrodynamics of a half-immersed cylinder in infinite water depth, studied
in two dimensions under beam seas (i.e., with the structure’s longitudinal axis parallel
to the incident wave crests) is studied in [19]. With regard to the resonance period of a
cylinder, [10] shows that the theoretical value of the added mass of a cylinder is 0.39D,
where D is the diameter. Assuming that the FB is cylindrical and semi-submerged and
that the added mass is negligible, the reference period may therefore be assumed to be

Ty, =~ 2m\/04D/g.
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When a floating structure is composed of two rigidly connected identical cylinders,
the most commonly studied shape is the horizontal alignment. It is studied, for instance,
in [20], where the free surface potential problem is solved, and in [21,22], where a CFD
model is used for the numerical modeling, coupled for the free surface to a level-set method
and a volume of fluid method, respectively. In [23], a smooth particle hydrodynamic model
is used, and since the pair of cylinders is actually interpreted as a floating breakwater,
the transmission coefficients are also given. For this type of structure, the experimental
transmission coefficient curve is given by [11].

Conversely, the combination of two or more cylinders vertically aligned has not
particularly been investigated. To our knowledge, it is only studied in [24], where the
hydrodynamics for the case of two fixed semi-submerged cylinders with different vertical
spacing between them is numerically simulated. The cylinder sizes are based on the
single cylinder study of [25]. The paper shows the wave loads on the cylinders, the wave
run-up, and the overtopping, and does not discuss the transmission coefficient since
the device is not specifically intended as a floating breakwater. Other studies involve
structures combining three cylinders, aligned either horizontally or in a triangular shape
(i-e., two cylinders that are surface-piercing and one that is fully submerged). In [26], the
attenuation performance of the FB formed by three cylinders is compared to the single-
cylinder behavior, under different mooring types. A disposition where the three pipes
are more distant, in a frame, is studied in [27]. These breakwaters may be considered
to be of the frame type. In [28], the theoretical background for combining many (albeit
non-vertically overlapping) bodies is presented, with an application to an array of 33
(3 x 11) vertical cylindrical legs.

In conclusion, we did not find in the literature the transmission coefficient curve
specific for a floating breakwater composed by two or three vertically aligned cylinders.

3. Physical Modeling
3.1. Test Description

An experimental investigation on vertically aligned multi-cylindrical FBs at a Froude
scale of 1:10 has been carried out in the wave flume at the Maritime Laboratory, ICEA
Department, University of Padova. The flume is 36.0 m long, 1.0 m wide, and has a water
depth at the structure of & = 0.875 m. The wavemaker is of the piston type with active
absorption. On the side of the channel opposite the wavemaker, there is a sloping gravel
beach and a floating heavy porous mattress (made of foam) to minimize wave reflection.

Three different FB configurations are tested (see Figure 2 and Table 1). Configuration
A consists of two pipes, each with a 250 mm diameter, spaced 400 mm apart. Configuration
B replicates A but includes an additional 125 mm diameter pipe positioned between the
larger pipes. Configuration C comprises two pipes with a 250 mm diameter and a mutual
distance of 300 mm. In each FB configuration, the two or three pipes are rigidly connected
to form a single rigid body. All pipes are 0.98 m long, to fit the channel width. The top
tube is sealed at both ends to prevent the passage of water, while the other tube(s) remain
open to allow water inside the tube. In practice, these massive elements have a marginal
submerged weight. An external steel frame assures that the structures behave as a single
rigid body and prevents the structure itself from breaking. Symmetrically arranged steel
rods weighing a total of 13.6 kg are inserted into the lower cylinder. These rods provide the
necessary counterweight and, at the same time, improve the stability of the model.

Table 1. Dimensions of the drawing with 3 configurations.

Configurations D (mm) D> (mm) d (mm) h (mm) K (N/m)
Config. A 250 None 400 875 1200
Config. B 250 125 400 875 1200

Contfig. C 250 none 300 875 1200
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di2
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d/2

ReR,

Figure 2. Experimental setup. Cross view of the tested FB models with 2 or 3 pipes.

The FB is moored by four lines (Figure 3), each equipped with a strain gauge to
measure the axial load. The lines are non-stretchable (Kevlar fibers) suspended by steel
springs that simulate the elasticity of the prototypical compliant mooring. The lines are
pre-stressed to avoid slack conditions; therefore, the four lines are always in tension, and
the global stiffness is four times the stiffness of the single line. In order to provide enough
flexibility and elongation to allow the spring to stretch within the elastic range, each
anchoring line is tied by nine springs arranged in three parallel groups. The global mooring
system yields a reaction force of approximately 1000 N/m and an elongation larger than
0.6 m.

Loading Cell Floating Breakwater

[
T
]

| -1

1- 1

Figure 3. Top view: mooring lines and load cells.

Some of the tests for Configuration A are repeated two times, changing the pre-stress
levels F, from 25 N to 70 N. Only the latter pretension assures that the line never gets slack
during all wave conditions and is therefore used for all the tests in Configurations B and C.

Figure 4 provides an image of the breakwater of Configuration A under the wave action.

All data recordings are triggered by the same command, thereby enabling the im-
plementation of smart, efficient, and integrated monitoring and analysis. The measured
quantities are as follows:

¢  The incident, reflected, and transmitted waves through two arrays of four resistive
wave gauges (WGs) placed in front of (offshore) and behind (shoreward) the FB,
logged at 100 Hz;
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*  The load along the four mooring lines, through four full bridge load cells with max-
imum load 250 N, analog lowpass-filtered at 500 Hz and subsequently logged at
1200 Hz;

e The movements in sway, heave, and roll, captured by a two-megapixel webcam placed
in front of the glass, recorded at 60 fps.

Figure 4. Tested FB (Config. A).

In order to better approximate the real behavior of the structure, the experimental
study considered both regular and irregular wave conditions. Nevertheless, waves in the
flume are necessarily perpendicular and long-crested, whereas in reality, the wave hits the
structure with an obliquity ranging from 0° to 90° and, in general, a non-null directional
dispersion. We expect, as shown for box-type FB in [29] through an eigenfunction expansion
method, that the transmission is lower with increased obliquity for all waves. For a
perpendicular wave attack, the directional dispersion is then also expected to reduce
the transmission coefficient. This behavior does not seem to be generalized, however.
Gesraha [30], based on the same eigenfunction technique, finds that a freely floating pi-type
breakwater is more protected from waves in the case of normally incident short waves (i.e.,
shows a lower kt for perpendicular waves in case they have high frequency). For moored
pi-type FBs, in [31], it is experimentally found that there is a significant reduction in kt for
oblique waves. Ji et al. [11] for a cylindrical (horizontally placed) pair of cylinders, find
that the transmission coefficient at 0° and 30° obliquity is similar.

The test program is given graphically in Figure 5 and includes regular and irregular
waves. The blue stars show the target incident wave characteristics generated for all
configurations, with a spring pretension of 70 N. The tests carried out also for a lower
pretension (25 N), only for Configuration A, are indicated by a red circle. Regular waves
have a (target) wave period T varying between 0.5 s and 1.6 s and a (target) wave height
H varying between 0.01 and 0.16 m (upper panel in Figure 5). Irregular waves have a
(target) peak period T also in the range 0.5 s-1.6 s, whereas irregular waves have a (target)
significant wave height H; varying between 0.02 m and 0.14 m (lower panel in Figure 5).
The tests used in the following sections for evaluating the Response Amplitude Operators
(RAOs) and the transmission coefficient are only those connected by a blue line.
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Test programme - Regular waves
} T T

02 T T T
O Pretens 25 N
* Pretens 70 N
0.15— -1
® ®
E o i
T ® ®
0.05 % —1
“*‘
0 | 1 1 I 1 I %
0.6 0.8 1 12 1.4 1.6 1.8 2
f (Hz)
02 Test programme - Irregular waves
. T T T T T T
0.15— -1
®
B
El® @ i
. ® ®
® ®
0.05 % =1
0 | 1 1 1 1 I 1
0.6 0.8 1 1.2 1.4 1.6 1.8 2
f (Hz)

Figure 5. Test program (Config. A). The measured incident wave conditions are given in graphi-
cal form.

3.2. Results in Terms of Wave Transmission

The FB performance is the measure of its attenuation capacity, described through the
wave transmission coefficient ki, i.e., the ratio between the transmitted (H;) and incident
(H;) wave heights. The incident and reflected waves are identified and separated following
the procedure proposed by [32]. In order to calculate the experimental ki, it is therefore
necessary to find the incident and reflected wave heights. These values are not completely
constant even during regular wave conditions. Hence, the regular wave tests are processed
as follows: a specific time window of 60 s is selected, in the middle of the test, checking
that stationary conditions are reached. The incident and reflected components measured at
the two arrays of wave gauges, one placed in front and one behind the FB, are separated,
to find the incident and transmitted wave components. The regular wave height is almost
constant, and the considered value is actually the rms characteristic wave height value:

o
H;j
Figure 6 shows the experimental k; for all configurations as a function of the frequency
of the incident waves. The curve is very different from the typical S-shape trend. Even
if the frequency step is small, there is no evident trend. Of course, the response at high
frequency (close to 2 Hz) is not particularly relevant, and the waves generated in the lab
are a bit distorted since the wavemaker has a low-pass filter to avoid transversal waves.
For irregular waves, the height is defined in a similar procedure as for the regular
wave tests, except that the duration of the analyzed time windows is 30 min. The wave
transmission coefficient is plotted in Figure 7 as a function of the measured peak wave
frequency, which is slightly different from the target one.

)
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Figure 6. Transmission coefficient (regular waves). It is difficult to understand the trend in the
absence of an interpretative model.
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Figure 7. Transmission coefficient (irregular waves).

The trend of the k; curve presented in Figures 6 and 7 is puzzling. It is rather different
from the typical curve that characterizes box-type FB, where the transmission decreases with
frequency. On the contrary, we see that for a wide range of frequencies, the transmission
increases. The plots reflect the observed behavior. For some low frequencies, the FB fully
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reflects the incident wave. For other larger frequencies, the FB rotates around a low center
and irradiates a wave that is almost equal to the incident one.

In order to better understand the process and support the data reliability, it is necessary
to build a model of the expected behavior. Hence, in the next section, a simple numerical
model is presented.

4. Numerical Model

A simple numerical model based on linear potential flow (LPF) theory [33] is imple-
mented in order to understand if the experimental behavior (described in Section 3) may
be considered acceptable. LPF is based on the assumptions that the fluid is inviscid and
incompressible, and the flow is irrotational, as well as that the wave and motion amplitudes
are small.

Details of the model are given in Appendix A.

In [34], the movements of a floating sphere are measured and compared with the
results of different types of numerical models, showing that the simple linear potential flow
model accuracy is acceptable even for very large displacements. Hence, this simplified
approach is considered sufficiently accurate for the aims of this paper.

Data Used in the Numerical Model

The reference system used for the description of the movements has a vertical z-axis,
a horizontal x-axis aligned with the wave propagation direction, and a center corresponding
to the center of the upper pipe (at rest condition), and the rotations are positive in the
clockwise direction. As a consequence, the stiffness matrix is diagonal but the mass matrix
is not because a rotation induces a movement of the CG. The global horizontal stiffness Cy
is given by the four springs, which partly contributes also to the vertical stiffness (due to the
slope of the lines, tan(«) = 1:7). The measured stiffness of each spring at rest is 260 N/m so
that the four springs give a total of 1040 N/m. A small calibration procedure is used to fit
the model predictions to the data achieved from Configuration A. Then, a coherent method
across the three models is followed. According to this procedure, in order to better fit the
curve measured for the sway oscillations in Configuration A, a larger horizontal stiffness is
assumed, i.e., 30% larger (Cy = 1350 N/m). This may be due to the non-linear behavior
of the springs, whose stiffness is linearized around the initial condition (pretension of
approximately 70 N).

The vertical hydrodynamic stiffness is proportional to the wet area. If the FB is in unde-
formed (undisturbed) conditions, the wet area is given by DL, where D is the upper pipe
diameter (0.250 m) and L,, is the pipe length (1.0 m). This is rarely the real wet area though
since the pipe is either higher or lower than the initial still condition, and in both cases,
the vertical hydrodynamic stiffness is lower. A better fit to the experiments is achieved
by linearizing the vertical stiffness close to the operating conditions, hence considering a
wet area equal to 90% of the undisturbed one. Therefore, the vertical stiffness (sum of the
hydrodynamic and the mooring components) is given by C, = 0.90¢DL, + C, tan(a).

The rotational stiffness is simply Cy = pgV(dy — dg), where V is the submerged
volume, dg is the gravity center, and d), is the metacenter.

The mass matrix is characterized by a single non-diagonal term arising from the
coupling between roll and sway, and it is the mass multiplied by d;. Mass M, inertia
Ipp around the axis of the upper pipe, V, dg and d), are given in Table 2 for the tested
configurations. It may be noted that there is a small deviation between the buoyancy and
weight due to the vertical contribution of the mooring pretension.

Finally, in order to achieve a better match between simulations and measurements,
a small damping in the vertical direction is also assumed: B, = 0.070HA,, where H is the
wave height and A, is the sum of the vertical footprint of the pipes, i.e., ), Ay, = D;Ly,
where D; is the pipe diameters and i spans from 1 to 2 (Configurations A and C) or to 3
(Configuration B).
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Table 2. Characteristics of the 3 configurations.

Configurations A B C
Mass (kg) 777 87.2 77.7
Inertia (kg-m?) 13.15 13.44 6.95
Volume (m?) 0.0736 0.0831 0.0736
dg (m) 0.380 0.370 0.285
dy (m) 0.266 0.256 0.200

5. Numerical Interpretation

In this section, the model is applied with the settings described above and compared
to the experimental results. Regular wave tests are generated. The purpose is to check if
there are large deviations (visually detectable) and hence the possible presence of gross
errors in the observed experimental trend. Then, the model is also applied to predict
the effect of major design variables. In fact, it is interesting from a design point of view
to investigate how the FB performance depends on parameters that do not significantly
affect the total cost, such as the radius of gyration, mutual distance between the piles,
and stiffness. The developed numerical model is used to vary these parameters, using
Configuration A as a baseline under regular waves. Even if the accuracy of the model
results is not fully demonstrated, the analysis is useful to point out how the structure
behavior depends on these factors.

5.1. Measured Oscillations

The footage of the webcam, showing the pipe position through the glass wall from a
perpendicular point of view, is analyzed using the Matlab image processing toolbox [35].
In each frame of the video, the circular shape and the central position of the pipes are
automatically detected, without the need for specific markings. There is no need for
calibration since the diameter of the pipes is measured in pixels and associated with the
known pipe diameter. This allows for tying screen movements in pixels to physical model
measurements, yielding time series data for the floating body oscillations related to the
horizontal, vertical, and roll movements.

The RAOs (Response Amplitude Operators) for heave and sway are defined by

A
RAOsway = IZV/VE‘Y (4)

where Agway is the average horizontal oscillation amplitude of the midpoint of the upper
cylinder, and H is the regular incident wave height:

_ AHEAVE

RAOHEAVE = H/2 ®)

where Aprayg is the average vertical oscillation amplitude of the midpoint of the up-
per cylinder:

ARoLL

RAO = ——= 6

ROLL = /(3L (6)

where Agor is the average horizontal rotation in radians, and L is the regular incident
wavelength.

Figures 8-10 show the experimental values of the RAOs for sway, heave, and roll as a
function of the frequency of the incident wave. The numerical prediction is also added to
the figures. The incident wave height varies with the frequency and is given in Figure 5.
In short, it can be noticed that the experimental results are pretty regular and aligned,
except for the roll RAOs for Configuration B at low frequency. The agreement between
experiments and prediction is not perfect, but the model is sufficiently accurate to predict
the trend in many cases.
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A more detailed description of the RAO graphs is given below. The experimental RAOs
for heave are presented in Figure 8. Heave is independent of the other oscillation modes,
and, in fact, the results show a typical resonator response. A clear peak is detectable for
Configurations A and C (which the model can reproduce thanks to the assumption on the
vertical stiffness described above), whereas the peak value of the curve for Configuration
B is not obvious. In the range between 0.75 Hz and 0.85 Hz, the measured values for
Configurations A and B show a small irregular step, not interpreted by the numerical
model. At 1.2 Hz, the experimental measurement for Configuration B is slightly larger than
a regular pattern would suggest.

Given the inviscid hypotheses, it is expected that the model will predict larger oscilla-
tions than the experiments. This is not true for the heave (where the damping coefficient
B; is used to achieve the observed value fitting). For the other oscillation modes, the only
damping is the hydrodynamic one (B matrix in Equations (A8) and (A9)).

The model predictions are in reasonably good agreement with the data, showing a
smaller error for Configuration A than for the other models. Actually, the calibration proce-
dure is limited since the weight is known, and the stiffness is calibrated as explained above
(to fit Configuration A). The aforementioned irregularities in the dataset are larger than the
average distance between predictions and measurements, and therefore we consider the
comparison satisfactory.
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Figure 8. Experimental values (markers) and numerical predictions (dashed lines) of RAOyEAvE.

The experimental RAOs for sway (Figure 9) and roll (Figure 10) interpret a rigid body
motion that is the sum of two rotations around a low and a high center.

For the sway, the trend in the measurement is regular in general, with the exception of
a few points. The observed trend and the differences among the different configurations
are correctly predicted by the model in the whole range of frequencies. In particular,
all RAOs for Configuration A are larger than those for Configuration C. For frequencies
f > 1.15 Hz, the RAOs for Configuration C become larger than those for Configuration B.
For f > 0.95 Hz, the RAOs for Configuration A become larger than those for Configuration
B. Quantitatively, there are some differences. The data uncertainty does not allow us to
pinpoint the exact RAO peak position; nevertheless, the experimental trend regularity is
sufficient to suggest that the predicted peak positions have an error lower than 0.1 Hz.
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For Configuration C, the model overpredicts the horizontal RAO in the frequency range
between 0.75 Hz and 1.0 Hz.
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Figure 10. Experimental values (markers) and numerical predictions (dashed lines) of RAOror .

The observed RAOs for and roll are regular (follow a smooth curve), except for
Configuration B, for f < 1.15 Hz, where points irregularly oscillate between 13.5 and
16. In the same frequency range, the predicted RAOs for roll relative to Configuration C
deviate significantly from the observations (for instance, at f = 0.7 Hz , the observed RAO
for roll is 9.5 and the predicted value is 12.5). It is also noted that predictions are larger for
Configuration C than for Configuration A, a trend not confirmed by the experiments. This
is probably not extremely relevant; however, since the real values of the observed rotations
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in these conditions are small (for example, at f = 0.7 Hz, the scaling factor for the observed
rotations is H/ (2% L) = 0.07/(2 % 3.0) = 0.012 radians, i.e., 0.5 degrees).

5.2. Measured Wave Transmission

As for the RAOS, the experimental values of the transmission coefficient k; are experi-
mentally found for the subset of regular tests denoted in Figure 5 by a continuous line.

Figure 11 shows the experimental k; for all configurations as a function of the fre-
quency of the incident waves. The numerical predictions are also plotted in the same
figure. The curve is very different from the typical S-shape trend. Both the data and the
simulations confirm the presence of a stop band between 0.7 Hz and 1 Hz, approximately.
For Configuration C, the lower experimental value is equal to 0.1, whereas for f < 0.7 Hz
and f > 1.2 Hz, the observed transmission is larger than 80%.

1 T T = =y =
) = ~-
™ - e = TINS>
0.9',\* O Y~ % ’,’ S
[ ) T /* / ¢ ol )
P - 7y = O, -
0.8+ "\ . *// // 4
! ) ’ e
\ “ 4 Vs +
oy 4 ’ B
0.7 1 I/ s
1 \ 7
! \ / 7
06 b, . ra P
‘léh + ! ’
- =1 € ¥t ’
=~ 05 ‘| W+ | / .
= L ! o
\ 1 p 1
04 X \** , I 2 i
' 1
\ O + ! /i
03 o I f
B 1 Ve N i -
\ ‘//\ *" 1
Ty v 7
0.2 A AW 4
\ ¥ 1
\ N 1
0.1k \ v ¥  Configuration A | _|
\ : \ + (U Configuration B
\/ v +  Configuration C
0 1 1 1 1 1 1
0.6 0.8 1 1.2 1.4 1.6 1.8 2
f[Hz]

Figure 11. Experimental values of the k; for the three tested configurations under regular waves.
The numerical prediction is also shown.

The simple model used does not match the observed transmission coefficient quanti-
tatively in all points (the maximum deviation occurs for Configuration C at f = 0.85 Hz,
where the observed k; value is 0.55 and the predicted one is 0.30). Nevertheless, the gen-
eral trend of the curves matches the observations. In particular, (i) at high frequencies,
the transmission decreases from Configuration B to A to C, and the experiments confirm
this; (ii) the frequency of the lower k; peak corresponds to the frequency of the observed
lower k; value (within a 0.05 Hz error); and (iii) the amplitude of the stop band frequency
range is predicted with good accuracy (error lower than 0.05 Hz).

In order to extend the model to the irregular context, the spectrum of the transmit-
ted irregular wave (for peak frequency ranging between 0.5 and 2 Hz) is computed by
multiplying a JONSWAP incident wave spectrum by the square of the k; curve computed
numerically for regular waves. Figure 12 shows the obtained k;(;,, for all configurations
under irregular waves. When the peak frequency of the considered irregular incident wave
is large, the theoretical wave spectrum has considerable energy in the range of 2-5 Hz,
i.e., outside the range of k; shown in Figure 11. For simplicity, in this frequency range
(2-5 Hz), the regular k; is assumed equal to 0.5 for all configurations, and this also ex-
plains why all the predicted curves merge. After all, as anticipated the incident waves
generated in the lab are a bit distorted for these high frequencies, which are filtered out to



J. Mar. Sci. Eng. 2024, 12, 1550

14 of 21

avoid transversal waves. Hence, the data (and the predictions) may not be very accurate
for high frequencies. Note that this extremely high-frequency range is not of interest for
practical purposes.
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Figure 12. Experimental values of the k; for the three tested configurations under irregular waves.
The numerical prediction is also shown.

5.3. Sensitivity Analyses

In order to modify the position of the gravity center in a physically consistent way,
the position of the gravity center is modified with a procedure that mimics what would
actually happen in the laboratory should we vary the vertical position of the iron bars.
The bars may be all placed in the center of the upper pipe (at depth dr, = 0), or all in the
center of the lower pipe (at depth dr, = 0.4 like in the experiments) or split in order to
obtain an intermediate depth of their gravity center. The numerical simulations take into
account the position of the bars on the computation of the overall CG and the inertia.

Figure 13 shows the effect of the CG depth in terms of k;. A lower gravity center
is associated with a wider “filter”, a lower transmission, and a shift in the peak to the
higher frequencies. In particular, when the steel bars are at the free surface (at depth
dr, = 0), the stop-band peak frequency is approximately 0.75 Hz, whereas when the steel
bars are concentrated at the center of the lower pile (Configuration A where dr, = 0.4),
the stop-band peak frequency is 9.2 Hz. The width of the stop-band frequency at k; = 0.5
ranges approximately from 0 to 0.4 Hz, respectively, for the two mentioned cases.

The simulations are repeated starting from Configuration A, changing the distance d
between the piles (see Figure 2). The mass and spring stiffness are unchanged, whereas the
position of the gravity center, metacenter, and inertia are affected coherently. Consequently,
the cases with d = 0.3 m and d = 0.4 m correspond respectively to Configurations A and C.

Figure 14 presents the results for different mutual distances between the vertical piles.
A larger distance between the piles from 0.3 to 0.5 m is associated with a shift in the stop-
band peak frequencies from 0.98 to 0.88 Hz. A further increase in the distance between
the piles of 0.6 m does not affect the position of the stop-band peak, probably because the
water depth is limited to 0.875 m, and therefore, the pipe is very close to the bed. The width
of the stop-band is not significantly affected by this variable.
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Figure 13. Experimental values of the k; for different position of the ballast.
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Figure 14. Experimental values of the k; for different distances between the vertical piles.

Finally, the simulations are repeated starting from Configuration A and changing the
global stiffness of the springs from 200 N/m to 3800 N/m in steps of 400 N/m.

Figure 15 presents the results. It may be observed that a larger stiffness is associated
with a wider stop-band filter and a shift in the peak to the higher frequencies. It is, in fact,
expected that for a stiffer system, the eigenfrequency increases.
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Figure 15. Experimental values of the k; for different values of the global stiffness.

6. Conclusions

This paper investigated experimentally and numerically the behavior of a novel
floating breakwater. The FB is comprised of two or three vertically aligned and rigidly
connected PVC pipes moored with sub-horizontal elastic lines.

The incident, reflected, and transmitted waves are observed through two sets of four
resistive wave gauges, and the wave transmission coefficient is given for a set of regular
waves. The dynamic motions are captured by a two-megapixel webcam situated in frontal
alignment with the wave flume glass. The experimental Response Amplitude Operators
are given for heave, sway, and roll oscillation.

The presence of a stop-band is clearly visible but less pronounced for the tests under
irregular waves.

The measured k; is not a typical S-shaped curve but rather a stop-band. A simple
numerical investigation is set up, based on a simple linear potential flow model, that
confirms such behavior.

By a sensitivity analysis carried out with the linear model, it is observed that lowering
the gravity center increases the stop-band effect. The width of the stop-band also increases
with the stiffness of the structure and the radius of gyration (distance between the pipes).

It should be noted that all experimental and numerical data in this work are for multi-
cylindrical FBs in model scale. Thus, with regard to full-scale investigations, there are unknown
scale effects. In the numerical model, the drag is included as an added vertical damping term.
The viscous damping is typically larger in model scale than in full scale. As the damping
term at model scale is in the same order as the hydrodynamic damping, scale effects should
be properly investigated before full-scale designs are developed based on the present study.
Further investigations require the setup of more accurate numerical models, simulating (in a
non-linear context) also the tests carried out with larger regular waves and under irregular wave
conditions (e.g., CFD to investigate possible turbulent energy dissipation occurring in the gaps
between cylinders, similarly, for instance, to the study carried out in [22]).
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Abbreviations

The following abbreviations are used in this manuscript:

CG Center of Gravity

DoF Degree of Freedom

FB Floating Breakwater

HDPE  Extruded High-Density Polyethylene
RAO  Response Amplitude Operator

Appendix A. Numerical Model

The model solves the equation of motion of the FB when the FB is free to oscillate along
the horizontal and vertical direction (sway and heave, respectively) and rotate around the
longitudinal direction (roll).

The fluid motion can be described in terms of the velocity potential ¢, satisfying the
Laplace equation:

V=0 (A1)

As the problem is linear, the potential can be conveniently written as a superposition
of incident (¢y), diffracted (¢p), and radiated potentials (¢r):

¢ =1+ ¢p+) &Y (A2)
]

where the radiated potential, in turn, is decomposed in a sum of “unit radiated potentials”
g, (ie., the radiated potential evaluated for unit velocity) multiplied by their respective
rigid body velocity component v, and the index j denotes the three modes of oscillations
(sway, heave, and pitch). In a context where the selected incident potential satisfies the
Laplace equation, the application of Equation (A1) requires that the diffraction and the unit
radiation potentials must also conform to the Laplace equation.

Today’s standard numerical procedure is to solve the potential on the boundary of the
floating body, applying Green'’s theorem through the Boundary Element Method (BEM);
see [36]. It has been recognized that the application of the BEM is beneficial since the
unknowns are only computed in the panels needed to discretize the floating body hull,
rather than in all the mesh elements that describe the body of water in contact with the
floating body. The method obviously requires a suitable Green function, and this may
introduce some complications in the case of complex bathymetries.

The model used in this paper instead solves the Laplace equation (Equation (A1l))
using the finite element method (FEM) [37,38] to find the diffraction and unit radiation
potentials. In the analyzed case, the problem is essentially two dimensional, which greatly
reduces the computational effort. The computational domain is x € [—10, 10]m in order
to include waves with a frequency up to 1.4Hz. The computational mesh is made up of
triangles with a total of N = 2437 nodes, see Figure Al. The numerical solution requires
assembling and inverting a matrix with a size that is N2.
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Figure A1. Example of mesh of the domain around the cylinders.

The boundary value problem is solved for the different configurations and wave
periods ranging from 0.6s to 4.0s, with a wave height of unity, providing the potentials
¢p and ¢g;. Figure A2 shows an example of the real part of the diffraction potential for an
incident wave of T = 0.9s entering the domain from the left.

A A A A A A A A A A A A A A A S b A A A b A b S b b b b b b B

Figure A2. Real part of the diffracted potential for an incident wave (T = 0.9s) entering the domain
from the left.

The hydrodynamic force is computed from the diffracted potential and the added mass,
and the damping coefficients are computed based on the unit radiated potentials. More
specifically, the Froude-Krylov and the diffraction force are obtained by integrating over
the rigid body the pressure that is proportional to the incident and diffracted potentials:

ij = F[]. + FD]- = ipw /S<(PI + ¢>D)n]- ds (A3)

where Fj, Fp, and Fy are respectively the incident, the Froude-Krylov, the diffraction,
and the exciting wave forces, and the index j denotes the direction of the translation
oscillations modes (1 = horizontal, 2 = vertical). The force moment (with index 3 for
rotational mode) is obtained by

Fws = Fi3 + Fp3 = ipw /5(4>I +¢p)(5x1)dS (A4)
The unit radiation force is found as the integral of the pressures of the unit radiated

potentials ¢r (computed assuming unit body velocity), and the added mass matrix A and
the damping coefficient matrix B are defined (for the translation modes 1 and 2) by

A+ =2 = [ prn;ds (A5)
where j = 1,2 and k = 1,2, 3. Since the vertical motion is independent of the others (i.e., it

does not produce horizontal forces nor moment of the force), Ay = Ajp = Az = Az =0
and By; = B1p = Byz = B3y = 0. The similar expressions relative to the rotational modes are

iB _. _»
Ag+ —% —P/4>Rk §x i) (A6)

and the two matrices are symmetric and positive.
According to Newton’s second law, the floating body dynamic movements can be

found by
[M{Z} + [KI{%} = [Fw] — [A{Z} — [BI{} (A7)
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where Mj;. is the mass matrix, Kjy is the stiffness and includes both the hydro-static restoring
force and the effects of the mooring springs, Fyy; is the exciting wave force or moment, and
x; describes the rigid body oscillations.

—iwt

In the frequency domain, the periodic contribution can be separated with e such as

7= é’e—iwt
{EA} f_‘;v'efiwt (AS)

where t represents the time, and ¢ and ﬁu respectively represent the amplitude of the
responses of the motion and the wave exciting forces. Substituting Equation (A8) into
Equation (A7) yields the following;:

(—w?[M+ A] —iw[B] + [K){¢} = {fu} (A9)
The body velocity is given by

7= ‘;i; = jwle ! (A10)
As shown in Equation (A2), the actual radiation potential is determined by the product
of the unit radiation potential (i.e., the radiated potential evaluated for unit velocity) and
the actual rigid body velocity, which is now obtained by Equations (A9) and (A10).
In conclusion, after the diffracted and the unit radiated potentials ¢p and ¢g; are
found by the LPF model, the RAOs and the k; can be found through the following steps:

(i) Find the wave exciting forces f;, through Equations (A3), (A4) and (A8)—an example
of f; for the translation modes is shown in Figure A3, upper panel (in the figure, pA
is the overall mass).

(ii) Obtain the added mass A and damping coefficients B determined by unit radiation
wave pote ntial (i.e., assuming unit body velocity) through Equation (A5) (an example
if the translation modes is shown in Figure A3, lower panel).

(iii) Find the frequency domain responses using Equation (A9) and hence the RAOs.

(iv) Compute the body velocity by Equation (A10).

(v) Build the actual velocity potential as the sum of the incident, diffracted, and radiated
potentials (the unit radiation multiplied by the computed body velocity) as shown in
Equation (3).

(vi) Extract from the actual velocity potential the transmitted and incident wave height,
and hence k;.

b)

Ao &)
B/ Aw)
- = =AJpA)

- = =B pAw)

Figure A3. Results for Configuration A, translation modes: (a) Non-dimensional exciting wave force.
(b) Non-dimensional added mass and damping coefficient.
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