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A comparison study was conducted between a conventional four-legged and a newly-developed three-legged bottom fixed
jacket substructure for offshore wind applications. Fatigue (FLS) and ultimate limit state (ULS) analyses were performed, and
results show that the three-legged concept is feasible as an interesting alternative to the four-legged design, while potentially
more cost-efficient, with a 17-percent reduction of structural mass and a 25-percent reduction in the number of welded joints.
Further analyses were carried out to evaluate the sensitivity of the dynamic performance with respect to different load cases,
loading directionality, and wind-wave misalignment effects. Results show that both designs are highly susceptible to the
change-of-load direction, therefore recommending a finer incident angle resolution (a gap of 15 degrees or less) to be used in
the analysis. The overall wind-wave misalignment effect is comparably smaller, but could contribute to a significant impact if
the joints are close to being critical.

INTRODUCTION

Offshore wind energy has become a hot topic in the renewables
energy industry recently, as people are looking at tapping into the
richer wind resource in the offshore area, which could provide an
alternative, green power supply to populated cities mainly in the
coastal region, without affecting the human habitat onshore. The
global-installed offshore wind capacity has attained 5.12 GW at the
end of 2012, making up 1.8 percent of the global wind capacity,
with another 25 projects of 4.82 GW capacities under construction
(BTM Consult ApS, 2013). Most of these projects are deployed in
shallow-water regions, with less than 30-m water depth, and a lot
of research and development is ongoing to study installation at
greater water depths, as well as further away from shore. However,
this poses great challenges, not only in the technical and practical
aspects, but also in the viability of the overall technology to lower
the cost of energy in the current, highly-competitive energy market.

Being one of the main cost components in a typical offshore
wind project, the substructure cost generally increases with the
water depth, due to the complexity of the structural design and
manufacturing process, as well as the additional material cost
(Dolan, 2004; Musial and Ram, 2010). In the UpWind European
project, a number of support structure concepts were investigated.
The jacket substructure concept seems to perform very well in
the transition-water depth due to its comparably lighter structural
mass, while exhibiting higher transparency to the wave loading,
greater structural stiffness, and lower soil dependency (de Vries,
2011). Currently, almost all of the jacket substructures used in

*ISOPE Member.
Received December 4, 2013; updated and further revised manuscript received

by the editors February 17, 2014. The original version (prior to the
final updated and revised manuscript) was presented at the Twenty-third
International Offshore and Polar Engineering Conference (ISOPE-2013),
Anchorage, Alaska, USA, June 30–July 5, 2013.

KEY WORDS: Offshore wind energy, support structure, jacket, structural
optimization, limit state analyses.

the offshore wind industry consist of four legs, even though
the three-legged concept is widely used in the offshore oil and
gas industry. De Vries (2011) presented a preliminary study of
an unconventional three-legged jacket substructure model, and
highlighted its potential competitive advantage (in the structural
mass requirement) over the four-legged jacket. Investigations were
also conducted using simplified load cases, showing that the three-
legged jacket substructure can be, in principle, more cost-efficient
than the four-legged design by using less structural mass and a
smaller number of welded joints (Chew et al., 2013). However,
high fatigue loading is expected at the leg joints in return, and the
structural performance of a three-legged jacket is highly susceptible
to load changes. Therefore, the three-legged jacket design needs to
be studied and developed further under a more comprehensive set
of design load cases.

This paper presents an iterative optimization approach utilized in
designing a three-legged jacket substructure, followed by detailed
dynamic and stability assessments of the design in comparison to
the reference four-legged jacket substructure. Further investigations
were performed of both designs subject to a number of design
drivers, and the response sensitivity and characteristics are analyzed
and discussed.

DEFINITION OF WIND TURBINE SYSTEM

The reference wind turbine model used in this study is adapted
from the National Renewable Energy Laboratory (NREL) 5 MW
baseline turbine used within the IEA Task 30 OC4 project (Vorpahl
et al., 2011). It is an upwind three-bladed turbine of hub height
90.55 m and rotor (hub) diameter 126 m (3 m), with variable speed
and collective pitch control, mounted on the support structure
system. The cut-in Vin, rated Vr , and cut-out Vout wind speeds of
the turbine are 3 m/s, 11.4 m/s, and 25 m/s, respectively (Jonkman
et al., 2009). The support structure consists of a tower, a concrete
transition piece, a jacket substructure, and four pile members (de
Vries, 2011). The details of the reference jacket substructure are
summarized in Fig. 1.
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Fig. 1 Properties of jacket members for the reference structure,
adapted from Vorpahl et al. (2011)

In the three-legged model, the wind turbine and tower systems
remain the same as for the four-legged model, with some modifica-
tions of the transition piece and jacket substructure. The transition
piece was reconfigured into an equilateral triangular prism with
side length of 11.78 m and height of 4 m. It weighs 434.13 tons.
The jacket substructure maintained four levels of X-braces and a
mud-brace, with respective sectional height being identical to the
reference model (Fig. 2). The base radius was set to 8.45 m. The
leg slope, i.e., the angle between the leg and horizontal plane, was
held constant at 87.35 degrees for all sections. The substructures

Fig. 2 Definition of four-legged and three-legged jacket
substructures

were designed in accordance with international codes and standards
that follow the Load and Resistance Factor Design (LRFD) method
(DNV, 2011a; Standards Norway, 2004).

DEFINITION OF DESIGN DRIVERS

The three main design drivers that were investigated are the load
cases, the loading directionality, and the wind-wave misalignment.
The design is based on environmental conditions encountered at
the K13 deep-water site (50-m water depth), as used within the
Upwind project (Fischer et al., 2010). The environmental data
were obtained from the K13 platform at the Dutch North Sea for a
period of 22 years. The load cases were adapted from the design
load cases (DLC) used in the final design phase of the reference
support structure, as shown in Table 1 (Vemula, 2010).

In the Fatigue Limit State (FLS) load analysis, a reduced lumped
scatter diagram was used (Table 2). The mean wind speed V ,
longitudinal turbulence intensity TI (ratio of standard deviation to
mean wind speed), significant wave height Hs, and corresponding
wave peak spectral period Tp were lumped into bins by using the
damage equivalent method. Meanwhile, in the Ultimate Limit
State (ULS) load analysis, the extreme wind and wave conditions
were as indicated in Table 3. Both analyses modeled the wind and
waves as three-dimensional turbulent fields according to the von
Kaimal spectral model, and as irregular waves according to the
JONSWAP wave spectrum, respectively. The simulations were
performed according to the IEC 61400-3 standard on the fully-
flexible offshore wind turbine (OWT), which was subject to wind,
wave, and current loads (IEC, 2009).

The dynamic response of the jacket substructures was studied
when the wind-wave loading directions were varied. The three-
legged substructure is a triad (C3) with rotational symmetry of
120 degrees, while the four-legged substructure is a tetrad (C4)
with rotational symmetry of 90 degrees. During the simulations,
co-directional coupled wind-wave loads (i.e., with 0 degree mis-
alignment) were applied, while the incident angle was varied

DLC Description Type

DLC 1.2 Power production FLS
DLC 1.6 Power production in 50 year sea state ULS
DLC 6.1a Idling in 50 year wind and sea state ULS
DLC 6.4 Idling FLS

Table 1 Design load cases used, adapted from Vemula (2010)

Wind conditions Wave conditions Occurrence

V [m/s] TI 6%7 Hs [m] Tp [s] Hours/Year

2.0 29.2 1.07 6.03 43403
4.0 20.4 1.10 5.88 87407
6.0 17.5 1.18 5.76 99208
8.0 16.0 1.31 5.67 118108
10.0 15.2 1.48 5.74 107603
12.0 14.6 1.70 5.88 113702
14.0 14.2 1.91 6.07 87506
16.0 13.9 2.19 6.37 76407
18.0 13.6 2.47 6.71 50103
20.0 13.4 2.76 6.99 33600
22.0 13.3 3.09 7.40 28904
24.0 13.1 3.42 7.80 13004
30.0 11.8 4.46 8.86 14900

Table 2 Lumped scatter diagram for DLC 1.2 and DLC 6.4,
adapted from Vemula (2010)
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Parameter [Unit] Description Value

Hs150 [m] Significant wave height 9040
in 50 yr returning period

Hmax150 [m] Maximum wave height 17048
in 50 yr returning period

V50 [m/s] Mean wind speed in 50 yr 42073
returning period

U50 [m/s] Current speed in 50 yr 1020
returning period

Table 3 Extreme wind and wave conditions, adapted from Fischer
et al. (2010)

Fig. 3 Rotational variation of wind-wave incident angles

in steps of 15 degrees with respect to location S2 of the jacket
structure, as shown in Fig. 3a and Figs. 3b-i to 3b-vi.

A misalignment study was performed that compared the sensitiv-
ity of the structural response to misaligned wind-wave loading. The
misalignment angles were varied from 0 degree to 180 degrees in
steps of 30 degrees, as indicated in Fig. 3b-vii.

METHODOLOGY

Structural Optimization of Three-legged Jacket Model

The objective of the structural optimization was to seek an
optimal design solution for the three-legged jacket substructure
that minimizes the material mass requirement, while attaining the
required design static, dynamic, and eigenanalysis performances.
The dynamic performances were gauged by the FLS and ULS
assessments of the structures. The process was conducted iteratively,
as illustrated in Fig. 4.

Fig. 4 Iterative approach used in the structural optimization process

Steps 1 and 2 were carried out by using FEDEM Windpower
software developed by Fedem Technology AS in Trondheim,
Norway (http://www.fedem.com/). The turbine blades, tower, jacket
substructure, and pile members were modeled by using flexible
linear beam elements, while the transition piece was modeled as
a rigid body. As for the soil-pile interaction, nonlinear springs
were used. The stiffness properties were obtained from the lateral
load-deflection (p-y), axial load-deflection (t-z), and tip load-
displacement (Q-z) curves (API, 1993) calculated from the soft
soil design parameters defined in the UpWind project (Vemula,
2010). The soft soil profile was selected as it caused the largest
utilization of the jacket and pile as compared to the hard soil (de
Vries, 2011). Moreover, each simulation was run for 660 seconds
at the time-step of 0.01 second, and the first 60-second result
was discarded to allow the transient effect to decay sufficiently.
The solver outputs member axial force, in-plane bending moment,
out-of-plane bending moment, shear forces, and torsion for each
node in the form of a time series.

In Step 3, the hot spot stress (HSS) was calculated based on the
Recommended Practice DNV-RP-C203 (Fatigue Design of Offshore
Steel Structures). A total number of eight hot spot stresses were
computed by using superposition of axial action and bending stresses
at eight spots around the circumference of the intersection (DNV,
2011b), as in a previous optimization study (Zwick et al., 2012).
This procedure was applied to brace-to-leg connections for Y-, T-
and K-joints, as well as to brace-to-brace connections for X-joints.
The stress concentration factor (SCF) equations of the tubular joints
were taken from Appendix B of the Recommended Practice.

In Step 4, the ULS analysis, structural yield stress check, and
column buckling assessment were performed. The partial safety
factor format was used to assess the integrity and stability of the
structure (IEC, 2009). In the yield stress check, the Von Mises
stress was calculated and compared against the material yield
strength at the joints, along with the appropriate safety factors
(IEC, 2005), according to:

�f�vm ≤
1

�n�m

fy (1)
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where �vm is the Von Mises stress, fy is the material yield strength,
and �f , �m, and �n are the partial safety factors for load, material,
and consequence of failure, respectively. The ratio of the left-
hand term over the right-hand term in Eq. 1 is known as the
ULS utilization ratio. The column-buckling mode of the jacket
structure was studied according to the Recommended Practice
DNV-RP-C202: Buckling Strength of Shells (DNV, 2010). The
column buckling strength was first assessed by Eq. 2 (given below)
to see if the column falls into the buckling zone:

(

kLc

ic

)2

≥ 205
E

fy
(2)

where k is the effective length factor; ic and Lc are the radius
of gyration and length of the cylinder, respectively; and fy and
E are the yield strength and Young’s modulus of the material,
respectively. When the column buckling strength is sufficiently
large, the column will ultimately fail due to material yield, i.e., the
column will be crushed in compression before buckling occurs. In
addition, the overall column buckling analysis ought to consider
the local buckling interaction due to the second-order effect of
axial compression, which changes the stress distribution computed
from linear theory. The column buckling resulting from combined
axial compression, bending, and circumferential compression loads
was evaluated by using Eq. 3:
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where �a01Sd , �m11Sd , and �m21Sd are the design axial compression
stress, design in-plane bending stress, and design out-of-plane
bending stress, respectively, while fakd , fkcd , and fE are the design
local buckling strength, design column buckling strength, and Euler
buckling strength, respectively. The left-hand term in Eq. 3 is
known as the buckling utilization ratio.

In Step 5, the FLS analysis and rainflow counting were per-
formed on the HSS of the nodes in the time domain to determine
the effective number of stress cycles (Ariduru, 2004). This was
followed by applying Palmgren-Miner’s rule, which assumes a
linear accumulation of the damage relative to the stress signal of a
particular range; summing the discrete damage corresponding to
the S-N curve gives the total accumulated damage (DNV, 2011b).
The FLS design criterion states the following:

I
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where ā is the intercept of the design S-N curve with log N axis;
m is the negative inverse slope of the S-N curve; ã�i1HSS is the
constant stress range block of HSS; ni is the number of stress
cycles in stress block i; I is the total number of stress blocks; �
is the usage factor; and t, tref , and k are the member thickness,
reference thickness, and thickness exponent, respectively. The ratio
of the left-hand term over the right-hand term in Eq. 4 is known as
the FLS utilization ratio.

Subsequently, the three-legged model was put through a process
to ascertain that both ULS and FLS requirements were satisfied
(Step 7). Only when both criteria were satisfied were the results
output as benchmarks (Step 9); otherwise, further iterations were
carried out (Steps 10–11). The optimization was carried out for
outer diameter ratios between 0.5 and 1.1, varied in steps of 0.1,
while the D/t was constrained between 20 and 60. The design
parameters of the study were defined in Chew et al. (2013).

Fig. 5 Schematic diagram illustrating the wind-wave excitation
frequency zone and the allowable frequency range for structural
natural frequencies, adapted from de Vries (2011)

Eigenanalysis

The support structure should be designed to exhibit natural
frequencies that do not fall into the range of excitation frequencies
imposed by wind and wave loading. This is important in order
to avoid resonance that is able to create large dynamic structural
responses, thereby reducing the fatigue lifetime. In the normal sea
state, the relatively short waves with significant wave height Hs of
about 1 m to 1.5 m and zero-crossing period Tz of around 4 s to 5 s
have the greatest effect due to their high probability of occurrence
(de Vries, 2011). On the other hand, excitation by the wind,
driven by the rotor rotational frequencies (1P) and blade-passing
frequencies (3P), is to be avoided. Additional safety margins of 10
percent around the minimum (6.9 rpm) and maximum (12.1 rpm)
rotor speed of the baseline turbine were taken; therefore, the safe
interval for the first-mode natural frequencies lay between 0.222 Hz
to 0.311 Hz, and for the higher modes lay beyond 0.666 Hz, which
is the upper boundary of the 3P excitation range (Fig. 5) (Fischer
et al., 2010).

RESULTS AND DISCUSSION

Structural Optimization of Three-legged Jacket Model

In the iterative optimization process, a number of three-legged
jacket substructure designs with reduced mass were obtained.
One exemplary design configuration will be considered below. Its
parameters are shown in Fig. 6. The outer diameters of leg and

Fig. 6 Member properties of the optimized three-legged jacket
substructure
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Fig. 7 FLS analysis of three-legged jacket substructure (DLC 1.2
and 6.4)

brace members are smaller than for the reference model, which is
compensated by the increased member thicknesses (decrease in D/t
ratio). The overall jacket mass is 561 tons, resulting in the saving
of 17 percent of material required. In addition, the number of joints
in the three-legged model is 48 (18 K-joints, 12 X-joints, and 18 Y-
or T-joints), as compared to 64 (24 K-joints, 16 X-joints, and 24
Y- or T-joints) in the four-legged model. The number of joints is
correlated to the time needed for welding, which results in a part
of the production cost. Unlike the reference jacket design that was
constrained by DLC 6.1a in the UpWind project (de Vries, 2011),
the governing load case in the three-legged model was DLC 1.2.

Fatigue Limit State Analysis. Figure 7 shows the FLS assessment
of the optimized three-legged jacket structure, under combined DLC
1.2 and 6.4, when the loads were applied at 30-degree incident
angle. The leg joint at the mud-braces experienced a much higher
utilization, which barely reached above the maximum allowable
utilization ratio, giving a service life of approximately 20 years.

Ultimate Limit State Analysis. Figure 8 shows the ULS assess-
ment of the three-legged jacket substructure design under DLC 6.1a,
when the loads were applied at 0-degree incident angle. Generally,
higher ultimate stresses were found at the bottom joints, due to the
stronger base shear and overturning moment. The highest utilization
occurred at the brace side of bottom K-joints, with a value of 0.57.

Stability Assessment. During the optimization process, the mem-
bers’ outer diameters were generally reduced while the thicknesses
were increased in order to maintain the structural integrity. Since
the change in outer diameter has a higher degree of influence on

Fig. 8 ULS analysis of three-legged jacket substructure (DLC 6.1a)

Fig. 9 Stability assessment of three-legged jacket substructure
(DLC 6.1a)

the member’s radius of gyration, as compared to the member thick-
ness, the slenderness ratio of the column may deteriorate during
iterations, thereby exposing the column to the buckling risk. In this
study, the three mud-braces of the three-legged design fell into the
column-buckling zone, according to Eq. 2. However, results show
that all members in the structures were stable. Figure 9 depicts the
stability assessment of the three-legged jacket when subjected to
the extreme load case DLC 6.1a. The highest buckling utilization
ratio of 0.30 was obtained at the leg side of the bottom K-joint,
and was well below the critical bound of 1.0.

Eigenanalysis. While the natural frequencies are heavily influ-
enced by the mass and stiffness properties of the structures, any
external factor such as material corrosion, marine growth, entrain-
ment of water in the members, etc., can affect them. In this study,
the substructures were assessed under both a “rigid foundation”
and a “stiff foundation” condition. The natural frequencies for both
“rigid foundation” and “stiff foundation” are conservative, since
additional nonstructural mass such as due to marine growth and
appurtenances (anodes, boat landing, etc.) will diminish moderately
the natural frequencies of the jacket structure. “Rigid foundation”
is the stiffest configuration, where the foundations were modeled
by rigidly clamping the structure to the ground, with the jacket
legs flooded, and without consideration of corrosion and marine
growth. On the other hand, the “stiff foundation” accounted for the
soil-pile interaction, while retaining the other stiffness contributing
factors, which are the same as for the “rigid” foundation. Both
foundation models were used for the original UpWind design and
are therefore included here for comparison purposes.

In Table 4, the natural frequencies of the 1st tower fore-aft and
1st tower side-to-side modes of the four-legged models are slightly
higher than the 3P lower boundary (0.311 Hz), while the natural
frequencies of the higher modes are safely beyond the 3P upper
boundary for the “rigid foundation.” However, the 1st mode natural
frequencies fall within the design frequency range under the more
realistic “stiff foundation” configuration.

In the design of the three-legged jacket substructure, the natural
frequency range was heavily influenced by the jacket configuration,
such as its base radius, the number of brace sections, the sectional
height, etc. Under the selected base radius, the results show that the
1st and higher-mode natural frequencies of the three-legged jacket
substructures considered were outside of the excitation frequencies
interval. Generally, the 1st and 2nd mode natural frequencies drop
when considering soil-pile interaction, as it provides structural
flexibility to the system.
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Natural frequencies [Hz]

Reference jacket Three-legged jacket

Tower Rigid Stiff Rigid Stiff
Mode foundation foundation foundation foundation

1st mode tower 0.315 0.296 0.281 0.267
side-to-side

1st mode tower 0.316 0.296 0.280 0.267
fore-aft

2nd mode tower 1.298 0.871 1.305 1.159
side-to-side

2nd mode tower 1.212 0.982 1.204 1.079
fore-aft

Table 4 Natural frequencies of jacket substructures

Fig. 10 Maximum ULS utilization ratio under different design load
cases (DLC 1.6)

Parametric Study of Three-legged Model

Load Cases. In DLC 1.6, the support structure was analyzed
when the turbine was operating in normal turbulent wind (DLC 1.6a:
008Vr; 1.6b: Vr; 1.6c: 102Vr; 1.6d: Vout), which was coupled with
the same severe sea-state condition. Figure 10 depicts the variation
of the ULS utilization ratio under changes of the wind speed.
All member joints exhibited the same performance pattern when
the wind speed increased. When the wind turbine was operating
between 008Vr and Vr (zone I of the power curve), the turbine was
running at the maximum efficiency for power extraction. As the
wind speed increased, more load was transferred to the support
structure and eventually reached a maximum at Vr. Beyond Vr

(zone III of the power curve), the turbine blades pitched to maintain
the maximal-possible power extraction, which reduced the thrust
load on the turbine. Therefore, it can be observed that the structural
utilization ratio decreases with increasing wind speed in this range.

Although the three-legged model is more sensitive to load
changes, the highest coefficient of variance (COV) for the structural
performance of this model is 11.6 percent, which is only slightly
higher than the COV for the reference jacket model (9.3 percent).

Loading Directionality. In the loading directionality parametric
study, the performance of the jacket substructures was analyzed
when the load incident angle was changed in both fatigue and
ultimate load cases. Figure 11 shows the structural performance for
fatigue loads (combined DLC 1.2 and 6.4) versus load incident

(a)

(b)

Fig. 11 Normalized FLS utilization ratio of (a) four-legged and
(b) three-legged jacket substructures under different load incident
angles (DLC 1.2 and 6.4)

angle. The four-legged jacket substructure responded with the
highest utilization at 0 degree and 90 degrees, and with the least
utilization at 45 degrees, for all joints (Fig. 11a). In contrast, in
the three-legged model, different joint types behaved differently.
The utilization of the leg members peaked at 30 degrees and
90 degrees, while it dipped at 0 degree and 120 degrees (Fig. 11b).
As for the braces, the X- and K-/T-joints exhibited the opposite
pattern. Despite the fact that the X-braces showed the greatest FLS
variation, up to 150% times greater than the mean FLS value, the
performance of the legs was more critical since they contributed to
a much higher utilization ratio (Fig. 7).

Figure 12 illustrates the structural performance against the
ultimate wind and sea states (DLC 6.1a) with respect to incident
angle. In the four-legged jacket, joints of all members followed
the same pattern and performed best at diagonal (45 degrees)
incident angle (Fig. 12a). Meanwhile, the three-legged jacket
substructure exhibited different utilization patterns for various
member components. At some incident angles, the braces became
the weakest joints instead of the leg joints, for instance, between
45 degrees and 90 degrees (Fig. 12b).

The variation of structural performance with loading angle was
heavily influenced by the jacket configuration (e.g., the number of
legs), as well as the load pattern (i.e., load class, operation mode,
etc.). Generally, the pile capacity and structural integrity are the
lowest in the diagonal direction for four-legged structures, e.g.,
Fig. 3b-iv, and in the direction perpendicular to the side for three-
legged structures, e.g., Figs. 3a–i and 3a–v. Unlike for offshore oil
and gas structures, offshore wind support structures experience
comparably larger wind loads from the turbine in both operating and
idling conditions. The wind load pattern is governed by the blade
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(a)

(b)

Fig. 12 Maximum ULS utilization ratio of (a) four-legged and
(b) three-legged jacket substructures under different load incident
angles (DLC 6.1a)

pitching angle (in turn, the angle of attack on the turbine blade),
which causes different levels of shear force and fore-aft bending
moments due to thrust loading, and side-to-side bending moments
due to the edgewise bending of the blade. For instance, when the
four-legged jacket is subjected to DLC 1.6b (Fig. 13), the support
structure experiences higher fore-aft overturning moments than
side-to-side moments, due to operation at wind speed Vr and the
severe sea state. As for DLC 6.1a (Fig. 12a), the support structure
exhibits relatively balanced overturning moments in fore-aft and
side-to-side directions. Therefore, the leg joints of the four-legged
jacket yield the best ULS capacity (lowest utilization ratio) at about

Fig. 13 Maximum ULS utilization ratio of four-legged structure
under different load incident angles (DLC 1.6b)

Fig. 14 Coefficient of variation for ULS utilization ratio along the
joint locations at both jacket substructures

60 degrees in DLC 1.6b and at 45 degrees in DLC 6.1a. These
angles correspond to the direction in which the net overturning
moment is pointing perpendicularly to the sides of the structure.

It is clearly important to ensure that a sufficient resolution of
incident angle is used in studying the load directionality effect.
A minimum gap of 15 degrees is recommended for both three-
legged and four-legged jackets. Besides, there is no clear indication
whether a three-legged or four-legged jacket substructure is more
susceptible to directional variation of the loading, despite the
general belief that the situation should be more favorable for the
four-legged model. This information can be used to exploit a
strategic wind turbine installation arrangement that may result in
decreased dynamic response, depending on the site.

Wind-Wave Misalignment. The coefficient of variation of the
ULS utilization ratio (DLC 6.1a) under various misalignment angles
is plotted for the joint locations along the jacket height in Fig. 14.
The wind load was applied at 0-degree incident angle for both
four-legged and three-legged jackets (weakest configuration in
directionality assessment), while the wave direction was varying
from 0 to 180 degrees.

The overall wind-wave misalignment effect is smaller than the
loading directionality effect; however, it is capable of contributing
a considerable effect if the joints are close to being critical. In this
case, the three-legged jacket substructure shows an advantage due
to the fairly safe utilization in DLC 6.1a (Fig. 12b). Meanwhile,
for the reference jacket, since the weakest joint against the extreme
loading occurred at the X-joint of the lowest section, precaution
should be given to ensure that the structure is designed against the
wind-wave misalignment effect (Fig. 12a).

CONCLUSIONS

We presented the results of a structural optimization of jacket
substructures for OWT applications and a parametric study of the
jacket response, comparing three-legged and four-legged jacket sub-
structures. The analyses were carried out by using a comprehensive
set of design load cases (DLC 1.2, 1.6, 6.1a, and 6.4) based on the
UpWind project. The results showed that the three-legged jacket
substructure can be a more cost-efficient support structure design in
the transition water depth, as it reduces approximately 17 percent
of the structural mass requirement, as well as featuring a 25-percent
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reduction in the number of welded joints. The jacket joints also
fulfilled all the design FLS and ULS requirements, while the leg
side of the mud-brace joint was found to be the critical joint in the
design process. Besides, the results also showed that the members
were not exposed to column buckling failure, although some of the
members were in the column-buckling zone. In the eigenanalysis,
the natural frequencies of the design jacket models were within the
safe operating limits, away from resonance conditions.

Meanwhile, the parametric studies conducted gave an overview
of the sensitivity of the FLS and ULS performance with respect to
the selected design drivers. Our findings showed that, despite being
more sensitive to load changes, the three-legged jacket can be
designed in such a manner that the structure performs similarly to
the four-legged model under the most relevant load cases. However,
both three-legged and four-legged jackets were shown to be prone
to loading directionality effects. The governing factors depend
not only on the jacket configuration (e.g., number of legs), but
also on the loading pattern (i.e., load class, operation mode, etc.).
In fact, finer incident angle resolution (e.g., a gap of 15 degrees
or less) should be used in the analysis to sufficiently capture the
effect that load directionality has on the structure. Although the
wind-wave misalignment has a smaller effect, it may be significant,
particularly for joints close to being critical.
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