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The Smoothed Particle Hydrodynamics (SPH) method modified by Corrective

Smoothed Particle Method (CSPM) and Riemann solution is employed to

simulate the interaction between double-chambered perforated caissons

and waves. The accuracy and applicability of the numerical method are

verified by the theoretical values and experimental data through

comparisons. The effects of the top cover height s, the width of the wave

dissipation chamber B and the perforated rate m on the wave surface h or

wave pressure p of the caisson are numerically analysis. The results show that

under the calculated wave conditions, the top cover height s and perforated

rate m are significant factors affecting the wave dissipation performance of the

caisson, while the width of the wave dissipation chamber B has little effect on

the wave surface h. In the meanwhile, with the increase of the top cover

height s, the wave pressure p on the front perforated plate and the back wall at

the static water level gradually decreases, and the wave pressure p on the

back perforated plate first decreases and then increases. In addition, the

modified SPHmethod is also used to explore the changes of the pressure field

and the velocity field of water particles, tracing the instantaneous velocity of

water particles at different positions at different time, and describe the motion

state of water particles, which provides effective facilitates for investigating

the interaction between double-chambered perforated caissons and waves.

KEYWORDS

coastal and offshore engineering, double-chambered perforated caissons, smoothed
particle hydrodynamics method, numerical simulation, velocity vector of
water particles
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1 Introduction

With the advancement of human societal activities, it is

increasingly challenging to satisfy growing demands with limited

land resources and space. Consequently, mankind has shifted its

focus towards the ocean in order to integrate and utilize the

abundant resources it holds. However, whether it pertains to

marine resource exploitation and transportation or daily port

operations, ensuring the offshore area’s sea surface stability

becomes an urgent necessity. A new-type perforated caisson

structure was initially proposed by Jarlan and is commonly

referred to as the Jarlan-type breakwater (Jarlan, 1961). The

perforated caisson structure, as a novel form of breakwater

construction, has been extensively researched and implemented in

many countries, such Japan, Canada, Italy. However, its initial

application in China can be traced back to the East breakwater

project of Qinhuangdao Oil Port Phase II in 1975. Its principle of

wave dissipation consists of two main components. Firstly, a

portion of the wave is fully reflected upon encountering the front

perforated plate’s unperforated areas, while another portion passes

through the perforated plated enters the wave dissipation chamber.

Then the wave reflected by the back wall in wave dissipation

chamber meet with the incident wave in front of the caisson,

resulting in further energy reduction. Secondly, in the wave

dissipation chamber, complex interactions cause a partial

dissipation of energy from incoming waves. According to relevant

scholars the perforated caisson is described with six main forms:

fully perforated breakwaters, partially perforated breakwaters,

breakwaters with multiple perforated plates, breakwaters with a

top cover, perforated breakwater with rock cores and perforated

breakwater with a horizontal porous plate (Huang et al., 2011).

Many scholars have conducted extensive researches on

perforated caisson breakwaters with diverse methods. In terms of

physical model experiments, A series of comprehensive

investigations were conducted on the horizontal force (arm of

force) and vertical force experienced by perforated caissons with a

top cover under regular and irregular waves through rigorous

physical model experiments (Li et al., 2004; Li et al., 2005). They

derived relevant empirical formulas and obtained numerous

valuable conclusions for follow-up researches. Similarly, another

part of the study was conducted by experimental research and

theoretical analysis on the pressure distribution of components of

perforated caisson with a top cover, identifying the most

unfavorable wave load distribution. And further research found

that perforated caisson with a top cover experience a higher total

horizontal force compared to those without a top cover in regular

wave action (Chen et al.,2005a; Chen et al., 2005b). In terms of

numerical simulation, the Volume of Fluid (VOF) method was

employed to conduct numerical analysis on the wave force acting on

a perforated caisson with a top cover, proposing a simplified

calculation formula for the total horizontal force and compared it

with experimental results (Chen et al., 2006; Chen et al., 2007). The

pressure characteristics of a double-chambered perforated caisson

breakwater under oblique wave action were investigated using the

eigenfunction expansion-matching method (Sun et al., 2014). The

VOF method was also employed to investigate the reflection
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characteristics, the velocity field and distribution of turbulence

intensity in proximity of perforated caissons within multi-

chambers structure (Liu et al., 2021). Aristodemo et al. (2015)

employed the SPH method revised by Molteni and Colagrossi

(2009) to investigate the interaction between regular waves and

perforated caissons with a top cover through time, space, and

frequency domains. The numerical results were compared with

experimental findings, revealing that it has a better fit solely

underwater. However, limitations were observed in estimating the

maximum load near the static water level and horizontal structure.

Meanwhile, another revised SPH method was adopted to

numerically study the total horizontal force on perforated

caissons, described the velocity vector of water particles entering

and exiting the wave chamber, and analyzed the distribution of each

component of the total horizontal force (Tang et al., 2017b). The

open-sourced computat ional fluid dynamics software

(OpenFOAM), is used for investigating the wave loads on boxes

and the time series of the free surface of water from their

influencing factor, such as spectral peak periods, wave amplitudes,

horizontal positions and initial velocities (Gao et al., 2022; Gao

et al., 2023). From the microscopic perspective, a series of

comparison were made to study the effects of three-dimensional

mixed nanofluid flow (Zhang et al., 2022). Lee et al. (2023)

discussed the hydraulic performance (i.e. the wave reflection,

wave transmission, discharge of wave overtopping, and stability of

breakwater) of four perforated breakwaters designed for the

southeast coast of Korea measured by physical experiments in a

wave flume. Wang et al. (2022) used a pressure-based compressible

flow solver investigating the issue of breaking wave impact on

perforated caisson breakwaters (PCBs) is comprehensively.

Mohammadreza et al. (2023) employed the commercial CFD

package FLUENT™ to study the three-dimensional RANS-VOF

numerical simulations of a partially perforated caisson on a rubble-

mound foundation, and experiment proved that the anastomosis

was good. It was also compared with the Takahashi formula and

Tabet-Aoul method. A new method was proposed (Zhang et al.,

2023) to analyze breakwater reliability, in which marine

environmental elements are regarded as random variables in the

limit state equation and the environmental loadings are

intermediate variables which need not be taken statistical analysis.

According to the response of the limit equation to determine

whether a breakwater failure, then failure probability and

reliability index would be obtained by calculation. Ali et al. (2023)

used the FLOW-3D software investigated the interactions of an

irregular wave with the caisson breakwater finding that in the new

geometry of the caisson breakwater, the amount of the overtopping,

wave reflection, imposed pressure on the structure, imposed

pressure, and speed in the concrete block at the base of the

structure are considerably abated in comparison with the caisson

breakwater with a rigid vertical wall.

In recent years, a series of perforated caissons with different

designs have emerged. For example, a novel perforated-wall caisson

concept, which is so-called low reflection breakwater (LOWREB)

within three chambers and an internal weir to enhance reflectivity

even at high water levels was developed from the University of

Porto in Portugal (Ciocan et al., 2017). An anti-reflection permeable
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caisson breakwater (ARPEC) was invented, which incorporates a

complex arrangement of offset openings in both the exterior and

interior walls, facilitating effective wave energy dissipation and

enabling hydraulic connectivity between the sea side and port

side (Sammarco et al., 2020).

In practical engineering at docks or ports, the perforated

caissons are typically not designed as open-top and are usually

added some component to form top structures, for example a top

cover. Therefore, it is crucial to consider the influence of the top

covers on wave interaction with the perforated caisson. Moreover,

for further enhancement in wave dissipation performance, a multi-

chambered design can be employed in perforated caissons.

However, the existing literature and research have provided

limited reports on composite research regarding the six

fundamental types of perforated caissons which are mentioned in

Huang et al. (2011). Considering the practical engineering, this

paper numerically investigates the intricate interaction between

regular waves and the double-chambered perforated caisson with

a top cover using the SPH method modified by CSPM and Riemann

solution. The employed modified SPH method is a pure Lagrangian

meshless particle adaptive approach that offers significant

advantages in handling large deformations, tracking free surface

motion, and capturing variable time histories.

This paper adopted modified SPH method for simulating the

interaction between forward regular wave and double-chambered

caisson with a top cover, which can be used for analyzing and

calculating the wave surface conditions and pressure distribution.

Therefore, the motion state of water particles in the wave

dissipation chamber is investigated under the numerical example.
2 SPH method

2.1 Method introduction

As we all know, based on the grid algorithm, there are two basic

methods commonly used to describe the physical governing

equations: Euler method and Lagrange method are typically

represented by Finite Difference Method (FDM) (Wilkins, 1999)

and Finite Element Method (FEM) (Zienkiewicz and Taylor, 2000)

respectively. The Euler method assumes that it is difficult to

construct a regular grid in a complex or irregular geometry

problem domain. If Euler method must be used to deal with such

a complex problem, complex mathematical transformation will be

needed, which will increase the extra workload. If the complex or

irregular geometry problem domain has been successfully meshing,

it will be also quite difficult to determine the deformation boundary,

deal with the interface of motion, and locate the position between

materials. Euler’s method is suitable for studying the fixed material

properties to obtain material properties, such as the dynamics of

particle flow. In comparison to the Lagrange method, numerical

simulation is necessary for studying objects that exhibit large

deformation characteristics, which may require secondary grid
Frontiers in Marine Science 03
partitioning. However, when simulating fluid dynamics problems

such as underwater explosions or high-speed impacts with highly

non-uniform properties and free surfaces, the grid-based approach

becomes significantly limited.

It is evident that the aforementioned grid-based numerical

methods have their own advantages. However, they also exhibit

certain limitations restricting their practical applicability. The

utilization of grid methods for solving computational fluid

dynamics problems proves to be highly challenging and prone to

unforeseen issues. Consequently, there is an urgent need for a novel

approach to replace mesh methods in order to address problems

involving significant deformation, high non-uniformity, and free

surfaces. The meshless method emerges as a promising alternative.

The meshless method surpasses the traditional mesh method in

various aspects, representing an approach that approximates boundary

conditions or partial differential equations through arbitrary

distribution of particles and subsequently achieves numerical

solutions with relatively high precision. Unlike conventional

numerical methods, these particles are distributed arbitrarily without

the need for grid connections. Due to its ability to discretize problem

domains into arbitrarily distributed points without requiring a

predefined grid, the meshless method has garnered increasing

interest among researchers as a means to tackle problems that prove

challenging for traditional grid-based approaches.

Smooth particle fluid dynamics (SPH) method is one of the

representative meshless methods, SPH method has Lagrangian

characteristics, the specific process is to use a series of arbitrarily

distributed particles to describe the motion process of the system in

the computing domain, and carry out regular physical motion

according to the conservation equation. At present, SPH method

has been widely used in other fields, such as fluid dynamics

problems with large deformation characteristics, dynamic

corresponding problems with material strength characteristics, etc.

Compared with many numerical methods, SPH method has its

own characteristics, among which adaptability is the most

important one. Adaptability means that the field variable of the

problem domain can be solved at the initial stage, and the

approximation of the field variable is completed on the basis of

any particle distribution at the current time within any time step.

Therefore, no matter how the particles are distributed in the

problem domain, the solution of the SPH equation will not be

affected, so the SPH method can be generally used to deal with

many problems with extremely large deformation characteristics. In

addition, the SPH method does not need to use a defined grid to

connect the information of the particles, and does not need to mesh

the mesh details as the mesh method, when the finite element

method (FEM) and finite difference method (FDM) to solve the

problem, SPH method can attract more attention.

However, the accuracy and stability of the traditional SPH

method cannot be guaranteed in its application, necessitating

further enhancement. This study employs the Riemann solution

and Corrected Smoothed Particle Method (CSPM) to refine the

treatment of wave-caisson interaction.
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2.2 SPH method calculation model

Navier-Stokes equations are used to describe the mass

conservation equation and the momentum conservation equation

of fluid. Where, the mass conservation equation is expressed as:

dr
dt = −r∇ u (1)

Where r and u are the density and velocity vectors of water, kg/

m3, m/s, respectively; t is time, s; Nabla operator ∇ = ( ∂
∂ x ,

∂
∂ y ,

∂
∂ z ).

In the SPH method, water is considered as a slightly compressible

fluid, so the continuity equation (i.e. mass conservation equation)

formula (1) can be discretized into particle form as:

dri
dt = rio

N

j=1

mj

rj
uij ∇i Wij (2)

Where i and j stand for particles i and j; mj represents the mass

of particle j, kg; uij is the relative velocity vector between particles i

and j, m/s;Wij=W(Rij, h) (Rij =|xi-xj|/h, xi and xj are the coordinates

of particle i and j respectively) is a kernel function that describes the

influence of particle j on particle i, which is closely related to the

smoothing length h.

The particle density is calculated using a summation method

based on the Smoothed Particle Hydrodynamics (SPH) method as

(Monaghan, 2005):

ri =o
N

j−1
mjWij (3)

A density filtering method were conducted to address two-

phase flow problems (Colagrossi and Landrini, 2003), employing an

updated particle density representation as:

r
0
i =o

N

j=1
rjWij

mj

rj
=o

N

j=1
mjWij (4)

Where the Wij kernel function is updated as:

Wij =
Wij

oN
j=1Wij

mj

rj
(5)

The equation describing the momentum conservation of

motion in viscous fluids can be expressed as:

du
dt = − ∇p

r + F (6)

Where, p is the pressure, N/m2; F is the volume force, usually

the acceleration of gravity, m/s2.

Then, the momentum equation of the SPH method for fluid

motion can be described as:

dui
dt = −o

N

j=1
mj

pi
r2i

+
pj
r2j

" #
∇iWij + F (7)

In order to apply the SPH method to the fluid dynamics

problem, it is necessary to do some processing to avoid the non-

physical shock in the process of fluid dynamic shock. As is well-
Frontiers in Marine Science 04
known, in the process of fluid movement, there is no physical

discontinuity and the compressibility of wave particles, so when the

three laws of conservation of mass, conservation of momentum and

conservation of energy are applied to convert the kinetic energy of

fluid motion into heat energy, a parameter needs to be introduced

for processing. Usually, this energy transfer is expressed in the form

of viscous dissipation. Monaghan (Monaghan, 1985; Monaghan,

1994) proposed artificial viscosity Pij and applied it to the impact

problem field as Formula (8), and obtained ideal solution results. Its

obvious advantage is that it cannot only solve the problem of

converting kinetic energy of molecules into heat energy, but also

provide the indispensable energy dissipation of wave front impact

processes, and most importantly, solve the problem of non-physical

penetration of particle interactions (Messahel and Zisis, 2020). So

far, in most of the literature on SPH method papers, Monaghan’s

model is the most widely used.

Pij =
−aPCijfij+bPfij2

rij
 uijxij < 0

0                         uijxij ≥ 0

8<
: (8)

Where fij =
�hijuij ·xij
jxijj2+f2 ;

�rij = 1
2 (ri + rj); Cij =

1
2 (Ci + Cj); uij=ui-uj;

xij=xi-xj; u and x are the velocity and coordinates of the particle, m/

s, m respectively; For the free surface flow problem, a P and b P are

constants of 0.01 and 0.1, respectively; fij = 0:1�hij; C is the speed of

sound in water, 1500m/s. Finally, the momentum equation under

SPH method can be described as:

dui
dt = −o

N

j=1
mj

pi
r2i

+
pj
r2
j
+Pij

" #
∇iWij + F (9)

In this case, the pressure p is calculated using the state equation

for a free surface:

p = B½( r
r0

)g − 1�   (10)

Where, g is a constant of 7 in the liquid phase; r0 is the initial
density of water, which is 1000 kg/m3; Usually the B = (C2r0)/g. The
sound velocity C value (usually is 1500m/s) should be taken to

ensure that the compressibility of the fluid is less than 1%.

Similarly, the energy governing equation in the form of SPH

during fluid motion (Gingold and Monaghan, 2003):

de
dt =

1
2o

N

j=1
mj

pi
r2i

+
pj
r2j

+ yij

" #
uij

∂Wij

∂ xi
(11)

Where yij is related to the choice of viscous term.

The stability of the computational model is carefully considered,

particularly for hydrodynamic problems involving wave

propagation, deformation, and breaking, which are characterized

by significant deformations and free surface flow. To address these

challenges, modifications to the SPH hydrodynamic equation are

made using CSPM and Riemann solutions.

The CSPM method proposed by Randles and Libersky can

improve the accuracy and effectively solve the problem of particle

continuity near the free surface (Randles and Libersky, 2000):
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W
0
ij =

Wij

oj=1,NWij
mj

rj
(12)

∇iW
0
ij =

∇iWij

oj=1,N
(rj−ri)∇iWij

mj
rj

(13)

The Riemann solution is employed to describe the interaction

between particles, and the corresponding hydrodynamic equation

can be expressed as (Parshikov et al., 2000):

dri
dt = 2rio

N

j=1

mj

rj
(UR

i − UR
ij )∇i Wij (14)

dui
dt = −o

N

j=1
mj

P*ij
rirj

∇i Wij + F (15)

Where, P*ij =
pirj cj+pjri ci+ri cirjcj(uRj −u

R
i )

rj cj+rici
, UR

ij =
uRj rjcj+u

R
i rici+(pj−pi)

rjcj+ri ci
, P*ij

and UR
ij are the normal pressure and velocity values on the

contact surface of particles i and j respectively, Pa, m/s, ri, rj, ci,
cj, pi, pj are the density kg/m

3, sound velocity m/s, and pressure Pa

respectively; uRi , u
R
j are the projected values of particle i and j

velocity ui and uj in their connection directions m/s, respectively.
2.3 SPH method verification

2.3.1 Comparison and selection of
particle spacing

In SPH numerical wave flume, the spacing of different particles

will not only affect the calculation efficiency, but also have a great

influence on the accuracy of the calculation results. In this section,

the particle spacing of 0.02m, 0.01m and 0.005m were simulated

respectively. The numerical pressure results of different particle

spacing waves were analyzed to test the numerical wave flume, and

the fluid particle spacing adopted in this paper was determined

from two aspects: accuracy and computational efficiency. Figure 1A

shows the comparison of the wave pressure time history curve at 2m

of the static water level of the wave making plate when the period

T=1.2s, wave height H=0.14m and d=0.4m.
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As can be seen from Figure 1A, when the particle spacing is

0.02m, the wave pressure is obviously unstable, and there are burrs

at the trough position. When the particle spacing is 0.01m, the

initial wave pressure is larger than when the particle spacing is

0.005m; however, after approximately 0.5s, the change in wave

pressure becomes mainly the same as when the particle spacing is

0.005m. Therefore, considering the time consuming and

computational efficiency comprehensively, the numerical

simulation with particle spacing of 0.01m is the best choice in

this paper.
2.3.2 The verification for wave surface
The SPHmethod used in this paper has been verified in detail in

related articles published by authors in the past (Tang et al., 2017a;

Tang, 2016; Tang et al., 2017b), including the boundary conditions

of absorbable wave-making plates, wave-breaking boundary of wave

flume, Convergence verification, different particle sizes and spacing,

flume opening boundary, viscous wave-breaking layer thickness,

reflectance, flume wave surface and solid caisson wave pressure.

Considering the constraints on article length, only the wave surface

and wave pressure utilized in this study have been validated below.

For verifying the accuracy of the wave surface numerical

simulation method proposed in this paper, a two-dimensional

numerical flume is established using the modified SPH method

which has a total length of 6m and a height of 1m, with a solid

caisson placed at the right end. An absorbable wave generating plate

generates waves at the left end and propagate regular forward

incident waves to the right. In the simulated wave conditions, d is

water depth, m; H is wave height, m, and T is period, s.

According to the linear wave theory (Zou, 2009), standing

waves will arise after the collision of the incident wave with the

reflected wave, and the resulting wave surface h can be

mathematically expressed as:

h(x) = H cos k x (16)

If the time series change of the wave surface is taken into

account, the temporal factor can be multiplied on the right side.

Thus, it can be express as:
A B

FIGURE 1

(A) Wave pressure time history series comparison in 10s under different particle spacings 0.02m (red line), 0.01m (black line) and 0.005m (blue
dashed line) under wave conditions: T=1.2s, H=0.14m and d=0.4m. (B) The arrangement of value points 1#(x=2.55m, nodal point), 2#(x=3.14m,
abdominal point), 3#(x=3.75m, nodal point), 4#(x=4.34m, abdominal point), 5#(x=4.94m, nodal point), 6#(x=5.54m, abdominal point) adopted on
wave surface under wave conditions: d=0.4m, H=0.12m, T=1.4s.
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h(x, t) = H cos k x coss  t (17)

Where, s2 = gk2d is the dispersion equation under finite water

depth, s is the wave circular frequency, rad/s; g is typically 9.8 m/s2;

k is wave number; d is water depth, m; t is time, s; x is the horizontal

distance from the caisson, m. cos s t is a time factor.

Relevant theories of standing waves reveal that: in the

antinodes, x=np/k=(n/2)L (n=0,1,2······), the wave surface h and

vertical velocity v will reach the maximum, and the h is twice that of

the incident wave heigh H; In the nodes, x=(n+1/2)p/k=(n+1/2)L/2
(n=0,1,2······), the amplitude A and vertical velocity v is 0. According

to these, choose a wave condition for verifying the accuracy of wave

surface h. Figure 1B respectively show the coordinates and locations

of partial abdomens and nodes in the chosen condition.

Figure 2 shows the comparison of the time history series of wave

surface between the SPH numerical method at points 3# & 4# and

the linear wave theory formula (17).

2.3.3 The verification for wave pressure
Similarly, in order to verify the accuracy of the wave pressure in

the numerical flume, based on the relationship between the wave

pressure on the solid caisson and the wave number kd of the

incident wave in the linear wave theories, the wave pressure of the

perforated caisson in the fluid can be determined by the following

equation:

p(x, z) = rgH cos h k z
cos h k d cos k x coss  t (18)

Where p(x, z) represents the wave pressure at a certain point on

the solid caisson, kPa; The intersection of the solid caisson and the

bottom of the fluid is the intersection of z axis and x axis, and the z

axis is positive upward; cos s t is also a time factor.

The wave pressure of time history series along the height of

solid caisson at different z coordinates. Figure 3 shows the results

between SPHmethod and linear wave theories. For a more clear and
Frontiers in Marine Science 06
intuitive comparison, the dimensionless comparisons of the wave

pressure calculated by the SPH numerical method and the linear

wave theoretical results under the two conditions are given

in Figure 4.

2.3.4 The verification for perforated caisson
At the same time, based on the experimental data presented in

the relevant literature with other authors (Chen et al., 2006; Zhao,

2023), Figure 5 shows the comparison between the numerical

results obtained by the SPH method adopted in this paper and

the experimental results under the same calculated wave conditions

for verifying the applicability of SPH method to study perforated

caisson structure. The comparison section includes the results of the

wave surface in Figure 5A and the wave pressure distribution along

the caisson height direction in Figure 5B.
3 Numerical simulation

3.1 Models and conditions

The numerical flume model employed in this study, which

simulates the interaction between the regular waves and caissons,

has dimensions of 6m in length, 1m in height, and water depths of

0.4m and 0.6m. (see Figure 6). On the right side, there is a double-

chambered perforated caisson with a top cover, measuring 0.7m in

height and available in various widths. The total width of the wave

chamber is B (front wave chamber width is B1, back wave chamber

width is B2), and the front plate and the back plate are two

perforated plates. They have same perforated rate m which is

defined as the ratio of the total areas of the holes to the total

areas of the perforated plates. The perforated ranges are from half of

water depth to the top. Therefore, the perforated ranges coefficient

q=d1/d=d2/d =0.5, where d1 and d2 are the water depth of the front

and back wave dissipation chamber respectively. The back wall is a

solid structure and there is a top cover on the top of the caissons.

The top cover height s refers to the vertical measurement from the

static water level to the top cover. The numerical model is shown in

Figure 6, and the values of relevant calculation parameters are

shown in Table 1.
3.2 Wave surface study

According to the research on single-chambered perforated

caisson with a top cover (Chen et al., 2006), the total horizontal

force on caissons and its main influencing factors can be expressed

by the formula as:

F2
F1
= F s

H , dL ,
B
L ,

H
L ,m, q

� �
(19)

where F2 is the total horizontal force on caissons with a top cover,

kN; F1 is the total horizontal force on caissons without a top cover, kN.

s/H, d/L, B/L, H/L, m, q are the relative height of the top cover, the

relative water depth, the relative dissipation chamber, the relative wave

height, perforated rate, and perforated range coefficient respectively.
A

B

FIGURE 2

The time history series of wave surface at selected nodal point 3#
(A) and abdominal point 4# (B) under wave conditions: d=0.4m,
H=0.12m, T=1.4s. The red solid line is the SPH numerical result and
the blue dashed line is the linear wave theory results.
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Similarly, in order to explore the double-chambered perforated

caisson with a top cover, it can be investigated from these

parameters: s/H, d/L, B/L, H/L, m, q. However, taking into

account the direct influencing factors, s, B, m these factors directly

affect the design of caisson structure. The modified and verified SPH

method is employed to investigate the influence of these factors on
Frontiers in Marine Science 07
the wave dissipation performance and pressure of the caisson,

developing a series of numerical studies.

Firstly, the impact of top covers height s on wave dissipation

effect may vary. Figure 7 illustrates the changes in wave surface

duration at four different s under same incident wave parameters.

The perforated rate m is set to 0.2, incident wave period T is 1.4s,

wave height H is 0.12m, water depth d is 0.4m, and the chamber

width B is 0.2m. Additionally, for comparison purposes, the wave

surface conditions at the same position under a solid caisson are

also provided.

The Figure 7 illustrates that the top cover height s of the double-

chambered perforated caisson has a certain influence on the

wave surface.

The chamber width B and the perforated rate m may also affect

the wave dissipation performance of the double-chambered

perforated caisson with a top cover. The influence of different B

and m on the wave surface h is investigated in Figure 8 under the

same wave conditions as the previous ones: m=0.2, T=1.4s,

H=0.12m, d=0.4m, s=0.12m.
3.3 Wave pressure study

The wave acting on the perforated caisson will produce horizontal

wave pressure p on the caisson, which will affect the caisson’s balance

and stabilization. To investigate the influence of different caisson top

cover heights s on horizontal wave pressure p, it conducted a

comprehensive study on the horizontal wave pressure distribution

along the vertical direction of the caisson for three specific values of s

(s=0.08m, 0.12m, 0.16m). Referring to the relevant literature (Chen et

al.,2005a; Chen et al., 2005b), the position of still water is the position

where the wave pressure of the perforated caisson with a top cover is

the largest, that is, the most unfavorable position. Figure 9A shows the

schematic diagram of the wave pressure p at selected value points and

Figure 9B-D show the wave pressure at each value point along the

longitudinal caisson under different top cover heights s when the wave

pressure at the most unfavorable position reach maximum (that is
A B

FIGURE 4

The wave pressure dimensionless comparison between SPH and theoretical value caisson under wave conditions: (A) d=0.4m, T=1.2s,
H=0.12m; (B) d=0.6m, T=1s, H=0.1m. The red line-quadrate-line line is the SPH numerical result and the black line-circle-line line is the
linear wave theory results.
A

B

C

FIGURE 3

The wave pressure time history series along the height of solid
caisson under wave conditions: d=0.4m, H=0.12m, T=1.4s. (A)
z=0.4m (static water level), (B) z=0.2m (half of water depth), and (C)
z=0m (flume bottom). The red solid line is the SPH numerical result
and the blue dashed line is the linear wave theory results.
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FIGURE 6

The model of the numerical flume and the 3D double-chambered perforated caisson with a top cover, which have front perforated plate, back
perforated plate and back wall from the outside to inside.
A

B

C

FIGURE 5

Verification and comparison of wave surface and wave pressure distribution for perforated caissons. (A) is the comparison of wave surface under
wave conditions: H=0.1m, m=0.2, B=0.15m, T=1.2s at two selected location. The blue line is experimental values and the red line is SPH numerical
values. (B) is the comparison of wave pressure under two wave conditions (H=0.08m, m=0.2, B=0.15m, T=1.2s; H=0.12m, m=0.4, B=0.15m, T=1.4s.
Red points are SPH numerical values, and black lines are experimental results; (C) is the comparison of wave pressure between SPH method and
experiment solutions. All red points (SPH method values) are mostly distributed within the envelope.
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when p1 reach maximum). The Table 2 shows the corresponding

position and the specific magnitude of the wave pressure at the value

points (Figure 9).

Figure 10 shows the comparison of the time history series of

wave pressure p on the front perforated plate, the back perforated
Frontiers in Marine Science 09
plate and the back wall of the caisson at the still water position when

s change from 0.08m to 0.16m.
3.4 The pressure field and the velocity field

The complex movement of water particles near the caisson and

the collision with the caisson are the key factors that cause the

complex changes of wave surface h and wave pressure p. In order to

study the influence of the top cover height s and the perforated plate

on the wave surface h and the wave pressure p of the caisson in the

nearby water area, the motion state and complex changes of the

water particles near the caisson were tracked. Figure 11 selected

several representative time points to analyze the velocity field and

pressure field of water particles.

As shown in Figure 11A, when t=6.70s, the incident wave is

transmitted to the caisson, the incident wave propagates towards

the caisson, causing water particles outside the caisson flowing into

the wave dissipation chamber. The wave surface changes from the

outside to the inside as high to low, and the velocity of water

particles is larger at the perforated position of the front perforated

plate. However, in the back perforated plate, the water particle

velocity in the middle of perforated position is obviously faster than

that in the lower perforated position. Figure 11B, when t=7.12s, only

a small range of water particles near the caisson still move to the

right, most of the water particles have been reflected to the left, and

the water particles still flow inward at the perforated position of the

front perforated plate. Meanwhile, the wave surface in the wave

dissipation chamber is raised, and the back chamber is filled with

water particles. Water particles moving to the left after reflection

have appeared near the perforated position in the middle and upper

part. These water particles interact with the water particles moving

to the right in the front wave chamber, which makes the velocity

and pressure changes of water particles in the front wave dissipation

chamber more complicated. Figure 11C, when t=7.22s, water

particles in the front and back wave dissipation chambers flow

outward and fill the front chambers, the pressure on the caisson is

smaller than the previous moment, and the overall water particles

are moving to the left. At the same time, the wave surface in the

chamber is higher than the static water level and the wave surface

outside the caisson. Figure 11D, when t=7.78s, the wave surface in

the wave dissipation chamber decreases significantly, but some

water particles still move to the left at the perforated position.

These outgoing water particles will have an intense interaction with

the water particles brought by the incident wave in front of the

caisson, which will further play a certain wave dissipation effect.
4 Results

4.1 Method verification results

It can be clearly seen in Figure 2 that the wave surface h at the

nodes (point 3#) almost fluctuates around x=0 in a small amplitude

after 6s. The amplitude A of the wave surface at the antinodes (point

4#) stabilizes about 0.23m (the theoretical value is 0.24m, which
TABLE 1 Parameters of wave and perforated caisson.

Physical
Parameters

Value
Dimensionless
Parameter

Value

Water Depth d (m) 0.4, 0.6
Perforated Range
Coefficient q=d1/d

0.5

Water Height H
(m)

0.08, 0.1,
0.12, 0.14

Relative Water Depth d/
L

0.222~0.390

Chamber Width B
(m)

0.15, 0.2, 0.3
Relative Wave Height H/
L

0.065~0.106

Period T (s) 1.0, 1.2, 1.4
Relative Width of
Chamber B/L

0.073~0.260

Perforated Ratio m 0.2, 0.4
Relative Height of Top
Cover s/H

0.667, 1, 1.5

Top Cover Height s
(m)

0.08, 0.12,
0.16

/ /
Where L is wavelength, m.
A

B

C

FIGURE 7

The time history series of wave surface under different s at selected
position. (A) The time history series of wave surface of between solid
caisson (blue dashed line) and perforated with top cover s=0.16m (red
line). (B) The time history series of wave surface of between perforated
with top cover s=0.16m (blue dashed line) and s=0.12m (red line); (C)
The time history series of wave surface of between perforated with top
cover s=0.12m (red line) and s=0.08m (blue dashed line).
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maximum relative error is 4.17%) after 6s, which is approximately

twice the incident wave heightH. The numerical results fit well with

the theoretical results, so the modified SPH method used in this

paper can simulate the change of the wave surface in the numerical

flume of wave and caisson interaction accurately.

Meanwhile, the results depicted in Figure 3 demonstrate that

when the H is 0.12m, d is 0.4m, and T is 1.4s, the wave pressure at

the static water surface is approximately 1.13kPa (theoretical value

is 1.18kPa) with SPH method. At half of water depth, the wave

pressure amounts to around 0.82kPa (theoretical value is 0.84kPa).

At bottom offluid, wave pressure reaches about 0.72kPa (theoretical

value is 0.73kPa). The maximum relative error of the whole wave

pressure is merely 4.42%. The wave pressure calculated by SPH

numerical method is close to the linear wave theoretical solution.

The maximum wave pressure’s position is at the static water surface

and the minimum’s is at the bottom of the fluid which fits the

reality. Through the non-dimensional comparisons in Figure 4, it

can be also found that the wave pressure distribution on the solid

caisson is relatively uniform. On the whole, the wave pressure value

obtained by the SPH method is more accurate and can be used to

simulate the interaction between the wave and the caisson structure.
A

B

FIGURE 8

The time history series of wave surface under different B or m at
selected points. (A) The time history series of wave surface under B
is 0.15m (red line), 0.2m (blue dashed line) and 0.3m (black dotted
line); (B) The time history series of wave surface under m is 0.2 (blue
dashed line) and 0.4 (red line).
A B

DC

FIGURE 9

(A) is the wave pressure p value point location diagram. Along the height direction of the caisson, there are 17 value points on the front perforated
plate, the back perforated plate and the back wall of the caisson. (B–D) is the wave pressure distribution of caissons with different top cover heights
s. (B) s=0.08m; (C) s=0.12m; and (D) s=0.16m.
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Figures 5A–C show the comparison of the wave surface h and

wave pressure p obtained by the SPH method with the experimental

results from other author for perforated caissons. From comparison, it

can be inferred that the all results are similar and agree well in most

places. Most points are within the envelope of y=(1 ± 10%)x in

Figure 5D as well. After calculation, the root mean square error

between the calculated value and the experimental value is 0.0268,

and the correlation coefficient is 0.96, which presented that the SPH

numerical solution is in good agreement with the experimental results.
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To sum up, the accuracy of the modified SPH method is validated

through comparisons with experimental data across multiple

numerical examples. The modified SPH method enables numerical

simulation of caisson’s wave pressure distribution and the variation of

wave surface in numerical flume.
4.2 Analysis results of influencing factors
of wave surface

In Figure 7A, when the height of the top cover is 0.16m, there is

a greater reduction in wave surface fluctuation from 0.16m to

0.12m, which has a 25% decrease compared with solid caisson,

indicating that under the calculated conditions, the wave dissipation

effect of the double-chambered perforated caisson is obvious. In

Figure 7B, when the height of the top cover is reduced to 0.12m, the

wave surface fluctuation amplitude continues to decrease from

0.12m to 0.10m, which has a 16.7% decline; However, as shown

in Figure 7C, when the top cover height continues to decrease to

0.08 m, the wave surface rises slightly from 0.10m to 0.11m, which

only has a 9% increase representing that the wave dissipation effect

of the caisson decreases. In summary, with a reduction of the same

magnitude of the s from 0.16m to 0.08m, the wave dissipation

performance of the double-chambered perforated caissons with a

top cover do not always decrease, but show a trend of first rapid

growth and then slow decline, exhibiting nonlinear characteristics.

It can be seen from Figure 8 that under the calculated wave

conditions, the wave surface is around 0.10m (with less than 3%

fluctuation) in the three different chamber widths, which indicate

that the chamber width B has a little influence on the wave surface.

While the perforated rate m is one of the main factors affecting the

change of the wave surface. When the perforated rate m is 0.4, the

caissons have a better obvious wave dissipation performance than

the perforated rate m is 0.2 (The wave surface decreases from 0.11m

to 0.07m, which has 36% decrement).

In general, under the wave conditions in this paper, with the top

cover height s gradually decreases, the wave dissipation performance of

the double-chambered caisson with a top cover initially increases and

then decreases. The wave dissipation performance is the best when

s=0.12m. Under the same simulation conditions, the wave dissipation

performance of 0.4 perforated ratio is obviously better than that of 0.2
TABLE 2 Points’ wave pressure of caissons with different s.

Points Position
ps=(0.08m/0.12m/

0.16m) (kPa)
Points Position

ps=(0.08m/0.12m/

0.16m) (kPa)
Points Position

ps=(0.08m/0.12m/

0.16m) (kPa)

1 d=0m 0.89/0.78/0.66 6 d1 = 0m 0.40/0.30/0.18 12 d2 = 0m 0.26/0.22/0.17

2 d=0.1m 0.69/0.58/0.55 7 d1 = 0.1m 0.22/0.18/0.10 13 d2 = 0.1m 0.18/0.14/0.13

3 d=0.2m 0.57/0.45/0.45 8 d1 = 0.2m 0.11/0.10/0.05 14 d2 = 0.2m 0.14/0.06/0.05

4 d=0.3m 0.45/0.38/0.38 9 d1 = 0m 0.48/0.45/0.40 15 d2 = 0m 0.43/0.44/0.34

5 d=0.4m 0.35/0.36/0.31 10 d1 = 0.1m 0.31/0.36/0.28 16 d2 = 0.1m 0.35/0.34/0.27

— — — 11 d1 = 0.2m 0.20/0.23/0.22 17 d2 = 0.2m 0.21/0.24/0.19
The position of the value points corresponds to Figure 9A. In addition, ‘ps=(0.08m/0.12m/0.16m) is 0.89/0.78/0.66’means wave pressure ps=0.08m is 0.89 kPa, ps=0.12m is 0.78 kPa and ps=0.16m is 0.66 kPa
when s=0.08m, 0.12m or 0.16m respectively.
A

B

C

FIGURE 10

The time history series of wave pressure p at three different surface
positions (the positions of the value points 1, 9 and 15 correspond to
Figure 10) when change the top cover heights, which (A) wave
pressure at front plate static water level p1 in different top cover
heights, (B) wave pressure at back plate static water level p9 in
different top cover heights and (C) wave pressure at back wall static
water level p15 in different top cover heights. The black line, the red
line and the blue line represent s=0.08m, 0.12m, 0.16m respectively.
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perforated ratio. At the same time, it can be found that the width of the

wave dissipation chamber has very little influence on the wave

suppression performance.
4.3 Analysis results of influencing factors
of wave pressure

From the Figures 10A, C, it can be seen that p1, s=0.08m>p1,

s=0.12m>p1, s=0.16m and p15, s=0.08m>p15, s=0.12m>p15, s=0.16m which

indicate that with the increase of the top cover height s, the wave
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pressure p on the front plate and back wall at the still water position

both gradually decreases; However, in Figure 10B, p9, s=0.08m>p9,

s=0.16m>p9, s=0.12m, that is, with the increase of the top cover height s,

the wave pressure p on the back plate at the static water position

presents decreases first and then increases and when the s=0.12m,

the wave pressure p at the static water level is the smallest in the

calculative condition.

Comparing between Table 2, Figures 9, 10, it can be inferred

that when wave pressure p1 of the front plate at the static water

position reaches the maximum, the wave pressure p9 on the back

plate and p15 on the back wall at the static water position have not
A

B

D

C

FIGURE 11

Water particle pressure and velocity field distribution near the wave dissipation chamber of perforated caisson (T=1.2s, H=0.14m, B=0.2m, d=0.4m).
The figures on the left of (A–D) correspond to the pressure field of water particles at different selected times, while the figures on the right of (A–D)
correspond to the instantaneous velocity of water particles at different selected times.
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reached their maximum. There is a certain phase difference between

front plate, back plate and back wall when they reach peak wave

pressure. With the increase of the top cover height s, the horizontal

wave pressure on the value point of the double-chambered

perforated caisson with a top cover generally increases. The wave

pressure p of behind the perforated plate is smaller than full-face. At

the same time, the wave pressure p generally shows a gradually

decreasing trend at the same horizontal position from full-face to

inside the caisson.

On the whole, through comparison and analysis, there are some

general conclusions: with the increase of the top cover heights s, the

wave pressure p on the front plate and the back wall gradually

decreases at the static water surface, but the wave pressure p on the

back plate decreases first and then increases. When s=0.12m, the

wave pressure p on the back plate at the static water level is the least.

With the increase of the s, the horizontal wave pressure p on the

caisson value point tends to increase in general, and the p on the

back of the perforated plate is less than that on the front.
4.4 Analysis results of water
particle velocity

The motion process of water particles inside and outside the

caisson is much more complicated. However, the motion state of

water particles is an important factor affecting the wave surface h
and wave pressure p. The modified SPHmethod in this paper can be

used to analyze the velocity of water particles in the numerical

flume. Figures 12, 13 shows the horizontal and vertical velocity

distributions of water particles from the middle of the bottom of the

front and back wave dissipation chamber to the top

cover respectively.

As can be seen from Figure 12, due to the influence of the

perforated plate, the velocity changes of water particles in the

middle vertical section of the wave dissipation chamber are non-

linear at different times. Figure 12A, when t=6.70s, the horizontal

velocity and vertical velocity of water particles vary significantly at

the parallel horizontal position of the perforated hole. The

horizontal velocity u reaches its maximum value at z=0.22m (that

is, at the lower perforated position) which is 0.17m/s; the vertical

velocity v reaches its maximum value near the wave surface, which

is 0.18m/s. Figure 12B, when t=7.12s, the law of speed change is

evidently apparent at this moment, and the velocity change is

transiently continuous. At the parallel position of the perforated

hole, the horizontal velocity u of water particles is positive, while at

the non-perforated position, it is negative. The vertical velocity v

changes from negative to positive from bottom to top and the

vertical velocity v reaches its maximum 0.3m/s; Figure 12C, when

t=7.22s, the velocity of water particles is large both at the parallel

and upper small range position of the perforated hole. The both

horizontal and vertical velocity is negative, showing a trend of

increasing-decreasing-increasing-decreasing changing, but they

change at different positions of z. Figure 12D, when t=7.78s, the

velocity of water particles near the position of the wave surface is

large and negative, and the velocity of water particles near the

horizontal position of the bottom hole is small.
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Figure 13 shows that the velocity of water particles in back

dissipation chamber is still affected by the perforated plate.

Figure 13A, when t=6.70s, the horizontal velocity of water

particles gradually increases along the direction of caisson height

and reaches the maximum at the position of the wave surface, the

u=0.15m/s. The vertical velocity of water particles changes little,

which is basically 0m/s. Figure 13B, when t=7.12s, the change of

water particles at the perforated position is obvious, and the

horizontal velocity of water particles at the lower perforated

position is positive, while the horizontal velocity at the middle

and upper perforated position is negative, and the horizontal

velocity is larger at the upper and lower positions than other

positions. The vertical velocity of water particles increases slightly

at the perforated position and is mostly positive. Figure 13C, when

t=7.22s, the horizontal velocity variation rule of water particles is

the same as that of the previous time, but the relative magnitude of

the velocity is smaller. The vertical velocity is basically 0m/s below

z=0.3m, and gradually increases and then decreases above z=0.3m,

both of which are negative, and the maximum vertical velocity is

0.67m/s. Figure 13D, when t=7.78s, the horizontal velocity and

vertical velocity of water particles are always negative, but the

horizontal velocity changes greatly at the perforated position, and

the velocity increases along the direction of caisson height.

In combination with Figures 11, 12, 13, it is not difficult to find

that the modified SPH method can be used to accurately track the

motion state of water particles and the distribution of wave

pressure. For a caisson with a roof hole in a double wave

dissipation chamber, the hole plate has a great influence on the

motion state of water particles. In summary, the influence of the

front wave dissipation chamber is greater than that of the rear wave

dissipation chamber. The velocity of water particles in the parallel

position of the lower hole is smaller than that in the middle and

upper hole, and the vertical velocity is smaller than that in the

horizontal velocity.
5 Discussion

The modified SPH method is employed in this paper to

investigate the interaction between waves and double-chambered

perforated caissons with a top cover. By varying influential factors

such as relative wave height, relative water depth, relative wave

chamber width, and top cover height, a comprehensive analysis of

the wave surface and wave pressure is conducted. Additionally, the

interrelationships among these factors are determined. This

research not only bridges the gap in knowledge regarding double-

chambered perforated caissons but also introduces a novel

numerical approach for studying caissons.

By comparison with experiment and theory, it can be found that

the modified SPH method adopted in this paper can not only be

used to study the interaction between waves and the double-

chambered perforated caissons with a top cover but also can be

used in the single-chamber perforated caissons with/without a top

cover, solid caisson and many other rectangular box-type structures

like a novel perforated-wall caisson concept, the LOWREB (Ciocan

et al., 2017). The numerical method can be adapted to various
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structures only by adjusting some of the influencing parameters,

which has a wide range of application. However, the numerical

model presented in this paper is limited to two-dimensional space

and may not be suitable for three-dimensional models with intricate

geometries. In future, it would be beneficial to optimize the model

for application in three-dimensional space.

According to research of Twu and Lin (1991); Zhu (2013) and

Zhang et al. (2022) in the double-chambered perforated caissons

without a top cover, they find the number, spacing and perforated
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rate of perforated plate are the main factors that affect the wave

dissipation performance. For the double-chambered perforated

caissons with a top cover in this paper, as presented in Figure 7,

perforated rate of perforated plate is one of the main factors that

affect the wave dissipation performance, but there is no discernible

effect on dissipation performance for spacing of perforated plate

(the chamber width B). In addition, the top cover heights s has a

certain effect on the wave surface as showing in Figure 6. Besides,

Zhao (2023) and Lee et al. (2023) also found that if the perforated
A

B

D

C

FIGURE 12

The horizontal and vertical velocities distribution in the middle and vertical section of front wave dissipation chamber (T=1.2s, H=0.14m, B=0.2m,
d=0.4m). The figures on the left of (A–D) correspond to the horizontal velocities m of water particles at selected times in front chamber, while the
figures on the right of (A–D) correspond to the vertical velocities v of water particles at selected times in front chamber.
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rate of the perforated plate of the multi-chamber perforated caisson

without a top cover decreases along the direction of the incident

wave, the wave dissipation effect will be better. Therefore, it is worth

and necessary to conduct further research and analysis on its

performance on the double-chamber perforated caisson with a

top cover.

Compared with the single-chambered perforated caissons

with a top cover, due to the influence of two perforated plates,

the movement of waves inside and outside the two wave
Frontiers in Marine Science 15
chambers is more complicated and fuller of uncertainty.

However, there are still some characteristics show similar to the

single-chambered perforated caissons with a top cover in some

aspects. The most unfavorable pressure position of the front

perforated plate and the back solid wall of the single-

chambered perforated caisson is near the static water level

(Chen et al.,2005a). Similarly, the most unfavorable positions of

the perforated plate and the back wall of the double-chambered

perforated caissons are also located near the static water level.
A

B

D

C

FIGURE 13

The horizontal and vertical velocities distribution in the middle and vertical section of back wave dissipation chamber (T=1.2s, H=0.14m, B=0.2m,
d=0.4m). The figures on the left of (A–D) correspond to the horizontal velocities m of water particles at selected times in back chamber, while the
figures on the right of (A–D) correspond to the vertical velocities v of water particles at selected times in back chamber.
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The difference is that with the change of the cop cover heights, the

pressure of the front plate and the backplate at the static water

level is different, and the changes of pressure of the back plate

show more complicated which was also studied and analyzed by

Oh et al. (2015). In addition, the force on the back plate and the

back wall always lags behind the peak value compared to the

front plate.

As shown in Figures 11–13, the SPH numerical method

employed in the paper can be applied to explore the state of

water particles at different times by tracking the velocity field and

pressure field of water particles. From the origin analysis, both the

wave dissipation and mechanical properties of caisson can be

demonstrated by the state of water particles. Therefore, the

method proposed in this paper can be used to further explain and

describe the complex interaction between waves and caisson, which

can play a certain role in promoting the research. This part of

content and method can provide a new idea for the subsequent

research work.

At the same time, in the process of numerical simulation, it had

an unexpectedly find that the relative position of the static water

surface and the open hole will affect the water particles entering or

leaving the wave dissipation chamber, and then affect the

performance of the wave dissipation of the caisson. Sun et al.

(2019) found that the degree of inundation of the wave facing the

perforated area will affect the wave force inside the perforated

caisson. Thus, it can be speculated that this factor will also have a

certain impact on the caisson, which is worth making

further research.
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