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Abstract. 

The high development of the offshore industry for supporting new marine and renewable energy projects 

requires a constant improvement of methods for structure designing. Because recent studies warned that 

maximum environmental loads occur during low sea states and not during extreme sea states as recommend 

the offshore standards (e.g RP 2AWSD-2014), this study used measured wave and current data for validation. 

The Colombian Caribbean coast was selected as the study area, and in situ ADCP data combined with 

Reanalysis and numerical data was used for identifying proper sea states for the analysis. Then, 2 low and 1 

extreme sea states were selected and their associated current profiles were extracted, for providing input 

data for CFD-FEA  simulations and assessing the effect of the hydrodynamic forces over an offshore structure. 

The results showed that the current profiles during low sea states generated the maximum structural 

responses, what evidenced that low wave heights, combined with low wind speeds during Ebb tide, produced 

the maximum hydrodynamic forces. 

Keywords: Offshore, numerical modeling, hydromechanics, TLP, Simulation 

 

Introduction. 

The increasing interest for non-conventional renewable energies worldwide motivated several countries to 

develop technologies such as offshore wind turbines (Rueda-Bayona et al., 2019a). These offshore projects 

require rigorous engineering designing because of the complex fluid-structure interactions (environmental 

loads) that face the wind turbine foundations, in this sense, subjective designs may put at risk their stability 

that would generate environmental and operational problems. The traditional designing guidelines for 

marine structures recommend characterizing the wave climate to identify the designing load from the 

extreme sea states (API, 2011, 2007b, 2007a, 2001; British Standard, 2015, 2008; Det Norske Veritas AS, 

2014; International Electrotechnical Commission, 2009; International Organization for Standardization, 2015, 

2013; NORSOK, 2017).  

The increasing interest of developing offshore wind turbines is evidenced in recent studies. Pham and Shin 

(2019) (Dai et al., 2018) (Sarkar et al., 2020) (Chen et al., 2018) (Manikandan and Saha, 2019). Kim and Shin, 

(2020) validated the numerical modeling of a 1:40 scale model under different environmental loads in a wave 

flume, and (Li et al., 2018), studied the transient responses of a SPAR-type turbine when one of the mooring 

lines suddenly fractures under extreme sea states. In Australia (Tian et al., 2018) studied the optimization of 

offshore wind turbine anchors considering specific wave parameters for the environmental loads. (Chuang 
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et al., 2020) investigated how the mean drift force of the wave and the slow drift load of the platform 

influenced the movements of a platform, and concluded that the average drift force and slow drift force 

moved the structure away along the direction of wave propagation. 

The complex fluid-structure interactions of offshore foundations have been studied through numerical 

approaches (physical modeling), to understand how the hydrodynamic forces affect the dynamic and 

mechanical properties of diverse marine structures.  (Bruinsma et al., 2018) analyzed the vertical movements 

of a moored floating structure through numerical modeling, and compared successfully the complex fluid-

structure interactions against measured experimental results. Ishihara and Zhang (2019) developed a non-

linear simulation tool coupled to the Morrison equation to determine the dynamic response of a floating 

structure and concluded that the quasi-static model successfully reproduced the first three main 

displacements, and (Cheng et al., 2019) performed CFD modeling of a floating offshore wind turbine through 

the OpenFOAM to analyze the fluid-structure interactions under several sea state conditions. (Yue et al., 

2020) analyzed the hydromechanics of a Spar floating platform through the numerical model ANSYS-AQWA, 

and (Barooni et al., 2018) and (Sant et al., 2018) used the same software to analyze the hydromechanics of 

and offshore wind turbine under different environmental loads.  

However, Rueda-Bayona et al. (2019b) revised these guidelines and warned that extreme hydrodynamic 

forces did not occur during extreme sea states (high surface waves), but these extreme forces appeared 

during low sea states with wave height less than 1 m. The authors recommended inspecting low sea states 

for identifying extreme hydrodynamic forces when the offshore foundation is under inertia regime 

(Chakrabarti, 2005), which is the most common regime for offshore wind turbine: water depth > 30 m, wave 

heights > 1 m, and wave period higher than 4 s. Also, the literature review performed by Rueda-Bayona et al. 

(2019b) showed that several studies considered the standard guidelines for analyzing the structural dynamics 

of offshore structures, then, these researches omitted that during low sea-states a non-uniform current 

profile may generate more hydrodynamic forces than can produce high waves during extreme sea-states 

such as hurricanes or cold fronts.  

The revised literature showed that offshore designing may be excluding extreme hydrodynamic forces during 

low sea-states because of the standards recommendation of selecting environmental design loads from 

extreme sea-states. In this sense, this study used measured current profiles during low and extreme sea-

states to verify if maximum hydrodynamic forces may occur under low sea-states as pointed Rueda-Bayona 

et al. (2019b) through modelled current profiles. Then, the measured current profiles were used as 

environmental loads to analyze their effect over the nearfield hydrodynamics and the mechanical properties 

of a Tension-leg foundation. This study is a contribution to highlight the relevance of identifying extreme 

hydrodynamic forces higher that could be seen during extreme wave states recommended by the designing 

standard. The CFD modelling with measured data of this study provides more evidence that low-sea states 

may generate critical structural responses because current profiles generate more effect than extreme waves 

if the offshore structure is in an inertia regime. 

Methodology. 

The strategy for analyzing the effect of extreme current profiles generated during low sea states comprises 

three main steps: 1- Identification of the sea states and profile selection, 2- hydrodynamic modeling, 3- 

Structural simulations. 

After defining the study area, in situ ocean data was necessary to identify low and extreme sea states for the 

current profile selection. The study case was performed in the Colombian Caribbean coast where the in situ 
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data was retrieved from the study of Rueda-Bayona (2017) and Rueda-Bayona et al., (2020), who used 

measured data from an Acoustic Doppler Current Profiler (ADCP) located in 11.038° N 74.943° W (Fig.  1). 

The ADCP measured at 8 m water-depth and recorded wave and current data from June 3rd to December 

11th of 2015 with 10 minutes of interval. 

 

Fig.  1. Study area and location of the in situ current profiles measured by ADCP. Coordinates in Magna Sirgas 
(Bogotá zone).  

The surface wind data was downloaded and processed from the NARR-NOAA database (NOAA, 2016) which 

has a 3-hourly time interval of frequency. The water level data was generated through the hydrodynamic 

Delft3D model, which was previously implemented and calibrated by (Rueda-Bayona et al., 2020e). 

The characteristics of the control volume, the foundation location, and the selected layers (planes) for the 

CFD analysis are depicted in Fig.  2a. The TLP foundation(Fig.  2b) is perfectly fixed into the seafloor to analyze 

the effect of currents over the near hydrodynamic field of a non-mobile solid, and how the hydrodynamic 

forces affect the main mechanical properties of the foundation such as the Von Misses stress.  

 

a)  b)  

 

 

 

Fig.  2. a) numerical control volume and plane views of TLP foundation for the CFD modeling, b) main 

dimensions of TLP foundation; units in millimeters. 
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The CFD (Computational Fluid Dynamics) and FEA (Finite Element Analysis) were performed through the 

ANSYS software V.2019 R2 (www.ansys.com), which is a multiphysics numerical model able to simulate 

complex fluid-structure interactions and other physical problems. The numerical strategy to simulate the 

effects of the extreme current profiles (Fig.  5) over the TLP foundation (Fig.  2) is shown in the Fig.  3, where 

the CFD analysis will be done by the Fluent model (Fluid Flow) known as Ansys-Fluent, and the FEA through 

the structural model (Static structural) known as Ansys-Mechanical. The Ansys-Fluent solves the Reynold 

Averaged Navier-Stokes (RANS) equations for computing properties of the hydrodynamic field (velocities, 

pressures, forces, and turbulent parameters), and the Ansys-Mechanical uses the hydrodynamic data 

generated by Ansys-Fluent to calculate deformations and mechanical parameters of the solid body. 

 

Fig.  3. Structure of the numerical approach and data pathlines in the ANSYS Workbench. 

The properties and boundary conditions of the CFD model are seen in Table 1, such as the fluid control 

volume characteristics and the applied numerical methods. The parameters and values of the ANSYS-Fluent 

model were tuned considering the convergence of the numerical solution and the expected behavior of 

magnitude and shape of the hydrodynamic field perturbed by a monopile (Journée and Massie, 2002; 

Sarpkaya, 1993) and by the current field nearby to the study area (Juan Gabriel Rueda-Bayona, 2017; Rueda-

Bayona et al., 2020c, 2020a, 2019b). The mechanical properties of the TLP foundation such as the Isotropic 

Elasticity derived from Young's Modulus and Poisson's Ratio are listed in Table 2. 

Table 1. Fluid properties, boundary conditions, and numerical approach of the CFD model (ANSYS-Fluent). 

Parameter value 

seawater density (kg/m3) 1020 
kinematic viscosity  0.0002 

solver pressure based 

velocity formulation absolute 

time  steady 

z gravity  -9.81 
steel density  (kg/m3) - solid 7850 

boundary conditions upstream 



      
 

5 

velocity specification method magnitude, normal to boundary 

reference frame absolute 

turbulence - method Intensity and Viscosity ratio 

Turbulent intensity (%)  5 

Turbulent viscosity ratio 10 
Solution methods  

Pressure-velocity coupling  Yes 
Scheme coupled 

Spatial discretization  

Gradient Least Squares Cell based 

Pressure Second order 

Momentum Second order Upwind 
Turbulent Kinetic Energy 1st order upwind 

Specific dissipation rate 1st order upwind 

pseudo transient yes 

Pressure 0.5 

Momentum 0.5 
Density 1 

Body forces 1 
Turbulent Kinetic Energy 0.75 

Specific dissipation rate 0.75 

Turbulent viscosity 1 

 

Table 2. Mechanical properties of the TLP foundation for the FEA through ANSYS-Mechanical. 

Parameters value 

Young's Modulus (Pa) 2.00E+11 

Poisson's Ratio 0.3 

Bulk Modulus (Pa) 1.67E+11 

Shear Modulus (Pa) 7.69E+10 

Isotropic Secant Coefficient of Thermal Expansion 
1/°C 

1.20E-05 

Compressive Ultimate Strength (Pa) 0 

Compressive Yield Strength (Pa) 2.50E+08 

Tensile Ultimate Strength (Pa) 4.60E+08 

Tensile Yield Strength (Pa) 2.50E+08 

 

Results and Discussion 

The identification of the low and extreme sea states of the study area considered the climate analysis 

performed by previous studies, which pointed to a low sea state when significant wave heights (Hs) are below 

1.28 m and an extreme sea state occurs when Hs is higher than 2.87 m (Rueda-Bayona et al., 2020b, 2020d; 

Rueda-Bayona and Guzmán, 2020). In this sense, the evolution of significant wave heights (Hs) generated 

from the ADCP data allowed identifying 3 sea states (Fig.  4) pointed as run 1, 2, and 3, which 2 of them (run 

1 and 3) occurred during low sea conditions, and the third sea state (run 2) showed extreme sea conditions.  

Considering that winds and water level induce the generation of extreme hydrodynamic forces (Rueda- 
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(Rueda-Bayona et al., 2019b), the evolution of these parameters were plotted together with the Hs and wave 

direction (Fig.  4); waves and winds have an oceanographic convention, winds come from and waves go to. 

 

Fig.  4. Oceanographic data from June 3rd to December 12th of 2015. The ADCP wave time series and 10-m 

wind data of the study area were edited from (Juan Gabriel Rueda-Bayona, 2017). 

From the 3 sea states selected 3 current profiles were selected, each of them associated to an extreme and 

low sea state (Table 3). The measured current profiles had 0.4 m of cell size with 0.4 m of blanking, what 

represented 20 measurement points alongside the 8 m of water column (Fig.  5).  

 Table 3. Oceanographic parameters of the 3 selected ADCP current profiles. 

 

Date – time 
 

Hs (m) 
 

Tp (s) 
 

Wave 
direction 
(°) 

Wind 
speed 
(m/s) 

Wind 
direction 
(°) 

 
sea-state 
 

Tide 
condition 

 
Run 

June 3/06/2015 -10:00 0.44 7.76 56 2.40 50 low Ebb 1 
July 4/07/2015 - 2:00 3.06 10.78 60 11 33 extreme Ebb 2 
October 15/10/2015 -3:00 0.3413 6.92 30 5.82 31 low Ebb 3 
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Fig.  5. ADCP Current velocity profiles and b) Geometry of the TLP foundation. 

After the identification of low and extreme sea states and the current profile selection, the CFD simulations 

were performed. Then, the hydrodynamic results during the fluid structure interactions between the current 

profiles and the TLP foundation are shown in Fig.  6. The CFD results evidenced that the maximum current 

velocity occurred during the low sea states of June and October (Table 3), then, the maximum hydrodynamic 

forces were generated during these two sea sates where the Hs did not exceed the 0.5 m (low sea state). The 

maximum current velocities were observed in June (Fig.  6 a, d, g) with values about 1 m/s nearby to the TLP 

legs, followed by the results of October which not exceeded the 0.9 m/s in the upper planes of the 

hydrodynamic fields (Fig.  6 f, i). 

 June July October 
 a)  b) c) 
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Fig.  6. Velocity contours generated by the current velocity profiles during extreme and low sea states 

occurred in June, July, and October of the 2015 year; the black arrow represents the upstream flow. 

The results of July showed that current velocities were not higher than 0.7 m/s (Fig.  6 b, e, h), evidencing 

that maximum velocities did not occur during the high wave heights of July  (Table 3). Then, the derived 

contour velocities from the CFD results (Fig.  6) pointed that low sea states are associated with extreme 

current profiles in the study area similar to the statements of Juan Gabriel Rueda-Bayona (2017). The 

streamlines generated by the CFD modeling showed the hydrodynamic behavior during the effect of current 

profiles (Fig.  7), which showed the aforementioned maximum velocities during June and October (low sea 

states) (Fig.  6). The subcritical regime of Reynolds number (Re=2500), the Keulegan-Carpenter number (KC 

= 9), the hydrodynamic streamlines and a previous inspection of vector field did not suggest the generation 

of vortex around the TLP foundation.  

 

 June July October 
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Fig.  7. Streamlines generated by the current velocity profiles during extreme and low sea states occurred in 

June, July, and October of the 2015 year; the black arrow represents the upstream flow. 
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In order to identify the effect of the measured current profiles over the TLP foundation during the low and 

extreme sea states of the study area (Table 3), the hydrodynamic results of the Ansys-Fluent model were 

transferred to the Ansys-Mechanical model (Fig.  3) in terms of hydrodynamic loads.  The FEA performed by 

Mechanical-Ansys pointed that the maximum stress occurred during June with a value of 8.3969 x 105 Pa.(Fig.  

8 a, d), where the maximum stresses appeared at the top of the cylinder section (600 m of diameter) (Fig.  

2b) and at the 4 TLP legs; the minimum Von Miss stress was 0.1868 Pa occurred in October (Fig.  8 c, f, i).  

June July October 
a) b) c) 

   
d) e) f) 

   
g) h) i) 

   
Fig.  8. Von Mises stress (Pa) generated by the current velocity profiles during extreme and low sea states 

occurred in June, July, and October of the 2015 year; the black arrow represents the upstream flow. 

The maximum stress of the TLP foundation generated by the current profiles of June, July, and October 

showed similar values (0.84 MPa) to the reported by (Rueda-Bayona et al., 2019b) (1.95 MPa), who modelled 

Von Misses stress of an offshore monopile under similar oceanographic conditions, used the same steel for 

the foundation located in the same region (Colombian Caribbean coast). As was stated by Rueda-Bayona et 

al., (2019b) in their study, the maximum hydrodynamic force of this study occurred during a low sea state 

with a wave height less than 0.7 m and a wind speed less than 4 m/s.  
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The isobaths and coastline orientation also were similar to the study of Rueda-Bayona et al., (2019b), as well 

as the wind characteristics, but wave directions of this study were different because the waves propagated 

to the east due to the wave-refraction generated by the water depth reduction nearby the shore. Because 

the waves of that study propagated to the south-east and the flood tide was just starting, these forcers eased 

the water flux development which generated the maximum hydrodynamic forces. In this study, the ebb tide 

was at the half period where the maximum accelerations occurred. As a result, the maximum currents of the 

ebb tide combined with a low sea state and winds blowing from the east (30°-50°) eased the increment of 

current velocities as seen in the profiles of June and October (run 1 and 3) (Fig.  5). The current profile of July 

showed the lowest magnitudes because the potential energy of its high waves reduced the kinetic energy at 

the surface. Considering that this study area is nearby to the surface river plume of Magdalena River (Alvarez-

Silva and Osorio, 2014; Restrepo and López, 2008), the generated currents close to shore which flow to the 

southeast, combined with the ebb tide, winds from the northeast and reduced wave heights, generated 

maximum hydrodynamic forces at the study area during low sea state conditions. 

Conclusions. 

The offshore structure design considers that maximum hydrodynamic forces appear during extreme sea 

states (highest wave height), in this sense, the standard and guidelines suggest selecting the wave 

parameters of these extreme events for estimating the environmental loads. Considering that recent studies 

that utilized numerical modelling reported that maximum hydrodynamic forces occurred during low sea 

states, this study used measured wave and current data for validating if maximum hydrodynamic forces may 

occur during low sea states. 

As a result, 3 sea states were analyzed in the Colombian Caribbean Coast, and their associated current profiles 

were extracted for the analysis. The current profiles of June, July, and October of the 2015 year were used 

to perform CFD and FEA simulations of a TLP foundation. The results evidenced that maximum Von Misses 

stress appeared in June during a low sea state, and not during July, where the maximum wave heights were 

3 m. Then, the results of other studies reporting that low sea states generate higher hydrodynamic forces 

than extreme sea states were confirmed by this study. 

This study validates the findings of the recent studies which suggested that maximum hydrodynamic forces 

occur during low sea states, and their increment depends on the wind-wave-tides interactions and by the 

geomorphological and bathymetry characteristics. Finally, this research evidenced that Ebb tides during a 

low sea state (Hs < 0.5 m), wind speed less than 4 m/s blowing from the northeast, generate maximum 

hydrodynamic forces at the study area. As future research it is recommended to analyzing low sea states in 

different regions with higher latitudes, to confirm the applicabilty of selecting low sea states for identifiying 

extreme hydrodynamic forces. 
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