
Computer Modeling in
Engineering & Sciences

echT PressScience

Doi:10.32604/cmes.2025.063034

ARTICLE

Concurrent Design on Three-Legged Jacket Structure and Transition Piece of
Offshore Wind Turbine by Exploiting Topology Optimization

Yiming Zhou1 , Jinhua Zhang2,3 , Kai Long2,*, Ayesha Saeed2 , Yutang Chen2 , Rongrong Geng2 ,
Tao Tao4 and Xiaohui Guo1

1China Huaneng Clean Energy Research Institute, Beijing, 102209, China
2School of New Energy, North China Electric Power University, Beijing, 102206, China
3School of Mathematics, Statistics and Mechanics, Beijing University of Technology, Beijing, 100124, China
4China Southern Power Grid Technology Co., Ltd., Guangzhou, 510080, China
*Corresponding Author: Kai Long. Email: longkai1978@163.com
Received: 02 January 2025; Accepted: 28 March 2025; Published: 30 May 2025

ABSTRACT: The jacket structure and transition piece comprise the supporting structure of a bottom-fixed offshore
wind turbine (OWT) connected to the steel tower, which determines the overall structural dynamic performance of the
entire OWT. Ideally, optimal performance can be realized by effectively coordinating two components, notwithstanding
their separate design processes. In pursuit of this objective, this paper proposes a concurrent design methodology
for the jacket structure and transition piece by exploiting topology optimization (TO). The TO for a three-legged
jacket foundation is formulated by minimizing static compliance. In contrast to conventional TO, two separated
volume fractions are imposed upon the structural design domain of the jacket structure and transition piece to
ensure continuity. A 5 MW (megawatt) OWT supported by a four-legged or three-legged jacket substructure is under
investigation. The external loads are derived from various design load cases that are acquired using the commercial
software platform DNV Bladed (Det Norske Veritas). Through a comparative analysis of the fundamental frequency and
maximum nodal deformation, it was found that the optimized solution demonstrates a reduced weight and superior
stiffness. The findings demonstrate the present concurrent design approach using TO can yield significant benefits by
reducing the overall design cycle and enhancing the feasibility of the final design.
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1 Introduction
The design of offshore wind turbines (OWTs) primarily relies on an extensive understanding derived

from offshore oil and gas platforms, as well as onshore wind turbine technology. Nevertheless, distinct
disparities exist in the loading characteristics between OWTs, oil platforms, and onshore wind turbine
towers. For instance, OWT’s supporting structures are exposed to substantial hydrodynamic loads, unlike
their onshore counterparts. Compared to oil platforms, OWTs are representative of tall buildings subject
to substantial wind-induced loads [1]. The selection of OWT foundations is based on a variety of factors
including water depth, geotechnical conditions, and, wind turbine capacity, as each foundation type possesses
distinct priorities and limitations [2,3]. The monopile foundation is a commonly utilized and straightforward
OWT foundation in relatively shallow water, which has gained significant popularity over the past few
decades [4]. The tripod foundation can be viewed as an evolved variant of the monopile foundation,
specifically designed for water depths greater than 50 m [5]. This aforementioned structure can yield
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heightened resilience, thereby enhancing the overall stability and rigidity, albeit accompanied by additional
weight, challenges in installation, and elevated costs. Comparatively speaking, shallow-water gravity base
foundations are less expensive, require less offshore work, and possess a longer lifespan [6,7]. The jacket
foundation consists of a lattice truss structure supported by three or four tubular legs that are inserted
into the seabed. This design is derived from concepts in the construction of oil and gas platforms, which
have the potential to be extended up to a height of 80 m [8]. Nowadays, a substantial body of literature
related to four-legged jacket substructures pertains to dynamic analysis [9–11], load computation [12,13],
reliability analysis [14–16], size and shape optimization [17–20], and other optimization techniques [21–24],
fatigue analysis [25,26], and structural configurations [27]. A revolutionary three-legged jacket structure with
diverse bracing topological forms was created to establish a more economically efficient substructure for the
widespread implementation of offshore projects in Korea. Three-legged piles have the minimum number
of connections and piles for the lightweight design. In addition, three points of support designate a plane,
whereas four points of support can define more than one plane. Currently, the research concerning three-leg
jacket foundations primarily focuses on the uncertainties associated with wind and wave loads [28], as well
as comparisons between four-legged and three-legged forms [29].

With the core objective of minimizing the levelized cost of energy during the life cycle, wind power
manufacturers in China are actively engaged in endeavors to reduce expenses and enhance operational
efficiency. The strategies employed to reduce expenses encompass increasing power generation [30,31],
achieving lightweight designs, and using diverse additional approaches. Recently, there has been growing
emphasis on structural optimization, especially in the realm of topology optimization (TO), and its uti-
lization in the design of OWT substructures. Lee et al. [32] initially introduced TO into the structural
design of the transition piece and subsequently validated the enhanced reliability of the final structure. Tian
et al. [33] were the first to incorporate TO into the process of designing jackets, while also considering size
and shape optimization. Zhang et al. [34] adjusted the weighting coefficient of normalized compliance in TO
formulation. As a consequence, a succession of optimized structures exhibited enhanced performance when
compared to the original structure. The TO technique, as presented by Lu et al. [35] is aimed at generating
a lightweight tripod structure with exceptional fatigue resistance during the conceptual phase. In a recent
study, Yu et al. [36] proposed a reliability-based optimization method that integrates topology, shape, and
size optimization for jacket structures. The researchers proceeded to assess the feasibility and effectiveness
of addressing reliability-related concerns.

In the context of practical engineering challenges, it is common practice to design the jacket structure
and transition piece as separate entities. Both designs are dependent on the level of engineering experience
and are subject to evaluation according to multiple design criteria, such as strength, stiffness, and natural
frequency. Regarding structural optimization design, most research focuses on optimizing the transition
section or the jacket independently [32–34,36], rather than both. If the two components are optimized
separately and then assembled, the separate design may not necessarily lead to better coordination between
their performances, thus failing to guarantee superior overall performance after assembly. Therefore, the
separate design of the jacket and transition section not only prolongs the design cycle but also does not
necessarily result in superior overall structural performance after assembly. This present scenario presents
a challenge in achieving an optimal balance between the structural performances of two components.
Given the above analysis, this study presents a concurrent design methodology for the jacket structure and
transition piece by exploiting TO, to effectively enhance the overall structural stiffness.

The subsequent sections of this article are structured as follows. Section 2 presents a 5 MW OWT
that is supported by two reference structures. These structures include a four-legged and a three-legged
configuration. Section 3 describes a detailed account of the approach employed for conducting a coupled
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study of aero-hydro-servo-elastic systems. Section 4 proposes a concurrent design approach for a three-
legged jacket structure and its corresponding transition piece. The validity of this approach is demonstrated
through a comparison with the reference structures. Section 5 encompasses the concluding remarks.

2 A Demonstrative Example of the Integrated Design

2.1 Reference OWT Model
The 5 MW OWT developed by the National Renewable Energy Laboratory (NREL) will be under

investigation based on its availability of public data [33,34,37]. The turbine, featuring three blades, an upwind
configuration, a variable speed pitch-regulated controller, and supported by a steel tower, is connected to the
jacket foundation via the transition piece. The approach for regulating power generation relies on the design
of two fundamental control systems: a generator-torque controller and a full-span rotor-collective blade-
pitch controller [38]. These two control systems are designed to function autonomously within the specified
ranges of below-rated and above-rated wind speed, respectively. The generator torque controller aims to
maximize power capture beneath the rated operating threshold. The pitch controller seeks to maintain the
generator speed above the rated operating point. The hub is positioned at the elevation of 105.272 m above
the mean sea level (MSL), as displayed in Fig. 1. The wind velocities corresponding to the cut-in, rated,
and cut-out states are 3, 11.4, and 25 m/s, respectively. This range corresponds to the rotor speeds of 7.5 to
14 rpm, whereas the safety frequency range of the whole OWT is between 0.256 and 0.338 Hz, with a 10%
safety redundancy.

Figure 1: Schematic diagram of the OWT

2.2 Reference Three-Legged and Four-Legged Structures
In this section, two types of jacket structures are compared. The jacket spans a vertical range from 50.00

m below sea level to an elevation of 20 m above MSL. The transition piece extends from 20 to 25 m. The
jacket and transition piece are fabricated using Q345 steel, possessing Young’s modulus of 2.1 × 105 MPa,
a Poisson’s ratio of 0.3, and a density of 7800 kg/m3. The interaction between the pile and soil is modeled
using nonlinear elastic springs [39]. The lateral and longitudinal forces acting between the pile and soil are
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represented using p-y, t-z, and Q-z curves, respectively [40,41]. An equivalent stiffness matrix, as presented
in Eq. (1), is established at the base of the jacket legs [42].

Keq =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

ux uy uz θx θ y θz
Fx k11 0 0 0 k15 0
Fy 0 k22 0 k24 0 0
Fz 0 0 k33 0 0 0
Mx 0 k42 0 k44 0 0
My k51 0 0 0 k55 0
Mz 0 0 0 0 0 k66

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1)

where u and θ denote the translational displacement and rotational angle, respectively; F and M represent
the force and moment, respectively.

A four-legged jacket is used as a benchmark structure, as shown in the left image of Fig. 2. The structure
includes four layers of X-cross bars, along with an additional layer of cross bracing. Six distinct rods with
varying wall thicknesses and diameters are visually represented in different colors. The lower portion of the
jacket forms a square frame with sides measuring 12 m. The radius of the outer circle, denoted as R1, is
8.485 m. The lateral surface is inclined at an angle of 1.873 degrees relative to the vertical axis. The measured
distance between the top and bottom legs is 8 m. The dimensions and node positions for the top and bottom
of the three-legged jacket are referenced from the literature [29], as shown in the central portion of Fig. 2.
This model has an external circle radius R2 of 8.450 m and a top leg distance of 11.878 m. The height of each
layer, as well as the wall thickness and rod diameters at different heights, are consistent with those of the
four-legged jacket.

Figure 2: Reference four-legged and three-legged jacket structure
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Subsequently, the effect of the transition piece on the fundamental frequency of the entire OWT is
investigated. The transition piece for the four-legged jacket structure is shown in Fig. 3a, with the purple
section highlighting its components: four cross braces, four diagonal braces, and part of the tower. To
examine the impact of structural variations in the transition section of a three-legged jacket structure, the
other four structures shown in Fig. 3 are also considered. Using the natural frequency of the entire turbine as
the benchmark for evaluation, a comparison is made between the natural frequencies of the full three-legged
jacket structure for various transition sections.

Figure 3: Transition piece associated with the four-legged and three-legged structures and their corresponding
fundamental frequencies: (a) 0.290 Hz; (b) 0.074 Hz; (c) 0.156 Hz; (d) 0.270 Hz; (e) 0.270 Hz

As shown in Fig. 3, Fig. 3b consists of cross-members and part of the tower, while Fig. 3c is composed
exclusively of diagonal members and a section of the tower shell. The natural frequency of the complete
system corresponding to Fig. 3b is 0.074 Hz, which is significantly lower than the 0.156 Hz observed for
the system in Fig. 3c. Structure in Fig. 3d, which integrates both Fig. 3b,c, demonstrates a notable increase
in natural frequency, reaching 0.270 Hz for the complete system. Finally, Fig. 3e incorporates additional
cross-members compared to Fig. 3d, and maintains a nearly unchanged natural frequency of 0.270 Hz.

Based on the information presented above, it can be inferred that the transition section significantly
influences the natural frequency of the offshore wind turbine (OWT) to some extent. Additionally, the
jacket structures, with their various topological forms, also affect the fundamental frequencies of the entire
OWT [27,33,34]. Both factors jointly affect the natural frequencies of the whole wind turbine, as well as the
magnitude of the loads experienced under the same operational conditions. In turn, the loads exert a further
influence on the structural dynamic response. The following section will provide a detailed discussion of the
integrated design process for the concurrent design of both the jacket and the transition piece. To facilitate
a comparative analysis between the optimized configuration and the reference structure, the four-legged
structure and the three-legged structure with the transition piece in Fig. 3d serve as the reference structures
in this study.

3 Methodology on Coupled Aero-Hydro-Servo-Elastic Analysis

3.1 Coupled Aero-Hydro-Servo-Elastic Analysis
OWTs experience a multitude of intricate loads, encompassing aerodynamic loads, hydrodynamic

loads, and other relevant factors. The theories that are pertinent to the topic at hand are as follows.
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3.1.1 Aerodynamic Loads
The fundamental basis of the aerodynamic model is the integration of blade elements and momentum

theory [43]. Firstly, the rotor is regarded as an actuator disk. As the wind traverses the disk, its speed of the
wind diminishes. The kinetic energy of the wind undergoes conversion into the kinetic energy of the blades.
The determination of the reduced flow velocity at the rotor disk is unambiguously dependent on the value
of the axial flow induction factor a. The relationship between the flow velocity at the rotor disk Ud and the
upstream wind velocity in an undisturbed state U∞ can be expressed as follows:

Ud = (1 − a)U∞ (2)

The calculation for the thrust T exerted on the rotor disk can be obtained in a similar manner:

T = 2ρAU 2
∞a (1 − a) (3)

where the fluid density is denoted by ρ while A denotes the surface area of the rotor disk.
Additionally, the blades are partitioned into the smallest feasible portions. During the rotation of the

blade, a small section of the blade forms a ring. The equation that describes the thrust dT generated by a
blade element with a length dr situated at a radial distance r is given by:

dT = 1
2

ρW2 (CL cos ϕ + CD sin ϕ) cdr (4)

where W symbolizes the magnitude of the apparent flow speed vector at the blade element, ϕ is commonly
referred to as the inflow angle, which serves to determine the orientation of the apparent flow speed vector
in relation to the rotational plane of the blade, c represents the chord length of the blade element and CL and
CD are respectively the coefficients of lift and drag.

The variables CL and CD can be established for an aerofoil by the following definitions:

CL = L/ ( 1
2

ρV 2S) (5)

CD = D/ ( 1
2

ρV 2S) (6)

In the given context, the variables L and D represent the lift and drag forces, respectively. The variable S
denotes the platform area of the aerofoil, while V represents the flow velocity relative to the aerofoil.

The following equation represents the torque, symbolized as dQ, generated by a blade element with a
length of dr positioned at a radial distance of r:

dQ = 1
2

ρW2r (CL sin ϕ − CD cos ϕ) cdr (7)

3.1.2 Hydrodynamic Loads
Hydrodynamic loads predominantly arise from the effects of waves and ocean currents. Presently,

prevalent methods for wave simulation encompass the Pierson-Moskowitz (PM) [44] and JONSWAP (Joint
North Sea Wave Project) wave spectrum models [45]. The PM spectrum is relevant to fully developed
sea states. Conversely, the JONSWAP spectrum, characterized by a sharper spectral peak and a narrower
frequency range relative to the PM spectrum, represents a modification of the PM spectrum and is suitable for
sea states that are in the process of forming within a limited fetch. As waves increase in size due to wind over
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time, they tend to stabilize or saturate when fully developed, with the peak enhancement factor approaching
1, at which point the JONSWAP spectrum converges to the PM spectrum [46]. This paper employs the
JONSWAP wave spectrum model, presenting its formula in various forms, notably utilizing the expression
derived from Goda [47].

Sζ ( f ) =
0.0624H2

s T−4
p f −5

0.230 + 0.033γ − 0.185
1.9 + γ

exp [−1.25 (TP f )−4] γ
exp[−0.5( Tp f−1

σ )
2
]

(8)

where f represents the wave frequency, Hs signifies the significant wave height, Tp denotes the peak period,
and γ stands for the peak parameter. The parameter σ can be assigned as 0.07 when f ≤ 1/Tp and 0.09 when
f > 1/Tp. The ocean current model utilizes a near-surface flow model characterized by a linear variation of
velocity with depth, shifting from a specified flow velocity at the surface to zero velocity at a reference depth.

The Morison equation is frequently used to compute the hydrodynamic loads induced by water particle
motion associated with waves and ocean currents on slender structures [48,49], such as jacket platforms and
monopiles [50–53]. The Morison equation is applicable when the wavelength exceeds five times the diameter
of the structural member, and it calculates both drag and inertia loads exerted on the structure. Assuming
a vertical cylinder moving with velocity u in a fluid with velocity v, to compute the forces acting on the
cylinder, the structure is approximated as multiple cylindrical sub-elements of equal height. The force acting
on each sub-element, perpendicular to the cylinder’s axis, is calculated using the “relative motion” form of
the Morison equation:

F = −(Cm − 1) ρw
πD2

4
Lv̇ + ρw

πD2

4
Lu̇ + 1

2
Cd ρwDL (u − v) ∣u − v∣ (9)

where F represents the hydrodynamic force acting on the cross-section of a cylinder with length L and
diameter D; u and u̇ denote the water particle velocity and acceleration perpendicular to the structure,
respectively; v and v̇ represent the velocity and acceleration of the object, respectively; ρw is the density of
water; and Cm and Cd signify the inertia coefficient and drag coefficient, respectively.

3.2 Environmental Conditions
According to the aforementioned theory, it is feasible to determine the loads acting on the OWT.

The IEC 61400-3 standard (International Electrotechnical Commission) offers a complete categorization
of operational scenarios for OWTs by employing design load cases (DLCs) [48]. These DLCs comprise a
collection of eight scenarios that span various operation states, ranging from normal power generation to
minor deviations and extreme external circumstances. The determination of OWT DLCs encompasses a
range of factors, which are influenced by different external conditions such as wind and wave conditions,
as well as the duration of the simulation. On account of the extensive duration required for simulating load
circumstances, three representative conditions, namely DLC1.2, DLC1.3, and DLC6.2, have been hired for
simulation based on existing literature [34] and engineering expertise. The first two DLCs are normal power
generation conditions, whereas the latter pertains to a parked or idling condition.

The DLC1.2 refers to the integration of a normal turbulence model and a normal sea state. Table 1
presents the significant wave heights, peak spectral periods, and near-surface velocity to various wind speeds
under normal sea state, as well as the turbulence intensity of the two working conditions. The DLC1.3
encompasses the extreme turbulence model and normal sea state. In both instances, the wind speed spans
from 4 to 26 m/s, with a uniform increase of 2 m/s. The wind shear exponent remains constant at 0.14, while
the yaw error is −10/0/10 degrees. The wind speed and yaw error are associated with six and three seeds,
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respectively. DLC6.2 denotes the condition in which the OWT remains idling without being connected to
the grid during the 50-year extreme wind. The yaw error ranges from 0 to 345 degrees, with an interval of 15
degrees. The wind shear exponent and turbulence intensity are 0.11 in this DLC. To facilitate ease of analysis,
it is assumed that the wind direction is identical to that of the waves.

Table 1: Parameters under various wind speeds

Wind
speed/(m/s)

Significant
height/m

Peak
spectral
period/s

Near-
surface

velocity/m

DLC1.2 turbulence
intensity

(Longitudinal)/%

DLC1.3 turbulence
intensity

(Longitudinal)/%
4 1.1 8.52 0.029 34.40 70.92
6 1.18 8.31 0.044 26.93 50.31
8 1.32 8.01 0.059 23.20 40.00
10 1.54 7.65 0.074 20.96 33.82
12 1.84 7.44 0.088 19.47 29.69
14 2.19 7.46 0.103 18.40 26.75
16 2.6 7.64 0.118 17.60 24.54
18 3.06 8.05 0.132 16.98 22.82
20 3.62 8.52 0.147 16.48 21.45
22 4.03 8.99 0.162 16.07 20.32
24 4.52 9.45 0.176 15.73 19.39
26 4.59 8.73 0.191 15.45 18.60

3.3 Load Calculation
In this work, a commercial program DNV Bladed™ is adopted for load calculation. All parameters are

established for the purpose of running a simulation spanning the duration of 600 s, with a time interval
of 0.05 s. Nevertheless, it is crucial to consider the duration necessary for the loading of the wind field.
Hence, the software requires a total of 620 s to complete each simulation instance, excluding the initial 20 s of
results. The DLC1.2 and DLC1.3 contain 216 wind files, respectively, whereas DLC6.2 involves 72 wind files.
In addition, each wind file produces a corresponding load file. Python script is devised to automate the setup
of 504 simulation scenarios. Subsequently, the DNV Bladed™ software is employed to do batch computations
on wind data and load files, as depicted in Fig. 4. The program is executed on a personal computer with
Intel(R) Core(TM) i7-13700K 3.40 GHz and 128 GB RAM. The generation of wind files for these simulations
requires approximately 42 h, along with an additional 25 h dedicated to computing ultimate loads for the
specified load cases.
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Figure 4: Flow of bladed used to simulate wind field and load calculation

4 Concurrent Design on Three-Legged Jacket Structure and Transition

4.1 Structural TO with Two Design Domains
In this section, TO can be employed as an effective means to optimize the original three-legged jacket.

In addition, the transition piece will undergo a concurrent design in conjunction with the jacket structure.
The finite element model for the concurrent TO problem is illustrated in Fig. 5. The transition piece is

visually distinguished in green, whilst the jacket is represented in blue. The angle between the side and the
vertical axis is 0.67 degrees. The transition piece and jacket are discretized using hexahedral solid elements for
the former and shell elements for the latter, respectively. A beam element is positioned at the uppermost part
of the transition piece, with an end height of 35.272 m. The mechanical properties of constituent material are
specified within the material definition card. The jacket and its OWT are subject to intricate loads. However,
the external loads are dominated by the propulsive force from the rotor [34,54]. Therefore, a horizontal thrust
Fx is exerted on one end of the beam, while all three bottom edges are fully immobilized.

The TO issue is formulated within the framework of the Solid Isotropic Material with Penalization
(SIMP) approach [55,56]. The primary goal of the TO is to find a solution that exhibits the highest possible
level of structural stiffness within a designated spatial context, by minimizing the static compliance. After
discretization of the design domain, each element is allocated a unique elemental density, denoted as
ρe (0 ≤ ρe ≤ 1), to indicate the state of the element. A penalty is introduced to reduce the number of
intermediate density elements, so approximating a 0/1 solution in the design. The SIMP approach employs a
penalty via a power-law formula, which defines a power-law correlation between the density design variables
and the elemental Young’s modulus:

E (ρe) = ρp
e E0 (10)

where p is the penalization factor. E0 denotes the Young’s modulus of the solid phase. A value of p > 1
penalizes intermediate densities, thereby leading to a preference for 0–1 solutions. Choosing a value of p
that is excessively low or high may result in an abundance of gray elements or an accelerated convergence
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to local minima, respectively. The widely accepted and appropriate numerical value that facilitates effective
convergence to nearly 0–1 solutions can be 3 [57].

Figure 5: Finite element model of substructure in TO

In contrast to the conventional TO problem, this entails the assignment of individual volume fractions
for both the jacket structure and transition piece. Thus, the TO problem can be mathematically formulated
as follows:

find∶ ρ

minimize∶ c (ρ) = uTKu =
N
∑
i=1
(ρe)p uT

e keue

subject to∶V1 ≤ f1V 1 ,
V2 ≤ f2V 2,
K (ρ)u = F ,
0 ≤ ρmin ≤ ρe ≤ 1, (e = 1, 2, ⋅ ⋅ ⋅, N) (11)

where ρ signifies the design variable array containing elemental density, c indicates the static compliance, K
represents the global stiffness matrix, u and F denote the nodal displacement vector and external load vector,
respectively. Additionally, ue and ke refer to the element displacement vector and stiffness matrix, respectively.
V 1 and V 2, respectively, stand for the total volume of the transition piece and jacket while f 1 and f 2 are their
corresponding volume fraction. V1 and V2 respectively stand for the corresponding material volume. The
variable ρmin is the minimum threshold to avoid singularity. N is the number of elements. TO can improve
current designs by removing material and generating efficient load paths within specified constraints. It is



Comput Model Eng Sci. 2025;143(2) 1753

noteworthy that the final design obtained from TO does not represent the final design. Instead, the final
structure necessitates reconstructed and comparison with a reference structure.

In the Altair Company’s Optistruct™ setting [58], the variables f 1 and f 2 are assigned values of 0.3,
respectively. A minimum member size has been imposed to mitigate the numerical instabilities associated
with the checkerboard and mesh dependency [59]. In addition, the optimized pattern is implemented with
a rotational symmetry of 120 degrees to guarantee uniform material distribution across three side surfaces.
The TO problem is resolved by utilizing gradient information, and the convex linearization algorithm serves
as the optimizer [60].

Fig. 6 illustrates the evolution history of the optimized structure. It is evident that the X-rod consists
of five layers, and its dimensions are noticeably smaller compared to the longeron. The original transverse
beam is removed. The TO outcome of the transition piece exhibits a resemblance to those in the reference
three-legged jacket, consisting of three intersecting bars, three diagonal bars, and a thicker central section.
The layers and inclination angle of the cross-rod differ from the reference four-legged and three-legged
structure, indicating that TO has the ability to allocate the material automatically. The optimized design of
the transition piece is distinguished by noticeable thicker dimensions of the transverse and oblique bars in
comparison. Based on the force transmission path [61] of the final optimized structure illustrated in Fig. 6,
a three-leg optimized structure is configured. Fig. 7 demonstrates the establishment of the optimized three-
legged structure. For a fair comparison, the dimensions of the rods are manually manipulated to maintain a
total mass that is approximately equivalent to the reference three-legged structure.

Figure 6: Evolution of the topology for jacket structure and transition piece

4.2 Validation of the Proposed Three-Legged Jacket Structure
This section will conduct a structural analysis to validate the proposed design. The mass of the entire

turbines associated with the three structures will be compared. The assessments of natural frequency and
load calculation are executed utilizing DNV Blade™. Maximum nodal displacement is selected for measuring
the structural stiffness, which is acquired through the finite element software ANSYS™. The construction
of the finite element models involves the establishment of nodes and their connection through BEAM188
elements. The elements are organized into several divisions based on their respective sections. Six degrees of
freedom on the bottom nodes are fully constrained.

The total masses of the three configurations are presented in Table 2. Compared to the whole turbine
with the reference four-legged structure weighing 1806.405 t, the masses of the whole turbines for the
reference three-legged structure and the optimized three-legged structure are 1609.423 t and 1605.962 t,
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respectively, yielding reductions of 196.982 t and 200.443 t. The overall masses of the two three-legged
configurations are nearly identical, with a mass variance not surpassing 0.216%. Table 3 presents a compre-
hensive overview of the first six-order natural frequencies of the entire OWTs supported by different jacket
structures. The natural frequencies of the whole turbines for the three structures fall within the acceptable
design range. Comparing the masses and frequencies reveals that the three-legged reference structure attains
a significant mass reduction but with a corresponding loss in natural frequency. In contrast, the optimized
three-legged structure not only exhibits a reduced mass but also effectively enhances the structural dynamic
stiffness, with the natural frequency of 0.308 Hz surpassing the 0.290 and 0.270 Hz recorded in the reference
four-legged and three-legged foundations, respectively. Subsequently, load estimates were performed for
the overall turbines corresponding to three different structures, with the extreme load tables presented
in Appendix A. Most extreme loads arise under DLC6.2, which corresponds to the combination of extreme
wind and sea conditions expected once every 50 years. This underscores the necessity of including DLC 6.2
in load calculations, as numerous extreme conditions arise under this scenario. Based on the load calculation
results, displacement calculations under extreme loads were performed for each of the three structures. Fig. 8
presents a comparison of the maximum nodal displacement across three distinct structures under fourteen
ultimate loading cases.

Figure 7: Reconstruction of jacket structure and transition piece from TO

Table 2: Comparison of the mass of the whole OWT (unit: ton)

Four-legged jacket structure Three-legged jacket structure Optimized structure
Mass 1806.405 1609.423 1605.962
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Table 3: Comparisons of the first six-order natural frequencies of the whole OWT (unit: Hz)

Natural frequency
order

Four-legged jacket
structure

Three-legged
jacket structure

Optimized
structure

1st 0.290 0.270 0.308
2nd 0.291 0.271 0.309
3rd 1.337 1.191 1.228
4th 1.479 1.404 1.384
5th 1.479 1.404 1.384
6th 1.578 1.532 1.546

Figure 8: Comparisons of the maximum nodal displacement in various loading cases

The superiority in stiffness is also evident in the comparison of maximum nodal displacement under
extreme loading conditions, as indicated in Fig. 9. Fig. 8 illustrates that, in the majority of load scenarios,
the maximum nodal displacement of the proposed structure is notably reduced. For three structures, the
ultimate deformation occurs under various load conditions, specifically Mxy-max and Fxy-max, while their
corresponding contour of nodal displacement is portrayed in Fig. 9. The maximum deflections for all three
structures arise under DLC6.2 circumstances. The extreme deformation of the optimized structure is reduced
by 0.395% and 40.563%, respectively, in comparison to the reference four-legged structure and the three-
legged structure. In conclusion, the optimized structure demonstrates superior performance compared to its
competitors by measuring their natural frequency, total mass, and maximum deformations. These findings
also provide conclusive evidence that supports the practicality and superiority of the suggested TO strategy
in the concurrent design of jacket structures and transition pieces.

Based on the aforementioned procedure, a flowchart is presented to outline the concurrent design of
jacket structures and transition pieces incorporating TO with two individual design domains, as depicted
in Fig. 10. For more detailed design considerations, further modifications and improvements will be made
in accordance with relevant standards from DNV and API (American Petroleum Institute) [62–64] in
the future.
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Figure 9: Contour of nodal displacement for: (a) the reference 4-legged structure; (b) the reference 3-legged structure;
(c) optimized structure

Figure 10: Flowchart on the concurrent design of jacket structure and transition piece using TO
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5 Conclusion
This study presents a concurrent design methodology for the jacket structure and transition piece

through the utilization of TO. The formulation of TO for a three-legged jacket substructure involves
compliance minimization subjected to two separate volume percentage constraints. In the current study, the
transition piece and jacket are modeled as the beam element in DNV Bladed™. Nevertheless, for TO, the two
parts construct the design domain using solid and surfaces, respectively. Based on the optimal load transfer
path, an optimized structure is established. The numerical tests are focused on a reference four-legged and
three-legged jacket foundation that supports an OWT. The external loads acting on the OWT are determined
on the DNV Bladed™ according to IEC 61400-3 standard. By conducting a comparative analysis of the natural
frequency and maximum displacement, it is found that the optimized structure exhibits a decreased weight
and enhanced stiffness. Based on the aforementioned procedure, a design process is outlined that integrates
the jacket structure and transition piece by exploiting TO. This summary illustrates the proposed approach
has the potential to deliver substantial advantages, such as a lightweight design and viability of the ultimate
design. Future research will prioritize the examination of limit strength, fatigue strength analysis, and other
pertinent aspects pertaining to the detailed design inspired by TO.
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Appendix A
The load calculation results for the entire machine corresponding to the reference four-leg structure,

the reference three-leg structure, and the optimized three-leg structure, are presented in the form of ultimate
load tables as follows.

Table A1: Ultimate load of the OWT corresponding to the reference four-legged structure

Mx/kNm My/kNm Mz/kNm Mxy/kNm Fx/kN Fy/kN Fz/kN Fxy/kN
Mx_max DLC6.2 88,224.7 35,411.5 2248.55 95,066.2 471.405 −1412.06 −8224.19 1488.66
Mx_min DLC6.2 −91,139.5 −2798.84 −26,330.5 91,182.5 122.858 1345.01 −7815.43 1350.61
My_max DLC6.2 11,251 179,854 6725.8 180,205 2344.33 125.17 −8205.11 2347.68
My_min DLC6.2 3988.24 −162,692 1601.57 162,742 −2432.22 −48.6295 −7961.93 2432.7
Mz_max DLC6.2 63,027 −10,012.6 23,186.7 63,817.4 −145.366 −862.259 −8078.11 874.426

(Continued)
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Table A1 (continued)

Mx/kNm My/kNm Mz/kNm Mxy/kNm Fx/kN Fy/kN Fz/kN Fxy/kN
Mz_min DLC6.2 −78,813 −28,308 −32,764.4 83,742.7 −33.2973 1309.8 −7485.61 1310.22
Mxy_max DLC6.2 11,251 179,854 6725.8 180,205 2344.33 125.17 −8205.11 2347.68
Fx_max DLC6.2 −7341.84 157,851 −305.881 158,023 2550.65 185.408 −8072.27 2557.38
Fx_min DLC6.2 4884.21 −159,221 1412.63 159,295 −2506 −93.856 −7947.29 2507.76
Fy_max DLC6.2 −79,737.1 −20,642.6 −5842.61 82,365.8 −258.779 1623.49 −8070.84 1643.98
Fy_min DLC6.2 82,775.1 5277.87 −4775.99 82,943.2 204.032 −1500.91 −8105.74 1514.71
Fz_max DLC6.2 −79,058.9 −25,206.6 −28,319.4 82,979.9 −88.1012 1302.39 −7413.79 1305.36
Fz_min DLC1.3 5525.09 28,302.8 7259.26 28,837.1 672.918 32.4066 −10,118.2 673.697

Fxy_max DLC6.2 −7341.84 15,7851 −305.881 158,023 2550.65 185.408 −8072.27 2557.38

Table A2: Ultimate load of the OWT corresponding to the reference three-legged structure

Mx/kNm My/kNm Mz/kNm Mxy/kNm Fx/kN Fy/kN Fz/kN Fxy/kN
Mx_max DLC6.2 97,423.1 9814.92 2097.22 97,916.4 27.9421 −1393.88 −7913.03 1394.16
Mx_min DLC6.2 −87,527.1 −31,888.1 −15,512.3 93,155 −454.035 1408.2 −7912.54 1479.58
My_max DLC6.2 −24,708.1 224,560 −5899.68 225,915 3049.71 486.484 −8095.63 3088.26
My_min DLC6.2 3000.72 −162,127 843.546 162,154 −2438.84 −57.6209 −7943.94 2439.52
Mz_max DLC6.2 49,090 68,300.6 25,667.8 84,111.9 1230.67 −724.026 −8172.84 1427.86
Mz_min DLC6.2 −60,259.3 −33,796.6 −27,778.2 69,089.8 83.7836 857.663 −7683.97 861.747

Mxy_max DLC6.2 −24,708.1 224,560 −5899.68 225,915 3049.71 486.484 −8095.63 3088.26
Fx_max DLC6.2 −14,549 218,732 13,268.5 219,215 3221.87 695.787 −8080.24 3296.14
Fx_min DLC6.2 20,402.4 −157,836 2.19935 159,149 −2473.99 −388.623 −7941.15 2504.33
Fy_max DLC6.2 −78,768.1 −22,657.5 −6891.76 81,962.1 −391.676 1641.17 −7966.99 1687.26
Fy_min DLC6.2 89,055.5 10,491 5318.15 89,671.3 45.7085 −1533.34 −8022.93 1534.03
Fz_max DLC6.2 −56,832.3 4442.59 −27,044.7 57,005.6 847.256 688.448 −7533.35 1091.7
Fz_min DLC1.3 9562.93 8979.63 13,780.4 13,118.1 305.308 −131.848 −10,011.4 332.562

Fxy_max DLC6.2 −14,549 218,732 13,268.5 219,215 3221.87 695.787 −8080.24 3296.14

Table A3: Ultimate load of the OWT corresponding to the optimized structure

Mx/kNm My/kNm Mz/kNm Mxy/kNm Fx/kN Fy/kN Fz/kN Fxy/kN
Mx-max DLC6.2 90,357.7 4722.67 5714.18 90,481.1 84.6555 −1322.32 −7989.74 1325.04
Mx-min DLC6.2 −89,917 −39,448.8 8900.52 98,190 −250.226 1559.72 −8152.94 1579.67
My-max DLC6.2 −19,883.9 177,694 −3970.09 178,803 2372.18 373.637 −8080.84 2401.42
My-min DLC6.2 5992.12 −159,333 624.292 159,446 −2397.38 −130.947 −7935.9 2400.96
Mz-max DLC6.2 45,697.4 −15,478.3 26,815.4 48,247.7 −227.456 −668.212 −8186.63 705.863
Mz-min DLC6.2 −58,792.9 25,346.6 −26,512.3 64,023.9 979.375 1106.19 −7681.36 1477.44

Mxy-max DLC6.2 −19,883.9 177,694 −3970.09 178,803 2372.18 373.637 −8080.84 2401.42
Fx-max DLC6.2 15,230 161,242 8956.08 161,961 2673.4 37.3754 −8037.84 2673.66
Fx-min DLC6.2 110.398 −153,496 −2873.33 153,496 −2439.5 −76.5144 −7935.27 2440.7
Fy-max DLC6.2 −85,556.5 −73,356.7 12,099 112,699 −897.342 1673.89 −8182.58 1899.25
Fy-min DLC6.2 87,321.2 9850.06 −16,046.2 87,874.9 107.682 −1516.3 −7731.23 1520.12
Fz-max DLC6.2 −44,047.6 −3106.74 −25,916.2 44,157.1 594.515 452.697 −7536.42 747.25
Fz-min DLC1.3 −3376.24 12,929 13,639.3 13,362.6 356.185 70.9534 −10,009 363.184

Fxy-max DLC6.2 15,230 161,242 8956.08 161,961 2673.4 37.3754 −8037.84 2673.66
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