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Abstract: Hybrid offshore platforms are complex structures that need to tolerate cyclic loads. These
loads occur when the turbine is working between cut-in and cut-out speeds and depend on the turbine’s
rotational speeds. However, selecting a proper soil for the structure to be secured in is very important
for the stability of the hybrid system. This study aimed to calculate the displacement of an integrated
offshore structure capable of supporting a hybrid assembly of one wind plus two tidal turbines under
cyclic loads. The monopile has been found to be a suitable foundation type, as the most inexpensive
solution in water depths less than 30 meters, for integrating both types of turbines. The deflection of
the structure was compared for different types of soil with finite element analysis. Several simulations
were conducted using OPTUM G3 software for calculating the stability of each type of soil in the
rotational speed range of turbines. The results enable determining the amount of deflection for each
soil type. The displacement range for soft clay is 0.0052 to 0.0098 m, and displacement is between
0.007 and 0.0158 m for medium sand. The minimum displacement of firm clay, which is 0.0115 meters
at 5 rpm, is higher than all minima of other soil types. Thus, soft clay and medium sand show more
stability, and firm clay is less stable in the rotational speed range of the turbines.
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1. Introduction

The pursuit of renewable energy worldwide has been driven by the increasing demand for
electricity and concerns about global warming caused by burning fossil fuels [1]. Offshore energy
sources such as wind, sea currents and waves have gained significant attention as means of harnessing
renewable energy [2].

Despite the sustainability benefits of offshore wind generation compared to onshore wind, the
cost of electricity from offshore wind remains high [3,4]. The generation of tidal energy is also
expensive [5]. This obstacle makes investment in tidal turbines difficult, as harsh water currents decrease
the design life; and at deep-sea levels, the foundation design is complicated [6]. To address these
challenges and increase power generation, a cost-effective approach involves using the same foundation
for both wind and tidal turbines, tapping into two different energy sources simultaneously [7]. However,
if a support structure is not correctly designed for offshore conditions, failure will be disastrous, and
the structure will be costly to replace. For this reason, foundations are an essential design consideration.
Several factors, including weather conditions, seabed geology, installation requirements and
compliance with environmental regulations, must be considered when choosing and designing a
foundation for a specific site [8].

Among various types of foundations, the monopile foundation has dominated the market due to
its simplicity and cost-effectiveness [9]. However, before designing a foundation, it is essential to
establish the soil profile associated with structure. Deformation is influenced by changes in effective
stress, and the strength of the soil is proportional to the effective stress [10]. Hence, it is necessary to
perform soil analysis under cyclic loads to determine maximum stability of foundation in the complex
ocean environments.

The loads exerted on offshore structures can be static, resulting from the weight of the
components, or cyclic/dynamic due to wind, wave, rotor frequency (1P) and blade-passing frequency
(2P/3P) loads [11]. Considering static and cyclic loads in structural design, the concept of a hybrid
pile foundation has emerged and been investigated in recent years [12]. A hybrid pile foundation
combines a traditional monopile with a shallow foundation, aiming to leverage the vertical load-
bearing advantages of a monopile while benefiting from additional horizontal and moment resistance
provided by the shallow foundation [13].

Several types of hybrid pile foundations have been extensively studied, including finned (or
winged) pile foundations [14], pile-footing foundations [15], pile-bucket (skirt) foundations [16] and
hybrids derived from these three types [17]. These hybrid foundations have been widely examined and
acknowledged for their superior resistance to static lateral loads and overturning moments, laying a
strong foundation for studying their cyclic response. For example, Peng et al. conducted 1 g tests
comparing the lateral displacement accumulation of monopile and finned piles after 10,000 load cycles,
demonstrating that fins can reduce pile displacement by at least 50% [14]. However, the benefits of
fins were not further felt as the fin size exceeded half the pile length. Similar comparisons have been
made by Bienen et al. through centrifuge tests, showing that finned piles exhibit stiffer initial load
responses and lower pile head deflections compared to monopiles [18].

Anastasopoulos and Theofilou conducted a 3D finite element analysis (FEA) to examine the lateral
response of pile-footing foundations, with a specific focus on their performance under environmental
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and seismic loading. The numerical results revealed that the long-term stability of the foundation would
be compromised by the combination of seismic loads and cyclic environmental loads [19]. Additionally,
Wang et al. performed centrifuge tests on pile-footing foundations in clay, indicating a stronger resistance
to cyclic loading for hybrid piles. However, the tests were limited to only 10 load cycles [13].

Based on the preceding information, the current research primarily emphasizes the static bearing
characteristics of hybrid pile foundations, with relatively less focus on their cyclic lateral response.
Yet, during the operational lifespan of hybrid turbines, the supporting foundation will experience
millions of load cycles due to blade rotation. Consequently, there is a lack of understanding regarding
the long-term interaction between hybrid foundations and the surrounding soil.

This study presents a finite element approach to investigate the cyclic lateral responses of
monopile and hybrid pile foundations, as well as their impacts on the surrounding soil. The pile and
hybrid foundations are simulated as continuous materials, while the soil foundation is represented by
discrete particles. First, the rotor frequency loads and their corresponding bending moments within the
rotational speed range are introduced, followed by a detailed explanation of the modeling process.
Subsequently, the simulation results are presented, focusing on the cyclic loads of the pile foundations
and the migration patterns of different soil types. Finally, the stress development of the soil mass
surrounding the pile foundation is analyzed to identify the soil type with lowest displacement.

2. Cyclic loads

The cyclic or dynamic loads affecting wind turbines arise from various sources, including wind,
wave, rotor frequency (1P) and blade-passing frequency (2P/3P) loads [11].

These primary cyclic and dynamic loads can be categorized as follows:

(a) Wind load: Generated by the wind's force on the blades and tower, wind load creates cyclic or
dynamic lateral forces at the hub level. The magnitude of these forces depends on the turbulence of
the wind at that specific location and the operational characteristics of the turbine.

(b) Wave load: Caused by waves colliding with the substructure, wave load varies based on factors
such as wave height, period and water depth.

For example, in a 3 MW wind turbine with a natural frequency of 0.3 Hz, any load with a
frequency higher than 0.06 Hz is considered dynamic. Consequently, a wave loading frequency of 0.1
Hz would be classified as dynamic.

(c) 1P load: Originating from the vibration of the hub due to rotor mass and aerodynamic
imbalances, the 1P load applies lateral forces and overturning moments. This load has a frequency
equivalent to the rotational frequency of the rotor and is known as 1P loading. Since most industrial
wind turbines are variable-speed machines, the 1P load encompasses a frequency band between the
lowest and highest RPMs.

(d) Blade-passing load (2P/3P): Caused by tower vibrations resulting from blade shadowing
effects, the blade-passing load has a frequency equivalent to three times the rotational frequency of the
turbine (3P) for three-bladed wind turbines or two times the rotational frequency (2P) for two-bladed
turbines. When turbine blades pass in front of the tower, the temporary shadowing effect reduces the
thrust on the tower, leading to differential loads on the tower. Figure 1 illustrates the shadowing effect
caused by two different blade configurations [20].
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To guarantee the safe functioning of wind turbines throughout their lifespan of 20-30 years, it is
crucial to estimate the initial dimensions of the foundation piles according to specific codes. These
codes include the IEC codes (IEC 2005; IEC 2019) [21, 22] and the DNV code DNV 2014 [23]. These
codes outline numerous load cases that may need to be analyzed. However, it is important to note that
not all of these cases are equally significant or applicable to offshore foundation design.
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Figure 1. Explanation of 3P loading [20].

3. Methods

The monopile has emerged as a favorable choice for foundations due to its cost-effectiveness and
widespread implementation in wind farm projects. It offers several advantages, including the ability to
be driven into the seabed, direct connection to the tower, simplicity in structure and its established
usage in wind farm projects [24]. In terms of integrating wind and tidal turbines, the monopile provides
a suitable foundation type. Figure 2 illustrates the offshore structure’s capability to support a hybrid
arrangement consisting of one wind turbine and two tidal turbines.

Design criteria specific to the wind turbine are presented in Table 1.

Figure 2. Schematic of a hybrid system consisting of wind and tidal turbines [25].
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Table 1. General information of wind turbine, Siemens SWT-3.6-107 Offshore 3.6 MW,
for the hybrid system [6,20,24,26].

Parameter Symbol Value Unit
Turbine power P 3.6 MW
Turbine rotational speed (Cut in/out) Uin/Uout 5-13 rpm
Operational wind speed range A% 4-25 m/s
Rated wind speed UuR 16.5 m/s
Mass of the nacelle (NA) MNA 125 tonnes
Hub height from mean sea level H 87 m
Density of tower, monopile and TP-S355 steel p 7860 kN/m?
Tower data

Top diameter Dy 3 m
Bottom diameter Dy 5 m
Weight my 255 tonnes
Tower height Ly 68 m
Wall thickness tr 0.027 m
Monopile data

Monopile Young’s modulus — S355 Steel Ep 200 GPa
Soil’s unit weight y 16 kN/m?
Soil’s internal friction ¢ 30 °
Monopile length Lp 60 m
Monopile diameter Dp 6 m
Monopile thickness tp 0.083 m
Monopile yield stress fyi 355 MPa
Monopile weight Wp 700 tonnes
Transition piece (TP) data

TP Young’s modulus — S355 Steel Erp 200 GPa
TP weight Wrp 300 t
Transition piece internal diameter Drp 6.16 m
Transition piece thickness trp 0.083 m
Transition piece length Ltp 29 m
Grout and TP combined thickness tg+ trp 0.15 m
Rotor and blade data

Turbine rotor diameter D 107 m
Swept area TSA 8992 m?
Mass of rotor + hub mg 100 tonnes
Rotor overhang b m
Blade root diameter Broot m
Blade tip chord length Biip 1 m
Blade length L 52 m

AIMS Geosciences
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The power curve of the Siemens SWT-3.6-107 wind turbine is depicted in Figure 3. This
particular turbine represents the latest model from Siemens in the multi-MW class, featuring variable
speed and pitch technology. Equation (1) presents the power equation for the wind turbine:
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Figure 3. The power curve of the Siemens SWT-3.6MW-107m Offshore wind turbine [27].
Design criteria specific to the tidal turbine are presented in Table 2.

Table 2. General information of tidal turbine, Atlantic Resources AR 2000, for the hybrid
system [20,24].

Parameter Symbol Value Unit
Turbine power P 2 MW
Turbine rotational speed (Cut in/out) Q 1-3.05 rpm
Operational tidal speed range A% 1-4.5 m/s
Turbine rotor diameter D 20 m
Height from the seabed Zs 25 m
Rotor swept area TSA 314 m?
Mass of two turbines m 300 tonnes

Figure 4 displays the power curve of the tidal turbine. This curve illustrates the power output of
the turbine under varying tidal conditions. Equation (2) presents the power equation that describes the
relationship between the power output of the tidal turbine and the relevant variables:

31.61
Priaat = 507529 1 o 21567

(2)
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Figure 4. The power curve of the AR2000 tidal turbine [27].

The differences in the pitch of the blades cause a mass imbalance and aerodynamic imbalance in
the rotor, which create cyclic loads in the structure which change with different rotational frequencies.
The magnitudes of the cyclic loads depend on the mass imbalance and rotational frequency values. A
straightforward approach is presented to estimate the fore-aft bending moment at the mudline resulting
from the mass imbalance. However, calculating the impact of blade pitch misalignment necessitates
additional input data and more advanced methodologies. The mass imbalance can be represented as an
additional lumped mass on the rotor, positioned at an azimuthal angle 8 from Blade | and at a distance
R from the hub’s center, as depicted in Figure 5. In this scenario, the imbalance is assumed to occur
on Blade I (6 = 0) [28].

Im=mR (3)

T,
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Figure 5. Model of the mass imbalance and loads exerted during operation. The fore-
aft mudline bending moment caused by the wind load and waves (assumed collinear)
is My, r~ [29].
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A typical value of mass imbalance for the rotor is needed to calculate Im. From previous studies
on a smaller wind turbine (2 MW Vestas V80), a mass imbalance in the range of 350 to 500 kg'-m was
used [30]. To estimate the imbalance value of the SWT-107-3.6 Siemens wind turbine, the assumption
is made that the value is proportional to both the mass and rotor diameter. To determine the ratios for
these factors, calculations are made based on the rotor specifications of the Vestas and Siemens turbines.
The Vestas rotor has a mass of 37.5 tonnes and a diameter of 80 m, while the Siemens rotor has a mass
of 95 tonnes and a diameter of 107 m. Using these values, the estimated imbalance value for the SWT-
107-3.6 turbine is then calculated as follows:

Mswr107 Dswrio7 _ 95

107
I =] ) ) 500.—.— =~ 1694 [kg -
m,SWT107 myso Mygo Dyso 37.5° 80 [kg - m]

A typical value of mass imbalance for V80 is for an average operational wind turbine. To provide
an upper limit estimate, one could consider a value of Im = 2000 kg-m [20]. For finding I,, ar2000, the
same estimation can be done to reach the total Im as below:

MARZOOO DARZOOO =5 30

20
I =] . . 0.—.— =100 [kg -
m,AR2000 my8o Mygq Dyso 37.5°80 [kg - m]

Im = ISWT107 . +21m,AR2000 - 2000 + 2 X 100 == 2200 [kg - m]

The centrifugal force at any given time can be computed using the centrifugal acceleration
formula a = RQ2 where Q represents the angular frequency, and f = Q/(2m) denotes the rotational
frequency. The lever arm associated with the centrifugal force Fct, denoted as the rotor overhang b (as
illustrated in Figure 5), is utilized to express the bending moment:

Fy=F =1P=ma = mRQ2= |mQZ:4TlI2|m1:2 (4)
My:MlP:Fx-b (5)

where the distance between the axis of the tower and the center of the hub (i.e., the rotor overhang)
isbh=4m.

In Figure 6, the rotational frequencies for a three-bladed Siemens 3.6 MW wind turbine are
illustrated. It has a rotational operating range of 5-13 RPM. The lowest rotational speed is 5 RPM,
equivalent to a frequency of 0.083 Hz (5 RPM =5 x 1/60 = 0.083 Hz), while the rated speed is 13
RPM, equivalent to a frequency of 0.216 Hz.
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Typical Frequency Diagram
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Figure 6. Frequency diagram for Siemens SWT-107-3.6 offshore wind turbine with an
operating rotational wind speed range between 5 and 13 rpm [20].

1P and M1p values are calculated as summarized in Table 3.

Table 3. 1P and Mip in the rotational speed range.

f (rpm) 1P (N) Mip (Nm)
5 598.33 2393.308
6 868.525 3158.273
7 1182.06 4298.41
8 1476.49 5369.064
9 1954.18 7106.1
10 2412.56 8527.33
11 2919.2 10614.95
12 3474.1 12633.1
13 4052.19 14735.24
4. Results

For the present analysis, an advanced approach involving methods such as finite element analysis,
discrete elements or finite differences is utilized. Figure 5 illustrates a comprehensive model of the
problem, offering the advantage of incorporating complex soil behavior. To ensure accurate
predictions of long-term performance, it is crucial to employ a suitable constitutive model capable of
replicating realistic soil behavior under cyclic or dynamic loading conditions. While simple
elastoplastic models like the Mohr-Coulomb model (based on a single yield surface without hardening),
the Cam-Clay model (based on isotropic hardening) and Lade’s model (based on two yield surfaces—
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isotropic and deviatoric loading) prove effective and efficient in simulating soil behavior under
monotonic conditions, they are not suitable for modeling cyclic loading. In such models, plastic
deformations typically occur beyond a certain loading threshold, often surpassing the magnitude of the
cycles. Consequently, the simulated soil behavior remains elastic below this threshold, which
contradicts experimental evidence, particularly for granular materials [20]. Therefore, the OPTUM G3
model is employed, taking into account the values provided in Tables 1, 2, and 3 as depicted in Figure
7. OPTUM G3 serves to represent different soil types for the foundation and examines how the specific
soil type impacts the stability of the hybrid system. Optum CE is a software package that offers fast
and user-friendly tools for the design of geotechnical and concrete structures. The software is
developed with a focus on providing advanced finite element analysis capabilities while ensuring
accessibility for engineering practitioners, including structural engineers, contractors and building
companies [26].
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Figure 7. Finite elements of a monopile and surrounding elastic medium [20].

Table 4 shows the parameters used by OPTUM for simulations.

The unit weight of a soil mass is the ratio of the total weight of soil to the total volume of soil.
The total mass of the structure after summarizing the weights of each element in Tables 1 and 2 is
1780 tonnes. Figure 8 shows how OPTUM G3 [26] is used to apply cyclic loads to the foundation.

After simulation by OPTUM, the results for different kinds of soils for different rotational speeds
are represented in Figures 9 to 14.

Several simulations were conducted for loose sand, medium sand, dense sand, soft clay, firm clay
and stiff clay in the rotational speed range of 5 to 13 rpm. After meshing of the model, the software
calculates the displacement of the foundation. The geometry after meshing and displacement for Loose
Sand-MC at 5 rpm is shown in Figure 9 as an example.
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Table 4. Geotechnical parameters used by OPTUM software for simulations.

Item Loose Sand- Medium Sand- Dense Sand-  Soft Clay-  Firm Clay-  Stiff Clay-
MC MC MC MC MC MC

Cohesion ¢ (kPa) 0 0 0 5 10 20

Friction angle ¢ (9 30 35 40 18 20 22

Soil Unit Weight y 16 18 20 19 20 21

(kN/m3)

Figure 8. Applying cyclic loads to the structure using OPTUM.

Max Stress : 1.211e+025 kPa | Max Moment : 1.748e+025 kNm/m | Max Membrane Force : 1.589e+025 kN/m | Load Multiplier- : 2.626e+026

AIMS Geosciences Volume 9, Issue 3, 513-527.
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Max Stress : 1.211e+025 kPa | Max Moment : 1.748e+025 kNm/m | Max Membrane Force N/m | Load Multiplier: : 2.626€+026

Figure 9. The geometry after meshing (top) and displacement (bottom) for Loose Sand-
MC at =5 rpm.

Figure 10 summarizes the results of displacement for soils in the operating rotational range.
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Figure 10. The displacement of hybrid wind and tidal turbines structure within operating
rotational range 5-13 rpm for different soils.

5. Conclusions
The acting loads are transferred to the foundation. They can be static depending on the total
weight of structure. They were calculated and analyzed with OPTUM G3 software for dynamic (cyclic)

combined wind and wave loads.
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The acceptability of foundation design depends on the stability of the structure under loads. From
applying cyclic loads for different soils, the following can be understood:

e The maximum displacement can be seen for firm clay with 0.0422 meters for 6, 9, 11, 12 and
13 rpm. Even minimum displacement of firm clay, which is 0.0115 meters for 5 rpm, is higher than all
minima of other soil types. So, clearly, firm clay is not a suitable soil considering this differential range.

e While minimum displacement occurs at 12 rpm for stiff clay soil (0.0025 m), the displacement
values for soft clay and medium sand are less in the operating rotational range compared to others. The
displacement range for soft clay is between 0.0052 and 0.0098 m, and it is between 0.007 to 0.0158 m
for medium sand.

e The displacement of soft clay starts at 0.0052 m at 5 rpm, and then it works constantly at
0.0098 m for other rpms. This value is much less than displacements happening for firm clay, dense
sand and loose sand soils. The only exceptions are for dense sand at 8 rpm (0.0098 m) and loose sand
at 9 rpm (0.009 m). Having a stable displacement can be an advantage for using soft clay.

The future work in this aspect can be estimating the the displacement of structures for different
soils for vertical (deadweight) loads.
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