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A B S T R A C T

Vertical wall breakwater with inclined culvert (VWBIC) is a new-type environmentally friendly breakwater
proposed in this paper, which is a further development of vertical wall breakwater with horizontal culvert
(Lv and Zhao, 2021). To analyze the hydrodynamic performance of the VWBIC on a permeable rubble mound
foundation and to propose the optimal structural parameters of the culvert for engineering application, an
eigenfunction expansion boundary element method (EEBEM) is used. Besides, newly performed computational
fluid dynamics (CFD) results are used to reveal the interaction mechanism between waves and the VWBIC.
The results show that when the culvert inclined angle is positive, the VWBIC is more beneficial to engineering
application. With an increase in the culvert inclined angle, the VWBIC can effectively reduce wave transmission
coefficient of medium and long waves, promote the oscillatory flow of short waves and reduce the wave force
on the VWBIC. Meanwhile, through the effects of wave shallowing, resonance and energy dissipation, the
permeable rubble mound foundation can significantly reduce the wave reflection and wave force on the VWBIC.
Finally, the optimal structural parameters of the VWBIC are obtained. All these indicate that the VWBIC is a
more effective structure than vertical wall breakwater with horizontal culvert.
1. Introduction

Breakwater with culvert (BC) is a kind of environmentally friendly
breakwater for coastal and offshore engineering (Tsoukala and Mout-
zouris, 2009; Rageh and Koraim, 2010). Compared with the gravity
breakwater, the BC can effectively reduce wave reflection and wave
force on the breakwater (Li et al., 1997b), promote water exchange,
and reduce the sediment deposition in the harbor basin (Lv and Zhao,
021). Besides, some aquatic organisms can freely pass through the cul-
ert, which is of great significance to maintaining the aquatic ecological
nvironment in the harbor basin (Tsoukala et al., 2014). However, the
istribution of sediment concentration in the ocean follows the law of
eing sparse at the top and dense at the bottom, especially for the
ncircled harbor basin. To further promote the water exchange and
educe sediment deposition, a new-type vertical wall breakwater with
nclined culvert (VWBIC) is proposed in this paper, and it is a further
tudy of vertical wall breakwater with horizontal culvert (Lv and Zhao,
021). When the culvert inlet (sea area) is higher than the culvert outlet
harbor area), the high turbidity water at the bottom of the harbor will
low into the sea through oscillatory flow, and the low turbidity water
t the surface of sea will flush the harbor area. It could be expected
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E-mail addresses: chaofanlvgg@gmail.com (C. Lv), xizengzhao@zju.edu.cn (X. Zhao).

that due to this special setting, VWBIC will have a good effect on water
exchange.

In practice, the location of the culvert can be set at sea level or
under water for different tide types. When the BC is placed in a weak
tidal range area, the culvert placed at sea level is better than that
placed under water. This breakwater is called breakwater with flushing
culvert. Due to the sudden changes of the topography, waves in the
culvert will be broken, and the oscillatory flow in the culvert can also
play a good role in flushing the harbor basin (Tsoukala and Moutzouris,
2009; Belibassakis et al., 2014). When the BC is placed in the large
tidal range areas, the culvert placed under water is superior due to the
significant change of sea level (Li et al., 1997a; Lv and Zhao, 2021). It
can effectively promote water exchange between the harbor basin and
offshore area due to the action of tides and waves. From the above,
it can be found that different tide types have a great impact on the
culvert. However, if the culvert is arranged at an inclined angle, it will
not be affected by the tides and has stronger applicability. On the one
hand, the culvert inlet located near the sea level can facilitate wave
breaking. On the other hand, because the culvert is inclined, the proper
layout can also keep the culvert below the sea level for water exchange.
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Over the years, many researchers have been dedicated to studying
the interaction between waves and the BC (Zhu and Chwang, 2001;
Suh et al., 2006, 2007). Li et al. (1997a,b) analyzed the wave force
on the vertical wall breakwater with culvert (VWBC) and reflection
coefficient based on potential flow theory, and they found that the
VWBC can effectively reduce the wave force and wave reflection co-
efficient. Subsequently, some experiments and numerical simulations
mainly focused on the geometric characteristics of culverts and the
influence of incident wave height on the wave deformation (Tsoukala
and Moutzouris, 2008, 2009), harmonic wave (Tsoukala et al., 2010,
2014) and the oscillatory flow in the culvert (Carevic et al., 2018;
Bartolić et al., 2018). They found that the size of the culvert and the
incident wave have a great influence on the water exchange, while
the generation and transmission coefficient of harmonics are mainly
affected by the width of the culvert. Although they found that the
culvert has great effects on the hydrodynamic performance of the BC,
there was no relevant design theory to explain how to choose the
optimal culvert. Lv and Zhao (2021) adopted theoretical, numerical
and experimental methods to study the hydrodynamic characteristics
of VBWC, and proposed a calculation method to calculate the optimal
culvert. The results show that the culvert height and culvert depth are
the main factors which affect the hydrodynamic performance of the
VWBC.

In reality, breakwaters are usually built on a permeable rubble
mound foundation, and the permeable rubble mound foundation has
great effects on the hydrodynamic performance of the breakwater.
Up to now, a great deal of research has been carried out on the
interaction between wave and permeable structure (Madsen, 1974; Liu
t al., 1999; Del Jesus et al., 2012). Dalrymple et al. (1991) estimated
ave reflection and transmission of rectangular uniform porous struc-

ure under oblique incident wave action by eigenfunction expansion
ethod. Requejo et al. (2002) derived the reflection and transmission

oefficient of vertical permeable breakwater, and analyzed the effects of
imensionless parameters such as structure width, stone size, porosity
n the stability of porous breakwaters. Subsequently, a series of studies
ere carried out by using the (Sollitt and Cross, 1973) models of wave
assing through the porous structures, such as porous structures near
wall (Koley et al., 2015a), underwater trapezoidal porous breakwa-

er (Koley et al., 2015b), submerged semicircular porous breakwater
Koley and Sahoo, 2017), rubble mound offshore porous breakwaters
Koley et al., 2020). It is found that reasonable arrangement of perme-
ble breakwater can effectively promote the dissipation of wave energy
nd reduce wave reflection and wave force. Similarly, the research
f Zhao et al. (2016) further confirmed the role of porous structure.

The aforementioned studies have well analyzed the hydrodynamic
erformance of the BC and the permeable rubble mound foundation,
nd provided valuable results for practice. However, since the VWBIC
s first put forward in this paper, there has been no research on its
ydrodynamic performance. Besides, the influence of permeable rubble
ound foundation on the VWBIC has not been discussed till now.
he optimal structural parameters of the inclined culvert will change,
o it is still necessary and important to find the optimal solution.
herefore, in this paper, a coupled eigenfunction expansion boundary
lement method (EEBEM) (Koley et al., 2020; Rodríguez et al., 2022)
nd computational fluid dynamics (CFD) numerical simulation (Zhao
t al., 2014) are used to comprehensively study the hydrodynamic
erformance of the VWBIC, and then the optimal structural parameters
f the culvert are proposed to provide a reference for engineering
pplication.

The EEBEM is a method which couples eigenfunction expansion
ethod (Deng et al., 2019) with multi-domain boundary element
ethod (Chen et al., 2017; Zhao et al., 2020). Unlike theoretical

nalysis (Liu and Li, 2013; Koley et al., 2015a; Li et al., 2020), the
EEBEM has no restriction on the shape of structures. Therefore, it can
2

solve many complicated problems, such as the interaction between
the waves and the VWBIC. Meanwhile, compared with the multi-
domain boundary element method (Bakhti et al., 2017), it can be more
accurately to solve the problem of wave interaction with structures,
and it can effectively reduce the computational domain and improve
the calculation speed. Besides, the results obtained by the EEBEM are
basically consistent with the analytical results. Through the EEBEM,
the velocity potential of any point in the computational domain can
be obtained. Then the corresponding wave force, wave transmission
coefficient and oscillatory flow can be derived.

In the next section, the implementation of the EEBEM is described
in detail. Then, the CFD model of the VWBIC is briefly introduced
in Section 3, and the interaction between waves and the VWBIC is
revealed by CFD results. In Section 4, the hydrodynamic performances
of the VWBIC are demonstrated through the EEBEM, and the effects
of the culvert inclined angle and permeable rubble mound foundation
are analyzed emphatically. In addition, the EEBEM is also used to
obtain the optimal structural parameters of the culvert. Finally, the
main conclusions are given.

2. Model of coupled eigenfunction expansion boundary element
method (EEBEM)

2.1. Governing equations and boundary conditions

The sketch of a vertical wall breakwater with inclined culvert
(VWBIC) is shown in Fig. 1, in which the 𝑥-axis is the still water surface
and the 𝑧-axis is pointing upwards. Assuming that 𝐴𝑖 is the incident
wave amplitude; 𝐻𝑖 is the incident wave height; 𝑇𝑖 is the incident wave
period; ℎ1 is the far field water depth; ℎ2 is the water depth on the
permeable rubble mound foundation; 𝐿𝑝 is the length of the permeable
rubble mound foundation; 𝑑1 and 𝑑2 are the draft of the upper structure;
𝑑3 and 𝑑4 are the distance from the bottom of culvert to the still water
surface; 𝛥𝑆 is the culvert inlet height and 𝛥𝑆 = (𝑑2 − 𝑑1) = (𝑑4 − 𝑑3); 𝑑𝑛
is the distance of culvert middle longitudinal axis apart from the still
water surface; 𝑆 is the culvert height; 𝜃 is the culvert inclined angle
and 𝑆 = 𝛥𝑆 ∗ cos(𝜃); the length of the VWBIC is 2𝐵; 𝐻𝑟 and 𝐻𝑡 are
the height of reflection waves and transmission waves, respectively.
In addition, 𝛤𝑙 setting at 𝑥 = −𝑙 is the wave inlet boundary and 𝛤𝑟
setting at 𝑥 = 𝑟 is the wave outlet boundary. 𝛤𝐹1 and 𝛤𝐹2 are the
wave surface boundary; 𝛤𝐹3 is the upper structure boundary of the
VWBIC. 𝛤𝐵1 and 𝛤𝐵2 are the water bottom boundary, and 𝛤𝐵3 is the
breakwater lower structure boundary. 𝛤𝑃1 is the interface between the
rubble mound foundation and the fluid domain; 𝛤𝑃 2 is the interface
between the rubble mound foundation and the VWBIC; and 𝛤𝑃3 is the
interface between the rubble mound foundation and water bottom.

Considering that the problem satisfying linear wave theory and
the velocity potential can be expressed as 𝛷(𝑥, 𝑧, 𝑡) = Re[𝜙(𝑥, 𝑧)𝑒−𝑖𝜎𝑡]
(where Re[ ] denotes the real parts of a complex, 𝜎 is the circular
frequency, 𝑖 =

√

−1, 𝜙(𝑥, 𝑧) is the complex amplitude of the velocity
potential). Then the total fluid domain is divided into four sub-regions
(𝛺1, 𝛺2, 𝛺3, 𝛺4) and the velocity potential in each sub-regions is as-
umed as 𝜙1, 𝜙2, 𝜙3, 𝜙4, where 𝛺1 and 𝛺3 are the outer region for wave

inlet and outlet; 𝛺2 is the inner region outside the VWBIC and the
permeable rubble mound foundation, and 𝛺4 is the inner region for
the permeable rubble mound foundation. Under the linear wave theory,
velocity potential 𝜙 should satisfy the following governing equation and
boundary conditions:

∇2𝜙𝑠(𝑥, 𝑧) = 0, for 𝑠 = 1, 2, 3, 4. (1)

The linearized free surface boundary condition is given by:
𝜕𝜙𝑠
𝜕𝒏

= 𝐾𝜙𝑠, for 𝑠 = 1, 2, 3, on 𝑧 = 0, (2)

where 𝐾 = 𝜎2∕𝑔, 𝑔 is the gravitational acceleration, 𝒏 is the normal
direction and the impermeable bottom boundary condition can be
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Fig. 1. Schematic diagram of vertical wall breakwater with inclined culvert.
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expressed as:
𝜕𝜙𝑠
𝜕𝒏

= 0, for 𝑠 = 2 on 𝛤𝐹3, 𝛤𝐵1, 𝛤𝐵2, 𝛤𝐵3, 𝑠 = 4 on 𝛤𝑃2, 𝛤𝑃3, and

𝑠 = 1, 3 on 𝑧 = −ℎ1, (3)

At the interfaces between the sub-regions 𝛺2 and 𝛺4, the continuity
of pressure and mass flux yield should satisfy
{

𝜙2 = (𝑚𝑝 + 𝑖𝑓𝑝)𝜙4
𝜕𝜙2
𝜕𝒏 = −𝜀 𝜕𝜙4

𝜕𝒏

, on 𝛤𝑃1, (4)

where 𝑚𝑝 and 𝑓𝑝 are the inertial and friction coefficients respectively
nd 𝜀 is the porosity of the rubble mound foundation.

The radiation conditions in the far fields can be expressed as:
𝜕(𝜙1−𝜙0)

𝜕𝑥 + 𝑖𝑘0(𝜙1 − 𝜙0) = 0, as 𝑥 → −∞
𝜕𝜙3
𝜕𝑥 − 𝑖𝑘0𝜙3 = 0, as 𝑥 → +∞

, (5)

here 𝜙0 = 𝑒𝑖𝑘0(𝑥+𝑙)𝑓0(𝑘0, 𝑧) is the incident wave; 𝑘0 is the wavenumber,
nd 𝑓0(𝑘0, 𝑧) is expressed as Eq. (10).

The continuity of pressure and velocity on 𝛤𝑙 and 𝛤𝑟 are written as:

2 =
{

𝜙1, on 𝛤𝑙
𝜙3, on 𝛤𝑟

,
𝜕𝜙2
𝜕𝒏

=

⎧

⎪

⎨

⎪

⎩

− 𝜕𝜙1
𝜕𝒏 = − 𝜕𝜙1

𝜕𝑥 , on 𝛤𝑙

− 𝜕𝜙3
𝜕𝒏 = 𝜕𝜙3

𝜕𝑥 , on 𝛤𝑟

, (6)

2.2. Solution of coupled eigenfunction expansion boundary element method
(EEBEM)

The eigenfunction expansion boundary element method (EEBEM) is
a suitable way to solve the interaction between waves and the VWBIC,
in which the eigenfunction expansion method is used to obtain the
complex potential 𝜙1 and 𝜙3 in the outer region, and the multi-domain
boundary element method is used to transform the boundary value
problems in the inner region into the integral equations. To reduce the
calculation time, 𝛤𝑙 and 𝛤𝑟 are situated ℎ1∕2 away from the VWBIC,
and the influence of evanescent wave modes is considered to improve
the accuracy of the model.

The complex potential 𝜙1 and 𝜙3 in the outer region can be written
as:

𝜙1 = 𝑒𝑖𝑘0(𝑥+𝑙)𝑓0(𝑘0, 𝑧) +
∞
∑

𝑚=0
𝑅𝑚𝑒

−𝑖𝑘𝑚(𝑥+𝑙)𝑓𝑚(𝑘𝑚, 𝑧), (7)

𝜙3 =
∞
∑

𝑚=0
𝑇𝑚𝑒

𝑖𝑘𝑚(𝑥−𝑟)𝑓𝑚(𝑘𝑚, 𝑧), (8)

where 𝑅𝑚 and 𝑇𝑚 (𝑚 = 0, 1, 2, . . . ) are the undetermined coefficient, 𝑚
is the velocity potential expansion terms, 𝑘𝑚 (𝑚 = 0, 1, 2, . . . ) satisfies
Eq. (9)

𝜎2 = 𝑔𝑘 tanh 𝑘 ℎ , 𝑚 = 0, 1, 2..., (9)
3

𝑚 𝑚 1
where 𝑘0 is real number and 𝑘𝑚 (𝑚 = 1, 2, . . . ) is imaginary number. It
may be noted that 𝑘𝑚 (𝑚 = 1, 2, . . . ) is in the form of 𝑘𝑚 = 𝑘′𝑚𝑖, where
𝑘′𝑚 is the real positive roots of 𝜎2 = −𝑔𝑘′𝑚 tan 𝑘′𝑚ℎ1.

The eigenfunction 𝑓 (𝑘0, 𝑧) and 𝑓 (𝑘𝑚, 𝑧) satisfy the following equa-
tion:

𝑓𝑚(𝑘𝑚, 𝑧) = −
𝑖𝑔𝐴𝑖
𝜎

cosh 𝑘𝑚(𝑧 + ℎ1)
cosh 𝑘𝑚ℎ1

𝑚 = 0, 1, 2...𝑀, (10)

Besides, ⟨., .⟩ is denoted the inner product. According to orthog-
nality, the inner product of 𝑓 (𝑘𝑚, 𝑧) and 𝑓 (𝑘𝑛, 𝑧) can be expressed
s:

𝑓 (𝑘𝑚, 𝑧), 𝑓 (𝑘𝑛, 𝑧)⟩ = ∫

0

−ℎ
𝑓 (𝑘𝑚, 𝑧)𝑓 (𝑘𝑛, 𝑧)𝑑𝑧 =𝑆𝑛𝛿𝑚𝑛, (11)

here 𝑆𝑛 = −
(

𝑔𝐴𝑖
𝜎

)2
[

sinh(2𝑘𝑛ℎ1)+2𝑘𝑛ℎ1
4(𝑘𝑛)cosh2(𝑘𝑛ℎ1)

]

, and 𝛿 is Kronecker function.
According to Eqs. (7) and (11), the unknown coefficient 𝑅𝑚 can be

xpressed as:

𝑚 + 𝛿𝑚0 =
1
𝑆𝑚

⟨

𝜙2, 𝑓𝑚(𝑘𝑚, 𝑧)
⟩

, (12)

where 𝜙2 represents the velocity potential when the expansion term
𝑚 = 𝑀 .

According to Eq. (7), the normal derivative of 𝜙1 can be written as:

𝜕𝜙1
𝜕𝒏

= 𝑖𝑘0𝑒
𝑖𝑘0(𝑥+𝑙)𝑓0(𝑘0, 𝑧) −

∞
∑

𝑚=0
𝑅𝑚𝑖𝑘𝑚𝑒

−𝑖𝑘𝑚(𝑥+𝑙)𝑓𝑚(𝑘𝑚, 𝑧). (13)

Substitute Eqs. (12) and (13) into Eq. (6), the boundary condition
on 𝛤𝑙 can be written as:

𝜕𝜙2
𝜕𝒏

|

|

|

|𝑥=−𝑙
=

𝑀
∑

𝑚=0

𝑖𝑘𝑚𝑓𝑚(𝑘𝑚, 𝑧)
𝑆𝑚

⟨

𝜙2, 𝑓𝑚(𝑘𝑚, 𝑧)
⟩

− 2𝑖𝑘0𝑓0(𝑘0, 𝑧), on 𝛤𝑙 ,

(14)

Similarly, the boundary condition on 𝛤𝑟 can be expressed as:

𝑇𝑚 = 1
𝑆𝑚

⟨

𝜙2, 𝑓𝑚(𝑘𝑚, 𝑧)
⟩

, (15)

𝜕𝜙2
𝜕𝒏

|

|

|

|𝑥=𝑟
=

𝑀
∑

𝑚=0

𝑖𝑘𝑚𝑓𝑚(𝑘𝑚, 𝑧)
𝑆𝑚

⟨

𝜙2, 𝑓𝑚(𝑘𝑚, 𝑧)
⟩

, on 𝛤𝑟, (16)

As can be seen from the above, all the boundary conditions of
inner region 𝛺2 and 𝛺4 are the functions of 𝜙 and 𝜕𝜙

𝜕𝒏 . To calculate
𝜙 and 𝜕𝜙

𝜕𝒏 in inner region 𝛺2 and 𝛺4, the boundary of inner region
𝛺2 and 𝛺4 are divided into 𝐽1 and 𝐽2 finite elements respectively,
nd the element length 𝑑𝑙 of each element is equal. For more details
f computation length and mesh discretization, refer to Section 2.4.1.
hen, according to the above boundary conditions, (𝐽1 + 𝐽2) equation
system can be established. Besides, for inner region 𝛺2 and 𝛺4, (𝐽1 +
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Fig. 2. Schematic diagram of solution domain of boundary element method.
Fig. 3. Convergence tests of 𝐾𝑡 and 𝑅𝑑 with different truncated numbers 𝑀 . ℎ1 = 0.4 m, ℎ2 = 0.36 m, 𝐵 = 0.2 m, 𝑆 = 0.04 m, 𝑑𝑛 = 0.2 m, 𝜃 = 20◦, 𝐿𝑝 = 0.16 m, 𝜀 = 0.8, 𝑚𝑝 = 1, 𝑓𝑝 = 0.2,
𝑙 = 0.002 m.
c

𝜆

2) boundary integral equations can be established by Green’s second
heorem. Finally, the value of 𝜙 and 𝜕𝜙

𝜕𝒏 at the boundary can be obtained
through the 2(𝐽1 + 𝐽2) equation system.

The boundary integral equation of 𝛺2 and 𝛺4 are expressed as:

𝜆(𝜉, 𝜂)𝜙(𝜉, 𝜂) = ∫𝛤

[

𝜙(𝑥, 𝑧)
𝜕𝐺(𝑥, 𝑧; 𝜉, 𝜂)

𝜕𝒏
− 𝐺(𝑥, 𝑧; 𝜉, 𝜂)

𝜕𝜙(𝑥, 𝑧)
𝜕𝒏

]

𝑑𝛤 (𝑥, 𝑧),

(17)

(𝜉, 𝜂) =
{

0.5, if (𝜉, 𝜂) on the Γ
1, if (𝜉, 𝜂) ∈ 𝛺, but not on the Γ

. (18)

here (𝜀, 𝜂) is the source point; 𝛤 represents the boundary of 𝛺2 or
4; 𝐺(𝑥, 𝑧; 𝜉, 𝜂) is the Green’s function and it is written as:

(𝑥, 𝑧; 𝜉, 𝜂) =
ln(𝑟)
2𝜋

, 𝑟 =
√

(𝑥 − 𝜉)2 + (𝑧 − 𝜂)2, for (𝑥, 𝑧) ≠ (𝜉, 𝜂), (19)

Fig. 2 shows schematic diagram of solution domain (𝛺2 or 𝛺4)
of boundary element method. The boundary of inner region 𝛺2 and
𝛺4 are divided into 𝐽1 and 𝐽2 finite boundary elements, respectively.
For an arbitrary boundary element 𝛤 (𝑗), (𝑥(𝑗), 𝑧(𝑗)) is the starting point;
(𝑥(𝑗+1), 𝑧(𝑗+1)) is the ending point; 𝒏(𝑗) = (𝑛(𝑗)𝑥 , 𝑛(𝑗)𝑧 ) is the normal vector
of the element; 𝜙(𝑗) and 𝜕𝜙(𝑗) are the velocity potential and normal
4

𝜕𝒏
derivative of the velocity potential. Based on Eq. (17), the original
ontinuous solution is expressed as:

(𝜉, 𝜂)𝜙(𝜉, 𝜂) =
𝐽1
∑

𝑗=1

{

𝜙
(𝑗)
𝐹2

(𝑗)(𝜉, 𝜂) − 𝑝(𝑗)𝐹1
(𝑗)(𝜉, 𝜂)

}

,

for the boundary of 𝛺2, (20)

𝜆(𝜉, 𝜂)𝜙(𝜉, 𝜂) =
𝐽2
∑

𝑗=1

{

𝜙
(𝑗)
𝐹2

(𝑗)(𝜉, 𝜂) − 𝑝(𝑗)𝐹1
(𝑗)(𝜉, 𝜂)

}

,

for the boundary of 𝛺4, (21)

where

𝜙 ≃ 𝜙
(𝑗)
, and

𝜕𝜙
𝜕𝒏

= 𝑝(𝑗) for (𝑥, 𝑧) ∈ 𝛤 (𝑗) (𝑗 = 1, 2,… 𝐽1 or 𝐽2), (22)

𝐹1
(𝑗)(𝜉, 𝜂) = ∫𝛤 (𝑗)

𝐺(𝑥, 𝑧;𝜉, 𝜂)𝑑𝛤 (𝑥, 𝑧),

𝐹2
(𝑗)(𝜉, 𝜂) = ∫ (𝑗)

𝜕
𝜕𝑛

𝐺(𝑥, 𝑧;𝜉, 𝜂)𝑑𝛤 (𝑥, 𝑧),
(23)
𝛤
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Fig. 4. Comparisons of 𝐾𝑟, 𝐾𝑡 and 𝑄𝑚 between the present EEBEM results and theoretical solutions of Lv and Zhao (2021). ℎ1 = ℎ2 = ℎ = 0.4 m, 𝐵 = 0.25 m, 𝑑𝑛 = 0.177 m,
= 0.096 m, 𝜃 = 0, 𝐿𝑝 = 0 m.
d

here 𝜙
(𝑗)

and 𝑝(𝑗) are the values of the element 𝛤 (𝑗), and the midpoint
is used to represent it.

Actually, the boundary integral Eqs. (20) and (21) are independent,
nd they are coupled together by Eq. (4). Then, through Eq. (2), (3),

(4), (14), (16), (20) and (21), 𝜙 and 𝜕𝜙
𝜕𝒏 at the boundary of 𝛺2 and 𝛺4

can be obtained. The wave transmission coefficient 𝐾𝑡 and reflection
coefficient 𝐾𝑟 can be written as:

𝐾𝑟 = |

|

𝑅0
|

|

=
|

|

|

|

1
𝑆0

⟨

𝜙2, 𝑓0(𝑘0, 𝑧)
⟩

− 1
|

|

|

|

=
|

|

|

|

|

1
𝑆0 ∫

0

−ℎ1
𝜙2, 𝑓0(𝑘0, 𝑧)𝑑𝑧 − 1

|

|

|

|

|

,

on 𝛤𝑙 , (24)

𝑡 = |

|

𝑇0|| =
|

|

|

|

1
𝑆0

⟨

𝜙2, 𝑓0(𝑘0, 𝑧)
⟩

|

|

|

|

=
|

|

|

|

|

1
𝑆0 ∫

0

−ℎ1
𝜙2, 𝑓0(𝑘0, 𝑧)𝑑𝑧

|

|

|

|

|

, on 𝛤𝑟,

(25)

Also, the wave energy dissipation coefficient 𝐾𝑑 is defined as:

𝐾𝑑 =
√

1 −𝐾2
𝑡 −𝐾2

𝑟 , (26)

2.3. Wave force on the VWBIC and oscillatory flow in the culvert

In this paper, the wave force on the upper structure of the VWBIC
is calculated. It can be seen that the velocity potential 𝜙 of any point
in the computational domain can be calculated by Eq. (17), and the
normal derivative of the velocity potential 𝜕𝜙

𝜕𝒏 can be obtained by 𝜙.
ccording to the linear wave theory, the pressure of any point in the
omputational domain can be expressed as:
1
𝜌
𝑃 = 𝜕

𝜕𝑡
𝛷 ⇒ 𝑃 = −𝜌 𝜕

𝜕𝑡
𝛷 = 𝜌𝑖𝜔𝜙, (27)

The upper structure wave force 𝑭 on the VWBIC can be expressed
y integrating the pressure on the object surface 𝛤𝐹3

= (𝐹𝑥, 𝐹𝑧) = ∫𝛤𝐹3

𝑃𝒏𝑑𝛤 , (28)

where 𝒏 = (𝑛𝑥, 𝑛𝑧) is the unit normal vector of the object surface, 𝐹𝑥 is
he horizontal wave force and 𝐹𝑧 is the vertical wave force.

According to the research of Lv and Zhao (2021), under the action
f waves, an oscillatory flow will be produced in the culvert, which
an promote the water exchange between the harbor area and the
5

ffshore area. Because the water satisfies the continuity condition, the 𝑅
Fig. 5. Comparisons of horizontal wave force 𝐹𝑥 between the present EEBEM results
and theoretical solutions of Lv and Zhao (2021). ℎ1 = ℎ2 = ℎ, 𝐵∕ℎ = 1, 𝑑𝑛∕ℎ = 0.3,
𝜃 = 0, 𝐿𝑝 = 0 m.

oscillatory flow of any section in the culvert is the same. Therefore, the
maximum oscillatory flow 𝑄𝑚 is defined as follows:

𝑄𝑚 =
|

|

|

|

|

(∫

−𝑑1

−𝑑2

𝜕𝜙2
𝜕𝑥

𝑑𝑧
|

|

|

|

|𝑥=−𝐵
+ ∫

−𝑑3

−𝑑4

𝜕𝜙2
𝜕𝑥

𝑑𝑧
|

|

|

|

|𝑥=𝐵
)∕2

|

|

|

|

|

, (29)

2.4. Verifications of the EEBEM

2.4.1. Convergence tests of the EEBEM
Since the number of expansion term 𝑀 of velocity potential 𝜙

affects the precision of the model, it is necessary to select the appro-
priate expansion term 𝑀 to guarantee the model accuracy and reduce
the calculation time of the EEBEM. In the following calculations, 𝛤𝑙
and 𝛤𝑟 are located at a distance of ℎ1∕2 from the VWBIC, and the
boundary element length of each element is equal to 𝑑𝑙. Fig. 3 shows
the convergence tests of wave transmission coefficient 𝐾𝑡 and relative
ifference 𝑅𝑑 with different expansion terms 𝑀 . 𝑅𝑑 is defined as

𝑑 = |𝐾𝑡(𝑆) −𝐾𝑡(𝑀)|∕𝐾𝑡(𝑆), where 𝐾𝑡(𝑀) is the wave transmission
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Table 1
Convergence tests of 𝐾𝑡 with different boundary element length 𝑑𝑙 (m). ℎ1 = 0.4

, ℎ2 = 0.36 m, 𝐵 = 0.2 m, 𝑆 = 0.04 m, 𝑑𝑛 = 0.2 m, 𝜃 = 20◦, 𝐿𝑝 = 0.16 m,
= 0.8, 𝑚𝑝 = 1, 𝑓𝑝 = 0.2, 𝑀 = 10.

𝑘ℎ1 Wave transmission coefficient 𝐾𝑡

𝑑𝑙 = 0.02 0.01 0.005 0.004 0.0025 0.002 0.0015 0.001

0.02 0.9918 0.9920 0.9921 0.9921 0.9922 0.9922 0.9922 0.9922
0.50 0.3114 0.3134 0.3143 0.3144 0.3146 0.3147 0.3147 0.3147
1.00 0.1522 0.1531 0.1534 0.1535 0.1536 0.1536 0.1536 0.1536
1.50 0.0890 0.0893 0.0894 0.0894 0.0895 0.0895 0.0895 0.0895
2.00 0.0534 0.0533 0.0533 0.0533 0.0533 0.0533 0.0533 0.0533
2.50 0.0320 0.0317 0.0316 0.0316 0.0316 0.0316 0.0316 0.0316
3.00 0.0193 0.0188 0.0187 0.0186 0.0186 0.0186 0.0186 0.0186

coefficient with the expansion terms equal to 𝑀 , and 𝐾𝑡(𝑆) represents
the convergent wave transmission coefficient. It can be seen that when
the expansion term 𝑀 = 4, the results are convergent, and 𝑅𝑑 is less
than 0.1%. In addition, since the EEBEM model is a numerical model,
it is crucial to choose the suitable boundary element length 𝑑𝑙. Table 1
hows the convergence tests of 𝐾𝑡 with different boundary element
ength 𝑑𝑙. It is obvious that when 𝑑𝑙 = 0.002 m, the results are accurate
o four decimal places. Therefore, the values of 𝑑𝑙 = 0.002 m and

= 10 are selected in the following calculations.

.4.2. Validations of the EEBEM
To validate the present EEBEM model with the standard results

f Lv and Zhao (2021), in Figs. 4 and 5, wave transmission, reflection
oefficients 𝐾𝑡 and 𝐾𝑟, maximum oscillatory flow 𝑄𝑚 and horizontal
ave force 𝐹𝑥 are plotted as a function with dimensionless wavelength
ℎ. It is clearly seen that the present results agree well with those
btained by Lv and Zhao (2021), indicating that the present results
re correct. In addition, to verify the correctness of the rubble mound
oundation, the parameters of the rubble mound foundation are set
s 𝜀 = 0, 𝑚𝑝 = 1, 𝑓𝑝 = 1000000, which means the rubble mound
oundation is impermeable. Fig. 6 displays the comparisons of wave
ransmission coefficient 𝐾𝑡 between the present EEBEM results and
heoretical solutions of Lv and Zhao (2021). It is found that the present
esults were basically consistent with the theoretical results, which
ndicates that the EEBEM model can better simulate the interaction
etween the wave and the VWBIC.

. Computational fluid dynamics (CFD) numerical model

To reveal the mechanism of wave interaction with the VWBIC
nd further confirm the reliability of the EEBEM, computational fluid
ynamics (CFD) simulations were used.

.1. CFD model

A CFD model adopting volume-average/point-value method (VPM)
s used to solve the Navier–Stokes equation based on the OpenFOAM
Xie et al., 2014; Zhang et al., 2019). The motion of incompressible
luid can be written as:

⋅ 𝑼 = 0, (30)

𝜕𝜌𝑼
𝜕𝑡

+∇ ⋅ (𝜌𝑼 ⊗𝑼 ) = −∇𝑝+ [∇ ⋅ (𝜇∇𝑼 ) + ∇𝑼 ⋅ ∇𝜇] +𝑭 𝜎 − 𝒈 ⋅ 𝐱∇𝜌, (31)

𝜕𝛼
𝜕𝑡

+ 𝑼 ⋅ ∇𝛼 = 0, (32)

here 𝑼 = (𝑢, 𝑣) is the fluid particle velocity; 𝑝 is the relative dynamic
ressure; 𝜌 is the fluid density; 𝜇 is the dynamic viscosity coefficient; 𝒈
s the acceleration of gravity; 𝐱 = 𝑥, 𝑧 is the coordinate point; 𝑭 𝜎 is the
urface tension and the expression is as follows

= 𝜎 𝜅∇𝛼, (33)
6

𝜎 𝑡 u
Fig. 6. Comparisons of wave transmission coefficient 𝐾𝑡 between the present EEBEM
results and theoretical solutions of Lv and Zhao (2021). ℎ1 = 0.5 m, ℎ2 = 0.3 m, 𝐵 = 0.25
m, 𝑑𝑛 = 0.15 m, 𝑆 = 0.1 m, 𝜃 = 0◦, 𝜀 = 0, 𝑚𝑝 = 1, 𝑓𝑝 = 1000000.

Table 2
Conditions of CFD numerical simulations.

Case ℎ (m) 𝐵 (m) 𝑑𝑛 (m) 𝑆 (m) 𝜃 (◦) 𝐻𝑖 (m) 𝑇𝑖 (s)

1–14 0.40 0.15 0.20 0.06 30.00 0.02, 0.06 0.9-3.0
15–28 0.40 0.15 0.20 0.06 −30.00 0.02, 0.06 0.9–3.0
29–35 0.40 0.15 0.20 0.06 15.00 0.02 0.9–3.0
36–42 0.40 0.15 0.20 0.06 0.00 0.02 0.9–3.0
43–49 0.40 0.15 0.20 0.08 30.00 0.02 0.9–3.0
50–56 0.40 0.15 0.20 0.04 30.00 0.02 0.9–3.0
57–63 0.40 0.20 0.20 0.06 30.00 0.02 0.9–3.0

Note: 𝑇𝑖 = 0.9–3.0 means it can be selected as 0.90, 1.0, 1.2, 1.4, 2.0, 2.4, 3.0.

where 𝜎𝑡 is the tension coefficient; 𝜅 is the average curvature of the
interface; 𝛼 is the fluid volume fraction and 0 ≤ 𝛼 ≤ 1. Then the fluid
characteristics in the grid can be written as

𝜒=𝜒1𝛼+𝜒2(1 − 𝛼), (34)

here 𝜒 is the density 𝜌 or viscosity coefficient 𝜇 of the fluid in the
rid.

Wave in the NWT is generated by the velocity boundary conditions,
nd relaxation method proposed by Jacobsen et al. (2012) is used to
liminate the secondary reflection wave.

Fig. 7 displays a diagram of CFD numerical wave tank (NWT). The
WT is 26 m long with the relaxation zone being 5 m and 8 m at the
eginning and the end of the NWT, respectively. Five wave gauges,
amed WG1-WG5, are set up at 9.0 m, 9.3 m, 9.5 m, 16.5 m and
6.7 m, which are used to calculate the reflection and transmission
oefficient by Goda’s two-point method (Goda and Suzuki, 1976).
esides, to measure the maximum oscillatory flow 𝑄𝑚 in the culvert,
hree velocity section measurement points named GV1-GV3 are set at
4.0 m, 14.15 m and 14.3 m. Table 2 shows the conditions of CFD
umerical simulations, in which the results of 𝐻𝑖 = 0.02 m are used to
ompare with the EEBEM results, while the results of 𝐻𝑖 = 0.06 m are
sed to reveal the mechanism of wave interaction with the VWBIC.
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Fig. 7. Schematic diagram of a CFD numerical wave tank.

Fig. 8. Variations of wave surface and flow velocity fields in one period (through the CFD), and time interval is 𝑇𝑖/8. ℎ1 = ℎ2 = 0.4 m, 𝐵 = 0.15 m, 𝑑𝑛 = 0.2 m, 𝑆 = 0.06 m,
𝜃 = 30◦, 𝐿𝑝 = 0 m, 𝑇𝑖 = 2.4 s, 𝐻𝑖 = 0.06 m.

Fig. 9. Variations of wave surface and flow velocity fields in one period (through the CFD), and time interval is 𝑇𝑖/8. ℎ1 = ℎ2 = 0.4 m, 𝐵 = 0.15 m, 𝑑𝑛 = 0.2 m, 𝑆 = 0.06 m,
𝜃 = −30◦, 𝐿𝑝 = 0 m, 𝑇𝑖 = 2.4 s, 𝐻𝑖 = 0.06 m.
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3.2. Flow fields of wave interaction with the VWBIC

Figs. 8 and 9 show the variations of wave surface and flow velocity
fields in one period with different culvert inclined angle 𝜃 at 9 typical
phases (time interval is 𝑇𝑖∕8). For convenience of description, it is
ssumed that the fluid domain on the left side of the VWBIC is the
ea area (with low sediment concentration) and the fluid domain on
he right side is the harbor area (with high sediment concentration).
esides, the distribution of sediment concentration also follows the law
f being sparse at the top and dense at the bottom.

As can be seen from Figs. 8 and 9, under the action of waves, a high-
peed oscillatory flow will be formed in the culvert, and the streamline
f the oscillatory flow is basically parallel to the culvert direction. When
he wave surface is close to the mean sea level, the velocity in the
ulvert reaches its maximum. In addition, the vortexes generated by
he interaction between the wave and the VWBIC are mainly distributed
ear the culvert, and its velocity is relatively low.

Fig. 8 shows that when the culvert inclined angle 𝜃 is positive,
ithin half a period of the incident wave moving from the trough to the

rest (Fig. 8(c–g)), high turbidity water in the culvert and the harbor
rea is gradually brought into the sea area. Meanwhile, a vortex is
enerated under the culvert inlet. When the water in the harbor area
s brought to the vicinity of the culvert inlet, this vortex can further
iffuse and promote water exchange. Similarly, within half a period of
he incident wave moving from the crest to the trough (Fig. 8(g–c)), low
urbidity water in the culvert and sea area is gradually brought into the
arbor area. At the same time, a high velocity zone near the culvert
utlet will gradually move to the interior of the harbor area, which
an move about one VWBIC’s length in half a period. In this process,
he oscillatory flow is used to transport the water, while the vortex and
urbulence are used to diffuse the water. Then, the high turbidity water
s fully mixed and exchanged with the low turbidity water under the
ynergistic action of oscillatory flow, vortex and turbulence.

Fig. 9 represents a variation corresponding to Fig. 8. It is found
hat the phenomenon of 𝜃 = 30◦ is basically consistent with that of
= −30◦. The difference is that there will be some small vortexes

in the culvert, which will reduce the velocity of the oscillatory flow
and weaken the effect of water exchange. Besides, due to the effects of
sediment distribution, the effect of sediment exchange of 𝜃 = −30◦ is
weaker than that of 𝜃 = 30◦ when the oscillatory flow is the same.

In fact, under the linear wave theory, the oscillatory flow increases
linearly with the increase of the wave height, so the effect of wa-
ter exchange can be improved with the increase of wave height. In
addition, Lv and Zhao (2021) found that with the increase of the
wave nonlinearity, a net mass transport flow similar to Stokes drift
will appear in the culvert, which can further promote water exchange.
Therefore, although the water exchange capacity in one wave period
is not large, the effect of water exchange will gradually expand under
the action of waves for a long time due to the synergistic effect of the
oscillatory flow, vortex and turbulence. This indicates that the VWBIC
can reduce sediment deposition in the harbor basin and improve the
living environment of organisms.

3.3. Comparisons of the CFD and EEBEM

Fig. 10 represents the comparisons of wave transmission coefficient
𝐾𝑡, reflection coefficient 𝐾𝑟, energy dissipation coefficient 𝐾𝑑 and
maximum oscillatory flow 𝑄𝑚 as a function of the relative water depth
𝑘ℎ between the EEBEM and CFD results. As shown in Fig. 10, 𝐾𝑡 and
𝑄𝑚 of the CFD and EEBEM results are in good agreement, and 𝐾𝑟 of
the CFD results are slightly smaller than that of the EEBEM. In the
CFD simulations, the maximum value of 𝐾𝑑 is 0.14 when 𝑘ℎ = 0.44,
and the energy dissipation tends to decrease with the increase of 𝑘ℎ.
In fact, the energy dissipation is caused by the synergistic effect of the
oscillatory flow, vortex, and turbulence. The velocity of the oscillatory
8

flow, vortex and turbulence increase with the increase of wavelength,
which makes the energy dissipation of long waves greater than that
of short waves. However, in the actual ocean, such as the East China
Sea, waves are concentrated in the interval of 2.5 > 𝑘ℎ > 0.5, and the
occurrence probability of long wave is relatively small. Therefore, it
can be considered that the energy dissipation caused by the interaction
between waves and the VWBIC is very small and negligible.

Besides, when the culvert inclined angle 𝜃 is opposite, such as 𝜃 =
30◦ and 𝜃 = −30◦, both the amplitude of the transmission wave and
reflection wave are the same, while the oscillatory flow with positive
inclined angle (+𝜃) is obviously larger than that with negative inclined
angle (−𝜃). When the relative water depth 𝑘ℎ is greater than 0.5, the
maximum oscillatory flow 𝑄𝑚 of 𝜃 = 30◦ is gradually larger than that
of 𝜃 = −30◦, and this phenomenon becomes more obvious with the
increase of 𝑘ℎ. This result means the VWBIC is more beneficial to
practical application when the culvert inclined angle is positive, and
this phenomenon has great significances to practical engineering. The
above phenomena can be explained as follows: the velocity potential
near the VWBIC can be divided into wave propagation mode and
evanescent mode. The propagation mode is only related to the integral
of Green’s function, and will not be changed because the integral of
Green’s function is constant (when the distance from the VWBIC is large
enough, the evanescent mode is equal to 0). Furthermore, Kashiwagi
and Hayashi (2008) also proved that for the diffraction problem of
asymmetric floating structures, the amplitudes of transmission wave
and reflection wave are the same, regardless of the incident direction
of incident wave. But for the maximum oscillatory flow 𝑄𝑚, it is related
to both the propagation mode and evanescent mode. Although the
propagation mode is constant, when the distance of the culvert inlet
is close to the wave surface, the evanescent mode will be bigger, and
the oscillatory flow will be larger.

Fig. 11 shows the comparisons of wave transmission coefficients 𝐾𝑡,
reflection coefficient 𝐾𝑟, and maximum oscillatory flow 𝑄𝑚 between
the EEBEM and CFD results under the condition of 𝐻𝑖 = 0.02 m. It is
obvious that the EEBEM results and CFD results are in good agreement
in different conditions. When the incident wave is linear (𝐻𝑖 = 0.02 m)
nd the wavelength is small (𝐾𝑡 and 𝑄𝑚 are small, and 𝐾𝑟 is large),
he results of the EEBEM and CFD are basically consistent. With the
ncrease of wavelength (𝐾𝑡 and 𝑄𝑚 become larger, and 𝐾𝑟 becomes
maller), CFD results gradually deviate from the EEBEM results. How-
ver, the differences between the EEBEM and CFD results are small,
hich further indicates that energy dissipation caused by the interac-

ion between waves and the VWBIC is small, and the EEBEM based
n the linear potential flow theory can better simulate the interaction
etween waves and the VWBIC.

. Results and discussion

.1. The effects of the culvert inclined angle

As described in Section 3.3, different incident wave directions (same
with the opposite sign) do not cause the change of wave transmission

nd reflection coefficients, but have a great influence on the oscillatory
low. When the culvert inclined angle is positive, the structure is more
eneficial to practical application. Therefore, in the following analysis,
nly the positive inclined angle is analyzed, namely, the culvert inlet
s close to the water surface and the outlet is close to the bottom. In
ddition, the culvert length 𝐵 is mainly designed with the wave force
o ensure the stability of the structure, and it cannot be easily changed.
ulvert height 𝑆 and culvert depth 𝑑𝑛 are the most important factors
ffecting water exchange for the encircled harbor basin. Thereby, to
ake the following calculations more representative, the optimal cul-

ert parameters proposed by Lv and Zhao (2021) are adopted as the
basic calculation parameters (𝐵∕ℎ = 0.3, 𝑆∕ℎ = 0.275, 𝑑𝑛∕ℎ = 0.8), when
the effect of the inclined angle is analyzed.
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Fig. 10. Comparisons of 𝐾𝑡, 𝐾𝑟, 𝐾𝑑 , and 𝑄𝑚 between the EEBEM results and CFD numerical results. ℎ1 = ℎ2 = 0.4 m, 𝐵 = 0.15 m, 𝑑𝑛 = 0.2 m, 𝑆 = 0.06 m, 𝐿𝑝 = 0 m, 𝐻𝑖 = 0.02 m.
Fig. 11. Comparisons of 𝐾𝑡, 𝐾𝑟 and 𝑄𝑚 between the EEBEM results and CFD numerical results under the condition of 𝐻𝑖 = 0.02 m (for Table 2).
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4

.1.1. When the culvert inlet height is constant
To find the effects of the culvert inclined angle 𝜃 on the hydrody-

amic performance of the VWBIC when the culvert inlet height 𝛥𝑆 is
onstant, assuming that the position of the culvert outlet 𝑑4 and the
ulvert inlet height remained unchanged. The change of 𝜃 is accom-
lished by adjusting the distance between the culvert inlet and the still
ater level. Fig. 12 displays the variations of the wave transmission and

eflection coefficients 𝐾𝑡 and 𝐾𝑟 (Fig. 12(a)), maximum oscillatory flow
𝑚 (Fig. 12(b)), horizontal wave force 𝐹𝑥 (Fig. 12(c)) and vertical wave

orce 𝐹𝑧 (Fig. 12(d)) as a function of the dimensionless wavelength
ℎ for different culvert inclined angle (𝜃 = 0◦, 14.04◦, 26.57◦, 36.87◦).
igs. 13 and 14 represent the variations corresponding to Fig. 12 for
ifferent culvert inlet heights (𝛥𝑆∕ℎ = 0.15 and 0.05).

When the wave transmission coefficient 𝐾𝑡 of 𝜃 > 0◦ is equal to
he value of 𝜃 = 0◦, the corresponding 𝑘ℎ is defined as a critical
avelength. In Fig. 12(a) and (b), it is found that when 𝑘ℎ is larger

han the critical wavelength, 𝐾𝑡 and 𝑄𝑚 obviously increase with the
ncrease of 𝜃. When 𝑘ℎ is smaller than the critical wavelength, 𝐾𝑡
nd 𝑄𝑚 decrease slightly with the increase of 𝜃. As the probability
f long waves and short waves appearing in the ocean is low, if the
ritical wavelength decreases, the effects of wave elimination and water
xchange will be enhanced. Fig. 12(c) displays that the peak value of
9

p

𝑥 drops sharply with the increase of 𝜃, and the value of 𝑘ℎ matching
ith the peak value of 𝐹𝑥 is almost unchanged. In Fig. 12(d), it can be

ound that, when 𝜃 = 0◦, the peak value of 𝐹𝑧∕𝜌𝑔2𝐵𝐴𝑖 appears at 𝑘ℎ = 0
nd the value is equal to 1. With the increase of 𝜃, the peak value of
𝑧∕𝜌𝑔2𝐵𝐴𝑖 increases gradually, and the value of 𝑘ℎ matching with the
eak value also increases slightly. It can be seen from the above that
he hydrodynamic performance of the inclined culvert is better than
hat of the horizontal culvert (𝜃 = 0◦).

The variation tendencies of Figs. 13 and 14 are almost the same as
hose in Fig. 12. By comparing Figs. 12, 13 with 14, it can be found that
ith the decrease of culvert inlet height 𝛥𝑆∕ℎ, the critical wavelength
nd the peak value of 𝐹𝑥 gradually increases. It is easy to know that
hese phenomena are not constructive to the optimal design of the
WBIC. Therefore, in practice, choosing a larger culvert inlet height
nd culvert inclined angle are extremely important, so as to make the
ffects of VWBIC on wave elimination and water exchange stronger, as
ell as make the structure more stable.

.1.2. When the culvert height is constant
To find the effects of the culvert inclined angle on the hydrodynamic

erformance of the VWBIC when the culvert height 𝑆 is constant,
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Fig. 12. When the culvert entrance height 𝛥𝑆 is constant, 𝐾𝑡, 𝐾𝑟, 𝑄𝑚, 𝐹𝑥 and 𝐹𝑧 as a function of dimensionless wavelength 𝑘ℎ for different culvert inclined angles 𝜃 (through
he EEBEM). ℎ1 = ℎ2 = ℎ, 𝐵∕ℎ = 0.3, 𝑑3∕ℎ = 0.6625, 𝑑4∕ℎ = 0.9375, 𝛥𝑆∕ℎ = 0.275, 𝐿𝑝∕ℎ = 0.
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ssuming that the midpoint of the culvert outlet (𝑑3 + 𝑑4)∕2 and 𝑆 re-
ained unchanged. When 𝑆 is constant, Fig. 15 shows the variations of

he wave transmission and reflection coefficients 𝐾𝑡 and 𝐾𝑟 (Fig. 15(a)),
aximum oscillatory flow 𝑄𝑚 (Fig. 15(b)), horizontal wave force 𝐹𝑥

Fig. 15(c)) and vertical wave force 𝐹𝑧 (Fig. 15(d)) as a function of
he dimensionless wavelength 𝑘ℎ for different culvert inclined angle
𝜃 = 0◦, 18.43◦, 33, 69◦, 45◦). As can be seen from the figure, the trends
f Figs. 15 and 12 are basically the same, but there are still some
ifferences between them.

It is observed from Fig. 15(a) and (b) that 𝜃 has few effects on 𝐾𝑡,
𝑟 and 𝑄𝑚 when 𝑘ℎ < 0.5. With the increase of 𝑘ℎ, the differences of 𝐾𝑡
nd 𝑄𝑚 between different 𝜃 become larger. This is because the vertical
nergy distribution of water with different wavelengths is different. The
reater the culvert inclined angle, the closer the culvert inlet is to the
ater surface. Then more wave energy can pass through the culvert,
hich results in the increase of 𝐾𝑡 and 𝑄𝑡𝑚. In addition, the critical
avelength does not exist in Fig. 15, which means that when 𝜃 > 0,

he corresponding value of 𝐾𝑡 and 𝑄𝑡𝑚 is greater than that when 𝜃 = 0.
herefore, in practical application, as 𝐾𝑡 and 𝑄𝑡𝑚 increase with the

ncrease of 𝜃, the effects of culvert inclined angle 𝜃 still needs to be
urther evaluated when the culvert height is constant. For more details,
lease refer to Section 4.3. In Fig. 15(c), the peak value of 𝐹 ∕𝜌𝑔2𝐵𝐴 =
10

𝑥 𝑖 w
.05 when 𝜃 = 45◦, and the peak value of 𝐹𝑥∕𝜌𝑔2𝐵𝐴𝑖 = 1.82 when 𝜃 =
◦, which means the peak value of 𝐹𝑥 sharply decrease with the increase
f 𝜃. In Fig. 15(d), the peak value of 𝐹𝑧 is almost unchanged and the
aximum value of 𝐹𝑧∕𝜌𝑔2𝐵𝐴𝑖 is approximately equal to 1 for different

. Therefore, considering the phenomenon of wave force, increasing
he culvert inclined angle can effectively improve the stability of the
WBIC.

.2. The effects of the permeable rubble mound foundation

According to the study of Lv and Zhao (2021), when the length and
eight of the impermeable rubble mound foundation are appropriate,
ave transmission coefficient of spectra peak frequency can reach its
inimum value due to the wave shoaling and wave resonance. In view

f the fact that energy dissipation cannot be taken into account in
he impermeable rubble mound foundation, this paper carries out the
nfluences of permeable rubble mound foundation on wave hydrody-
amics performance. For convenience of description, in this chapter,
1 is linear wavelength when the water depth is ℎ1; 𝑘 is the incident
avenumber when the water depth is ℎ1, and 𝐿2 is linear wavelength
hen the water depth is ℎ .
2
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Fig. 13. When the culvert entrance height 𝛥𝑆 is constant, 𝐾𝑡, 𝐾𝑟, 𝑄𝑚, 𝐹𝑥 and 𝐹𝑧 as a function of dimensionless wavelength 𝑘ℎ for different culvert inclined angles 𝜃 (through
he EEBEM). ℎ1 = ℎ2 = ℎ, 𝐵∕ℎ = 0.3, 𝑑3∕ℎ = 0.7875, 𝑑4∕ℎ = 0.9375, 𝛥𝑆∕ℎ = 0.15, 𝐿𝑝∕ℎ = 0.
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.2.1. The effects of the geometric parameters
To reflect the effects of the permeable rubble mound foundation

ore realistically, choosing appropriate values of three parameters
orosity 𝜀, inertial coefficient 𝑚𝑝 and friction coefficient 𝑓𝑝 is very
mportant. According to Zhao et al. (2016) and Pérez-Romero et al.
2009), the inertial coefficient 𝑚𝑝 can be assumed as 1, and the friction
oefficient 𝑓𝑝 can be calculated as:

𝑝 = 0.47(𝐷𝑆𝑘)−0.57, (35)

here 𝐷𝑆 is the nominal diameter of stones, and 𝑘 is the wavenumber.
onsidering the previous results of Zhao et al. (2016) and Pérez-
omero et al. (2009), 𝑚𝑝 = 1, 𝑓𝑝 = 2, 𝜀 = 0.4 was chose in the following
alculations.

Fig. 16 represents the variations of wave transmission coefficient
𝑡, reflection coefficient 𝐾𝑟 and energy dissipation coefficient 𝐾𝑑 with

elative length (𝐿𝑝∕𝐿1) and relative height (1 − ℎ2∕ℎ1) of the rubble
ound foundation (through EEBEM). It is observed that, unlike the

mpermeable rubble mound foundation (refer to Lv and Zhao (2021)
ig. 17), except the phenomenon of wave shoaling and wave resonance,
ue to the energy dissipation caused by the permeable rubble mound
oundation, 𝐾 , 𝐾 and 𝐾 generally show a significant downward
11

𝑡 𝑟 𝑑 f
rend with the increase of the rubble mound foundation’s length and
eight. The influence of permeable rubble mound foundation on 𝐾𝑟
nd 𝐾𝑑 is much greater than 𝐾𝑡. For example, when 𝑘ℎ = 0.5, 𝐾𝑟
hanges from 0.8 to 0.1, and 𝐾𝑑 changes from 0.8 to 0 while 𝐾𝑡
hanges from 0.6 to 0.35. Similarly, when 𝑘ℎ = 1.5, 𝐾𝑟 decreases
rom 0.93 to 0.4, 𝐾𝑑 changes from 0.8 to 0, and 𝐾𝑡 decreases from
.28 to 0.27. However, it should be noted that in practical application,
he length of the rubble mound foundation is generally equivalent to
he water depth. Therefore, permeable rubble mound foundation has
ew influences on the long waves, and is mainly used to eliminate the
nergy of medium waves and short waves and reduce the reflection in
ront of the breakwater.

Due to the complexity of the interaction among the wave resonance,
ave shallowing and energy dissipation, in order to intuitively under-

tand the effects of the rubble mound foundation on hydrodynamic
erformance of the VWBIC, Fig. 17 shows the variations of transmission
oefficient 𝐾𝑡, reflection coefficient 𝐾𝑟, and energy dissipation coeffi-
ient 𝐾𝑑 against relative length of the rubble mound foundation 𝐿𝑝∕𝐿2.
s can be seen from the figure, with the increase of 𝐿𝑝∕𝐿2, 𝐾𝑡, 𝐾𝑟 and
𝑑 show the characteristics of periodic oscillation. The oscillation curve

an be regarded as the superposition of a straight line and periodic
unction with an oscillation period of 𝐿 ∕2. Compared with Fig. 18
2
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Fig. 14. When the culvert entrance height 𝛥𝑆 is constant, 𝐾𝑡, 𝐾𝑟, 𝑄𝑚, 𝐹𝑥 and 𝐹𝑧 as a function of dimensionless wavelength 𝑘ℎ for different culvert inclined angles 𝜃 (through
he EEBEM). ℎ1 = ℎ2 = ℎ, 𝐵∕ℎ = 0.3, 𝑑3∕ℎ = 0.8875, 𝑑4∕ℎ = 0.9375, 𝛥𝑆∕ℎ = 0.05, 𝐿𝑝∕ℎ = 0.
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f Lv and Zhao (2021), it can be considered that the straight line is
aused by energy dissipation, while the periodic curve is caused by the
ave resonance and shallowing. Besides, Fig. 17 displays that when
𝑝 = 𝐿2∕4 + 𝐿2∕2 ∗ 𝑛 (𝑛 = 0, 1, 2...), 𝐾𝑑 reaches the maximum value,
𝑟 reaches the minimum value and 𝐾𝑡 is equal to the node value of

he periodic function. This means that 𝐾𝑡 is hardly affected by wave
esonance and wave shallowing, when 𝐾𝑟 and 𝐾𝑑 are in resonance.
n practical applications, it is necessary to minimize the reflection of
ome waves to ensure the stability of the breakwater. It can be seen
rom the above that setting an appropriate length of the rubble mound
oundation (𝐿𝑝 = 𝐿2∕4 + 𝐿2∕2 ∗ 𝑛) can significantly reduce the
eflection coefficient of the most important wave.

.2.2. The effects of the permeable parameters
Next, the sensitivity analysis of the rubble mound foundation’s pa-

ameters 𝜀, 𝑚𝑝 and 𝑓𝑝 are carried out. For the convenience of analysis,
hen the sensitivity of one parameter is analyzed, it is assumed that

he other two parameters are unchanged. Actually, it should be noted
hat, according to the research of Sollitt and Cross (1973), 𝑓𝑝 is highly
orrelated with 𝜀. Changing 𝜀 will significantly change 𝑓𝑝. However,
n this paper, the sensitivity of the corresponding parameters to the
ydrodynamic characteristics of the structure is considered more, so the
12

a

oupling relationship between them is not considered. In addition, 𝑓𝑝 is
generalized parameter after linearization, which is affected by many
arameters besides porosity, such as structural permeability, relative
iameter, turbulent friction coefficient and the intrinsic permeability
Sollitt and Cross, 1973; Dalrymple et al., 1991; Pérez-Romero et al.,
009). According to the research of Dalrymple et al. (1991), 𝑓𝑝 is
lose to 𝑜(1). Therefore, it is meaningful to independently consider the
nfluence of 𝑓𝑝 and 𝜀 on the hydrodynamic performance of VWBIC.

Fig. 18 represents the effects of the rubble mound foundation’s
orosity 𝜀 on the wave transmission coefficient 𝐾𝑡, reflection coefficient
𝑟 and energy dissipation coefficient 𝐾𝑑 , horizontal wave force 𝐹𝑥 and
ertical wave force 𝐹𝑧. Figs. 19 and 20 demonstrate the variations of
nertial coefficient 𝑚𝑝 and friction coefficient 𝑓𝑝 of the rubble mound
oundation corresponding to Fig. 18. It can be seen from Fig. 18(a) that
ith the increase of 𝜀, 𝐾𝑑 increases, 𝐾𝑟 and 𝐾𝑡 decreases, and maximum
nergy loss occurs in 𝑘ℎ = 1.8. This is because the wavelength 𝐿2 on
he rubble mound foundation is 1.6 m, which is 4 times as long as the
ubble mound foundation’s length 0.4 m, meeting the wave resonance
ondition. In addition, there is a small peak when 𝑘ℎ is small. This is
ecause the relative length of the rubble mound foundation (𝐿𝑝∕𝐿1) is
oo small, and the couple interaction between the wave initial phase

nd energy loss will produce a peak value. In Fig. 18(b), 𝐹𝑥 and 𝐹𝑧
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Fig. 15. When the culvert height 𝑆 is constant, 𝐾𝑡, 𝐾𝑟, 𝑄𝑚, 𝐹𝑥 and 𝐹𝑧 as a function of dimensionless wavelength 𝑘ℎ for different culvert inclined angles 𝜃 (through the EEBEM).
1 = ℎ2 = ℎ, 𝐵∕ℎ = 0.3, 𝑆∕ℎ = 0.275, (𝑑3 + 𝑑4)∕2∕ℎ = 0.8, 𝐿𝑝∕ℎ = 0.
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ecrease with the increase of 𝜀, which indicates that the rubble mound
oundation can reduce the wave force acting on the VWBIC to some
xtent. The variation rules of 𝐾𝑡, 𝐾𝑟, 𝐾𝑑 , 𝐹𝑥 and 𝐹𝑧 with relative water

depth of 𝑘ℎ in Figs. 19 and 20 are basically the same as those in Fig. 18.
n Fig. 19, it can be found that with the increase of inertial coefficient
𝑝, 𝐾𝑑 decreases, while 𝐹𝑥 and 𝐹𝑧 slightly increase. Fig. 20 shows that
ith the increase of friction coefficient 𝑓𝑝, 𝐾𝑑 first increases and then
ecreases.

The above results show that permeable rubble mound foundation
an effectively dissipate the wave energy, reduce the reflection co-
fficient and wave force of the VWBIC, and maintain the stability
f the structure. Especially, if the rubble mound foundation is under
he condition of resonance, wave reflection coefficient of the peak
requency will reach its minimum value, which can improve the wave
tability in the harbor area.

.3. Optimization of the inclined culvert

Improving the ability of water exchange and berthing stability are
he two main functions of the VWBIC, but the variation trend of the
scillatory flow (water exchange) and wave transmission coefficient
berthing stability) is similar. As a result, the optimization of the
13

w

nclined culvert is to select appropriate parameters of the culvert, to
ake the wave transmission coefficient small while the oscillatory flow

s large. In this paper, an optimal culvert calculation method which
an comprehensively consider these two factors proposed by Lv and
hao (2021) is used to judge the influence of the inclined culvert. The
alculation method is briefly described as follows.

𝐽𝐾𝑖 =
{

(1 −𝐾𝑡𝑖)∕(1 −𝐾𝑡𝑗 ), 𝐾𝑡𝑖 ≥ 𝐾𝑡𝑗
1, 𝐾𝑡𝑖 < 𝐾𝑡𝑗

,

𝐽𝑄𝑖 =
{

1, 𝑄𝑚𝑖 ≥ 𝑄𝑡𝑗
𝑄𝑚𝑖∕𝑄𝑡𝑗 , 𝑄𝑚𝑖 < 𝑄𝑡𝑗

.

(36)

here 𝐽𝐾𝑖 is the evaluation value of wave transmission and 𝐽𝑄𝑖 is
he evaluation value of water exchange. 𝐾𝑡𝑖 is the wave transmission
oefficient, 𝐾𝑡𝑗 is the critical wave transmission coefficient and 𝐾𝑡𝑗 =
.1. 𝑄𝑚𝑖 is the maximum oscillatory flow, 𝑄𝑡𝑗 is the critical maximum
scillatory flow and 𝑄𝑡𝑗 =

√

𝑔ℎ𝐴𝑖.
The comprehensive evaluation value 𝐽𝑖 of monochromatic wave is

ritten as Eq. (37)

𝑖 = 𝑎𝐽𝐾𝑖 + 𝑏𝐽𝑄𝑖, (37)
here 𝑎, 𝑏 is the weight factor and 𝑎 = 𝑏 = 1 is used in this paper.
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Fig. 16. Variations of 𝐾𝑡, 𝐾𝑟 and 𝐾𝑑 with the length (𝐿𝑝) and height (ℎ1 − ℎ2) of rubble mound foundation (through the EEBEM). ℎ1 = ℎ3 = 0.5 m, 𝐵 = 0.25 m, 𝑑𝑆 = 0.15 m,
𝑆 = 0.1 m, 𝜃 = 0◦, 𝜀 = 0.4, 𝑚𝑝 = 1, 𝑓𝑝 = 2.
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In the ocean, wave transmission evaluation value 𝐽𝐾 , water ex-
change evaluation value 𝐽𝑄 and comprehensive evaluation value 𝐽 of
random waves can be written as Eq. (38)

𝐾 =
∑𝑁

𝑖=1 𝐽𝐾𝑖 ⋅ 𝑆(𝑓𝑖) ⋅ 𝑑𝑓
∑𝑁

𝑖=1 𝑆(𝑓𝑖) ⋅ 𝑑𝑓
, 𝐽𝑄 =

∑𝑁
𝑖=1 𝐽𝑄𝑖 ⋅ 𝑆(𝑓𝑖) ⋅ 𝑑𝑓
∑𝑁

𝑖=1 𝑆(𝑓𝑖) ⋅ 𝑑𝑓
,

𝐽 =
∑𝑁

𝑖=1 𝐽𝑖 ⋅ 𝑆(𝑓𝑖) ⋅ 𝑑𝑓
∑𝑁

𝑖=1 𝑆(𝑓𝑖) ⋅ 𝑑𝑓
, (38)

In the following calculations, assuming that wave spectral density
function 𝑆(𝑓 ) satisfies the joint north sea wave project (JONSWAP)
spectrum

𝑆(𝑓 ) = 𝛽𝐻2
1∕3𝑇

−4
𝑝𝑠 𝑓−5 exp[−1.25(𝑇𝑝𝑠𝑓 )−4]𝛾

exp[−(𝑓∕𝑓𝑝𝑠−1)2∕2𝜎2], (39)

𝛽 =
0.06238(1.094 − 0.01915 ln 𝛾)

0.230 + 0.0336𝛾 − 0.185(1.9 + 𝛾)−1
, (40)
14

v

where 𝑓𝑝𝑠 is the spectral peak frequency and 𝑇𝑝𝑠 is the spectral peak
period. In the following calculations, significant wave height 𝐻1∕3 =
0.04 m; water depth ℎ = 0.4 m; 𝛾 = 3.3; 𝜎 = 0.07(𝑓 < 𝑓𝑝𝑠); 𝜎 = 0.09(𝑓 >
𝑝𝑠); the range of frequency 𝑓 is from 0.40 Hz to 1.8 Hz; spectral peak
requency 𝑓𝑝𝑠 = 0.8 Hz and the number of constituent waves 𝑁 = 50.

For different culvert structural parameters, when the comprehensive
evaluation value 𝐽 is the maximum value, the corresponding culvert
can be regarded as the optimal solution, and the engineering applica-
tion value of the VWBIC is the greatest. Fig. 21 displays the variations of
he wave transmission evaluation value 𝐽𝐾 , water exchange evaluation
alue 𝐽𝑄 and comprehensive evaluation value 𝐽 with the change of
he culvert inclined angle 𝜃. In Fig. 21(a), when the culvert height 𝑆 is
onstant, increasing the culvert inclined angle can effectively optimize
he hydrodynamics performance of the VWBIC. When the inclination is
he same, 𝐽𝐾 of 𝜃 and −𝜃 is the same. When 𝜃 < 0, increasing 𝜃 has few
ffects on 𝐽𝑄, but when 𝜃 > 0, increasing 𝜃 can significantly improve the

alue of 𝐽𝑄. In Fig. 21(b), when the culvert inlet height 𝛥𝑆 is constant
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Fig. 17. Variations of 𝐾𝑡, 𝐾𝑟 and 𝐾𝑑 with the length (𝐿𝑝) of rubble mound foundation (through the EEBEM). ℎ1 = 0.5 m, ℎ2 = 0.3 m, 𝐵 = 0.25 m, 𝑑𝑛 = 0.15 m, 𝑆 = 0.1 m, 𝜃 = 0◦,
𝜀 = 0.4, 𝑚𝑝 = 1, 𝑓𝑝 = 2.
Fig. 18. Effects of the rubble mound foundation’s porosity 𝜀 on 𝐾𝑡, 𝐾𝑟, 𝐾𝑑 , 𝐹𝑥 and 𝐹𝑧 (through the EEBEM). ℎ1 = 0.5 m, 𝐵∕ℎ1 = 0.3, 𝑑𝑛∕ℎ1 = 0.5, 𝑆∕ℎ1 = 0.2, 𝜃 = 0◦, 𝐿𝑝∕ℎ1 = 0.8,
ℎ2∕ℎ1 = 0.7, 𝑚𝑝 = 1, 𝑓𝑝 = 2.
and 𝜃 gradually deviates from 0, 𝐽𝑄 first increases and then decreases
and 𝐽𝐾 decreases first and then increases. This is because, on the one
hand, when the culvert is near the water surface, the wave energy near
the culvert can be enhanced. On the other hand, with the decrease
of culvert height, the energy of transmitted wave can also decrease.
From the above, when the culvert inclined angle 𝜃 is positive (the
culvert inlet is close to the water surface and the outlet is close to the
water bottom), the hydrodynamics performance of the inclined culvert
is better than the horizontal culvert. However, when 𝜃 is negative, the
effect of culvert is weaker than that of horizontal culvert because of the
weakening of water exchange.

Fig. 22 demonstrates the variations of the wave transmission evalua-
tion value 𝐽𝐾 , water exchange evaluation value 𝐽𝑄 and comprehensive
evaluation value 𝐽 with the change of the culvert inlet height 𝛥𝑆∕ℎ, for
different culvert length 𝐵∕ℎ. It is found that the comprehensive eval-
uation value 𝐽 first increases and then decreases with the increase of
15

𝛥𝑆. The peak value of 𝐽 decreases and the value of 𝛥𝑆∕ℎ that matches
the peak value of 𝐽 increases with the increase of 𝐵∕ℎ, indicating that
increasing the culvert length 𝐵 is not conducive to optimize the culvert.
Besides, the culvert inlet height 𝛥𝑆∕ℎ has a great impact on 𝐽 . When
𝐵∕ℎ = 0.3 to 0.75, 𝛥𝑆∕ℎ = 0.18 to 0.25 is the best setting for the
culvert.

It can be seen from the above that, in practical engineering, when
the culvert inlet (sea area) is higher than the culvert outlet (harbor
area), the high turbidity water at the bottom of the harbor will flow
into the sea through oscillatory flow, and the low turbidity water at
the surface of sea will flush the harbor area. It could be expected that
due to this special setting, the VWBIC can further enhance the water
exchange capacity of the harbor. Furthermore, increasing the culvert
inclined angle 𝜃 can effectively reduce the wave force and make the
structure safer. All these represent that the vertical wall breakwater

with inclined culvert (VWBIC) is good for engineering application.
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Fig. 19. Effects of the rubble mound foundation’s inertial coefficient 𝑚𝑝 on 𝐾𝑡, 𝐾𝑟, 𝐾𝑑 , 𝐹𝑥 and 𝐹𝑧 (through the EEBEM). ℎ1 = 0.5 m, 𝐵∕ℎ1 = 0.3, 𝑑𝑛∕ℎ1 = 0.5, 𝑆∕ℎ1 = 0.2, 𝜃 = 0◦,
𝐿𝑝∕ℎ1 = 0.8, ℎ2∕ℎ1 = 0.7, 𝜀 = 0.4, 𝑓𝑝 = 2.

Fig. 20. Effects of the rubble mound foundation’s friction coefficient 𝑓𝑝 on 𝐾𝑡, 𝐾𝑟, 𝐾𝑑 , 𝐹𝑥 and 𝐹𝑧 (through the EEBEM). ℎ1 = 0.5 m, 𝐵∕ℎ1 = 0.3, 𝑑𝑛∕ℎ1 = 0.5, 𝑆∕ℎ1 = 0.2, 𝜃 = 0◦,
𝐿𝑝∕ℎ1 = 0.8, ℎ2∕ℎ1 = 0.7, 𝜀 = 0.4, 𝑚𝑝 = 1.

Fig. 21. Variations of the wave transmission evaluation value 𝐽𝐾 , water exchange evaluation value 𝐽𝑄 and comprehensive evaluation value 𝐽 with the culvert inclined angle 𝜃
(through the EEBEM), ℎ1 = ℎ2 = ℎ = 0.4 m, 𝐵∕ℎ1 = 0.3, 𝐿𝑝∕ℎ1 = 0.
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Fig. 22. Variations of the wave transmission evaluation value 𝐽𝐾 , water exchange evaluation value 𝐽𝑄 and comprehensive evaluation value 𝐽 with the culvert entrance height
𝛥𝑆∕ℎ, for different culvert length 𝐵∕ℎ (through the EEBEM). ℎ1 = ℎ2 = ℎ = 0.4 m, 𝑑𝑛∕ℎ = 0.5, (𝑑3 + 𝑑4)∕2∕ℎ = 0.8, 𝐿𝑝∕ℎ1 = 0.
5. Conclusions

A new-type environmentally friendly breakwater named vertical
wall breakwater with inclined culvert (VWBIC) is proposed in this
paper. A coupled eigenfunction expansion boundary element method
(EEBEM) combining computational fluid dynamics (CFD) numerical
simulations is developed to study the hydrodynamic performance of
the VWBIC on a permeable rubble mound foundation. Results show
that compared with vertical wall breakwater with horizontal culvert,
the VWBIC can optimize the hydrodynamic performance better, which
has great engineering significance. From this study, the following con-
clusions can be drawn:

1. When the culvert inclined angle 𝜃 is opposite, such as 𝜃 and −𝜃,
both the amplitude of the transmission wave and reflection wave are
the same. But the oscillatory flow with positive inclined angle (+𝜃) is
bviously larger than that with negative inclined angle (−𝜃), and with
he increase of 𝜃 and relative water depth 𝑘ℎ, this difference is more
bvious.

2. When the culvert inclined angle 𝜃 is positive and the culvert inlet
heights 𝛥𝑆∕ℎ is constant, with an increase in 𝜃, VWBIC can effectively
reduce 𝐾𝑡 of medium and long waves and promote 𝑄𝑚 of short waves.
Besides, the peak value of 𝐹𝑥 sharply decreases and the maximum value
of 𝐹𝑧 is almost unchanged.

3. Permeable rubble mound foundation can effectively dissipate
the wave energy, reduce the reflection coefficient and wave force on
the VWBIC, and maintain the stability of the structure. Especially,
when the rubble mound foundation’s length 𝐿𝑝 = 𝐿2∕4 + 𝐿2∕2 ∗ 𝑛
(𝑛 = 0, 1, 2...), the corresponding wave reflection coefficient can be
significantly reduced and the energy dissipation coefficient can be
obviously increased due to the resonance.

4. Culvert structural parameters corresponding to the optimal so-
lution change with the change of the culvert inclined angle 𝜃. Small
culvert length 𝐵∕ℎ and big 𝜃 are beneficial to practical applications.
Besides, the culvert inlet height 𝛥𝑆∕ℎ has a great impact on the optimal
solution of the culvert. When 𝐵∕ℎ = 0.3 to 0.75, 𝛥𝑆∕ℎ = 0.18 to 0.25
is the best setting for the culvert.

5. Compared with vertical wall breakwater with horizontal culvert,
the VWBIC is more favorable for engineering application. It can effec-
tively improve the stability of berthing and structure, further promote
water exchange and improve the port environment.
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