
 
 
 

Interaction and combination method for estimation of still water and 
wave-induced bending moments on FPSO 

 

*Lei Wu1), Yaowen Yang2) and Muneesh Maheshwari3) 
 

1), 2), 3) 
School of Civil and Environmental Engineering, Maritime Institute @NTU, 
Nanyang Technological University, Singapore 639798, Singapore 

2) 
cywyang@ntu.edu.sg 

 
 
 

ABSTRACT 
 
     Floating, production, storage and offloading (FPSO) unit is a floating vessel used 
by the offshore oil and gas industry for the production and processing of hydrocarbons, 
and for the storage of oil. Due to the harsh working environment and long working 
period that is usually more than 25 years, it is necessary to check the structural 
strength of FPSO subjected to bending moments induced in still water and by waves. In 
this paper, the total deformation and equivalent stress caused by still water and vertical 
wave-induced bending moments are calculated for a specific FPSO using finite element 
analysis. Instead of the stochastic combination method that is commonly used in the 
stage of design, an empirical formula is proposed to account for the combined effect of 
both bending moments based on the analysis results. Due to the importance of fatigue 
life prediction for FPSO, a prediction method is presented to calculate the accumulated 
fatigue damage accumulation of FPSO. 
 

1 INTRODUCTION 

Recently, the search for crude oil has taken the offshore oil industry toward 
deeper and deeper water fields and this has demanded the development of new 
exploration technologies. Floating, production, storage and offloading (FPSO) units, 
which are large in size and highly technical, have been widely constructed for offshore 
oil and gas fields (Chen 2016). A FPSO unit is a floating vessel for the production and 
processing of hydrocarbons, and for the storage of oil. FPSOs are operated at specific 
locations and it is unlikely for them to avoid adverse weather conditions during their life. 
Therefore, the structural fatigue assessment is of vital importance, while the 
prerequisite for structural fatigue analysis is the stress values under different working 
conditions. 
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     During its service life, a FPSO hull girder is predominantly loaded by still water 
bending moment (SWBM) and vertical wave-induced bending moment (VWBM). 
SWBM depends basically on the longitudinal distribution of the self-weight, the cargo or 
the deadweight. VWBM is a result of wave action at the specific installation locations 
(Sun and Bai 2003). Due to its specific function, the operations of loading and 
unloading are more frequent for the FPSO as compared to the general tankers. 
Estimated results show that the number of loading and unloading cycles is less than 
4000 during the FPSO service life. However, assuming the service period of FPSO as 
20 to 25 years, the cycles of alternating stress caused by VWBM can exceed 108. 

The long-term loading condition for FPSO cannot be definite as the wave motion 
in the sea is random. Therefore, it is impossible to describe the values of SWBM and 
VWBM in a definite way. The stochastic approach is thus used to present the 
probabilistic value of VWBM. Although SWBM and VWBM work on the FPSO at the 
same time, they are two different stochastic load processes that vary with time. Many 
researchers believe that it is unlikely for both maxima of SWBM and VWBM to happen 
simultaneously (Chen 2016). For the purpose of predicting the maximum value of the 
two combined stochastic processes, many methods have been proposed, such as the 
Turskra’s rule, load coincidence method, up-crossing method, Ferry–Borges method 
and so on. These methods have been applied or modified to predict the maximum 
value of the total vertical bending moment of a vessel. A detailed comparison can be 
found in the literature (Soares 1992, Wang and Moan 1996, Huang and Moan 2008, 
Chen, Ivanov and Bashor 2014). But all the methods are based on the same 
assumption that the SWBM and VWBM do not affect each other, and the results of 
these methods account for the maximum of the combined SWBM and VWBM. 

In this paper, we focused on the detailed total deformation and equivalent stress 
caused by still water and vertical wave-induced bending moments using finite element 
analysis based on a specific FPSO. The static simulation is conducted under full load, 
half load and ballast draft conditions. The dynamic simulation is operated based on a 
specific wave spectrum. According to the simulation results, an empirical formula is 
proposed to account for the combined effect of both bending moments. Furthermore, a 
simple method is proposed to predict the fatigue life of FPSO. 

2 SWBM AND VWBM 

2.1 SWBM 
SWBM in tankers and other ocean-going ships has been studied extensively in 

the past (Soares and Dogliani 2000). In contrast to ocean-going ships, SWBM in a 
FPSO vessel varies much more frequently from one loading condition to another. This 
variation of load conditions is due to loading patterns and human action (Sun and Bai 
2003). The distribution and weight of the personnel and cargo may be the major 
contributors to variability in SWBM (Chen 2016). For general ships and tankers, the 
loading condition may be discrete. But as to FPSO, the variations of the loading 
condition are far more than that for general ships and tankers (Sun and Bai 2003). 
Usually, it is believed that the loading conditions change continuously as the oil is 
injected into the cargo tankers continuously. As shown in Fig. 1, the variation curve of 
SWBM is continuous from the full ballasting condition to the full loading condition for an 



FPSO. And the variation tendency of the curve is decided by the oil injecting speed and 
the oil exporting speed. 
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Fig. 1 SWBM variation at the midship section of an FPSO 
 
 
     Based on statistical data, the cumulative distribution of SWBM’s peak value can 
be fitted by a Rayleigh distribution for the sagging condition and by an exponential 
distribution for the hogging condition (Sun and Bai 2003). For the sagging SWBM, 
 

𝐹𝑀𝑠
(𝑀𝑠) = 1 − 𝑒𝑥𝑝 [−𝑙𝑛(𝑣𝑠𝑇0) (

𝑀𝑠

𝑀𝑠,0
)

2

]                    (1) 

 
for the hogging SWBM, 
 

𝐹𝑀𝑠
(𝑀𝑠) = 1 − 𝑒𝑥𝑝 [−𝑙𝑛(𝑣𝑠𝑇0) (

𝑀𝑠

𝑀𝑠,0
)]                    (2) 

 

where 𝑀𝑠 is the SWBM of an individual load condition and 𝑣𝑠 is the mean arrival rate 
of one load condition. 𝑀𝑠,0, the specified maximum SWBM, has been defined by many 

standards and rules, such as in DNV (Det Norske Veritas) standards, 
 

𝑀𝑠,0 = {
−0.065𝐶𝑊𝐿2𝐵(𝐶𝐵 + 0.7) (𝑠𝑎𝑔𝑔𝑖𝑛𝑔)

𝐶𝑊𝐿2𝐵(0.1225 − 0.015𝐶𝐵) (ℎ𝑜𝑔𝑔𝑖𝑛𝑔)
                (3) 

 

where 𝐿, 𝐵 and 𝐶𝐵 are the ship length, breadth and block coefficient, respectively, 
and 𝐶𝑊 is the wave coefficient. 

2.2 VWBM 
Because the FPSO vessel heading is constantly adjusted towards the direction of 

coming waves, the amount of wave-induced horizontal bending moment and torsional 
moment is small (Sun and Bai 2003). Consequently, only the VWBM is considered. 



According to the DNV standards, for a FPSO, the long-term distribution of VWBM, 𝑀𝑤, 
may be approximated by the following Weibull distribution: 
 

𝐹𝑀𝑤
(𝑀𝑤) = 1 − 𝑒𝑥𝑝 [−𝑙𝑛(𝑣𝑤𝑇0) (

𝑀𝑤

𝑀𝑤,0
)

ℎ𝑤

]                 (4) 

 
where 𝑣𝑤 is the mean arrival rate of one wave cycle and 𝑀𝑤,0 can be defined as 

follows: 
 

𝑀𝑤,0 = {
−0.11𝐶𝑊𝐿2𝐵(𝐶𝐵 + 0.7) (𝑠𝑎𝑔𝑔𝑖𝑛𝑔)

0.19𝐶𝑊𝐿2𝐵𝐶𝐵 (ℎ𝑜𝑔𝑔𝑖𝑛𝑔)
                (5) 

 
As shown above, both the SWBM and VWBM can be calculated according to 

some rules in a statistical way. Obviously, the values of SWBM and VWBM are 
regarded as independent of each other. In this paper, we will study the equivalent 
stress caused by still water and vertical wave-induced bending moments. 

3 Key parameters of the specific FPSO 

A specific FPSO is used to simulate and analyze the stress caused by the SWBM 
and VWBM under different conditions. The relevant key parameters of the FPSO are 
listed in Table 1. In fact, the parameters are aligned with several popular FPSOs in 
service. As shown in Table 1, a general FPSO is very huge and it is like a factory for oil 
& gas production. 

 
 

Table 1. Key parameters of FPSO 
 

Description Dimension Description Dimension 

Length overall 310.00m Beam 60.00m 

Length 300.00m Moulded 30.00m 

Ballast draft 10.00m Full load draft 21.00m 

 
 
     According to the key parameters, a 3-D FPSO model is built using Solidworks 
2014 in order to analyze the deformation and stress of the FPSO under different 
conditions. For convenience, only the FPSO hull is built in the model, and the 
equipment above the main deck will be represented by point mess in ANSYS 
Workbench 15.0. Due to the complexity of FPSO hull structure, it is not possible to 
consider all the details in the simulation model. We therefore ignore the holes and small 
components in order to simplify the simulation process but at the same time maintain 
reasonable accuracy in simulation results. Many previous researchers have 



demonstrated that this procedure is reasonable with acceptable error. The midship 
section of the FPSO model is shown in Fig. 2. 

 
 

Fig. 2 The midship section of FPSO 
 
 

4 Simulation and results 

FPSO units are subjected to static and dynamic loadings during their service life, 
which are caused by the SWBM and VWBM, respectively. 

4.1 Static simulation 
     Under the SWBM, FPSO will suffer several forces such as: 
     (1) Self-weight (including the FPSO hull weight and the equipment weight); 
     (2) Hydraulic pressure caused by the stored oil; 
     (3) Hydraulic pressure caused by sea water. 
     The forces/loads exerted on FPSO are different under different conditions. The 
full load, half load and ballast draft conditions are studied in this paper. But whichever 
condition is considered, the force balance must be there. Therefore, the values of self-
weight, stored oil hydraulic pressure force and sea water hydraulic pressure force 
should meet the force balance criterion. As to the FPSO hull, the sea water hydraulic 
pressure force is equal to the sum of self-weight and stored oil hydraulic pressure force. 
Sometimes, the stored oil hydraulic pressure force can be represented by the stored oil 
weight. Actually, the self-weight of an FPSO can be considered constant since the 
change is negligible, but the stored oil hydraulic pressure and sea water hydraulic 
pressure vary according to the volume of stored oil and draught of FPSO, respectively. 
     According to current FPSO, we assume that the self-weight of the specific FPSO 
mentioned before is approximately 1.5×108Kg. In fact, 1.5×108Kg is a largish value. In 
order to keep the force balance, the draught is confirmed first. Based on Table 1, the 
draught values are 21.00m, 15.00m and 10.00m under the full load, half load and 
ballast draft conditions, respectively. It is easy to calculate the stored oil hydraulic 
pressure according to the key parameters and the section drawing of FPSO. Then the 
depth of stored oil can be obtained. The calculations are not shown in this paper due to 
the limited space, and the values of several parameters are shown in Table 2. 



Table 2. Parameters of three specific working conditions of FPSO 
 

Working conditions 

Parameters 
Full load draft Half load draft Ballast draft 

Self-weight of FPSO 1.5×108Kg 

Mean draught 21.00m 16.00m 10.50m 

Sea water density 1025Kg/m3 

Acceleration of gravity 9.8Kg/N 

Sea water hydraulic 
pressure at the bottom of 

the FPSO 
2.10945×105Pa 1.507×105Pa 1.005×105Pa 

Weight of stored oil 2.106×108Kg 1.137×108Kg 2.59×107Kg 

 
 

The distribution of self-weight of FPSO is very important for the static simulation. 
For a general FPSO, the weight distribution of the prow and stern is larger than the 
midship part. In this paper, we assume that the self-weight distribution of prow and 
stern of the specific FPSO is 7.5×105Kg/m (the total length of prow and stern is 60m), 
and self-weight distribution of midship part (240m) is 4.375×105Kg/m. 
     The 3-D model of FPSO is imported into ANSYS Workbench 15.0, and the 
parameters for the static simulation are assigned. Fig. 3 shows the main structure of 
the FPSO model. The total deformation and equivalent stress under the three loading 
conditions are shown in Fig. 4, Fig. 5 and Fig. 6, respectively. 
 
 

 
 

Fig. 3 Main structure of FPSO model 



 
 

(a) Total deformation diagram under full load condition (scale 4.4e003) 
 
 

 
 

(b) Equivalent stress diagram under full load condition (scale 4.4e003) 
 

Fig.4 Simulation results under full load condition 
 
 
     Usually, the maximum weight of stored oil is much larger than the self-weight of 
the FPSO. As shown in Fig. 4, FPSO is sagging at full loading due to the large amount 
of oil stored in the cargo oil tankers. It means that the draught of the midship part is 
deeper than the bow and stern part. Ignoring the singular contact parts, which refer to 
the contact regions between the two sides (bow and stern part) and the midship part of 
FPSO, the maximum stress occurs in the longitudinal side frame. In fact, the 
longitudinal side frame and the contact between the longitudinal frame and transverse 
frame are the most vulnerable parts of FPSO. The simulation results verify this 
conclusion from practice. 
     With the decrease of weight of the stored oil, the sagging effect reduces. As 
shown in Fig. 5, the total deformation under half load condition is much smaller than 
that in Fig. 4, and the equivalent stress under half load condition is also much less than 
that under full load condition. Obviously, there is a specific condition, the draught of 
midship, bow and stern part will keep the same. 



     With further decease in weight of the stored oil, the FPSO will go into hogging. 
The extent of hogging is the highest under the ballast draft condition. In fact, this 
condition just happens when most of the stored oil is exported from the FPSO to the 
shuttle tankers. Since the oil & gas production equipment is working all the time on the 
main deck, it is not possible that no oil exists in the cargo oil tankers. The total 
deformation and equivalent stress under ballast draft condition are shown in Fig. 6. 
     The total deformation will be the biggest under the full load or ballast draft 
condition, and the results depend on the weight distribution and the design of the FPSO. 

 
 

 
 

(a) Total deformation diagram under half load condition (scale 4.1e003) 
 
 

 
 

(b) Equivalent stress diagram under half load condition (scale 4.1e003) 
 

Fig.5 Simulation results under half load condition 



 
 

(a) Total deformation diagram under ballast draft condition (scale 4.1e003) 
 
 

 
 

(b) Equivalent stress diagram under ballast draft condition (scale 4.1e003) 
 

Fig.6 Simulation results under ballast draft condition 
 
 

4.2 Dynamic simulation 
     As stated earlier, the VWBM is caused by wave that hits the FPSO. Since the 
waves are random events, meaning that future behavior of wave cannot be precisely 
predicted (Wang 2014), it is reasonable to describe the wave using statistical or 
probabilistic approaches (Cui, Chen and He 2017). Several wave spectra have been 
proposed, such as the Neumann spectrum, Bretschneider spectrum, P-M spectrum and 
JONSWAP spectrum (Goggins and Finnegan 2014). In this paper, the JONSWAP 
spectrum, which is formulated according to the marine condition in North Sea, is 
adopted to simulate the dynamic load of FPSO (Yurovskaya, Dulov, Chapron and 
Kudryavtsev 2013). The detailed parameters of JONSWAP spectrum are shown in 
Table 3. As shown in Table 3, the energy of wave is concentrated at the frequency 
interval from 0.1Hz to 1.2 Hz. The dynamic simulation is conducted in ANSYS 
Workbench 15.0 using the 3-D model of FPSO mentioned above. The simulation 
results are shown in Fig. 7. 



Table 3. JONSWAP spectrum 
 

𝜔 𝑆(𝜔) 𝜔 𝑆(𝜔) 

0.50 3.59E-11 1.35 4.20E-01 

0.55 2.40E-07 1.40 3.58E-01 

0.60 5.55E-05 1.45 3.15E-01 

0.65 1.78E-03 1.50 2.79E-01 

0.70 1.71E-02 1.60 2.20E-01 

0.75 7.59E-02 1.70 1.72E-01 

0.80 2.05E-01 1.80 1.35E-01 

0.85 3.98E-01 1.90 1.07E-01 

0.90 6.32E-01 2.00 8.48E-02 

0.95 9.38E-01 2.50 2.97E-02 

1.00 1.48E+00 3.00 1.22E-02 

1.05 2.40E+00 4.00 2.95E-03 

1.10 3.00E+00 5.00 9.71E-04 

1.15 2.40E+00 6.00 3.91E-04 

1.20 1.41E+00 7.00 1.81E-04 

1.25 8.11E-01 8.00 9.29E-05 

1.30 5.40E-01   

 
 

 
 

Fig. 7 Dynamic simulation results 
 
 
     As shown in Fig. 7, the total deformation and the equivalent stress caused by 
wave are much less than that caused by the SWBM. But during the whole service life 
(over 20 years), the FPSO may be subjected to the wave load more than 108 times. 
When predicting the fatigue life of FPSO, all the static load and wave load play 
important roles. 



4.3 Combination of the effect of SWBM and VWBM 

The equivalent stress caused by static load 𝜎𝑠𝑡𝑎𝑡𝑖𝑐 is related to the self-weight of 
FPSO 𝑊𝑠𝑒𝑙𝑓, the weight of stored oil 𝑊𝑜𝑖𝑙, and the weight distribution, as follows. 

 

𝜎𝑠𝑡𝑎𝑡𝑖𝑐 = 𝐹 (𝑊𝑠𝑒𝑙𝑓, 𝑊𝑜𝑖𝑙 , 𝑓(𝑤𝑒𝑖𝑔ℎ𝑡, 𝑙𝑒𝑛𝑔𝑡ℎ))                  (6) 

 

where 𝑓(𝑤𝑒𝑖𝑔ℎ𝑡, 𝑙𝑒𝑛𝑔𝑡ℎ) is the function of weight distribution of the FPSO. 
      The equivalent stress caused by wave load 𝜎𝑤𝑎𝑣𝑒  is related to the wave 

spectrum 𝑆(𝜔), as follows. 
 

𝜎𝑤𝑎𝑣𝑒 = |𝑇(𝑥)|2𝑆(𝜔)                            (7) 
 

where 𝑇(𝑥) is the transfer function of the wave spectrum for the stress. 
     The total equivalent stress of the FPSO can be calculated as: 
 

𝜎𝑇 = 𝜎𝑠𝑡𝑎𝑡𝑖𝑐 + 𝜎𝑤𝑎𝑣𝑒 =  𝐹 (𝑊𝑠𝑒𝑙𝑓 , 𝑊𝑜𝑖𝑙 , 𝑓(𝑤𝑒𝑖𝑔ℎ𝑡, 𝑙𝑒𝑛𝑔𝑡ℎ)) + |𝑇(𝑥)|2𝑆(𝜔)     (8) 

 

     Based on the S-N curve, it is easy to calculate the cycle times 𝑁𝑠𝑡𝑎𝑡𝑖𝑐 and 𝑁𝑤𝑎𝑣𝑒 

under 𝜎𝑠𝑡𝑎𝑡𝑖𝑐 and 𝜎𝑤𝑎𝑣𝑒. Further, the cumulative fatigue damage (CFD) theory, which 
is the traditional theoretical framework for fatigue life prediction (Pinto, Pujol, and Cimini 
2014) is adopted for predicting the fatigue life. According to the CFD and Miner ruler, 
which hypothesizes that the cumulative damage follows a simple linear trend (Aid, 
Amrouche, Bouiadjra, Benguediab and Mesmacque 2011), the fatigue damage 
accumulation D can be calculated as follow: 
 

𝐷 = (
𝑛𝑖−𝑠𝑡𝑎𝑡𝑖𝑐

𝑁𝑠𝑡𝑎𝑡𝑖𝑐
)

𝜆𝑖

+ (
𝑛𝑖−𝑤𝑎𝑣𝑒

𝑁𝑤𝑎𝑣𝑒
)

𝜆𝑗

                         (9) 

 

where 𝑛𝑖−𝑠𝑡𝑎𝑡𝑖𝑐 is the alternating times of static load, 𝑛𝑖−𝑤𝑎𝑣𝑒 is the alternating times of 
wave load, 𝜆𝑖 and 𝜆𝑗 are parameters related to the stress range. Failure is expected 

to occur if D≥1. 

5 Conclusions 

     In this paper, the total deformation and equivalent stress caused by still water and 
vertical wave-induced bending moments are calculated for a specific FPSO using finite 
element analysis. The static simulations are conducted under full load, half load and 
ballast draft conditions. The FPSO is sagging under the full load condition and hogging 
under the ballast draft condition. The total deformation will be the biggest under the full 
load or ballast draft condition, and the results depend on the weight distribution and the 
design of the FPSO. Dynamic simulation of FPSO is carried out based on a specific 
wave spectrum. Further, based on cumulative fatigue damage theory and Miner ruler, 
an empirical formula is proposed to calculate fatigue damage accumulation of FPSO so 
as to predict the fatigue life of FPSO. 
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