International Journal of Naval Architecture and Ocean Engineering 11 (2019) 819e827

Contents lists available at ScienceDirect

International Journal of Naval Architecture and Ocean Engineering
journal homepage: http://www.journals.elsevier.com/
international-journal-of-naval-architecture-and-ocean-engineering/

Investigation of surface-piercing ﬁxed structures with different shapes
for Bragg reﬂection of water waves
Wei-Wei Ding a, Zao-Jian Zou a, b, *, Jing-Ping Wu c, Bai-Gang Huang a
a

School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai, 200240, China
State Key Laboratory of Ocean Engineering, Shanghai Jiao Tong University, Shanghai, 200240, China
c
School of Transportation, Wuhan University of Technology, Wuhan, 430063, China
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 22 September 2018
Received in revised form
31 December 2018
Accepted 27 March 2019
Available online 1 April 2019

Bragg reﬂection of water waves by three kinds of surface-piercing ﬁxed structures with rectangular,
cosinoidal and triangular shapes is studied. Boundary element method is used to analyze the wave
scattering by these structures based on the linear wave theory. Results of reﬂection and transmission
coefﬁcients are validated by comparing with those available in literature. These structures with proper
conﬁgurations are proved to be effective in attenuating waves by using Bragg reﬂection, and the triangular structures are found to be the best choices among the structures with same width and same area.
Systematic calculations are then carried out for the triangular structures by varying the number, the
draft, the width, the gap and the combination of width and gap of the structures to analyze their inﬂuences on the characteristics of Bragg reﬂection. The results are of reference values for design of the
structures to attenuate waves based on the Bragg reﬂection.
© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access
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1. Introduction
The attenuation of water waves is an important research topic in
coastal and ocean engineering. Breakwaters consisting of single or
multiple structures are often constructed to protect engineering
structures or sea shore from wave attack. Compared with a single
structure, multiple structures used as breakwaters may enhance
the effectiveness of wave attenuation under proper geometrical
deployment. If multiple structures are deployed periodically, they
are known as periodical structures. When incident waves impinge
on periodical structures, a resonance of reﬂection could occur.
Speciﬁcally, the primary reﬂection coefﬁcient would be achieved
under the condition that the wavelength of the normally incident
wave is about twice the periodical length of the periodical structures, which is deﬁned as the phenomenon of Bragg reﬂection.
The occurring of Bragg reﬂection leads to the possibility that the
periodical structures could help attenuating waves effectively.
Based on the Bragg reﬂection, Mei et al. (1988) suggested a series of
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sinusoidal sandbars to protect the drilling platforms in the Ekoﬁsk
of the North Sea from wave attack. Bailard et al. (1990) concluded
that a number of submerged bars based on the Bragg reﬂection may
be an appropriate shore protection method to signiﬁcantly reduce
the erosion. Bailard et al. (1992) found that the Bragg reﬂection
submerged bars were capable of providing storm erosion protection along U.S. Gulf Coast and Atlantic Coast beaches. Tsai and Wen
(2010) indicated that by using the mechanism of Bragg reﬂection,
the submerged breakwaters were effective to reﬂect incoming
waves near Mi-Tuo Coast, Taiwan.
So far, Bragg reﬂection of water waves by submerged structures
with a number of different shapes has been widely investigated.
Most researches focused on the submerged structures with one
kind of shape, such as rectangular shape (Hsu et al. (2003); Wen
and Tsai (2008); Zeng et al. (2017)), sinusoidal or cosinoidal
shape (Cho and Lee (2000); Cho et al. (2004); Shih and Weng
(2016)), trapezoidal shape (Jeon and Cho (2006); Chang and Liou
(2007)), parabolic shape (Liu et al. (2015)) and semi-circular
shape (Liu et al. (2016)). Several kinds of shapes were also
considered simultaneously. Hsu et al. (2002) experimentally and
theoretically analyzed the characteristics of Bragg reﬂection of
water waves by three kinds of submerged artiﬁcial bars with
rectangular, triangular and rectiﬁed cosinoidal shapes, respectively.
Tsai et al. (2011) proposed multiply composite artiﬁcial bars with

https://doi.org/10.1016/j.ijnaoe.2019.03.006
2092-6782/© 2019 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

820

W.-W. Ding et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 819e827

different shapes, such as rectangular, triangular and rectiﬁed sinusoidal, in which two kinds of periodical length were considered.
The effective bandwidth of Bragg reﬂection could be enlarged by
these bars. Liu et al. (2014) analytically investigated the Bragg
reﬂection of long waves by three kinds of submerged bars with
triangular shape, rectiﬁed cosinoidal shape, and idealized trapezoidal shape, respectively. Optimal curves for the maximum Bragg
resonance were obtained to help designing these Bragg
breakwaters.
Above researches mainly focused on the Bragg reﬂection of
water waves by submerged structures on the seabed. However,
these structures can also be arranged piercing the still water surface or under the still water surface. According to the physical
essence of the occurring of Bragg reﬂection, these structures
enduring incident water waves may also induce the phenomenon
of Bragg reﬂection. Garnaud and Mei (2010) investigated the wave
scattering and radiation by an array of small heaving buoys that
were attached to power-takeoff devices based on an asymptotic
theory. It was found that the phenomenon of Bragg reﬂection
signiﬁcantly reduced the extraction efﬁciency of wave energy.
Linton (2011) studied the scattering of water waves over periodical
arrays of submerged horizontal circular cylinders in deep water
using the multiple expansion technique. A phase shift in the phenomenon of Bragg reﬂection was found compared with the standard Bragg law. Karmakar et al. (2013) analyzed the wave scattering
by multiple vertical ﬂexible membranes using the eigenfunction
expansion method, and found the phenomenon of Bragg reﬂection
in the wave interaction with two vertical ﬂexible membranes.
Ouyang et al. (2015) investigated the Bragg reﬂection of water
waves by a series of stationary ﬂoating pontoon breakwaters with
rectangular shape based on a boundary discretization technique.
Ding et al. (2018) proposed the multiple composite ﬂexible membranes ﬂoating vertically in the water and found that the effective
bandwidth of Bragg reﬂection could be increased compared with
the traditional multiple ﬂexible membranes.
In the researches above, a number of methods have been utilized in the problem of wave interaction with structures. Meanwhile, the boundary element method is also widely used in the
wave interaction with structures, especially for the complex engineering structures (Teng and Gou (2017)). For example, Dalrymple
and Kirby (1986) proved that the boundary element method was
accurate and effective to investigate the interaction between water
waves and a patch of bottom ripples. Kar et al. (2018) used the
boundary element method to analyze the surface gravity wave
scattering by a pair of trenches. The boundary element method is
quite convenient to deal with complex geometries of structures.
Moreover, many kinds of structures with different shapes can be
easily considered by the boundary element method.
There are only few researches on the Bragg reﬂection of water
waves arising from surface-piercing ﬁxed structures with different
shapes. In this paper, three surface-piercing ﬁxed structures with
rectangular, cosinoidal and triangular shapes are chosen as typical
examples for the study of Bragg reﬂection of water waves. Structures with these three shapes are reasonable choices from the engineering point of view and were analyzed by Hsu et al. (2002) and
Tsai et al. (2011) for the cases of structures ﬁxed on the seabed. The
present study extends the work of Ouyang et al. (2015) in which
only the ﬁxed ﬂoating pontoon with rectangular shape was
considered. Meanwhile, the boundary element method is adopted
to conveniently consider the structures with different shapes. Numerical solutions based on the boundary element method are
derived and validated with published results in the literature. The
differences in Bragg reﬂection induced by the three kinds of
structures with rectangular, cosinoidal and triangular shapes are
analyzed. Characteristics of Bragg reﬂection are systematically

investigated with the variation of the number, the draft and the
width, the gap and the combination of width and gap of the
triangular structures. This study can provide guidance on design of
surface-piercing ﬁxed structures with different shapes to attenuate
waves when taking advantage of Bragg reﬂection.

2. Mathematical formulation
As shown in Fig. 1, three kinds of surface-piercing ﬁxed structures deployed on the still water surface are considered. Each kind
of the structures consists of same structures, whose shapes under
the still water surface are rectangular, cosinoidal and triangular
respectively, with the width W and the draft d. The number of the
structures is N. The gap between every two adjacent structures
keeps the same and is denoted by S. These structures can then be
seen as periodical structures with the periodical length L ¼ S þ W.
A monochromatic incident wave with frequency u and small
amplitude am approaches the structures from the far ﬁeld. The
wave scattering problem of the structures is analyzed based on the
linear water wave theory in which the ﬂuid is assumed to be
inviscid and incompressible and the ﬂow is assumed to be irrotational. The seabed is assumed to be uniform and impermeable. The
water depth keeps constant and is denoted by h.
A two dimensional Cartesian coordinate system is deﬁned, with
x-axis pointing horizontally right and z-axis pointing vertically
upward. The origin is set at the still water surface and the center of
the ﬁrst structure for mathematical convenience.
Under the frame of linear potential theory, the ﬂow in the whole
region can be described by a velocity potential Fðx; z; tÞ, where t is
the time. For the problem considered here, the velocity potential
can be expressed as

n

Fðx; z; tÞ ¼ Re fðx; zÞeiut

o

(1)

where Re represents the real part of the quantity, fðx; zÞ is the
spatial velocity potential and i represents the imaginary unit.
The velocity potential of the aforementioned incident wave can
be expressed as

fI ¼ 

iam g

u

eikx

cosh kðh þ zÞ
cosh kh

(2)

where g is the gravitational acceleration and k is the wave number
of the incident wave, which is the positive root of the dispersion
equation u2 ¼ gk tanh kh.
The ﬂuid motion is governed by the two-dimensional Laplace
equation

!
v2
v2
þ
f¼0
vx2 vz2

(3)

By combining the linearized kinematic and dynamic free surface
boundary conditions, the linearized free surface boundary condition is obtained as

vf u2

f¼0 ;
vz
g

z¼0

(4)

The ﬁxed structures are assumed to be rigid. The boundary
condition on the surface of each structure can be expressed as

Vf,n ¼ 0
where n represents the unit normal vector.
The impermeable seabed condition is

(5)
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Fig. 1. Sketch map of the surface-piercing ﬁxed structures with different shapes.

vf
¼0 ;
vz

z ¼ h:

(6)

The Sommerfeld boundary conditions are given as


lim

x/H∞

v
±ik
vx



f  fI
f


¼0

(7)

3. Numerical solutions
The boundary element method is used to solve the boundary
value problem formulated above. Two hypothetic boundaries at x ¼
xl and x ¼ xr respectively are introduced to facilitate the numerical
solutions, where xl is located sufﬁciently far from the ﬁrst structure,
and xr is located sufﬁciently far from the last structure. Accordingly,

the whole region is divided into the region 1 (x  xl ), the region 2
(xl < x < xr ) and the region 3 (x  xr ), and the velocity potentials in
the three regions are represented by f1 ðx; zÞ, f2 ðx; zÞ and f3 ðx; zÞ,
respectively.
The velocity potential in the region 1, which fulﬁlls Eq. (7), can
be expressed as

i cosh kðh þ zÞ
h
;
f1 ðx; zÞ ¼ AI eikðxxl Þ þ Reikðxxl Þ
cosh kh
iam g ikxl
¼
e

u

AI
(8)

where R is the complex amplitude of the reﬂection coefﬁcient and
AI is introduced for expression convenience.
The velocity potential in the region 3, which fulﬁlls Eq. (7), can
be expressed as
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f3 ðx; zÞ ¼ Teikðxxr Þ

cosh kðh þ zÞ
cosh kh

(9)

where T is the complex amplitude of the transmission coefﬁcient.
According to the continuity of pressure and the continuity of
velocity at the two hypothetic boundaries, it has

f2 ðx; zÞjx¼xl ¼ f1 ðx; zÞjx¼xl

(10)



vf2 ðx; zÞ
vf1 ðx; zÞ
¼
vx x¼xl
vx x¼xl

(11)

f2 ðx; zÞjx¼xr ¼ f3 ðx; zÞjx¼xr

(12)



vf2 ðx; zÞ
vf3 ðx; zÞ
¼
vx x¼xr
vx x¼xr

(13)

pfe2 ðPÞ þ

(14)

(16)

where Pðx; zÞ is the ﬁeld point, Q ðx; hÞ is the source point, and
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r ¼ ðx  xÞ2 þ ðz  hÞ2 represents the distance between the ﬁeld
point and the source point.
This kind of Green function is simple and the phenomenon of
irregular frequencies due to numerical discretization is unlikely to
occur. By using Green's theorem, the velocity potential at point P
located in the region 2 (excluding its boundaries) fulﬁlls the
relation

f2 ðQ Þ
C

s

l

r

X
cosh kðh þ zÞ PQ
g
2ikAI
cosh kh
C
(19)

R
R
Þ
PQ ¼
where hPQ ¼ GQ vGðP;Q
GQ GðP; Q ÞdG, which are
vn dG and g
introduced for expression convenience; fe2 represents the velocity
potential on the element e.
The values of hPQ and g PQ can be calculated numerically via
common Gaussian quadrature. Particularly, when the point Q and
the point P overlap, the singularity of Green function occurs and the
values of hPQ and g PQ are explicitly obtained as

hPQ ¼ 0



1
GðP; Q Þ ¼ ln rðP; Q Þ ¼  ln ðx  xÞ2 þ ðz  hÞ2
2

I 

¼

b

fe2 ðQ Þ

(15)

The free surface Green function, which is the fundamental solution to Laplace Eq. (3), is deﬁned as

2pf2 ðPÞ ¼

 ikg

PQ

l

By substituting Eq. (9) into the combination of Eq. (12) and Eq.
(13), the boundary condition at x ¼ xr can be derived as



1 vf2
¼0
f2 
ik vx x¼xr


X
X
X
u2
hPQ
hPQ  gPQ fe2 ðQ Þ þ
hPQ fe2 ðQ Þ þ
g
C
C þC
C þC
w

By substituting Eq. (8) into the combination of Eq. (10) and Eq.
(11), the boundary condition at x ¼ xl can be derived as



1 vf2
cosh kðh þ zÞ
f2 þ
¼ 2AI
ik vx x¼xl
cosh kh

elements. The sharp corner of the boundaries of the structures is set
as the endpoints of the adjacent elements. The constant element
model is adopted, and a constant velocity potential exists on each
element. The collocation point and the source point are set at the
midpoint of each element. Although there are more sophisticated
element models, the accuracy of results is about the same as long as
a sufﬁcient number of elements in the constant element model are
used.
By substituting Eqs. (4)e(6), (14) and (15) into Eq. (18) and
discreting the resulting equation, it gives


vGðP; Q Þ
vf ðQ Þ
ds
 GðP; Q Þ 2
vn
vn



gPQ ¼

Dl
2
1 þ ln
2p
Dl


(21)

where Dl represents the length of the element on which Q locates.
Denoting the total number of the elements as M, M linear
algebraic equations similar to Eq. (19) can be established. The velocity potential on each element can then be determined by solving
these equations.
By substituting Eq. (8) into Eq. (10) and multiplying both sides of
the resulting equation with cosh kðh þ zÞ, it gives

f2 ðxl ; zÞcosh kðh þ zÞ ¼ ðAI þ RÞ

cosh2 kðh þ zÞ
cosh kh

(22)

Integrating Eq. (22) with respect to z from -h to 0, it follows

(17)
R ¼ AI þ

where the direction of deﬁnite integration is anticlockwise; the
total boundary C consists of the hypothetic left boundary Cl, the
seabed boundary Cs, the hypothetic right boundary Cr , several still
water surface boundaries Cw and several structure surface boundaries Cb .
Based on Eq. (17), the velocity potential at any location in the
region can be represented in terms of the values of the velocity
potential and its normal derivative on the boundaries. When the
point P is located on the boundaries of the region 2, Eq. (17) is
rewritten as


I 
vGðP; Q Þ
vf ðQ Þ
 GðP; Q Þ 2
ds
f2 ðQ Þ
pf2 ðPÞ ¼
vn
vn

(20)

where n0 ¼

In order to numerically obtain the velocity potential on the total
boundaries, all the boundaries are divided into a number of small

1
2


1þ

ð0
f2 ðxl ; zÞcosh kðh þ zÞdz

(23)

h

2kh
sinh kh


.

By substituting Eq. (9) into Eq. (12) and multiplying both sides of
the resulting equation with cosh kðh þ zÞ, it gives

f2 ðxr ; zÞcosh kðh þ zÞ ¼ T

cosh2 kðh þ zÞ
cosh kh

(24)

Integrating Eq. (24) with respect to z from -h to 0, it follows

(18)

C

k
n0 sinh kh

T¼

k
n0 sinh kh

ð0
f2 ðxr ; zÞcosh kðh þ zÞdz

(25)

h

Thus, the reﬂection and transmission coefﬁcients can be
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calculated as

Kr ¼ jR=AI j

(26)

Kt ¼ jT=AI j

(27)

4. Results and discussion
The purpose of the present study is to analyze the effectiveness
of wave attenuation through the Bragg reﬂection induced by the
surface-piercing ﬁxed structures with various shapes. Three parameters, namely the occurring condition, the primary reﬂection
coefﬁcient and the effective bandwidth, are adopted to represent
the characteristics of Bragg reﬂection. The occurring condition is
deﬁned by the value of 2L=l when the phenomenon of Bragg
reﬂection occurs, where l is the wave length. The primary reﬂection
coefﬁcient Kp is the corresponding peak reﬂection coefﬁcient when
the phenomenon of Bragg reﬂection occurs. The effective bandwidth Eb is deﬁned as the range of the value of 2L=l in the region of
Bragg reﬂection under the condition Kr  Kp=2. Well-designed
surface-piercing ﬁxed structures based on Bragg reﬂection are expected to be capable of effectively reﬂecting waves in a wide range
of wave frequencies. The primary reﬂection coefﬁcient and the
effective bandwidth are of importance in engineering design.

Fig. 2. Comparisons of the reﬂection and transmission coefﬁcients of the structures.
N ¼ 1, d=h ¼ 0:25 and W=h ¼ 0:5

4.1. Validation of the method
The distance between the hypothetic boundary and its adjacent
structure is set as four times of the water depth, which is far enough
to ignore the effects of evanescent waves according to Ding et al.
(2018). According to Liu and Abbaspour (1982), about eight small
elements within a wavelength are needed in using the boundary
element method. In the present study, a smaller mesh size is
selected and the minimum number of small elements within a
wavelength is 25. The mesh size on the body surface is about the
same as that on the free surface. Numerical results using these
settings show that the convergence of the reﬂection and transmission coefﬁcients can be achieved, and the error of the energy
conservation equation Kr 2 þ Kt 2 ¼ 1:0 is less than 0.2%.
Ouyang et al. (2015) introduced a Radial Basis Function
(different from the present Green Function) to satisfy the Laplace
equation and further developed a numerical model of boundary
discretization type to investigate the wave scattering by rectangular structures. Fig. 2 shows the comparisons of the reﬂection and
transmission coefﬁcients of the structures with N ¼ 1, d=h ¼ 0:25
and W=h ¼ 0:5 obtained by the present study and by Ouyang et al.
(2015). Fig. 3 shows the comparisons of the reﬂection coefﬁcient of
the structures with N ¼ 3, d=h ¼ 0:25, W=h ¼ 0:5 and S=h ¼ 2:0.
Excellent agreements can be observed, which demonstrates the
validity of the present boundary element method.

Fig. 3. Comparisons of the reﬂection coefﬁcient of the structures. N ¼ 3, d=h ¼ 0:25,
W=h ¼ 0:5 and S=h ¼ 2:0

4.2. Advantage of Bragg reﬂection
Take the structures with rectangular shape as an example for the
analysis on the advantage of Bragg reﬂection. Bragg reﬂection of
water waves by submerged structures on the seabed has been
widely investigated in previous studies. When the same structures
are deployed on the water surface as surface-piercing ﬁxed structures, the phenomenon of Bragg reﬂection may be different. Fig. 4
shows the comparisons of the reﬂection coefﬁcient of the
surface-piercing ﬁxed structures and the submerged structures on
the seabed under the same geometric parameters N ¼ 3, d=h ¼
0:25, W=h ¼ 0:5 and S=h ¼ 2:5. The phenomenon of Bragg

Fig. 4. Comparisons of the reﬂection coefﬁcient of the surface-piercing ﬁxed structures
and the submerged structures on the seabed with N ¼ 3, d=h ¼ 0:25, W=h ¼ 0:5 and
S=h ¼ 2:5
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reﬂection can be obviously observed for both kinds of structures.
However, both the primary reﬂection coefﬁcient and the effective
bandwidth of the surface-piercing ﬁxed structures are much larger
than those of the submerged structures on the seabed. According to
the linear wave theory, the wave energy rapidly decreases from the
water surface to the seabed. This may help explaining the above
difference of primary reﬂection coefﬁcient. As it is known, the
primary reﬂection coefﬁcient can be enlarged by increasing the
number of submerged structures on the seabed. From Fig. 4, it can
be deduced that to obtain the same primary reﬂection coefﬁcient,
the number of the surface-piercing ﬁxed structures is smaller
compared with the submerged structures on the seabed. Therefore,
when taking advantage of Bragg reﬂection induced by periodical
structures to attenuate waves, it may be a better choice to adopt
surface-piercing ﬁxed structures.
For surface-piercing ﬁxed structures, three cases, i.e., (a) N ¼ 3,
W=h ¼ 0:5 and S=h ¼ 2:5, (b) N ¼ 1 and W=h ¼ 1:5, and (c) N ¼ 1
and W=h ¼ 0:5, are considered to further analyze the advantage of
Bragg reﬂection. In all these cases, d=h ¼ 0:25. Fig. 5 shows the
reﬂection coefﬁcient of the structures versus the nondimensional
wavenumber for these cases.
For case (a), the phenomenon of Bragg reﬂection can be
observed. The primary reﬂection coefﬁcient Kp ¼ 0:93 at kh ¼ 1:16.
The corresponding occurring condition of Bragg reﬂection is 2L=l ¼
1:11, which is in the vicinity of the traditional occurring condition
2L=l ¼ 1:0. For case (b) and case (c), the reﬂection coefﬁcient keeps
increasing as the nondimensional wavenumber increases. The
former always has the larger reﬂection coefﬁcient due to the larger
width of the single structure. It can be seen that the single structure
has the better wave attenuation efﬁciency in most of the wavenumber range. However, in the region where the Bragg reﬂection
occurs, the structures in case (a) have a signiﬁcant advantage over
the single structure in case (b) and case (c) to attenuate waves. The
reﬂection coefﬁcients at kh ¼ 1:16 in case (b) and case (c) are Kr ¼
0:84 and Kr ¼ 0:54, respectively. They are obviously smaller than
the primary reﬂection coefﬁcient Kp ¼ 0:93 in case (a), although
the width of the single structure in case (b) is the same as the
equivalent width of the structures in case (a). Thus, the Bragg
reﬂection induced by the surface-piercing ﬁxed structures with
proper conﬁgurations indeed has application value in attenuating
waves.

Fig. 5. Comparisons of the reﬂection coefﬁcient of the structures, d=h ¼ 0:25 for case
(a) N ¼ 3, W=h ¼ 0:5 and S=h ¼ 2:5; case (b) N ¼ 1 and W=h ¼ 1:5; and case (c) N ¼ 1
and W=h ¼ 0:5

4.3. Comparisons of the structures with different shapes
As shown in Fig. 1, three kinds of surface-piercing ﬁxed structures with different shapes, namely rectangular, cosinoidal and
triangular, are considered. The area of the single rectangular
structure is A1 ¼ d  W, the area of the single cosinoidal structure
is A2 ¼ 2  d  W=p, and the area of the single triangular structure
is A3 ¼ d  W=2. Fig. 6 shows the comparisons of the reﬂection
coefﬁcient of the three kinds of structures with the same geometric
parameters N ¼ 3, d=h ¼ 0:25, W=h ¼ 0:5 and S=h ¼ 2:5. It can be
seen that the rectangular structures have the largest primary
reﬂection coefﬁcient, while the triangular structures have the
smallest primary reﬂection coefﬁcient, which are consistent with
the area of the structures. This is because that with the same draft
and same width, the area of the structures plays an important role
in attenuating waves, and the larger area provides the larger volume for wave reﬂection. The occurring condition and the effective
bandwidth of the cosinoidal structures and the triangular structures are almost the same, because the difference in their areas is
small. However, the occurring condition of the rectangular structures moves to left slightly. This may be due to its much larger area
compared with those of other two structures. Similar results were
found in Hsu et al. (2002), though the structures were ﬁxed on the
seabed in their study.
Engineering cost is closely related to the amount of construction
material. For the structures considered here, same areas of the
structures means the same amount of construction material. To see
which kind of structures with same areas is the most efﬁcient one,
the three structures with same areas and same widths but different
shapes are analyzed. The drafts of the rectangular, cosinoidal and
triangular structures are denoted by d1, d2 and d3 , respectively.
Setting d1 =h ¼ 0:25 for the rectangular structures, it requires that
d2 ¼ p  d1 =2 for the cosinoidal structures and d3 ¼ 2d1 for the
triangular structures. Comparisons of the reﬂection coefﬁcient of
the three kinds of structures with N ¼ 3, W=h ¼ 0:5 and S=h ¼ 2:5
are shown in Fig. 7. It can be seen that the occurring conditions of
Bragg reﬂection of the three kinds of structures are almost the
same, indicating that the shape of the structures has few effects on
the wavelength corresponding to the Bragg reﬂection. However, the
triangular structures have the largest primary reﬂection coefﬁcient
and the largest effective bandwidth, while the rectangular structures have the smallest primary reﬂection coefﬁcient and the
smallest effective bandwidth. This is probably due to the largest

Fig. 6. Comparisons of the reﬂection coefﬁcient of the three kinds of structures. N ¼ 3,
d=h ¼ 0:25, W=h ¼ 0:5 and S=h ¼ 2:5
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Table 1
Characteristics of Bragg reﬂection of the structures with different numbers. d=h ¼
0:25, W=h ¼ 0:5 and S=h ¼ 2:5

Fig. 7. Comparisons of the reﬂection coefﬁcient of the three kinds of structures of same
areas. N ¼ 3, W=h ¼ 0:5 and S=h ¼ 2:5

draft of the triangular structures, and the larger draft can reﬂect
more waves back. The larger the primary reﬂection coefﬁcient and
the effective bandwidth, the more beneﬁcial to take advantage of
Bragg reﬂection. Therefore, from both aspects of effectiveness of
wave attenuation and material cost, the triangular structures may
be the best choices in practical engineering.
In the following analysis on the characteristics of Bragg reﬂection, surface-piercing ﬁxed structures with triangular shape are
chosen. A series of parametric studies are conducted to investigate
the effects of the number, the draft, the width, the gap and the
combination of width and gap of the structures.

N

2L/l

Kp

Eb

3
4
5

1.15
1.13
1.11

0.87
0.94
0.97

0.83e1.39
0.86e1.34
1.11e1.31

Bragg reﬂection can be apparently observed for all the structures
with different numbers. Meanwhile, all the occurring conditions of
Bragg reﬂection are in the vicinity of 2L=l ¼ 1:0. The occurring
condition has a slight shift towards left with the increase of the
number of the structures, indicating that the wavelength corresponding to the Bragg reﬂection becomes larger. When the number
of the structures increases, the primary reﬂection coefﬁcient keeps
increasing, and nearly total reﬂection can be achieved ﬁnally. For
example, Kp ¼ 0:97 at N ¼ 5. Such a large reﬂection coefﬁcient is
very favorable for the structures to attenuate waves effectively.
However, the corresponding effective bandwidth becomes narrower and the engineering cost becomes higher for the larger
number of the structures. In practical design, the number of the
structures should be carefully chosen according to the required
primary reﬂection coefﬁcient and the effective bandwidth.
4.5. Effects of the draft of the structures

Fig. 8 shows the reﬂection coefﬁcient Kr versus 2L=l for different
numbers of the structures with d=h ¼ 0:25, W=h ¼ 0:5 and S=h ¼
2:5. Table 1 summarizes the characteristics of Bragg reﬂection. It
can be seen that the variation of the reﬂection coefﬁcient is rather
complicated, with several crests and valleys in the whole range of
2L=l. For the structures with larger number, more crests and valleys
of the reﬂection coefﬁcient can be observed. The phenomenon of

Fig. 9 shows the reﬂection coefﬁcient Kr versus 2L=l for different
drafts of the structures with N ¼ 3, W=h ¼ 0:5 and S=h ¼ 2:5.
Table 2 summarizes the characteristics of Bragg reﬂection. Similar
variation tendency of the reﬂection coefﬁcient can be observed for
all the drafts. All the occurring conditions of Bragg reﬂection are in
the vicinity of 2L=l ¼ 1:0. Moreover, the occurring condition
gradually moves to left as the draft of the structures increases. The
primary reﬂection coefﬁcient increases as the draft of the structures becomes larger. It is apparently because more waves can be
obstructed by the structures with larger draft. The effective bandwidth moves to left as a whole and at the same time becomes wider
with the increasing draft of the structures. For practical applications, the structures with larger draft would be more advisable,
because not only the higher reﬂection coefﬁcient can be achieved,
but also the wider applicable effective bandwidth is realized.
According to the traditional occurring condition of Bragg

Fig. 8. Reﬂection coefﬁcient versus 2L=l with respect to the number of the structures.
d=h ¼ 0:25, W=h ¼ 0:5 and S=h ¼ 2:5

Fig. 9. Reﬂection coefﬁcient versus 2L=l with respect to the draft of the structures. N ¼
3, W=h ¼ 0:5 and S=h ¼ 2:5

4.4. Effects of the number of the structures
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Table 2
Characteristics of Bragg reﬂection of the structures with different drafts. N ¼ 3, W=
h ¼ 0:5 and S=h ¼ 2:5

Table 3
Characteristics of Bragg reﬂection of the structures with different widths. N ¼ 3, d=
h ¼ 0:25 and S=h ¼ 2:5

d/h

2L/l

Kp

Eb

W/h

2L/l

Kp

Eb

0.15
0.25
0.35

1.16
1.15
1.13

0.82
0.87
0.92

0.86e1.41
0.83e1.39
0.79e1.38

0.3
0.5
0.7

1.10
1.15
1.19

0.76
0.87
0.93

0.83e1.31
0.83e1.39
0.84e1.48

reﬂection 2L=l ¼ 1:0, the phenomenon of Bragg reﬂection is
strongly associated with the periodical length of the structures
when the wavelength of incident wave is constant. The periodical
length of the surface-piercing ﬁxed structures is L ¼ S þ W. There
exist three kinds of situations: First, the gap S of the structures is
ﬁxed, the width W of the structures varies, and thus the periodical
length L of the structures varies. Second, the width W of the
structures is ﬁxed, the gap S of the structures varies, and thus the
periodical length L of the structures varies. Third, the periodical
length L of the structures is ﬁxed, and both the gap S and the width
W of the structures vary. In the following, the effects of the three
kinds of situations on the characteristics of Bragg reﬂection are
analyzed respectively.

4.6. Effects of the width of the structures
Fig. 10 shows the reﬂection coefﬁcient Kr versus 2L=l for
different widths of the structures with N ¼ 3, d=h ¼ 0:25 and
S=h ¼ 2:5. Table 3 summarizes the characteristics of Bragg
reﬂection. The occurring condition of Bragg reﬂection signiﬁcantly moves to right as the width of the structures increases. For
example, the occurring condition at W=h ¼ 0:3 is 2L=l ¼ 1:10, and
the occurring condition at W=h ¼ 0:7 becomes 2L=l ¼ 1:19. The
former is still in the vicinity of the traditional occurring condition
2L=l ¼ 1:0, while the latter has an obvious deviation. As the width
of the structures becomes larger, both the primary reﬂection coefﬁcient and the effective bandwidth increase signiﬁcantly. For
the structures with larger width, more wave energy can be reﬂected in a wider range of wavelength, especially for the waves of
larger wavelength. However, the structures with too larger width
can be replaced by several structures with smaller width, which
can utilize the induced Bragg reﬂection to help attenuating waves,
as analyzed in subsection 4.2.

Fig. 10. Reﬂection coefﬁcient versus 2L=l with respect to the width of the structures.
N ¼ 3, d=h ¼ 0:25 and S=h ¼ 2:5

4.7. Effects of the gap of the structures
Fig. 11 shows the reﬂection coefﬁcient Kr versus 2L=l for
different gaps of the structures with N ¼ 3, d=h ¼ 0:25 and W=h ¼
0:5. Table 4 summarizes the characteristics of Bragg reﬂection. As
the gap of the structures increases, the occurring condition of
Bragg reﬂection continually moves to left, and becomes closer to
the traditional occurring condition of Bragg reﬂection 2L=l ¼ 1:0.
For example, the occurring condition at S=h ¼ 1:5 is 2L=l ¼ 1:25,
at S=h ¼ 3:5 is 2L=l ¼ 1:11. The latter can be regarded as still in the
vicinity of the traditional occurring condition 2L=l ¼ 1:0, while
the former has an obvious deviation. The primary reﬂection coefﬁcient has an obvious increase and the effective bandwidth
becomes wider with the deceasing gap of the structures. However,
the wavelength corresponding to the primary reﬂection coefﬁcient is much smaller at S=h ¼ 1:5, compared with that at S=h ¼
3:5. Thus, the use of the structures with small gap is limited to
attenuating waves with short wavelength. In practice, the gap of
the structures may be adjusted according to the actual wavelength
of incident wave to obtain the required effectiveness of wave
attenuation.

4.8. Effects of the combination of width and gap of the structures
Fig. 12 shows the reﬂection coefﬁcient Kr versus 2L=l for
different combinations of width and gap of the structures with N ¼
3, d=h ¼ 0:25 and L=h ¼ 3:0. Table 5 summarizes the characteristics
of Bragg reﬂection. The effects of the combination of width and gap
of the structures on the characteristics of Bragg reﬂection can be
found to be consistent with the ﬁndings in the above subsections.
For example, the primary reﬂection coefﬁcient can be enlarged by
increasing the width of the structures and decreasing the gap of the
structures.

Fig. 11. Reﬂection coefﬁcient versus 2L=l with respect to the gap of the structures. N ¼
3, d=h ¼ 0:25 and W=h ¼ 0:5
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Table 4
Characteristics of Bragg reﬂection of the structures with different gaps. N ¼ 3, d=h ¼
0:25 and W=h ¼ 0:5
S/h

2L/l

Kp

Eb

1.5
2.5
3.5

1.25
1.15
1.11

0.99
0.87
0.72

0.80e1.56
0.83e1.39
0.84e1.34
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study may provide informative guidance in the preliminary design
of surface-piercing ﬁxed structures based on the Bragg reﬂection to
protect engineering structures or shoreline from wave attack.
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0.3
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