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Abstract: In this paper, a model for dynamic analysis of array of floating breakwaters is developed
and tested. Special attention is given to modeling connections between neighboring elements of the
array. A linear three-dimensional floating multi-body formulation is used as a foundation for the
presented model. An additional stiffness matrix is derived which introduces the influence of the
connections onto motion of the array. The stiffness matrix is used to couple motions in vertical and
horizontal planes i.e., the connections are modeled in three-dimensions. The equation of motion
is solved in the frequency domain. The newly developed model is tested on an array of three
connected breakwaters. The motion and the performance of the breakwater array are investigated
under different significant heights and directions of the incoming waves.

Keywords: connected floating breakwaters; multi-body hydrodynamics; hinge connections

1. Introduction

A port or a marina, as part of the sea water area that is intended for safe keeping of vessels,
is normally exposed to significant wave loads. The waves can damage vessels inside, as well as
port facilities such as berths or mooring equipment. In order to establish protection against waves,
breakwaters are often used.

Nowadays it is common for large ports to be built in areas of relatively high sea depths where
bottom founded breakwaters cause difficulties in construction and increase the cost of the installation.
For this reason, floating breakwaters are frequently used due to their relatively cheap construction.
This kind of breakwaters has been proven to be efficient in providing shelter from waves regardless of
the sea depth, tidal variations, and the seabed conditions. The physical rationale for using floating
breakwaters is that, according to the usual wave theories, most of the wave energy can be found at the
free surface or nearby i.e., at the same location where the breakwaters are installed.

The main characteristic of every breakwater is the wave attenuation that is obtained in the protected
area. The attenuation can be achieved by different physical mechanisms. One such mechanism is the
reflection of the incoming waves on the vertical sides of floating breakwaters [1]. In contrast, the wave
breaking approach is based on the dissipation of the incident wave energy on the inclined surfaces of
the breakwater (imitating beach inclination) and it is the most common approach used in the bottom
fixed breakwater design [2]. Furthermore, there are friction type breakwaters that disturb wave particle
orbits and reduce flow velocity through its submerged parts. These submerged parts are typically
frame structures added to the floating parts of the breakwater.

Numerical models for the analysis of breakwater dynamics and their wave attenuation performance
are as diverse as their design. In the following, only those models are considered that include connections
(hinges) within the structure of the breakwater, and in which these connections play an important role
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in the response and the efficiency of the breakwater. A representation of connected floating breakwaters
can be found in Figures 1 and 2. Hinges are used in a special type of breakwater that resembles the
tethered breakwater [3]. The floater is tied to the seabed directly by the hinge. The floater itself is in the
form of a vertical plate forming a kind of a wave barrier. Similar to the conventional tethered breakwater
design, this special type also moves like an inverted swinging pendulum. Additional mooring lines
are installed sideways to increase the restoring moment of the breakwater. The fluid dynamics can be
modeled by using linearized potential flow theory (in two dimensions) in combination with boundary
value approach [3]. The hinge can be modeled as an additional kinematic condition. The motion of
the breakwater is modeled simply as rotation around the hinge (translation displacements are not
permitted). The developed model is solved in the frequency domain [3].
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A (single) deformable body model can be used to analyze dynamics of an array of connected
floating breakwaters [4]. This model has been developed by extension of the frequency domain model
used for the analysis of motions of a rigid three-dimensional floating body through wave radiation and
diffraction. The model considers continuous structural deflections as well as discontinuous deflections
that can be used for modeling interactions of multiple floating bodies. A deformable body deflection
(under wave loads) is defined by an expansion of chosen modal shape functions and afterwards the
response in each mode is evaluated. A similar approach can be found in forced vibration analyses
of elastic structures by the modal decomposition technique. In case of separated (rigid) floating
bodies that are connected mechanically (by hinges), a special set of shape functions is chosen, the
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so-called hinge modes that are appropriate for such a discontinuous structure [5]. A hinge mode can
be defined as a triangular elevation of two neighboring breakwaters [6], the so called tent function,
while other breakwaters are kept at zero elevation. Here, the top the triangle (or the top of the tent)
is set at the hinge that connects the two neighboring breakwaters. The total number of hinge modes
equals to the number of the hinge connections. The described approach is capable of further extension
i.e., incorporation of mooring lines as an additional stiffness in the breakwater installation [7].

Floating breakwaters are rarely made as a single construction. Usually, arrays of breakwater
elements of some type are connected together around a sheltered area. These connections certainly
affect the motions and effectiveness of the breakwater and thus are important part of the breakwater
design. Therefore, it is useful to develop mathematical (and numerical) models that could treat a
number of connected floating breakwaters.

In this study, a multi-body model for dynamic analysis of a floating breakwater array is developed.
A box-type floating breakwater is considered. Each element in the array of connected breakwaters is
considered as a single rigid three-dimensional body. The starting point for the development of the model
is the equation of motion of floating bodies that is based on the linearized radiation/diffraction potential
theory [8,9]. Hydrodynamic reactions (added mass and radiation damping) are evaluated, and all
bodies i.e., mutual hydrodynamic influence of different bodies, are taken into account. Restoring forces
are modeled through the global stiffness matrix. Usually, the global stiffness matrix is composed
of local stiffness matrices for each floating body that are evaluated through hydrostatic calculations.
Such a stiffness matrix would result in uncoupled motions of the breakwater array (at least from the
standpoint of restoring forces). In this study, however, the global stiffness matrix is supplemented with
additional stiffness matrices for every connection within the breakwater. Therefore, a fully coupled
model of all elements in the array of connected floating breakwaters is developed i.e., motions of the
array of floating breakwaters with connections can be considered within the hydrodynamic analysis.

2. Overview of the Floating Breakwater Designs

There are several types of floating breakwaters available at the market, which primarily differ in
their shape and the physical mechanism(s) responsible for the wave attenuation [10]. In the cases with
long waves, floating breakwaters are found to be relatively inefficient in comparison to their bottom
mounted counterparts. Different types (or forms) of floating breakwaters are therefore developed to
resolve this deficiency. Overall, seven main types can be found in the literature [11], which are shortly
described in the following text. Graphical schemes, depictions, and a critical comparison of different
types of floating breakwaters can be found in reference [10].

Traditional breakwater types usually rely on one of the three physical mechanisms for reducing
waves described in the introduction. For example, box-type and pontoon-type breakwater have
vertical sides and therefore reflect the incoming waves [12,13]. In some studies, an improvement of the
pontoon-type breakwater is proposed, which consists of converting the space between pontoons into
an air chamber. The tuning of the air pressure within the chamber is then used to adjust the resonant
period of the breakwater [14]. Another approach is to use the nozzle outlet (on top of the air chamber)
in order to achieve pneumatic damping [15].

A modern approach in the breakwater design is to use and combine different mechanisms for
wave attenuation. These combinations arise quite naturally, since on any floating body, all of the
described mechanisms of wave attenuation can be observed. For example, the frame type breakwater
consists of pontoons onto which submerged frames are attached. Concrete pontoons (that usually
cause a reflection of incoming waves) are additionally equipped with submerged porous treated timber
fences. These fences are installed on either side of the pontoons in order to disturb the wave particle
orbits [16]. Cylindrical floating breakwaters are made of rigid cylinders equipped with a flexible mesh
cage containing a number of suspended balls. By using this approach, the attenuation of long waves is
significantly improved by the attached mesh, [17].
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The development of mat-type breakwaters is primarily inspired by using recycled materials
in order to obtain a cost-effective product, rather than just by improving the wave attenuation.
For example, used car tires can be employed as the main construction element in a cost-effective
breakwater [11]. In this design, the tires are connected with high-strength rope or cable in a nearly
rigid mat where neighboring tires move relatively little with respect to each other [18]. In the modular
design, [19], tire bundles are connected to form a flexible mat i.e., to form a kind of a flexible wave-maze.
The pipe-tire floating breakwater [20], utilizes rigid steel tubes that are interleaved into tire arrays
in such a way that only flexible rubber connections exist between the tire mazes and the steel tubes.
The mat-types are not necessarily constructed from tires, as PVC circular tubes can be used as well [21].
In general, this breakwater type uses friction between the floaters and the sea water in order to dissipate
the wave energy. Therefore, the width of the breakwater has to be relatively large in comparison to the
incoming wave length.

Horizontal plate type breakwater can be comprehended as an elastic coating of the sea surface.
In this design, besides the breakwater dimensions, an important role in the wave attenuation is played
by the rigidity of the plate along with its boundary conditions [22]. Perforated i.e., porous plates are
used in order to reduce wave forces acting on the breakwater along with the reduction of the plate
deflection. Furthermore, porous plates achieve better wave dissipation [23]. The effectiveness of this
breakwater type can be improved by adding nets beneath the plate [24]. These nets can also reduce the
current velocity which in some cases is beneficial. A special variation in the design of horizontal plate
breakwaters is the sub-plate breakwater that dissipates waves by suppressing the wave particle orbits
in the vertical direction along with wave breaking on plate edges [25].

The tethered type of floating breakwaters comprises an array of floaters that are tethered to the
seabed by individual strings i.e., mooring lines [26]. These floaters are held submerged (or partly
submerged) by some kind of ballast units. Generally, the characteristic dimension of the floater is
designed to be equal to the wave height. The floaters are usually spherical. Each floater has its
own ballast unit which is designed with excess mass that ensures that the ballast rests on the seabed.
In another version, the ballast units can be joined together in one large unit that is positioned above the
sea bottom with mooring lines and anchors [27]. In all versions, the floater moves periodically (like an
inverted swinging pendulum) due to the incoming waves. The dominant attenuation mechanism is
the drag (friction) resulting from the floater relative motion i.e., the relative velocity with respect to
the fluid particles [28]. The relative velocity of the floater is high for long waves so that this type of
breakwater is effective in attenuating long waves [29].

3. Mathematical Model

3.1. Multi-Body Hydrodynamics

The hydrodynamics of bodies in close proximity i.e., multi-body hydrodynamics modeling
technique has been developed in the past, primarily to meet the needs of offshore oil and gas industry.
A typical task is the determination of relative motions of LNG-FPSO (Liquid Natural Gas Floating
Production Storage and Offloading) and a side-by-side positioned LNG carrier taking into account
hydrodynamic interactions of the vessels under analysis [8] along with the influence of the mooring
system [9].

The response of a single floating body to incoming waves is generally expressed by(
[K] −ω2([M] + [A]) + iω[B]

)
{δ} = {F} (1)

where [M] is the mass matrix of the body due to its own mass while [A] is the added mass matrix. Letter i
is used for imaginary unit. Hydrostatic stiffness is presented by matrix [K] and matrix [B] is the radiational
damping matrix. The first order wave forces are given by vector {F}. The equation is based on the
linearized radiation/diffraction potential theory. It is normally solved in the frequency domain for a
given incoming wave frequency ωin order to obtain the (complex) amplitude of the body motions {δ}.
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In Equation (1) there are 6 (complex) equations corresponding to the six degrees of freedom (6 DOF) of a
single body. Thus, all matrices are of size of 6×6 and the two vectors are of size of 6×1.

The multi-body problem can be also solved by using Equation (1). However, the overall number
of equations is then increased to 6N where N is the number of bodies having 6 DOF each. Consequently,
the size of matrices is increased to 6N×6N and the size of vectors increases to 6N × 1. The linearized
radiation/diffraction potential theory may still be used. The added mass matrix [A] and the damping
matrix [B] are obtained considering all the bodies in order to ensure that hydrodynamic coupling
(between the bodies) is achieved. Similarly, the force vector {F} is obtained considering the mutual
influence of all the bodies. Only the hydrostatic stiffness matrix [K] is evaluated in an uncoupled
manner since the hydrostatic forces are individual for each body. Finally, motions of the multi-body
system are obtained in the frequency domain (just as for the single body) and the overall amplitude
vector {δ } is calculated, which contains complex amplitudes of motions of all the bodies in 6 DOF.

3.2. The Connection Model

The connection between two floating breakwaters can be understood as a stiffness force
(i.e., restoring force). The connection itself has a negligible mass, so that inertial forces due to
the connection structure can be ignored. As for the damping forces, they may occur due to the
relative velocity with respect to the surrounding fluid or due to the intrinsic damping of the material
used. However, since the connection is characterized by relatively small dimensions, the damping
forces are also negligible, as can be seen in Figure 1. The forces at the connection are dependent of
the displacements of the observed bodies (where displacements of one breakwater influences the
displacements of the whole array of connected breakwaters). Therefore, Equation (1) must be extended
from the standpoint of the stiffness forces. More precisely, the hydrostatic stiffness matrix [K] must be
supplemented with an additional stiffness matrix for each connection.

In order to formulate the additional stiffness matrix it is necessary to define a connection point,
where the connection with another breakwater is made. In Figure 2, C1 and C2 are the connection
points attached to the first breakwater and the second breakwater, respectively. Letter O represents a
(global) stationary reference point while O1 and O2 are the reference points attached to the breakwaters.
All considerations are done in a Cartesian three-dimensional coordinate system so the Cartesian vector
notation with bold font is used. In Figure 1 the breakwaters are presented in the initial state without
any displacements. Vector p1 is a position vector of point O1 with respect to point O and point C1 is
defined by the vector r1 (with respect to point O1). These vectors are defined in the initial state and are
thus constant in time. An analogous description is valid for vectors p2 and r2. Points C1 and C2 are at
the same position in the initial state, so that the relationship of the position vectors can be formulated as

p1 + r1 = p2 + r2 (2)

At some instant of time, the breakwaters will be moved by waves so that the position of the
connection points will change. Figure 2 shows the relative position of the connection points denoted
by the vector u. The translational and rotational displacements of the first breakwater are given by
vectors δ1 and α1, respectively. The denotations δ2 and α2 are related to the second breakwater. By
the vector analysis and by Figure 2 the following expression is obtained

p1 + δ1 + r1 +α1 × r1 + u = p2 + δ2 + r2 +α2 × r2 (3)

and simplified by using Equation (2) to the form

u = δ2 − δ1 +α2 × r2 −α1 × r1 (4)

where × is used to denote the cross product. Equation (4) brings into relation the displacements of the
neighboring breakwaters and the relative position of their connection points.
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Equation (4) describes the kinematics of the observed problem set, but to fully develop a useful
connection model, it is necessary to observe the dynamics. For this purpose, the connection itself can
be assumed as a linear spring. The forces exerted at the ends of the spring can formulated as

F1 = ku (5)

F2 = −ku (6)

where k is the stiffness coefficient of the spring, assumed to be a constant scalar value i.e., the connection
stiffness. Force F1 acts on the first breakwater trough the point C1. Likewise, the force F2 is exerted on
the second breakwater. These forces generate moments on the breakwaters with respect to associated
reference points O1 and O2, as follows

M1 = (δ1 + r1 +α1 × r1) × F1 (7)

M2 = (δ2 + r2 +α2 × r2) × F2 (8)

where the terms in the brackets are the levers, as can be seen in Figure 2.
The above equations can be written in a concise form as follows:

{FC} = [KC]{d} (9)

With
{FC} =

〈
F1 M1 F2 M2

〉T
(10)

And
{d} =

〈
δ1 α 1 δ2 α2

〉
T (11)

where T stands for transposal of a vector or a matrix. Vector {FC} denotes the connection forces and has
the size of 12×1. Vector {d} is of the same size containing displacements of the connected breakwaters.
Matrix [KC] is represented schematically (i.e., not in rigorous matrix notation) as

[KC] = k


−1 − . . .× r1 1 . . .× r2

−r1 × . . . −r1 × (. . .× r1) r1 × . . . r1 × (. . .× r2)

1 . . .× r1 −1 − . . .× r2

r2 × . . . r2 × (. . .× r1) −r2 × . . . −r2 × (. . .× r2)

 (12)

where (the dots) represent proper position of the translational or the rotational displacements (to be
in consistency with the cross product rule). The obtained matrix has the size of 12×12 and relates
the displacements and the connection forces. During the formulation of Equation (12), the non-linear
terms are neglected since Equation (1) is linear and solved in the frequency domain [30]. In models
were the non-linear terms are included, the motions equation is solved in the time domain [31,32].

Connection forces can be comprehended as external forces acting to the neighboring breakwaters.
Therefore, vector {FC} is added at the right-hand side of the Equation (1). By moving it to the left-hand
side, the final form of the additional stiffness matrix for connection [C] is obtained as

[C] = k


[I] −[R1] −[I] [R2]

[R1] −[R1][R1] −[R1] [R1][R2]

−[I] [R1] [I] −[R2]

−[R2] [R2][R1] [R2] −[R2][R2]

 (13)
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with substitutions

[R1] =


0 −r(1)3 r(1)2

r(1)3 0 −r(1)1
−r(1)2 r(1)1 0

 (14)

and

[R2] =


0 −r(2)3 r(2)2

r(2)3 0 −r(2)1
−r(2)2 r(2)1 0

 (15)

where [I] is the identity matrix of size 3×3. Here, denotations r(1)1 , r(1)2 and r(1)3 are used for the
components of vector r1. The same analogy is applied for vector r2.

It should be noted that vector {F} in Equation (1) has the size 6N×1 where N is an arbitrary
number of bodies while the vector of connection forces {FC} is size 12×1 since it only incorporates
forces and moment between two adjacent bodies. Similarly, matrix [K] has the size 6N×6N while the
connection force matrix [C] has a size of 12×12. Therefore some attention is needed, but nothing out of
ordinary, when matrix [K] is supplemented with matrix [C]. The proper position of adding the [C]
matrix is defined by the displacements amplitude vector {δ } from Equation (1) which contains the
displacements amplitudes of all floating breakwaters in the array. The same procedure is used when
forming the global stiffness matrix of a structure and performing structural analysis by using the finite
element method.

4. Case Studies

The case studies are conducted with three generic (identical) breakwaters connected in one array.
The main properties of one breakwater are presented in Table 1. Irregular waves are assumed with
significant wave heights of 1.1 m, 1.2 m and 1.3 m. Two incoming wave directions are examined: 60◦

and 90◦ (beam waves). The sea depth is set to 8 m. The Tabain wave spectrum [33], specific for the
Adriatic sea, is used along with the JONSWAP spectrum. The Tabain spectrum is based on only one
parameter, the significant wave height, while the the JONSWAP spectrum is also based on the peak
period (besides the significant wave height).

Table 1. The properties of the breakwater.

Designation Quantity Unit

Length 19.5 m
Beam 5.8 m
Depth 2.3 m

Draught 0.75 m
Displacement 87.4 t

Vertical center of gravity 0.62 m
Roll radius of gyration 6.03 m

Pitch/yaw radius of gyration 2.42 m

The calculations are conducted within software application HydroStar [34] which provides the
computation of first and second order loads and motions for arbitrary bodies in deep and finite
depth waters, with or without forward speed. The software is based on the potential flow theory
and 3D boundary element method and it is capable of dealing with multiple floating bodies in the
close proximity.
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The panel model of the breakwaters is presented in Figure 3. In the first step, the hydrodynamic
reactions (added mass and radiation damping) are evaluated, as well as the linear transfer function
(LTF) for the first order wave forces. In the next step, the response amplitude operators (RAOs) for each
of the three breakwaters are calculated. The viscous damping is set to 5% of the critical damping for
the roll motions. In this step, the newly developed additional stiffness matrix, given by Equation (13),
is used for each connection as part of the input for the HydroStar. Between neighboring breakwaters,
two connections are modeled, so that the overall number of connections is four in two hinges. The value
of the connection stiffness k is chosen to be 108 N/m, see Figure 2, which is approximately 100 times
higher than the value of the hydrostatic stiffness for heave of one breakwater. The obtained RAOs
are presented in Figure 4. Each graph contains results for all three elements of the breakwater array
in relation to the incoming wave direction. Exact position of the elements is shown in Figure 3.
Graphical representation of the incoming wave direction can be found in Figure 5. The mooring lines
are omitted for the sake of simplicity. In general, a mooring system is used for position keeping of
floating breakwaters. It is not intended to influence the first order motions. In this study one of the
main concerns are the first order motions of the breakwaters. The same approach for calculation RAOs
of floating breakwaters without mooring lines can be found in reference [6].

A part of the case studies is the examination of relative motion of the connection points which belong
to one connection between neighboring breakwaters. By using the newly developed mathematical
model, the relative motion should be very small in relation to the usual value of the pontoon
displacement due to waves. In Figure 2 these points are denoted as C1 and C2. For all four connections,
the relative motions RAOs are calculated. It is established that the maximum RAOs value is less than
1 mm. i.e., the numerical results are consistent with the newly developed mathematical model.
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direction 60◦; (d) Pitch for incoming wave direction 90◦; (e) Roll for incoming wave direction 60◦; (f)
Roll for incoming wave direction 90◦.
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Finally, the significant values of the breakwater responses are given in Table 2 regarding the three
irregular wave cases.

Table 2. Significant values of the motions of the breakwaters.

Tabain Spectrum

Significant Values

Heave, m Pitch, ◦ Roll, ◦

Hs = 1.1 m elm. 1, β = 60◦ 0.84 9.52 0.35
elm. 2, β = 60◦ 0.74 8.04 0.36
elm. 3, β = 60◦ 0.90 8.24 0.36
elm. 1, β = 90◦ 1.29 0.72 2.14
elm. 2, β = 90◦ 1.27 0.00 2.14
elm. 3, β = 90◦ 1.29 0.72 2.14

Hs = 1.2 m elm. 1, β = 60◦ 0.95 10.05 0.44
elm. 2, β = 60◦ 0.85 8.59 0.45
elm. 3, β = 60◦ 1.01 8.73 0.45
elm. 1, β = 90◦ 1.40 0.74 2.40
elm. 2, β = 90◦ 1.38 0.00 2.40
elm. 3, β = 90◦ 1.40 0.74 2.40

Hs = 1.3 m elm. 1, β = 60◦ 1.06 10.52 0.55
elm. 2, β = 60◦ 0.96 9.09 0.56
elm. 3, β = 60◦ 1.11 9.18 0.56
elm. 1, β = 90◦ 1.51 0.76 2.66
elm. 2, β = 90◦ 1.50 0.00 2.66
elm. 3, β = 90◦ 1.51 0.76 2.66

JONSWAP Spectrum

Significant Values

Heave, m Pitch, ◦ Roll, ◦

Hs = 1.1 m elm. 1, β = 60◦ 0.71 10.90 0.28
Tp = 3.8 s elm. 2, β = 60◦ 0.52 8.78 0.27

elm. 3, β = 60◦ 0.78 9.53 0.27
elm. 1, β = 90◦ 1.36 0.98 1.89
elm. 2, β = 90◦ 1.29 0.00 1.89
elm. 3, β = 90◦ 1.36 0.98 1.89

Hs = 1.2 m elm. 1, β = 60◦ 0.83 11.62 0.31
Tp = 4.0 s elm. 2, β = 60◦ 0.66 9.55 0.31

elm. 3, β = 60◦ 0.92 10.10 0.31
elm. 1, β = 90◦ 1.47 0.95 2.16
elm. 2, β = 90◦ 1.43 0.00 2.16
elm. 3, β = 90◦ 1.47 0.95 2.16

Hs = 1.3 m elm. 1, β = 60◦ 0.95 12.15 0.33
Tp = 4.2 s elm. 2, β = 60◦ 0.80 10.13 0.33

elm. 3, β = 60◦ 1.04 10.48 0.33
elm. 1, β = 90◦ 1.57 0.91 2.43
elm. 2, β = 90◦ 1.55 0.00 2.43
elm. 3, β = 90◦ 1.57 0.91 2.43

The attenuation AC is evaluated using the expression

AC = 1−
Ht

Hs
(16)

where Hs stands for significant wave height of incoming waves while Ht stands for the significant
wave height on the sheltered side of the breakwaters. The Ht is calculated based on the RAO for the
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wave elevation (of the sheltered side) for the point that is set at the side of the breakwaters at a distance
of 10 m, see Figure 5. The results are given in Table 3.

Table 3. Evaluated values of the attenuation.

Tabain Spectrum

Wave Direction, ◦ Hs, m Ht, m Attenuation, %

60 1.1 0.86 28.4
60 1.2 0.98 22.4
60 1.3 1.10 18.0
90 1.1 0.97 13.8
90 1.2 1.08 11.3
90 1.3 1.19 9.4

JONSWAP Spectrum

Wave direction, ◦ Hs, m Tp, s Ht, m Attenuation, %

60 1.1 3.8 0.60 45.5
60 1.2 4.0 0.77 36.2
60 1.3 4.2 0.93 28.6
90 1.1 3.8 0.83 24.4
90 1.2 4.0 0.98 18.0
90 1.3 4.2 1.12 13.7

5. Discussion

The case studies are done with the box-type breakwater. The developed approach is not restricted
to this type only. The mathematical model is based on the kinematics of the connection points belonging
to two neighboring breakwaters. The dynamics i.e., the forces acting at the connections are modeled
with the linear springs. Both of these formulations are quite general and can be used be for any array
of connected rigid bodies. Thus, any breakwater type (in an array) that can be assumed to be rigid can
be studied using the model for connections developed here. However, the restriction is in the small
displacement assumption which is common in models for analyzing breakwaters.

The model is restricted to the stiffness forces only. It is uncoupled from the calculation of the
breakwater hydrodynamics. Within the linearized radiation/diffraction potential theory, it does not
affect the calculations of the hydrodynamic reactions and the wave loads. As a result, it can be easily
used with common seakeeping software that can deal with multi-body problem. This kind of software
is readily available, since they are developed (and well matured) during use in the offshore oil and gas
industry. Therefore, the additional stiffness matrices for connections are sufficient input to a seakeeping
software to examine an array of connected floating breakwaters. Furthermore, this approach can be
used for approximating the wave attenuation as demonstrated in the case studies.

As mentioned in the introduction, the problem of connected breakwaters so far has been solved
by two approaches. The first approach was presented on the special type of the breakwater in
which the floater is tied to the seabed directly by the hinge [3]. The second approach is based on
the single deformable body model that is usually used for the hydroelastic analysis of ships [4–7].
Both of these approaches are developed within the specific mathematical/numerical models. The first
approach can only be used for the specific case of a breakwater with only one connection (or hinge).
The second approach is quite general when dealing with ship hydroelasticity within the linearized
radiation/diffraction potential theory that is solved in the frequency domain. In such an approach,
a special type of software is needed that is more complex and advanced than the usual seakeeping
software. The newly developed approach presented in this study has a certain advantage for use,
because it is based on general assumptions for the kinematics and the dynamics. The additional stiffness
matrix for connection can be used in the frequency domain and in the time domain. The hydrodynamics
of the multi-bodies do not need to be based on the traditional linearized radiation/diffraction potential
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theory. The hydrodynamics can be evaluated with some empirical expression or by advanced
calculations method like computational fluid dynamics. However, one should keep in mind that the
developed model is based on the small displacement assumption.

6. Conclusions

Different types of breakwaters are used for protection against sea waves of a port or a marina.
Most of them can be regarded as rigid floating bodies connected in an array around the sheltered area.
This study presents the development of a new mathematical model for considering the connections
between breakwaters. The connection itself can be understood as additional stiffness forces. Thus the
derivation of the additional stiffness matrix that can be used for modeling of one connection is presented.

If the hydrodynamic model is based on the linearized radiation/diffraction potential theory,
the usual seakeeping software can be used for the analysis of an array of floating breakwaters connected
with hinges. The additional stiffness matrix for each connection is then given as an input to the
software. Since the overall model is linear, it is solved in the frequency domain. However, the model for
connections developed here is suitable for use in the time domain. Also, it can be used in combination
with other methods for solving the hydrodynamics of rigid floating bodies in close proximity.

Future investigations can be aimed at different types of connection i.e., other than hinge.
Many types of breakwaters are connected with rubber connections that have significantly less structural
stiffness than usual hinges. The difference can also be found in the rubber connection rotational
stiffness. A new model should be developed that is able to capture the properties of the rubber
connection in order to check the structural integrity of the connection itself (besides the evaluation of
the breakwater motions).
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