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ABSTRACT 
 
This research work aims to understand the behavior of large-volume 
semi-submersible platforms under the action of VIM and simultaneous 
wave incidence. VIM model tests with regular and irregular waves 
collinear to the current conditions were carried out to achieve the goals. 
The results showed that the waves influenced the phenomenon, although 
the nature of the wave (regular or irregular) was not the source of the 
VIM mitigation. The results were analyzed by using plots of velocity 
ratio 𝛼 as function of the Keulegan–Carpenter number 𝐾𝐶, which 
determines the force region predominance: inertia or viscous. The VIM 
was mitigated in results in the inertia-force region; yet it manifested even 
in low amplitudes for cases in the viscous-force region. 
 
KEY WORDS: vortex-induced motions, wave incidence, semi-
submersible, model tests.  
 
NOMENCLATURE 
 
𝐴% nominal amplitude in the transverse direction 
𝐴%&' nominal amplitude of the yaw motion 
𝐶& added mass coefficient 
𝐶( drag coefficient 
𝐷 characteristic diameter 
𝑓+ frequency of the peak 
𝑓,- frequency of the regular wave 

𝐻 column height above pontoon 
𝐻,- height of the regular wave 
𝐻/ significant height 
IW irregular wave 
𝐾𝐶 Keulegan–Carpenter number  
𝐾𝐶0 equivalent 𝐾𝐶 for irregular oscillatory flow  
𝐿 column face dimension 
𝑀 total mass 
𝑃 pontoon height 
RW regular wave 
𝑅55 radius of gyration in the 𝑋-axis 
𝑅77 radius of gyration in the 𝑌-axis 
𝑅99 radius of gyration in the 𝑍-axis 
𝑆 distance between column centers 
𝑇 draft 
𝑡 time 
𝑇> natural period of motion in the transverse direction in still 

water 
𝑇+ wave period of peak 
𝑇,- period of the regular wave 
𝑈 incident current velocity 
𝑈@ maximum flow velocity 
𝑈' oscillatory flow velocity 
𝑉0 reduced velocity 
𝑋 direction along the 𝑋-axis 
𝑋BC position of the center of the gravity in the 𝑋-axis 
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𝑌 direction along the 𝑌-axis 
𝑌BC position of the center of the gravity in the 𝑌-axis 
𝑍 direction along the 𝑍-axis 
𝑍BC position of the center of the gravity in the 𝑍-axis 
𝛼 velocity ratio 
𝜎E RMS value of the fluid velocity of oscillatory flow  
 
INTRODUCTION 
 
VIM - vortex-induced motions is a particular way to call VIV - vortex-
induced vibrations phenomenon. VIM occurs in offshore platforms due 
to current incidence. Motions in the transverse direction are in the same 
order of the platform main dimensions, see detailed review in Fujarra et 
al. (2012). These large amplitudes in the horizontal plane are responsible 
for decreasing the fatigue life of the mooring and riser systems. 
Therefore, VIM must be considered in the initial design phases, even for 
multi-column platforms, such as semi-submersible and TLP – tension-
leg platforms. Some examples of experimental VIM studies on multi-
columns can be found in Walls et al. (2007), Gonçalves et al. (2012, 
2013, 2018) and Liu et al. (2016, 2017a, 2017b). 
The study of the effects of the surface wave on VIM of offshore floating 
units is more recent. In practice, DNV rules (2007, 2008) discuss the 
impact of waves and current on VIM, and a conservative 
recommendation is to superimpose the forces calculated separately due 
to waves and vortex shedding. It is important to highlight that to quantify 
these phenomena together is not easy. This fact can increase the cost of 
the project and make the project unfeasible sometimes. 
Another difficulty is the small number of references available about this 
subject in the open literature. Among the works discussing VIM together 
with wave incidence, van Dijk et al. (2003), Irani & Finn (2005) and 
Finnigan et al. (2005) on spar platforms; Cueva et al. (2006), Gonçalves 
et al. (2010) and Saito et al. (2012) on monocolumn platforms; and more 
recently, Rijken & Leverette (2008), Hong et al. (2008), Martin & Rijken 
(2012), Gonçalves et al. (2013), Pontaza et al. (2015), Koop et al. (2016) 
and Maximiano et al. (2017) on semi-submersibles can be cited. 
Rijken & Leverette (2008) performed VIM tests on semi-submersible 
platforms with waves aligned to the current as a sea condition and 
concluded that the presence of waves time-delayed the onset of VIM; 
however, similar magnitude oscillations were observed. In the same way, 
Hong et al. (2008) carried out VIM tests with waves aligned to the 
current as a sea condition, and they concluded that the wave-induced 
particle velocity disturbs the VIM. Even so, few conditions were tested 
to answer the questions about wave effects. Moreover, Martin & Rijken 
(2012) investigated the impact of operational sea states on VIM; the 
authors showed that the operational sea state had minimal effect on the 
VIM response of a semi-submersible.  
Gonçalves et al. (2013) performed VIM tests with three regular waves 
and three irregular waves (sea conditions) for the 45-deg incidence of a 
semi-submersible platform. Considerable differences between the 
presence of regular or irregular waves were observed. In the tests with 
regular waves, the motion amplitudes in the transverse direction were 
markedly lower than those with irregular waves, and the VIM behavior 
was not observed. In the sea state tests, the amplitudes were lower than 
current-only ones, yet a periodic motion characterized by VIM was 
verified. An in-depth study showed that the nature of the wave (regular 
or irregular) was not relevant to the VIM response; however, the 
oscillatory nature of the motions in the in-line direction was related to 
this influence. This effect could be quantified by the plots of 𝛼 versus 
𝐾𝐶, where 𝛼 is the velocity ratio and 𝐾𝐶 is the Keulegan–Carpenter 
number related to the motions in the in-line direction; details about this 
methodology are presented further on. The yaw amplitudes showed a 
small decrease in all the wave conditions performed. 
Recently, Koop et al. (2016) and Maximiano et al. (2017) investigated 
the effect of different irregular wave conditions and different wave 

incidences, namely in-line, transverse and oblique waves concerning the 
current. The results suggested that the two most important factors that 
influence the VIM and waves were the wave height, and the relation 
between wave and current directions. A 15% reduction in the peak 
response was found for the smallest sea state when compared with the 
case without waves; however, with the highest significant wave height, 
the peak response was reduced by 30%. Depending on the combination 
of current-wave direction, the influence of the same sea state on VIM 
response can be negligible (transverse seas) or result in a 30% reduction 
of the peak response for collinear sea and current.  
In this context, the purpose of the present research was to study the 
concomitant wave and current effects on the VIM of a large-volume 
semi-submersible platform. The methodology of analysis was the same 
proposed before by Gonçalves et al. (2013). VIM model tests were 
performed in the presence of 8 regular waves and also 8 different 
conditions of sea state, all of them aligned to the current. 
Section 2 presents a summary of the methodology for analyzing the 
effects of surface waves. The experimental setup, details about the 
reduced scale model and wave conditions are described in Section 3. The 
results and comparison concerning characteristic motion amplitudes for 
motions in the transverse direction and yaw, as well as the plots of𝛼 
versus 𝐾𝐶 are discussed in Section 4. Finally, in Section 5, the 
conclusions are drawn. 
 
METHODOLOGY 
 
The methodology applied to understand the wave effects on the VIM of 
platforms was proposed in Gonçalves et al. (2013), and it will be detailed 
after some introduction of the essential parameters.  
Another way to study the effect of the oscillating flow on vortex 
shedding is to impose oscillatory motions in the in-line direction of an 
elastically-mounted cylinder free to vibrate transversely, for example, 
the one studied by Sumer & FredsØe (1988), for regular oscillatory flow; 
and also by Kozakiewicz et al. (1994), for irregular condition. The 
transverse response depends on the ratio of frequencies of the oscillatory 
flow and the natural frequency of the system, 𝑓,- 𝑓F⁄ ; Keulegan-
Carpenter number, 𝐾𝐶; reduced velocity, 𝑉0; and also on the Reynolds 
number. 
As described in Sumer & FredsØe (1988), under regular (sinusoidal) 
oscillatory flow, the Keulegan-Carpenter number is defined by 
 

𝐾𝐶 =
𝑈@
𝑓,-𝐷

 (1) 

 
where 𝑈@is the maximum flow velocity defined by: 
 

𝑈'(𝑡) = 𝑈@𝑠𝑖𝑛(2𝜋𝑓,-𝑡) (2) 
 
On the other hand, as described in Kozakiewicz et al. (1994), under 
irregular oscillatory flow, the equivalent 𝐾𝐶0 is defined by: 
 

𝐾𝐶0 =
√2𝜎E
𝑓+𝐷

 (3) 

 
where 𝜎E is the RMS value of the fluid velocity of oscillatory flow and 
𝑓+ is the peak frequency of the flow. 
A quasi wave-current co-existing field can be easily obtained either by 
oscillating a cylinder in the in-line direction in a uniform flow, as in 
Moreau & Huang (2010), or by moving it at a constant speed in a 
harmonically oscillating flow, as presented in Iwagaki & Asano (1984). 
Both methods showed that another important parameter besides 𝐾𝐶 is 
ratio 𝛼 defined as: 
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𝛼 =
𝜎E

𝜎E + 𝑈
 (4) 

 
where 𝑈 is the mean current velocity. This ratio becomes 1 at the limit 
of wave-only and tends to 0 as the current becomes large as compared 
with the oscillatory component. According to Iwagaki & Asano (1984), 
the plot of 𝛼 as a function of the 𝐾𝐶 showed the ratio of viscous force to 
the inertia force. This result will be very important to understand the 
phenomenon of vortex-shedding and oscillatory flow, as discussed 
further on. 
As detailed in Gonçalves et al. (2013) and summarized herein, the in-
line motion due to the wave excitation can be considered the imposed 
oscillatory motion and its respective Keulegan-Carpenter number 
calculated using Eq. 1, for regular waves, and Eq. 3 for sea condition 
incidence. The effect of simultaneous current and waves is calculated 
using ratio 𝛼 as in Eq. 4. The region of either drag or inertia force for the 
tests with simultaneous wave and current can be seen in the mentioned 
plot, as proposed in Iwagaki & Asano (1984). The limit curve represents 
the condition for the drag force (viscous) equal to the inertia force, which 
is calculated as: 
 

𝐾𝐶 =
1 + 𝐶&
𝐶(

(𝜋𝛼S) (5) 

 
where 𝐶& is the transverse (or in-line) added mass of the platform for a 
45-degree incidence and 𝐶( is the static drag coefficient for a 45-degree 
incidence. The values of these coefficients for the semi-submersible 
under study are 𝐶& ≅ 0.76 and 𝐶( ≅ 0.75, see Gonçalves et al. (2012). 
The proposed methodology concluded that when the results fall within 
the inertia region, the wave excitation dominates over the vortex 
shedding; therefore, no VIM behavior is observed. Conversely, for the 
viscous drag region, the vortex-shedding phenomena dominate over the 
wave excitation; therefore, VIM is still present, albeit possibly reduced 
when compared to current alone conditions. 
The current incidence angle tested was 45 degrees, the one presenting 
higher VIM amplitudes in the transverse direction. At least 6 different 
reduced velocities were tested for each condition of the coexistent wave. 
The reduced velocity is defined as 
 

𝑉0 = (𝑈. 𝑇>) 𝐷⁄  (6) 
 
where 𝑈 is the incident current velocity, 𝑇> is the natural period of motion 
in the transverse direction in still water and 𝐷 is the characteristic length 
of the cross-section of the body subjected to a vortex shedding, i.e., 𝐷 =
√2𝐿 for 45-degree incidence, where 𝐿 is the face dimension of the 
column. The reduced velocity did not take the wave velocity into 
account, and the small difference due to the wave incidence can be 
neglected.  
The VIM response was analyzed using the RMS - root mean square of 
displacements in the transverse direction and angles of rotation in the 
case of the yaw motion. The nominal amplitudes were calculated as √2 
times the RMS amplitude. Moreover, as commonly found, dimensionless 
values 𝐴% 𝐿⁄  were presented using the face dimension of the column, 𝐿. 
For the RMS angles of yaw, 𝐴%&', no dimensionless presentation was 
adopted, as usual in the literature. 
 
EXPERIMENTAL SETUP 
 
The experimental setup is characterized by a small-scale model of the 
semi-submersible unit supported by a set of equivalent horizontal 
mooring lines in the towing tank at the IPT - Institute of Technological 
Research in São Paulo, Brazil.  
The picture of the 1:100 scaled-model is presented in Fig. 1. The main 

characteristics of the platform model are shown in Table 1~2 and Fig. 2. 
The model was built with a ring located in the column portions above the 
water level to fix the equivalent mooring system, as can be seen in Fig 3. 
That ring allowed using the same mooring configuration for all different 
current incidences, i.e., the same value of mooring stiffness. 
 
 

 
Fig 1. Picture of the model in the reduced scale.  

 
Fig 2. Illustration of the characteristic dimensions of the platform.  
 

 
Fig 3. Sketch of the equivalent mooring system composed of four 
equivalent mooring lines for the 45-degree current incidence angle.  
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Table 1. Main characteristic dimensions values of the platform model. 
Dimensions are in the model scale. 
 

SS-platform Characteristic Value 
Scale 1:100 
Distance between columns (𝑆) 745.2 mm 
Column height above pontoon (𝐻) 226.0 mm 
Column length (𝐿) 198.0 mm 
Pontoon height (𝑃) 114.0 mm 
Draft (𝑇 = 𝑃 + 𝐻) 335.3 mm 

 
Table 2. Main inertia characteristic values of the platform model. 
 

Parameter Value 
Total mass (𝑀) 100.5 kg 
𝑋BC -0.3 mm 
𝑌BC 3.9 mm 
𝑍BC 246.1 mm 
𝑅55 385.7 mm 
𝑅77 361.2 mm 
𝑅99 426.1 mm 

 
The current angle tested was 45-degree incidence, the one presenting the 
highest VIM amplitudes in the transverse direction without wave 
presence At least 6 different reduced velocities were tested for each 
condition of simultaneous presence of wave and current. Regular and 
irregular waves (sea conditions) were performed to verify the effects on 
VIM owing to the presence of energy in different frequency ranges. 
Eight regular waves, described by period and height, were chosen to 
represent different responses in the RAO – response amplitude operator. 
Table 3 presents the characteristic parameters of the regular wave 
conditions performed. 
The regular waves were selected to comprise the motions in the in-line 
direction in both regions, inertia and viscous forces, in the 𝛼 −𝐾𝐶 plot. 
The previous work by Gonçalves et al. (2013) comprised only regular 
waves in the inertia region, and all the results showed complete 
mitigation of the VIM phenomenon. The regular wave tests performed 
herein aimed to complement the previous work and confirm that the 
nature of the wave is not responsible for the VIM mitigation. 
 
Table 3. Regular wave characteristics without current incidence. Values 
in the platform model scale 1:100. 
 

ID Condition 𝑇,- [s] 𝐻/ [cm] 
RW 1 Current + regular wave 1.1 4.0 
RW 2 Current + regular wave 1.7 8.0 
RW 3 Current + regular wave 3.0 10.0 
RW 4 Current + regular wave 2.5 14.0 
RW 5 Current + regular wave 3.0 4.0 
RW 6 Current + regular wave 2.5 5.0 
RW 7 Current + regular wave 3.0 3.0 
RW 8 Current + regular wave 2.5 2.0 

 
Table 4. JONSWAP irregular wave (sea conditions) characteristics 
without current incidence. Values in the platform model scale 1:100. 
 

ID Condition 𝑇+ [s] 𝐻/ [cm] 
IW 1 Current + irregular wave 1.10 7.5 
IW 2 Current + irregular wave 1.55 11.0 
IW 3 Current + irregular wave 1.65 9.0 
IW 4 Current + irregular wave 1.70 2.0 
IW 5 Current + irregular wave 1.80 3.0 

IW 6 Current + irregular wave 1.80 5.0 
IW 7 Current + irregular wave 2.00 2.0 
IW 8 Current + irregular wave 2.20 3.0 

 
Similarly to the regular wave conditions, eight irregular waves described 
by a JONSWAP spectrum were chosen to represent different 
environmental conditions, corresponding to distinct levels of unit 
motion. Table 4 presents the characteristic parameters of the irregular 
wave conditions performed. 
 
RESULTS 
 
All the VIM response amplitudes with concomitant wave incidence were 
benchmarked with the case without wave incidence. By means of this 
approach one can directly visualize the wave effects on the VIM of the 
platform. 
Figure 4 presents the nondimensional amplitudes for the motions in the 
transverse direction with and without regular wave presence. The results 
for cases RW1 to RW4 showed a decrease in amplitudes due to the 
regular wave incidence, mainly for the complete mitigation for cases 
RW1 to RW3. It is possible to highlight that this reduction occurred for 
the resonance range whereby the amplitudes had maximum values 
without wave incidence. However, the results for cases RW5 to RW8 
were quite similar to those without waves; and in the particular cases 
RW5 and RW8, some amplitudes were higher than the respective ones 
without waves. 
 

 
Fig 4. Nondimensional amplitudes for the motions in the transverse 
direction for the 45-degree current incidence: regular waves and 
without wave incidence.  
 
Therefore, the results in Fig. 4 allowed concluding that the nature of the 
wave, regular ones in this case, is not responsible for mitigating the VIM 
phenomenon, since the regular wave conditions can reduce the 
amplitudes (RW1 to RW3) and also allow high amplitudes of VIM (RW5 
and RW8). 
These results were entirely new because, in Gonçalves et al. (2013), only 
regular wave conditions capable of mitigating the VIM phenomenon 
were performed. 
The methodology of plot 𝛼 versus 𝐾𝐶 was applied to the results in Fig. 
4. The results 𝛼 − 𝐾𝐶 plot are presented in Fig. 5, confirming that the 
cases of VIM mitigation (RW1 to RW4) were located in the predominant 
inertia region; this means that the inertia forces due to the regular wave 
incidence that promoted the motions in the in-line direction were more 
significant than the lift force due to the vortex-shedding around the 
platform; therefore, the VIM behavior is not present. 
Conversely, the results in Fig. 5 also confirmed that the cases in which 
the VIM behavior is possible are located in the viscous region 
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(predominant drag forces). For the cases from RW5 to RW8, the viscous 
forces due to the vortex-shedding around the platform were large enough 
to promote the VIM amplitudes in the transverse direction, even higher 
amplitudes as compared with the case without waves. 
By analyzing Fig. 4 and Fig. 5 together, the methodology proposed in 
Gonçalves et al. (2013) and the use of plot 𝛼 versus 𝐾𝐶 for determining 
the possibility of the occurrence of the VIM phenomenon was useful and 
can be applied to the preliminary investigations of the concomitant VIM 
phenomenon and wave incidence. 
 

 
Fig 5. 𝛼 −𝐾𝐶 plot: predominant region of either drag or inertia force 
using the in-line motion as the imposed oscillatory motion due to the 
regular wave incidence.  
 
Figure 6 presents the yaw characteristic amplitudes with and without 
regular wave presence. As verified previously in Gonçalves et al. (2013), 
the regular waves did not influence this degree of freedom significantly. 
In general, these results corroborated the notion that the wave incidence 
slightly decreases the yaw amplitudes. 
 

 
Fig 6. Yaw characteristic amplitudes for the 45-degree current 
incidence: regular waves and without wave incidence. 
 
Figure 7 presents the nondimensional amplitudes for the motions in the 
transverse direction with and without irregular wave (sea condition) 
presence. The results for cases IW1 to IW3 showed a decrease of the 
amplitudes in the transverse direction, but not the complete mitigation of 
the VIM response. However, the results for cases IW4 to IW8a showed 
similar amplitude values and a shift to the right in the reduced velocity 
due to the increase in the horizontal plane velocity owing to the wave 
contribution. The results for case IW8b are for high values of reduced 
velocity in which the VIM synchronization is not observed; a dominant 

motion frequency cannot be defined, either. 
Therefore, the results in Fig. 7 also allowed concluding that the nature of 
the irregular waves is not responsible for mitigating the VIM 
phenomenon, since the irregular wave conditions could substantially 
decrease the amplitudes (IW1 to IW3) and also allow similar high 
amplitudes of VIM (IW4 and IW8) as compared with the case without 
waves. 
 

 
Fig 7. Nondimensional amplitudes for the motions in the transverse 
direction for the 45-degree current incidence: irregular waves (sea 
conditions) and without wave incidence. 
 
Again, the methodology of plot 𝛼 versus 𝐾𝐶 was applied to the results 
in Fig. 7. The results 𝛼 −𝐾𝐶 plot are presented in Fig. 8. All the results 
for the irregular waves were located in the predominant viscous (drag) 
forces, except for IW8 situated on the threshold of the regions. The 
results for IW1 to IW3 were expected to be located at the predominant 
inertia forces due to the substantial decrease in the amplitudes of the 
motions in the transverse direction, but these results were not confirmed. 
 

 
Fig 8. 𝛼 −𝐾𝐶 plot: predominant region of either drag or inertia force 
using the in-line motion as the imposed oscillatory motion due to the 
irregular waves (sea conditions) incidence. 
 
The VIM phenomenon is characterized by motion amplitudes around the 
frequencies of the platform natural frequencies in the horizontal plane. 
The results for IW1 to IW3 still present the dominant frequency around 
the platform natural frequencies in the natural plane, which characterized 
the VIM phenomenon even for low amplitudes in the transverse 
direction. In cases RW1 to RW4, it was not possible to verify energy 
around the natural frequencies; thus, no VIM phenomenon existed. Only 
energy in the regular wave frequency was observed. Hence, the 𝛼 −𝐾𝐶 
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plot is capable of inferring the existence or not of the VIM phenomenon, 
but the plot does not allow explaining how large the effect of the waves 
is and how the amplitude of the VIM phenomenon can be modified in 
case VIM exists (points in the predominant viscous forces). 
By analyzing Fig. 7 and Fig. 8 together, the proposition made by 
Gonçalves et al. (2013) and the use of plot 𝛼 versus 𝐾𝐶 for determining 
the possibility of the VIM phenomenon to occur for regular and irregular 
wave conditions showed to be an appropriate procedure. 
Fig. 9 presents the yaw characteristic amplitudes with and without 
irregular wave presence. As verified previously, irregular waves did not 
influence this degree of freedom significantly. 
 

 
Fig 9. Yaw characteristic amplitudes for the 45-degree current 
incidence: irregular waves (sea conditions) and without wave 
incidence. 
 
Some points need to be further investigated. For example, it is necessary 
to understand the level of mitigation of the VIM phenomenon for the 
cases in the predominant viscous (drag) forces, since the irregular waves 
did not show the complete mitigation of the VIM. The motions in other 
degrees of freedom (heave, roll, and pitch) are expected to also perturb 
the flow and wake around the platform and to promote different viscous 
forces, as pointed out before by other authors, for example Finnigan et 
al. (2005) and Gonçalves et al. (2010). 
 
CONCLUSIONS 
 
VIM model tests in waves were carried out. Regular and irregular wave 
conditions were performed to understand the effect of these 
environments on the VIM phenomenon. 
The methodology previously proposed in Gonçalves et al. (2013) was 
now extensively applied to verify the VIM existence due to the wave 
presence. The method suggested using the 𝛼 − 𝐾𝐶 plot considering the 
motions in the in-line direction caused by the wave incidence. The aims 
of the 𝛼 −𝐾𝐶 plot were to locate the results in the predominant inertia 
or predominant viscous (drag force). According to the graph, it is 
possible to evaluate the VIM existence in the case of results located in 
the predominant viscous region, or the non-existence of the VIM in the 
case of results located in the predominant inertia region. 
The results of amplitudes in the transverse direction and 𝛼 −𝐾𝐶 plot for 
regular and irregular wave proved that the procedure is valid, but not 
enough to know the level of the VIM mitigation. The motions in the other 
degrees of freedom outside the horizontal plane should be taken into 
account in further works. 
Also, the results corroborate that the wave nature, regular or irregular, 
was not the responsible for the VIM mitigation. 
This procedure can be useful to update the current DNV rules, and also 
help designers in the early stages, since the wave effects on the VIM 

phenomenon could be better analyzed. 
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