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1 INTRODUCTION 

In the current Finnish-Swedish Ice Class Rules (FSICR) the direct calculation methods, such 
as finite element method (FEM) are not in general allowed for assessing the hull strength 
against ice loads. While the current prescriptive formulas have good service experience, 
they are somewhat limiting for the design. The goal of the HULLFEM II project is to 
continue the work of HULLFEM project to gather a better understanding of using direct 
calculation methods in the case of ice loads. This work aims to form a solid foundation for 
expanding the rules with provisions for direct analysis. The main aim of this continuation 
project is to study a wider array of ship types and structural configurations to broaden the 
applicability of the findings of HULLFEM. 

Basic analysis methodology and modelling techniques were studied and established in 
2022 in project HULLFEM. In HULLFEM, a sample of typical dry cargo vessels were 
analyzed with those methods.  

The main content of this continuation study is to expand the applicability of the results 
from 2022 by analyzing additional ship types and structural arrangements to cover all 
typical vessels that operate on the Baltic Sea. In addition, the analysis methods from 
HULLFEM are refined with the learnings from the previous study to improve the accuracy 
of the results. Therefore, the dry cargo vessels from the previous study are reanalyzed in 
this study. 

The goal is to form a sufficient knowledge basis for formulating the new rules / guidelines 
for use of direct calculations methods for the FSICR. 
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2 EXAMPLE VESSELS 

2.1 SELECTING THE EXAMPLE VESSELS 

The main aim of this study is to expand the applicability of the results of the previous 
study from general cargo vessels (see Figure 1 for example) to the various ship types 
operating on the Baltic Sea. To achieve this, some additional vessels were modeled. To 
ensure that all typical vessels are covered, Finnish Illustrated List of Ships from several 
years were studied. 

2.1.1 GENERAL CARGO VESSEL 

General cargo / dry cargo vessels are the most common vessel type on the Baltic Sea and 
were used as the example vessels in first part of the HULLFEM project [1]. These vessels 
typically have open cross-section, double hull and one or several holds for carrying 
diverse types of cargo either in bulk or as packaged goods. As the analysis methodology 
was developed based on the learnings of HULLFEM, these vessels are included in the 
analysis again. 

 

Figure 1 Typical Baltic Sea general cargo vessel (photo Suomen kuvitettu laivaluettelo 
2021). 

2.1.2 ROPAX / PASSENGER FERRY 

Typical RoPax / passenger ferry on Baltic Sea is about 200 to 220 m long and has ice class 
1A super and relatively high engine power that allows high speed both in open water and 
ice. Typically, hull around icebelt includes mostly machinery spaces and tanks. Above that 
are first car decks and then accommodation. As these vessels carry a high number of 
passengers, typically from 2000 to 3000, the safety of these vessels is important and 
therefore it was considered important vessel type to be included in this study. Example of 
such vessel is shown in Figure 2. 
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Figure 2 Typical Baltic Sea RoPax ferry (photo Pjort Mahhonin / Wikipedia).  

2.1.3 RORO VESSEL 

Typical RoRo vessels are about equivalent size as the RoPax and have relatively similar 
structural arrangement on the hull, with mostly machinery spaces and tanks below the 
bulkhead deck. Above bulkhead deck, there is more car decks and less accommodation 
than on RoPax, and the car decks are higher to fit trucks. As the differences are mainly 
above bulkhead deck, they do not affect the ice strengthened region significantly. Ice 
class is typically either 1A or 1A super. Therefore, it was considered that the results of the 
RoPax are applicable to typical RoRo vessels. Examples of such vessels are shown in Figure 
3. 

 

 

Figure 3 Typical RoRo vessels on Baltic Sea (photos Finnlines). 

2.1.4 TANKER, LIQUID CARGO 

Tankers for oil and other liquid cargos have relatively similar side structure as the general 
cargo vessels analyzed in the previous study. However, possibly important difference is 
that tankers have a solid main deck, opposed to open-top hull of general cargo vessels. In 
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addition, any accident involving an oil tanker has a risk of an environmental catastrophe, 
and thus it was considered important to include a typical large tanker into this study. In 
Baltic Sea context, the largest typical tankers are Aframax size. These large tankers 
typically carry crude oil. Example of a large tanker is shown in Figure 4. 

 

Figure 4 Typical large tanker on Baltic Sea (photo Neste). 

In addition, there are several smaller sizes of tankers trading on the Baltic Sea, most 
carrying either chemicals or oil products. These can be combined with the LNG tanker 
discussed in the next chapter, as the structure of the ice-reinforced side is similar, and the 
main cross section is also relatively similar. Example of a smaller tanker is shown in Figure 
5. 
 

 

Figure 5 Typical small chemical / product tanker on Baltic Sea (photo Wikimedia 
commons). 

2.1.5 TANKER, GAS 

Tankers for gas (typically LNG) have three main configurations, either with membrane 
tank, bilobe tanks or spherical tanks. For purposes of this study, vessels with membrane 
tanks have similar structural principles as tankers for liquid cargos. Vessels with bilobe 
tanks have relatively similar structures, with the main deck typically somewhat higher 
than in liquid tankers due to the lower density of the cargo. Spherical tank vessels are 
open-top configuration, with similar principle as general cargo vessels in chapter 2.1.1, 
and are sufficiently covered by those. For a smaller tanker, it is chosen to study a bilobe-
type LNG tanker. The results of that cover sufficiently the smaller liquid tankers and 
membrane-type LNG tankers. Typical Baltic Sea LNG tanker is shown in Figure 6. 
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Figure 6 Typical Baltic Sea LNG carrier (photo Gasum). 

2.1.6 BULK CARRIER 

Bulk carriers have typically structure and cross section that falls between general cargo 
vessels and tankers. Otherwise, bulk carriers would be sufficiently covered by analyzing 
these, but as the question about single side structures arose in the previous study [1], the 
medium-sized general cargo vessel was modified to a single side configuration. The most 
practical way for that was to convert it to a bulk carrier. Example of a typical bulk carrier 
is shown in Figure 7. 

 

Figure 7 Typical Baltic Sea bulk carrier (photo ESL shipping). 

2.1.7 CONTAINER VESSEL 

While there are differences in hatches, transverse bulkheads & such, the side structure of 
the container vessels is similar to the general cargo vessel, and it is considered to be 
covered by that. Example of a typical Baltic Sea container vessel is shown in Figure 8. 
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Figure 8 Typical Baltic Sea container vessel (photo J & H. Soinila / Suomen kuvitettu 
laivaluettelo 2021). 

2.1.8 SMALL SHIPS 

While the Finnish-Swedish Ice Class Rules are also used in design of small archipelago 
ferries, tugboats & such, examples shown in Figure 9 and Figure 10, the rules are not 
aimed for these. Therefore the applicability of the new guidelines is not studied on those 
vessel types. It is also recognized that most of these vessels are likely to be in any case be 
designed with the prescriptive rule formulas in the foreseeable future. 

 

Figure 9 Typical archipelago ferry (photo Sofia Ek / Wikimedia commons). 

 

Figure 10 Typical tug (photo Alfons Håkans). 
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2.2 DESIGN OF THE EXAMPLE VESSELS 

Similar to the previous study, the main dimensions of the example vessels were chosen 
based on available reference designs and using methods from [2]. Scantlings have been 
calculated with DNV Nauticus to fulfill basic classification, and in general chosen to be 
reasonable and typical for the vessel type in question, to represent a typical design as 
closely as possible. 

For ice class, scantlings were chosen to be lowest possible that fulfill the requirements of 
the current FSICR [3], as explained in more detail in the following chapter. 

All example vessels were designed using HT-36 grade steel, as that is a relatively typical 
material in current shipbuilding. 

2.3 REANALYSIS OF VESSELS FROM HULLFEM 

Based on the previous study, some changes were made to the baseline vessel to improve 
the accuracy of the results, and the analysis was rerun for these. 

Typically, the scantlings of a ship are chosen from available standard materials in such 
way that plate thicknesses are rounded to closest full (or half) millimeter. Similarly, the 
frame profiles are chosen from list of standard profiles as the smallest standard size that 
fulfills shear area and section modulus requirements. Due to this, there is in most cases 
some margin, as it is rare that the available thicknesses and profiles would be exact match 
for the rule requirement. 

However, for finding the exact plastic capacity that the minimum structure compliant 
with the current rules has, this variation should be removed. Thus, all vessels from 
previous study were modified to have shell plate thickness that is exactly the rule 
required with accuracy of 0.1 mm. As the rules specify required net thickness and a 
corrosion margin to account for wear and corrosion, the calculation was done with the 
net thickness, i.e. the corrosion addition was deducted from the shell plate thickness. For 
internal members, corrosion deduction was not made, as that is not done in the current 
rules. [3] 

For profiles, custom profiles with minimum allowable properties were used. As bulb 
profiles are typically used on ships that are covered by the FSICR, these were used. Profile 
thicknesses were chosen to fall within the range typical to the height of the profile, and to 
fulfill the requirements of the FSICR. The profile height was varied to find the minimum 
that fulfills the FSICR requirements for shear area and section modulus. 

One main finding of the previous study was that for the typical double side structure, 
minimum thickness requirement results in webframes and stringer platforms to have 
significant extra capacity over the minimum requirements of ice class rules. To assess how 
the proposed new criteria would relate to structure fulfilling the current FSICR, the 
general cargo vessels with double side were modified to bulk carriers with single side with 
open T-beam webframes and stringers, even though that is less typical structural 
arrangement nowadays. 



Aker Arctic Technology Inc 2023-12-29 
K537 / B / Approved 

12 | Page 

2.4 SMALL DRY CARGO VESSEL 

This vessel was analyzed in the previous study and is now reanalyzed with modifications 
in scantlings explained in 2.3. This vessel has transverse framing with intermediate frames 
spaced at 400 mm. The main dimensions are shown in Table 1 and the midship section in 
Appendix A. This vessel is of similar type as shown in Figure 1 and described in chapter 
2.1.1, and represents the smaller end of ice strengthened fleet on the Baltic Sea. 

Table 1 Main dimensions of small dry cargo vessel. 

 

2.5 MEDIUM DRY CARGO VESSEL 

This vessel was analyzed in the previous study and is now reanalyzed with modifications 
in scantlings explained in 2.3. This vessel was analyzed for three different ice classes, 1C, 
1A and 1A super. The 1C vessel has longitudinal framing with spacing of 600 mm, while 1A 
and 1A super have transverse framing with intermediate frames spaced at 400 mm, 
representing typical configurations for each ice class. The main dimensions for each 
variant are shown in Table 2 and the midship sections in Appendix A. This vessel is similar 
type as shown in Figure 1 and described in chapter 2.1.1, and of most typical size on the 
Baltic Sea [1]. As discussed in chapter 2.1.7, this also covers typical container vessels, due 
to similar structure around ice strengthened part of the hull.  

Table 2 Main dimensions of medium dry cargo vessels. 

 

FSICR 1A Ice class

Loa 84.0 m Length, overall

Lbp 78.8 m Length, rule

B 14.0 m Breadth

D 7.0 m Depth

T 5.7 m Draught

ɲ 4960 t Displacement

Cb 0.77 Block coefficient

v 12 kn Service speed

P 1650 kW Shaft power

FSICR 1A 1C 1A super Ice class

Loa 121 120.2 122.6 m Length, overall

Lbp 115 115 115 m Length, rule

B 20.3 20.3 20.3 m Breadth

D 10.7 10.7 10.7 m Depth

T 7.4 7.4 7.4 m Draught

ɲ 14200 14100 14360 t Displacement

Cb 0.80 0.80 0.81 Block coefficient

v 12 12 12 kn Service speed

P 4000 3000 5500 kW Shaft power
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2.6 LARGE DRY CARGO VESSEL 

This vessel was analyzed in the previous study and is now reanalyzed with modification 
explained in 2.3. This vessel has longitudinal framing with spacing of 700 mm. The main 
dimensions are shown in Table 3 and the midship section in Appendix A. This vessel is of 
similar type as shown in Figure 1 and described in chapter 2.1.1, and of about the typical 
maximum size used in the Baltic Sea. 

Table 3 Main dimensions of large dry cargo vessel. 

 

2.7 MEDIUM BULK CARRIER 

This vessel is similar to medium dry cargo vessel analyzed in the previous study, except 
that the side has been changed from double skin to single skin construction. As single skin 
construction is not practical for a typical dry cargo vessel, a bulk carrier was chosen 
instead. Main dimensions are identical, meaning that although the vessels are nominally 
of different ship type, in practice this is a direct comparison between two structural 
arrangements. 

To assess the effect of varying structural configurations, this vessel is analyzed with 
several structural configurations (frame spacings include intermediate frames, if present): 

- transverse framing with intermediate frames spaced at 400 mm (same as original 
dry cargo vessel) 

- transverse framing with spacing of 600 mm 

- transverse framing with spacing of 800 mm 

- longitudinal framing with spacing of 400 mm 

- longitudinal framing with spacing of 600 mm 

The main dimensions are shown in Table 4 and the midship sections in Appendix A. This 
vessel type is described in chapter 2.1.6 and typical example is shown in Figure 7.  

FSICR 1A Ice class

Loa 196 m Length, overall

Lbp 184 m Length, rule

B 32.26 m Breadth

D 18.6 m Depth

T 13.0 m Draught

ɲ 69930 t Displacement

Cb 0.88 Block coefficient

v 12 kn Service speed

P 14750 kW Shaft power
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Table 4 Main dimensions of medium bulk carrier. 

 

2.8 ROPAX 

The RoPax vessel was designed to represent a typical ferry on for example routes Helsinki 
ς Tallinn and Turku ς Stockholm and similar. This vessel has single side configuration. The 
model is made up to strength deck, and the deckhouse above that is not considered to be 
structurally effective. The main dimensions for the RoPax vessel are shown in Table 5 and 
the midship section in Appendix A. As discussed in chapter 2.1.3, this vessel covers RoPax 
vessels and passenger ferries discussed in chapter 2.1.2 and RoRo vessels discussed in 
chapter 2.1.3 as both have relatively similar structure on the ice-strengthened hull.  
Typical example of a Baltic Sea RoPax ferry is shown in Figure 2. 

Table 5 Main dimensions of RoPax ferry. 

 

2.9 MEDIUM LNG TANKER 

Small / medium LNG tanker was chosen to be of relatively same size as the dry cargo / 
bulk carriers, to assess if the addition of full main deck has an effect on the plastic 
capacity of the ice belt. It is called medium in this report for consistency with other 
vessels, even though as a tanker it could be well considered to be small. The vessel is 
designed to have bilobe tanks, as that is relatively common choice for that size. The main 
dimensions are shown in Table 6 and the midship section in Appendix A. This vessel 

FSICR 1A Ice class

Loa 121 m Length, overall

Lbp 115 m Length, rule

B 20.3 m Breadth

D 10.7 m Depth

T 7.4 m Draught

ɲ 14200 t Displacement

Cb 0.80 Block coefficient

v 12 kn Service speed

P 4000 kW Shaft power

FSICR 1A super Ice class

Loa 218.5 m Length, overall

Lbp 200 m Length, rule

B 31.8 m Breadth

D 9.8 m Depth

T 7.0 m Draught

ɲ 31605 t Displacement

Cb 0.69 Block coefficient

v 22 kn Service speed

P 10500 kW Shaft power
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covers smaller end of oil tankers discussed in chapter 2.1.4 and gas tankers discussed in 
2.1.5. Example of a typical small / medium sized LNG tanker is shown in Figure 6. 

Table 6 Main dimensions of medium LNG tanker. 

 

2.10 LARGE OIL TANKER 

Large tanker was designed to represent typical largest crude oil tankers that operate on 
the Baltic Sea. These are Aframax-size tankers. As oil tankers are mandated to have 
double side, this vessel was designed with a double side structure. The main dimensions 
are shown in Table 7 and the midship section in Appendix A. This vessel covers larger end 
(in Baltic Sea context) of oil tankers discussed in chapter 2.1.4 and gas tankers discussed 
in 2.1.5. Example of a typical large tanker is shown in Figure 4. 

Table 7 Main dimensions of large oil tanker. 

 

FSICR 1A Ice class

Loa 105 m Length, overall

Lbp 102.3 m Length, rule

B 17.8 m Breadth

D 10.9 m Depth

T 7.0 m Draught

ɲ 9400 t Displacement

Cb 0.72 Block coefficient

v 12 kn Service speed

P 3900 kW Shaft power

FSICR 1A Ice class

Loa 250 m Length, overall

Lbp 240 m Length, rule

B 44 m Breadth

D 22 m Depth

T 15.25 m Draught

ɲ 132500 t Displacement

Cb 0.80 Block coefficient

v 14 kn Service speed

P 15700 kW Shaft power
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3 METHODS 

The methodology follows principles established in the first part of the HULLFEM project 
[1]. For more detailed information and background for choosing these methods, the 
reader is referred to that report. For clarity, the used methods are summarized here. The 
changes and improvements made to the methods used in the previous work are 
presented in more detail here. 

3.1 FINITE ELEMENT MODEL 

3.1.1 MODELING 

The vessels were modeled and meshed in NAPA Designer. The mesh was then exported to 
Abaqus/CAE. Loads, boundary conditions, etc. were applied in Abaqus/CAE. The model 
was analyzed using Abaqus/Standard, and postprocessed in Abaqus/Viewer. 

Model extents were taken as half ship, i.e. from centerline to side shell on one side, from 
baseline to strength deck, and six webframe spacings. Six webframe spacings was chosen 
because that provides at minimum two webframe spacings between the load and the 
boundary condition, preventing boundary effects from affecting the results with the 
dimensions of the example vessels. This model size was found to be the smallest suitable, 
based on earlier study [1]. 

3.1.2 MESHING 

Models were made fully with linear shell elements. Bulb profiles were modeled as 
equivalent L-profiles. In Abaqus documentation, element types S4R and S3R, which are 
quadrilateral (4-node) and triangular (3-node) general- purpose shell elements with 
reduced integration, hourglass control, and finite strain, are recommended for this type 
of analysis and these element types were used in this study [4]. 

As the model is made with shell element, the bulb profiles were converted to equivalent 
L-profiles. Like previous study, this was done based on the CSR formula [1]. However, the 
shell element thickness is by default distributed evenly on both sides of the moulded 
surface. This results in lower effective height for the stiffener, reducing the section 
modulus significantly. Modifying the thickness offset for each frame and girder in correct 
way would be very time-consuming and error-prone handwork, and therefore alternative 
method was developed.  

As illustrated in Figure 11, the web height of the equivalent L-profile was increased by 
half of plate thickness of equivalent flange and shell plate. While this introduces minor 
error in shear capacity of the frame profile, and very minor error in section modulus due 
to excess web height, testing proved that this idealization offers much more exact 
representation of the actual bending capacity of the frame, and thus was taken into use. 
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Figure 11 Idealization of bulb flat as L-profile. For clarity, effective plate width is halved in 
figure. 

Mesh density was taken as minimum 8 elements on shell plate between each stiffener, 
and as minimum 3, preferably 4, elements across stiffener web. These mesh density 
guidelines follow the recommendations of Classification Societies for similar type of 
analysis [5] [6] [7], and were found to work well on the first part of the HULLFEM project 
[1]. 

3.1.3 MATERIAL MODEL 

Material was modeled as bilinear elastic-plastic with plastic modulus Et of 1000 MPa, as 
this model is widely used, see for example [5], [6] and [8], and in the previous study [1], it 
was found to produce very similar results to more complicated material models found in 
[6] and [7] at the relevant deformations [1]. As per Abaqus convention, all stresses and 
strains are taken as true stress and true strain. The material parameters for HT-36 grade 
steel are shown in Table 8. 

Table 8 Material parameters for HT-36 steel. 

 

3.1.4 LOAD 

Load is applied as rectangular patch with evenly distributed pressure, similar to the 
previous study [1]. The load patch dimensions are taken directly from the Finnish-Swedish 
Ice Class Rules [3], as that was found to be reasonable approach in the previous study [1]. 
The load patch lengths for various structural elements are shown in Table 9.  

Table 9 Load patch lengths for various structures [3]. 

 

min max ˋ pʁl ˋ pʁl

HT-36 355 490 620 21 % 355.6 0.0 681.6 0.1873

Yield UltimateSteel 

grade Yield

Ultimate Elongation

A50

Abaqus material model
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The load is applied to elements as pressure load. The element mesh does not always align 
perfectly with the load patches. The applied load patch area was taken always as the 
closest possible match to load patch dimensions from the rules. Then, the pressure was 
adjusted to obtain equivalent force: 

ὴ ὴ   

Exact load areas, locations, patch sizes and pressures for each vessel and load case are 
shown in Appendixes B to N. The error in load patch dimensions is less than half of 
element size, which varies between 40 and 80 mm depending on the ship type, meaning 
that the error in each load patch dimension varies between 20 and 40 mm. Compared to 
typical load patch height of 220 to 350 mm and width of 400 to 4800 mm, the error can 
be considered small. Example of load application is shown in Table 10. 

Table 10 Load patch locations, dimensions, and load for medium bulk carrier with 
transverse framing at 400 mm spacing. 

 

In this study, load was applied to find the plastic capacities as defined in 3.2.3 for shell 
plate, frame, stringer (for transversally framed vessels) and web frames. In addition, shell 
analysis was run up to permanent deformation of 5 % of frame spacing, as that was found 
in the previous study to be the upper limit of ice related damages on the Baltic Sea [1], 
and can be therefore thought to be the absolute maximum for the load that the structure 
must be able to withstand without major failure. 

On analyzing the results, shell, frames, and primary structures were analyzed separately. 
Stringers and web frames were combined as the primary structures, as these are on the 
same level on the structural hierarchy, have similar factor of safety on the current FSICR 
(f7 for stringers and f12 for web frames are both set at 1.8 [3]), and as the failure modes 
between these were linked. In several cases, load applied on stringer caused first failure 
on web frame, and vice versa, making it most sensible to assess these together. 

For each structural member, most onerous location(s) for the load patch were selected, 
following the findings from the previous study [1]. In case the most onerous location was 
not obvious, several locations were used to find the most onerous one. Example of typical 
load patch locations is shown in Figure 12. Similar logic was followed for each vessel. All 
load patch locations and exact load patch dimensions, pressures, etc. are shown in 
Appendixes B to N. 

X Z p l h A F A p

mm mm MPa mm mm cm2 kN cm2 MPa

Shell 6200 5800 1.306 400 300 1200 157 1280 1.224

Frame 6000 5700 1.306 400 300 1200 157 1120 1.399

Stringer 6000 6800 0.653 2400 300 7200 470 7680 0.612

Webframe 1 7200 7400 0.462 4800 300 14400 665 15360 0.433

Webframe 2 7200 6800 0.462 4800 300 14400 665 15360 0.433

Webframe 3 7200 5800 0.462 4800 300 14400 665 15360 0.433

Webframe 4 7200 4800 0.462 4800 300 14400 665 15360 0.433

Location Rules Model
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Figure 12 Load patch locations for bulk carrier with transverse framing at 400 mm 
spacing. 

3.1.5 BOUNDARY CONDITIONS 

Boundary conditions were applied using the practices that were found to work well on 
the previous study [1]. Boundary conditions were applied to the model edges where the 
structure continues. At centerline, Y-symmetry boundary condition was applied. At model 
ends, pinned boundary condition was applied.  

In case there were additional structure, such as deckhouse, above strength deck, it was 
considered not effective for carrying ice loads, and therefore omitted and not modeled as 
boundary condition. 

Example of loading and boundary conditions is shown in Figure 13. Boundary condition 
marked in orange at the ends refers to pinned boundary, and boundary condition marked 
at centerline with blue and orange refers to y-symmetry. Applied pressure load is shown 
in magenta. 
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Figure 13 Typical boundary conditions and load patch on model of small general cargo 
vessel. 

3.2 ANALYSIS 

3.2.1 SOLUTION AND INCREMENTATION 

The analysis is made with implicit solver.  

Incrementation is set automatic, so that Abaqus solver can vary the load increment to 
find optimum for obtaining a stable solution with minimum computational effort. 
Selecting suitable maximum load increment is a balance between acceptable accuracy 
and computational cost. To find the most appropriate maximum load increment, several 
options were tested. 

For cases where the response was governed by plastic hinge type mechanisms or very 
gradual buckling, it was found that Abaqus automatic incrementation works as intended 
and provides accurate results. For these cases, the result did not change if smaller 
increments were used. Thus, automatic incrementation was used for all cases where the 
iteration converged easily, and no special reason was found for further investigation. 
 
The step size for the automatic incrementation varies with the load. For some of the more 
complicated cases, where the response is governed by a rapid buckling failure, it was 
found that this variation in increment affected the results. Thus, for these cases, it was 
found necessary to control the maximum step size, to ensure that onset of rapid buckling 
was captured accurately by incrementing the load with sufficiently small steps. The 
maximum load increment values shown in Table 11 were found to offer reasonable 
balance between accuracy and computational cost for these problems and were used 
when found necessary. In all cases, Abaqus Solver was allowed to use smaller load 
increments when necessary to find a stable and accurate solution. 












































