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2. Renewable Energy
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Fig. 1. Example of monopile used in Gode offshore wind farm
in Germany
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7. Floating Foundation

8. Soil-Structure Interaction (SSI)
9. Wang

10 .Yu

11. Hybrid Monopile
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1. Offshore Wind Turbines (OWT)
2. Ocean Currents

3. Gravity Based

4. Jacket

5. Tripod

6. Monopile
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Monopile under monotonic
lateral loads (Carbonate
soil) [31]

Table 1. The research done by Moradi et. al.
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Title Researcher No.
Monopile under monotonic Shirzadeh 1
lateral loads [25]
Monopile under monotonic .
lateral loads [26] Khodai 2
Monopile under cyclic .
lateral loads [26] Jomehri 3
Monopile under cyclic o
lateral loads [27] Shahidikhah 4
Monopile under cyclic S
lateral loads[28] Darvishi 3
Monopile under cyclic
lateral loads [29] Khamsch 6
Monopile under monotonic
lateral loads (Carbonate Memari 7

soil) [30]
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Value Sign Parameter No.
0.874 €max Maximum void ratio 1
0.574 €min Minimum void ratio 2
2.65 Gs Specific gravity 3
0.27 Dso Mean particle size (mm) 4
1.569 rd Dry density (gr/cm?) 5
33 f Friction angle (deg) 6
0 c Cohesion (kPa) 7
Table 2. Properties of Firoozkooh sand No. 161
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Fig. 4. Particle distribution of Firoozkooh sand No. 161
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Scale Factor Sign Parameter No.

A X Length 1

A m Mass 2

A% t Time 3
03 v Frequency 4

1 u Acceleration 5

A u Displacement 6

Table 3. Scaling laws reported by lai
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Fig. 3. Soil box of modeling
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Parameter Prototype Model
Material Steel Propylene
Modulus of elasticity (GPa) 210 1.5
Length (m) 60 0.6
Diameter (m) 3 0.025
Thickness (mm) 30 4.6
Lumped mass (kg) 200000 0.2
Natural frequency (Hz) 0.37 5.5

Table 5. Properties of superstructure in prototype and model
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4. Accelerometer (ACC)
5. Pore Water Pressure Transducer (PWP)
6. Linear Variable Differential Transformer (LVDT)
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Model Prototype Parameter No.

PVC Steel Material 1
Modulus of 2

1.5 210

elasticity (GPa)

0.3 30 Driven length (m) 3
0.04 4 Diameter (m) 4
1.8 40 Thickness (mm) 5

Table 4. Properties of monopile in prototype and model
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1. Prototype
2 .Horns Revl
3. Dry Deposition Method
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Table 5. Tests program in saturated and dry conditions

@Y o g om Y

2o ool lags Gl b L odal, o
Bkl SusaS Ol el sl ) Sl s n 5 hlsise
Slogis Coeal 51y eslas,y 5ol Sl i
Sl bt 5l ol sl gy 4 a3l 3 ol Sl 55
5SS R Sl U s e et e el
Syhir s n oSSR s Sl 5 el Lyl 3 ooees

oilesy 5 Sl glag¥ ks -\ -F

Sls bbbl s el el slag S,k 4 x5 L
Sl LS5 Olpee VS s slize SG s S
el 0 0303 0L 03luss YU Cand 5 S gy s
cdalin ko L3l Lyld ¢ Ly e o8 (I Y IS5 s
YU Cor 4y ol 5E S glaaY s Olis Ol a5 355 o
2 Pl Db B8 JS ok ol il Ll
e Y s Ol S n Olpe eng 2aS 4 sel
2S5 Ol 53 &S GlaY Ges pmmes ool zin S
@l Sl OIS0 (il 2 el bl s LB ks
2 Pld Gl Ol S olid Olee 6
L B4 atide ol sb 4 S gl
sl o old oleS 5 Ol » 550 2505 UL Sl
e LS Olsn b alady 3 15 plsl S s S
T2 % 305 0k B3 S0 5 el Bl d s esl,
ORIPl e 3505 b S5 S 5 ey jasiie
| W LA VEL S PENCIU P 3| WP S C - S UL S ¥
%ij}&;;‘l.:»)jla 4 YHz 5 0Hz \ +Hz sl 08 3 s
S oliE S el 0¥ 5 YR /AT Ll
b cl g Sopo nl & 5 osboss 3 bS5
s b, ks oS n Ol 3505 DL old il

el 4l )5l

B plralr 0 sl 5 K me il e pines
)LJ°“J~‘:“J§VL¥>“€L‘°)W&‘J’“ BE]

A Jlasl s sas 4 Gialasl s b o g e S sl

Selesl 1385 0 s

Acce

60

LVDT2
-~ ——
LVDT4
,f T =
4 Prvors -
. 3 accs® I [ — T
1
%
Accame PWP4s
ez |
1
4 ACC3me PWP3e
PWP1 U
1
Accze St gim
id
=]

Fig. 5. Test instrumentation
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Fig. 6. Sinusoidal harmonic loadings applied to saturated and dry samples
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Abstract:

In recent years, the surge in pollutants from fossil fuels has prompted a heightened emphasis on
transitioning to clean and renewable energies, with a particular focus on wind power. The deployment of
offshore wind turbines stands out as a prominent approach to harnessing wind energy. However, these turbines
consistently endure cyclic loading induced by wind, waves, and ocean currents, necessitating foundations that
exhibit robust resistance to such repeated stress. Offshore wind turbines are commonly mounted on monopiles,
singular tubular structures with diameters ranging from 2 to 8 meters. While these turbines were initially
deployed in Europe, their utilization has expanded to seismically active regions such as USA, China and Japan
in recent years, owing to their numerous advantages. As a result, their seismic behavior has become a subject
of interest. The seismic design of these turbines, similar to other structures, should be based on past earthquakes
in the region and adapted to saturated conditions. Until now, a multitude of studies has delved into these
turbines, predominantly through numerical research. However, the scarcity of experimental investigations into
their seismic behavior has left the impacts of acceleration and frequency of input motion on their design not
thoroughly explored. Furthermore, in certain instances, the design of these turbines makes reference to
regulations designed for dry conditions. This research investigates the impact of acceleration and frequency of
input motion on the seismic response of offshore wind turbines through 9 experiments conducted on samples
using a 1g shaking table. Various input motion with different acceleration and frequencies were applied under
both dry and saturated conditions, allowing for a comprehensive comparison of turbine behavior. The modeling
process included creating a soil environment with specific dimensions through dry deposition and compaction,
followed by the embedding of sensors for measuring acceleration and pore water pressure. After these initial
steps, the monopile was vertically drove into the soil, and the superstructure was assembled. Displacement
sensors were installed to capture the superstructure's displacement at different heights and to measure the
settlement of the soil surface on the samples. Then the sample started to be saturated from the bottom of the
box and water was placed on the soil surface up to 10 cm to model sea water. Subsequently, harmonic
sinusoidal loading was applied, with 9 loadings featuring frequencies of 10 Hz, 5 Hz, and 3 Hz, along with
maximum accelerations of 0.2 g, 0.3 g, and 0.4 g, respectively. As indicated by the findings of this research,
turbine seismic behavior becomes significantly more critical during resonance phenomena in the most critical
state, with the impact of other factors on seismic performance proving negligible in such instances. Moreover,
the seismic behavior of these turbines consistently exhibits more critical behavior in saturated conditions
compared to dry conditions. In saturated conditions, acceleration amplification in surface soil layers is up to 5
times, profoundly influencing seismic performance, whereas in dry conditions, amplification is limited to 1.2
times. Additionally, as excitation acceleration rises and excitation frequency decreases, the superstructure's
maximum acceleration and the turbine's maximum and permanent displacement all increase, signifying a more
critical behavior of this structure.

Keywords: Offshore wind turbine, Seismic behavior, Shaking table, Input motion, Saturated and dry
condition.
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