\%/‘ = I Er A International Information and

Engineering Technology Association

Mathematical Modelling of Engineering Problems
Vol. 9, No. 3, June, 2022, pp. 839-848

Journal homepage: http://iieta.org/journals/mmep

DOE-ANOVA for Identifying the Effect of Extreme Sea-States over the Structural Dynamic N

Parameters of a Floating Structure

Check for
updates

Juan G. Rueda-Bayona'*, André& Guzm&?, André& F. Osorio®

! Natural and Environmental Resources Engineering School (EIDENAR), Faculty of Engineering, Universidad del Valle. Cali

25360, Colombia

2 Department of Civil and Environmental Engineering, Universidad del Norte, km 5 via Pto. Colombia. Barranquilla 080001,

Colombia

3 Departamento de Geociencias y Medio Ambiente, Universidad Nacional de Colombia, Sede Medell . Grupo de investigacién
OCEANICOS. Carrera 80 N<65-223, Medell m 050034, Colombia

Corresponding Author Email: juan.gabriel.rueda@correounivalle.edu.co

https://doi.org/10.18280/mmep.090334

ABSTRACT

Received: 10 December 2021
Accepted: 13 May 2022

Keywords:
structural  dynamics, floating foundation,
Duhamel method, half-power bandwidth

method, DOE, ANOVA

Sea extreme events affect the integrity and operation of the offshore structures, then, it
is important to analyze wind-waves-currents loads over the structural dynamics.
Traditional offshore designing identifies structural parameters with certain limitations:
physical modeling involves using shaking tables in dry conditions; numerical
simulations have not sufficiently considered the effects of combined extreme waves-
wind-current loads over the structure and the significance of the near and far
hydrodynamic field over the structure. The non-linear interactions in the near
hydrodynamic field generate viscous damping that modifies the dynamic structural
parameters of the offshore structures. The traditional determination of structural
parameters considers the hydrodynamic forces computed from wave records, omitting
fluid-structure interactions that could generate unexpected damped periods and
amplification peaks. This study applied physical modeling to determine floating
structural parameters, considering combined loads and the effect of far and near
hydrodynamic field in the fluid-structure interaction. The calculated transfer functions
in the near hydrodynamic field revealed the highest amplification of the structural
accelerations, and the transfer functions in the far field did not evidence structural
resonance. Finally, this study recommends measuring the near hydrodynamic field and
applying DOE-ANOVA for offshore designing to assess the viscous damping that may
provoke dangerous structural amplifications.

1. INTRODUCTION

The interest in developing new renewable energy projects is
worldwide, with important investments for research and
technology [1, 2]. The marine and offshore energy projects
face extreme sea-states generated by Hurricanes, Typhoons,
Cold-fronts, and other oceanographic events affect their
functioning and put on risk the structural integrity [3-5]. When
an extreme sea-state occurs at an offshore wind field, the
security systems interrupt the energy production stopping the
blades rotary motion (pitch control or blade feathering) [6].

The need to develop effective damping systems for offshore
structures that face normal and extreme sea-states [7]
motivated the utilization of numerical and physical modeling
to analyze structural parameters [8-13]. Kandasamy et al. [14]
mentioned that environmental loads (wind, waves, and
currents) had affected the operability of the offshore structures
generating accidents aboard and structural failures during the
last decades.

Ou et al. [15] developed a damping isolation system to
control vibrations of a jacket platform. Mojtahedi et al. [16]
applied forced vibration tests to analyze the structural health
during several damage conditions. Hosseinlou and Mojtahedi
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[17] analyzed a physical scaled model of a jacket offshore
structure through vibration tests in dry conditions (without
considering the effect of water) to identify the initial
parameters for numerical modeling suitable to analyze the
structural health. Other studies built physical models of
offshore structures and did not analyze the near hydrodynamic
field of the structure during unperturbed and perturbed
conditions [9, 16, 17].

Several studies analyzed the structural responses of fixed
and floating structures because of the linear and non-linear
wind, waves and currents loads, which estimated the natural
and damped period of these structures [18-27]. Shirzadeh et al.
[28] recommended experimental studies to analyze the
structural behavior of offshore structures during wind and
wave loads, including wind damping contribution. Also,
Subbulakshmi and Sundaravadivelu [29] pointed out the
hydrodynamic vortex importance on the structural damping.
Several other studies applied wave loads calculated from a
synthetic-free surface record using the JONSWAP spectra to
excite the structure under analysis. Wei et al. [30] estimated
damping considering the effect of wave heights over the
structural deformation but not considered the effect of wave
periods. Skaare et al. [27] assessed the response of a floating
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wind turbine model through the computer programs
SIMO/RIFLEX and HAWC?2, and validated the simulations
with experimental results preformed at a wave basin (50 m *
80 m); the study did not consider the ocean current loads
during extreme sea states. These studies did not show details
of the fluid-structure interaction because of the currents and
generated vortex during the wave approximation into the
structure [19, 24, 30-33].

The most applied equations to determine structural damping
and natural periods are the logarithmic decrement method and
the Half-Power Bandwidth Method [34, 35]. Carswell et al.
[36] used the logarithmic decrement method to determine the
critical damping of an offshore wind turbine foundation.
Koukoura et al. [37] identified the structural damping of two
oscillation modes of a monopile offshore wind turbine. Also,
they applied the discrete Fourier transform to analyze spectral
curves through the Half-Power Bandwidth Method. Their
study recommended filtering spurious records by eliminating
harmonics in the time series to identify a proper structural
damping. Van Der Tempel et al. [38] recommended the Half-
Power Bandwidth Method for determining the structural
parameters in the design of support structures for offshore
wind turbines. In addition, the study suggests applying the
logarithmic decrement method to select the periods and
damping of each experimental condition. Then, the author did
a linear regression to select statistically representative values
for structural periods and damping.

The numerical modeling is considered an alternative to
evaluate non-linear responses of the offshore structures
because of wind, waves and current loads [30, 31, 39, 40].
Colwell and Basu [32] applied the Kaimal and Jonswap
spectra to generate wind and wave loads to analyze the
structural response of an offshore wind turbine. Shi et al. [33]
used the JONSWAP spectra to generate wave loads and
performed a modal analysis of an offshore wind turbine
considering the wind and waves states of the Korean southeast
sea.

Despite the numerical modeling may be a flexible and
economical alternative to determine structural dynamic
parameters, some non-linearities that affect the structural
dynamics might be ignored. The physical modeling with
instrumented scaled models in tanks or wave channels is a
complementary approach for offshore designing, which could
reveal complex fluid-structure interactions not reported by the
numerical simulations. Also, the determined damping
characteristics of the scaled models must be carefully
transferred to the full-scale design according to recommended
scaling rules and maximum model scale (1:100) [41-43].

Most of the above-reviewed literature analyzed fluid-
structure interactions with transfer functions using wave loads
numerically generated by 1D equations such as Pearson-
Moskovitz and JONSWAP spectra. Also, those studies applied
forced vibration methods with independent loads and physical
models in dry conditions (without the presence of water) what
could omit non-linear interactions of wind, waves and currents
that affect the structural dynamic parameters [44]. The
literature review revealed the lack of information on the
physical modeling of fluid-structure under extreme sea-state
conditions for floating structures and when blades rotation is
restricted due to high wind loads.

According to the aforementioned findings and lack of
information, the present study proposes an alternative
approach to determine structural dynamic parameters in
damped (water) conditions through the excitation of a floating
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structure with combined loads (wind, waves and currents). The
viscous effect of water over the structural damping parameters
was assessed through the Half-Power Bandwidth Method,
Duhamel integral, and the Logarithmic Decrement method.
Finally, this study performed a DOE-ANOVA (Design of
Experiments- Analysis of Variance) analysis of the effect of
water level records and 3D velocity measurements over the
structure accelerations to identify the influence of wave loads
(far field) and the current loads in the near field over the
structural dynamics.

2. METHODOLOGY

This study proposes a different approach to estimate the
structural parameters (periods and damping ratios) of offshore
structures as follows (Figure 1):
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Figure 1. Proposed methodology for calculating structural
parameters of offshore structures

(1) Model set up: configure the physical model in a wet
condition provided by a tank or wave channel. Install free
surface and velocity measurement instruments. Perform the
DOE [45] to take into account several experimental conditions
for the wind, waves and currents loads.

(2) Undisturbed-damped natural periods: apply impulsive
loads (e.g., the pulling method described in Section 2.2 Model
set up), then measure the load and structural responses for
undisturbed wet conditions (without loads) to determine the
damped natural periods using the Logarithmic Decrement
method.

(3) Disturbed-damped natural periods: apply wind, waves,
and currents loading as per the DOE and measure the loads
and structural responses to estimate disturbed-damped natural
periods using the Half-Power Bandwidth Method [34].

(4) Damping ratios: Utilize the frequencies of the Half-
Power Bandwidth Method for determining the damping ratios
(C=zeta). In addition, build pseudo-displacement and pseudo-
acceleration graphs through Duhamel integral [34] to
determine additional damping ratios (&=xi).

(5) Fluid-structure interaction: Using Pareto charts and
standardized effects graphs from ANOVA analysis [45],
identify the effect of factors (loads) over the structural
responses and set recommendations for the structural damping.

2.1 Model set up
In order to control the experimental conditions of the DOE,

was required the utilization of a wave flume (Figure 2), with
25.0 m long, 1.0 m wide, and 1.0 m of height. The generation



area is 4.0 m long with a bi-directional pump for the current
generation (1.5 m/s of maximum velocity), followed by the
propagation zone (15.0 m) (Figure 2a). Next appears the
dissipation zone with 6.0 m of length. A 3D Acoustic Doppler
Velocimeter (ADV; Sontek 3DVS) (Figure 2b) was located to
0.08 m upstream from the wind turbine (Figure 2c) to measure
the near hydrodynamic field and worked at 80 Hz with a
vertical recording profile of 0.07 m from the bottom.
Considering the recommendations of Chakrabarti [46], was
placed a pulling system with a dynamometer to simulate wind
loads nearby to the structure. Because of each run of the
experiment lasted 30 seconds approximately, the pulley
system is considered proper because this elapsed time may be
related to a wind gust; further details will be given next (Figure
2d). Four wave gauges (Figure 2e) were positioned every 1.76
m (characteristic wavelength) from the centroid of the wind
turbine (physical model with 1:50 scale) and recorded to a
frequency of 100 Hz. At the end of the channel is placed a
beach integrated by gravel material (Figure 2f) to dissipate
waves and reduce internal reflections. The water level at the
wave flume was set to 0.40 m (distance between the bottom
and the free surface). A general view of the wave flume with
its main sections such as generation, propagation and
dissipations zones are shown in Figure 2.

Figure 2. Wave channel arrangement and instrument
localization: a) wave paddle, b) 3D velocity current sensor
(3DVS), ¢) wind turbine, d) pulling system with a
dynamometer, €) 4 water level sensors (resistive), f) beach
with gravel material. Axes units in meters

The design of the physical model (Figure 3) aims to
understand the effect of water viscous damping over the
dynamic parameters under extreme excitation of a scaled
floating structure; then, its geometry may be considered as
coarse and general for commercial designing but meaningful
for the understanding of the fluid-structure interaction of this
study. The scaled (1:50) dimensions of the physical model
(0.36 kg of total weight) stabilized with four (4) mooring lines
(nylon) are described as follows:

e Foundation: 295 mm * 295 mm * 50 mm.
Hub-height: 738.5 mm.
Blade length (ratio): 330 mm.
Tower diameter: 26.8 mm.
Transition piece diameter: 39.6 mm.
Water depth: 400 mm.

e Maximum draft: 10 mm.

The wind turbine was monitored with a pre-installed tri-
axial accelerometer with a measuring rate of 200 Hz (Figure
3f). Wind loading was applied through a constant pulling

method where cables pull the blades; a dynamometer was used
to measure the applied tractions (Figure 3g). The pulling
method is applicable when the experiment considers that
blades face strong wind-gust or extreme events such as
hurricanes. In that situation, the pitch control stops the rotation
of the blades and turns the blades to be parallel to the airflow
(feathering over blades). As a result, the pulling method
represents the extreme wind loads over stopped blades The
wind loads are associated to typical extreme values derived
from hurricanes [47], then, 50 g = 54.85 m/s (197.45 km/h)
correspond to a hurricane category 3, 150 g=95 m/s (342 km/h)
to a hurricane category 5, and a maximum of 250 g=122.65
m/s (441.54 km/h)>hurricane category 5.

traction lines

traction
direction

Figure 3. Physical model (1:50) of the offshore wind turbine:
a) water level sensor, b) 3D velocity sensor (3DVS), ¢) wind
turbine, d) mooring lines, ) pulling system with a
dynamometer, f) accelerometers, g) wind load mechanism

2.2 DOE-ANOVA

The DOE is a methodology for gathering information
through measurements and observations of the response of
dependent variables (structural accelerations) under the effect
of independent variables (waves, wind, and currents loads)
known as factors. The DOE considers the mean, minimum and
maximum values of the known factors to set two or three levels
(low, middle, and high). The collected information is verified
by fulfilling three assumptions (normality, independence and
homoscedasticity) before applying the ANOVA analysis.

The ANOVA reveals the main effect and non-linear
interactions of the factors over the responses, considering the
behavior of variance among the analyzed variables. The DOE-
ANOVA assigns identifiers and values for each factors’ level.
For example, wave loads may have three levels: low (AY),
middle (A) and high (A*). When a factor interacts with other,
waves (A) and wind (B) loads, they may be denoted as AB.
With the aforementioned notation of factors, graphs such as
Pareto charts and primary effect plots evidence the effects of
factors over the responses. The Pareto charts utilize bars that
represent the absolute values of the standardized effects, and a
vertical line reveals which effects are statistically significant.
On the other hand, the main effect plots warn if the factors and
responses are linear or non-linearly related.



The DOE-ANOVA have been applied in several studies
related to offshore engineering [48], coastal engineering [49,
50], and in a previous study of wave hydrodynamics
performed by the authors [51].

The Design of Experiment (DOE) of this study was
configurated for three experimental conditions. For the first
condition (Condition 1), the wave paddle generated irregular
waves by means of the JONSWAP spectra to excite the
floating structure. In the second condition, the structural
excitation generated by the irregular waves is complemented
with a constant wind loading (Condition 2). For the third
experimental condition, waves, wind, and currents loads were
applied simultaneously (Condition 3); the JONSWAP spectra
was performed with gamma = 1. Table 1 shows the 27 runs of
the experiment.

Table 1. Design of Experiment (DOE) with three
experimental conditions; g represents mass units

Condition 1 Condition 2 Condition 3

Hs o Wind Currepts Wind

Run m) ) Run load Run velocity load
)] (cm/s) (9)

1 0.09 1.76 10 50 19 10 50

2 0.09 1.49 11 50 20 10 50

3 0.09 1.20 12 50 21 10 50
4 0.07 1.76 13 150 22 10 150
5 0.07 1.49 14 150 23 10 150
6 0.07 1.20 15 150 24 10 150
7 0.05 1.76 16 250 25 10 250
8 0.05 1.49 17 250 26 10 250
9 0.05 1.20 18 250 27 10 250

Note: Hs and Tp are the same for Condition 2 and Condition 3, from top to
bottom, accordingly to the Condition 1.

The Hs and Tp values are associated with extreme sea-states
and were numerically scaled considering the linear wave
theory. Reported ocean current and wind velocities during
extreme events were taken from the literature [52, 53]. A value
of 10 cm/s was set for the experiment in order to avoid
hydrodynamic reflection by the channel’s walls and for
protecting the integrity of the floating structure.

3. RESULTS
3.1 Undisturbed-damped natural periods

We performed five (5) free vibration tests for 3 degrees of
freedom (X, y, z) to determine the undisturbed-damped natural
period in water. The procedure included pulling the hub of the
wind turbine through cables and then releasing the turbine to
get free vibrations. Then, we measured the x longitudinal
acceleration (surge), y transversal acceleration (sway) and the
z vertical acceleration (heave), as shown in Figure 4.

The acceleration records for the three degrees of freedom
derived from the five undisturbed free vibration tests (Figure
4), were used to determine the damped natural periods (Tn)
and damping ratios (G, zeta) through the Logarithmic
Decrement method. The five (5) undisturbed free vibration
tests allowed identifying the mean damped natural periods for
the wet undisturbed conditions: 1.12 s for surge, 0.7 s for sway
and 0.52 s for heave (Table 2).

The damping ratios represent the ratio between the damping
coefficient and the critical damped coefficient [34] where:

{,£=1 denotes a critically damped system.
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{,&>1 denotes an over damped system.
{, <1 denotes an underdamped system.
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Figure 4. Undisturbed free vibration tests in wet conditions

Table 2. Mean damped natural periods and damping ratios
derived from the application of the Logarithmic Decrement

method
Tn (s) (€, zeta) (€, zeta) %
surge 1.12 0.00047512 0.047
sway 0.70 0.06167408 6.167
heave 0.52 0.00080432 0.080

3.2 Disturbed-damped natural periods

A Fourier analysis was performed to every acceleration
record (loads and responses) derived from the runs (Table 1)
to determine the damped natural periods during water
perturbed conditions. The acceleration spectra generated by
Fourier allowed selecting the associated period of significant
acceleration required by the transfer functions of the Half-
power Bandwidth Method. In Figure 5, Figure 6 and Figure 7
are plotted the transfer functions where the x-axis corresponds
to the excitation frequency (load) and the y-axis corresponds
to the normalized acceleration (structural acceleration / load
acceleration). In order to analyze the difference in calculating
the transfer functions with water level records measured in the
far field and velocity records of the near field, the plot results
were labeled SN and 3DVS, respectively. The SN identifier
represents the transfer plots calculated with the water level
records (far field) measured by the closest water level sensor
located upstream to the structure, and the 3DVS identifier
represents the transfer plots calculated with the 3D velocity
records in the near field (Figure 1). The aforementioned
transfer function plots do not have an equal excitation
frequency scale in order to ease the identification of the
amplification peaks and for keeping proportional the
visualization of the curves because of small sizings of some
graphs.

The transfer function of the longitudinal movements in x
(surge) pointed that runs with no currents loads showed two
amplification peaks, possibly by the induced damping because
of the mooring lines (Figure 5a, b, d, €). Also, the Condition 2
registered by the 3DVS (Figure 5e) showed a concentrated
amplification effect compared to the distributed amplification
in the transfer function derived from the SN records (Figure
5b). The runs with current loads (Figure 5c, f) did not show
two peaks compared to the other transfer functions (Figure 5a,
b, d, e), showed a uniform distribution instead. The transfer
function derived from 3DVS (Figure 5f) had a higher
amplification peak compared to the amplification of the



transfer function of the SN (Figure 5c).

a) Condition 1 (SN)

b) Condition 2 (SN)

¢) Condition 3 (SN)

‘‘‘‘‘

d) Condition 1 (Vectrino) e) Condition 2 (Vectrino) f) Condition 3 (Vectrino)

Figure 5. Damped natural periods in the x displacements
(Surge) through the Half Bandwidth Method (Transfer
function plots)

The transfer functions of the sway movements pointed out
that Condition 1 runs showed two amplification peaks (Figure
6 a,d), similar to the evidenced in the surge conditions (Figure
5). We also noticed that Condition 2 (Figure 6e) had a lesser
effect in the structural amplification (normalized acceleration
increment) compared to the Condition 2 calculated with the
SN (Figure 6b).

a) Condition 1 (SN)

b) Condition 2 (SN) ¢) Condition 3 (SN)
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Figure 6. Damped natural periods in the y displacements
(Sway) through the Half Bandwidth Method (Transfer
function plots)

The transfer functions derived from the Condition 3 (Figure
6¢,f) showed a more distributed curve, similar that occurred in
the runs with surge displacements (Figure 5c¢,f). In addition,
the transfer function of 3DVS runs in sway conditions (Figure
6f) showed a higher amplification compared to the SN transfer
function (Figure 6c), similar to what occurred in the transfer
functions in surge conditions (Figure 5¢,f).

The transfer functions derived from z displacements (heave,
Figure 7) showed a similar behavior compared to the surge and
sway movements (Figure 5, Figure 6). Condition 1 and
Condition 2 showed the highest amplification in the SN
records (Figure 7). During Condition 3, the 3DVS records
generated a distributed transfer function curve with a higher
amplification compared to the curves derived from the SN
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records. Table 3 gathers the natural damped periods of the
floating structure during disturbed conditions; the fail notation
denotes that the transfer function curve had not the shape to
perform properly the Half Bandwidth Method. The identifiers
w1, wy are the selected angular frequencies from the peak
frequency (wp) in order to determine the natural damped
period (TD) through the Half Bandwidth Method.
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Figure 7. Damped natural periods in the z displacements
(Heave) through the Half Bandwidth Method (Transfer
function plots)

Table 3. Natural damped periods (TD) for the 3 degrees of
freedom of the floating structure during disturbed conditions

Surge — x w, (Hz) w,(Hz) w,(Hz) zeta TD(s)
Condition 1 (3DVS) 2.00 2.75 2.56 0.16  0.39
Condition 1 (SN) 0.63 0.69 0.66 0.04 152
Condition 2 (3DVS) 0.26 0.29 0.27 005 376
Condition 2 (SN) 1.03 2.02 2.02 0.32 0.50
Condition 3 (3DVS)  0.28 1.28 0.68 0.65 147
Condition 3 (SN) fail fail 1.82 fail 0.55

sway -y w; (Hz2) w,(Hz) w,(Hz) zeta TD ()
Condition 1 (3DVS) 0.82 0.88 0.85 0.03 118
Condition 1 (SN) 0.62 0.68 0.67 0.04 149
Condition 2 (3DVS) fail fail 0.33 fail 3.03
Condition 2 (SN) 1.03 2.10 2.02 034 049
Condition 3 (3DVS) 0.35 1.30 0.68 058 147
Condition 3 (SN) 1.75 2.50 1.82 0.18 055

heave - z w; (H2) w,(Hz) w,(Hz) zeta TD(5)
Condition 1 (3DVS) 1.88 2.87 2.55 021 0.39
Condition 1 (SN) 0.61 0.68 0.66 0.05 152
Condition 2 (3DVS) 0.26 0.26 0.26 0.00 385
Condition 2 (SN) 1.05 2.07 2.02 033 050
Condition 3 (3DVS) fail fail 0.58 fail 1.74
Condition 3 (SN) 1.77 2.47 1.82 0.17 055

The natural damped periods for the 3 degrees of freedom
denoted that the floating structure registered the highest
periods during the Condition 2 (Table 3), and the shortest ones
during the Condition 1. The natural periods of each
experimental condition (Condition 1-3) showed similar values
among them. For instance, the runs of Condition 2 for surge,
sway and heave were between 3.03 s and 3.85 s, and the runs
of Condition 3 were between 1.47 sand 1.74 s (Table 3). Then,
the previous results showed that the floating structure reported
similar damped natural periods for the 3 degrees of freedom
during the three experimental conditions, except the results for
sway of Condition 1 (3DVS). Despite the difference of sway’s
TD that could be generated by the hydrodynamic reflection
from the flume’s walls, the similarity of TD in the most of the
results suggest a proper stabilization of the floating structure.



3.3 Damping ratios

The pseudo-acceleration spectra were calculated by
Duhamel integral using the SN records (Figure 8) and 3DVS
records (Figure 9) to determine the damping coefficients (, ).
As a result, the SN spectra during Condition 1 (Figure 8a,d,g)
showed defined spectral peaks with a period of 1.8 s in run 1,
1.50 sinrun 4 and 1.14 s in run 8. Also, some peaks showed
amplifications between 0.04 s and 0.8 s for the 1, 4 and 8 runs,
possibly derived by the diffraction and reflection generated by
the floating structure. The possible reflection and diffraction
effects generated by the structure over the spectra periods
could be explained because, when the wave heights increased,
the spectra peaks increased between the 0.04 s and 0.80 s of
period as well.

The pseudo-acceleration spectra results for Condition 2
(Figure 8b, e, h) and Condition 3 (Figure 8c, f, i) showed a
clear effect of the JONSWAP spectra. Then, were observed
highly non-linear excitations because of the multiple peaks
and shapes of every spectra.

The pseudo-acceleration spectra calculated from the 3DVS
measurements (Figure 9) pointed a similar behavior showed
by the accelerations derived from de SN (Figure 8), except for
the Condition 1 runs (Figure 9 a,d,g), which did not showed
the low-frequency peaks generated by the reflection and
diffraction effect mentioned above (Figure 8a,d,g). Then, the
pseudo-acceleration spectra results of Condition 1 indicated
that diffraction and reflection were captured by the free surface
accelerations records (Figure 8a,d,g) and not by the
accelerations calculated from the 3D velocity profiles (Figure
9 a,d,g). Comparing the spectra of Condition 1 and Condition
2 of the SN (Figure 8a, b, d, e, g, h) and 3DVS (Figure 9a, b,
d, e, g, h), was noticed that the 3DVS pseudo-acceleration
spectra is narrower and higher than the SN spectra, possibly
due to the wave reflection and diffraction on surface what
could dissipated and scattered the SN pseudo-acceleration
spectra.

a)  Condition 1 (SN) run 1 b)  Condition 2 (SN) run 10 ¢) Condition 3 (SN) run 19
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Figure 8. Pseudo-acceleration response spectrum for floating
structure using Duhamel’s integral and considering free
surface accelerations measured through the level sensor (SN)

The opposite happened in Condition 3, where the 3DVS
pseudo-acceleration spectra were lower and scattered
compared to the SN. These results evidenced the effect of the
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hydrodynamic stagnation zone in the upstream side of the
structure because of the constant currents (10 cm/s). The water
level sensors measured the water level variations, which
depend mainly on the wave parameters, contrary to the 3D
velocity profiles, which depend mostly on the near
hydrodynamic field. Then, the structural accelerations
generated by the water level records (SN) (Figure 8c, f, i) were
not affected by the hydrodynamic stagnation when the flow
approximates to a solid boundary (upstream face of the
structure). As a result, the spectra of the 3DV'S records (Figure
9c, f, i) showed a viscous damping due to the reduction of the
structural amplification compared to the spectra derived from
SN measurements.  Accordingly, there were lesser
accelerations for 3DVS because the effect of the viscous
damping was more relevant for this device (the maximum
values for short periods are less prominent).
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Figure 9. Pseudo-acceleration response spectrum for floating
structure using Duhamel’s integral and considering flow
accelerations measured through the 3D velocity profiler

(3DVS)

4. DISCUSSION
4.1 Fluid-structure interaction

We analyzed the DOE-ANOVA results through the Pareto
chart of standardized effects to identify which factor (3DVS =
A or SN = B) affected significantly the displacements (surge,
sway, heave) of the structure. The factor values were
previously normalized and standardized in order to verify if
the main effects plots were affected by the modification of the
value scales. As a result, there was no evidence homogenizing
affected significatively the factors' scales. According to the
DOE-ANOVA analysis (Figure 10, Figure 11 and Figure 12)
(Table 1), it was observed that run 27 (Condition 3) showed a
representative significance level for the sway displacements
because of the —AA effect of 3DVS (Figure 11c).

The lateral accelerations of Condition 1 (Figure 11a) and
vertical accelerations (Figure 12) showed a positive
relationship with the flow velocities measured by 3DVS.

The DOE-ANOVA analysis revealed that the displacements
of the floating structure were dominated by the first order-



effect of 3DVS (Figure 12a), and second-order effects of
3DVS (AA) (Figure 114, ¢), SN (BB) (Figure 10a, Figure 12c).
The second-order effect showed an effect with curved main
effect plots, which suggests that orbital velocities modulated
the variation of the measured waves and currents. Also, the
DOE-ANOVA analysis allowed to identify that the floating
structure was affected by the near hydrodynamic field
measured by 3DVS because of the Sway displacements related
to the —AA effects (Figure 11). This —AA effect was the only
standardized effect statistically significant, and the associated
main effects plot (Figure 11) suggested that the near
hydrodynamic field works as a viscous damper with positive
relation with the orbital velocities.

a) Condition 1 Surge (x) b) Condition 2 Surge (x) c¢) Condition 3 Surge (x)
standardized effects standardized effects standardized effects
o
-/ I = -
N ] —
IO =0
T

o o4 o8 1z 18 2
f) Condition 3 — Surge (x) main
effects

xoow

d) Condition 1 — Surge (x) main
effects
037

e) Condition 2 — Surge (x) main
effects

0%

043

LY ]
as4 o 0M8 024
wacting N

Figure 10. Analysis of the fluid-structure interactions from
the results of run 9 using the Pareto chart of standardized
effects and main effects plots

a) Condition 1 — Sway (y) b) Condition 2 — Sway (y) c¢) Condition 3 -

standardized effects standardized effects

|@- 8 =B
=~ =
il

Sway (y)

standardized effects

1) Condition 1

nain
x0001)
12

Sway (y) e) Condition 2 — Sway (y)
effects main effects

a0 o5

2

f) Condition 3 — Sway (y)
main effects

|

o
I ot |
]

o4t

067 o047 ome  om
N

o2 ommoms o ectino
et E

Figure 11. Analysis of the fluid-structure interactions from
the results of run 18 using the Pareto chart of standardized
effects and main effects plots

The traditional methods to determine modes and oscillation
frequencies work properly during stationary or cyclic loads
during dry conditions. These conditions are common for the
continental (onshore) structural design, where winds and
earthquakes are the main excitation forces. Then, the free
vibration and forced tests are performed during stationary
conditions, which implies that excitation and response
oscillation modes will be harmonic and decreasing. The
conditions to determine the offshore structural parameters
differ from onshore structures because the load and oscillation
modes are not stationary, where the oscillation modes can be
linear or non-linear. Because the foundation of an offshore
structure is underwater with a damped natural period, water,
and soil viscous effects modulate it. Then, the structural
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natural period and damping parameters should be determined
through perturbed and unperturbed forced vibration tests.
According to the results of DOE-ANOVA analysis, it is
observed that 3DVS properly recorded the near hydrodynamic
field; thus, the orbital velocities affected clearly the lateral
displacements denoted by the standardized and main effects.
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Figure 12. Analysis of the fluid-structure interactions from
the results of run 27 using the Pareto chart of standardized
effects and main effects plots

Structural parameters such as the natural and damped
periods determined by the Logarithmic Decrement and the
Half Bandwidth Method showed clear differences during
perturbed and unperturbed conditions. The unperturbed
structural periods were lower compared to the perturbed
structural periods, which revealed the necessity to consider an
active damping system for the designing of a floating structure.

The pseudo-acceleration spectra calculated in the near
hydrodynamic zone through the 3DVS measurements (Figure
9) were narrowed, lower in the frequency range and higher in
peak accelerations (Condition 1 and 2) compared to the
pseudo-acceleration spectra (Figure 8) derived from the SN
records. However, the damping effect of a constant wind
loading over the structure (Condition 3) induced a decrement
over the accelerations of 3DVS measurements (Figure 9) and
scattered the distribution of the frequency range to lower
frequencies, contrary to the pseudo-acceleration spectra from
SN measurements which were not affected by the near-
damped hydrodynamic field. Then, the structural damping
selection differs if the spectra are calculated from velocity
records close to the structure or by water level measurements
measured in the far field. As a result, the damping coefficient
could be mistakenly selected using only one spectrum because
the structural amplifications were between 0.0 s and 0.5 s and
0.0 s and 2 s. The pseudo-acceleration spectra result and the
structural periods reviewed above justify considering an active
damping system for the structure.

5. CONCLUSIONS

The application of the proposed methodology to determine
natural and damped periods for a floating offshore structure
showed the relevance to consider unperturbed and perturbed
conditions for the experimental tests. The Logarithmic
Decrement and the Half Bandwidth Method clearly retrieved
different structural periods. The Logarithmic Decrement
method showed undisturbed damped periods of surge, sway



and heave of 1.12 s, 0.7 s and 0.52 s respectively, with
damping ratios of 0.047% (surge), 6.167% (sway) and 0.080%
(surge). The Half Bandwidth Method reported disturbed
damped periods between 0.39 s and 3.76 s for surge (x), 0.49
s and 3.03 s for sway (y) and 0.39 s and 3.85 s for heave (2).

The pseudo-acceleration spectra using free surface
accelerations measured through the level sensor (SN), showed
peak accelerations between 6.12*10°*ms2 and 0.019 ms, and
the spectra generated through the 3D velocity profiler (3DVS)
pointed accelerations between 1.51*10° ms2 and 0.063 ms=.
Hence, the pseudo-acceleration spectra results showed the
need to measure loads in the near and far hydrodynamic field
because of the variations in magnitude and frequency of the
analyzed spectra. As a result, the selection of the damping
coefficient and periods to avoid the resonance and structural
amplification requires the spectra derived from water level
variations measured in the far field and 3D velocity profiles
registered in the near hydrodynamic field. The loads on
surface were affected by the wave diffraction and reflection
what generated a wider pseudo-acceleration spectra.

The DOE-ANOVA analysis showed that the near
hydrodynamic field worked as a viscous damper, where the
lateral displacements were clearly affected by the orbital
velocities measured by the 3DVS. The viscous damping
changes the frequency distributions of the pseudo-acceleration
spectra and modulates the natural and damped periods of the
structure. Thus, an active damping system could deal with the
variation of the structural periods because of the waves, wind,
and current loads.

The proposed methodology generated transfer function
graphs that allowed to identify several amplification peaks and
the variations of the frequency ranges. The calculated transfer
functions showed the drawbacks of its application due to the
non-linearities of the physical processes. As a result, it is
necessary to develop new equations and methods for the
identification of natural and damped periods which consider
the fluid-structure interactions.

Regarding the designing of the floating structure, this
research recommends measuring waves, wind and currents in
the near and far field on surface and subsurface. Finally, this
study recommends future research improving or changing the
Half Bandwidth Method for solving the limitations and fails
evidenced in this study during the selection of the damping
ratios and damped periods.
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