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A series of fluid-structure-interaction (FSI) experiments
is presented for studying water-wave interactions with a
flexible beam in a wide range of sea conditions, thereby
yielding a repository of FSI test-case data. The aim is
to use these experimental data in order to validate FSI
solvers commonly employed by the maritime industry in
the design of fixed-foundation, offshore wind turbines.
The experimental set-up allows simultaneous measure-
ments of beam deflections and their effect on incident
and reflected waves. In addition, the study is carried out
in a wide range of sea conditions ranging from regular-
to-irregular and moderate-to-extreme wave height and
steepness. The study of such a wide range of conditions
makes the experiments suitable for providing reliable data
in the validation of a suite of mathematical and numeri-
cal FSI solvers, i.e., linear, nonlinear and high-fidelity.
The data from the experiments are made publicly avail-
able through open-source data-sharing platforms.

1 INTRODUCTION

Fixed offshore wind turbines (FOWT) are considered
an attractive alternative to onshore wind turbines because
offshore wind flow is stronger and steadier than on land.
Offshore installation additionally circumvents problems
related to land availability, noise and interference with
communication signals [1, 2]. However, building FOWT
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farms is capital-intensive as the design, fabrication and
installation of structures in often-harsh ocean conditions
are challenging. In addition, FOWTs are prone to higher
risks of structural damage because they are larger than
onshore wind turbines and have to endure hydrodynamic
loading in addition to aerodynamic loading [3]. It is
clearly of great importance to predict such loading ac-
curately, which demands a better understanding of the
physics of water-wave interactions with a fixed-bottom
flexible monopile. The problem of water-wave interac-
tions with such a beam is a complex multiphysics phe-
nomenon known as a fluid-structure interaction (FSI). In
FSI problems, the fluid flow interacts with the flexible
structure in a way that deforms the structure and, as a
result, the structural deformations change the initial fluid
flow. Thus a FSI problem is a coupled, two-way problem
of which, due to the complexity of the underlying physics,
investigation is challenging in terms of experimentation,
mathematical analysis and numerical modelling.

In the maritime industry, mathematical and numer-
ical modelling is gaining significance because experi-
mental scaled-model testing is not always feasible in
early design stages due to time and budgetary constraints.
Moreover, the experimental modelling of flexible struc-
tures at the model scale is not straightforward, moti-
vating researchers to develop mathematical and numer-
ical models for solving FSI problems. These models
generally fall into two categories. First, they range



from straightforward linear shallow-water equations and
linear modal analysis to intermediate-complexity linear
potential-flow solvers coupled to linear elastic structural
equations [4, 5]. Second, there are more sophisticated ap-
proaches based on nonlinear potential flow, Navier-Stokes
(NS) equations [6], and Smoothed Particle Hydrodynam-
ics (SPH) [7] coupled with nonlinear hyperelastic struc-
tural equations. However, results generated by numerical
models require validation using benchmark experimental
data. The present research therefore concerns wave-basin
experiments of FSI problems; specifically, the dynamic
response of a flexible beam exposed to (controllably gen-
erated) water waves.The objective of the study is the gen-
eration of a high-quality experimental data set to be used
in the validation of diverse numerical models for solving
FSI problems i.e., linear, nonlinear and high-fidelity.

The experimental set-up includes a vertically
mounted flexible cylindrical beam equipped with six ac-
celerometers, distributed evenly along its length, that
record its dynamic response. Two probes placed at the
free surface of the water close to the beam (forward of
and to the side of the beam) measure the free-surface el-
evation of the incident and reflected water waves. The
beam is fixed to a basin carriage that traverses horizon-
tally along the wavetank at different speeds so as to con-
trol the frequency with which waves encounter the beam.
The upper and lower parts of the beam are respectively
in air and submerged in water. This model set-up was
prompted by the basin depth (3.6m) which excludes the
possibility of modelling a bottom-mounted beam. The
FSI physics therefore do not exactly resemble those of a
FOWT but have sufficient similarity to provide suitable
validation material for FSIs of a FOWT. For example,
a numerical model of the exact experimental setup can
be created and validated with the experimental data and
then the direction of gravitational acceleration and water
loads can be reversed to match the physics with the ac-
tual FOWT model. Researchers [8, 9] have also studied
experimentally the dynamic response of a bottom-fixed
monopile turbine in waves. Note that we cover a very
wide range of sea conditions and that our database with
experimental data is shared publicly.

Hammer tests are performed on the beam in air and
water to obtain the dry and wetted modes, natural fre-
quencies and structural and hydrodynamic damping. The
novelty of the experimental set-up is that it allows simul-
taneous measurement of beam deflections and their effect
on the incident and reflected waves, rendering feasible a
study of the FSI problem in diverse-yet-controllable con-
ditions.

The experiments are divided into three cases, each of
which is aimed at studying the dynamic response of the

flexible beam to varying wave conditions ranging from
regular-to-irregular and moderate-to-extreme wave height
and steepness. Experimental Case 1 concerns interactions
of regular waves with the flexible beam when the carriage
is at rest; studying this case will facilitate the validation
of linear FSI solvers in the non-resonant regime, since the
non-linear dynamic response of beam is not excited by
the incident-wave frequencies. Experimental Case 2 con-
cerns interactions with the flexible beam when the car-
riage is moving at a constant speed. Moving the carriage
changes the frequency of encounter between beam and
waves, so that the dynamic response of the beam and
its interaction with water waves, particularly at the on-
set of resonance, can be studied. By changing the steep-
ness of the regular waves, both linear and nonlinear FSI
solvers can be validated. In this case, the dynamic re-
sponse of the beam results from an accumulated hydro-
dynamic loading that cannot be distinguished, by the cur-
rent experimental set-up, into its consistuent wave- and
current-induced components. Experimental Case 3 con-
cerns steep, irregular-wave interactions with the flexible
beam when the carriage is at rest. This is the most com-
plex case and is designed to yield data on structural dy-
namics due to nonlinear wave-loading processes related
to steep and breaking waves. This case will help to vali-
date the high-fidelity FSI solvers.

Hence, the study covers a wide range of FSI prob-
lems that can be used to establish benchmarks for FSI-
code validations.

2 DESIGN OF EXPERIMENTAL SET-UP

The experimental set-up and laboratory facilities are
now explained. The FSI set-up is designed to mimic the
(simplified by neglecting the rotor effects) physics of a
fixed-bottom offshore wind turbine (OWT) mast; i.e. the
focus is solely on the response of the flexible mast to
water-wave loading and the concomitant changes in fluid
flow due to the mast’s deformations. Such a rotorless set-
up will hopefully admit extensions aimed at broadening
the application of the experimental data to other FSI prob-
lems; for example, in the design of vortex bladeless wind
turbines [10]. Fixed-bottom OWTSs occur in three forms,
defined by their foundations, as shown in Fig.1.

Of the three types of OWT foundation, the monopile
is the subject of the present experimental study as it has
the simplest design; one that comprises a single steel-tube
pile. Before designing the experimental set-up, it is im-
portant to have a basic understanding of the (rotorless)
dynamics of the mast of the monopile fixed-bottom OWT.
Study of soil-structure interactions [12] confirms that the
overturning moment generated at the mast’s bottom, due
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Fig. 1. Schematic of different fixed-bottom OWT foundations;
monopile, gravity-based and jacket. Copyright © 1969, Elsevier
[11].
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to the wind and water-wave loading acting on the mast,
causes angular movement of the buried (in soil) section
of the foundation. Therefore, this behaviour should be
incorporated into the experimental set-up.

The experimental set-up, a schematic side view of
which is shown in Fig. 2, comprises an initially verti-
cal flexible cylindrical beam, one (top) end of which is
fixed to a basin carriage having a base made of PVC that
is flexible enough to allow angular motion of the top of
the beam, yet at the same time strong enough to keep the
assembly intact. The other (bottom) free end — initially
vertically below the fixed end — is submerged in water.
The basin carriage can traverse along the basin’s length
at different speeds. There are six equidistant accelerom-
eters attached along the beam’s length for measuring the
beam’s acceleration. Five out of six accelerometers are
attached to the outer surface of the beam while the sixth
one is attached to the inner surface of the submerged end
of the beam. This is done to eliminate the interaction of
the accelerometer with the water waves. Additionally,
two probes (indicated by red discs in Fig. 2) are placed
at the water free-surface, in the vicinity of the beam, to
measure the wave elevation of the incident and reflected
waves from the beam; the two probes are located (z, v,
z) =(26.25, 1.475, 3.6)m and (30, 1.475, 3.6)m from the
wavemaker, where x is the distance along the length of
the wavemaker and y shows the distance in lateral direc-
tion from the centre of the wavemaker. This set-up admits
simultaneous measurement of beam deflections and their
effect on the incident and reflected waves and hence fa-
cilitates a quantifiable study of the FSI problem in a con-
trolled environment.

Experiments are conducted in the concept-design
basin at the Maritime Research Institute Netherlands
(MARIN). The concept basin is a 220m-long, 4.01m-
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Fig. 2. Schematic side view of the experimental set-up. An
Eulerian-coordinate system (denoted by =,y and z) is used
for the wavetank; its origin (x,y,2) = (0,0,0)m is lo-
cated in the middle of the wavemaker at rest. A Lagrangian-
coordinate system at rest (denoted by X,Y and Z) is used
for the beam; its origin is at the base plate (labelled O in
the figure) (X,Y,Z) = (0,0, 0), which origin has fixed Eule-
rian position (xp, Yp, 2p) = (30,2.05,4.6)m. At rest, the
end plate at the free submerged end of the beam is located at
(X,Y,Z) =(0,0,2.5)m. The experiments are conducted for
two submergence depths, i.e. 0.25m and 0.5m from the still-water
level Hy. The base plate is flexible enough to allow rotation of the
beam, represented by a pinned joint with a torsion spring. More-
over, the submerged accelerometer is internal. A more detailed
CAD drawing of the set-up with exact dimensions and location of
the sensors can be found on GitHub.

wide and 3.6m-deep rectilinear basin filled with fresh
water. It has a stiff carriage that can traverse along the
basin’s length at a maximum speed of 10m/s. At one end
of the basin, there is a flap-type wavemaker that has eight
contiguous paddles. The wave generator has the capac-
ity to generate waves up to a significant wave height of
0.55m, at a peak period of 2.3s. A schematic plan view of
the basin is shown in Fig. 3.

First, parameters for generating a required theoretical
waveform are given to the wavemaker and the waves gen-
erated experimentally are measured by probes and com-
pared with the required waveform. The difference be-
tween the experimental and required waves is used to ad-
just the wavemaker in order to obtain the required wave.
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Fig. 3. Schematic plan view of the concept wave basin at MARIN, The Netherlands [13].

However, a difference of up to 5% may still accrue be-
tween desired and iterated waveforms, but this is not an is-
sue since the undisturbed waves ulitmately used in the ex-
periments are recorded. The wave parameters, i.e. wave-
length A and wave height H, can be calculated using the
dispersion relation for deep-water dynamics i.e., water
depth d > A/2 (which applies here), given as

w?® = gk, (1

where ¢ is gravitational acceleration, and the wave num-
ber is k = 27/A, so that wavelength and period are re-
lated via

A= 72 )
27

Formulae (1) and (2) are used to compute wave parame-
ters A and w, values of which are given in the following
descriptions of experimental cases.

2.1 Beam selection and procurement

The first significant experimental-set-up step is the
selection of a beam flexible enough to model the FSI
problem yet stiff enough to maintain a straight vertical
position in the absence of external loading. After con-
sidering different material parameters, cost, and market
availability, a cylindrical beam made of polyvinyl chlo-
ride (PVC) was selected. Beam dimensions were decided
by calculating the natural beam frequency for different
values of chosen parameters of length, wall thickness, and
diameter. This parametric study is based on analysis of
the horizontal cantilever beam shown in Fig. 4 and given

as the clamped, free-beam case in [14, Table 8-1]. Note
that the z, y coordinates in Fig. 4 differ from those used
in the FSI experiments, the latter being used solely for
referencing the beam geometry. Since the beam in the
experimental set-up hangs vertically, any horizontal de-
flections from rest will be small, and the impact of water
waves in the actual experiments will dominate over the
restoring force of gravity, which is accordingly ignored in
the analysis.
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Fig. 4. Two-dimensional view, in the x,vy plane, of a one-
dimensional cantilever beam of length L [14].

The goal being to select the values of the aforemen-
tioned parameters such that the beam’s natural frequency
lies outside the short, primary-wave regime. In this way,
natural modes of the beam could not be excited by linear-
wave effects, thereby admitting study of the nonlinear
response of the beam. By moving the carriage into the
waves, the wave-beam-encounter frequency of the waves
can be tuned to match the natural frequency of the beam;



in this way, the linear resonant response can also be stud-
ied. The empirical formula for the natural frequency f; of
the i*" mode of the cantilever beam is given by

A2 /B I.N\1/2
= —t e ;o 1=1,2,3,..., 3
/ zng( M, ) ! 3 3)
where L. is the length of the cantilever beam; F. is the
elastic modulus and M, its mass per unit length of the
cantilever beam’s material, and

_ T4 34
Ic—4(ac b.) 4)

is the area moment of inertia of the tubular beam with
outer and inner radii a. and b, respectively. The modal
profile ¢ corresponding to the i*"-mode of the cantilever
beam is given by

- h /\il' _ . /\il‘ _ (th /\ZQL‘ —sin /\11‘>
Y; = COS LC COSs LC 0;\ S Lc S Lc ’
i=1,2,3,... 5)

where z is the distance from the fixed end, and the eigen-
values \; and o; of the cantilever beam, correspond-
ing to each mode number i, are real numbers calculated
by Blevins [14] using the modal-analysis method of vi-
bration response: their values for a cantilever beam are
shown in Table 1, which is taken from [14]. That is, these
formulas (3)-(5) and parameters (i.e. E.,I., L. and M,)
are for a cantilever-beam set-up that allows us to obtain
initial guesses for the natural frequency and dimensional
parameters of the beam that would be actually used in the
study. The parameters chosen for the actual beam used
in the experiments will be denoted without the subscript
c,ie. by E,I,L and M. Now the beam material has
been selected, we continue considering the FSI set-up of
Fig. 2. A PVC baseplate attached to the beam allows it to
be mounted to the wavetank carriage. The baseplate ad-
ditionally admits cables to be connected to the sensors in
such a way that interaction with any beam displacements
is minimised as much as possible. The free (submerged)
end of the beam is sealed with a PVC circular end plate
such that water cannot enter the hollow beam. The de-
scribed set-up is shown in Fig. 5.

The masses and locations of accelerometers and end
plate are given in Table 2. The total mass of the beam with
accelerometers and baseplate is 4.66kg. The accelerom-
eters (ACC) are numbered from 1 to 6 where ACC-1 is
the accelerometer attached at the submerged free end and

Table 1. Eigenvalues \; and o; of the cantilever beam, from
Table 8-1 of [14].
Mode number (%) i i
1 1.87510407  0.73409551
2 4.69409113  1.01846732
3 7.85475744  0.9992245
4 10.9955407  1.00003355
5 14.1371684  0.99999855
1>5 (2e — 1)m/2 ~ 1

Fig. 5. Baseplate, wooden support, beam, accelerometers and
cables of the beam. See text for details.

ACC-6 is attached at the fixed end of the beam. Calcu-
lations using these data give an effective mass per unit
length of M = 1.3552kg/m. Parameters for the beam
chosen for the experiments are given in Table 3.
Although the purpose of these calculations is to ob-
tain an estimate of the beam’s material and dimensional
parameters and dynamic response, the actual parameters
and responses are better determined by performing ham-
mer tests, as the calculations do not take into account fac-
tors such as the weight of sensors and cables, and un-
avoidable deviations in material properties accrued during



Table 2. Masses and locations of experimental furniture. The
position of baseplate is used as a reference for the distances in
the second column.

Distance from baseplate [m] Mass [kg]
ACC-6 -0.035 0.079
ACC-5 0.465 0.079
ACC-4 0.965 0.079
ACC-3 1.465 0.079
ACC-2 1.965 0.158
ACC-1 2.465 0.079
End plate 2.5 0.15

Table 3. Beam parameters in the FSI experiments.

Parameter Value [mm]
Outer diameter (2a) 125
Inner diameter (20) 120
Thickness (a — b) 2.5
Length (L) 2500

manufacturing and fabrication processes. Hence, material
parameters and dynamic responses of the beam assembly
are determined by performing hammer tests, as described
next.

3 HAMMER TESTS ON THE BEAM

A hammer test is an experimental method for deter-
mining a structure’s response and measuring its frequency
response function (FRF). An impulse force is applied to
excite the structure at a wide range of frequencies and the
response is measured using accelerometers. The purpose
of exciting the structure at a wide range of frequencies
is to obtain its resonance frequencies. The obtained re-
sponse can then be analysed in the frequency domain to
determine dynamic parameters such as stiffness, mass and
damping; modal parameters such as natural frequency
and mode shapes; and, material properties of the struc-
ture. FRF, also known as the accelerance, is defined as
the ratio of the output response (here accelerations) and
input (impulse force) [15]. FRF therefore has dimensions
of inverse mass and the units of the input and output sig-
nals determine the units of the FRF. For example, if the
input signal is in units of force (N) and the output signal
is in units of acceleration (m/sQ), then the FRF will have
units of kgfl. However, in this article, we have computed

neither FRF nor accelerance, their mention being only for
information.

The response is obtained in terms of time-domain
signals, here the sensor accelerations, that can be sub-
sequently integrated to yield either velocity or displace-
ment. The output is measured at different positions along
the beam, while the input force is applied at a specific
position. Hammer tests are performed to obtain the nat-
ural periods of the beam, which are used to calibrate the
wave frequency required to excite the beam at that period.
Exciting the beam at its natural period results in large de-
formations of the beam, which can be used to validate FSI
solvers against nonlinear (hyperelastic) structural solvers.

Dry hammer tests of the beam assembly shown in
Fig. 5 are conducted by lifting the beam in the air and
applying an impulse force with a hammer, upon which
dynamic responses (accelerations) of the beam are mea-
sured by the accelerometers. Wet hammer tests (of direct
relevance to FSI studies) are performed in order to study
the effect of submerged beam length on its response. It
is found that the resonance time period of the beam in-
creases with increasing submergence of the free end of
the beam since the increasing submergence raises the hy-
drodynamic damping coefficient and added mass. The
added mass refers to the inertia added to the system due
to the fluid volume displaced by a submerged beam’s mo-
tion. Based on the hammer-test study, two submergence
depths, of 0.25m and 0.5m, are used in the experiments
since the resonance time periods of the beam for these
depths are achievable using the waveflap wavemaker at
the facility.

3.1 Results from dry and wet hammer tests
Time-domain beam responses obtained from both
dry and wet hammer tests (the latter, at two different sub-
mergence depths) are presented in Fig. 6. Each test com-
prised three hammer strikes on the beam. Hence, there
are 9 peaks in total; three for each test. For the purpose
of graphical comparison, the extra signal before the first
peak is manually excluded so all peaks can coincide at the
start of the signal. A zoomed portion of the comparison
is shown in Fig. 6. The second blue reading is hidden
behind the second red peak. Comparison of the three ini-
tial peaks appears in the expanded “early” inset in Fig. 6,
revealing the dependence on the degree of submergence.
Fig. 7 shows the frequency-domain dynamic beam
response for the three hammer tests. The peaks show
the frequencies of the dominant modes of the beam
for each test. The reduction in peak frequency in the
hammer-test sequence dry (blue), wet (red, 0.25m-deep)
and wet (yellow, 0.50m-deep) is clearly consistent with
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Fig. 6. Time-domain beam responses (accelerations in x direc-
tion) for the three hammer tests. Dry (blue), wet (red, 0.25m-
deep) and wet (green, 0.50m-deep) tests.

the above-mentioned increase, with submerged depth, of
both damping and effective beam mass. However, the im-
pact of the added mass surpasses that of the damping. In
addition, Fig. 8 shows the first three modes of the beam
calculated by integrating the accelerations obtained in the
hammer tests.
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Fig. 7. Frequency-domain beam-response spectra for the three
hammer tests.

Finally, we compute the time periods and natural fre-
quencies of the beam responses, measured in the ham-
mer tests, by converting the time-domain signal into
the frequency domain using the MATLAB functions for
Fast-Fourier Transform (FFT), Direct Fourier Transform
(DFT), and Cross Spectral Density (CSD) methods. Each
type of hammer test (one dry and two wet) was performed
twice and the values of frequency and time period of the
measured accelerations over time are shown in Table 4,
each augmented by an error tolerance. Error tolerance is
calculated by taking the standard deviation o of the funda-
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Fig. 8. Profiles of first three beam modes, integrated from sen-
sor accelerations measured in dry hammer tests.

mental frequency which is calculated by using six values,
the three “FFT”’s for two repeat tests.

Table 4 confirms that the resonant time period of the
beam increases when the beam is submerged in the water
due to an increase in added mass and damping coefficient.
Measurement errors are propagated into subsequent cal-
culations by using the mean, of the implied extreme val-
ues, on which a symmetric error range is centred.

Table 4. Natural frequency and time period of the beam’s first
mode, from accelerometer data in hammer tests.

Period Natural Frequency  Natural Frequency
[s] [s7] [rad /s]
Dry hammer test 0.28 4 0.002 3.6 7 0.03 22.62 70.19
Wet hammer test (0.25m)  0.43 & 0.037 234702 1470 7 1.26
Wet hammer test (0.5m)  0.58 £ 0.028 1.72 7 0.09 10.81 7 0.53

The elastic modulus of the beam is measured ex-
perimentally by performing the bending test with the
beam while its fixed end is clamped. The bending test
consists of applying a gradually increasing known force
F; = g x m; at a point L,, = 2.0m from the clamped
end of the beam and then measuring the beam’s increas-
ing deflection as 1kg masses are sequentially stacked on
top of each other on a string attached to the beam’s free
end. The schematic of the bending test is shown in Fig 9.

Each distance D; in Table 5 is measured from the
bottom of the plate at which mass m; is placed. These
masses are in the form of circular iron disks that are
stacked on top of each other as described above. The de-
flection or static offset of the beam is the difference be-
tween the two consecutive values of measured distances,
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Fig. 9. Schematic diagram of bending test. The beam before
deflection is shown as a dark-grey rectangle. The beam deflected
by loading of mass m; appears as a the light-grey curvilinear
quadrilateral. Movement of the base is precluded by clamping
the base plate with rigid wooden blocks (shown in yellow) in such
a way that the beam can move freely in the x-direction.

i.e.

C'L:D’L—liD'L; ’LZO,].,,].]. (6)

The measured distances and deflections corresponding to
the applied point loads are listed in Table 5.
The flexural rigidity EI of the beam is given by

3
o F7nam Lp

El=——
Sémam ’

(N

where F},,, is the maximum applied point force and
Omaz 18 the corresponding maximum deflection or static
offset. Using the experimentally determined natural fre-
quencies (and hence periods) given in Table 4 , and the
elastic modulus E of the material computed using (7) ,
the spring constant k of the torsional spring shown in Fig.
2 can now be calculated, by using the procedure formu-
lated by Blevins [14], as follows. The expression for the
natural frequency of the pinned free beam with a torsion
spring at the pinned joint is given in [14] as

A2 s EIN\1/2
f?', : ( ) ; 7::172735"'5

T2\ M ©

Table 5. Dependence of deflection (; and maximum static offset
i, maz Of beam on increasing mass-loading m;.

i Mass Force Distance Deflection Maximum
deflection
i Fi D; Gi Si.maz
[kg] [N] [mm] [mm] [mm]
o 0 0 519 0 0
1 1 9.81 512 7 .
22 19.62 506 6 13
3.3 2943 500 6 19
4 4 3924 495 5 o
5 5 49.05 488 7 31
6 6 5886 481 7 13
77 6867 476 5 43
8 8 78.48 470 6 49
9 9 88.29 464 6 55
10 10 981 458 6 61
11 11 10791 452 6 67

where f; is the fundamental frequency of the i*" mode
(computed via hammer tests), M is the mass per unit
length (computed via the mass-distribution information in
Table 2), L is the length (measured), E1 is flexural rigid-
ity (computed via a bending test), and ); is obtained from
Table 6, which displays the data given in Blevins [14].

Table 6. Natural frequencies of a pinned free beam with a tor-
sion spring at a pinned joint. \; is a function of kL /(E'T). Table

reproduced from [14], in which data are provided to 4 significant
figures.

kL/EI \i(kL/EI)
i=1
0 0
0.01 0.4159
0.1 0.7357
1 1.248
10 1.723
100 1.857
00 1.875




For the given material parameters, the stiffness & of
the moving base, represented by the torsional spring in
Fig. 2, is derived as follows; first, A is calculated by rear-
ranging (8)

onL2ML/2
A= ,/fgﬂ)w = 1.65 £ 0.01,

which value of A is then used to find the corresponding
value of kL/EI from Table 6 via linear interpolation
when the ratio kL/EI is converted onto a logarithmic
scale, as shown in Fig. 10. This yields

log ( kL

EI

&)

) —1.96+0.03 (10)

from which the logarithmically interpolated kL/E1I is
7.13 4+ 0.24. Finally, the stiffness or torsional spring con-
stant & is then computed as

EI

L
= (12.24 £ 0.41) x 10°Nm/rad.

k= (7.13+0.24) (11)

— T
# Interpolated value

log(kL/EI)

Fig. 10. Semilog plot of data in Table 6 on which linear interpo-
lation of kL / E1 is performed, as described after (9) in the text.

Finally, all material parameters of the beam are sum-
marised in Table 7.
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Table 7. Material parameters of the beam used for the FSI ex-
periments. Error tolerances are not available for all parameters.

Parameters Units Values
Spring Stiffness (k) [Nm/rad] (12.24 4 0.41) x 103
Elastic Modulus (F) [N/ m?] 2.378 x 10°
Mass per length (M) [kg/m] 1.6048
Length (L) [mm] 2500
Density [kg/m®] 1668

4 CASE-1 EXPERIMENTS: INTERACTIONS OF
REGULAR WAVES WITH THE FLEXIBLE
BEAM WHEN THE CARRIAGE IS AT REST
Fig. 11 depicts the set-up for Case 1, which is fur-

Fig. 11.

Interactions of regular waves with the beam.

ther divided into two subcases corresponding to different
submerged beam lengths. Subcases 1 and 2 respectively
have 0.25m and 0.5m of the beam submerged, and the
wave parameters for each subcase are shown in Tables 8
and 9 respectively, in which H denotes the wave height,
T the wave period and A the wavelength; the last col-
umn gives the (dimensionless) wave steepness, defined as



H/A. Waves of steepnesses 0.08, 0.04 and 0.03 are gen-
erated to interact with the flexible beam. We remark that
the wave parameters in Tables 8§ and 9 are those relating
to experimental input; parameters gleaned from the actual
waves generated in the wavetank were observed to differ
from the input ones by up to 5%, as discussed in more
detail in section 8 below. Case 1 aims to validate the
linear FSI solvers in the non-resonant regime, as the nat-
ural frequencies of the beam are higher than those of the
wave. However, some tests with high waves were also
performed that excited the beam’s natural frequency due
to nonlinear (sum-frequency) effects, as shown in Fig. 12,
whose two subplots show: (upper) the water wave inter-
acting with the flexible beam; (lower) acceleration, in the
x-direction, of the submerged end of the beam.

Table 8. Input parameters and characteristics of regular waves
when the carriage is at rest and 0.25m of the beam is submerged
in water.

H T A Steepness (H/A)
[m] [s] [m] [-]
0.126 1 1.56 0.081
0282 1.5 3.51 0.080
0.016 0.5 0.39 0.041
0.062 1 1.56 0.040
0.14 1.5 3.51 0.040
0.25 2 6.239 0.040
039 25 9.748 0.040
0.016 0.58 0.525 0.031
T 0.1
g 0os\ Fa\ ya\ N\ / A\ /1
g, \ / \\ /0 \ \ /
AV ANV
55 55.5 56 56.5 57 57.5 58 58.5 59 59.5 60
Time [s]
8 ’ /™ ™ N ™\ A\
c % 1 \.,‘ [\ f \\‘ \\ / \
5 N ERVAVERVAVERVAN VAVERVAN
: 7255 55.5 56 56.5 57 57.5 58 58.5 59 59.5 60

Time [s]

Fig. 12. Response of the flexible beam to regular water waves.

Table 9. Input parameters and characteristics of regular waves
when the carriage is at rest and 0.5m of the beam is submerged
in water.

H T A Steepness (H/A)
[m] [s]  [m] [-]
0.032 0.5 0.39 0.082
0126 1 1.56 0.081
0.282 1.5 351 0.080
0.016 0.5 0.39 0.041
0.062 1 1.56 0.040
0.14 1.5 351 0.040
0.25 2 6.24 0.040
0.016 0.58 0.52 0.030

5 CASE-2 EXPERIMENTS: INTERACTIONS OF
REGULAR WATER WAVES WITH THE FLEX-
IBLE BEAM WHEN THE CARRIAGE IS MOV-
ING AT A CONSTANT SPEED

Case-2 experiments are divided into two subcases,
distinguished as in Case 1: wave parameters for the first
and second subcases are now shown in Tables 10 and 11
respectively.

Table 10. Input parameters and characteristics of regular waves
when the carriage is moving at a constant speed and 0.25m of
the beam is submerged in water.

H T A Steepness (H/A) Ug We
[m] [s] [m] [-] [m/s]  [rad/s]
0.126 1 1.560 0.081 0.297  7.480
0.016 0.5 0.390 0.041 0.149 14.967
0.062 1 1.560 0.040 0.297  7.480
0.14 1.5 3.509 0.040 0.446  4.987

Moving the carriage changes the frequency with
which waves encounter the beam, so that the dynamic re-
sponse of the beam and its interaction with water waves,
particularly at the onset of resonance, can be studied. By
changing the steepness of regular waves, both linear and
nonlinear FSI solvers can be validated. The encounter



Table 11. Input parameters and characteristics of regular waves
when the carriage is moving at a constant speed and 0.5m of the
beam is submerged in water.

H T A Steepness (H/A) U We
[m] [s] [m] [-] [m/s] [rad/s]
0.126 1 1.56 0.081 -0.215 5.417
0.016 0.5 0.39 0.041 -0.1077 10.831
0.062 1 1.56 0.040 -0.2154 5415
0.14 1.5 3.51 0.040 0.6864 5.418
frequency w, of the waves is calculated as
2
W
We = wp £ ug—2, (12)
g

where wg = 27/T is the earth-bound frequency of the
waves, ug is the velocity of the carriage (designated as
positive/negative when the carriage moves against/with
the waves) and g is the gravitational acceleration. Tests
are conducted for cases with the carriage moving both
with and against the waves. The speed was selected such
that the natural frequency was an integer multiple (1,2 or
3) of the encounter frequency. The speed was limited to
0.7m/s because higher speeds introduce loads that would
have damaged the experimental set-up. The response of
the flexible beam to regular waves with 0.5m of the beam
submerged is shown in Fig. 13.
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Fig. 13. Response of the flexible beam (0.5m submerged) to
regular water waves when the carriage is moving at a constant
speed.
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6 CASE-3 EXPERIMENTS: INTERACTIONS OF
IRREGULAR WATER WAVES WITH THE
FLEXIBLE BEAM WHEN THE CARRIAGE IS
AT REST

Case-3 experiments are divided into two subcases,
distinguished as in Cases 1 and 2: wave parameters for

the first and second subcases are now shown in Tables 12

and 13 respectively. Case 3, whose experimental set-up is

Fig. 14.

Interactions of irregular waves with the beam.

shown in Fig. 14, is the most complex of the cases con-
sidered and is designed to yield data on structural dynam-
ics due to nonlinear wave-loading processes related to
steep and breaking waves. Irregular waves are modelled
in the experimental facilities by using already-developed
wave-spectrum models, which were developed to repli-
cate oceanographic waves and are given in the form of
parameterised functions. There are different models to
represent waves in different regions of the world and con-
ditions, i.e. deep seas [16], shallow water[17], and fully
developed seas [18]. In this study, we have experimen-
tally modelled the JONSWAP (Joint North Sea Wave Ob-
servation Project) spectrum [16], which represents irreg-
ular wave patterns in the North Sea. The parametric equa-



tion for the JONSWAP spectrum is given as follows:

9 5 f exp(_(f_fm)Q)
_ o9 2052 f2
st =gmpee(-3(5) 7o
(13)
_J0a=007 for f< fi,
" \oy =009 for f> f,

where f,, is the maximum frequency of the spectrum; g
is gravitational acceleration; « is a coefficient, known as
the Philips parameter, that scales the overall magnitude
of the spectrum and is taken as 0.0081; ~ is the peak-
enhancement factor whose value is region dependent[19],
e.g. 3.43 to 3.70 for the Jiangsu waters in China[20]. This
case aims to validate high-fidelity FSI solvers.

Table 12. Input parameters and characteristics of irregular
waves when the carriage is at rest and 0.25m of the beam is
submerged in water.

Irregular-Sea Characteristics

MARIN Test No. Environment Time | JONSWAP Type Spectrum

70065-02CB_02 Hs Ty Dir. vy
[s] [m] [s] | [deg]l | [-]

North Sea state
011_001-01 Gain 1.0 1781 | 0.34 | 2.25 | 180 29
011_001-01 Gain 0.25 1781 | 0.085 | 2.25 | 180 29
011_001-01 Gain 0.5 1781 | 0.17 | 2.25 | 180 29
Table 13. Input parameters and characteristics of irregular

waves when the carriage is at rest and 0.5m of the beam is sub-
merged in water.

Irregular-Sea Characteristics
MARIN Test No. . Time | JONSWAP Type Spectrum
Environment
70065-02CB_02 H, T, Dir. 5
[s] | [m] | [s] | [deg] | I[-]
North Sea state
01100101 Gain 1.0 1781 | 0.34 | 2.25 | 180 2.9
01100101 Gain 0.5 1781 | 0.17 | 2.25 | 180 2.9

In Tables 12 and 13, the Environment parameter Gain
1.0 represents the actual wave spectrum of the North Sea
state, whereas Gain 0.25 generates scaled waves up to a
quarter of the actual wave height and Gain 0.5 generates
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waves scaled up to half the actual wave height. H, is the
significant wave height and T}, is the wave period. We
report one interesting event that occurred when a steep
breaking wave interacted with the beam, whose response
is recorded and plotted in terms of the time-varying data
shown in Figs. 15 and 18.
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Fig. 15. Response of the flexible beam to irregular waves.

The nonlinear dynamic beam response clearly shows
multiple modes, which are further investigated by per-
forming Fourier transform in the frequency domain, as
shown in Fig 16. Furthermore, frequency analysis is also
performed in which the time-domain response is first fil-
tered (using proprietary Matlab software from MARIN)
and then decomposed into higher and lower time-domain
response-frequency components. The actual and filtered
time-domain responses are compared in Fig. 17, which

02 Incident wave elevation
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=]
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Fig. 16. The time-domain experimental signals are plotted in the
frequency domain. The top plot shows the wave signal while the
bottom plot depicts the beam response.



reveals that the impact wave excited multiple natural fre-
quencies in the beam. The filter frequency is 25 rad/s..
The nonlinear response of the beam is due to the excita-
tion of higher frequencies: in particular, it can be seen
that the high-frequency response (yellow) decays faster
than the low-frequency response (red) as a result of struc-
tural and hydrodynamic damping.

| AX1
AX1-LF
AX1-HF

Acceleration [m/sz]
@ o & o o
|

)
<]

-25

978 978.5 979 979.5

Time [s]

980 980.5 981

Fig. 17. Frequency analysis of the response of the flexible beam
to irregular waves. The original signal (blue) is decomposed
into higher (yellow) and lower (red) frequency responses. In
the legend, AX1 represents the original signal, while AX1-HF
and AX1-LF are the respective high-frequency and low-frequency
parts of the original signal.

7 AVAILABILITY OF DATA

An open, public-access GitHub repository has been
created to share all experimental data'. In addition to the
CAD drawing of the beam and clamping, the repository
has seven folders, each named as follows (in italics) and
containing measurements corresponding to the:

hammer_tests — hammer tests in the form of .h5 for-
mat files;

Expl carriage_rest_0.25m — wave parameters listed
in Table 8.

Expl _carriage_rest_0.5m — measurements corre-
sponding to the wave parameters listed in Table 9;
Exp2_carriage_moving_0.25m — wave parameters
listed in Table 10;
Exp2_carriage_moving_0.5m
listed in Table 11;

wave parameters

Lhttps://github.com/EAGRE-water-wave-impact-
modelling/FSI_Experiments includes a CAD file with positions of
tank and beam.
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Fig. 18.

Interactions of irregular waves with the beam.

Exp3_irreg_waves_0.25m — wave parameters listed in
Table 12;
Exp3_irreg_waves_0.5m — wave parameters listed in
Table 13.

All measurements are given in the form of .15m for-
mat files, each of which has a corresponding .pan for-
mat file containing details of measurement names, units,
frequency, maximum, minimum and standard deviation.
The MATLAB as well as Python scripts for reading the
.h5m format files and plots presented in the article are also
shared.

8 EXPERIMENTAL UNCERTAINTY

To assess the accuracy and reliability of the experi-
mental data recorded, it is essential to quantify the error
at each stage of the experiments. Therefore, this section
explains the different types of errors that may affect the
measurements, and the precautionary steps taken to min-
imise them. The experimental campaign can be divided
into three stages: designing and fabricating the exper-
imental set-up; performing the experiments and record-
ing the measurements; and, processing the recorded data.


https://github.com/EAGRE-water-wave-impact-modelling/FSI_Experiments
https://github.com/EAGRE-water-wave-impact-modelling/FSI_Experiments
https://github.com/EAGRE-water-wave-impact-modelling/FSI_Experiments
https://github.com/EAGRE-water-wave-impact-modelling/FSI_Experiments/blob/main/beam_pos_in_wavetank.pdf

Each stage incurs associated specific errors. In the first
stage, errors may accrue through defects in the design and
manufacturing. Cooke et al.[21] presents three case stud-
ies that are useful to understand error occurrence during
the design stage. Therefore, to minimise this error the set-
up was designed and fabricated by the team of researchers
and technicians at MARIN and the material was procured
from certified providers. The sensors were tested and cal-
ibrated, and the set-up was inspected before deploying in
the wavetank. During this stage, we found that one of
the accelerometers (ACC-2) was defective and was hence
replaced by the team. ACC-2 was placed on the exter-
nal surface of the beam which interacted with the water
in the event of high-amplitude waves and hence a source
of uncertainty. The setup could be improved by placing
the accelerometer (ACC-2) at the internal surface of the
beam. Also note that the accelerometers rotate with the
beam as they are fixed to the beam. Therefore, the mea-
surement of the acceleration component normal to the
beam, i.e. along the x-direction, contains a gravitational
term g sin(¢), where ¢ is the angle between the local ro-
tation of the beam with the original vertical position of
the beam. However, the contribution of the gravitational
term is negligible as compared to the accelerations due
to beam vibrations. We performed several hammer tests
during the experiments to ensure that the structure’s res-
onance period after the experiments was the same as the
initial resonance period before applying the loading. The
purpose was to ensure that the beam was not damaged by
the water-wave interactions.

The second stage is when actual experiments are
performed during the generation of water waves in the
wavetank. Before recording actual experimental mea-
surements, the six accelerometers and two probes (see
Fig. 2 and section 2) were calibrated. Experimental wave-
generation is an iterative process and, from previous ex-
periments, the experts observed that the actual generated-
wave parameters in the wavetank can differ by 1% to 5%
from the input-wave parameters. These variations occur
due to basin effects, i.e., wave reflections. To quantify
the discrepancy, we have compared the input-wave pa-
rameters and actual waves measured by the probe for the
first subcase of experimental case 1. The percentage rela-
tive error between the input parameters, i.e. wave ampli-
tude, time period and wavelength and those of the actual
wave measured in the basin are listed in Table. 14. We
note that the percentage relative error ranges from 0 to
6.98. To obtain the values of wave amplitude presented
in Table. 14, we performed a harmonic analysis of mea-
surements obtained from the probe located in front of the
beam. That is, an uninterrupted wave-signal window was
selected from the measured wave elevation and then anal-
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Table 14. Percentage relative error between the input wave pa-
rameters and those of the actual wave generated in the wavetank;
here, for the first subcase of experimental case 1.

A T A
[m] [s] [m]
0.00% -0.50% -0.99%
217% -0.86% -1.71%
256% 1.01%  2.03%
-520% 0.05% 0.10%
1.45% -0.17% -0.33%
1.63% 0.03%  0.06%
0.52% 0.40%  0.80%
-6.98% 0.52% 1.04%

ysed in the frequency domain by performing a Fourier
transform. Next, the signal’s amplitude at the correspond-
ing time period was recorded. To minimise this error, we
experimentally simulated water waves without the beam
set-up and ensured that the generated waves were within
the acceptable range i.e. 5% to 6%, in keeping with the
above percentage-relative error quantification.

Another type of error, arising at the second stage,
is the intrinsic instrument error of the measuring equip-
ment. The sensors involved are the two wave probes that
measure the incident and reflected waves, and the six ac-
celerometers that measure the beam’s accelerations at six
equidistant points. To quantify this type of error, we took
measurements twice and then computed the relative dif-
ference. Table 15 shows the relative difference in the
first fundamental frequency (f(1)) of the beam, measured
by the accelerometers, when a dry hammer test was per-
formed twice. The fundamental frequency is computed
by taking the Fourier transform of the time-domain signal
by using the MATLAB function FFT. Results shown in
Table 15 show that the relative difference of the frequen-
cies from the two hammer tests is less than 1%, which
confirms that the instrumental errors are dominated by
those accruing from wave-generation effects.

In the third stage, errors arise in the time-domain
processing of experimentally measured data, for exam-
ple, the signal’s amplitude and frequency. The data-
processing error depends upon the algorithm used to anal-
yse the data, e.g. discrete Fourier transform. Other com-
mon examples of this type of error are truncation error,
overflow error, and rounding error.



Table 15. Accelerometer-measurement errors.

Test 1 Test 2 Relative error %
FO1L/s) fU s
AX1 3.6 3.59 0.28%
AX2 3.6 3.59 0.28%
AX3 3.6 3.59 0.28%
AX4 3.58 3.59 -0.28%
AXS 3.56 3.59 -0.84%
AX6 3.6 3.58 0.56%

In addition to the above-mentioned errors, human er-
ror also contributes towards total error; this can be min-
imised by re-examining both set-up and measurements.
Accordingly we ensured that specialised teams of experts
performed relevant parts of the experiments, i.e. design,
fabrication, bending test, hammer tests and the actual
FSI experiments in the wavetank. Moreover, through our
numerical model of the beam (ultilising the parameters
given in Table. 7 ), we found that the relative error be-
tween the experimentally- and numerically-computed dry
resonance period is 0.3%. A more detailed comparison
of experimental data with numerical results is part of an
independent yet related research article.

9 CONCLUSION

This experimental study tested the dynamic response
of a flexible beam subjected to a wide range of simu-
lated sea states, namely, mild-to-extreme and regular-to-
irregular. The experimental data obtained herein will be
useful for mathematical, engineering and computational
research communities in the validation of FSI numerical
solvers ranging from linear to high-fidelity.
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