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ABSTRACT: The paper covers the main aspects of the practical structural evaluation of a 
Floating, Production, Storage and Offloading units (F(P)SO) converted from an oil tanker. It 
make part of a package that offers a wide spectrum of F(P)SO structural analysis approaches. In 
this paper are discussed: the global and local hull structural Finite Element Analysis (FEA) 
including yielding, buckling and dynamic approach, coarse and detailed FE Models, overlapping 
of the global and local effects, topside structural interface and configuration-arrangement, as well 
as the software used, etc. 
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EVALUAREA STRUCTURALA A CONVERSIEI PETROLIER-F(P)SO - REZUMAT: 
Lucrarea cuprinde principalele aspecte ale analizei structurale a unei unități plutitoare de 
(producție), depozitare și descărcare (F(P)SO) convertita dintr-un petrolier. Face parte dintr-un 
pachet care ofera un spectru larg de abordări privind analizele structurale ale (F(P)SO). În lucrare 
sunt discutate: analize structurale globale și locale cu elemente finite, inclusiv verificari in elasto-
plastic, instabilitate structural si abordari dinamice, modelari grosiere și rafinate cu elemente finite, 
suprapunerea efectelor globale și locale, interfața structurală și configurare-aranjament pentru 
topside, precum si software-ul folosit etc. 

Cuvinte cheie: FSO, FPSO, FEA 

 

ABBREVIATIONS 

ABS - American Bureau of Shipping 
API - American Petroleum Institute 
BV - Bureau Veritas 
DNV-GL - Det Norske Veritas-Germanischer Lloyd 
ESF - Environmental Severity Factors (acc. ABS) 
FE - Finite Element 
FEA - Finite Element Analysis 
FEM - Finite Element Method/Model 
F(P)SO - Floating (Production) Storage and Offloading Unit 
HCA - Hull Condition Analysis 
IACS - International Association of Classification Societies 
ICE – International Contract Engineering Ltd. 
ISE - Initial Scantlings Evaluations (ABS) 
LC - Loading Case/Condition 
SISE - Structural Integration of Specific Equipment 
TSA - Total Strength Assessment (ABS) 
YRP - Year Return Period 
 

1. INTRODUCTION 

Floating (Production) Storage and Offloading Unit 
(F(P)SO) have increasingly been used over the last 
thirty years as floating platforms to extract, process, 
temporarily store and then offload into shuttle tankers 
crude oil produced from offshore oil fields that are 
either in waters too deep for fixed sea-bottom 
supported platforms or when the size of the reservoir 
cannot justify more permanent or costly installations. 

Comprehensive analysis shows that, in many cases, 
the conversion of an existing ships offers advantages 
compared to new construction of F(P)SO, requiring 
less up-front capital investments and offering a faster 
entry into production. Due to their features (storage 
capacity, deck space for processing modules etc.) the 
tankers are ideal candidates for conversion into an 
F(P)SO. 

From structural strength point of view, the new 
requirements that must to be satisfied by F(P)SO 
compared to donor vessel (tanker) are usually solved 
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in following main stages: Hull Condition Analysis 
(HCA) (Brazdis et al., this volume), Total Strength 
Assessment (TSA) and Structural Integration of 
Specific Equipment(SISE).  

The TSA is employed for a verification of the hull 
structure by means of an advanced structural analysis 
using Class dedicated software tools. During this 
stage, considering a series of standard Loading Cases 
(LCs), one or several 3D “three holds” (cargo tanks) 
length models are analyzed in order to assess and 
improve existing main hull structure. The TSA stage 
considers yielding, buckling and fatigue criteria. 

During TSA the Finite Element Method is employs 
in order to: assess the overall structural response of 
an F(P)SO vessel (using a 3D mesh 3-hold-length 
model);determine the strength of the main internal 
supporting members (using 2D and 3D refined mesh 
models for transverse webs, longitudinal rings and, 
horizontal girders); generate stress information for 
the evaluation of failure mode criteria. 

The TSA main steps are: Topside FEA, Global FEA, 
Local FEA and FEA-based Fatigue (partially treated 
in this article). 

The Topside FEA enables analysis of the topside 
structures and analysis of the hull structural response 
to the topside structures by identifying the 
interference between the topside and hull. 

The Global FEA enables the designer to build, load, 
constrain, solve and post-process one or several 
three-cargo hold length finite element model in 
accordance with the Class Rules and Guidance in 
order to assess the global response of the hull 
structure. The Global FEA identifies the critical areas 
and provides the boundary displacement conditions 
for local models analyses. 

The Local FE Analyses enables the designer to build, 
load, constrain, solve and post-process local fine 
mesh finite element models. The local models can be 
transverse webs, horizontal girders, bottom girders, 
etc. The local 3D fine mesh analysis is required if the 
Global FEA screening indicates high stress critical 
areas. 

In SISE stage, the task is to integrate the F(P)SO 
specific marine and offshore equipment and facilities 
like: topside modules, pipe/cable racks, offshore and 
deck cranes, helidecks, flare towers, offloading 
system, riser balconies and spread mooring systems, 
turret and fluid transfer systems, machinery items, 
lifesaving items etc. The structural integration stage 
is used to check the strength of all interface areas. 
Typically, marine equipment is also checked through 
local FEA. Additional analyses may be needed for 
matters such as upgrading of the accommodation 
block, solving accidental loads on the structure (blast, 

dropped objects, collision), calculation of hull girder 
deflection as input for pipe stress analyses etc. 
Structural improvements found necessary through the 
analyses outlined above are introduced by a wide 
range of correction in the hull structural drawings 
(changing steel qualities, redesigning the arrangement 
and shape of structural elements, performing 
insertions, introducing new welding solutions, 
reshaping the details subjected to fatigue etc.) 

Besides the well-known FEM modeling, particular 
techniques are used in order to satisfy the Class 
requirements. The ordinary stiffeners (i.e. vertical 
beams on watertight elements and longitudinals) are 
modeled as bar elements with the property that takes 
into account the effective plate width (i.e. individual 
stiffener spacing) in the calculation of moment of 
inertia whilst the attached plates are excluded from 
the calculation of sectional areas. Also, the rules 
require modeling the face plates or the one side flat 
bars with rod elements in order to minimize the 
computation time. While the face plates of the girders 
and web transverses are modeled using rod elements, 
the brackets and tripping brackets with flat bars only 
on one side are modeled with bar elements in order to 
emphasize the bending stresses due to geometric 
asymmetry. 

2. THE F(P)SO GLOBAL FEANALYSES 

In the state of static equilibrium, the free body of the 
F(P)SO hull girder is subjected to bending and 
torsional moments, as well as shear forces at two 
ends. These end actions are expressed as normal and 
shearing stresses on the hull girder and as boundary 
nodal forces imposed on the model. Even though the 
local and boundary loads are in equilibrium, the finite 
element model still needs some support in order to be 
statically stable. These supports are arranged in a 
way that minimizes the effects on the hull girder 
vertical/horizontal bending and torsional moment 
distribution on the model. Since forces and moments 
in the hull girder structures are not always 
completely balanced, special boundary supports are 
applied using rod elements in both the vertical and 
horizontal directions. These supports should have one 
end connected to the model and the other end totally 
fixed. The cross sectional area (A) of the supporting 
rod elements for FPSO is calculated as: 
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where: 

AS = shearing area of the entire cross sectional area of 
the member (such as the cross sectional area of the 
considered side shell or longitudinal bulkhead); 

l = length of the supporting rod elements; 

L = cargo hold length (one half span of the beam); 

ν = Poisson’s ratio of the material. 
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The resulting cross-sectional area, A, is the total 
equivalent area for the supporting rod elements 
connected to the same structural member (e.g., shell 
or longitudinal bulkhead). The area for the 
supporting rod is equal to A divided by the number of 
rods. 

The FEA is performed for the loading patterns 
specified by the software, appropriate to the ship 
type, with corresponding hull girder responses and 
external pressures acting on the ship as formulated in 
the analysis criteria. Internal pressure loads, 
representing various combinations of full, empty and 
partially loaded cargo and ballast tanks, together with 
associated external pressures representing full and 
light drafts, are imposed on the global 3-D finite 
element model. These cases represent full and ballast 
loading conditions that typically occur in service. 

The software considers the relevant loads on the 
vessel’s structure, explicitly accounting for the 
dynamic component and load combinations when 
calculating the total load acting on a structural 
member. The following loads are calculated: 

‐ static Loads: hull girder still water bending 
moments and shear forces, considering 
buoyancy, cargo, ballast, and light ship weight; 

‐ dynamic Loads (external):wave induced vertical 
and horizontal bending-moments/shear forces, 
and external dynamic pressure; 

‐ dynamic Loads (internal): internal tank 
pressures, inertial forces, considering the 
motions induced by waves; 

‐ sloshing Loads: added pressure heads in partially 
filled tanks from the dominant ship motions 
(pitch/roll). 

The following design conditions are considered in the 
strength evaluation: 

‐ on-site operating condition called Design 
Operation Condition (DOC) and Heavy Repair 
Condition, corresponding to 1-YRP 
environment; 

‐ on-site extreme condition called Design 
Environmental Condition (DEC), corresponding 
to 100-YRP environment; 

‐ on-site Inspection Condition, corresponding to 
10-YRP environment; 

‐ transit condition called Design Transit Condition 
(DTC) will corresponds to 10-YRP route 
environment; 

‐ damage condition will corresponds to 1-YRP on 
site environments. 

In order to adjust the loading and loads effects 
produced by the site-specific environment at the 
installation site, the â-ESF (Brazdis et al., this 

volume) are used as calculated for on-site conditions, 
for YRP according to load case. 

For assessing the strength of the hull girder structure 
and performing a structural analysis, as outlined in 
ABS (2015a),all combined LCs are considered with 
the loading patterns for three cargo tank lengths. The 
loading patterns are developed to simulate the most 
severe load effects in selected structural components. 
The local loads acting on the three cargo holds only 
provide a partial load contribution to the overall hull 
girder loads. 

In order to use the three-hold model to predict vessel 
responses, an adjustment is made for the hull girder 
load to reach the Rules target values. The software 
automatically adjusts the load by either inertia force 
or line loads, in addition to adjusting end moments. 
When adjustment is completed, all loads acting on 
the finite element model develop the hull girder 
target bending moment at the middle section of the 
middle cargo hold, and hull girder target shear forces 
at the transverse bulkheads of the middle cargo hold 
which represent the worst loading situation. 

The hull girder loads are calculated from the 
maximum bending moments and shear forces due to 
still water and wave action. 

The analyses performed for ref. ICE (2007) using the 
ABS Eagle FPSO Software, revealed that the main 
hull structure assessed through the global 3D FEM 
was modified whether from the buckling check or 
from yielding assessment that lead mainly to local 
details updates. 

During the yielding checking criteria process a 
screening with the high stressed areas was performed 
in order to have a better view of the locations where 
local models were developed. The Class recommends 
a number of local models based on the experience 
during their past projects. The final list of the local 
models is built upon these but it is extended based on 
the global stress screening results. 

It must be noted that the calculations are focused on 
the deck area structure strength evaluation. Also 
other highly stressed areas like the horizontal girder 
sections of the transverse bulkhead and longitudinal 
bulkhead should be further examined. Reinforcement 
solutions are proposed for critical structural areas. 

Examples of high stressed areas resulting from 
yielding screening analysis are: transverse bulkhead 
upper horizontal stringer (Fig. 1), deck transverse 
bracket toe (Fig. 2), transverse bulkhead middle 
horizontal stringer, transverse bulkhead lower 
horizontal stringer, bottom floor toe, CL longitudinal 
girder etc. 
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Fig. 1 Example of transverse bulkheads horizontal girders von Mises stresses 

 

Fig. 2 Example of deck transverses bracket toe von Mises stress 

Special attention was paid to the transverse bulkhead 
central tank middle horizontal stringer bracket toe, 
for LC where the middle tank is empty. Class society 
inspection records review reveals that fractures at the 
toe connection of this type of brackets with 
longitudinal bulkheads port and starboard sides, were 
previously found. They were removed, and a steel 
doubling plate was inserted as reinforcement at end 
connection and re-welded prior to conversion. The 
current condition of these brackets toes was further 
investigated in local 3D fine mesh models. 

The buckling check was performed during the Small 
Panel Evaluation stage of the software. The Global 
FEA Small Panel Buckling Evaluation was 
performed for the FE modeled reduced thickness. 
Multiple element panels were checked against 
buckling criteria on different ship locations (i.e. 

bottom, deck, sides, longitudinal and transverse 
bulkheads etc.). The checking revealed that some 
panels of the longitudinal and transverse bulkheads 
did not satisfy the buckling criteria. The highest 
buckling factors for longitudinal bulkheads appear in 
hogging head waves LCs and for transverse 
bulkheads the hogging tank testing LC is the most 
severe condition of the analysis. 

Taking into consideration the positions of the stools 
and the actual gauged longitudinal bulkhead plate 
thickness, buckling stiffeners were added at midspan 
of the panel. 

It should be noted that the maximum ultimate 
buckling factor depends on whether the topside loads 
are considered; these will increase the buckling factor 
in the longitudinal bulkhead with about 17.65% - 
from 1.02 to 1.2 (see Fig. 3). 
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Fig. 3 Example of deck transverses bracket toe von Mises stress 

For the transverse bulkhead the Global-FEA Small 
Panel Buckling Evaluation gives buckling check 
factors bigger than 1 for certain LCs. Having into 
consideration the above-mentioned values and the 
fact that there was an existing structure, further 
investigation on buckling analysis was performed: 
local FE Modeling using Class Software buckling 
evaluation for finer mesh size; independent Nastran-
Femap buckling evaluation for 1/16 mesh size. 

The conclusion is that all the buckling evaluations 
performed for the studied transverse bulkhead panel 
show that it would buckle for hogging tank testing 
condition. 

The strengthening criterion is to add buckling 
stiffeners on panels that have the buckling factor 
exceeded. 

The NX Nastran-Femap buckling evaluation shows 
that one additional anti-buckling stiffener is required. 

3. THE F(P)SO LOCAL FEANALYSES 

Structural investigations were completed during the 
local model analysis where the operated changes do 
not have such big impact in ship structure over the 
entire length of the ship. 

The local 3D fine mesh analysis is required if the 
global model analysis indicates high stress at the 
critical areas, which cannot be evaluated using the 
global 3D models of standard mesh sizes. 

As it was outlined in the above paragraphs, a number 
of fine mesh models were developed in areas were 

the calculated stresses exceed 95% of the allowable 
stress. 

For the local FEA, the same coordinate system, 
metric unit system and element types are used as for 
the global FEA. The mesh size used is generally ¼ of 
the longitudinal frame space (about 200mm) in 
longitudinal, transverse and vertical directions. The 
allowable stresses are according ABS, 2015a. 

One of the most stressed details is the bracket toe of 
the transverse bulkhead horizontal stringer. An 
example of a local detail is the central tank middle 
horizontal stringer bracket toe. Stresses obtained for 
the existing detail are presented in Fig. 4. A deep 
investigation developed for another fine mesh model 
with 1/64 mesh size revealed that even in this case 
the stresses are exceeding the allowable value. Taken 
into consideration the actual stresses, a change in 
shape and thickness was mandatory in order to be in 
line with fine mesh allowable stresses. 

The new reinforced design for the bracket connection 
of the horizontal stringer and longitudinal bulkhead 
in the central tank is presented in Fig. 4 overlapped 
the existing structure. Moreover, high tensile steel 
grade was used for the new reinforcements. 

The new reinforcements were established after a few 
iterations and were based on previous projects 
design. Results based on new bracket connection 
show that the stresses are below the allowable and 
are detailed in Fig. 5. 
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Fig. 4 Actual von Mises stress in transverse bulkhead 
horizontal stringer bracket toe 

Fig. 5 Von Mises stress in the new design of the transverse 
bulkhead horizontal stringer bracket toe 

It should be noted that the highest stresses in stringer 
areas occur in the hogging tank testing load case, 
which is the same for which buckling criteria were 
not satisfied for the transverse bulkhead panels. 

The screening of critical area FE results is used to 
assess the critical details where fatigue assessments 
are to be performed. 

4. PARTICULARITIES IN THE 
STRUCTURAL INTEGRATION OF 

SPECIFIC F(P)SO FACILITIES AND 
EQUIPMENT 

The offshore area structures of F(P)SO specific 
facilities and equipment are ruled by special chapters 
of the base F(P)SO rules (ABS, 2015a; BV, 2014; 
DNV-GL, 2014) or for certain cases completely 
different rule books and guides. E.g. for ABS the 
reference rule for many facilities is MODU (ABS, 
2015b); special rules are generally in force for 
permanent mooring and riser systems, e.g. API RP 
2SK (2008) and API RP 2RD (2013). However, with 
rare exceptions (e.g. helidecks addressed later in this 
chapter, and external turret stations) the strength of 
the equipment modules shall be proved by their 
suppliers, i.e. process, mooring and/or import/export 
system suppliers, and is not in the marine designer’s 
scope. 

Special chapters of F(P)SO rules are also provided 
for the interface areas of equipment foundations and 
supporting structures, which are generally consistent 
with the offshore areas strength provisions and 
comparable among the various IACS members. 
Common requirements for offshore and interface 
areas and for various F(P)SO facilities are, e.g. 
according to ABS F(P)SO rules (ABS, 2015a): 
‐ The strength of the supporting structures is to be 

proved by FEA. 
‐ LCs are to be analyzed for DEC, DTC, 

combined DOC and operational loads and 
damage condition (flood induced heel and trim, 
combined with 1 YRP environment). 

‐ Inertial and operational loads from equipment 
are to be combined with hull girder bending 
moments and shear forces and internal and 
external pressures acting on the unit in the wave 
environment. 

‐ Yielding Criteria: Base allowable stresses are 
provided for regular spacing mesh size, for the 
equivalent stresses at the level of 90% of 
material minimum yielding point, except for 
DOC LCs for which 70% is enforced. 

‐ Alternative corresponding stresses are provided 
for a fine mesh size for the analysis of structural 
details. The fine mesh size is significantly 
smaller than the TSA typical mesh size for local 
FEA. 

‐ Buckling criteria: typical 0.8 Utilization Factor, 
except DOC LCs for which 0.6 is specified. 

When comparing to the TSA FEA of chapter 3 above 
a first observation to be made is that a DOC analysis 
cannot be ruled out on grounds of lower levels of 
loads (at least due to higher safety factors, also for 
equipment operational loads, when present) and it 
always has to be performed. Moreover, ABS (2015a) 
does not prescribe sets of load combinations and 
loading conditions; instead for each environmental 
condition analyses are requested for sea-states that 
maximize in turn the Dominant Load Parameters 
(DLP) of vertical bending moment and shear force, 
vertical and lateral accelerations and roll angle, in 
both sagging and hogging loading conditions. 

It is to be noted the base eight LCs and loading 
conditions of TSA are specifically selected to 
maximize the above DLPs, except the acceleration 
ones. Therefore for equipment in the midship area 
advantage is also taken of the Class software 
capabilities (using the facilities to model the topsides 
by weight masses or reaction forces, applicable for 
any equipment) and the integration analyses are 
performed similarly to local TSA FEA in order to 
meet inertial loads requirements in the following 
approach: 
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‐ The Topside FEA is performed for the 
appropriate parent 3-tank length FEM with the 
topside modelled as concentrated mass. 

‐ The topside reaction forces are checked against 
vendor supplied or, when not available, extreme 
inertial loads from equipment calculated based 
on results of a hydrodynamic analyses. 

‐ When vendor (or calculated) vertical and lateral 
inertial loads are larger than the maxima 
resulting from the Topside FEA the 3-tank 
length is modified to vendor reaction forces 
modelling of the topside, conservatively for all 
eight LCs/conditions. 

‐ The 3-tank model is solved for displacements 
and the local FEM is loaded. 

The first two checking steps are normally skipped for 
damage conditions, when the gravitational loads with 
the inclined unit are always to override the software 
calculated inertial loads. FE LCs are to be obtained 
for all environmental conditions (DTC, DEC, DOC 
and Damage) and the eight TSA LCs. Except for the 
case of DOC of equipment with operational loads, 
the local FEM could also be solved in the Class 
Software. However it is usually preferred to export 
the local FEM to an all-purpose FEM solver in order 
to supplement the LCs with wind loads. For 
equipment with operational loads the export is 

mandatory and the Class Software generated LCs are 
multiplied and supplemented with vendor supplied 
operational LCs. 

Typically buckling checks are performed based on 
spreadsheets following classification societies 
provisions, e.g. for ABS (2014). 
Fig.6 presents a most complex case of the inter-
influence of loads, both inertial and operational, from 
two equipment foundations, a topside module stool 
and a crane pedestal. The main deck area also 
features high stresses due to hull girder loads. 
It is to be noted that the lack of operational loads in 
the 3-tank length FEM introduces an approximation, 
the effects of which are to be minimized by an 
appropriate extent of the local FEM. 
The same approximation can be used also for the 
inertial loads from equipment of relatively light 
equipment, e.g. cranes. In this cases a simplified 
approach where the equipment inertia is not modeled 
in the global FEM is taken. 

However in certain cases, e.g. internal turrets, due to 
the magnitude of the operational loads and/or the 
extent of the assessed interface area the analyses are 
performed directly on 3-tank length FEM. The same 
workflow based on Class Software and export to an 
external FEM solver is applied; an example is 
presented in Fig.7. 

 

Fig. 6 Inter-influence of two equipment foundations in a highly stressed area due to hull girder loads – common bracket for 
topside module stool and crane pedestal 

 

Fig. 7 FE Integration Analysis for an internal turret. Extent of FEM (top) and combined stresses in way of turret 

(combined DEC and operational ULS loads, (ICE, 2009) 
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For the supporting structures of equipment at the 
vessel’s extremities, typically flare towers, 
offloading stations and helidecks, the requirements 
for combining with environmental loads are simpler 
and require limited load input. In this cases the 
FEM is built at the appropriate mesh size (down to 
50 mm for fine details), loaded and analyzed in an 
all-purpose linear FE package. 

As of an offshore area design usually in the scope 
of the marine designer, helidecks are usually 
assessed following the provisions of Civil Aviation 
Authority (CAA, 2013) or other similar standards. 
The design is representative also for other offshore 
equipment as a truss construction (e.g. flare towers, 
truss substructures of mooring and riser 
appurtenance structures) and strength assessment is 
also based on FE Analyses with line elements (bars 
or beams). Typical to the truss structures are the 
requirement to check the tubular joints capacities, 
which are performed based on spreadsheets 
complying with provisions of e.g. API RP 2A-WSD 
(2000). Additionally for helidecks there are also 
performed free vibrations analyses in conjunction 
with vortex shedding assessments.  

A common feature of most F(P)SO equipment and 
facilities is that they may exert traction loads in 
through thickness direction on the hull outer shell 
plating, typically deck but also side shell (mooring 
skids, risers porches/balconies). In order to assess 
the risk of failure due to lamellar tearing the 
designer assess the through-thickness stresses in the 
loaded plating by approximations based on the 
tensile normal stresses resulting in the traction plate 
FE elements. Employing a threshold level of the 
through thickness stresses the designer can take a 
decision on recommending the upgrade of the 
affected plating to Z quality. The threshold is to be 
in the range 100-150 N/mm2 and is to be chosen by 
the designer based on steel grade, past experience, 
load paths, stress distribution etc.  

5. CONCLUSIONS 

The design of F(P)SO new buildings require 
extensive structural analyses to achieve the 
optimum hull structure. A large number of FE 
Analyses is needed to deal with the complex three 
dimensional structural interaction between the hull 
girder and the loads from topside and other F(P)SO 

facilities for which quick, first principle based 
assessments are not available. 

In the case of the conversion from an existing 
tanker, the work required in the Total Strength 
Assessment and Structural Integration of Specific 
Equipments further enlarged due to the iterative 
process employed in establishing the minimum 
reassessed scantlings that meet the hull girder 
strength for both the trading tanker and the F(P)SO. 
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