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ABSTRACT
Recent studies suggest that the vortex-induced motions

(VIM) of a semi-submersible found in model tests over-predicts
the response in the field, which may lead to an over conserva-
tive design of the mooring and riser system. Within the Vor-
tex Induced Motion Joint Industry Project (VIM JIP), run by
MARIN and University of São Paulo (USP), possible reasons
for this over-prediction are investigated using model tests and
CFD [1–6]. A model test campaign was carried out at MARIN
to test different candidates that might explain the observed differ-
ences. The results obtained with an air bearing setup regarding
damping, mass ratio, draft variations and sinusoidal tow veloci-
ties, have been published elsewhere [6]. The present publication
focuses on the influence of waves on the VIM response.

The model was a generic bare hull semi submersible with
four rounded square columns at scale 56.5. A simplified moor-
ing system consisting of four springs was designed to match the
desired natural period in the sway and yaw direction. The model
was towed at different velocities, corresponding to the range of
reduced velocities where the highest response is expected. A
VIM tow test campaign was carried out in calm water as a bench-
mark. The model was then tested at 7 different wave-current con-
ditions, and the results are compared with the benchmark case.

The results suggest that two factors are important for VIM
response in waves: the wave height, and the relation between
wave and current direction. Comparing to calm water condi-

∗Currently at WavEC-Offshore Renewables, Lisbon, Portugal.
Email: antonio.maximiano@wavec.org
†Currently at The University of Tokyo, Dept. of Ocean Technology, Policy,

and Environment, Chiba, Japan

tions, a reduction of 15% on the peak nominal response was
found for a smaller sea state (HS=2m,TP=10s), however with a
higher significant wave height (HS=4m,TP=10s) the peak nomi-
nal response was reduced by 30%. Depending on the combina-
tion of current-wave direction, the influence of the same sea state
(HS=4m,TP=10s) on VIM response can be negligible (transverse
seas) or result in a 30% reduction of the peak nominal response
for collinear sea and current. This is a relevant finding since
most research on the topic has focused on collinear conditions,
and VIM tests in waves with transverse or oblique conditions are
rare [7–9].

Comparing the calm water VIM response obtained with the
air bearing setup, published in [6], with the soft mooring con-
figuration reported here, the latter shows a generally smaller re-
sponse, with a narrower lock in region. Nevertheless the peak
response is found to be similar for both experimental setups.

INTRODUCTION

Background
Vortex induced motions (VIM) of a multi-column floater is

a complex phenomenon, due to the coupling between the motion
of the floater and the hydrodynamic forces it experiences.
When the vortices are shed at a frequency close to the natural
frequency of the floater a resonant behaviour occurs. The range
where this resonance is observed is called the lock-in region,
and is characterized by regular oscillatory motions of the floater.
These motions are an important element in the fatigue analy-
sis of risers and mooring lines [10, 11], and in some cases can
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account to up to 90% of the predicted SCRs fatigue damage [11].

In recent years, VIM has been investigated for deep draft
semi-submersibles with several publications dedicated to the
subject, see [12] for a review. The preferred method is to per-
form model tests, obtaining information regarding the magnitude
of the VIM response for different combinations of current speed
and heading. However, recent comparisons between VIM field
measurements and standard model tests suggest that the latter is
significantly over predicting the VIM magnitude observed in the
field, as well as the range of current velocities in which it oc-
curs [10, 13]. Therefore an overly conservative design of risers
and mooring may be the result of using the typical model test
procedure, with significant impact on costs.

Within the VIM JIP [1–6], initiated by MARIN and Univer-
sity of São Paulo (USP), several possible candidates to explain
the difference between model tests and field observations have
been investigated using model scale testing and CFD. These can-
didates include damping, mass ratio, Reynolds scale effects, un-
steady current, and wave-VIM interaction. This publication ad-
dresses the influence of waves on VIM.

Wave-VIM Interaction of Offshore Floating Units
One of the first published open research into wave-VIM in-

teraction was focused on a truss spar [7]. Three different sea
states were tested, for different combinations of wave and cur-
rent directions. For inline sea and current conditions a signifi-
cant VIM reduction was found for the higher waves (HS≥7m)
when compared to current alone tests. For smaller (operational)
seas, at HS=3m, similar VIM response to the current alone tests
is reported, with the authors concluding that for larger sea states
less VIM response can be expected. It has been observed that
a lower VIM response occurs with collinear wave-current envi-
ronment when compared to the same sea state in oblique condi-
tions (current from 180 degrees and 135 degrees wave direction).
However, for transverse sea-current conditions, some headings
showed larger cross-flow motions than for current alone.

Similar behaviour has been observed for a mono column
platform [14], where three regular waves were tested inline with
current. The larger waves showed less VIM response, with the
authors suggesting that heave motions might be an important fac-
tor in the VIM mitigation due to waves. In another study [9] for
a mono column platform, the VIM response in transverse waves
was larger than observed in current alone .

Wave-VIM Interaction of Semi-Submersibles
VIM reduction due to waves has been reported for a semi-

submersible platform [8]. The authors suggest that the ratio be-
tween wave induced particle velocity and current velocity is an
important parameter to assess wave-VIM interaction, since large
wave induced velocities might disrupt the vortex shedding con-
sistency, and therefore result in smaller VIM response. The same
authors reported a smaller VIM response for collinear environ-
ment than for oblique conditions(current from 180 degrees and
135 degrees wave direction) [8]. This trend was also found for a
spar [7] and a monocolumn platform [9].

For semi-submersibles, VIM is mainly of interest for fatigue

analysis, while for hurricane conditions, where larger sea states
occur, other factors become critical. Therefore some research
was focused on the VIM response of a semi submersible in oper-
ational sea states (HS≤5m) [15, 16]. Three different operational
sea conditions were tested, with a minimal effect on VIM re-
sponse when compared to calm water tests. However other au-
thors have reported significant VIM reduction for a circular col-
umn semi-submersible, albeit based on very short tow tests (≈5
VIM cycles measured) [17].

An extensive study was carried out for a semi-submersible
[18], with three regular and three irregular waves collinear with
current for a 45 degrees floater heading, resulting in different ef-
fects on the VIM response. Contrary to previous studies on semi
submersibles [8, 15, 16], a VIM reduction of approximately 20%
was observed for operational irregular waves (HS≈ 5.2m) and
complete VIM suppression for small regular waves (HS≈ 4.4m).
An extended test program was then carried out to further study
this discrepancy [19]. There it was proposed that the nature of
the wave (regular vs. irregular) is not relevant to the VIM re-
sponse, instead the wave influence on VIM response is related to
the oscillatory nature of the inline flow. This effect can be quan-
tified by the KC number, or for irregular waves, the equivalent
KCirr number, and velocity ratio α:

KCirr =

√
2σU
fpD

, α =
σU

σU + Umean
(1)

where σU is the root-mean-square value of the inline motion of
the platform, fp the peak frequency of the inline motion of the
platform, and Umean is the mean current velocity. The results
of VIM response in waves can then be plotted in a KCirr vs α
plot, falling in the so called viscous drag region or inertia region.
When the results fall within the inertia region the wave excita-
tion dominates over the vortex shedding, therefore no VIM type
response is observed. Conversely, for the viscous drag region,
the vortex shedding phenomena dominates over the wave excita-
tion, therefore VIM is still present, albeit possibly reduced, when
compared to current alone conditions. This approach may allow
to predict if VIM can still occur for a given combination of wave
and sea conditions, however it has not been tested for other than
collinear wave-current conditions.

In fact, a very limited number of studies have shown results
for the wave-VIM interaction of other than collinear wave and
current conditions for semi-submersibles.

EXPERIMENTAL SETUP

Basin
The VIM test campaign was conducted in MARIN’s Depres-

surized Wave Basin (DWB), at atmospheric pressure. The DWB
measures 240 x 18 x 8 m. An average steady state tow length of
at least 120 m is available. This means that typically between 30
and 80 VIM oscillations are available per test. The area block-
age ratio of the model is under 1%. The tests were carried out at
a Reynolds number based on the column diameter between 104

and 105.
Hinged flap wave generators are positioned at two adjacent

sides of the basin: along the length of the basin, at the -YBF
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wall in Figure 2; and at the end of the basin, at the +XBF wall
in Figure 2. The system is equipped with compensation of wave
reflection from the model. Opposite these wave generators, pas-
sive wave absorbers (beaches) are installed in order to avoid re-
flections from the basin walls.

Model Geometry
A symmetrical generic bare hull semi-submersible with four

square rounded columns was tested at a scale of 56.5. The model
is shown in Figure 1, and it is the same model as used in [6].

FIGURE 1: Finished model in the workshop.

FIGURE 2: Top view sketch of the mooring system showing
the definition of the coordinate system, current incidence (arrow
with parallel lines), wave incidence (arrow with a sinusoid), and
model heading θ.

Mooring Configuration
The model is connected to the carriage by four tensioned lin-

ear springs that provide the needed restoring force in the horizon-
tal plane. The spring tension is measured by strain gauges and the
model position is monitored by an optical tracking system. This
setup is schematically presented in Figure 2. The model heading,
θ, was kept at 45 degrees for all the tested conditions, since it was
the condition where the highest VIM response was observed [6].
Free decay tests were performed to verify the mooring properties
and natural periods of the model.

Reference Frame
Two coordinate systems are used throughout this paper, see

Figure 2. A so called basin-fixed coordinate system (XBF,YBF),
centered at the model CoG at rest, and moving with the carriage.
This reference frame has the XBF axis aligned with the basin lon-
gitudinal direction, therefore the possible towing directions are
along ±XBF. The motions of the model are given in this refer-
ence frame, where motions along the XBF axis are called inline
motions, and motions along the YBF axis are called cross-flow
motions.

The environmental conditions are defined with respect to a
model fixed coordinate system (XMF,YMF), centered at the model
CoG at rest, and aligned with the the model heading θ.

Environmental Conditions
Current: The current velocity was simulated by towing the

model through the basin at the desired velocity. The model head-
ing, θ, was set to be 45 degrees and kept fixed throughout the
campaign, see Figure 2. Therefore when towing the model for-
ward ( in the +XBF direction), the simulated current in the model-
fixed reference frame is 135 degrees. Conversely, when tow-
ing backward, the simulated current in the model-fixed reference
frame is 315 degrees.

Waves: The waves were selected to represent operational
sea states, see Table 1. All waves were calibrated in the basin,
for a duration of 1 hour full scale, prior to the start of the model
tests, without the model present in the basin. The wave elevation
was measured by means of resistance wire type wave probes,
located at the neutral position of the model, with the carriage
in the center of the basin. The wave makers are located in two
adjacent sides of the basin: the long wave maker, which is located
in -YBF wall and used to generate transverse seas (wave incidence
45 degrees); and the short wave maker, which is set at the end of
the basin (+XBF wall) and used to generate inline waves (wave
incidence 135 degrees). Both wave makers are used to generate
oblique sea states (wave incidence 120 degrees).

In the VIM tests the model is towed through the calibrated
wave field, therefore it will not experience the calibrated wave
spectra, but instead an encounter wave spectra, which is depen-
dent on the tow direction and velocity. To correct for this fac-
tor, each wave would require a new calibration for each current
velocity, which in practice is clearly unfeasible. At the highest
tested current speed, a shift on the wave peak period under 10%
is obtained, which is considered accurate enough to assess the
influence of the presence of waves in the VIM response.

3 Copyright © 2017 ASME



TABLE 1: Test matrix with the JONSWAP parameters of the tested sea states in full scale units.

Condition

Wave properties Current properties

TP HS γ Incidence UR Incidence

[s] [m] [-] [deg] [-] [deg]

Calm water - - - - 5,6,7,8,9,10,12 135

Transverse seas 10 4 1 45 5,6,7,8 135

Inline following seas 10 4 1 135 5,6,7,8 315

Inline head seas 10 4 1 135 5,6,7,8 135

Oblique high following seas 10 4 3.3 120 5,6,7,8 315

Oblique high head seas 10 4 3.3 120 5,6,7,8 135

Oblique low following seas 10 2 3.3 120 5,6,7,8 315

Oblique low head seas 10 2 3.3 120 5,6,7,8 135

Test Matrix
The test matrix is shown in Table 1. The response in calm

water was studied by running 7 different reduced velocities, with
one repeat test carried out at the peak response (UR=6). These
tests are intended as a benchmark, to assess the influence of the
presence of waves on VIM. The tests with waves are carried out
for 4 different reduced velocities, covering the lock-in region,
with one repeat test carried out at UR=6. The repeat tests showed
a maximum variation in the nominal response of approximately
5%. Therefore, differences between the tested conditions are
only meaningful when the difference is larger than 5%.

ANALYSIS METHODS

VIM Parameters
The amplitude of the VIM response is made non dimen-

sional with the projected column diameter, D. The commonly
used parameter to quantify the VIM amplitude is the nominal
A/D, also called nominal response, defined as:

(
A

D

)
Nom

=

√
2σY
D

(2)

Where Y is the motion in the cross-flow direction, and σY its
standard deviation. The yaw motion is here quantified by:

√
2σYaw (3)

Where σYaw is the standard deviation of the yaw motion. It is
usual to represent these metrics for a range of reduced velocities,
UR, defined as:

UR =
UTN
D

(4)

In which U is the current speed [m/s], TN [s] is the natural period
in the cross-flow direction and D [m] is the projected column
diameter of the semi-submersible. Statistics of the signals are
obtained after a steady regime is achieved. Typically between 30
and 80 VIM oscillations were used to derive the statistics.

Due to confidentiality the magnitude of the motions are
omitted from this publication. However the qualitative compar-
ison is sufficient to identify trends, which is the main focus of
this paper. Unless stated otherwise, the scale of the same type of
plots is kept the same. This allows a one to one comparison and
highlights the trends discussed.

RESULTS

Different Experimental Setups
The experimental test campaign was divided in two phases.

In the first one the model was tested with an air bearing plate
setup, which allows motions only in the horizontal plane (surge,
sway and yaw). Those results are reported in [6]. In the second
phase the model was connected to the carriage in a soft mooring
arrangement, as shown in Figure 2, and is therefore allowed to
move in 6 DoF. Both experimental setups used the same model,
with the same mass distribution, and are modeling the same hor-
izontal stiffness. The natural periods in surge sway and yaw dif-
fer less than 3% between both cases, showing that both setups
are equivalent. Therefore the main difference between both se-
tups is the number of allowed degrees of freedom: 3 DoF (surge,
sway and yaw) in the air bearing setup, and 6 DoF with the soft
mooring arrangement.

The cross-flow and yaw response obtained in calm water
conditions with both setups are shown in Figure 3. While simi-
lar response is found for yaw motions, some differences are ob-
served for the cross-flow motions. The nominal cross-flow re-
sponse is generally smaller (5% to 20%) with the soft mooring
arrangement. Nevertheless, the peak nominal response is sim-
ilar with both setups, the difference being within experimental
repeatability (≤5%). In addition, the lock in region seems to be

4 Copyright © 2017 ASME



narrower with the soft mooring setup.
A possible reason for this difference is that restricting the

motions to the horizontal plane is favorable for the coherence of
the vortices that drive the VIM. Therefore it is expected that with
the air bearing setup stronger vortices are present, leading to a
larger response. With the soft mooring setup, out of plane mo-
tions (heave, roll and pitch) will introduce a small disruption of
the generated vortices, leading to a smaller response. This effect
would be more noticeable at the limits of the lock-in region, e.g.
UR=5 or UR=8, where small perturbations are sufficient to dis-
rupt a resonant response. On the other hand, a smaller impact is
expected at the lock-in region (UR=6, UR=7), where the resonant
VIM motion is strong enough to overcome small perturbations.

(a) Cross-flow

(b) Yaw

FIGURE 3: Nominal response in calm water conditions, for both
experimental setups.

Time Traces in Calm Water and Waves
A one hour segment (full scale time) of the measured time

traces can be seen in Figure 5 for different reduced velocities
tested in calm water. The time traces for UR=6 are typical of the
lock-in regime, where the vortex shedding period synchronizes
with the natural period in the cross-flow direction. The resulting
cross-flow motion shows a large oscillatory behaviour. Further-
more, as seen in Figure 9, this oscillatory motion has a single fre-
quency close to the natural period of the floater. As the reduced
velocity increases, the synchronization is disrupted, resulting in
a less regular and smaller motion.

Since the yaw natural period is smaller than the cross-flow
natural period, the yaw resonance occurs for higher UR, where

a larger vortex shedding frequency is found. Therefore the yaw
motions found at UR=12 are larger and more regular than those
found at UR=6. This trend has been observed in previous re-
search [4, 18].

Figure 6 shows a one hour segment (full scale time) of the
measured time traces for two different reduced velocities in in-
line head seas. VIM behaviour still occurs, i.e., the cross-flow
motion exhibits a regular oscillatory motion, with a dominating
frequency close to the natural frequency of the floater. How-
ever, when compared to calm water conditions, the response is
less regular and with a smaller amplitude. Therefore VIM is till
present with this sea state, but not as pronounced as in calm water
conditions.

Nominal Response
An overview of the measured cross-flow and yaw response

is given in Figure 4 for all the tested conditions. The typical
VIM behaviour is observed for the calm water tests. The lock-in
region occurs for 5≤UR≤8, with the peak response at UR=6. For
higher reduced velocities (UR≥8) the response drops. The VIM
response in waves shows different trends when compared to the
calm water tests, depending on the wave considered.

The discussion of the measured nominal response in waves
will be made separately: first the observed results at different
wave incidence angles will be discussed; and then the effect of
different wave heights will be presented.

(a) Cross-flow

(b) Yaw

FIGURE 4: Overview of the response measured for all the tested
conditions.
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FIGURE 5: One hour (full scale) segment of the measured time
traces for different reduced velocities in calm water conditions.
The mean was removed from the signals for illustration purposes.

Effect of the wave incidence The same sea state
(HS=4m,TP=10s, γ=1) was tested at different environmental con-
ditions: transverse seas, where the waves are perpendicular to
the current direction; inline following seas, where the waves and
current have opposite directions; and inline head seas, where the
waves and current are collinear. The measured response can be
found in Figure 7 for these sea states.

The measured cross-flow response in transverse seas at lock-
in (UR=6, UR=7) is the same as observed in calm water condi-
tions. However a larger response in transverse seas is found at
UR=5 and UR=8. This is consistent with previous model test ob-
servations on a spar [7] and a mono-column platform [9].

FIGURE 6: One hour (full scale) segment of the measured time
traces for different reduced velocities with inline head seas. The
mean was removed from the signals for illustration purposes.

In the presence of the inline following seas, the VIM re-
sponse is smaller than in calm water conditions, with the peak
response showing a 15% reduction. However, for the inline head
seas, the peak response is instead reduced by 30%. For oblique
high sea conditions (HS=4m,TP=10s, γ=3.3) a 30% smaller VIM
peak response is obtained when compared with the calm water
conditions. However in this case not only the wave direction is
changed, but also the peak enhancement factor.

These results suggest that the VIM-waves interaction is de-
pendent on the wave incidence. Comparing to the calm water
VIM response, the same sea state can have a negligible impact
(transverse seas) or reduce the peak response by 30% (collinear
sea-current), depending on the wave incidence.

It is interesting to observe that for the inline conditions, both
the cross-flow and yaw motions are significantly smaller in head
seas (current and waves coming from the same direction) than in
following seas (current and wave direction with opposite direc-
tions). However for oblique sea states, both head and following
seas show similar response. The cause for this difference could
be in the peak period of the wave encounter spectra, which is de-
pendent on the towing direction and speed. While for following
seas the model is towed with the waves, thus reducing the wave
encounter frequency, for the head seas the model is towed against
the waves, resulting in a larger wave encounter frequency. More
investigation is required to clarify this issue, possibly by testing
the same sea state with different wave peak periods.
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(a) Cross-flow

(b) Yaw

FIGURE 7: Response measured for different wave incidence an-
gles.

Effect of the wave height The same sea state was
tested at different wave heights: oblique high seas, with HS=4m;
and oblique low seas, where HS=2m. The response can be found
in Figure 8.

The variation found in the response between oblique head
seas and oblique following seas is within experimental repeata-
bility (≤5%), and is therefore negligible. This occurs for both
oblique high seas and oblique low seas.

In the oblique low sea conditions (HS=2m) a reduction of
15% in the cross-flow peak response is found when compared to
the calm water results. However with oblique high sea conditions
(HS=4m), the cross-flow peak response is further reduced to 30%
when compared to calm water conditions. These results support
previous research that observed less VIM response with higher
waves [7, 8, 14, 16, 18].

Frequency Analysis of the Motions
Figure 9 shows the power spectral density (PSD) for the

horizontal plane motions with calm water and inline head seas.
Other waves show qualitatively similar results, and were there-
fore omitted. In calm water conditions the inline motions show
small energy for all frequencies, with a peak occurring at twice
the natural period in the cross-flow direction.

For the cross-flow motion the largest energy is found for
5≤UR≤8 at the cross-flow natural frequency. The yaw motion
shows energy at the cross-flow natural frequency, shifting to the
yaw natural frequency for the highest reduced velocities. In the
presence of waves there is small difference in the PSD for all
motions when compared to the calm water conditions.

(a) Cross-flow

(b) Yaw

FIGURE 8: Response measured for different significant wave
heights (HS).

The inline motions, where the highest difference occurs,
show an increase in energy at the lower frequencies, however
their magnitude is still negligible when compared to the cross-
flow and yaw motions. It should be noted that for all the tested
waves, no energy is present at the wave peak frequency. This
observation is consistent with the results presented in [18, 19].
Those authors report a relation between the energy distribution
of the inline motion and the presence of VIM in waves: when
no VIM was observed, most energy was found at the wave ex-
citation peak frequency; conversely when VIM was still found
despite the presence of waves, then the inline motion was domi-
nated by energy at the VIM frequencies.

Individual Transverse Cycle Analysis
The amplitude of the cross-flow motion and respective zero

crossing period for each measured cycle is plotted in Figure 10
for all the tested reduced velocities.

The largest amplitudes are found for periods close to the
natural cross-flow period, where a more consistent response is
found. As the reduced velocity increases, both the average zero
crossing period and amplitude decreases and a larger scatter in
both parameters is observed, suggesting a less regular response.
In calm water conditions the zero crossing periods approach the
natural cross-flow period for reduced velocities between 6 and 7,
however when waves are present this range shifts to reduced ve-
locities between 5 and 6. This observation is consistent with the
generally larger nominal response found for the tests in waves
for UR=5, as can be seen in Figure 4.
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FIGURE 9: PSD for the motions in the inline direction (top), transverse direction (middle) and yaw motion (bottom) for calm water
conditions (left) and inline head waves (right). The red line represents the cross-flow natural frequency, the green line the yaw natural
frequency, and the blue line the wave peak frequency.

CONCLUSION
The importance of a semi-submersible VIM to the fatigue

life of risers and mooring lines is well know. Common predic-
tion methods of VIM are based on towing tests at model scale,
often without the presence of waves. In recent years, compari-
son between field data and standard model test data suggests that
model test predictions are overly conservative, which might lead
to over designed risers and mooring systems with significant im-
pacts on costs.

The VIM JIP was started to investigate several candidates
for the differences observed between model tests and field data.
One of such candidates was the interaction between waves and

VIM, since the standard model test campaign does not include
runs in waves. For the 7 different sea state-current combinations
tested, VIM was still observed, i.e., a resonant response was still
observed, albeit generally less pronounced than in calm water
conditions. The results suggest that two factors are relevant in
wave-VIM interaction: the wave height, and the wave incidence
angle.

Comparing two operational conditions where only the sig-
nificant wave height was varied (HS=4m and HS=2m) high-
lighted the impact of the wave height in the VIM response. The
higher wave showed a 30% reduction at peak response, while the
smaller wave showed only a 15% reduction.
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FIGURE 10: Distribution of the cross-flow amplitudes versus zero crossing periods.

For the same wave (HS=4m,TP=10s) tested with opposite di-
rection of the current, collinear with the current, or transverse to
the current direction, a reduction of 15%, 30%, or no influence
in the peak response was observed, respectively. This is espe-
cially interesting since most VIM research in waves has been
done for collinear conditions, and VIM tests in waves with trans-
verse and/or oblique conditions are rare [7–9].

A more extensive test scope with additional variations of
wave frequencies and directions is necessary to further clarify

the role of wave and current directions in the VIM response, and
whether a similar prediction method to the one proposed in [18]
can be extended to other than collinear conditions.

Based on the results obtained in the model test campaign,
reported here and in [6], it seems plausible that, under the right
environmental conditions, waves can partially contribute to the
difference observed between field data and standard model test
predictions.

Comparing the calm water VIM response obtained with the
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air bearing setup, where the model is restricted to 3 DoF pub-
lished in [6], with the 6 DoF setup here reported, the later shows a
generally smaller response, with a narrower lock in region. Nev-
ertheless the peak response is found to be similar for both setups.
The reduction found for the 6 DoF setup is attributed to the dis-
ruption of the vortex coherence caused by the heave, roll and
pitch motions, which are restricted for the air bearing setup.
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