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Abstract: This paper proposes a conceptual design of an innovative deep-sea aquaculture platform
that integrates a steel structural framework and high-density polyethylene (HDPE) floats. It aims to
overcome the limitations of prevailing aquaculture equipment, including inadequate resistance to
strong wind and waves, complex technologies, and prohibitively high costs. The design scheme and
key parameters of the main platform, the netting system, and the mooring systems are presented.
Based on the stochastic design wave method, the characteristic load response scenarios and design
wave parameters are determined and analyzed. Strength analysis is conducted to assess the structural
performance, vulnerabilities, and overall safety of the platform under various characteristic load
conditions. The results indicate that the Von Mises stress levels across different sections of the
platform conform to the allowable stress thresholds under various characteristic load conditions.
However, the stress levels of the platform are notably higher when subjected to characteristic loads
associated with vertical shear, vertical bending moments, and torsion about the horizontal axis,
which requires further efforts in the design process to enhance the structural safety of the platform.
The proposed design methodology and the presented research results can provide a wide range of
references for the design and analysis of deep-sea fisheries aquaculture equipment.

Keywords: deep-sea aquaculture platform; conceptual design; design wave method; structural
performance analysis

1. Introduction

Being confronted with the demanding challenges of increasing pollution and con-
strained environmental carrying capacities in nearshore seas, marine aquaculture in deeper
sea regions has attracted extensive attention worldwide [1,2]. This strategic relocation
effectively addresses issues related to nearshore environmental degradation, limited capac-
ity, and recurrent disease outbreaks. Meanwhile, it helps augment the space available for
aquaculture, thus improving both operational efficiency and production yield. However,
conventional high-density polyethylene (HDPE) aquaculture cages demonstrate inade-
quate resistance to wind and wave forces in demanding marine environments. Although
large steel cages provide enhanced durability under such conditions, their costs and the
complexity concerning the design and construction inevitably increase aquaculture ex-
penses. Therefore, it is of great significance to develop high-performance, cost-effective,
and environmentally sustainable equipment for deep-sea aquaculture.

The structural performance of aquaculture equipment represents a critical aspect of its
design and optimization. The finite element method (FEM) and physical experiments are
typically used for structural strength analyses of such equipment [3-6]. Such analyses help
identify potential failure modes and optimize the equipment’s structural configuration.
Aquaculture equipment generally comprises three main components: the main structures,
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the netting systems, and the mooring systems. The main structure, which sustains the pri-
mary load from wave forces, is crucial for ensuring the safety of the cage structure. Current
research on the structural performance of aquaculture equipment primarily concentrates on
the main structures, with a particular focus on the use of HDPE materials for float frames.
In contrast, studies on large steel structural cage frameworks are limited.

Lee et al. [7] employed a mass-spring model to simulate various components of aqua-
culture cages. In their study, mathematical modeling was utilized to analyze the vibrations
and deformations under the influence of waves and currents. Zhao et al. [8] developed
failure criteria for local stresses on cage floats through FEM geometrical model tests. Huang
et al. [9-12] applied the FEM and conducted associated experiments to investigate the
deformation, yield strength, failure phenomena, and fatigue strength of circular and hexag-
onal cage floats. Li et al. [13-15] examined the dynamic responses of aquaculture cage float
systems to sea currents and waves based on three-dimensional hydroelasticity theory. Xu
et al. [16] constructed a finite element model of the cage with ANSYS to analyze stresses
and deformations under wave action. The model and the numerical analysis were validated
through a series of physical model tests. Zhang et al. [17] explored the structural perfor-
mance of aquaculture cages in wave environments via theoretical analysis, hydroelastic
modeling, and wave numerical simulations, which identified the floats as particularly
vulnerable components.

In addition to HDPE aquaculture cages, several scholars have proposed diverse con-
ceptual aquaculture equipment and investigated its structural performance. Sun et al. [18]
proposed a truss-type offshore cage and calculated the load responses of the cage float struc-
ture using the Morison equation. Meanwhile, the FEM was employed to verify the yield
strength of the float structure. Zitti et al. [19,20] introduced a cylindrical cage with a central
column and investigated its dynamic behavior under various environmental loads. Ma [21]
designed a platform-type aquaculture cage and carried out hydrodynamic calculations,
structural strength analysis, and fatigue life assessments. Zhang [22] developed a truss
cage analysis model based on the Morison formula and rigid body kinematics theory. The
structural strength of the cage under wave loads was analyzed. Pang et al. [23] used ANSYS
to create a finite element analysis model of a jack-up offshore net cage. The structural
performance analyses were then conducted to determine the structural deformations and
stress distributions of various components under operational and self-storage conditions.

This study proposes an innovative design for a deep-sea aquaculture platform. The
motivation is to address the limitations of existing cages concerning inadequate resistance
to wind and waves, technical complexities, and high costs. The presented design inte-
grates a steel structural frame with HDPE floats based on an extensive review of current
research advances and trends in deep-sea equipment technology [24-27]. In comparison
with conventional HDPE circular cages, the proposed design demonstrates enhanced wave
resistance with less consumption of steel, which contributes to a reduction in initial invest-
ment costs relative to large-scale steel structures. The floats employed in the presented
design are highly corrosion-resistant and modular. It facilitates straightforward assembly,
disassembly, and replacement of individual units to ensure operational safety throughout
their service life. The aquaculture platform must possess adequate structural strength to
withstand various wave load conditions and enhance its safety. Hence, it is essential to
identify and evaluate the most critical wave load conditions and draw on the structural
characteristics of the platform.

The structure of this paper is organized as follows: Section 2 proposes the concept
of an innovative deep-sea aquaculture platform. Section 3 elaborates on the adopted
methodology and principles, including the interactive conceptual design method, the
principal dimension design method, and the structural strength analysis and verification
method of the platform. Section 4 describes the design scheme and numerical model of
the aquaculture platform. In Section 5, the optimization results of the main dimensional
parameters are presented, and the structure is analyzed and calibrated under various
characteristic load conditions. Finally, Section 6 concludes the study.
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2. Proposed Conceptual Design of the Deep-Sea Aquaculture Platform

As illustrated in Figure 1, this section proposes the design of an innovative deep-sea
aquaculture platform, comprising three principal components: the main structure, the
netting system, and the mooring system. The main structure provides the foundational
support for the platform to ensure buoyancy and structural integrity. The netting system
maintains a specified aquatic space conducive to fish habitation, which prevents fish escape
and effectively blocks external predators. The mooring system secures the platform within
the designated aquaculture zone to prevent drift in adverse wind and wave conditions,
thereby reducing economic losses.

Figure 1. Sketch of the innovative deep-sea aquaculture platform.

The main structure of the aquaculture platform comprises a steel structural frame
integrated with HDPE floats. The steel framework ensures structural integrity and provides
essential reserve buoyancy for the platform, while the HDPE floats reduce the usage of steel
materials, enhance corrosion resistance, and contribute additional buoyancy. The HDPE
floats can be securely attached to the steel frame using bolts and clips. This connection
method is simple and reliable, allowing for easy assembly and disassembly of the floats. In
case a single float is damaged, it can be conveniently replaced, ensuring the safety of the
cage during its service life. The overall configuration of the netting is designed according
to the structural layout of each cage area on the platform. A single-point mooring system is
employed, which employs the weathervane effect to reduce the forces acting on the cages
under windy and wavy conditions. It thus mitigates the risk of structural damage and
mooring failures. Such an arrangement also facilitates the dispersion of aquaculture waste
over a broader marine area to reduce accumulation.

The innovative deep-sea aquaculture platform proposed in this study differs from
traditional HDPE cage structures. This platform employs a steel structural frame instead of
conventional floating rings and frames, overcoming their inability to withstand harsh sea
conditions. Compared to traditional HDPE circular cages, the proposed platform exhibits
superior wave resistance, ensuring it can support larger and heavier loads. This effectively
addresses the limitations of traditional HDPE aquaculture cages in developing offshore
and large-scale applications. Additionally, HDPE floats require less maintenance than
steel components, enhancing the platform’s durability and reducing the need for frequent
replacements, thus lowering long-term operational costs. The HDPE floats are easy to
assemble, disassemble, and transport, providing flexibility to adapt to various marine envi-
ronments and operational requirements. The platform can accommodate three aquaculture
cages, consolidating multiple cages into a single platform to facilitate integrated, large-
scale, and intelligent offshore aquaculture operations. Overall, the combination of the steel
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structural frame with HDPE floats enhances the platform’s wave resistance and durability,
addressing the limitations of using a single material, reducing structural complexity, and
saving construction costs.

3. Methodology for Conceptual Design and Structural Performance Analysis
3.1. Framework and Key Process of the Methodology

Figure 2 depicts the interactive design method for the conceptual design and perfor-

mance analysis of the proposed innovative deep-sea aquaculture platform. The framework
and key processes are summarized as follows:

@

@)

®)

Design basis. At this stage, an extensive review was conducted to explore the current
research trends in deep-sea aquaculture equipment. On this basis, the environmental
parameters of the designated deployment area were determined for the innovative
deep-sea aquaculture platform, including current speed, wave height, wave period,
and wave spectrum. These factors were integrated with the design principles and
requirements of aquaculture equipment to define essential parameters for the design
and analysis of the platform.

Design scheme. At this stage, an interactive conceptual design approach was utilized
to initiate the design of an innovative deep-sea aquaculture platform, covering the
main structure, the mooring system, and the netting system. Orthogonal experimental
methods were applied to select the optimal principal dimensions and configure the
internal structure of the platform. The initial design phase set the basis for subsequent
performance analyses by providing essential model parameters.

Performance analysis. Based on the conceptual design, a novel method was pro-
posed suitable for selecting characteristic load conditions for the innovative deep-sea
aquaculture platform. Based on the stochastic design wave method, design wave pa-
rameters were calculated to evaluate the platform’s strength performance, structural
vulnerabilities, and overall safety under various characteristic load conditions.

e Location of target sea area o Environmental adaptability ® Adequate space

o Current velocity o Economic efficiency o Stability

o Wave height and period o Operational feasibility o Performance of hydrodynamic
o Wave spectrum o Practical utility and strength

Design Scheme

<— Platform selection — Netting system

Principal parameters design v 4 Material

—> Overall layout scheme <— Main structure <«
Internal stucture design v v Shape
— Weight adjustment <— Mooring system

i
L~ Equilibrium?

{ Yes
Preliminary design Scheme

“hec) is
Performance Analysis

Figure 2. Framework and process of the methodology of conceptual design and performance analysis.
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3.2. Design Principles and Methods of the Platform
3.2.1. Design Principles

To ensure the rationality and practicality of the design, the conceptual approach
adheres to principles such as adaptability to marine environments, ample aquaculture
space, cost-effectiveness, operability, and practicality. The design of the innovative deep-sea
aquaculture platform adheres to the Guidelines for Offshore Fishery Aquaculture Facilities [28]
by the China Classification Society (CCS). The guidelines dictate the design loads, structural
design, strength verification, stability analysis, and design requirements for mooring
systems specific to marine aquaculture equipment. These standards serve as a robust
framework, providing critical references and foundations for the design and performance
analysis of the innovative deep-sea aquaculture platform in this study.

3.2.2. Conceptual Design Method

The novel design conception of the innovative deep-sea aquaculture platform com-
bines a combination of a steel structural frame with HDPE floats. In this design, floats
are evenly distributed around the steel framework to facilitate easy replacement of any
damaged units, which replaces traditional floating frames used in aquaculture cages. As
depicted in Figure 2, an interactive design process has been developed, which draws on
the design principles of both domestic and international floating marine structures and
incorporates the unique structural characteristics of the innovative aquaculture platform.

This process includes a comparative evaluation of existing aquaculture platforms
to guide the selection and dimensional scaling based on specific design requirements.
Meanwhile, it formulates the designs for the net and mooring systems of the platform. In
addition, it takes into account the safety of aquaculture personnel during routine operations.
Such a process produces a preliminary overall parameter configuration of the platform.
Following the initial setup, the weight and center of gravity of the platform are iteratively
adjusted to satisfy stability requirements. The hydrodynamic and structural performance
are analyzed based on the marine environmental conditions at the location of the platform.
Should these analyses reveal deficiencies that fail to meet performance standards, the
principal dimensional parameters are subsequently modified until compliance with the
design specifications is achieved.

3.2.3. Optimization Method for the Platform Principal Scales

The selection of principal dimensional parameters for the innovative aquaculture
platform adheres to the essential principle that the net buoyancy of the platform must
balance its weight and the vertical loads from the mooring system. The selection process
of the principal dimensions of the platform requires a comprehensive evaluation of their
impact on the choice of internal structures, the overall layout, and the buoyancy state of
the platform. Moreover, it is essential to evaluate the effects of the principal dimensional
parameters of the main structure on hydrodynamic performance and construction costs.
Figure 3 depicts the design workflow for the principal dimensions of the main structure of
the proposed deep-sea aquaculture platform.

Buoyancy VES Performance S
Requirement? Requirement?

l\'0|

Figure 3. Optimization method for the principal scales of the platform.

Based on relevant data from the main structure, netting system, and mooring system,
the required net buoyancy for the platform is calculated and determined to achieve positive
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buoyancy and the available displacement volume. After the initial principal dimensions are
determined, these must satisfy the spatial requirements for the netting, upper walkways,
and net buoyancy. Subsequently, the static buoyancy of the platform is assessed to ensure
compliance with established criteria. If the requirements are met, further development
will be based on these dimensions. Otherwise, it is necessary to reassess and reselect the
principal dimensions.

Based on the initial selection of principal dimensions of the platform, orthogonal
experimentation is used to analyze the hydrodynamic performance and cost coefficient
of the main structure, aiming to identify the most advantageous principal dimensional
parameters. The cost coefficient is a critical metric for assessing the economic efficiency of
the platform. To evaluate the optimal principal dimensional scheme for the aquaculture
platform, the platform cost coefficient, denoted as «, is defined as follows:

c
X = -
S

)
where « is the cost coefficient, c is the perimeter of the platform frame, and s is the area
enclosed by the platform frame.

The proposed innovative aquaculture platform combines a steel structural frame and
HDPE floats. The selection range for the optimal principal dimensions is strategically set
to fall between the characteristics of steel structure vessel-shaped aquaculture platforms
and HDPE vessel-shaped aquaculture cages. The preliminary dimensions of the platform
may include a length ranging from 65 m to 85 m and a width ranging from 21 m to 25 m.
Following the principles of orthogonal design, three levels are selected for the length, width,
and bow width of the platform, which intentionally disregards the interactions between
factors. Table 1 details the choices for these factors and levels.

Table 1. Orthogonal test factors and levels.

Factors Levels
A (Bow width)/m 6 7 8
B (Length)/m 69 75 81
C (Width)/m 21 23 25

3.3. Environmental Design Criteria

The proposed innovative deep-sea aquaculture platform will be deployed in the Yellow
Sea and Bohai Sea regions. Due to its single-point mooring system, the platform exhibits a
weathervane effect under wave action. Considering the sea conditions of the Yellow Sea
and Bohai Sea areas, a wave height of 5 m, a wave period of 4.5 s, and a wave direction
of 180 degrees [29] have been selected for the simulation wave conditions in the principal
dimensional optimization study of the platform.

The short-term forecasting of characteristic loads requires integration with wave
spectra. The Jonswap spectrum and the Pierson-Moskowitz (P-M) spectrum are commonly
utilized in engineering. The P-M spectrum, derived from empirical data collected in the
North Atlantic, represents a theoretical model for describing fully developed sea waves.
It is typically employed for waves generated by prolonged constant wind speeds in open
ocean conditions. This spectral model is predicated on observations of oceanic wind wave
data, assuming the waves have reached an equilibrium state with the wind speed. The
density function of the P-M spectrum is expressed in Equation (2). This is a two-parameter
spectrum, where the spectral shape is determined by the significant wave height (Hg) and
the peak period (Tp).

5,0 5 5. | 5( @\
SPM = 16H5 wp~w exp[ 4( > (2)
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T
where w is the angular frequency of the waves, Hg is the significant wave height, and Tp is
the peak period of the spectrum.

The Jonswap spectrum, derived from wave data measured in the North Sea, is utilized
to provide a more precise characterization of the growth properties of wind-generated
waves in actual marine environments. Unlike the P-M spectrum, the Jonswap spectrum
introduces a peak at a specific frequency to illustrate the concentration of energy typical
of waves generated by brief intense winds. Empirical evidence indicates that the Jonswap
spectrum closely aligns with observed results and applies to wind waves at various devel-
opmental stages. Hence, the Jonswap spectrum is widely adopted. The density function
of the Jonswap spectrum is outlined in Equation (4). This three-parameter spectrum is
shaped by Hg, Tp, and <y, where < essentially quantifies the concentration of wave energy.
For identical Hg and Tp values, an increased < leads to a greater concentration of energy
around Tp, resulting in a more pronounced spectral peak.

)

wp =

_ 2
Sjon(w) = ASpm(w)yexp [_0'5((0%?) 1 (4)

A = 1-0287In(y) ()

where 7 is the peak enhancement factor, averaging 3.3, ¢ is the spectral shape parame-
ter, set to 0.09 when the wave frequency w exceeds wp, and 0.07 otherwise, and A is a
dimensionless parameter.
The relationship between the zero-crossing period (Tz) and the peak period (Tp) is
shown in Equation (6).
Tz

= = 0.6637 +0.05037 — 0.006237% + 0.0003341+> (6)
P

The Jonswap spectrum is selected for calculating the characteristic load responses
of the platform, with a peak enhancement factor set at 3.3. A short-term simulation
duration of three hours is selected to forecast the characteristic load response under various
operational conditions.

Following the Guidelines for Offshore Fishery Aquaculture Facilities [28] by the CCS, the
design loads for the aquaculture platform include wind loads, current loads, wave loads,
gravity loads, net loads, and other functional loads. The platform is designed to withstand
a 50-year wave recurrence period. During the calculation of environmental loads, the
effects of sea currents and wind loads can be temporarily excluded to solely focus on the
impact of wave loads. The proposed innovative deep-sea aquaculture platform is typical
of a large offshore floating structure. Its wave loads will be calculated using potential
flow theory. Utilizing wave parameters derived from the stochastic design wave method,
the AQWA-WAVE 18.0 software calculates the wave load files for different design wave
scenarios, which facilitates the transfer of wave loads to the structural finite element model.

3.4. Wave Load Calculation Methods
3.4.1. Stochastic Design Wave Method

The stochastic design wave method integrates short-term sea wave spectra within a
specified timeframe to predict wave loads. It can effectively account for the irregularity and
randomness of the waves and thereby provide a more accurate reflection of actual marine
conditions. A fundamental distinction between the stochastic design wave method and
the deterministic design wave method lies in their differing approaches to determining
wave height. The stochastic method offers higher computational accuracy and produces
results that are more scientifically robust compared to the deterministic approach. Figure 4
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outlines the process of determining design parameters using the stochastic design wave
method. It involves the following specific steps:

@

@)

®)

4)
©)

(6)

@)

Based on the structural characteristics and the specific maritime region of the structure,
select suitable wave directions, periods (frequencies), and increments to calculate the
Response Amplitude Operator (RAO) function, RAO(w).

Select the wave direction and period (frequency) corresponding to the maximum
value on the characteristic load response curve to serve as the direction and period
(frequency) of the design wave. Determine the wave phase through phase-frequency
analysis.

Define a zero-crossing period interval for irregular waves between 3 and 18 s, with a
step size of 0.1 s, and calculate the significant wave height using the wave steepness
formula for irregular waves within this interval [30], as presented in Equation (8)
as follows:

27H,
S = =3 %
81z
= T; <65
S5 = = Tz >12s (8)
linear interpolation 6s<Tz<12s

where Hg is the significant wave height of irregular waves, Ty is the zero-crossing
period of irregular waves, Sg is the wave steepness of irregular waves, and g is the
gravitational acceleration.

Select an appropriate wave spectrum and compute the wave spectrum density func-
tion, Syw(w), for each short-term sea condition.

Multiply the square of the RAO(w) amplitude by the wave spectrum density function,
Sw(w), to derive the characteristic load response spectrum, Sg(w), for each short-term
sea condition.

Forecast the maximum response value, Ry, of the characteristic loads under each
short-term sea condition using the characteristic load response spectrum, Sg(w).

Riuax = MV 2InN )

m, = /Ooow”SR(w)dw (10)
N = D/T, (11)

T, = 2mn\/my/my (12)

where m;, is the nth-order moment of the response spectrum. Specifically, m rep-
resents the total wave energy, quantified as the variance across either unit area or
the process, mj is the variance of the first derivative of wave elevation, while my
pertains to the variance of the second derivative of wave elevation, indicative of
the acceleration variance of the wave profile. N is the number of cycles, T, is the
average zero-crossing period of the response, and D is the duration, which is typically
assumed to be 3 h for short-term sea conditions.

Calculate the wave amplitude, Ap, of the stochastic design wave method using
Equation (13), where the design wave height is twice the wave amplitude.

Ap = (Rmax/RAOC)'LF (13)

where LF is the load factor, which is generally taken to be between 1.1 and 1.3.
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Figure 4. Flowchart of the stochastic design wave method.

3.4.2. Wave Load Conditions Selection Method

In the selection process of selecting design wave parameters through the design wave
method, the primary step involves choosing appropriate characteristic load response condi-
tions. The current DNV and ABS [30,31] standards specify several typical characteristic load
conditions for semi-submersible platforms. However, the structural form of the proposed
deep-sea aquaculture platform in this study deviates from traditional semi-submersible
platform structures. It thus renders the use of standard semi-submersible platform charac-
teristic load conditions unsuitable for selecting design wave parameters. Consequently, this
paper introduces a novel approach to sectional load control, divergent from other floating
structures, to comprehensively assess the impact of various wave load conditions on the
structural performance of the platform.

The platform is sectioned along the y-axis and x-axis, as illustrated in Figure 5. Given
the large open slender body structure of the platform, it is likely to experience significant
vertical shear forces, vertical bending moments, and torsion under wave action. These
loads serve as the basis for selecting characteristic load conditions. The response values of
characteristic loads at various transverse and longitudinal sectional positions are calculated
to identify the maximum characteristic load and its location to establish the characteristic
load response condition. It thus enables an accurate assessment of the structural strength
of the platform. This method effectively resolves the issues associated with the poor
universality and low accuracy of traditional characteristic load selection methods for new
structures, which offers a reference framework for selecting wave load conditions for
innovative structural forms.

(a) Division of profile along the y-axis. (b) Division of profile along the x-axis.

Figure 5. Position of platform section division.
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3.5. Structural Strength Analysis Method

Based on the guidelines specified in the Rules for the Classification of Mobile Offshore
Units [32] by the CCS, the structural yield strength verification is conducted by the stipula-
tions of Equations (14) and (15). The procedure for verifying structural strength is depicted
in Figure 6.

Oog = \/U,% + Uyz — 00y + 3T%y (14)
o,
Oeq < o] = gs (15)

where 0, is the equivalent stress, 0y is the stress in the x-direction of the element, oy, is the
stress in the y-direction of the element, Ty, is the shear stress within the plane of the element
in the xy-direction, o5 is the yield strength of the material, and S is the safety coefficient of
the material, which should be selected as presented in Table 2.

AT A S AR—.
e
e

v

Figure 6. Structural strength analysis flowchart.

Table 2. Summary of the safety coefficients.

ips Safety ips Safety
Condition Type of Stress Coefficient Condition Type of Stress Coefficient
. Axial and bending stress 1.67 . Axial and bending stress 1.25
Statlé:,l?ad Shear stress 2.50 Combg}e.d load Shear stress 1.88
condition Composite stress 143 conditions Composite stress 1.11

4. Case Study
4.1. Design Scheme of the Deep-Sea Aquaculture Platform

According to the design method and principle of Section 3, the designed schematic
of the innovative deep-sea aquaculture platform is illustrated in Figure 7. The primary
structure consists of a steel framework integrated with HDPE floats. The design accom-
modates three aquaculture cages arranged sequentially on the platform, with adjacent
cages sharing a steel cross-brace to enhance structural integrity. Diagonal braces within
each cage serve to consolidate multiple cages on a single platform, facilitating integrated,
large-scale, and automated deep-sea aquaculture operations. The platform also features
an upper grating walkway to facilitate routine operations by aquaculture personnel and
to allow the installation of supplementary equipment, such as lifting gear. Safety rails are
installed on both sides of the walkway to ensure the safety of personnel during operations.

The net cages are designed to conform to the structural framework of each area on
the platform, generally adopting a cubic form with an octagonal plan view. Modular
connectors inside each cage area enable easy and flexible installation and removal of the
netting. It ensures that net installation is both straightforward and reliable across various
sections of the platform.
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Figure 7. Schematic of the platform layout scheme.

A catenary single-point mooring system is utilized to significantly reduce the forces
exerted by wind and waves on the platform. In regions with strong waves and wind, this
mooring method provides substantial buffering, thereby reducing the risk of structural
damage. The design includes two mooring chains installed on both sides of the bow of the
platform, which are designated as mooring line 1 and mooring line 2. These chains connect
to the upper end of mooring line 3, whose lower end is anchored securely to the seabed
with a drag embedment anchor (DEA) to ensure robust stability under adverse conditions.

The structural framework of the proposed innovatively designed aquaculture platform
employs Q345 steel. The buoyancy blocks are uniformly arranged atop the framework,
which is fabricated from HDPE. The relevant material parameters are detailed in Table 3.
Moreover, the preliminary specifications for the anchor chains in the mooring system are
provided in Table 4.

Table 3. Material parameters of the aquaculture platform.

Material Parameters Value Material Parameters Value
Yield strength 345 MPa Yield strength 30 MPa
Density 7850 kg/m? Density 953 kg /m?
4, 1
Q345 stee Young’s modulus 2.1 x 10° MPa HDPE Young’s modulus 9.0 x 102 MPa
Poisson’s ratio 0.3 Poisson’s ratio 0.38
Table 4. Material properties of mooring lines.
Number of Material Diameter Dry Weight Wet Weight Axial Stiffness Fracture Tension
Mooring Line /mm /(kg/m) /(kg/m) /kN /kN
Mooring lines 1-2 Stud chain 70 107.3 93.2 495 x 10° 3687.9
Mooring line 3 Stud chain 100 219.0 190.2 1.01 x 10° 7056.0

Based on the overarching conceptual design of the innovative deep-sea aquaculture
platform, the internal components were designed employing normative design principles,
as outlined in the Rules for the Classification of Mobile Offshore Units [32] by the CCS. Figure 8
illustrates the schematic of the internal structure of the platform, which incorporates critical
structural elements such as bulkhead, floor, longitudinal, and girder. This design ensures
that the main framework of the aquaculture platform possesses adequate structural strength
to withstand various operational demands.
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Figure 8. Schematic of the platform internal structure of the platform.

Based on the conceptual design and the comprehensive layout scheme, the principal
parameters of the innovative deep-sea aquaculture platform are detailed in Table 5. These
parameters provide a robust data foundation for subsequent sections of the study.

Table 5. Key design parameters of the platform.

Parameters Value Parameters Value

Length overall 775 m Breadth extreme 27.5m

Length of netting 22.8m Width of netting 192 m

Height of netting 8m Height of main structure 2.3 m

Designed draught 1.07 m Scantling draught 14m

Length of floats 2m Width of floats 0.8m

Height of floats 14m Buoyancy of floats 152.144 m®
Mass of floats 10.404 t Total weight 328.084 t

Center of gravity (—1.085m,0m, 1.238 m) Ixx 3.720 x 107 kg-m2
Iyy 1.759 x 108 kg-m? Izz 2.114 x 10® kg-m?

4.2. Numerical Model of the Deep-Sea Aquaculture Platform

In this section, the hydrodynamic and structural finite element models of the in-
novative aquaculture platform are established using the ANSYS 18.0 software. When
establishing the hydrodynamic model utilizing ANSYS-AQWA 18.0, the wave direction
analysis can be restricted to the range between 0 degrees and 180 degrees due to the symme-
try of the platform. In addition, the wave direction along the positive x-axis is designated as
0 degrees, while the direction along the positive y-axis is set at 90 degrees. In the calculation
and analysis of characteristic load responses for the platform under various operational
conditions, an initial wave direction increment of 15 degrees is employed. The frequency
range for regular waves is defined from 0.2 rad/s to 2.1 rad/s, with wave frequencies
spaced at intervals of 0.5 rad /s between 0.4 rad /s and 1.2 rad/s, and at 1 rad/s intervals
within other frequency ranges.

Regarding the hydrodynamic model based on the conceptual design, only the external
structure of the platform needs to be modeled. The internal structures such as bulkheads
and floors can be omitted. The final mesh of the platform’s hydrodynamic model features a
maximum cell size of 0.3 m, comprising 37,184 nodes and 37,242 elements.

According to the design scheme, a finite element model of the innovative aquaculture
platform is established. Unlike the hydrodynamic model, the finite element model of the
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platform structure includes the hull model and the complete internal structural model.
When modeling the overall structure of the platform, minor structures such as mooring
hooks, grating walkways, and railings were excluded. The main structural frame, bulkhead,
floor, girder, and longitudinal were modeled using shell elements (SHELL 181), while the
fill material inside the floats was represented with solid elements (SOLID 185). The finite
element geometric model of the platform is depicted in Figure 9a.

Figure 9. Finite element model and boundary constraint.

The proposed aquaculture platform, designed with a vessel-shaped structure, required
careful selection of boundary conditions to avoid impacting strength calculations. Ac-
cording to Section 8.2.3.4 of the Rules for the Classification of Floating Offshore Installations
by the CCS [33], a three-point constraint system was utilized. It includes constraining
displacement in the y and z directions at a structurally robust node at the bow and the stern.
The nodes at the intersections with the side shells are selected to constrain displacement in
the x and z directions, and in the y and z directions, respectively, as illustrated in Figure 9b.

5. Results Analysis
5.1. Optimization Results of the Principal Scale Parameters

The orthogonal experimental method is employed to analyze three principal dimen-
sional factors of the platform: length, width, and bow width. A three-factor, three-level
orthogonal design is implemented. The findings concerning the main structural heave
amplitude, pitch angle, and cost coefficient of the platform are presented in Table 6.

Table 6. Calculation results of platform main structure performance given different main scale

parameters.
Number A B C Heave Pitch Perimeter Area Cosf
Bow Width/m Length/m Width/m /m r° /m /m? Coefficient
1 6 69 21 0.774 3.402 171.220 1392.750 0.123
2 6 75 23 0.719 1.620 186.040 1652.750 0.113
3 6 81 25 0.684 1.932 200.880 1934.750 0.104
4 7 69 23 0.741 1.767 174.540 1523.000 0.115
5 7 75 25 0.740 0.765 189.460 1794.000 0.106
6 7 81 21 0.645 2.672 195.800 1652.000 0.119
7 8 69 25 0.768 1.830 178.040 1652.750 0.108
8 8 75 21 0.727 0.873 184.380 1532.750 0.120
9 8 81 23 0.670 2.316 199.220 1806.750 0.110

Table 6 details the results based on the range analysis method. Figure 10a—c depict the
variations in heave amplitude, pitch angle, and cost coefficient in response to changes in
the experimental factors.
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Figure 10. Variation curve of each performance indicator with test factors.

As depicted in Figure 10a, the length of the aquaculture platform significantly influ-
ences the heave amplitude. That is, the heave amplitude decreases as the platform length
increases. The platform width and the bow width affect the heave amplitude similarly. As
is seen, the trend of the curves initially decreases and then increases, albeit with relatively
minor variations. Generally, longer structures exhibit lower natural frequencies. This sig-
nificantly impacts the heave amplitude of the aquaculture platform. In contrast, increasing
the width has a lesser effect on the natural frequency, thereby having a smaller impact on
the heave amplitude. From a heave amplitude perspective, the optimal combination is
identified as A;B3C5, i.e., a bow width of 7 m, a length of 81 m, and a width of 23 m.

The pitch angle serves as a crucial metric for assessing the performance of aquacul-
ture platforms. Large pitch angles can potentially lead to platform capsizing and induce
movements in the net cages, which consequently compress the cultivated water space
and endanger the fish. As illustrated in Figure 10b, changes in the length of the platform
substantially affect the pitch angle, displaying a trend of initially decreasing and then
increasing. The pitch angles at lengths of 69 m and 81 m are nearly identical. This is
primarily because an increase in length significantly raises the platform’s moment of inertia.
Although the restoring moment coefficient also increases, it is insufficient to counteract the
increased moment of inertia, ultimately reducing the platform’s natural roll frequency and
affecting the pitch angle. When the platform width or bow width increases, the pitch angle
into account, the optimal configuration is A3B,C3, i.e., a bow width of 8 m, a length of 75 m,
and a width of 25 m.

As Figure 10c reveals, the cost coefficient of the aquaculture platform decreases while
platform frame length, width, and bow width increase. The most significant reduction
is observed when the frame width increases. This is because increasing the same length
and width does not change the platform’s perimeter, while increasing the width encloses
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a larger area than increasing the length, resulting in a more significant change in the cost
coefficient. From a cost-efficiency standpoint, the optimal combination is A3B3Cj3, i.e., a
bow width of 8 m, a length of 81 m, and a width of 25 m.

The analysis indicates that the influence of factors on heave follows the order B > C > A.
The influence on the pitch shows the same pattern. The relative influences on the cost
coefficient follow the sequence C > B > A, differing from their effects on heave and pitch.
Consequently, a new index termed comprehensive coefficient E is introduced, which is
calculated as the product of the pitch and cost coefficient of the platform frame. As shown
in Figure 10d, the trend of the comprehensive coefficient with the trend of the influence on
pitch. A comprehensive analysis of the trade-off between performance and construction
costs of the aquaculture platform indicates that the optimal configuration, according to
the comprehensive coefficient, is A3B,C3, i.e., a bow width of 8 m, a length of 75 m, and a
width of 25 m.

5.2. Structural Performance Analysis under the Characteristic Load Conditions
5.2.1. Selection of the Characteristic Load Conditions

Figures 11 and 12 present the load distribution results at the sectioned positions along
the y-axis and x-axis under various loads, as analyzed using AQWA.

— T T T T T T — T T T T T
~13.65-125-1125 10 -8.75 ~75 625 -5 375 25 -125 0 125 25 375 5 625 75 875 10 1125 125 13.65
Position (m) Position (m)

Vertical shear (N)
250x10°  3.00x10°  3.50x10°  4.00x10° 000 400x10° 8.00x10° 1.20x10° 1.60x10° 2.00x10° 2.40x10° 2.80x10° 3.20x10°

Vertical bending
moment (N-m)

(a) Vertical shear. (b) Vertical bending moment.

Wave direction

~13.65-125-11.25 ~10 -8.75 ~75 625 -5

000 2.00x10* 4.00x10* 6.00x10* 8.00x10"

375 25125 0 125 25 375 5 625 75 875 10 1125 1251365

—13.65-125-11.25 —10 875 75 625 -5 -3.75 2.5 125 0 125 25 375 5 625 75 875 10 1125 1251365

Position (m) Position (m)

Horizontal bending
moment(N'm)

Horizontal shear (N)
1.00x10° 1.20x10° 1.40x10° 1.60x10° 1.80x10° 0.00  5.00x10° 1.00x10° 1.50x10° 2.00x10° 2.50x10° 3.00x10° 3.50x10° 4.00x10° 4.50x10° 5.00x10°

(c) Horizontal shear. (d) Horizontal bending moment.

Figure 11. Distribution of characteristic loads along the y-axis.
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Figure 12. Distribution of characteristic loads along the x-axis.

From Figure 11, the maximum vertical shear response appears at the section at
y = —10 m, with a corresponding wave direction of 90 degrees (beam waves). The maximum
vertical bending moment is observed at the section at y = 0 m, also with a wave direction of
90 degrees (beam waves). The maximum horizontal shear response occurs at y = 1.25 m,
with the wave direction of 135 degrees (oblique waves). The maximum horizontal bending
moment is observed at y = —12.5 m, with the wave direction of 75 degrees (oblique waves).

From Figure 12, the maximum vertical shear response is located at x = 18.75 m, with
the wave direction of 180 degrees (head waves). The maximum vertical bending moment
occurs at x = 3.75 m, with the wave direction also of 180 degrees (head waves), the highest
torsion is observed at x = 0 m, with the wave direction at 75 degrees (oblique waves). The
maximum horizontal bending moment is at x = 0 m, with the wave direction of 75 degrees
(oblique waves). The above eight types of sectional loads are designated as characteristic
loads, with the corresponding response conditions detailed in Table 7.

Table 7. Characteristic load conditions of the platform.

Conditions

Characteristic Loads

Conditions Characteristic Loads

LC1
LC2
LC3
LC4

Vertical shear aty = —10 m
Bending moment aty =0 m
Horizontal shear aty = 1.25 m

Horizontal bending moment at y = —12.5m

LC5 Vertical shear at x = 18.75 m

LC6 Vertical bending moment at x =3.75 m
LC7 Torsion at x =0 m

LC8 Horizontal bending moment at x =0 m

In head wave conditions, while the platform’s mass distribution remains constant, the
buoyancy along the direction of wave propagation undergoes significant changes. The
variation in buoyancy relative to the static water condition generates vertical shear forces
and bending moments. Specifically, the dynamic pressure of the waves distributes unevenly
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on the bottom and sides of the platform, causing significant vertical shear forces along
its length. Additionally, the differential hydrodynamic pressure between the bottom and
top of the platform alters the shear force. This pressure difference, varying with wave
amplitude and frequency, leads to dynamic changes in vertical shear force. As waves pass
over the platform, alternating peaks and troughs cause the buoyancy to fluctuate, creating
notable vertical bending moments along the platform’s length. Typically, the maximum
vertical bending moment occurs within the central 0.4 times the platform length, where
wave loads induce the most significant bending stress. This finding is consistent with the
results shown in Figures 11 and 12.
In oblique wave conditions, the wave-induced pressure distribution on the platform
is usually asymmetrical, leading to differential forces at various points and generating
horizontal torque. The platform tilts in oblique waves, altering the position of the center of
buoyancy. The offset between the center of buoyancy and the center of gravity creates a
restoring moment, attempting to return the platform to a horizontal state. However, due to
continuous wave action, this moment manifests as dynamic horizontal torque. Moreover,
oblique waves change the platform’s frontal area, resulting in asymmetrical hydrodynamic

forces. For instance, one side may experience greater fluid impact than the other, further
increasing horizontal torsion.

5.2.2. Analysis of the Design Wave Parameters

The transfer functions for each characteristic load of the innovative deep-sea aquacul-
ture platform are calculated based on three-dimensional potential flow theory, as shown in
Figure 13.
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Figure 13. Characteristic load response transfer function for each condition.

As seen in Figure 13, it is apparent that the RAO curves exhibit notable variations
across different characteristic load conditions. The wave directions and frequencies cor-
responding to the RAO peaks under each characteristic load condition are selected as the
wave direction and frequency for the design wave. The Jonswap spectrum is employed to
compute parameters for each short-term sea state, integrated with the response transfer
functions for each characteristic load condition. The integration facilitates the short-term
forecasting of load responses. Subsequently, the height of the design wave is calculated

using Equation (13). Table 8 presents the extreme values of the short-term forecasts, along
with the design wave parameters under each characteristic load condition.

Table 8. Short-term forecast extremes of characteristic loads and design wave parameters.

Conditions Wave Djrection Frequency Forecast Extremums Phgse Wave Height
/ /(rad/s) / /m
LC1 90 14 494 x 10°N 150.83 3.485
LC2 90 1.4 4.10 x 10° N'm —9.56 3.944
LC3 135 1.9 711 x 10* N 0 1.398
LC4 75 13 4.26 x 10° N-m —69.14 2.366
LC5 180 0.95 8.35 x 10° N —22.66 3.956
LC6 180 0.9 1.55 x 107 N-m 161.74 3.871
LC7 75 14 1.18 x 107 N-m —32.93 3.156
LC8 75 1.6 9.79 x 10° N'm 105.79 1.605

The stochastic design wave method leverages short-term wave spectra over a specified
period to predict wave loads under short-term sea conditions, which comprehensively
accounts for the irregularity and randomness of waves. This method aligns more closely
with the actual environmental conditions affecting marine platforms and offers more



J. Mar. Sci. Eng. 2024, 12, 1058 19 of 23

precise, scientifically valid, and rational results compared to the deterministic design
wave method.

5.2.3. Structural Strength Analysis and Calibration

To verify the quality of the finite element model’s mesh division, a parameter sensitiv-
ity analysis was conducted using six mesh models with sizes of 0.14 mm, 0.16 mm, 0.18 mm,
0.20 mm, 0.22 mm, and 0.24 mm, as shown in Figure 14. As illustrated in Figure 14, the
overall stress distribution of the platform remains essentially unchanged across different
mesh sizes. The maximum Von Mises stress value increases gradually as the mesh size
decreases and eventually stabilizes. Considering both the number of elements and the
computational results, a mesh size of 0.2 mm was selected for the finite element model of
the platform to perform subsequent yield strength verification.
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Figure 14. Stress values and stress distribution under different mesh sizes.

Static analysis of the overall aquaculture platform structure provides Von Mises stress
contour maps for both the overall structure and specific components (including the main
frame, bulkhead, floor, girder, longitudinal, and float shells) under various characteristic
load response conditions. Specifically, the overall stress distribution and the stress distri-
bution within internal structures under the LC6 condition (vertical bending moment at
x = 3.75 m) are presented in Figure 15.

As observed in Figure 15, the overall stress distribution within the main structural
frame of the platform is uniformly moderate, except for pronounced high-stress areas
at the connections between the diagonal braces and the main frame. This high stress is
attributed to potential local deformations at these junctions, which cause internal stress
redistribution to form high-stress concentrations at the corners. Additionally, due to the
influence of wave loads, these regions of junction connection may be subjected to uneven
load distributions, which compound the complexity of loads at the connection corners and
exacerbate stress concentrations.
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(a) Overall stress distribution. (b) Internal stress distribution.
Figure 15. Stress distribution of platform under LC6 condition (vertical bending moment at
x =3.75m).
For plate and shell structures, yield strength verification typically employs the Von
Mises stress criterion, which mandates that the calculated Von Mises stress should not
surpass the allowable stress of the material. Table 9 summarizes the Von Mises stresses
across various structural sections of the proposed aquaculture platform under different
load conditions.
Table 9. The structural Von Mises stress value of each part of the platform (MPa).
Conditions Characteristic Load Main Frame Bulkhead Floor Girder Longitudinal  Float Shell
LC1 Vertical shear at 654 122 209 284 12.0 110
y=-10m
LC2 Bend“;g:‘go;“em at 758 19.6 246 454 193 127
LC3 Horizontal shear at 58.8 13.1 242 255 27.7 0.68
y=125m
LC4 Horizontal bending 140 443 317 39.9 474 0.88
moment aty = —12.5m
LC5 Vertical shear at 267 717 709 181 187 124
x=18.75m
LC6 Vertical bending moment at 297 78.4 78.4 201 208 118
x=3.75m
LC7 Torsion 243 72.1 52.6 79.2 84.3 1.10
atx=0m
LC8 Horizontal bending 82,5 14.0 29.8 30.4 34.0 0.70

moment at x =0 m

The data in Table 9 reveal that the Von Mises stress values in conditions LC1, LC2,
LC3, and LC8 are relatively low, which all remain below 100 MPa. The maximum Von
Mises stress is observed in the LC6 condition (vertical bending moment at x = 3.75 m),
reaching 297 MPa. In addition, the LC5 condition (vertical shear at x = 18.75 m) and the
LC7 condition (torsion at x = 0 m) also exhibit relatively high Von Mises stresses, exceeding
200 MPa. Due to the requirements for aquaculture space, a substantial area is allocated
within the platform for net cage installation. However, the primary frame of the platform
exhibits a relatively small width and depth, resulting in high length-to-width and length-
to-depth ratios. These geometric characteristics predispose the structure to significant
bending and torsional deformations under wave loads. The critical wave conditions for
the overall strength of the platform include scenarios that generate maximum vertical
shear and bending moments in head waves as well as maximum torsion in oblique waves.
These scenarios should be prioritized in the design phase to ensure structural integrity
under wave actions. The outer shell of the float, constructed using HDPE material, has an
allowable stress of 27 MPa. The strength of this shell under various conditions conforms
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to the standards, as indicated in Table 9. The main frame, bulkhead, floor, girder, and
longitudinal are fabricated by Q345 steel, which possesses a yield strength of 345 MPa. A
safety factor of 1.1 is adopted for the design. Figure 16 presents the results of the yield
strength verification for the structure.
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Figure 16. Results of yield strength calibration.

As illustrated in Figure 16, the Stress variations under different conditions exhibit a
consistent trend across components of the platform, with the main frame enduring the
highest Von Mises stress. The design scheme of the platform is characterized by the large-
opening, slender, vessel-shaped main structure, which inherently leads to lower resistance
to bending moment and torsion. Under extreme environmental loads, the primary longi-
tudinal components such as the girder and longitudinal must endure considerable axial
pressure, bending moments, or shear forces to maintain structural stability, leading to
elevated Von Mises stress levels in these elements. The yield strength verification of the
platform structure revealed that the Von Mises stresses in components such as the main
frame, bulkhead, floor, girder, longitudinal, and float shell all remain below the allowable
stress values as specified in the Rules for the Classification of Offshore Mobile Platforms by
the CCS. Consequently, it is affirmed that the structural strength of all components of the
proposed aquaculture platform adheres to regulatory standards.

6. Conclusions

This paper proposes an innovative conceptual design of a deep-sea aquaculture plat-
form that integrates a steel structural frame and HDPE floats. The structural performance,
vulnerabilities, and overall safety of the platform under various characteristic load condi-
tions are systematically analyzed. The main conclusions are summarized as follows.

(1) The length of the platform significantly influences the heave and pitch amplitudes,
while its width prominently affects the cost coefficient. An optimal set of primary
dimensions was identified, comprising a bow width of 8 m, a length of 75 m, and a
width of 25 m, which balances the hydrodynamic performance and construction costs
effectively.

(2) The short-term forecasts of characteristic loads reveal that the vertical bending moment
at x = 3.75 m and the torsion at x = 0 m exhibit higher response values compared to
other conditions, indicating the need for targeted structural reinforcement at these
locations in the design phase.

(3) The Von Mises stresses of all sections of the platform are lower than the allowable
limits of the materials used. However, stress levels were relatively higher under
vertical shear, vertical bending, and horizontal torsion conditions. These scenarios
require special attention in the design phase to ensure the overall structural integrity
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under wave action. In addition, high-stress regions are identified as the connections
between diagonal braces and the main frame and where the bow diagonally connects
to the first cage area, which targets fatigue life assessments.

(4) The innovative deep-sea aquaculture platform proposed in this paper is still in the
preliminary stages of design and analysis and requires further refinement. Future
work should focus on the following tasks to enhance and validate the design scheme.
To further improve and verify the design, it is essential to optimize the conceptual
design of the novel deep-sea aquaculture platform, as well as to develop physical
models and conduct experiments. Additionally, incorporating a netting system is nec-
essary to evaluate the structural performance of the platform. Comparative analysis
of the platform’s structural performance with and without the netting system should
also be conducted.
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