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ABSTRACT 
Floating unit, mooring lines and risers comprise an integrated 

dynamic system that respond to environmental loading due to 

wind, waves and currents in a complex way. Correct 

consideration of wave energy spreading may be extremely 

significant for the floating unit response and the mooring and 

riser system integrity assessment as the directional spectrum 

induce vessel coupled responses. The riser and system response 

of a spread-moored Floating, Production, Storage and 

Offloading unit (FPSO) is assessed employing a cos2s function 

for the wind-generated wave spreading acting together with a 

unidirectional swell system. A coupled dynamic analysis is 

performed considering simultaneously the dynamics of the 

vessel and of the slender structural system. A case study is 

presented and the results assessed considering typical offshore 

Brazilian conditions. 

 

INTRODUCTION 

The analysis of the mooring and riser system of a FPSO may be 

influenced by several factors related to the degree of 

simplifications adopted in the numerical analysis and to the 

degree of accuracy for describing the environmental loading 

acting on the system. Traditional numerical methods adopted by 

the Industry tend to assess the dynamics of the floating unit and 

the moorings/risers separately; therefore these methods do not 

take into the account coupling effects between the two systems, 

such as the inertial and damping forces resulting from the 

dynamics of the submerged slender structures. 

With regard to the external environmental loading, the correct 

consideration of wave directionality may be extremely 

significant for the assessment of the floating unit’s and the 

moorings/risers system’s response. As pointed out by Ochi [1] 

this is because the responses of an offshore system computed 

using a unidirectional spectrum are usually overestimated and 

the important associated coupled responses induced by waves 

from other directions are also disregarded. This is particular 

relevant for offshore Brazil where wind-seas may be observed 

in combination with swell-seas, that do not necessarily 

propagate in the same direction as the local wind. 

The concept of directional spectrum        has been 

introduced (e.g. Longuet-Higgins [2] ) to describe the complex 

and chaotic phenomena of wind-generated ocean waves in 

terms of contributions from waves propagating in different 

directions with different wavelengths. Inherent difficulties 

associated with measuring and analyzing directional spectra 

made it difficult to enable a robust application in the analysis 

and the design of offshore systems in the past. However, 

according to Hauser et al. [3] , during the last two decades 

significant advancements have been made in measuring the 

directional wave spectrum and a large number of measuring 

devices working on different principles are now available. This 

in turn increases the feasibility and confidence of applying 

directional data for the analysis of offshore systems and in the 

near future it’s expected to become an Industry practice in order 

to reduce uncertainties and the conservatism associated to 

current methods. 

Aiming at assessing the effect of some numerical analysis 

simplifications, Caire and Schiller [4] presented a method of 

fully coupled analysis of a spread-moored FPSO with mooring 

lines and riser systems operating offshore Brazil. A comparison 

with one of the current industry practices of the de-coupled 

approach was carried out leading to the conclusion, that in 

general terms, the numerical analysis uncertainties are 

decreased, when the coupled approach is used. 

The same fully coupled FPSO-mooring-riser system is now 

employed to investigate the effect of wind-wave energy 

spreading (directional spectrum) on the top tension of the riser 

and mooring system. A parametric study is carried out 

considering a representative selection of short term 

environmental conditions of Santos Basin, offshore Brasil with 

different spreading parameters to assess its impact on the 

response. It is expected that the corrections associated with a 

coupled analysis together with a better environmental loading 
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representation will result to a more accurate integrity 

assessment of moorings risers. 

 

DIRECTIONAL CHARACTERISTICS OF RANDOM 
SEAS 
The directional wave spectrum        represents the 

distribution of wave energy not only in the frequency domain 

but also in direction and is generally expressed as follows, 

 

                  (2.1) 

 

To obtain estimates of the full directional spectrum, one must 

choose analysis techniques capable of providing either the 

complete directional spectrum itself or the one dimensional 

spectrum along with its corresponding directional distribution 

function       . In the latter, the frequency spectrum gives the 

absolute value of the wave energy density while the directional 

function represents the magnitude of directional spreading of 

wave energy. The directional distribution        is a non-

negative function with integral 1 on the interval         
expressed mathematically as, 

 

           
  

 
 (2.2) 

 

As pointed out by Goda [5], the quantification of the directional 

distribution of sea waves energy is limited because of the 

difficulty in making reliable field measurements and, in 

contrast to the frequency spectrum, a standard form for the 

directional distribution function has not been achieved yet. 

Although a number of distributions can be found in the 

literature (Wrapped normal, sech-2, Poisson, von Mises, 

Boxcar, Triangular and others), one of the most widespread 

distributions (cos-2s) has been introduced by Longuet-Higgins 

[2] and is described by, 
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where      is a normalization factor given by 

 

     
     

 
        

 

       
 (2.4) 

 

and   is a positive real number that controls the degree of 

concentration of the spreading energy around the mean value 

  . The Gamma function is denoted by  . The directional 

spreading function      is presented in Fig. 2.1 at various 

values of the spreading parameter   considering frequency 

independency. It can be observed that as the spreading 

parameter value increases, more energy is concentrated at the 

mean propagation direction. 

 

-180 -120 -60 0 60 120 180

0,0

0,4

0,8

1,2

1,6

2,0
s = 50

20

15

5
4
3
2

S
p

re
a

d
in

g
 f

u
n

c
ti
o

n
 D

(
)

Directional angle  [deg]

1

Figure 2.1 – Directional spreading function for various s-values 

with      

 

The directional spreading function presented in Eq. (2.3) has 

characteristics that the parameter   presents a peak value 

around the frequency of the spectral peak and that its value 

decreases toward both lower and higher frequencies. Based on 

data measured at the coast of Japan with a cloverleaf buoy, a 

frequency dependent relation for the spreading parameter has 

been proposed by Hasselman [6] as follows, 
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where    is the spreading parameter at the peak frequency, 

defined as a function inversely proportional to the wave age as 

follows, 

 

        
   

  
 

    

 (2.6) 

 

where     is the wind speed at 10m and         is the 

phase speed at the spectrum peak. Using Eq. (2.6), the figure 

below shows the maximum spreading parameter    (at peak 

frequency) as a function of wind speed at 10 m height for a 

number of peak periods   . It can be observed that, for a given 

wind speed, the higher the wave period is the higher the wave 

energy spreading will be. 
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Figure 2.2 – Spreading parameter versus wind speed for various 

Tp values 

 

According to Ochi [7] the following relationship between fetch 

and wind speed can be applied for the JONSWAP spectrum 

considering the mean value (     ) for the peak-shape 

parameter, 

 

                   
    

 (2.7) 

 

where   is the fetch length in km and    the significant wave 

height in meters. Considering a constant wind direction, the 

fetch length along with the wind speed determines the size of 

waves produced. The longer the fetch and the faster the wind 

speed, the more wind energy is imparted to the water surface 

and the larger the resulting sea state will be. 

 

CASE STUDY DEFINITION 
 

FPSO-riser-mooring system 
The case study is carried out considering the same floating unit 

and mooring-riser system adopted by Caire and Schiller [4] . It 

consists of a spread-moored FPSO anchored with 20 mooring 

lines and 15 risers connected to port side, leaving starboard side 

free. The riser properties are described in Witz [8] and the 

mooring lines properties can be found in Wibner [9]. Figure 3.1 

shows a schematic representation of the slender structure 

system in its static configuration.  

Potential theory is applied for evaluation of the interaction 

between waves and the floater. Radiation and diffraction loads 

are considered by means of coefficients and transfer functions 

calculated by a Boundary Element Method (BEM)-based 

solver, e.g, WAMIT. Second order wave loads are considered 

by means of drift coefficients and Newman approximation. The 

vessel response due to multidirectional wave system is 

considered as a linear sum of the unidirectional swell wave and 

wind-wave spread in a range of 11 angles around the mean 

direction according to the cos2s distribution. Since the typical 

periods of swell and wind seas are rather different, the 

influence of swell on the 2nd order loads is disregarded in the 

drift forces calculations. 

 

 
Figure 3.1 – Moorings and risers layout 

 

Environmental loading definition 
The environmental conditions adopted in this study are 

representative of typical sea states from Santos Basin, offshore 

Brazil. A water depth of 1250m is considered. The convention 

adopted is as follows: i) for waves, the direction indicates 

where they come from and ii) for current the direction indicates 

where it goes to (relative to true north, clockwise rotation). The 

vessel is considered to be moored with a mean southwesterly 

heading of 225 degrees clockwise (relative to true north). The 

wave and current directions that were selected for this study are 

shown in Figure 3.2. 

 

 
Figure 3.2 – Schematic representation of the vessel heading and 

directions of waves and currents employed 

 

Irregular waves are represented by a JONSWAP spectrum, 

which is defined by the significant wave height Hs, peak period 

Tp and peak enhancement parameter γ. Table 3.1 show the 

wave parameters employed. SW direction is selected because it 

represents the largest and longest waves in the Santos Basin. 

Those are representative of swell waves associated with extra-
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tropical storm activity. SE waves are representative of wind 

waves and are selected as an example of smaller and shorter 

waves. Six values of spreading parameter are then adopted for 

the wind-wave system in order to investigate its effect on the 

system response. 

 

Table 3.1 – Wave data 

Direction Hs [m] Tp [s] γ 

SW 3.5 12.0 1.89 

SE 1.8 8.5 2.23 

 

According to Andrioni et al. [10] , the Santos Basin current 

regime is variable with no clear orientation of the flow 

direction as observed in a 3-year measurement campaign. For 

simplification purposes in the present case study an S current is 

considered to occur based on the time-averaged values obtained 

in their study [10] and presented below: 

 

Table 3.2 – S current 

Depth [m] Speed [m/s] 

0 0.24 

46.00 0.22 

96.00 0.20 

146.00 0.18 

196.00 0.16 

246.00 0.14 

296.00 0.13 

346.00 0.11 

800.00 0.09 

1200.00 0.07 

1246.00 0.00 

 

Table 3.3 shows the six loading cases defined for the present 

case study using the environmental data presented above. 

 

Table 3.3 – Loading cases definition 

CASE Current 
Wave 

Swell Wind sp 
01 S SW SE 2 

02 S SW SE 5 

03 S SW SE 10 

04 S SW SE 15 

05 S SW SE 20 

06 S SW SE 25 

 

In Fig. 3.3 and 3.4 one can observe the numerical simulated sea 

surfaces (using WAFO [11] ) for two different spreading 

parameters (s=2 and s=25) considering the JONSWAP 

spectrum adopted for the SE wind-wave system. It can be 

observed that the larger the spreading parameter is, the more 

concentrated the energy will be for a given direction. In the 

limit it approaches a unidirectional sea state. 

 

 
Figure 3.3 – Simulated sea surface for s=2 

 

 
Figure 3.4 – Simulated sea surface for s=25 

 

 

CASE STUDY RESULTS 

For each load case, 3-hours time domain coupled simulations 

were performed using the software SIMO [12] and RIFLEX 

[13] where the cos-2s spreading function is adopted. For the 

numerical simulations the wind wave time series are pre-

generated in a range of 11 angles around the average SE 

direction acting on the port side of the FPSO. The effect of 

spreading is presented in the next sections for the vessel 

response and for the mooring and riser system top tension 

response. 

 

Spreading Effect On The Floating Unit Response 
Coupled With Moorings/Risers 

Tables 3.4 and 3.5 show the mean and standard deviation values 

of surge, sway, heave, roll, pitch and yaw response for the 6 
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spreading parameters adopted. It can be observed that the 

spreading variation presents small influence on the mean 

values. The highest difference (7.7% from s=2 to s=25) is 

observed for the sway response, which is in agreement with the 

wind-wave main direction of propagation. For the standard 

deviation, the highest differences are observed for sway 

(41.7%) and roll (53.7%) responses, where the larger the 

spreading parameter is (wave energy is less spread), the higher 

the standard deviation will be. 

 

Table 3.4 – Vessel response mean values 

sp Surge 

[m] 

Sway 

[m] 

Heave 

[m] 

Roll 

[deg] 

Pitch 

[deg] 

Yaw 

[deg] 

2 1.163 2.134 -0.279 0.0851 0.0355 -0.174 

5 1.158 2.227 -0.279 0.0876 0.0355 -0.181 

10 1.153 2.278 -0.279 0.0888 0.0355 -0.184 

15 1.150 2.295 -0.279 0.0891 0.0355 -0.183 

20 1.147 2.299 -0.279 0.0891 0.0355 -0.182 

25 1.146 2.298 -0.279 0.0889 0.0355 -0.180 

 

Table 3.5 – Vessel response standard deviation 

sp Surge 

[m] 

Sway 

[m] 

Heave 

[m] 

Roll 

[deg] 

Pitch 

[deg] 

Yaw 

[deg] 

2 0.861 0.621 0.199 0.095 0.0751 0.0815 

5 0.860 0.736 0.205 0.112 0.0752 0.0912 

10 0.860 0.821 0.210 0.126 0.0748 0.0939 

15 0.860 0.854 0.212 0.134 0.0743 0.0921 

20 0.860 0.871 0.214 0.141 0.0738 0.0888 

25 0.860 0.880 0.215 0.146 0.0733 0.0850 

 

Figures A.1 to A.4 present the time series (selected interval) of 

sway, roll, heave and pitch responses for two values of 

spreading parameter (s=2 and s=25). It can be observed that the 

heave and pitch responses are less affected by the SE wind-

wave spreading variation, while the opposite occurs for sway 

and roll, where a larger response deviation is observed for 

different spreading parameters. With higher values of sp more 

wind-wave energy is concentrated on the mean propagation 

direction (acting perpendicular to FPSO port side) and 

consequently, it is expected that the sway and roll responses are 

more influenced. 

 

Spreading Effect on the Top Tension of 
Moorings/Risers 

The mean top tension and standard deviation are presented for 

all the moorings and risers in Fig. A.5 to A.8. The mooring 

system response is more dependent on the spreading variation 

when compared to the risers system as can be observed from 

the mean and standard deviation values. 

For both the riser and mooring system, higher values of 

standard deviation are observed for higher values of the 

spreading parameter. This is possibly a result of more wind-

wave energy acting perpendicular to the FPSO and 

consequently increasing the influence on the sway and roll 

response. 

Figure A.9 presents the time series in a selected 18min interval 

of the riser #14 (highest mean top tension value) while Fig. 

A.10 presents the time series of the mooring line #6 (highest 

mean top tension value). The top tension spectral density of the 

whole time series (3h analysis) is shown in Fig. A.11 and A.12 

for both slender structures. As expected, the spectral response 

suggests that the riser is less dependent on the low frequency 

(LF) excitation than the mooring line. Moreover, the mooring 

response is highly affected by the spreading parameter variation 

when compared to the riser response as it is more sensitive to 

sway response variations due to spreading mooring 

configuration. 

 

SUMMARY AND CONCLUSIONS 

The wave energy spreading of the wind wave system acting 

together with swell waves is investigated in a case study of a 

typical spread moored FPSO operating in Brazilian offshore 

conditions for one selected combination of short term 

environmental conditions where a cos-2s spreading function is 

employed. A fully coupled approach is adopted where the 

dynamics of moorings/risers and floating unit are calculated 

simultaneously. The main observations from the numerical 

analysis results are described as follows: 

i. Mooring top tension response is more affected by the wave 

energy spreading than the riser system; 

ii. Higher values of sp (less spreading) leads to higher values 

of top tension standard deviations for the moorings and 

risers. 

The strong dependence of the standard deviation on the 

spreading parameter for moorings/risers suggests that a more 

accurate fatigue assessment of the structures may be obtained if 

a well established directional environment is employed. 

Conclusions for different floating production configurations can 

not be obtained from the specific case study presented here and 

further investigation is required to better evaluate the impact of 

energy spreading on the extreme and fatigue response of the 

riser system. However, in general terms it is expected that the 

corrections associated with a coupled analysis together with a 

better environmental loading representation will result to a 

more accurate prediction of moorings/risers integrity 

assessment. This is in agreement with the current industry need 

to decrease conservatism and cost in new designs and also in 

the life extension reassessment of existing subsea systems. 
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ANNEX A 

CASE STUDY RESULTS 

 
Figure A.1 – Sway vessel response for two spreading values 

(s=2 and s=25) 

 

 

 
Figure A.3 – Heave vessel response for two spreading values 

(s=2 and s=25) 

 

 

 
Figure A.2 – Roll vessel response for two spreading values 

(s=2 and s=25) 

 

 
Figure A.4 – Pitch vessel response for two spreading values 

(s=2 and s=25) 
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Figure A.5 – Mean top tension of the riser system 

(s=2 and s=25) 

 

 

 

 
Fig A.7 – Top tension standard deviation of the riser system 

(s=2 and s=25) 

 

 

 

 
Figure A.6 – Mean top tension of the mooring system 

(s=2 and s=25) 

 

 
Figure A.8 – Top tension standard deviation of the mooring 

system 

(s=2 and s=25) 
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Figure A.9 – Top tension time series of riser #14 

(s=2 and s=25) 

 

 

 

 
Figure A.11 – Top tension spectral density of riser #14 

(s=2 and s=25) 

 

 

 

 
Figure A.10 – Top tension time series of mooring #6 

(s=2 and s=25) 

 

 
Figure A.12 – Top tension spectral density of mooring #6 

(s=2 and s=25) 

 

 

 


