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ABSTRACT 

The accidental frontal collision of a supply vessel with a FPSO can lead 
to significant plastic deformation. This damage may have an important 
influence on the ultimate shear strength of the platform stiffened side 
panels and should be carefully assessed. In order to investigate its 
effect, a nonlinear quasi-static finite element model is presented and 
implemented using ABAQUS. Geometric imperfections are introduced 
by considering the first buckling mode shape of the panel and a 
displacement loading control is then imposed to the bulb in order to 
evaluate the plastic deformation and springback effect. In the final 
analysis step the ultimate shear strength is assessed considering the 
geometric imperfection and the residual stresses from collision. For the 
case study, a parametric variation is carried out to investigate the 
influence of bulb displacement, initial imperfection amplitudes and 
plate thickness. 
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INTRODUCTION 

FPSOs are one of the preferred solutions for deep-water field 
production in Brazil, where they are designed to operate for a period of 
about 25 years without interruption. The recent increase in the number 
of operating units is also reflected in the growth of supply vessel 
operations, which may, consequently, increase the probability of 
accidental damages due to collision. 

A supply vessel collision can be characterized by its kinetic energy, 
governed by the ship structural and hydrodynamic added mass and the 
ship speed at the instant of impact. Part of this energy has to be 
dissipated as strain energy in the FPSO and, possibly, in the supply 
vessel itself. This may lead to considerable plastic strains for the 
structures involved in the collision, where the residual strength 
requirement has to be verified after damage. The structural effects are 
usually verified by non-linear elastoplastic finite element analyses, 
which can be very useful to understand the reliability of the structures 
affected by collision and as to avoid possible economical losses due to 

repair requirements with production stop or environmental accidents. 

The ultimate shear strength of stiffened panels has been investigated by 
some authors in the last years. Paik and and Thayamballi (2001) 
developed ultimate strength formulations for ship plating under 
combined biaxial compression/tension, edge shear, and lateral pressure 
loads. Alinia (2005) performed a study into optimization of stiffeners in 
plates subject to shear loading using finite element analysis. Alinia and 
Dastfan (2006) studied the effect of surrounding members (i.e. beams 
and columns) on the overall behavior of thin steel plate shear walls. 
Alinia et al. (2009) analyzed the plastic shear buckling of unstiffened 
stocky steel and aluminum plates using numerical nonlinear FE models. 
Gheitasi and Alinia (2010) investigated the slenderness classification of 
unstiffened metal plates under shear loading. Zhang et al. (2008) 
developed a simple formula for the ultimate shear strength of ship 
structures. Rizzo et al. (2014) developed a simplified model, using 
FEM, to predict the ultimate loading capability of stiffened panels 
under pure shear stress, an amplified parametric study varying the 
geometry and the initial imperfections were considered verifying such 
influences.  

Paik (2001) investigated the effect of shape, size, and location of the 
denting on the ultimate shear strength behavior of simply supported 
steel plates under edge shear loads. Raviprakash et al. (2012) studied the 
influence of various dent parameters (dent length, dent width, dent 
depth and angle of orientation of the dent) on the static ultimate 
strength of thin square plates of different thicknesses under uniaxial 
compressive loading studied. Xu and Soares (2013) performed a quasi-
static nonlinear finite element analysis simulating the the local dent 
which will model the residual stress and the springback effect of the 
stiffened panels. The effect of residual stress caused by the local dent 
on the collapse behaviour of stiffened panels was investigated. Amante 
et al. (2014) performed a non-linear finite element model to obtain the 
ultimate compressive strength of dented FPSO side stiffened panels. 
The analysis has been carried out in two steps, first the supply collision 
damage (dynamic analysis) is simulated and then the compressive 
loading (static analysis) is applied. A parametric study was 



 

accomplished evaluating the influence of the dent depth on the 
stiffened panel strength. 

In the present paper, the ultimate shear strength of a representative 
FPSO stiffened panel after collision with a realistic supply vessel 
geometry is investigated by means of nonlinear finite element analyses. 
The first analysis carried out is the calculation of the first buckling 
mode, used as input for the subsequent analysis. In the second step the 
bulb is displaced toward the panel with geometric imperfection and 
retrieved afterwards, leaving a permanent plastic deformation. The 
vessel dynamics (inertia) is not considered in the present analysis. The 
final step is the assessment of the ultimate shear strength considering 
the initial imperfection and the residual stresses from the supply vessel 
collision. A parametric case study is carried out to evaluate the 
influence of the following parameters: bulb displacements, initial 
imperfection amplitudes and plate thicknesses.  

 
MODEL DESCRIPTION 
 
Supply vessel characteristics 
A typical supply (Fig. 1) vessel has been selected for the present case 
study. The main dimensions are shown in Table 1 and the detailed 
geometry file is available from the open-source software FREE!Ship 
(2014). In the finite element model the vessel bulb is represented by 
discrete rigid elements. 
 

Table 1 – Supply vessel characteristics 
Design length          58.400 m 
Length over all        67.700 m 
Design beam            14.200 m 
Beam over all          14.202 m 
Design draft           5.500 m 
Midship location       29.200 m 
Diplacement 3083 tonnes 
 

 
Figure 1 – Supply vessel schematic figure 

 
 
Stiffened panel geometry and material 
A typical FPSO stiffened side panel is considered for the present case 
study. It has six (6) stiffeners of length a and distance b from each 
other. The outermost contact point of the bulb is located in the center of 
the panel, both in longitudinal and transversal directions. Different 
initial contact positions, such as, directly in the stiffener, has not been 
assessed. A schematic figure is shown in Fig. 2 while the main 
dimensions are presented in Table 2.  
 

 
Figure 2 – Stiffened panel 

 
Table 2 – Panel dimensions 

Dimension [mm] 
Longitudinal length (a) 5300 
Space between stiffeners (b) 850 
Plate thickness  22 
Web thickness  11 
Web height 500 
Flange thickness 14 
Flange width 150 

 
An elastic, perfectly plastic material model is employed with the 
following properties: i) elastic modulus, 209E GPa= , ii) Poisson ratio 

0.3ν =  and iii) yield stress 315y MPaσ = . 
 
Mesh and boundary conditions 
The model mesh is presented in Fig. 4, where the ABAQUS three-
dimensional 4-node S4R quadrilateral shell element is employed for the 
elastoplastic stiffened panel and rigid elements for the supply vessel 
bulb. For the contact formulation, the hard contact pressure-overclosure 
relationship is adopted with no friction between surfaces, which means 
that when the surfaces are in contact (clearance between them reduces 
to zero), any contact pressure can be transmitted between the surfaces. 
Some attention is required for the mesh in the contact region, as 
unrealistic plastic deformation may occur during the collision 
simulation. A more refined mesh with triangular elements has been 
employed in that area to avoid this response. 

For all steps the following boundary condition is used to eliminate the 
rigid body motion: corner nodes 1, 2, 3 and 4 have the translation fixed 
in z-direction. In addition, the node 1 is also fixed in the translational x 
and y directions and the node 2 is fixed in the translation y direction 
(see Figure 3). 

 



 

 
Figure 3 – Stiffened panel model general view  

 

 
Figure 4 – Model mesh detail in Y-plane cut view 

 
 
NONLINEAR FINITE ELEMENT ANALYSIS 

Analysis parameters 
In order to study the ultimate shear strength response of the damaged 
stiffened panel, a parametric nonlinear finite element analysis is carried 
out, where the following parameters are varied: i) bulb displacement 

bd , ii) initial imperfection amplitude δ and iii) plate thickness, as 
presented in Table 3. 
 

Table 3 – Parametric variation 
Parameter Values 
Bulb displacement [mm] 50, 100, 150, 200 
Initial imperfection amplitude [mm] 5, 10, 15 
Plate thickness [mm]  10, 22 

 
First step - Initial imperfections 
Geometric imperfections arising from the fabrication process are 
subjected to significant uncertainty related to magnitude and spatial 
variation and may cause substantial reduction of the ultimate strength 
of stiffened plates. 

In the present case study, the geometric imperfections are introduced by 

considering the first buckling mode shape of the panel. The mode is 
then parametrically scaled and added to the perfect geometry to create 
the physically imperfect mesh to be used in subsequent analysis. Figure 
5 schematically shows the 1st buckling mode of the panel, considering a 
plate thickness of 10 mm. 

 

 
Figure 5 – 1st buckling mode 

 
Second step – Collision damage and springback response 
The supply vessel collision is modeled by means of a nonlinear quasi-
static analysis where the dynamic response is disregarded. The vessel 
bulb displacement bd  is applied according to Table 3, leading to elastic 
and plastic deformations on the stiffened panel. Once the bulb is 
removed, the stiffened panel will spring back, recovering the elastic 
deformation. The non-recoverable plastic deformation causes the 
permanent deformation (here related to rd , the residual displacement) 
and the residual stress. 

Figure 6 shows the total energy (elastic + plastic) versus the residual 
displacement for the different plate thicknesses and initial 
imperfections adopted. It can be observed, as expected, that when 
comparing the plate thickness influence, more energy is required by the 
thicker one to lead to the same level of residual displacement. The 
initial imperfection amplitude presented little influence in this respect. 
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Figure 6 – Energy vs residual displacement 

 
As mentioned in NORSOK (2004), the collision energy can be 
estimated on the basis of the relevant masses, velocities and ship 
directions. The velocity can be determined based on the assumption of 
a drifting ship, or on the assumption of erroneous operation. Assuming 
the FPSO as a fixed installation and a rigid supply vessel bulb, the 
collision energy to be dissipated as strain energy may be described by, 

 
( ) 21

2s s s sE m a v= +  (1) 
 
where sm  is the ship mass, sa  the ship added mass and sv  the impact 
speed. Using Eq. (1) residual displacement after collision versus vessel 
speed can be obtained. A hydrodynamic added mass of 10% has been 
assumed, as indicated by NORSOK (2007). Figure 7 illustrates this 
response for the two different thickness adopted in the case study for 
the imperfection amplitude of 10 mm. As expected, for the thicker plate 
a higher supply vessel speed is required to cause the same level of 
damage. 
 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

0

20

40

60

80

100

120

140

160

δ r -
 R

es
iδ

ua
l δ

is
pl

ac
em

en
t [

m
m

]

Vessel speeδ [m/s]

δ = 10 mm
 t = 10 mm
 t = 22 mm

 
Figure 7 – Residual displacement vs vessel speed for different plate 

thickness 
 
For illustrative purposes, Figures 8 and 9 show the collision and 
residual displacement distribution when considering the following 
parameters: 200bd mm= , 22t mm=  and δ = 10 mm. From Fig. 9 it 
can be observed that 146.46rd mm= . Figures 10 and 11 present the 

von Mises stress distribution for the same case. A large part of the 
panel reaches the yield stress. 
 

 
Figure 8 – Collision displacement distribution for 200bd mm= , 

22t mm=  and δ = 10 mm 

 
Figure 9 – Residual displacement distribution for 200bd mm= , 

22t mm=  and δ = 10 mm 

 
Figure 10 – von Mises stress distribution for 200bd mm= , 

22t mm=  and δ = 10 mm after collision 
 



 

 
Figure 11 – Residual von Mises stress distribution for 200bd mm= , 

22t mm=  and δ = 10 mm 
 
Third step – Ultimate shear strength of damaged stiffened 
panel 
The final analysis step is carried out using the modified Riks method, 
available in Abaqus (2009), which allow the load and/or displacement 
to decrease as the solution evolves. The initial imperfection and the 
residual stresses from the supply vessel collision are taken into account. 

Figure 12 shows the ultimate shear strength of the stiffened plate versus 
the residual displacement for the two different plate thicknesses (10 and 
22mm) and three initial imperfection scale factors (5,10, 15) adopted in 
the case study. It can be observed that the higher the residual stresses 
due to collision, the lower will be the ultimate shear strength of the 
stiffened panel, with the case with a lower thickness being more 
sensitive. The initial imperfection present a significant influence for 
both plate thicknesses analyzed where higher amplitudes lead to lower 
resistance 
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Figure 12 – Ultimate shear strength vs residual displacement 

 
 
 
 

SUMMARY AND CONCLUSIONS 

The accidental collision of a supply vessel in the side panel of a FPSO 
can cause permanent plastic deformations leading to a decrease in the 
ultimate shear strength in that location. In order to evaluate this effect, 
a nonlinear quasi-static finite element parametric case study has been 
performed to simulate the supply vessel collision in the center of a 
representative FPSO stiffened panel. Different initial contact positions, 
such as, directly in the stiffener, has not been assessed in the present 
study. It has been observed that the initial imperfections play an 
important role in the ultimate limit state of these structures and, 
consequently, have been included here by means of the first buckling 
mode with different amplitudes.  

Although it is not possible to draw general conclusions from the 
present case study, the main observations from the parametric nonlinear 
finite element analyses carried out, can be summarized as follows,  

- The larger the collision energy available, and consequently bigger 
residual stresses, the lower the ultimate shear strength. The effect 
is more pronounced for the thinner plate; 

- The initial imperfections presented small influence in the stiffened 
panel residual stresses after collision for the bulb displacements 
range considered; 

- The initial imperfections amplitude has a significant impact on the 
ultimate shear strength of the damaged panel. Higher amplitudes 
lead to lower resistance. The relative influence is similar to both 
plate thickness adopted. 
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