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Abstract

As a kind of protective engineering, breakwater plays a very important role in the safety of the protected objects, and scholars
from all over the world have done a lot of research on the characteristics of breakwater. Reviews are a quick way to see how
research is progressing. In addition to the traditional breakwaters for the purpose of wave suppression, there are many
breakwaters with power generation functions. In order to supplement and enrich the research of breakwater, adapt to the
development of The Times, the breakwater is reviewed. In this paper, breakwaters are divided into traditional breakwaters and
wave energy converter(WEC) breakwaters according to their functions. The traditional breakwaters for wave absorbing, while
the WEC breakwater is breakwater added wave energy converter, which can convert wave energy into electrical energy, so WEC
breakwater has two functions of wave dissipation and power generation. According to the fixed type, the traditional breakwater is
divided into fixed breakwater and floating breakwater. In addition to adding WEC breakwaters in the classification, this paper
takes the transmission coefficient k; =0.5 as the reference line and compares the optimal transmission coefficient of the
corresponding breakwater structure with the reference line. Finally, the structure of the breakwater is summarized and suggested.
Hope to play a guiding role in scholars' research and engineering construction.
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1. Introduction

As a kind of protective engineering, the breakwater is
constantly changing with the development of the times, from
the earliest fixed breakwater to the floating breakwater, and
then the development is combined with the use of wave en-
ergy. From a simple rectangular and circular structure to a
multi-shape, multi-combination type. From the purpose of
wave dissipation to energy conversion, the research on
breakwater structures has never stopped. It is very important
to summarize the research results of breakwater to grasp the

research trends. Some scholars have conducted reviews, such
as Rajendra, K et al. [1] reviewed the research on innovative
breakwaters in India, the study area was specific but not ex-
tensive. Jian Dai et al. [2] reviewed the study of floating
breakwaters, the study only focuses on the floating structure,
which is one-sided for the breakwater structure. X. L. Zhao et
al. [3] reviewed the hybrid floating breakwater-WEC, the
study is also one-sided. Y. C. Gu et al. [4] summarized the
development of porous membranes and network structures.
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Jijian Lian et al. [5] reviewed permeable breakwater, catego-
rized permeable breakwater into six types, i. e., row piles, pile
foundations, caissons, caissons on pile foundation, horizontal
plates, and hybrid structures. The current reviews focused on
one aspect, not comprehensive. And with the passage of time
and development, there are new types of breakwaters need to
be supplemented. In this paper, breakwaters are divided into
traditional breakwaters and wave energy converter(WEC)
breakwaters according to their functions. The traditional
breakwaters are wave absorbing, while the WEC breakwaters

are both wave absorbing and power generating. According to
the fixed type, the traditional breakwater is divided into fixed
breakwater and floating breakwater. In addition to adding
WEC breakwaters in the classification, this paper takes the
transmission coefficient k; =0.5 as the reference line and
compares the optimal transmission coefficient of the corre-
sponding breakwater structure with the reference line, so as to
facilitate readers to better understand the structural charac-
teristics. In order to facilitate understanding, the terms and
abbreviations in this paper are explained, see Table 1.

Table 1. Nomenclature and abbreviations.

nomenclature definition nomenclature  definition abbreviation  definition

B breakwater width, m k wave number owcC oscillating water column
H breakwater height, m R radius, m CWR capture width ratio

d Breakwater draft, m B/L relative widths WEC wave energy converter
D submersion depth, m Hi/L wave steepness FBW floating breakwater

g gravity acceleration, ms?  h/L relative depth BW breakwater

S breakwater spacing, m h depth, m RAO response amplitude operator
H; wave height, m Hi/h relative height

T wave period, s Kq transmission coefficient

| mooring length, m d/h relative draught

L wave length, m C porosity ratio

) thickness, m

Note: Terms not indicated in the table are subject to the text.

2. The Structural Type of the Breakwater

The structural of the breakwater affects wave abbsorbing,
so researchers have never stopped studying the structural.
There are many classifications about the structural. For ex-
ample, Rajendra, K et al. [1] divided breakwaters into fixed
and floating breakwaters. Jian Dai et al. [2] divided break-
water into box type, pontoon type, frame type, cushion type,
tether float type, horizontal plate type, and other types. This
paper divides into traditional breakwater and WEC breakwa-
ter according to the function of the breakwater. And break-
water is divided into fixed and floating according to the fixed
type. Xuanlie Zhao et al. [6] called the frequency band cor-
responding to the transmission coefficient k<0.5 and the
capture width ratio CWR >0.2 as the effective frequency band
of OWC breakwater. In this paper, k=0.5 is the baseline for
qualified wave suppression effect.
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2.1. Research on Traditional Breakwater

The traditional breakwater refers to its function of wave
dissipation and wave reduction. Usually the transmission
coefficient k; is used to characterize the wave suppression
effect, and the higher the transmission coefficient is, the worse
the effect is. In addition to the wave absorbing effect, the wave
load of the structure is also the focus of research.

2.1.1. Research on Fixed Breakwaters

Fixed breakwater refers to a breakwater fixed on the seabed
or coast, and the six degrees of freedom are limited to im-
mobility, and are generally built in shallow sea areas or coasts.
The paper dividied fixed breakwater to closed breakwater,
permeable breakwater, plate type breakwater and other types.

(). Research on Closed Breakwaters

Closed breakwater is the earliest studied type, is mostly
impermeable. The study focus on the shape of the breakwater.
Yonggang Cao et al. [7] studied the wave attenuation char-
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acteristics of the double-row trapezoidal underwater break-  (ii). Permeable Fixed Breakwater
water on the flat-bottomed seabed as shown in Figure 1(a), the
slope of the trapezoidal side is 1:2, and the slope ratio of the
back wave is 1:1, and believed that the structure performs best
when the relative spacing S is 12.5~14, but k; >0.5. Zhenfeng
Zhai et al. [8] studied a V-shaped breakwater that penetrates
from the bottom to the surface of the sea, as shown in Figure
1(b), and the degree of wave attenuation in the protected area
can be satisfactory under certain conditions, but it is difficult
to make k; < 0.5. For Closed breakwater impermeable, it
gradually fades from people's view.

Due to the requirements of the sea environment and ecology,
the study of fixed breakwaters gradually from impermeable to
permeable. Permeable breakwaters are mostly composed of
permeable materials or porous structures to relieve the impact
on water exchange and dissipate wave. Guoyu Wang et al. [9]
proposed an arc-shaped plate breakwater, see Figure 2(a),
when the relative width B/L >0.2, k; < 0.5. Peihong Zhao et al.
[10] studied the effect of different absorber widths on the
wave-absorbing performance of the perforated caisson, see
Figure 2(b). The width of absorber chamber was a key factor.
Ahmed K. Elsheikh et al. [11] experimentally investigated the
breakwater effect of pile breakwaters (PB) [11], see Figure
2(c), k; was reduced 18%~28% by adding horizontal strips,
but horizontal strips will increase the investment. K. Qu et al.
[12] studied the complex flow phenomenon of the concen-
trated wave group transformation on submersible permeable
breakwater, and concluded that the total wave energy dissi-
pation rate of the permeable breakwater was on average

(@ (b) 57.3%, k; < 0.5 at 19 meters behind the breakwater. Chen
Figure 1. Closed BWs: (a) Double trapezoidal submerged BW [7], Lankun et al. [13] studied the permeable embankment of pile
(b) V-shape BW [8]. foundation, see Figure 2(e). At the opening rate was 10%, and

the relative water depth h/L was 0.85, it performe best with
-15<inclination angle.

(a) (b) (©) (C)] (e)

Figure 2. Permeable fixed BWs: (a) arc plate BW [9], (b) perforated caisson BW [10], (c) piled BW [11], (d) submerged permeable BW [12],
(e) pile foundation permeable BW [13].

mental and simulation results, the wave-absorbing effect was
(iii). Other Types of Fixed Breakwaters ideal. Yanxu Wang et al. [15] proposed a combination of pneu-
matic breakwater and underwater breakwater for wave dissipa-
tion, as shown in Figure 3(b). The combination was better than
pneumatic breakwater alone or underwater breakwater alone,
achieve qualified at T<1.6s.

Yejun Gong et al. [14] proposed a "mountain” type breakwater
consisting of two inclined plates and one vertical plate, as shown
in Figure 3(a), which consists of three slabs of the same size, the
middle slab was placed vertically, the angle between the inclined
slab and the horizontal line was 30< Judging from the experi-

vertical plate

fistindlined 000N second

plate | inclined plate airial barrier

\
connecting Structure

(a) (b)
Figure 3. Other fixed BWs: (a) Mountain-type [14], (b) Pneumatic and submerged combinated [15].

perfdrated pipe
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2.1.2. Research Progress on Floating Breakwaters

Compare to the fixed type, the floating breakwater has no
restriction on all six degrees of freedom, and mooring
lines/cables are used to connect the buoys to the seabed or
other structures. The floating breakwater has good water
exchangeability and low cost, which is the current research
hotspot, and the research direction of the researchers on the
floating breakwater is mainly the shape of the structure,
permeable type, flat plate type, net cage type and other types.

(i). Floating Breakwaters with Shapes

Hee Min Teh et al. [16] studied the wave attenuation of two
H-type breakwaters, the structure is shown in Figure 4(a).
4(a)-1 is a dissipative breakwater and 4(a)-2 is a reflective
breakwater, both of them showed better when encountering
steeper waves and are suitable for deep water. Hee Min Teh
and H Ismail [17] experimented with the performance of a
stepped floating breakwater and designed a trapezoidal barrier
with stepped ramp characteristics at both the front and back of

the structure. Figure 4(b) is a model of a single-row stepped
floating breakwater. Experiments have shown that the k; <0.2
for double-row trapezoidal, but the mooring system and mo-
tion response were not evaluated. Wenjian Dong et al. [18]
analyzed the wave attenuation of a semi-submersible per-
meable tetrahedral breakwater, and Figure 4(c) is an experi-
mental model of the structure. The structure consists of PVC
pipes to form a permeable tetrahedron. This structure could
dissipate wave well under small period wave conditions.
Junging Ren et al. [19] proposed a parabolic arc breakwater,
as shown Figure 4(d). The curvature of a structure is deter-
mined by its focal length f. When @ >3.0 rad/s, the parabolic
arc breakwater has a better damping effect than the straight
breakwater. The parabolic shape of f=10m can focus on bigger
waves, which provides favorable conditions for wave attenu-
ation and wave energy extraction. Meysam Rajabi et al. [20]
also studied five cross-sectional shapes, namely rectangular, =,
"+", triangular, and box-shaped, with the "+" shape being the
best in terms of overall performance.

(a)-1

(a)-2

(b) (c) (d)

Figure 4. FBs of different shapes: (a) H-tpye FB [16], (b) A single-row stepped-slope FB [17], (c) Semi-submersible permeable tetrahedron FB

[18], (d) Parabolic arc FB [19].

(ii). Porous Permeable Floating Breakwater

The porous permeable structure is a breakwater with a
porous structure added to the pontoon. Use the pores to
change the movement of water points to dissipate wave.
II-Hyoung Cho [21] studied a rectangular floating breakwater
with vertical porous plates, as shown in Figure 5(a), and found
that the larger porosity, the larger k;, and the appropriate po-
rosity and length can achieve better wave dissipation. Borna
Nasri et al. [22] proposed a trapezoidal type floating break-
water with perforated plates, see Figure 5(b), modeled as a
trapezoidal box at 60<and a series of perforated iron plates.
Small concrete blocks were used inside, and polystyrene foam
was extruded around the concrete. Vu Minh Tua et al. [23]
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proposed a porous semicircular floating breakwater consisting
of a box and a porous semicircular, as shown in Figure 5(c).
The structure could show satisfactory results at B/L=0.18,
better than without porous semicircular in the larger wave.
Yufen Cao et al. [24] proposed a permeable multi-floating
tube breakwater, see Figure 5(d), and obtained that good wave
reduction at the relative chain length is 1:2. Longfei Xiao et al.
[25] experimented breakwaters with double-layered perfo-
rated walls attached to ring-shaped floating structures, the
physical model structure is shown in Figure 5(e). The model is
a double-walled perforated wall breakwater (annular VLFS)
that forms an inner leeward harbor that can be used to protect
vessels.
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(@ (b)

©

@

(c)

Figure 5. Porous permeable FBs: (a) A rectangular FB with perforated-wall [21], (b) Trapezoidal cross-section with attached porous plate
[22], (c) Perforated semi-circular FB [23], (d) Permeable tri-buoy FB [24], (e) Ring-shaped with double-layered porous side plates [25].

(iii). Research on Cage-type Floating Breakwaters

The mesh floating breakwater is usually a flexible or rigid
network structure added to the pontoon. The network could
disturb the movement trajectory of water points to dissipate
wave. Chun-Yan Ji et al. [26], Chunyan Ji et al. [27], S. F.
Abdullah and A. Fitriadhy [28] analyzed a cylindrical floating
breakwater as shown in Figure 6(a). The structure consists of
2 cylindrical pontoons and 9 cylinders. A cage was hung un-
der the double pontoon, in which a rubber hollow ball was
placed. Judging from the data results, the wave-absorbing was
not particularly ideal, but the response of the sway, heave, and

teel f
cylinders steet trame

roll motion was small, the maximum mooring force was rel-
atively small. Chunyan Ji et al. [29] studied the cage-type
floating breakwater, as shown in Figure 6(b), the main frame
was a steel structure, and two hollow rubber buoys are placed
in the front and back of the breakwater, which play the role of
buoyancy and wave reflection, steel mesh placed between the
two buoys to dissipate waves, dissipation effect was better.
Jianting Guo et al. [30] studied a three-post floating break-
water, as shown in Figure 6(c). The main body consists of
three cylinders. The underwater crate was divided into 6
sub-cages. When the wave period T < 0.9 s, the wave dissi-
pation effect was remarkable, and k; < 0.4.

floating bo xes

(b)
Figure 6. Mesh floating FBs: (a) Double-pontoon with net FB [26-28], (c) Mesh cage FB [29], (d) Three-cylinders FB [30].

(@)

(iv). Research on Slab-type Floating Breakwater

Zhijie Che et al. [31] numerically calculated the hydrody-
namic characteristics of the breakwater with additional hori-
zontal plate structure of the pontoon, see Figure 7(a). The k; <
0.4 at B/L > 0.25. Zhengzhi Deng et al. [32] studied the floating
breakwater with additional lower plate, can be seen in Figure
7(b), a plate under the rectangular wooden box. At normal
circumstances, k; decreases with the increase of B/L. When the
number of lower connecting plates n=4 and the relative wire

46
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length 1/h=1.5, B/L > 0.25, then k;<0.25. Xiaosong Zhang et al.
[33] designed an L-shaped floating breakwater, see Figure 7(c),
the L-shaped structure was an improvement on the inverted n
structure, and the numerical simulation of the L-shaped floating
breakwater had a very promising wave dissipation effect.
Zhenging Liu et al. [34] studied a winged box-type floating
breakwater, which is to attach a pair of mutually perpendicular
protruding plates to the four corners of the rectangular floating
tank, as shown in Figure 7(d), this structure has better perfor-
mance than the wingless in larger period wave.
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B

pontoon

plate2  plate 3

plate 1 plate 4

breakwaer breakwaer

(@
Figure 7. Plate type FBs:(a) Double slab [31], (b) attached lower plate [32], (c) L-type [33],(d) Winged FB [34].

(b)

(v). Other Floating Breakwaters
In addition to the common breakwater types, there are also

ballast type and floating breakwaters with suspended S-blades.

Ballast type is a kind of breakwater that fills the body of the
breakwater with gas, liquid or flowable particles, and this
breakwater can adjust the draft of the breakwater through the
filler under the action of waves, thereby improving the effi-
ciency of wave dissipation, and improving the motion re-
sponse. Mostafa Shahrabi and Khosrow Bargi [35] investi-
gated the use of a tuned liquid column damper (TLCD) to
control a floating breakwater structure, called a tuned liquid
column damper-breakwater (TLCD+FB), as shown in Figure
8(a). The structure adopts a box pontoon, and the TLCD is
placed inside the pontoon. The advantage is that the TLCD

© ()

was isolated from the direct effects of environmental loads,
and the gravitational recovery forces and moments on the
displaced liquid in the horizontal and vertical columns of the
TLCD greatly inhibit excessive structural movements. With
the addition of TLCD, the peak motion response can be re-
duced by 16% and the mooring force can be reduced by up to
100 kN. Zhiwen Yang et al. [36] and Zhiwen Yang et al. [37]
studied the wave dissipation characteristics, motion response
and mooring tension of the water ballast floating breakwater,
and the structure is shown in Figure 8(b). Fangping Huang et
al. [38], Hao Li et al. [39], and Lingjie Bao et al. [40] studied a
double-pontoon floating breakwater suspended from Savo-
nius paddles, as shown in Figure 8(c), which consists of twin
pontoons, S-shaped resistance vanes, and mooring systems,
which can absorb more than 50% waves.

(a)
Figure 8. Other type FBs: (a) Joint TLCD-FB mode FB [35], (b) Water ballast FB [36, 37],(c) S-blade FB [38].

2.2. Research on WEC Breakwater

By converting wave energy into electrical, the combination
of wave dissipation requirements and wave energy generation
is a hot topic of research. There is air chamber WEC break-
water, vertical confinement WEC breakwater and other WEC
breakwater types.

2.2.1. Air Chamber WEC Breakwater

The air chamber WEC breakwater mainly converts the wave
energy into air energy through the air chamber, and then
transmit air energy to the shaft through the air turbine, and

(b)
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finally converts to electrical energy through the generator. Fang
He et al. [41] improved the wave energy converter floating
breakwater and proposed a floating breakwater wave energy
converter with an asymmetrical pneumatic chamber like Figure
9(a), constructed a narrow groove opening on the top plate of
each pneumatic cavity to simulate the converte. The ratio of the
slotted area to the cross-sectional area of each chamber was
1.25%. The experiment results showed that the asymmetric
chamber breakwater behaves the same as the symmetrical
chamber breakwater in terms of wave propagation and motion
response, and when the B/L > 0.5, k; < 0.5. Reference [6] stud-
ied the effects of the hydrodynamic performance and wave
energy extraction efficiency of the three-chamber OWC
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breakwater, see Figure 9(b), the obtained CWR was > 0.2 and k;
< 0.5, which met the conditions of the wave-energy converter

back pneum atic cham ber

base structure

(box part) ?/\

breakwater recognized in the reference.

Tch am berl

chamber2 | chamber3

(@)

(b)

Figure 9. Pneumatic chamber type WEC BWs: (a) Asymmetric pneumatic chamber [41]; (b) Three-pneumatic chamber [6].

2.2.2. Vertically Constrained WEC Breakwaters

Vertically constrained WEC breakwater refers to the WEC
breakwater with only heave response after confinement, the
WEC converts wave energy to mechanical energy by vibra-
tion, then transmite the energy to electrical energy through the
generator, see Figure 10. Dezhi Ning et al. [42] proposed a
pile-confined WEC breakwater, as shown in Figure 10(a), in
which the breakwater was connected by two pulleys to the
vertical pile, could only heave motion. By properly adjusting
the PTO damping force, the CWR is about 24% and k, < 0.50.
Xuanlie Zhao et al. [43], Dezhi Ning et al. [44], Qiang Chen et
al. [45], and Xuanlie Zhao et al. [46] also studied the structure,
but Xuanlie Zhao et al. [43] mainly analyzes the structural
stress, Dezhi Ning et al. [44] numerically simulates two

(@)
Figure 10. Vertical constrained WEC BWs: (a) pile-restrained [42], (b) rectangular heaving buoy [47], (c) inverted L-shaped [48].

2.2.3. Other Types of WEC Breakwaters

Hengming Zhang et al. [49] proposed an asymmetrical
bottom WEC breakwater, see Figure 11(a), compared with
single WEC, single breakwater, double float system, the
conversion efficiency # of the triangular baffle bottom and the
square baffle bottom are 78.5% and 76.3% by numerically.
Damon How et al. [50] studied a n-type floating breakwater
integrated with multiple oscillating water columns (OWC)

48

combinations, and concluded that the effective frequency
band of the integrated system can be broadened by double
pontoons. A numerical model was proposed by Qiang Chen et
al. [45] for validation. Xuanlie Zhao et al. [46] analyzed the
combination of multiple structures using numerical methods.
Similar structures are also studied by Xiaoxia Zhang et al. [47]
and Qiaoling Ji et al. [48], who studied floating rectan-
gle-WEC breakwater and inverted L-WEC breakwater (a
rectangular breakwater with a vertical curtain wall under it)
respectively, as shown in Figure 10(b) and Figure 10(c). For
rectangles, the larger coefficients (k, = 2000) helps the buoy to
absorb more wave energy, and the peak absorption efficiency
reached 34.2%. For the inverted L type, the CWR > 40% and
ki < 0.35 through reasonable configuration.

(b) ©)

WECs, as shown in Figure 11(b), and the dimensionless
capture width gradually decreases with the increase of wave
height. The heave and pitch amplitude of the breakwater was
reduced. Siming Zheng et al. [51] studied a plate-wave energy
converter (p-WEC) moored in front of a floating breakwater,
as shown in Figure 11(c), p-WEC consists of a flexible plate
immersed in water, which could heave only. The two sides of
were glued with a piezoelectric layer, due to the piezoelectric
effect, the elastic motion of the water wave excitation plate
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can be converted into electrical energy, and the numerical
analysis showed that the maximum conversion efficiency nex
can reach a maximum of 0.9, but the effect of wave attenua-
tion of this structure was limited. Yong Cheng et al. [52] in-
vestigated an innovative multifunctional platform that com-
bined the functions of floating breakwaters and WECs, as
shown in Figure 11(d). The platform used a double cylindrical

pontoon-type floating breakwater as the base structure, the
two-month pool consists of three connecting walls between
two cylinders. When the frequency of the incident wave was
close to the natural frequency of the fluid in the lunar pool, the
internal fluid will produce violent oscillations, and then col-
lect wave energy in the lunar pool. This structure had a
maximum capture efficiency of 21.71%.

@ )

©

@

Figure 11. Other types of WEC BWs: (a) triangular and rectangular bottom WEC BW [49], (b) = type WEC BW [50], (c) plate-wave WEC BW

[51], (d) integrated WEC BW [52].

3. Conclusions and Prospect

3.1. Conclusions

From the research progress on fixed breakwaters, the re-
search direction focuses on the shape and permeability type of
the structure. The fixed breakwater has a good wave dissipa-
tion effect, but the investment is large, and it is not suitable for
the deep-sea area. The shape of the floating breakwater is
mainly rectangular, round, triangular, trapezoidal, L-shaped,
n-shaped, etc. According to the research results, the rectan-
gular breakwater is better than the circular one, but the force
of circular is smaller than rectangular, the "z type is better
than "T ", "L"type and trapezoidal is better than the inverted
"n" type, "+" type is the best. Floating breakwaters are highly
applicable and can be used in deep-sea areas. WEC break-
waters need to balance wave damping and power generation
efficiency, and at present, only numerical results can meet the
requirements.

Regardless of whether it is fixed, floating or WEC, the
main parameters affecting the function of the breakwater
are the width (or B/L), draft d (or relative depth of entry
into the water d/h), the number of breakwaters, the spacing
of the breakwater and the PTO damping (, etc., and the
influence on the transmission coefficient k; is basically the
same:

(1) k; decreases with the increase of B/L, d, d/h, Hi/L and

numbers.

(2) k; increases with the increase of T and ¢, but does not

change or increase with the increase of H;.

(3) The influence of breakwater spacing S on k; is com-

plex, but there is a certain range that makes k; tend to
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be a constant. Different studies have different param-
eters when meeting the eligibility conditions. B/L >
0.20 of reference [8] can achieve satisfactory results,
while studies in reference [41] require B/L>0.5 to
achieve satisfactory results. For example, the k; of the
"mountain™ type breakwater in reference [14] is ba-
sically below 0.5. However, the k; of reference [7],
reference [8], etc., needs basically above 0.5. There is
also a big gap in the research on the efficiency of wave
energy extraction, and the conversion rate can reach
more than 80% in theoretical calculations, but the
wave energy utilization rate in the experimental is
mostly between 0.2~0.3.

3.2. Prospect

Reviewing the research progress of breakwaters, although a
lot of research has been done on breakwaters, the ability of
breakwater to resist large waves is poor. In this paper, it is
suggested that more physical experimental methods should be
used to study the wave-dispation and CWR of breakwater or
WEC breakwater. The study type should be fixed permeable
type, floating type and combined with power generation de-
vice breakwater will be the main.
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