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Abstract  Offshore wind energy has emerged as a
critical solution in the global effort to reduce greenhouse
gas emissions and transition toward sustainable energy
systems, particularly in Indonesia, where fossil fuels
remain dominant. The North Java Sea, with its favorable
wind conditions and suitable water depths, offers
significant potential for offshore wind development. This
study evaluates the dynamic structural performance of
jacket substructures with two bracing configurations: Pratt
and X-bracing for supporting a 3 MW offshore wind
turbine in this region. Through comparative numerical
analysis, the research assesses key structural responses,
including natural frequencies and lateral displacements,
under site specific wind, wave, and current conditions. The
findings aim to identify the most efficient configuration for
ensuring structural reliability and long-term performance in
Indonesia’s offshore wind applications. Site specific
metocean data and environmental conditions were
incorporated into numerical models developed in Bentley
SACS software. The jackets were analyzed under extreme
wave, wind, and current loads, combined with 12 Design
Load Cases (DLCs) of the wind turbine based on the
international standards and as detailed in the international
journal. Key parameters evaluated include natural
frequencies, directional displacements, and structural

integrity through eigenvalue analysis and utilization checks.
Results show that the X-braced configuration provides
higher global stiffness, improved dynamic stability, and
better resistance to resonance due to elevated natural
frequencies. Conversely, the Pratt configuration exhibited
slightly larger displacements and lower modal stiffness,
although it remained within allowable stress limits. Both
systems passed strength verifications, yet the X-bracing
design demonstrated more uniform load distribution and
enhanced performance under multidirectional loading. The
study contributes to the optimization of support structures
in tropical offshore environments, offering a reference for
future offshore wind infrastructure development in
Indonesia and Southeast Asia. Practically, the findings
support efficient substructure selection for offshore
projects, while socially, they aid in accelerating
Indonesia’s renewable energy transition and fostering
green job creation. This research emphasizes the
importance of structural configuration in ensuring offshore
wind turbine safety and reliability under dynamic marine
conditions.

Keywords  Offshore Wind Energy, Jacket Type
Substructures, Bracing Configuration, Natural Frequency,
Eigenvalue Analysis, Dynamic Response
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1. Introduction

The energy sector is vital to economic development, but
its dependence on fossil fuels poses a significant threat to
environmental sustainability [1]. At the consumer level, the
adoption of renewable energy technologies remains
hindered by a complex interplay of behavioral, economic,
and informational barriers [2]. From an industrial
standpoint, fossil fuel dependence in manufacturing and
heavy industries remains a dominant contributor to national
carbon footprints, underscoring the structural challenges of
decarbonization [3]. More broadly, greenhouse gas
emissions, particularly CO., CHa4, and N2O have been
scientifically linked to accelerating climate change
phenomena, including rising global temperatures and sea
level rise [4].

These findings collectively emphasize the need for
integrated policy frameworks that align energy transitions
with climate mitigation strategies across all sectors. CO-
emissions are the main factor driving climate change. In
Indonesia, the energy industry contributes the second
highest amount to GHG emissions, making up 35% of the
overall emissions, while the power sector is solely
accountable for 43% of CO. emissions [5]. This sectoral
breakdown highlights the urgency of targeted interventions
[5]. Further supporting this, the Indonesian government's
role in setting renewable energy targets is crucial for
reducing emissions from the electrical energy sector [6]. As
of 2021, fossil fuels constituted approximately 81% of
Indonesia’s primary energy mix, with coal alone
accounting for 62% [7]. Given the finite nature of fossil
fuel reserves and their adverse environmental impacts, a
rapid transition to renewable energy is imperative [8]. This
shift is essential not only to reduce greenhouse gas
emissions and mitigate climate risks but also to establish a
more sustainable and resilient energy infrastructure [9],
[10]. The North Java Sea presents a promising opportunity
for offshore wind energy development due to its favorable
wind climate and geographical conditions. Previous studies
have reported average annual wind speeds of 5.32 m/s, with
peaks up to 6.45 m/s in the Semarang region, Central Java,
indicating strong potential for large scale wind energy
deployment [11], [12]. These findings position the region
as a strategic contributor to Indonesia’s renewable energy
future.

According to IEC 61400-1, the Indonesian offshore
regime (average wind speed ~5.3 m/s) corresponds to Wind
Class 11, where turbines with low cut in speeds (~2.5 m/s)
and optimized blade to generator ratios are most effective
[13]. The 3 MW-class turbine, typically compliant with
IEC Class IlIA, offers a practical balance between cost,
logistics, and energy yield, aligning with Indonesia’s
offshore development priorities in shallow, near shore
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zones [14]. The development of offshore wind energy in
the North Java Sea represents a strategic opportunity to
advance Indonesia’s renewable energy goals, aligning with
the nation’s ongoing efforts to accelerate the energy
transition [12]. In addition to contributing to emissions
reduction, this initiative aligns with broader coastal
resource management strategies, particularly in addressing
the environmental challenges faced along the northern
coast of Java [15]. A variety of substructures such as
monopile, suction caisson, tripod, and jacket are currently
applied in offshore wind farm developments, with selection
largely dependent on water depth, seabed conditions, and
environmental loading. The jacket foundation, in particular,
has demonstrated favorable bending performance under
complex wave and wind conditions, making it suitable for
medium to deep-water installations [16]. In areas exposed
to seismic risk, structural assessments have shown that the
dynamic behavior of offshore wind turbines is significantly
influenced by the substructure type, especially under
earthquake-induced loading [17]. Further analysis has
revealed that jacket and other support structures exhibit
varying levels of reliability when subjected to extreme
offshore environmental conditions, emphasizing the
necessity of employing probabilistic methods to accurately
quantify structural safety [18]. Comparative studies have
further shown that jacket foundations generally offer
superior resistance to impact loading compared to
monopile and tripod alternatives, thereby reinforcing their
suitability for deployment in high energy offshore
environments [19]. Monopile foundations comprising a
single large diameter steel tubular pile are the most
commonly used substructures for offshore wind turbines in
shallow waters, typically within a depth range of 25 to 30
meters [19]. For deeper sites, ranging from approximately
30 to over 50 meters, more complex substructures such as
tripod and jacket foundations are preferred due to their
enhanced stability and structural performance [20]. The
tripod foundation system consists of three steel piles
arranged in an equilateral triangle, each driven 25-30
meters into the seabed to ensure adequate lateral resistance
against environmental loads [21]. Jacket substructures, on
the other hand, feature four vertical corner legs
interconnected by diagonal and horizontal bracings,
forming a robust three dimensional space frame. This
configuration offers superior load distribution and
structural stiffness, making it suitable for supporting wind
turbines in deep-water environments exceeding 50 meters
[22]. In the North Java Sea, jacket substructures are
considered highly appropriate for offshore wind farms, as
they are designed to perform effectively in water depths
ranging from 30 to 40 meters. These structures are
particularly durable, withstanding harsh environmental
conditions such as strong waves, currents, and high winds
[11]. Given the area’s susceptibility to seasonal monsoons
and fluctuating marine environments, foundation systems
must be capable of enduring both fatigue stresses and
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extreme loading events. Jacket substructures, with their
truss like geometry, distribute loads efficiently across their
frame, reducing bending moments and ensuring long term
structural integrity [22]. Research confirms that jacket
foundations perform reliably under dynamic and extreme
offshore conditions, supporting their application in regions
like North Java [23], [24]. Optimization studies have
further shown that refinements to jacket design can
enhance structural stiffness and overall stability, making
them even more suitable for deep water wind energy
development [25]. Additionally, the North Java Sea already
hosts a significant number of oil and gas platforms that rely
on jacket foundations. This existing infrastructure, along
with locally available installation equipment and technical
expertise, makes the deployment of jacket substructures for
offshore wind not only technically viable but also
economically efficient. This study investigates the
feasibility of employing jacket type foundations with
different bracing configurations to support offshore wind
turbines in the North Java Sea region. By analyzing
structural and site specific environmental data obtained
from an existing offshore oil and gas platform, the research
aims to evaluate the suitability and performance of these
foundations under the region’s oceanographic and
geotechnical conditions. The proposed wind turbine site is
located at 620'15.0"S, 108<40'17.0"E as shown in Figure
1(a), while the corresponding platform design is illustrated
in Figure 1(b). These reference data serve as the basis for
evaluating the performance of jacket substructures under
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the region's site specific environmental conditions [26].
This study presents a comparative analysis of X-bracing
and Pratt bracing configurations in offshore jacket
substructures, focusing on their influence on natural
frequency, lateral displacement, and overall dynamic
response under environmental loading conditions. The
outcomes are intended to inform improved structural
design practices and contribute to the development of
engineering standards for offshore wind infrastructure in
tropical maritime environments. In this study, the structural
integrity and safety of the jacket substructures are
evaluated and verified using the Bentley SACS Offshore
Structure software, which is widely utilized for the analysis
and design of offshore platforms under various
environmental loading conditions. The use of SACS
enables precise modeling of complex offshore conditions
and structural behaviors. Previous studies have
demonstrated the software’s effectiveness in evaluating
jacket platforms under site specific marine loads in the Java
Sea [26], assessing the impact of corrosion on structural
integrity in aging offshore platforms [27], and optimizing
jacket configurations for offshore wind turbine installations
in deep waters [28]. This study employs numerical
modeling to analyze the stability, structural durability, and
fatigue resistance of offshore wind turbine substructures,
thereby supporting the development of a sustainable and
cost effective offshore wind energy system in Indonesia.
The findings align with national renewable energy targets
and broader climate mitigation objectives.
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Located for this study (a) Wind Turbine project site in the North Java Sea (6<20'15.0"S, 108 40'17.0"E). (b) Offshore oil and gas platform
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2. Methods

The design of the jacket substructure begins with the
collection of essential input data, including wind turbine
specifications, site specific environmental loads (wind,
wave, and current), and geotechnical parameters. These
inputs inform the definition of loading conditions and
foundation requirements, as well as the determination of
key structural parameters such as jacket height, leg spacing,
and bracing configuration. The complete design workflow
from initial data acquisition to final structural configuration
is summarized in Figure 2.

A comprehensive numerical model of the jacket
substructure is created to ensure adherence to essential
design criteria, with a specific focus on natural frequency,
dynamic response, and overall structural integrity. The
modeling approach incorporates reliability assessment
techniques tailored to offshore wind turbine applications,
providing a robust framework for evaluating structural
safety and performance under various loading conditions
[29]. To capture the influence of operational dynamics,
especially those introduced by variable rotor speed, the
analysis also integrates vibration control and dynamic
stability considerations [30]. The design methodology
follows a structured, multi phase workflow that enables
iterative refinement of the substructure's configuration.
Finalization of the design is achieved only when all
engineering and safety standards such as structural
reliability thresholds, fatigue performance, and natural
frequency separation from excitation loads are
satisfactorily met [29], [31].

2.1. 3MW Turbine

This study adopts the technical specifications of a
reference 3 MW offshore wind turbine model operating
under comparable wind conditions to assess its suitability
for the environmental characteristics of the North Java Sea.

NOTOK

Select initial parameter
for jacket substructure

Input loads at tower base
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The structural and aerodynamic performance of this turbine
has been previously analyzed in conjunction with a
guadrupedal jacket substructure, providing a validated
basis for its application in this study [16]. Additional
reference data were drawn from a four legged jacket model
developed for installation in similar offshore conditions,
providing insights into substructure performance and
turbine integration [28]. Furthermore, design and analysis
parameters established for jacket substructures in earlier
modeling studies support the suitability of the selected
configuration for this project’s environmental context [32].

Recent studies have shown that low wind class offshore
turbines in the 2-3 MW range with large rotor diameters
(~114-140 m) can achieve high capacity factors (35-60%)
in mild wind regions such as the North Java Sea,
significantly outperforming larger 6-15 MW turbines that
typically yield only 9-20% in similar conditions [33], [34].
Based on this study, the selected wind turbine has a rated
capacity of 3 MW and utilizes a three-bladed downwind
rotor configuration, as detailed in Table 1 [16], [22], [32].
These design characteristics are intended to ensure
structural adequacy for offshore deployment, particularly
under the high wind speeds and dynamic environmental
loading conditions typical of the North Java Sea.

2.2. Environmental Conditions

The significant offshore environmental conditions are
determined through a comprehensive analysis of wind and
wave rose diagrams derived from long term metocean data
specific to the study area. Environmental conditions from a
nearby offshore oil and gas platform are utilized, as they
closely represent the wind, wave, and current
characteristics at the study site. These parameters serve as
the foundation for structural load assessments and are
summarized in Table 2, offering critical input for
evaluating the performance of the jacket substructure under
site specific offshore conditions [26].

Strength check

Figure 2. Sequential Design Process of Offshore Wind Jacket Substructure
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Table 1. Reference Geometrical and mechanical details of the 3MW offshore wind turbine [16]

Description Symbol Value Unit
Rotor-Nacelle-Assembly (RNA)
Rating 3 MW
Rotor orientation Upwind, 3 blades
Hub height above platform "HUB 56.78 m
Mass of the rotor "ROT 64.60 ton
Mass of the nacelle "NAC 128.00 ton
Mass of the RNA "RNA 192.60 ton
Tower

Bottom diameter 9BOT 450.0 cm
Bottom thickness '‘BOT 3.40 cm
Top diameter 4TOP 307.0 cm
Top thickness TOP 1.80 cm

Table 2. Environmental conditions at the reference site [26]

Description Symbol  Value Unit

Water Depth

Water Depth S 30 m

Wind

Wind speed in 1-year operating conditions V. 1285 mfs

Wind speed in 100-extreme conditions Voo 1711 mks

Wave
Height of wave operating conditions Hmax 4.52 m
Height of wave extreme conditions Hmax 6.36 m
Wave period operating conditions Tinax 8.00 S
Wave period extreme conditions Trax 9.10 S
Current

Current distribution in operating conditions U, 0-0.613 m/s

Current distribution in extreme conditions U, 0-0.780 mis

2.3. Jacket Substructure Geometry

The preliminary geometric configuration of the jacket
substructure is  established based on prevailing
environmental loading conditions, particularly those
induced by wind, wave, and current forces [19], [26].
Hydrodynamic loads are primarily governed by wave
height and period, while current velocity significantly
affects drag forces and overall structural stability [18], [27].
These parameters inform the determination of the jacket
height (h;) is calculated using Equation (1) [28], [35]

hJ =S+ Hmax,100+ O~2Hmax,100 (1)

In this context, S represents the water depth (m), and
Hmax 100 denotes the 100-year return period maximum wave
height (m). The leg top spacing (Lwp) corresponds to the

elevation associated with the transition piece configuration
(m). As the detailed design of the transition piece lies
beyond the scope of this study, an estimated value is
adopted for computational purposes. Therefore, Lip iS
determined using Equation (2) [35].

Ltop = Dbottom+ a (2)

Here, Dpottom denotes the bottom diameter of the wind
turbine tower (cm), and a represents the plan area of the
working platform or transition piece (TP) (m?). The initial
slope (m) (°) of the jacket substructure typically ranges
between 1:6 and 1:10, depending on design requirements
and site conditions [22], [35]. The leg batter angle (a)(°) is
estimated based on the total jacket height and the spacing
between the legs at the top level, with the slope ratio
generally limited to a maximum of 1:7 to ensure structural
stability and fabrication feasibility. The dimensions of the
jacket panels are derived through geometric analysis,
incorporating key parameters such as structural height, leg
batter angle, and jacket base and top widths to ensure
overall stability [35], [36]. These parameters are
subsequently incorporated into the formulation presented
in Equation (3).

1
m= (Lbattom)n (3)

Ltop

In this study, Luowom and Lip represent the leg spacing at
the base and top of the jacket structure, respectively (m),
while n denotes the number of bays or horizontal layers.
The jacket is configured with an appropriate number of
bays such that the angle between bracing members and legs
remains within the recommended range of 30°to 45°to
ensure structural efficiency and ease of fabrication [35],
[37], [38]. Based on these constraints, the bay lengths and
corresponding heights are subsequently calculated. Figure
3 presents the key geometric parameters and associated
design variables of the jacket substructure.
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Figure 3. Main parameters of jacket substructure

2.4. Load Assessment for Jacket Substructures

The jacket substructure is designed to resist complex
environmental loading conditions, primarily induced by
wind, wave, and current forces. As shown in Figure 4(a),
the structural configuration is modeled within a three-
dimensional orthogonal coordinate system (Oxyz),
comprising two horizontal axes (X and Y) and a vertical

Interface
point
-
Transition ®
Piece
A 4
— & ®

Jacket

(@

3939

axis (Z), which enables accurate spatial representation of
directional loads. To evaluate the influence of load
directionality on structural performance, the angle between
the X-axis and each applied environmental load is treated
as a variable parameter. As illustrated in Figure 4(b), this
angle of incidence is varied incrementally from 0<to 360°
in 15°steps, yielding a total of 24 discrete loading scenarios.

2.5. Wave Characteristics

Wave characteristics, particularly the significant wave
height (Hs)(m), are essential parameters in the design and
reliability assessment of offshore structures. Defined as the
average height of the highest one-third of waves occurring
within a 3-hour sea state, H; serves as a critical indicator of
environmental loading. For extreme condition analysis, the
50-year return period significant wave height is commonly
adopted, representing the most severe 3 hour mean wave
condition expected over a 50-year return interval. To avoid
dynamic amplification, conservative wave periods are
selected per DNV-0S-J101, ensuring natural frequencies
stay outside the resonance range. The 50-year sea state
maximum wave height is estimated using empirical
formulas, like Equation (4) [35].

(Tmin -1 %) =T= (Tmax =143 %) ()
Where Trin is the minimum wave period, Hsso.is the 100-

Year Maximum extreme wave height, Tmax iS the maximum
wave period, and g denotes gravity acceleration.

Loading Definitions:

| Wind
N\ Wave
[ Current

_ Marine growth
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Wave

Current

(b)

Figure 4. Environmental loads on the jacket substructure: (a) lllustration of loading representation; (b) Specification of environmental loading
direction

2.6. Design Load Cases (DLCs) DLC
Design Load Cases (DLCs) at the tower base were F;

generated using GH-Bladed, a widely validated aeroelastic

simulation tool for offshore wind turbines. These load

cases encompass a broad spectrum of operational scenarios
and extreme environmental conditions, including wind
wave current interactions. To ensure relevance and
accuracy, the load profiles are adapted from validated case e e

S
5

studies involving 3 MW offshore wind turbines operating g

in deep-water environments. Detailed bending response P ®
characteristics for jacket-supported wind turbines under

multidirectional loads have been well documented [16]. A l |
structural assessment of jacket substructures under site HSPL
specific loading conditions validates the adopted loading | NI MSL
framework [22]. Numerical models of four legged jacket i’ i\ LSWIL
foundations in high energy offshore zones further refine the A

load spectrum [28]. Dynamic coupling effects accounting

for simultaneous wind, wave, and current forces are v
incorporated to capture realistic operational conditions [39].
The application of these Design Load Cases (DLCs) to the
structural model is illustrated in Figure 5. 0 X
[ seed

Figure 5. Design Load Cases at Interface Points
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Table 3. Design Load Cases (DLCs) at the interface point, computed using GH-Bladed [16]

Moment (kNm) Force (kN)
DLC Descriptions
My My M, Fx Fy F,
DLC1 Max 49041 -2496 2173 -39 -959 -5208
DLC2 M Min -47885 -4998 1731 -114 923 -5197
DLC3 Max 2369 45635 373 781 4 -6424
DLC4 M Min 1038 -39301 298 -699 49 -5168
DLC5 Max 6720 5034 5385 31 -146 -5244
DLC6 M Min -10207 -9979 -6124 -181 198 -5063
DLC7 Max -23378 8965 -1222 1051 807 -4705
DLC8 i Min 22496 10333 =742 -978 -652 -4737
DLC9 Max 19975 -10358 -1072 -714 1384 -4722
DLC10 g Min 11407 1986 964 392 -1352 -4739
DLC11 Max 4275 3995 885 220 745 -4600
DLC12 E Min 2282 37895 866 639 23 -7203

The Design Load Cases (DLCs) used in this study are
based on previous research [16] and are defined in
accordance with international standards, including DNV-
0S-J101, DNVGL-ST-0126, IEC 61400-1, and IEC
61400-3, as summarized in Table 3.

2.7. Structural Performance

Numerical analyses are performed using SACS software
to assess the structural performance of the jacket
substructures under specified Design Load Cases (DLCs),
accounting for site specific environmental loads, such as
wind, wave, and current forces. The evaluation of structural
strength adheres to recognized offshore engineering
standards, including AISC, APl RP 2A-WSD, and DNV
guidelines[22], [29], [40]. The Unity Check (UC) is
employed as a key performance metric, representing the
ratio of actual to allowable stresses for each structural
component, where UC values less than 1.0 indicate
compliance with safety requirements. UC values are
computed for critical elements across all DLCs, as defined
in Equation (5) [35], to comprehensively evaluate the
structural adequacy of the jacket substructures.

ucC=

Oactual ( 5)

Gallowable

2.8. Jacket Structure Modeling

The structural stability of jacket substructures is
contingent on meeting specific design criteria, such as
slenderness, cross-sectional area, and the brace to leg area
ratio. These factors are essential for effective load
distribution and overall performance [36]. The slenderness
of tubular members, defined by the diameter to thickness
ratio (D/t), must remain within specified limits to prevent
local buckling under axial and lateral loads. These design
requirements, grounded in established engineering codes
such as DNV-0S-J101, are fundamental to structural
reliability. The slenderness condition is evaluated using

Equation (6) [36].
0)=0,. ©

The maximum allowable diameter to thickness ratio
(D/t)max for offshore tubular members typically ranges from
30 to 60, depending on structural classification, loading
conditions, and functional requirements [35], [36]. These
limits conform to the slenderness criteria specified in API
RP 2A and DNVGL-ST-F101, ensuring adequate
resistance against local buckling under axial and lateral
loads. Additionally, the cross sectional area (A) of each
structural member is calculated using Equation (7) [35].

A= g(Dz-(D-th) (7



3942

Comparative Dynamic Response Analysis of Pratt and X-Braced Offshore Jacket Substructures

for Wind Energy Development in the North Java Sea

The cross sectional area of a structural member plays a
critical role in determining its axial load carrying capacity,
resistance to hydrodynamic forces, and overall stiffness. To
ensure efficient shear transfer between braces and jacket
legs, a minimum brace to leg area ratio is recommended, as
outlined in offshore design guidelines [35], [41]. This
requirement is expressed in Equation (8).

dace <025 ©)
Aleg

To ensure the reliability of the numerical modeling, this
study incorporates environmental inputs and structural
parameters derived from actual offshore platform data
located in the North Java Sea. Site specific values,
including seabed profiles and metocean conditions, are
referenced from design studies conducted for jacket type
structures in the same region [26]. The simulation is
performed using Bentley SACS, an industry standard finite
element analysis software widely validated for offshore
structural applications, including those related to wind
turbine foundations [28]. Its reliability for fatigue analysis,

ﬂ’ig
v
a

-
o

Run

global strength assessment, and dynamic response
evaluation has been consistently demonstrated in previous
engineering studies [29], and its implementation follows
the technical guidelines detailed in its latest release [40].

Although direct field measurements for this specific
wind turbine configuration are unavailable, the computed
results particularly natural frequencies and displacement
ranges are consistent with values reported in recent
investigations involving jacket supported offshore wind
turbines [22]. Dynamic response characteristics also align
closely with results from advanced simulations of large
capacity jacket structures under varying load regimes [42].
The jacket elevation and platform layout follow existing
offshore oil and gas infrastructure, with the working point
at +4.57 m (15 ft) and walkway at +3.05 m (10 ft) for
operational access. Two jacket designs 4LJ-30-P (Pratt)
and 4LJ-30-X (X-bracing) are developed for a 3 MW wind
turbine in 30 m (98.4 ft) water depth, as shown in Figure 6.
Both use 911 mm diameter braces, 1500 mm legs, and a
minimum 30 “brace to leg angle for stability.

ID Jacket Substructure
‘Water

HB  Jacket

Element Definition

’.‘A

HB Horizontal brace

VB Vertical Brace
r—

LG Leg

Jacket Properties (mm)

Component  Dia.(thickness)
: HB 911 (30)
VB 911 (30)
4LJ-30-P 4LJ-30-X
(a) (b) LG 1500 (30)

Figure 6. 4-Leg Jacket Substructure Design at 30 m Depth: (a) 4LJ-30-P with Pratt-type bracing; (b) 4LJ-30-X with X-bracing. Key components: HB,

VB, and LG with respective dimension
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3. Results and Discussion

This section presents a comprehensive analysis of
numerical simulation results for a four legged offshore
wind turbine jacket structure, comparing two bracing
configurations: the Pratt system (4LJ-30-P) and the X-
bracing system  (4LJ-30-X). The findings are
systematically discussed to highlight the structural
performance and key differences between the two
configurations, providing valuable insights into optimizing
design approaches in offshore wind energy infrastructure.
The analysis encompasses eigenvalue evaluation, the
influence of bracing configurations on global structural
behavior, and design validation in accordance with relevant
offshore standards. Structural performance is further
assessed under extreme environmental loading and
combined Design Load Cases (DLCs) to capture realistic
operational scenarios.

3.1. Eigenvalue Analysis

A comprehensive eigenvalue analysis is carried out to
identify the natural frequencies of the offshore wind turbine
(OWT) system, a critical step in ensuring the structure
avoids resonance with the excitation frequencies induced
by rotor rotation (1P) and blade passing (3P). These
excitation ranges are determined based on the operational
parameters of a 3 MW turbine model, following design
specifications previously documented in studies utilizing
Doosan Heavy Industry turbines [29]. The selected design
follows a soft stiff configuration, which positions the
natural frequency of the support structure between the 1P
and 3P frequency ranges, an approach commonly adopted

, average 1P load
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in offshore wind applications due to its balance between
structural efficiency and cost effectiveness [31].

The modeling methodology used to evaluate the
system’s dynamic response is grounded in a simplified
equivalent approach that captures the coupled interaction
between aerodynamic and structural forces. The
comprehensive dynamic loading conditions applied in this
study are depicted in Figure 7(a), while the simplified
numerical model representing the global structural
behavior is presented in Figure 7(b). This integrated
approach enables a reliable assessment of the system’s
vibration characteristics and overall structural performance
under realistic offshore conditions [35].

3.2. Impact of Bracing Systems

The analysis encompasses eigenvalue evaluation, the
influence of bracing configurations on global structural
behavior, and design validation in accordance with relevant
offshore standards. Structural performance is further
assessed under extreme environmental loading and
combined Design Load Cases (DLCs) to capture realistic
operational scenarios. X-bracing demonstrates higher
global stiffness, denoted as Keq, due to its superior lateral
load resistance, whereas Pratt bracing primarily transfers
loads in a single direction, resulting in lower stiffness. The
natural frequency of the structure can be estimated using
the fundamental relationship provided in Equation (9) [22],
[24], [42].
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Modeling for Stiffness and Frequency Estimation

The bracing configuration in jacket substructures plays a
critical role in governing lateral stiffness, which directly
influences the structural response under lateral
environmental loads. The Pratt and X-bracing systems are
two widely implemented configurations. In these
configurations, the stiffness contributions of both vertical
legs and diagonal braces must be evaluated to capture their
combined effect on global structural behavior. The
equivalent bending stiffness of the legs, denoted as El;, is
determined using the parallel axis theorem, with the
inclusion of a correction factor to account for variations in
leg spacing, as defined in Equations (10) and (11) [35].

El = El,,, . f(m) (10)
oAy Liotom 1 mm?
Elgp =E.—— m= Liop ! f(m) = 3" m2-2mln (m)-1 (11)

This study incorporates intermediate equations derived
from fundamental structural mechanics, referencing only
primary sources. The impact of the bracing system is
evaluated by projecting the axial stiffness of each diagonal
brace onto the horizontal axis, as defined in Equation (12)
[35].

EA

kaxial = e (12)

Here, E denotes Young’s modulus, A is the cross
sectional area of the brace, and L represents the length of
the brace. For a diagonal brace connecting a horizontal
spacing b and a vertical spacing h, the length L is calculated
using Equation (13) [35].

L=+ b+ i (13)

To assess the horizontal contribution of the bracing, only
a component of the axial stiffness is considered, which is
projected into the horizontal direction using trigonometric

M RNA Meq

Load Analysis and Dynamic Behavior of Offshore Wind Turbine Jacket Substructure: (a) Load Variation During Design and (b) Structural

resolution. The horizontal stiffness is given by Equation
(14), while the brace stiffness is calculated using Equation
(15) [35].

EA b2

I<horizontal = kaxial . COSz (e): ﬁ . m (14)
EA
Kbrace = - 3 (15)
(bZ JrhZ)Z

The total lateral stiffness of the jacket substructure is
determined by the combined stiffness contributions of the
leg frames and the bracing system. Accordingly, the
equivalent horizontal stiffness of the Pratt bracing
configuration, characterized by a single diagonal member,
is calculated using Equation (16).

EA b2 | 3E]

Kpratt - 3 3
(b2+h2)2
In the X-bracing configuration, both diagonal members
are simultaneously engaged under symmetrical loading,
enhancing the overall lateral stiffness of the structure, as
expressed in Equation (17).

(16)

2
__2EA .b 3El
Kx - 3 + JTEl

(v212)?

The axial rigidity of the brace is denoted by EA, while
the flexural rigidity of leg members is denoted by El,.
Parameters b and h define the brace’s horizontal and
vertical spacing, H is bay height, and Ky and Kx
correspond to the total horizontal stiffness for the
respective bracing systems. To determine the required leg
section, the fixed base jacket formulation is employed, with
the corresponding natural frequency computed using
Equation (18).

17
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(18)

1
fO, pratt = 5

In the X-bracing system, where lateral loads are
distributed symmetrically across both diagonal members,
the same analytical formulation is applied, as presented in
Equation (19).

(19)

Figure 8 presents a comparison of equivalent modal
mass (Meq) and equivalent stiffness (Keq) for the Pratt
braced (4LJ-30-P) and X-braced (4LJ-30-X) jacket
configurations. The results demonstrate that the X-braced
system exhibits higher values of both Mg and Keg,
indicating improved modal participation and structural
rigidity. These enhancements suggest superior dynamic
performance of the X-braced structure, with increased
resistance to deformation and reduced susceptibility to
resonance under 1P and 3P excitation frequencies. Such
characteristics are critical for maintaining structural
integrity and fatigue resistance in offshore wind turbine
applications. The observed trends are consistent with
previous studies [22], [28], which similarly reported
increases in Meq and Keq When adopting X-bracing systems.

900
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4LJ-30-X

4L]1-30-P

 Meq =—8—Keq

Figure 8. Effect of Bracing Configuration on Equivalent Modal Mass
and Stiffness of Jacket Substructures

The validation results confirm that the X-braced
configuration outperforms the Pratt braced system in
dynamic performance. The substructures’ dynamic
behavior is assessed against excitation frequencies from
wind and wave loading, ensuring adequate separation
between natural frequencies and dominant excitations such
as rotor rotational 1P and blade passing 3P. Comparative
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results are presented in Table 4 and Figure 9.

Table 4. Comparative Analysis of Natural Frequencies in Pratt and X
Bracing Systems

41J-30-P 41.J-30-X
Mode Freq(Hz) Period () Mode Freq(Hz) Period (s)
1 0.247 4.047 1 0.259 3.856
2 0.249 4.012 2 0.261 3.825

Based on the frequency comparison analysis, the X-
bracing configuration exhibits an increase in natural
frequency of approximately 4-6% in Mode 1 and Mode 2
compared to the Pratt configuration. This enhancement is
primarily due to the higher global stiffness Keq of the 4LJ-
30-X configuration, as defined in Equation (4), which
improves lateral load resistance. The percentage increase in
frequency is quantified using Equation (20).

Percentage Increase = (m) x100% (20)

pratt

The greater stiffness achieved with the X-bracing
configuration contributes to a more favorable separation
between the natural frequencies and dominant
environmental excitation frequencies, thereby enhancing
structural resilience and reducing the risk of resonance
under combined wind and wave loading conditions. To
improve the reliability and contextual relevance of the
numerical ~ simulations, this  study incorporates
environmental input data obtained from an operational
offshore oil and gas platform located in the Java Sea [26].
Although both the reference platform and the modeled
offshore wind turbine (OWT) are subjected to identical
metocean conditions, their dynamic responses exhibit
notable differences a result that aligns with established
structural principles. Offshore wind turbines are
characterized by substantially different mass distributions
and structural flexibilities when compared to conventional
fixed jacket oil and gas platforms. Specifically, the larger
rotor nacelle assembly (RNA), increased overall height,
and reduced lateral stiffness of OWT systems contribute to
longer natural periods.

This distinction in structural behavior has been well
documented in previous investigations. For instance,
detailed numerical assessments of jacket supported wind
turbines have reported longer periods and lower natural
frequencies when compared to traditional offshore
structures, even under similar environmental loading
conditions [22]. Analytical studies focused on the influence
of rotor speed variability further emphasize the sensitivity
of wind turbine dynamics to mass and stiffness
distributions [30]. Recent work on high capacity OWT
systems has also shown that as turbine size increases,
natural frequencies tend to shift downward due to increased
structural flexibility [42]. Additionally, techno economic
analyses relevant to Indonesia’s offshore potential confirm
that adapting existing oil and gas structural knowledge to
wind applications is both practical and scalable [33].
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The slightly longer natural periods observed in the
present analysis are therefore consistent with theoretical
predictions and empirical findings. The application of real
world analog data not only validates the modeling approach
but also reinforces the broader transferability of offshore
engineering practices to emerging wind energy
developments in Indonesia’s coastal waters.

3.3. Design Check

Figure 10 and Table 5 present the strength verification
results for the jacket substructures. Structural members and
joints were assessed using the Allowable Stress Design
(ASD) method as per the AISC 9th Edition (WSD). All
utilization check (UC) values are found to be below unity,
confirming that the substructure satisfies the required
safety margins under combined loading conditions. The
maximum UC values, summarized in Table 5, remain well
within acceptable limits, indicating that no overstressed
members are present and that the structural integrity of both
configurations is maintained.

As presented in Table 5 and Figure 10, both jacket
configurations satisfy the structural safety criteria, with
Utilization Check (UC) values significantly below the
allowable limit of 1.0. The 4LJ-30-P configuration
exhibited a maximum UC of 0.50, whereas the 4LJ-30-X
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Frequency distribution of jacket substructures: (a) Mode 1; (b) Mode 2

configuration demonstrated improved structural efficiency,
with a lower maximum UC of 0.42. Stress distribution
analysis indicates that the Pratt braced system experiences
slightly higher peak stress utilization compared to the X-
bracing system. This difference is attributed to the
geometric redundancy and increased lateral stiffness of the
X-bracing configuration, which enhances load sharing
efficiency and reduces localized stress concentrations,
consistent with previous studies [42], [43].

3.4. Structural Performances under Environmental
Loads (env)

Figure 11 presents the directional displacement
responses of the 4LJ-30-P (a) and 4LJ-30-X (b) jacket
substructures subjected to extreme environmental loading
conditions. These results are derived from data summarized
in Table 6, which details the peak directional displacements
used to generate the comparative polar plots. The 4LJ-30-
P configuration exhibits anisotropic lateral behavior, with
peak displacements of approximately 1.90 cm in both
orthogonal directions (X and Y axes), leading to a resultant
displacement of 2.10 cm. In contrast, the 4LJ-30-X
configuration demonstrates a more isotropic response, with
lower and more uniformly distributed peak displacements
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of 1.50 cm in all directions, yielding a total displacement
of 1.80 cm.

These observations underscore the superior lateral
stiffness and geometric redundancy of the X-bracing
system, which facilitates more uniform load transfer and
better resilience against multidirectional environmental
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forces. Conversely, the Pratt braced system is more
vulnerable to loading aligned with its weaker axis, as it
lacks equivalent bidirectional stiffness. This comparison
emphasizes the critical influence of bracing topology on
offshore jacket substructure performance under complex,
multidirectional loading environments.

(a) (b)

Figure 10. Unity Check results showing maximum stress utilization for each structural component under extreme loading conditions for both bracing
systems: (a) 4LJ-30-P and (b) 4LJ-30-X

Table 5. UC Member Value

UCmax
Component (Dia.)
41.J-30-P 41J-30-X
HB (911) 0.14 0.15
VB (911) 0.16 0.42
LG (1500) 0.50 0.13
00
345°2.5 15°
330° 30°
315° @iB"
300°
285° _
==X -dir (cm)
270° e y-(ir (M)
5550 —o==total (cm)

240°
225°

210°
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Figure 11. Polar diagrams of the displacements: (a) 4LJ-30-P and (b) 4LJ-30-X

Table 6. Displacements Under Environmental Loading

Angle (deg) 4LJ-30-P (cm) 41J-30-X (cm)
0° 2.046 1.841
15° 2.065 1.832
30° 2.007 1.816
45° 1.994 1.798
60° 1.994 1.801
75° 2.010 1.826
90° 1.994 1.825

105° 1.974 1,805
120° 1.936 1.767
135° 1.920 1.750
150° 1.923 1.752
165° 1.950 1.778
180° 1.961 1.789
195° 1.943 1.767
210° 1.912 1.730
225° 1.907 1,723
240 1.925 1.745
255 1.967 1.794
270° 1.994 1.826
285° 1.989 1.822
300° 1.967 1.802
315° 1.966 1.801
330° 1.980 1.816

345< 2.013 1.848
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3.5. Structural Performances under Design Load
Cases (DLCs) + Environmental Loads (env)

The primary objective of this study is to determine the
critical directionality of jacket substructures under various
loading conditions. To achieve this, a detailed analysis was
conducted on each selected jacket substructure,
encompassing 288 individual cases. These cases include 24
distinct environmental load scenarios and 12 design load
conditions. Figure 12 illustrates the total displacement
responses of the jacket substructures under various
combined load cases (CBs), including environmental and
design load combinations, for both the Pratt and X-bracing
configurations. The structural responses are primarily
influenced by lateral forces and overturning moments in the
X and Y directions, which are crucial for offshore stability
assessments. Among the full set of CBs, the subset Env +
DLC 1, 2, 3,4,7,9, 10, 11, and 12 shows the largest
displacement magnitudes. The findings clearly show that
total displacements under combined load scenarios are
significantly higher than those from environmental loads
alone. This emphasizes the impact of operational and
accidental conditions, such as turbine start up, shutdown,
and faults, on structural deformation. The X-bracing
system consistently shows lower total displacements across
all CBs, confirming its superior lateral stiffness and ability
to reduce global deformations under multi axial loading.

As illustrated in Figure 12(a), the Pratt bracing
configuration exhibits a maximum displacement of

approximately 5.7 cm, with peak responses occurring at 90°

and 270< indicating high sensitivity to wave and current
loads aligned with the principal axis of the structure. In
contrast, the X-bracing configuration, shown in Figure
12(b), demonstrates a slightly lower maximum

Displacement (cm)

1

50 100 150 200

Environmental loading direction (°)

@
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displacement of 5.4 cm and a more uniform displacement
distribution across all directions. This behavior reflects
enhanced directional stiffness and improved resistance to
lateral loading. Nevertheless, peak displacements in the X-
bracing system still occur within the angular ranges of 90=
120<and 270=-285< corresponding to the dominant wave
and current loading directions.

Nevertheless, peak displacements in the X-braced
configuration still occur between 90120and 2702285<
corresponding to dominant wave and current loading
directions. From these findings, it is possible to identify the
critical regions where the highest structural responses
occur based on the directional loading. For the Pratt bracing
system, these critical directions are found within the ranges
of approximately 902120 “and 2702300 < whereas for the
X-bracing system, the critical ranges are narrower,
specifically between 105<=-120and 270=-285<

The results highlight the critical influence of bracing
configuration on the structural performance of offshore
jacket substructures under multidirectional environmental
loading. Key load cases such as CB1 and CB2, governed
by bending moments, and CB7, driven by horizontal forces,
demonstrate how directional loading impacts structural
response. The X-bracing system exhibits more uniform
displacement across all directions, indicating superior
lateral stiffness and effective load transfer. In contrast, the
Pratt braced configuration shows higher peak
displacements, particularly when loads are aligned with its
weaker axis, reflecting reduced resistance to lateral forces
in specific orientations. This anisotropic response indicates
lower lateral resistance and reduced dynamic efficiency for
the Pratt system under directional loading, underscoring the
need to select bracing systems for both strength and
uniform stiffness under offshore conditions.

=——&=— Environmental
<o Env+DLC 1
--®--Env+DLC 2
— & —Env+DLC 3
cecedpees Env +DLC 4
==#--Env+DLC 5
= & =LEnv+DLC 6
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Figure 12. Lateral displacement under combined loads: (a) 4LJ-30-P and (b) 4LJ-30-X

3.6. Comparison with Literature Results

To assess the reliability of the numerical model, the
results were compared with findings from earlier studies
focused on jacket type substructures supporting 3 MW
offshore wind turbines. The calculated natural periods for
the first two modes, ranging from 3.86 to 4.05 seconds, fall
well within the soft stiff design envelope and are in line
with those reported by Tran et al. [16], who evaluated the
directional bending behavior of similar four legged jacket
systems. In addition, the maximum horizontal
displacements obtained under combined environmental
loading 5.4 cm for the X-braced configuration and 5.7 cm
for the Pratt are comparable to the ranges presented in the
parametric evaluations by Tran and Lee [22], which
examined jacket substructures under realistic offshore
conditions. These comparisons are summarized in Table 7.
Taken together, these consistencies provide added
confidence in the model's accuracy and reinforce the
credibility of the structural conclusions drawn from this
study.

Table 7. Comparison of Key Structural Performance Parameters

Between This Study and Previous Literature on 3 MW Offshore Wind
Turbine Jacket Substructures

parameter This Study Tran et al. Tran & Lee
(4L3-30) (2021) [14]  (2022) [19]
Natural Period 3.86-4.05s 38-41s 3.7-41s

Max Displacement
(Combined Loads)

5.7 cm (Pratt),

5.4 cm (X) 52-58cm 51-59cm

3.7. Practical Assessment of Bracing Configurations
for Offshore Jackets

In addition to dynamic performance, practical
engineering considerations such as constructability, cost
efficiency, and long term maintenance play a crucial role in
the selection of bracing configurations for offshore jacket
structures. While the X-bracing system demonstrates

superior structural stiffness and dynamic stability [31], it
typically involves higher fabrication complexity due to
intersecting diagonal members, which require precision
welding and tighter geometric tolerances. In contrast, the
Pratt bracing configuration is often preferred in fabrication
yards for its simplicity and reduced labor demands, leading
to easier construction and potentially lower installation
costs [31].

Maintenance aspects must also be considered. The
overlapping geometry of X-bracing can limit access for
inspection and corrosion protection, potentially increasing
long term maintenance costs [44]. This aligns with recent
findings indicating that complex structural geometries can
escalate operational expenditures, particularly related to
inspection and recoating in harsh marine environments [45].
Therefore, from a practical perspective, the Pratt
configuration may offer a more balanced solution
delivering sufficient structural performance while reducing
construction and maintenance burdens. This balance is
especially valuable for emerging offshore wind markets
such as Indonesia.

4. Conclusions

This study evaluated the dynamic performance of
offshore wind turbine jacket substructures with Pratt and
X-bracing configurations. The X-braced jacket (4LJ-30-X)
demonstrated superior global stiffness, yielding 4-6%
higher natural frequencies and improved dynamic stability
compared to the Pratt configuration (4LJ-30-P). Although
both designs met safety standards (UC < 1.0), X-bracing
achieved a lower maximum utilization check (UC = 0.42)
than Pratt (UC = 0.50), indicating better stress distribution.
Under extreme and combined load cases, X-braced jackets
also exhibited slightly lower peak displacements (5.4 cm vs.
5.7 cm) and more uniform directional response.

The results confirm that the X-bracing configuration
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provides enhanced structural integrity and resilience,
making it a more suitable option for offshore wind turbine
applications in the North Java Sea. Strength assessments,
carried out in accordance with the Working Stress Design
(WSD) method as prescribed in the AISC 9th Edition,
indicate that all structural components in both bracing
configurations remain well within the allowable stress
limits, thereby ensuring compliance with established safety
criteria. These findings underscore the importance of
selecting an appropriate bracing system to optimize
structural performance and ensure the long-term reliability
of offshore wind turbine substructures, particularly under
the dynamic and demanding conditions of marine
environments. This highlights the importance of careful
consideration in bracing configuration design to enhance
both structural integrity and operational safety. The study
also contributes to supporting early-stage design decisions
by highlighting the trade-offs between structural efficiency
and constructability.

However, this research is subject to several limitations.
The numerical model is based on linear elastic analysis and
does not account for long term degradation effects such as
corrosion or fatigue. Soil structure interaction was also
simplified, and no experimental validation was performed
due to data constraints. These factors may influence actual
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performance and should be addressed in future work.
Future studies are recommended to include more advanced
non linear simulations, site specific soil modeling, and
fatigue analysis under long term cyclic loading.
Experimental validation and field monitoring of jacket
prototypes in tropical conditions would also enhance the
reliability of design recommendations derived from
numerical models.
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Nomenclature
Symbol Description Unit Symbol Description Unit
a Platform size m Meg Equivalent distributed mass m
b Horizontal brace distance per bay m MRNA Rotor-nacelle assembly mass kg/m
D Diameter of member mm Meq Equivalent modal mass ton
Diottom Tower bottom diameter cm My, My, M, Moment components ton
Dyop Tower top diameter cm Jox o o, oratt Natural frequency (X or Pratt config)  kNm
E Young’s modulus N/m= Trax Max wave period Hz
Elrper Tower bending stiffness Nm= Tinaxopt Operational wave period S
EI, Jacket bending stiffness Nm= uc Unity Check ratio S
5 Natural frequency of structure Hz o Batter angle of leg °
g Gravitational acceleration m/s=2 0 Angle between brace and leg °
h Vertical brace spacing m Gactual Actual stress °
hy Jacket height m Gallowable Allowable stress N/m=
Hmax Max wave height m ) Displacement under load N/m=
Himax,100 100-year max wave height m [0) Angle of internal friction cm
Keq Equivalent stiffness of structure kN/m Vi 1-year wind speed °
Kopratt Stiffness of Pratt-braced jacket kN/m Voo 100-year wind speed m/s
Kx Stiffness of X-braced jacket kN/m ® Wave frequency m/s
L Brace length m t Wall thickness of member rad/s
Liop Jacket top leg spacing m A Cross-sectional area mm
Lbottom Jacket bottom leg spacing m Kaxial Axial stiffness of brace m=2
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