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Abstract: The construction of seaside facilities is a hot topic in the field of ocean
engineering. In this paper, a new type of floating breakwater is designed by 3D-
CAD geometric modeling. Based on the vibration theory and finite element tech-
nology, the floating breakwater model is optimized, and the modal analysis of the
structure with the bracket as main body and blades as functional attachments is
carried out. Natural frequencies and mode shapes of the blades are first calculated,
and the effects of the natural frequencies in both dry and wet conditions are taken
into account. Modal analysis and harmonic response analysis of the bracket with
different lengths by removing the blades are also carried out, and the different var-
iations of the natural frequencies between several bracket units are compared. The
responses of the key position of the bracket under different loads and different
bracket lengths are analyzed. The influence of liquid on the natural frequency
of the blades and the influence of the length of the bracket on the natural fre-
quency of the bracket are discussed in the fluid-solid coupling state. Research
in this paper provides a data basis for the safety assessment of the breakwater
construction.

Keywords: Breakwater; modal analysis; fluid-structure interaction; finite element
simulation

1 Introduction

The floating breakwaters, which are distinguished from the traditional solid breakwaters, are making
up with the floating body and the anchoring system [1, 2]. The floating body can be used to prevent the
wave propagation and break the waveform [3]. Furthermore, the movement of the floating body itself
can destroy the original motion state of the fluid, thereby achieving the effect of eliminating waves [4,
5]. The floating breakwater was originally built and used by the United Kingdom in Portsmouth in
1811, and China used the floating breakwater for the first time in Danjiangkou Reservoir in 1962 [6].
Because of its potential of rapid construction, low cost, good wave-eliminating effect, being suitable for
deep water environment and deepening of marine development, floating breakwaters have begun to be
widely used. At the same time, floating breakwaters also have the disadvantages of complex anchoring
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systems and collisions between floating bodies [7-9]. Therefore, the design and research of floating
breakwaters is particularly important.

Offshore platforms such as floating breakwaters often need to withstand harsh working conditions. To
this end, domestic and foreign scholars have conducted a series of studies on floating platforms. In order to
prevent the anchoring system from being damaged by the action of wind, waves and current, Liu et al. [10,
11] used the quasi-determined long-term domain method to analyze the motion and dynamic characteristics
of the floating platform in the real sea conditions of wind, wave and current; Sun et al. [12] did numerical
simulations to study the motion of the semi-submersible platform and checked the mooring line strength.
For the platform structure below the water surface subjected to the actions of fluid, the fluid-solid
coupling mechanism and responses of vortex-induced vibration of marine flexible structures have been
studied extensively [13-16]. For the vibration characteristics of underwater complex stress structures,
Yang et al. [17] used polynomial approximation quadratic matrix linearization method based on Fliigge
shell theory to solve the natural frequency of the structure. Chen et al. [18] studied the influence of
aqueous medium on structural vibration modes based on the finite element software, and similar work can
be found in Refs. [19, 20]. Jindal et al. [21] presented a theoretical analysis of free dry and wet vibration
of a trapezoidal, 2-way tapered, marine spade rudder. Liu et al. [22] investigated the hydrodynamic
performance of a submerged two-layer horizontal plate breakwater and obtained an analytical solution for
interaction of water waves with the plates.

In this paper, finite element simulation of a new floating breakwater structure is carried out. Parameters
of the floating breakwater structure are given in Section 2. In Section 3, the modal analysis of the blades in the
structure are done and the effects of natural frequencies of the blades in dry and wet conditions are compared
by considering the influence of fluid. In Section 4, modal analysis and resonance response analysis on the
bracket structure with the blades removed are carried out, and the variation of the natural frequency of
the bracket under different lengths is compared. The responses of the key position of the bracket under
different lengths and different stent lengths are analyzed in detail. In Section 5, some conclusions based
on the results are drawn.

2 Parameters of Floating Breakwater Structure

The breakwater is composed of two parts, namely an anchoring system and a floating body structure
(shown in Figs. 1 and 2). The two ends of the mooring line are respectively attached to the floating body
structure and the seabed, and the floating body structure is limited to a specific range to prevent the
impact on other normal marine operations. The traditional floating breakwater only relies on the
movement of the floating structure to achieve the effect of wave-eliminating, but the new type of
breakwater adds a paddle structure to the floating structure. When the fluid passes, the blade rotates,

Figure 1: Anchoring system
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Figure 3: Two unit structure

thereby destroying the movement pattern of the water point to achieve the best wave-eliminating effect. The
overall structure of the floating body can be assembled by the unit body composed of two upper and lower
blades (Fig. 3 shows a two-unit structure), and the unit body can be decomposed into two parts: the blades
and the bracket.

The geometric parameters of the two components are shown in Tabs. 1 and 2, respectively.

Both the blade and the tie rod are made of ordinary carbon steel, the elastic modulus is 2.1e + 011 Pa, the
Poisson ratio is 0.28, the density is 7800 kg/m>, and the yield strength is 2.206¢ + 008 Pa. The components
on the remaining brackets are made of PE material, with the physical properties as follows: the elastic
modulus is 1.72e + 008 Pa, the Poisson ratio is 0.439, and the density is 917 kg/m’.
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Table 1: Geometric parameters of blade

Parameters Actual value/mm
Total Width 1030

Baffle Diameter 1000

Baffle Thickness 10

Blade Radius 300

Blade Width 500

Blade Thickness 10

Table 2: Geometric parameters of bracket (taking two unit bodies as an example)

Parameters Actual value/mm
Bracket Length 3000
Bracket Outer Diameter 315
Bracket Inner Diameter 269
Beam Width 300
Beam Length 1880
Beam Outer Diameter 380
Railing Outer Diameter 120
Railing Inner Diameter 110
Railing Height 800
Upper Rod Length 1550
Lower Rod Length 1250
Rod Thickness 10
Rod Width 50

3 Blade Modal Analysis

The vibration mode is an inherent, integral property of the elastic structure. Through modal analysis, one
can obtain the frequency and modal characteristics of a structure, and judge the actual vibration response of
the structure at the susceptible frequency, and it is the basis for complex dynamic analysis. Since the blades
are always in the marine fluid environment, the effects of fluids during modal analysis must be taken into
account, the process is also known as modal analysis. The effect of fluid on the vibration characteristics
of the blade structure is mainly the prestressing effect caused by the load attached to the structure by the
fluid and the additional mass effect caused by the vibration of the fluid along with the blade [23].

3.1 Modal Calculation Method in Air
The structural dynamics equation of the structure in air is:

Ml{a} + [Cl{u} + [K]{u} = F(2) (M

where [M] is the mass matrix of the system; [C] is the damping matrix of the system; [K] is the stiffness
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matrix of the system; F(t) is the external excitation load; {ii}, {it}, and {u} is the acceleration, velocity, and
displacement vector of the corresponding node, respectively.

Damping can be ignored in this lightly-damped system in the air. The vibration equation of the system in
this case is:

M]{ii} + [K[{u} = {0} )
Equation (2) has the following solutions in the form of simple harmonic motion:
{u(x,y,z,)} = {H(x,y,z) }' (€)

where {H(X, y, z)} is the magnitude of the displacement vector, which defines the spatial distribution of the
displacement vector; @, is the angular frequency of the simple harmonic motion. Substituting Eq. (3) into Eq.
(2), yields:

|K — wM|{H} exp(tw,t) = {0} “4)

The above formula is established at any time, so it can be removed regardless of the time item:

K — ;M |{H} = {0} )

Equation (5) is a typical real eigenvalue problem. {H} has a non-zero solution condition:

|K —wM|=0 (6)
or
K —A\M| =0 (7)

The left side of Eq. (7) is a A polynomial, which can solve a set of discrete roots \;(i = 1,2,...,n).
Substituting Eq. (7) into Eq. (4), one can obtain the corresponding vector {H;}, where ); is the
eigenvalue of the system, and {#;} is the corresponding eigenvector.

3.2 Kinetic Equations in Aqueous Medium
When the system is in an aqueous medium, the Navier-Stokes equation needs to be used. The vibration
equation of the system is:

Miii + K,U = —Kgp (®)

where K is the stiffness matrix of the fluid acting on the structure; p is the hydroacoustic pressure.

Considering the additional mass and damping of the aqueous medium, it is assumed that the fluid is a
non-rotating, non-viscous, uniform compressible fluid, and the fluid pressure is used as an unknown amount
to resolve the modality in the aqueous medium. Its three-dimensional wave equation is:

1 )
Sap~ VP=0 ©

where c is the speed of sound in the fluid. Discretize the wave equation yields

M,P+K;P =F, (10)
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Combine Egs. (10) and (1), one can obtain the kinetic equation of fluid-solid coupling:

M 0 [u K +K, RHM} [F]
+ = 11
[Pf MfHP} [ 0 Krllp Fy (1
where the subscript s indicates the solid structure, the subscript f indicates the fluid; Mf, pf, Kf are the water
additional mass matrix, the density matrix, and the additional stiffness matrix, respectively; F; and Fr are the
solid structure matrix and the fluid additional excitation force matrix, respectively; P and P are the fluid

particle displacement matrix and acceleration matrix, respectively; R is the fluid-solid coupling condition
matrix; K, is the centrifugal force stiffness matrix.

3.3 Simulation Results

Under the action of waves and ocean currents, the structure will have six degrees of freedom of motion.
However, when the shaft is fixed, the blade has only one degree of freedom to rotate around the axis of rotation.
In this paper, we only analyze the five degrees of freedom modal except for the rotation around the axis.

The blade model is built in Solidworks and imported into Ansys workbench for material definition,
discrete, and mesh division. At the same time, the constraint of only tangential freedom is defined at the
axis of rotation, and the dry mode is solved. On this basis, the Acoustic Body command is used to define
the fluid domain around the blade structure. The fluid density is 1000 kg/m’, the sound velocity is
1500 m/s, and the gravitational acceleration is 9.8 m/s>. Meanwhile, the fluid-solid coupling surface is
set, and the pressure freedom of the outer boundary of the fluid domain is zero, so that the internal
pressure wave is absorbed when it reaches the outer boundary of the fluid domain. The non-reflective
boundary condition is realized, and the infinite flow field will be better simulated.

Table 3 shows the natural frequencies of the blades. It can be seen from Tab. 3 that the natural frequency
of the blade in the fluid is smaller than that calculated in the air, which is consistent with the results in
literature [24]. This can be explained by the additional mass theory, in which the fluid consumes part of
kinetic energy of the blade structure, causing the kinetic energy of the blade to decrease, resulting in a
decrease in the natural frequencies of the blades in the fluid [25]. In addition, under each order of
vibration, since the magnitude of the work performed by the blade structure on the fluid varies, the
natural frequency of the structure itself is affected to varying degrees.

Table 3: Natural frequencies of blade

Order Natural Frequency/Hz

In air In fluid
1 45.817 27.467
2 56.650 38.575
3 56.756 38.738
4 69.481 40.090
5 82.462 48.984

The first five modes of the blade in the air and in the fluid are shown in Figs. 4 and 5, respectively. It can
be seen from Figs. 4 and 5 that the vibration modes of the structure in the fluid are substantially identical to
the corresponding vibration modes of the structure in the air, but the vibration amplitude of the structure in
the fluid is smaller than that in the air due to the damping of the surrounding fluid.
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Figure 4: The first five modal modes of the blade (in air)
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Figure 5: The first five modal modes of the blade (in fluid)
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The intersection of the speed-frequency line and the n-th order natural frequency locus is the point where
resonance occurs. Fig. 6 shows frequencies of the blade corresponding to rotational speed (Line 1) and natural
frequencies of order 1-5. It can be seen from Fig. 6 that the critical blade speeds are: 261.96 rad/s, 278.44 rad/s,
329.52 rad/s, 346.44 rad/s, and 404.62 rad/s. It is impossible for the blade to reach such a high speed under the
action of the current, so the blade is unlikely to resonate due to the rotation. In addition, the position with the
largest amplitude of the structure is located at the intersection of the baffle and the blade, and the welding
method is adopted in the manufacturing process, which is liable to cause structural damage.

4 Bracket Vibration Analysis

4.1 Stent Modal Analysis

Constraints are defined on the anchor structure of the scaffold structure. Fig. 7 shows the fixed
constraints on the four anchor points. The modal analysis of the scaffold structures with different cell
numbers is performed. In the modal analysis of the stent, we mainly considered the influence of different
stent lengths on the vibration characteristics of the structure. The stent structure is appropriately
simplified and divided into several components with the same parameters. These constructs can be used
to analyze structures with different unit numbers. After meshing, a finite element model is obtained, in

90 T T T T

80 First order 7

60 ——Fifth order

Frequency (Hz)

20F g

1 L L 1
0 200 400 600 800 1000
Rotational speed (rad's)

Figure 6: Frequency excited by rotational speed and natural frequency

Figure 7: Fixed constraint of four anchor points
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which two units have 897,515 nodes, three units have 366,934 nodes, four units have 48,018 nodes, five units
have 1,060,244 nodes, six units have 1,527,242 nodes, and seven units have 1,273,416 nodes.

Table 4 shows the resonant frequencies of each order of structure with different unit numbers. It can be
seen from Tab. 4 that as the number of support unit bodies increases, the natural frequencies of each order
show a downward trend.

Figures 8-13 show the first six mode shapes of the different unit number structures. It can be seen from
the structural deformation diagram (Figs. 8-13) that as the lateral span of the bracket increases, the maximum
displacement position of the bracket structure is transferred from the railing to the tie rod, the beam and the
pipeline. The result is that, as the lateral span of the stent increases, the overall structural flexibility of the stent
becomes larger, and the compliance ratio of the railing to the overall structure of the bracket decreases, and the
overall structure of the stent is more susceptible to deformation. Considering the actual situation, the tie rod is used

Table 4: Structural resonance frequencies (unit: Hz)

1st order 2nd order 3rd order 4th order 5th order 6th order
2 units 2.0889 2.1101 2.8106 2.8637 2.9981 3.9503
3 units 2.3071 2.3157 2.3729 2.8332 3.6978 3.7113
4 units 2.1424 2.1958 2.2834 2.3197 2.3983 2.8471
5 units 1.6606 1.9120 2.0657 2.0686 2.0869 2.2074
6 units 1.2326 1.5014 1.9467 1.9897 2.0118 2.0385
7 units 0.95585 1.3480 1.8125 1.9536 2.0471 2.0754

(Fifth order) (Sixth order)

Figure 8: The first six mode shapes of two units structure
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Figure 10: The first six mode shapes of the four units structure
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Figure 13: The first six mode shapes of seven units structure

to fix the blade, the beam is the fixed part of the overall structure, and the railing is only a protective structure, and
the damage has no excessive influence on the overall performance. In addition, the lower natural frequency is
more likely to cause resonance in actual sea conditions, so a smaller number of units should be used.

4.2 Bracket Harmonic Response Analysis

When a fluid load acts on the breakwater structure, the structure generates vibration. The breakwater is a
blade in the underwater part, and the cyclic load it receives will be transmitted to the drawbar and cause the
overall vibration of the support structure. The tie rod acts as a member for connecting the blade to the bracket
and plays an extremely important role in the entire structure.

Under the action of fluid load, the lower end of the tie rod will produce a large displacement, and the
connection between the tie rod and the bracket is the most vulnerable part of the structure. Therefore,
the load acting on the bracket is simplified to a simple harmonic force with an initial phase angle of zero,
the displacement response of the lowermost end of the tie rod and the stress response at the joint of the
tie rod and the bracket were analyzed.

In this section, the modal superposition method is used to analyze the harmonic response of different
stent lengths and different loads. The modal superposition method is based on modal analysis. The
constraints and boundary conditions in the analysis process are the same as in the modal analysis.

4.2.1 Effect of Bracket Length

In order to analyze the influence of the length of the bracket on the response, it is assumed that the force
of the blade to the tie rod is uniform in the lateral direction and the amplitude is 5 N/m. The horizontal
maximum displacement response, the vertical maximum displacement response, and the maximum stress
response at the joint of the lower end of the bracket are calculated as shown in Figs. 14-16.
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Figure 14: Maximum horizontal displacement for different stent lengths
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Figure 15: Maximum vertical displacement for different stent lengths
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As can be seen from Figs. 12-14, the maximum response of displacement and stress occurs at the same
frequency. The maximum response of the two units body occurs near the fifth order natural frequency, the
maximum response of the three units body occurs near the forth order natural frequency, and the maximum
response of the four units and the six units body occurs near the second order natural frequency, the
maximum response of the five units body occurs near the first order natural frequency. For both displacement
and stress response, the maximum value occurs on the five units structure. The maximum value of the
maximum horizontal displacement response and the maximum vertical displacement response is 2.8383 m
and 0.6310 m, and the maximum stress at the joint is 340 MPa. It can be seen from Figs. 12 and 13 that
when the number of unit bodies is less than 5, the maximum value of the horizontal displacement response
is small, but when the number of unit bodies reaches 5, the maximum value of the horizontal displacement
response increases significantly. When installing the unit number, select less than 5 unit numbers.

It can be seen from the comparison of the horizontal and vertical displacement responses that the
horizontal displacement response is significantly larger than the vertical displacement response, indicating
that the tie rod mainly undergoes bending deformation. Therefore, in order to reduce the deformation of
the tie rod, corresponding measures should be taken to improve the bending rigidity to prevent damage.

4.2.2 Effect of Load Amplitude

Simulating different sea conditions, the bracket will be subjected to different sizes of ocean waves.
Taking the two units body as an example, the magnitude of the load acting on the bracket is changed, and
the horizontal, the vertical maximum displacement response of the lower end of the bracket rod and the
maximum stress response result at the joint are as shown in Figs. 17-19.
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Figure 17: Maximum horizontal displacement at different load amplitudes

It can be seen from Figs. 18-20 that the horizontal displacement response decreases as the angle between
the load and the horizontal direction increases, and the vertical displacement response increases. When the
angle between the load direction and the horizontal direction is 0° and the excitation frequency is 3 Hz, the
maximum stress at the joint is 22.6 MPa.

4.2.3 Effect of Load Angle

In actual sea conditions, the bracket will be tilted in the vertical direction. In order to simulate the
response of the bracket at different tilt angles, taking the two-unit body as an example, the applied load
amplitude is 5 N/m, and the load angle is changed to obtain the results of Figs. 20-22. It can be seen that
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Figure 18: Maximum vertical displacement at different load amplitudes
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Figure 19: Maximum stress at different load angles
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Figure 21: Maximum vertical displacement at different load angles
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Figure 22: Maximum stress at different load angles

the horizontal displacement response decreases as the angle between the load and the horizontal direction
increases, and the vertical displacement response increases. When the angle between the load direction
and the horizontal direction is 0° and the excitation frequency is 3 Hz, the maximum stress at the joint is
22.6 MPa.

5 Conclusions

In this paper, a new type of offshore floating breakwater is designed by commercial finite element
software geometric modeling. Through the analysis of structural vibration characteristics, the following
conclusions are obtained:

1. According to the vibration characteristics analysis of the new offshore floating breakwater structure, the
natural frequencies of the blades in the air and in the fluid are quite different. Therefore, the fluid influence
must be considered when modal analysis of the structure in the fluid. A more realistic fluid environment
can be employed in the further optimization phase of the structure.
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. The tie rod is an important component of the breakwater. The main deformation form is bending deformation.

In order to prevent its structural damage, corresponding measures should be taken to improve the bending
rigidity of the tie rod and the connection strength of the tie rod-bracket.

. As the length of the bracket increases, the natural frequency of the structure decreases, the overall flexibility

becomes larger, and the main body part and the tie rod are more likely to be damaged. The displacement
response at the lowermost end of the tie rod and the maximum stress response at the joint of the tie rod
bracket are increased. A small number of unit numbers should be selected as the basic assembly.
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