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1. Introduction

In recent years there has been a need for guidelines in the Finnish-Swedish Ice Class Rules (FSICR) for
using direct calculation methods (e.g. Finite Element Method, FEM) for assessing hull structural strength
in the case of ice loads. This need mainly comes from industry (shipyards) where the current rules and
prescriptive rule formulas are seen as somewhat limiting. Rule limitations with respect to allowable
structural arrangements are derived from operational experience, and by limiting the allowed structural
arrangements to follow the guidelines, design can be made with simple prescriptive formulas. However,
a thorough FE analysis with well-defined criteria would offer more options for structural design but still
maintain safety in operation.

Direct calculation methods are nowadays frequently used in the ship design process to optimize the
strength of the hull against different kinds of loads. In case of open water loads, for example, fatigue
loads are an important case. Classification societies usually have detailed guidelines regarding the
analysis methodology for direct calculation methods. However, in the case of application of ice loads,
and especially considering the FSICR, there is still a lack of guidelines for direct calculation methods.

Ice loads are somewhat different from open water loads because they are very local, and highest loads
are not repeated as often, making fatigue a less of a concern. In addition, the magnitude of the highest
loads is very high, up to and beyond yield. There is also a higher level of uncertainty regarding the load
magnitude and load patch size/shape. The design target in practice is that there should not be such
denting of hull that repairs would be necessary, and obviously any larger damages that would endanger
the load-carrying capability or tightness of the structure need to be avoided with a margin of safety, but it
is generally accepted that small local denting of the shell plating is acceptable as long as there is
sufficient margin against other more severe failure modes, such as rupture, tripping of frames and
buckling of plate structures.

Earlier, direct calculation has practically meant either linear FE analysis or grillage analysis. In recent
years, research has been published (for example, [2] and [3]) and some guidelines on direct calculation
methods for ice loads have been issued by classification societies for the PC Rules, such as [4], [5] and
[6] using non-linear FE, which allows for evaluating the response of the structure beyond yield and is
thus better suited for analysing structures under ice loads. However, there is still on-going discussion on
the modelling methods and chosen criteria.

In the FSICR the scantlings for beams, stiffeners and webs and thicknesses for plating come from a
simple prescriptive rule formula which are validated by operational experience. Complementing the
strength requirements are structural arrangement / structural detail required for the structural members.
For example, the use of brackets is mandatory for many structures. These rules work well but are
somewhat limiting for the hull designer.

The use of direct calculation is a much more accurate way of understanding how the structure behaves
under load. However, the results are dependent on modelling techniques, application of loads and
acceptance criteria. Thus, all these must be taken into account carefully by the designer. It is important
that the rules and guidelines for direct calculation are made understandable and easy to use. The criteria
for structural strength must be conservative enough for safe design. However, too conservative criteria
will lead to excess weight and will be economically demanding for the ship owners.

2. Goal

The goal of the HULLFEM project is to gather a better understanding of using direct calculation methods
in the case of ice loads. This is important background knowledge for future ice class rule development
work.
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To understand and study the criteria for use in calculation methods and allowable structural capacity, the
project will incorporate example calculations with direct calculation methods.

The main tasks of the present study is to set ground what kind of FE modelling methods should be used
by the designer, what are the loads and how the loads are set up in the model.

3. Background

3.1 Linear and non-linear finite element analysis

Currently, all requirements for hull scantlings in the Finnish-Swedish Ice Class Rules are based on
prescriptive rule formulas and requirements. The formulas are based on linear elastic analysis and
elastic limit state.

If alternative designs with direct calculations, in practice finite element method, would be taken into rules,
it could be done with either linear or non-linear FE. While linear FE would bring some additional design
freedom compared to prescriptive requirements, it is seen that much of the potential of direct calculation
would be missed. Moreover, as the actual target is to limit permanent deformation to remain small during
service and ensure that the structure has sufficient margin against larger permanent deformation, using
linear analysis and assuming some plastic reserve could lead to erroneous results in some cases, if only
elastic capacity would be assessed and constraints on the structural arrangement would be relaxed.

Therefore, non-linear finite element analysis would be preferable option, as that will give information of
the actual margin, instead of assumption that certain amount of plastic margin exists. [7] Especially, non-
linear analysis gives much improved insight into actual reserve capacity of nonconventional structural
arrangements, such as leaving out brackets that support the ice frames. Thus, non-linear analysis is
used in this study.

Earlier, there was a tentative note for using non-linear FE for designing longitudinally framed structures
for the FSICR by ABS [8]. However, that method required modelling first the rule compliant structure and
then the proposed alternative arrangement, requiring double work. It would be desirable to formulate a
set of criteria that would not require two models but modelling only the proposed structure and showing
that it has adequate capacity against ice loads. For formulating those criteria, several vessels complying
with the current rules are modelled in this study, and the plastic capacity of those structures is analysed.

3.2 Design point in the Finnish-Swedish Ice Class Rules

The design point in the Finnish-Swedish Ice Class Rules is discussed in [9]. Essentially, the current
formulations assume a design load that occurs relatively often, and the structure is designed remain
below yield limit at that load. Then, it is assumed that since typical shipbuilding steel is ductile and
structural arrangement is dictated by the rules, the structure will have sufficient plastic reserve to cope
with more rarely occurring loads that exceed the rule design load [8]. Similar scantlings could also be
achieved by using a higher design load with longer return period together with higher limit state, such as
some defined amount of permanent deformation. This is illustrated in Figure 1.
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Figure 1 Design point in the Finnish-Swedish Ice Class Rules. [9]

The underlying aim of the design load and the scantling calculations that follow from the design load is to
ensure structure that has sufficient strength for the expected loads in service. The main targets are to
ensure safety and serviceability, i.e. that even if small dents are allowed and happen occasionally,
repairs are not needed due to denting, and that there is sufficient margin against larger damage. To
achieve these targets, the Rules are based on load measurements and research, and damage studies
have been made to calibrate the rule loads to the loads encountered in service.

Two large damage studies have been made into the fleet of ships that have a Finnish-Swedish ice class.
First study was made by Kujala in 1984 to 1987 [10], and later one by Hanninen in 2003 to 2003 [11].
The damages to shell of the vessel from both reports are collected into Table 1.

As a background info to this table, it should be noted that hull rules were completely reformatted in 1985
[12] [13], and these apply to ships which have their keel laid in 1986 and forwards. From the table, it can
be concluded that after the introduction of 1985 rules, the damages are limited to dented shell plates,
and all damages to framing and primary members have happened to ships built to previous rules. Thus,
the maximum expected ice loads should be tied to the typical maximum plate damages observed.

The rules for shell plate design have not been changed between 1985 and 2008. In the 2010 rules, the
design pressure for longitudinally framed vessels was increased by removing the factor of 0.75 in
calculation of the design pressure [6] [7] [8] [9]. The reason for removing this factor for longitudinal
framing is explained by Riska and Kamarainen to follow from that the concept of varying pressure is
more relevant to transverse than longitudinal framing [9]. Later studies have proven that ice pressure
does not vary appreciably along transversally framed shell plate regardless of stiffness difference
between shell plate and framing [17] [18].

The origin of the higher design load for framing was to compensate for the larger plastic reserve of the
plate compared to a frame, as a means to achieve a balanced design in plastic region while using elastic
capacity formulas in the design [9]. Based on the damages observed for ships built to the 1985 and later
rules, the structures designed with the rules seem to have proper hierarchy, so that tertiary member
(shell plate) is deformed before secondary (frames).
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Table 1 Ice damages on shell from winters 1984-87 and 2002-2003

Ship Ice class Ship type
2002-2003 study by Hanninen

Ship 98 1A Bulk carrier
Ship 66 1A Tug

Ship 76 1C Oil tanker
Ship 55 1A super Bulk carrier
Ship 30 1A Passenger-car ferry
Ship 44 1A Chemical tanker
Ship 100 1A Cruise ship
Ships 89 & 90 1A super Oil tanker
1984-1987 study by Kujala

Ship 4 1A super Dry cargo
Ship 7 1A super Dry cargo
Ship 13 1A super Chemical tanker
Ship 14 1A Bulk carrier
Ship 16 1A Dry cargo
Ship 21 1A super Cargo ferry
Ships 22-25 1A Bulk carrier
Ship 35 1A Bulk carrier
Ship 37 1A Bulk carrier
Ship 39 1A Bulk carrier
Ships 43 & 44 1A Passenger ferry
Ship 45 1A super Cargo ferry
Ships 48-50 1A super Tanker
Ship 51 1A super Tanker

Built

1976
1968
1993
1986
1966

1984
1992
1976

1978

1972

1980

1976
1972

1982
1977
1985

1980
1977

1980

1982

1976

1974

DWT/
BRT

10980
240
95000
3900
10500

22700
25600
16420

14931

7214

8145

10935
5915

13090
16560
4693

31850
7885

10604

7000

15954

6863

frame plate

Framing spacing dents
transv. 800 50
transv. 270 10
longit. 800 30
longit. 1300 50
transv. 750 50
transv. 600 30
longit. 800 30
transv. 800 40

Not relevant, damage from Arctic voyages

transv. 400 20
transv. 380 10
longit. 450 10
transv. 600 23
transv. 350 20
longit. 350 20
longit. 700 15

Lots of damage below ice strenghtening, due to insufficient balla

draught. Not relevant here.

transv. 350 25
transv. 400 10
transv. 800 15
longit. 400 30
transv. 350 15
transv. 700 10
transv. - -

RESEARCH REPORT VTT-R-01039-22,
AKER ARCTIC K-523

Plate dent,
% of spacing

6.3%
3.7%
3.8%
3.8%
6.7%
5.0%
3.8%
5.0%

5.0%
2.6%
2.2%
3.8%
5.7%
5.7%
21%

7.1%
2.5%
1.9%
7.5%
4.3 %
1.4%

Location

Ice belt
Ice belt
Ice belt
Below
Below
Below
Below
Below

Ice belt
Ice belt
Ice belt
Below
Ice belt
Ice belt
Below

Below
Below
Below
Ice belt
Ice belt
Below
Ice belt

frame
deformation

10
33

10

70

30
50

200

frame
span

3000
3000

3200

st capacity and too low

3500

3300
2500

2500

9 (89)

Frame
deformation,
% of span

0.3%
1.1%

0.3%

2.0%

0.9%
2.0%

8.0%

Complete collapse of web frames & framing in compressive ice, max. Deflection 500 mm

transv. 400 25
transv. 800 30
longit. 300 30
transv. 343 30
transv. 350 50
transv. 350 15
transv. 700 15

6.3%
3.8%

10.0%

8.7%

143%

43%
2.1%

Below
Below
Ice belt
Ice belt
Above
Ice belt
Above

55

2800

2.0%

Significant portion of the damages have occurred on the lower hull regions where the FSICR are not
applied and fall outside the scope of this study. For the damages occurred on the ice strengthened
region of the hull for vessels built to 1985 rules or later, the plate deformation is 5 % of frame spacing or
less, and no framing damages have been observed.

For defining the required capacity for the non-linearly analysed alternative structure, there is two main
aims. First, it should be ensured that amount of ice damages (denting of plates, bending of frames) that
need repairs will not increase, and the structures remain serviceable and able to carry the design load
after being subjected to ice loads. Second, it should be ensured that if subjected to highest loads
measured, the structure may dent and require repairs, but should remain safe, i.e. watertightness of the
hull should not be compromised, and the structure should retain load-carrying capacity, i.e. buckling and
tripping should be limited so that sudden loss of load-carrying capacity is prevented. Based on the
damage data above, the second criteria should be met at load that cause permanent plate deformation
of 5 % of the frame spacing.
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4. Chosen example vessels

Major part of the study is to examine example vessels with direct calculation methods. This enables
testing of different modelling methods for realistic vessel designs used in the Baltic Sea.

4.1 General

The example vessels for this study were selected to represent typical Finnish-Swedish Ice Class ships
as well as possible. Based on the traffic statistics from winter 2018-2019 in the Bay of Bothnia, the most
common ship type is a general cargo vessel, as shown in Figure 2.

Ship Count

1%

%
1'%

® Sulker o GerneralCargo #* Tanker @ Container = HORO  » Pasenger 8 Speca
Figure 2. Ships that have visited in the Bay of Bothnia in winter 2019, categorized by type. [19]
Ship size, measured in DWT, is shown in Figure 3. From this data, it was concluded that most typical

ship size is around 10 000 DWT, which was selected as the baseline vessel. It should represent well the
most common ships that are sized between 5 000 DWT and 15 000 DWT.

General Cargo, Ice Class IA - EEDI categories

0
0 10000 15000 20000 25000 30000 35000 40000 45000

€ -10
Q
£
@
s -20 ® 1985-2014
o
bl A 2015-2019
© -30 ' =Y
a L A EEDI 1
- P EEDI 2
» -40
é @
= A w=@==EED| 3
#*=0 7'\

-60

DWT

Figure 3. General cargo ships that have visited Bay of Bothnia in winter 2019. Y-axis represents the
difference of calculated EEDI and phase 0 EEDI in percentage. Lines show the EEDI phase 1 - 3
requirements. New ships built after 2014 are highlighted. [19]
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In addition, a smaller and larger vessel were studied to cover the different structural configurations and
particulars of the vessels that typically trade in the Baltic Sea in winter. The smaller end of the range is
limited by icebreaker assistance, which is in winter provided to vessels that have a minimum DWT
ranging from 2 000 to 4 000 DWT depending on ice conditions. To cover this category, a 3 000 DWT
vessel was selected. It is also noted that typical Saimax vessel has a DWT capacity of about 2 500 DWT
on Saimaa channel draft and about 3 500 DWT on seagoing draft [20], so this vessel covers Saimaa
vessels as well.

On bigger end of the range, it is anticipated that vessel size is going to increase somewhat, as Sweden
plans for larger vessels to visit Luled port. To represent the maximum typical size of vessels on the Baltic
Sea, a 58 500 DWT vessel was selected, corresponding roughly to typical old Panamax size vessel.

Based on the traffic statistics from [19], shown in Figure 4, the most common ice class is IA, and thus
that was selected as the base ice class for this study. In addition, ice classes IC and IA super will be
studied to ensure good coverage. Main data of all the example vessels is shown in Table 2. Summary of
shell plate and frame scantlings is shown in Table 3. Full scantling calculations are presented in
Appendix F.

Table 2 Main data for example vessels.

10000 DWT 10000 DWT 10000DWT 3000DWT 58500 DWT

1A 1C 1Asuper 1A 1A
DWT 10000 10000 10000 3000 58500 t |Deadweight
L 121 120.2 122.6 84.0 196 m Length
20.3 20.3 20.3 14.0 32.26 m  Breadth

D 10.7 10.7 10.7 7.0 18.6 m Depth

T 7.4 7.4 7.4 5.7 13.0 m  Draught

LS 4200 4100 4360 1960 11430 t |Lightship weight

A 14200 14100 14360 4960 69930 t |Displacement

Cb 0.75 0.75 0.75 0.758 0.83 Block coefficient

% 12 12 12 12 12 kn Service speed

P 4000 3000 5500 1650 14750 kW Shaft power

Framing  Transv. Longit. Transv. Transv. Longit. Framing orientation

S 0.4 0.6 0.4 0.4 0.7 m |Frame spacing
Table 3 Summary of ice class scantlings for the example vessels.

Shell Frames
Ship Framing s(m) = treq (MM) | toqa (Mm) | Profile A (cM?) Acpyal (€M?) | Zyeq (€M?) | Zygya (M)

3000 DWT IA Transv. 0.4 125 12.5 HP 180x10 4.0 18 173 177
10000 DWTIC Longit. 0.6 14.3 15.0 HP 140x9 9.6 12.6 93 98
10000 DWT IA Transv. 0.4 13.3 14.0 HP 160x9 4.6 14.4 123 128
10 000 DWT lAsuper Transv. 0.4 15.1 15.5 HP 180x9 6.5 16.2 171 171
58 500 DWT IA Longit. 0.7 23.7 23.5 HP 260x12 28.8 31.2 278 520
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Ice Class

2% 3%
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Figure 4. Ships that have visited in the Bay of Bothia in winter 2019, categorized by ice class. [19]

4.2 Baseline vessel, 10 000 DWT IA

The baseline vessel for this study was selected to be a dry cargo vessel with deadweight capacity of
10 000 t and ice class IA. The main dimensions for the vessel were selected based on [21], and are
shown in Table 4. The midship section is shown in Figure 5.

Table 4 Main dimensions for 10 000 DWT IA dry cargo vessel.

DWT 10000 t Deadweight
L 121 m Length

20.3 m Breadth
D 10.7 m Depth
T 7.4 m |Draught
LS 4200 't Lightship weight
A 14200 t Displacement
Cb 0.75 Block coefficient
% 12 kn |Service speed
P 4000 kW Shaft power
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Figure 5. Midship section for 10 000 DWT IA vessel.
Ice loads for the 10 000 DWT IA cargo vessel were calculated according to the current (2017) FSICR.

The different load cases are listed in Table 5 below. It should be noted that the loads listed are not
meant for direct calculation, but they are used as a starting point.

Table 5. Load patch size and pressure for different load cases for 10 000 DWT IA vessel.

Structural
part Load patch size

Height [m] | Width [m] | Pressure [MPa] | Tot. force [kN]
Shell plating 0.30 0.40 1.306 157
Frame 0.30 0.40 1.306 157
Stringer 0.30 2.40 0.653 470
Web frame 0.30 4.80 0.462 665

Two finite element models were made of the baseline vessel. One model was used for studying effect of
various modeling aspects, such as mesh density, material model and boundary conditions. This model
included the double bottom and it was duplicated and mirrored to study different sizes of models. These
models are shown in Figure 40.

The other model of the baseline vessel was made to study the most onerous locations for the load patch
and to find out the capacity of the structure according to the limits defined in 5.3.3. This finite element
model of the baseline vessel is shown in Figure 6, Figure 7, Figure 8. For this model, the double bottom
was left out of the model, as it has been earlier found out that typically it does not have a significant
effect on the results for a typical icebreaker, and as quite many (44 in total) load patch locations were
studied, model size was limited to reduce the calculation time. For a few load cases on stringers and
web frames, it was found out that the model size was slightly too small and boundary conditions had
some effect on the results, but none of these load cases were the limiting ones, and thus this had no
effect on the results.

The load application and boundary conditions are shown in Figure 9. For this vessel, a wide selection of

load patch sizes and locations was tested to find the most onerous ones. All tested locations are shown
in Figure 10, Figure 11, Figure 12 and Figure 13.
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Figure 6 Shell element thicknesses, whole model.

Figure 7 Shell element thicknesses, inside structures.
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Figure 8 Finite element mesh.

Figure 9 Typical load application, load patch in magenta and pinned boundary conditions in orange.
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Figure 10 Load patch locations for checking the capacity of the side shell.
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Figure 11 Load patch locations for checking the capacity of the frames.
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Figure 12 Load patch locations for checking the capacity of the stringer platforms.
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Figure 13 Load patch locations for checking the capacity of the web frames.
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4.3 10 000 DWT IC vessel

To cover lower ice classes, IC variant of the baseline vessel was made. The main dimensions for the
vessel were selected based on [21], and are shown in Table 6. The midship section is shown in Figure
14. Rule ice loads are shown in Table 7.

Table 6 Main dimensions for 10 000 DWT IC dry cargo vessel.

DWT 10000 t |Deadweight
L 120.2 m Length

20.3 m  Breadth
D 10.7 m Depth
T 7.4 m Draught
LS 4100 t | Lightship weight
A 14100 t Displacement
Cb 0.75 Block coefficient
% 12 kn Service speed
P 3000 kW Shaft power
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Figure 14. Midship section for 10 000 DWT IC vessel.

Table 7. Load patch size and pressure for different load cases for 10 000 DWT IC vessel.

Structural
part Load patch size

Height [m] | Width [m] | Pressure [MPa] | Tot. force [kN]
Shell plating 0.22 1.02 0.767 172
Longitudinal 0.22 2.40 0.372 197
Web frame 0.22 4.80 0.263 278

Finite element model of the IC 10 000 DWT vessel is shown in Figure 15, Figure 16 and Figure 17. The
load application and boundary conditions are shown in Figure 18. The tested load patch locations are
shown in Figure 19.
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Figure 15 Shell element thickness.
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Figure 16 Shell element thickness, inside structures.
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Figure 17 Finite element mesh.

Figure 18 Typical load application, load patch in magenta and pinned boundary conditions in orange.
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Figure 19 Load patch locations.

4.4 10 000 DWT IAsuper vessel

To cover highest ice class, IAsuper variant of the baseline vessel was made. The main dimensions for
the vessel were selected based on [21], and are shown in Table 8. The midship section is shown in
Figure 20. Rule ice loads are shown in Table 9.

Table 8 Main dimensions for 10 000 DWT IAsuper dry cargo vessel.

DWT 10000 t Deadweight

L 122.6 m Length

B 20.3 m | Breadth

D 10.7 m Depth

T 7.4 m Draught

LS 4360 t |Lightship weight
A 14360 t Displacement
Cb 0.75 Block coefficient
v 12 kn Service speed

P 5500 kW Shaft power
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Figure 20. Midship section for 10 000 DWT IAsuper vessel.

Table 9. Load patch size and pressure for different load cases for 10 000 DWT IAsuper vessel.

Structural
part Load patch size

Height [m] | Width [m] | Pressure [MPa] | Tot. force [kN]
Shell plating 0.35 0.40 1.597 224
Frame 0.35 0.40 1.597 224
Stringer 0.35 2.40 0.798 671
Web frame 0.35 4.80 0.564 948

Finite element model of the 1Asuper 10 000 DWT vessel is shown in Figure 21, Figure 22, Figure 23 and
Figure 24. The load application and boundary conditions are shown in Figure 25. The tested load patch
locations are shown in Figure 26.
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Figure 21 Shell element thickness.

= Onounounoi S

§ OO NOED,

Figure 22 Shell element thickness, inside structures.
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Figure 23 Finite element mesh, overall view.

Figure 24 Finite element mesh, detail.
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Figure 26 Load patch locations.
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4.5 3 000 DWT IAvessel

To study the behaviour of a typical smaller vessel, a 3 000 DWT dry cargo ship with the most typical ice
class, 1A, was modelled. The main dimensions for the vessel were selected based on [21], and are
shown in Table 10. The midship section is shown in Figure 27. Rule ice loads are shown in Table 11.

Table 10 Main dimensions for 3 000 DWT IA dry cargo vessel.

DWT 3000 t Deadweight
L 84.0 m Length
B 14.0 m Breadth
D 7.0 m Depth
T 5.7 m Draught
LS 1960 t Lightship weight
A 4960 't Displacement
Cb 0.758 Block coefficient
v 12 kn Service speed
P 1650 kW Shaft power
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Figure 27. Midship section for 3 000 DWT IA vessel.

Table 11. Load patch size and pressure for different load cases for 3 000 DWT IA vessel.

Structural
part Load patch size

Height [m] | Width [m] | Pressure [MPa] | Tot. force [kN]
Shell plating 0.30 0.40 1.128 135
Frame 0.30 0.40 1.128 135
Stringer 0.30 2.40 0.564 406
Web frame 0.30 4.80 0.399 574

Finite element model of the 1A 3 000 DWT vessel is shown in Figure 28, Figure 29 and Figure 30. The
load application and boundary conditions are shown in Figure 31. The tested load patch locations are
shown in Figure 32.
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Figure 28 Shell element thickness.

Figure 29 Shell element thickness, inside structures.
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Figure 30 Finite element mesh.
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Figure 31 Typical load application, load patch in magenta and pinned boundary conditions in orange.
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Figure 32 Load patch locations.
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To study the behaviour of a typical large vessel, a 58 500 DWT dry cargo ship with the most typical ice
class, IA, was modelled. The main dimensions for the vessel were selected based on [21], and are
shown in Table 12. The midship section is shown in Figure 33. Rule ice loads are shown in Table 13.

Table 12 Main dimensions for 58 500 DWT IA dry cargo vessel.

DWT 58500 t Deadweight
L 196 m Length
32.26 m Breadth
D 18.6 m Depth
T 13.0 m Draught
LS 11430 t Lightship weight
A 69930 t Displacement
Cb 0.83 Block coefficient
v 12 kn Service speed
P 14750 kW Shaft power
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Figure 33. Midship section for 58 500 DWT IA vessel.
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Table 13. Load patch size and pressure for different load cases for 58 500 DWT IA vessel.

Structural
part Load patch size

Height [m] | Width [m] | Pressure [MPa] | Tot. force [kN]
Shell plating 0.30 1.19 1.180 421
Longitudinal 0.30 2.40 0.831 598
Web frame 0.30 4.80 0.588 846

Finite element model of the 1A 58 500 DWT vessel is shown in Figure 34, Figure 35, Figure 36 and
Figure 37. The load application and boundary conditions are shown in Figure 38Figure 9. The tested
load patch locations are shown in Figure 39.

Thickness

Figure 34 Shell element thicknesses.
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Figure 35 Shell element thicknesses, inside structures.

Figure 36 Finite element mesh.
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Figure 37 Finite element mesh, details.

"

Figure 38 Typical load application, load patch in magenta and pinned boundary conditions in orange.
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Figure 39 Load patch locations.

5. Modelling

FE modelling of the baseline vessel described in chapter 4 was carried out with Abaqus CAE 2022
software. The purpose was to achieve a parametric model that could be easily modified for studying
effects of different modelling and analysis techniques, such as mesh size, element type, model side,
boundary conditions etc.
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The rest of the vessels were modelled and meshed in NAPA Designer and then exported to Abaqus, to
obtain quick and accurate models. The upside is that modelling a ship geometry in NAPA Designer is
very quick and efficient compared to modelling in Abaqus. The downside of this process is that the
model cannot be modified as freely as in Abaqus, and the export process would need to be repeated
every time the geometry is changed. However, for this study, this was not an issue, as the goal was to
study the capacity of an existing structure.

5.1 Size of the model

First, four different models of the 10 000 DWT IA cargo vessel midship were created to test the effect of
size of the model and boundary conditions. These are shown in Figure 40 below. Results from the
largest model is compared to the smaller ones to understand what would be a suitable size for the model
to capture all relevant phenomena. Obviously, larger and more accurate model gives more realistic
results but also increases modelling effort for the designer and calculation time for the analysis. Goal is
to keep the modelling effort reasonable without decreasing the accuracy too much.

Figure 40. Four different models of baseline vessel (10 000 DWT IA cargo vessel) used in the initial
analysis to test for example the boundary conditions. Only geometry is visible, no mesh is applied at this
stage. The model B also shows the boundary conditions and load patch.

5.2 Modelling techniques

521 Element type

The initial models were chosen to be modelled fully with linear shell elements. This is standard practice
in ship design nowadays, although there are other options as well. Beam elements could be used for
some stiffeners to model the whole stiffener or only part of it, for example the flange. However, at this
stage it is a straightforward choice to use shell elements, because with sufficient fine mesh they can
capture all relevant phenomena such as buckling. Shell elements also enable modelling of the stiffener
end connections quite accurately, especially brackets. Because ships are thin shell structures, solid
elements are rarely used in FE modelling of ship structures.
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One specific question, when using shell elements, is how to model the bulb stiffeners with shell

elements? In this case an equivalent L profile was used, which is also a standard practice in ship design.
Figure 41 shows the transformation.

Correct Equivalent L profile for FE model
cross section profile with shell elements
* Fona)

S

8 = g aa

Figure 41. Equivalent L profile used in the modelling of bulb profiles with shell elements.

Usually, linear elements are sufficient, but higher order parabolic elements are also available. This might
have an effect when large deformations are present. 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 [22].

5.2.2 Mesh size

Mesh size is also an important parameter in all FE-models. With too coarse mesh the results can be
inaccurate but on the other hand fine mesh model takes more computational resources. However, with
today’s computer calculation capacity the mesh size is not so much of a problem anymore.

In currently available Class Rules for nonlinear finite element analysis for ice loads, there are some
guidelines for mesh sizes. In the Lloyd’s Register Rules [5], the mesh size is recommended to be as
minimum 8 elements between stiffeners. In addition, element size should not exceed 10 times the plate
thickness and 50 mm, whichever is the smaller. In the ABS Rules [23], the mesh size is recommended to
be as minimum 6 to 8 elements between stiffeners, 3 to 6 elements across stiffener web, 2 elements
across full stiffener flange and minimum 3 elements on bracket. In the DNV Rules [6], the mesh size is
recommended to be as minimum 6 elements between stiffeners.

Because the mesh size is fairly easy to vary it is one of the parameters to test to have better
understanding on how it affects the end results. This was studied with the parametric model of the
baseline vessel.

For analyzing the structural capacity of the example vessels, the mesh density was chosen to obtain as
minimum 8 elements on shell plate between each stiffener.

5.2.3 Material model

When non-linear analysis is carried out with large deformations, the material model plays a significant
role. For analysis in the elastic region (no plastic deformation) the linear material model with constant
modulus of elasticity is sufficient. However, with large strain values the stress-strain curve must be wider
than the elastic region considering the non-linear material behaviour in the plastic region. A bi-linear
stress-strain curve is often used where the plastic region has a different modulus of elasticity due to
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strain hardening. Even more sophisticated models can be used, and those will be tested out to
understand the effect on the end results. Especially description of the onset of yielding might have some
effect on the amount of permanent deformation of the structure after the loading is removed.

The material for the studied ship structures was chosen to be S355. This is a very typical choice for ice-
strengthened ship. The material has the nominal yield stress of 355 MPa.

Four different material models were studied. These included two simple models having bi-linear stress-
strain curves. In the elastic portion the Young’s modulus of elasticity E defines the stress-strain ratio up
to the nominal yield point. After that the material behaves plastically and this region is described in the
simpler models with tangential or plastic modulus E:. Two different values of plastic modulus were
studied. In the first model it has a value of 1000 MPa and in the second model of 0 MPa. The latter
material model describes ideal-plastic behaviour. Because in some cases numerical solution algorithms
may not converge to the correct solution if ideal-plastic model is used some classification societies
recommend the use of small plastic modulus in the used material model. Value of 1000 MPa has been
most widely proposed for the plastic modulus [3], [2], [5] and [6].

Both DNV [24] and ABS [23] recommend somewhat more sophisticated material models which are
composed of several linear parts. Specially the yield plateau which is characteristic to some steels has
been described in these models more precisely. DNV’s model includes five straight lines. The ABS
model is defined with equations describing stress-strain relations in the plastic range. There are also
readily calculated tables for different materials including current HS36 steel.

The studied material models had the same linear-elastic part defined by the Young’s modulus of 210
MPa. The models differ in how the plastic portion of the stress-strain curve was described. The studied
material models described the plastic portion using:

ideal-plastic model having E; = 0 MPa in plastic region
plastic model having plastic E; = 1000 MPa in plastic region
DNV proposed material model [24], [25] and [26]

ABS material model [23]

PR

When large strains are considered then in defining the material model logarithmic strain and true Cauchy
stress, which is defined as force per current area, must be used.

True strain is defined by [27]:
Ldl l (1)
&= —= ln( )

o ! Lo

In the equation [, is the original length and | is the loaded length of the tensile test specimen
respectively. Assuming that the material is incompressible and the distribution of strain along the
specimen length is homogeneous, the true stresses and strains can be expressed in terms of commonly
used engineering stresses and strains using the equations:

g=m1+¢,) (2)

oy =0.,(1+¢,) (3)

It should be noted that these equations apply only until the onset of the specimen necking.
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True stresses are always higher than engineering stresses. The difference between these two stresses
becomes noticeable after a couple of percent’s strain levels.

ABS gives the stress-strain relation in tabulated form both for the true total strain and true plastic strains.
These are related by the equation

£p =& — E ( 4 )
The DNV material model depends on the plate thickness as shown in Figure 42 for material S355. For
thick plates the true stresses are somewhat lower in the plastic region.

Figure 43 and Figure 44 show all the studied material models. The latter figure shows how the behaviour
just after the first yielding differs in different material models.

For calculating the plastic capacity of the example vessels, ABS material model was used.
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Figure 42. DNV proposed material mode for steel S355 [24].
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Figure 43. Comparison between different material models.
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Figure 44. Comparison between different material models. Start of yielding.

The following tables 14 - 16 give the true stress — true plastic strain relations in tabular forms. This is the
format in which the material plastic behaviour is usually given in finite element software.
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Table 14. True stress — true plastic strain for ideal-plastic, E; =0 and for E; = 1000 MPa.

Et=0 MPa Et= 1000 MPa
True strain True stress [MPa]  True stress [MPa]
0.000 355.0 355.0
0.298 355.0 653.3

Table 15. True stress — true plastic strain according to DNV for plate thicknesses below 16 mm [24].

True strain True stress [MPa]

0.000 320.0
0.002 357.0
0.018 366.1
0.138 541.6
0.298 541.6

Table 16. True stress — true plastic strain according to ABS.

True True stress True True stress
strain [MPa] strain [MPa]
0.000 355.6 0.135 555.2
0.003 356.8 0.144 564.6
0.007 358.0 0.153 572.6
0.010 359.1 0.162 577.6
0.013 360.3 0.171 582.3
0.017 370.0 0.180 586.8
0.021 379.7 0.189 591.1
0.024 389.6 0.198 595.3
0.028 399.5 0.207 599.3
0.037 423.6 0.216 603.2
0.046 446.4 0.225 606.9
0.055 465.5 0.234 610.5
0.064 480.0 0.243 614.0
0.072 491.3 0.252 617.4
0.081 501.1 0.261 620.7
0.090 510.2 0.270 623.9
0.099 519.1 0.279 627.0
0.108 528.0 0.288 630.0
0.117 537.0 0.297 633.0
0.126 546.0

524 Boundary conditions

Used boundary conditions of a FEM model are very important for accurate results. Especially if the
model is limited in size the boundary conditions have large impact. In case of ice loads on a ship the

beyond the obvious



= RESEARCH REPORT VTT-R-01039-22,
m Aker ArCtlc AKER ARCTIC K-523

41 (89)

loads are somewhat local and it is not feasible or necessary to model the whole ship. The analysed ship
part is thought to be cut from the whole ship model. Consequently, the displacements at these cut
boundaries must be constrained in a proper way to reflect the true behaviour. Without properly defined
boundary conditions, the solution to the finite element problem may not accurately enough forecast the
behaviour of the ship due to the ice loads. The extent and location of the loaded area must be also
considered when defining the boundary conditions.

Figure 45. Definitions of planes where boundary conditions are set.

In classification societies guidelines there exists examples on what boundary conditions to use. ABS
guideline [8] from 2014 proposes a much smaller local model without upper decks and double bottom to
study the ice loads. The guideline lists boundary conditions for this kind of model. However, the size of
the model is deemed too small for the purposes of the analysis proposed in this study. Thus, these
boundary conditions are not further studied here. Lloyds guidelines for non-linear FE analysis [5] also
give boundary conditions for a local half-breadth model similar to ones used in this study, as well as for a
full-breadth model. These are investigated in this study and compared to more rigid boundary conditions.

LOCHson | Tenevaaton [T
I & T &5 [ & o [ & &
L =1
| Croga-soction ocul and ful beondth FEmodwt | Foed |~ | Fueed | - | Fusd | Fued
CL Elrvwion
|_Centietne ocal FE model) | Yoed | Toeod | Tood | Foed

Figure 46. Lloyds boundary conditions [5].
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Chosen boundary conditions should of course reflect the structural behaviour at the point where they are
applied. When boundary condition limits the translation, real structure should also be able to do that. For
example, a watertight transversal bulkhead could be considered quite rigid in y and z direction. Taking
into account the outer shell and stiffener structure would make this section also stiff in x direction. Thus,
it can be argued that at this transverse plane section even a rigid boundary condition would be
applicable.

When half-breadth model is used, a symmetrical boundary condition at the centreline (CL) plane section
is a natural choice. This assumes that the ship structure as well as the loads are symmetrical. Ships
usually are symmetric regarding to CL and symmetrical load essentially means a condition where the
ship is in a compressive ice field, which is quite normal situation in heavy ice conditions for typical Baltic
Sea vessels. The proposed boundary condition of Lloyds guideline is not strictly a symmetry boundary
condition at the CL because also the z direction is fixed.

In Chapter 6 results from a study are shown on how different boundary conditions perform when
compared to each other and how the size of the model affects the results.

5.2.5 Load application

The load is applied on a rectangular load patch as evenly distributed pressure. This approach has been
widely used for ice loads and can be considered standard practice, see for example [23], [8], [6], [5], [2]
and [3]. The load patch dimensions are taken according to the Finnish-Swedish ice class rules [16] and
the pressure is varied to study the capacity and response of the structure. Load is increased
incrementally.

During the study, various load patch widths were tested to understand the effect of load patch width on
the capacity. The design ice pressure decreases as the load patch length in increased, but the total force
increases. This effect is applied to load lengths larger than 0.6 m, and below that, the pressure is limited
to a maximum value.

However, for making the rules well balanced and to work with varying structural arrangements, it is most
likely best to use load patch sizes as described in the Finnish-Swedish Ice Class Rules, as shown in
Table 17. These load patch sizes were used for the final results, even though in name of research and
thoroughness, other patch sizes were explored as well with the baseline vessel.

Table 17 Load patch lengths for various structures [28].

Structure Type of framing /[, [m]

Shell Transverse Frame spacing
Longitudinal 1.7xFrame spacing

Frames Transverse Frame spacing
Longitudinal Span of frame

Ice Stringer Span of stringer

Web frame 2xWeb frame spacing

5.3 Analysis techniques

5.3.1 Solution and incrementation
The analysis is made with implicit solver. Explicit analysis could be also used, but due to required rather

small element size, and consequently relatively small maximum stable time increment, the computational
cost would become excessive.
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Incrementation is set so that Abaqus solver can vary the load increment to find optimum for obtaining
stable solution with minimum computational effort. Maximum load increment is set to 10%, so that
sufficient resolution for the load-displacement curve is ensured. When necessary, Abaqus Solver uses
smaller load increments to find a stable solution.

5.3.2 Elastic, plastic, and total deformation

Plastic (permanent) deformation is solved from total deformation by subtracting elastic deformation to
obtain the load at which the plastic deformation reaches the limit of allowed permanent deformation. This
is done by

5plastic = btotat — Oelastic

It should be noted that this is an approximation. At small displacements and strains, the approximation is
relatively accurate, and as the deformations increase, the accuracy diminishes. For finding the exact
load at which the allowed plastic deformation limits defined 5.3.3 in occur, linear interpolation is used
between load increments. At the allowed plastic deformations defined in 5.3.3, the accuracy is typically
acceptable.

5.3.3 Definition of capacity limit

There are several methods to define the capacity limit of the structure. The simplest and most widely
used is the elastic limit, which requires that the stress in all parts of the structure stays below yield stress
of the material. The upside of elastic limit is that analysis is linear, and thus simple and straightforward to
perform. The downside is that for structures for which a small permanent set is allowed, such as ice
strengthened ship structures, the linear elastic analysis cannot predict the load at which small permanent
set occurs accurately and reliably. For structures made of steel, which is ductile and isotropic material, it
can be assumed that a plastic reserve exists above the yield limit, but linear elastic analysis cannot
predict the amount of this margin [7].

For non-linear plastic analysis, there exists several methods to define the capacity limit for the structure.
The ones that have been proposed for design of ice-strengthened ship structures are discussed here.

Several methods are based on analysis of load-displacement curve. One of these is published in the
Russian Maritime Register of Shipping (RS) Rules, while several others remain unpublished. The
acceptance criteria used in the RS Rules for non-linear analysis of primary structures for Polar Class
vessels is a modified tangent intersection method [29]. These methods are based on analysing the
shape of the load-deformation curve and trying to characterize the “knee” point that is observed in curve
of a typical beam structure, as shown in Figure 47. The “knee” point occurs at plastic hinge formation
when the main load-carrying mechanism changes from beam to membrane stresses.

P

Figure 47 Definition of plastic capacity with modified tangent intersection method, from [29].
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The issue with these methods is that while they work well for ideally shaped load-displacement curves,
the load-displacement curves for typical ship structures often differ from that significantly as the structure
is more complicated than simple beam grillage and other mechanisms such as buckling affect the
behaviour of the structure. [3]

Other publicly proposed criterion is the one proposed by Pearson et al. based on study of several
existing high ice class vessels. [2] They found out that typical structures of existing icebreakers were
able to carry 150 % of Polar Class design load with a plastic strain of less than 2.5 % and proposed that
as a design criterion. While not directly applicable to typical merchant vessels governed by the Finnish-
Swedish ice class rules, the 2.5 % plastic strain, or some other strain value, could be used as criterion to
define the point where structure transits from small deformation to large, and consequently as capacity
limit.

Similarly, the criterion could also be based on certain stress limits. As stress is directly tied to strain by
material properties, these two limits behave essentially in similar way. The issue with both is that strain,
and consequently stress, is very dependent on the mesh. To ensure that the future rules would be
applied similarly by all designers, very strict guidance on meshing techniques, mesh size, element
shapes and element types would be required. Even with strict guidance, there would always be some
degree of variation on the results even for the same structure, depending on mesh details. The required
quality of mesh would also make the practical use of the method more tedious for the designers, as the
effort required to achieve sufficiently good quality mesh is high.

Some tries have also been made with setting the displacement at the design load as the criteria. The
issue with these is that while structures of certain ship types, such as bulk carriers and container vessels
which do not have decks and are open at the top, might exhibit significant elastic deformation during ice
load, the permanent deformation might still be small or nonexistent. On the other hand, other vessel
types with lots of decks and bulkheads, such as ferries, might have very small elastic deformation due to
dense supporting structures. Applying this sort of criteria might lead to excessively heavy scantlings on
certain ship types. It should also be noted that for the vast majority of cases, there is no afterwards
evidence of the elastic deformations that the structures have sustained, as these will not have any
permanent consequences.

Criteria based on permanent deformation of the structure was first proposed by Bond and then
developed to analysis procedure by Valtonen et al. [3] and adopted into several Classification Society
Rules [4] [30] [5]. In all of these, the allowed permanent deformation of the structure at design load is tied
to newbuilding quality standard IACS rec. 47 [1]. The basis of this approach is that afterwards, it is not
possible to determine if the deformation that is within those limits is caused by ice load or has been there
since the ship has been built. Another important consideration is that as long as permanent deformations
are within those limits, the structure can be assumed to have same load-carrying capacity as a newbuilt
structure, as the initial deformation is not more than what is considered acceptable for a newbuild.
Additional benefits of this approach are that deformation is fairly robust against small variations in
meshing and modelling practices, and that the criteria are directly linked into the design target which is to
avoid excessive deformation of the structure, i.e. ice damage.

While IACS rec. 47 has fairly extensive table of limits for various structural elements [1], it has been
typically simplified for this application by taking maximum deflection along span of framing members as
0.3% of span and maximum out-of-plane deformation for all members as 8 mm [4] [5] [6] [3]. Shell
plating has not been considered previously, but as the allowed limit for deformation between frames is 8
mm [1], it is taken as the limit for shell plate as well.

In calculation of the 0.3 % of span limit for framing members according to rec. 47, the span should be
taken as minimum 3000 mm, leading to a limit value of 9 mm [1]. On Polar Class Rules, that limit has not
been specified, as the non-linear FEM is applied only to primary members, for which the spans are
typically relatively long. As the same criteria is now applied also to frames, a lower limit is proposed, as
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otherwise the allowed deformation for frames may become less than that for plate, which can lead into
wrong balance between structures. For simplicity and good structural balance, that limit is taken as 8 mm
for this study.

Due to these considerations, it is recommended that the required limit states are tied to this criterion.
Following [3] [4] [30] and [5], the limits are in this study taken as 0.3% of span (but in no case less than 8
mm) for frames, stringers and webframes, and out-of-plane deformation of maximum 8 mm. For later
work of writing the exact rules, these should be visited in more detail to see if there is need to refine
these limits or to set additional ones.

In addition, it is recommended to set a limit requiring that stresses stay below ultimate strength of the
material to avoid rupture, even though this limit is a design driver with the current shipbuilding materials.

[3]

In addition, it is recommended to include criteria that requires the structure to retain positive slope of
load-deflection curve up to a load that causes permanent denting of 5 % of frame spacing on the shell
plate, to ensure that even when overloaded, the structure behaves in a safe way, even if it is dented to
such extent that repairs are needed. The 5 % of frame spacing dent depth follows from the maximum
observed damages in damage statistics, as discussed in chapter 3.

6. Results

Results from the different parametric studies are reported here. The first task was to determine the size
of the model and appropriate boundary conditions.

6.1 Boundary conditions and model size
Two different boundary condition set-ups were considered:

1) All fixed: all the degrees of freedom were fixed at the centre line and model fore and aft cuts
2) Lloyd’s boundary conditions, see Figure 46.

Model size was varied from small to large and from half-breadth model to full-breadth model. See Figure
40 for the different model sizes. The small model (A) had a length of 4 web frames, medium model (B)
had a length of 12 web frames and the long model (D) had a length of 36 web frames. Large model (C)
was the full breadth model with length of 12 web frames. The loading was the web frame load as stated
in Table 5 (implemented as pressure load) positioned either at the level of platform or between two such
platforms. The used material model was simple bi-linear elastic-plastic model with ideal plastic behaviour
after the yield stress (Et = 0). Ultimate load was calculated, and it was assumed to be obtained at the
force level where the analysis run stopped indicating that small increment in load would cause
indeterminate displacement under the load.

beyond the obvious



. RESEARCH REPORT VTT-R-01039-22,
Aker ArCtI C AKER ARCTIC K-523

46 (89)

i
!

i
!

-
=
-

WO G §
-emum;i
e el
[ Y 1
T

K

i

£
3e
£

-s35582E0E 3

tion « 1.0}

> 9
@

Figure 48. Stress distribution at the ultimate load level. Model with Lloyds boundary conditions on left
and with all degrees of freedom fixed on right. Medium size model in the upper row and long model in
the lower.

Stress results at the ultimate load level are shown in Figure 48 both obtained with the medium size and
long models. It was noticed that the Lloyds boundary conditions did not work very well with this ship type.
This is because the displacement in the y-direction in the transverse sections is free with Lloyds
boundary conditions and thus the whole side tends to bend. The Lloyds boundary condition is obviously
meant for a ship with an upper deck where the boundary condition at CL section would support the upper
part of the side structure.

Fixed boundary conditions are satisfactory; however the use requires that the ship structure has a strong
bulkhead at the transverse section which has shear strength in the transversal direction. In the latter
case the double bottom brackets carry no loads. If there are no bulkhead or similar structures but the
ship is open in the longitudinal direction, then also the double bottom brackets carry loads. In case where
it there is no strong transversal bulkhead the length of the model has to be considered carefully to
minimize the effect of boundary condition.
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Figure 49. Displacement-force curve for Lloyds and fully fixed boundary condition for both medium and
large model. Load is the web frame load as stated in Table 5.

Figure 49 shows the displacement (at the position of load) against total force for different cases. The
Lloyds (LR) boundary condition has obvious problems as stated earlier. More useful in this case is to see
that the medium (B) and large (C) full breadth models don’t have large differences. Thus, it can be
argued that the medium model is sufficiently large for the analysis. The load in this case is acting at the
position of platform which results in most global deformations. The other studied load cases (web frame
load acting between platforms/stringers and the smaller load patches) lead to more local deformations
which means that even smaller model might be sufficient for those cases.

According to the studied cases side plating membrane in-plane boundary conditions in the ship
longitudinal direction had only minor effect on the structural responses. Ice-strengthened ships have
longitudinal load-carrying structural members or stringers that balance the membrane forces acting in the
side plating. Moreover, in design calculations the aim is usually not to calculate the ultimate collapse
load where the structures experience extremely large deformations but rather to calculate the responses
at moderate deformation levels. Consequently, it is reasonable to fix the longitudinal displacement at the
model fore and aft transverse sections.

6.2 Mesh size

In 5.2.2 the mesh size was discussed and in many guidelines the requirements lead to an element size
of about 50x50 mm to 100x100 mm. In this study results from a model with 50x50 mm and a model with
25x25 mm element size were compared. Vessel in question was the baseline 10 000 DWT IA cargo
vessel. The medium half-breadth model was used. Figure 50 shows the two meshes at the position near
where the load is placed and where the deformations are largest. For frame stiffeners the 50x50 mm
mesh leads to having three elements across the stiffener web.
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Figure 50. Mesh comparison. On the left: mesh with 50x50 mm elements. On the right mesh with 25x25
mm elements.

The results from the comparison study shows that with very high loads there are quite major differences
attributed to meshes. The sensible range in this case can be estimated from Table 18 and subsequent
analysis. For shell and frames (frame load case) values range from 300 to 1000 % which means load
ranging from 0.47 MN to 1.6 MN. However, it should be noted that the load case with the lowest capacity
drives the design, and there is no need for analysing beyond that load, which was typically between 300
and 400 % (0.47 MN — 0.63 MN). For more global webframe load (webframe load case), the loads in
Table 18 ranges up to 1800 % meaning a max load of 11.9 MN. Similar to shell and frame, these highest
loads were not design drivers, and for all other vessels than 10 000 DWT 1C vessel, the limiting load
case had capacity around 400 to 600 %.

Figure 51 shows the overall displacement at the position of load for two different meshes (also the effect
of material model is shown but that will be discussed in the next chapter). For webframe load case the
analysis with 25x25 mm mesh is stopped much earlier than with 50x50 mm mesh. The reason is that
with 25x25mm mesh the webframe experiences much more buckling at high loads which leads to earlier
webframe collapse. The detail of this is shown in Figure 53. However, with the deformations in the range
of criteria defined in chapter 5.3.3, the difference between two mesh densities is small. With more local
frame load case, both meshes give similar results well beyond the expected load range.
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Figure 51. Displacement-force curves for two different meshes and different material models. Upper row

is for webframe load case and lower row for frame load case (Table 5). Load % of nominal load also
stated.

In Figure 52 the deformation is compared at 3 MN load level for the frame load case. This load level
corresponds to 1870% load level which is quite much larger than the range stated earlier (300 — 400
%). It can be seen that the maximum deformation at the load point is quite similar, but some small
changes are seen in the shape of the bottom part of the deformed stiffener at the position of load.
However, this would not affect the overall criteria assessment.

SOxS0 mm maesh, Load 3 MN (1870%) 25%25 mvn mesh, Load 3 MN (1870%)

Figure 52. Comparison of deformation at 3 MN (1870%) load level. Frame load case. Same material
model. Exaggerated deformation.
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50x50 mm mesh 25x25 mm mesh

Figure 53. Contour plots of plastic regions. 50x50 mm mesh on the left and 25x25 mm mesh on the right.
Web frame load case. Load level 6 MN (910 %). Material model Et1000.

Figure 53 shows the plastic regions for 50x50 mm and 25x25 mm meshes with web frame load case.
The load level is rather high 6 MN (910 %). Used material models was the Et1000. Otherwise, the results
seem quite similar, but some differences are seen in web frame area in the middle of the load. 25x25
mm mesh analysis stopped at this load level due to buckling of the web frame.

According to the studies made here the 50x50 mm and 25x25 mm mesh give similar results, when the
loads are in the range required for the studies and thus the 50x50 mm mesh should be suitable.
However, if the structure experiences major buckling the mesh density (and material model) will
beginning to have an effect. If buckling cases are indeed analysed, this should be taken into account.

6.3 Material modelling

Material models listed in 5.2.3 were tested and compared. Vessel in question was the baseline 10 000
DWT IA cargo vessel. The medium (B) half-breadth model with 50x50 mm mesh is considered here.
Figure 54 shows the overall displacement results. The load case is the web frame load where the
required load range, as explained in the next chapter and shown in Table 18, is about 400 — 600 % from
the nominal load. It can be seen that in this range all the material model work in similar way. For some
reason in this case the DNV and Et1000 material analysis stop earlier than the other two models.

HulFEM 101
175 HUIFEM_101_LC2 DNV
HUFEM 101 LC2
1

Total force [MN]
™ 3
Total force [MN]

HullFEM_101 LC2 ABS

HuUllFEM 101 LC2 ONV

HUlFEM 101 _LC2 EX100
= HuliFEM_101 LC2 Ev

X0 50 0 50 4 2 )

100 150 50 W %0 J00 120
Displacement [mm)] Displacement [mm)]

Figure 54. Comparison of four different material models. On the right the range from 0 — 10 MN is
zoomed.

Figure 55 shows deformation contour plots from same positions for all material models. The load level is

5.8 MN which means a load level of 880%. This is rather high load level. However, at this load level
there is no noticeable difference in the deformed shape. Figure 56 shows the same position with

beyond the obvious



e RESEARCH REPORT VTT-R-01039-22,
m Aker Arctic

51 (89)

contours of plastic regions at load level of 12 MN (1818 %). At this level the EtO material model shows
some differences to other material models. For the other material models results are very similar.

| 2
E10 Material model, webframe lading, load level 5.8 MN (880%) E21000 Matenal model, webframe loading. load level 5.8 MN (880%)

Figure 55. Deformation contour plots for all material models. Load level 5.8 MN (880 %).

ABS Material model, webframe loading, load level 12 MN (1818%) DNV Materal model, webframe loading, load level 12 MN (1818%)

Et1000 Material model, webframe loading, load level 12 MN (1818%)
E10 Material model, webframe loading, load level 12 MN (1818%)

Figure 56. Contour plots of plastic regions for all material models. Load level 12 MN (1818%).
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6.4 Baseline vessel, 10 000 DWT IA

The load at which the permanent deformation of the structure reaches the allowed deformation limits
defined in 5.3.3 is shown in for each load case in Table 18. The load cases analysed for the baseline
vessel are shown in Figure 10, Figure 11, Figure 12 and Figure 13. The load is given as percentage of
the design ice pressure of the FSICR.

Table 18 Load (as percentage of FSICR design load) at which the allowed permanent deformation is
reached.

Load case Capacity

Frame Stringer
No. Shell Lowerend Upperend Center platform = Webframe
1 429 % 695 % 1000 % 397 % 1811 % 794 %
2 329% 507 % 733 % 395 % 1897 % 1445 %
3 320% 690 % 581 % 398 % 1814 % 1721 %
4 526 % 390 % 1866 % 1313 %
5 312% 1004 % 629 %
6 320% 848 % 907 %
7 304 % 1823 % 657 %
8 305 % 1817 % 1439 %
9 331% 1873 % 1490 %
10 390 % 1226 % 1386 %
11 1122 % 637 %
12 828 %
13 1558 %

From these results, the most onerous load patch locations were chosen for the other vessels.

For shell and frames, the lowest capacity was found with load patch width of 0.6 m, due to the rule ice
pressure which decreases with increasing load width above that limit and is limited to constant value for
shorter load widths. However, using that limit would lead to rules that would have large discontinuity
depending on frame spacing. As the load patch size for each structural element is stated in the rules to
be frame spacing for transversally framed shell and frame [28], this definition is proposed to be kept for
the future rules.

The limiting load cases for each structural element are shown in following figures. For shell plate, the 8
mm permanent deformation is reached at about 429 % of design load. The load — permanent
deformation curve is shown in Figure 57, von Mises stress at that point in Figure 58 and permanent
deformation in Figure 59. In the critical load case (Shell 1), the load patch is located vertically in middle
of the plate field, and horizontally between two frames.
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Permanent
deformation
- = = Capacity

------- IACS rec, 47

s/50

- = =525

Figure 57 Load-permanent deformation for load on shell plating, 10 000 DWT IA vessel.

Figure 58 von Mises stress for load on shell plating, 10 000 DWT IA vessel, load 430 % of rule load.
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Figure 59 permanent deformation perpendicular to shell for load on shell plating, 10 000 DWT IA vessel,
load 430 % of rule load.

For frame, the allowed permanent deformation of 8 mm is reached at about 390 % of design load. The
load — permanent deformation curve is shown in Figure 60, von Mises stress at that point in Figure 61
and permanent deformation in Figure 62. In the critical load case (Frame centre 10), the load is located
vertically to centre of effective span and horizontally centred on the frame. As can be seen from the
results, out-of-plane deformation remains small compared to in-plane deformation, showing that the
stability and structural arrangement requirements of the FSICR lead to a structure that behaves well
under higher loads.

Interesting side note is also that for a frame adjacent to a webframe, the capacity is slightly higher than
that of frame between ordinary frames, as shown by the difference between load cases 8 and 9.

Permanent
deformation

- Capacity

------- IACS rec. 47

Figure 60 Load-permanent deformation for load on shell frame centre, 10 000 DWT IA vessel.
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Figure 61 von Mises stress for load on frame centre, 10 000 DWT IA vessel, load 390 % of rule load.

o LAITA_KAMNET-1,17372

Figure 62 Permanent deformation perpendicular to shell (left) and out-of-plane (right), with load on frame
centre, 10 000 DWT IA vessel, load 390 % of rule load.

For primary structures, i.e. stringer platforms and web frames, the governing failure mode is buckling,
and the limit for permanent in plane (perpendicular to shell) deformation was not reached in any of the
load cases before the out-of-plane (buckling) deformation limit was reached. It also turned out that the
capacity of the typical arrangement with full depth plate structures through double side is not limited by
bending of the primaries, but rather buckling, and the location of the first buckling was more related to
structural arrangement and details of stiffening than particular load location. Therefore, it is advised that
further research with open T-girder type primaries is made before conclusions are drawn on most
onerous load location or minimum capacity of structures compliant with the current rules.
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The load — permanent deformation curve for the limiting load case is shown in Figure 63, von Mises
stress at that point in Figure 64 and permanent out-of-plane deformation in Figure 65. In this load case

(Webframe 11), the limiting load is 637 % of the rule load and the load is located vertically midway
between two platforms in way of manhole and horizontally centered on webframe.

Permanent
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Figure 63 Load-permanent deformation for load on web frame, 10 000 DWT IA vessel.

Figure 64 von Mises stress for load on web frame, 10 000 DWT IA vessel, load 640 % of rule load.
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Figure 65 Permanent out-of-plane deformation for load on web frame, 10 000 DWT IA vessel, load 640
% of rule load.

Permanent deformation for each structural member is compared in Figure 66. From this, it can be
observed that proper hierarchy exists between secondary and primary structures, as shell and frames
deform well before stringers and web frames. It can also be seen that shell has slightly lower plastic
capacity than frames, but the different is not large, showing that the 0.75 factor in the rules works as
intended. Part of shell capacity exceeding that of frame may also be due to corrosion addition that is
applied on shell but not on frames, and the analysis being made with gross scantlings.

Shell 1

------- Frame center 10
- = Webframe 11, out-of-plane

- === IACS rec. 47 limit

Figure 66 Comparison of load — permanent deformation curves for most onerous load case for each
structural element, 10 000 DWT IA vessel.
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6.5 10 000 DWT IC vessel

The load at which the permanent deformation of the structure reaches the allowed deformation limits
defined in 5.3.3 is shown in for each load case in Table 19. The load cases analysed for this vessel are
shown in Figure 19. The load is given as percentage of the design ice pressure of the FSICR.

Table 19 Load (as percentage of FSICR design load) at which the allowed permanent deformation is
reached.

Load case Capacity

No. Shell Frame Webframe
1 - 400 % 1011 %

2 - 390 % 2000 %

3 - 1128 %

4 -

5 -

The limiting load cases for all structural elements are shown in following figures.

For shell, the point at which the plastic deformation in shell panel under load patch reaches the allowed
limit value of 8 mm could not be obtained using the chosen method. This is due to the frames reaching
limit and giving in before the permanent deformation in the shell reaches this value. The von Mises
stress in the model with load case Shell3 at the point of frame reaching the plastic limit (390% of rule
load) is shown in Figure 67. As can be seen, frame cross section has reached plasticity for large part,
while the plasticized region in the shell is relatively smaller.

Using Hayward method [31], the plastic capacity of the shell plate can be approximated to be about 529
% of rule ice load for load that has length of 2.4 m. For the 58 500 DWT vessel, the limiting case was
shorter load patch, with length of 1.7 times frame spacing, as specified in the FSICR [28]. As Hayward
method cannot calculate the permanent deformation for shorter load lengths, the Hayward load is scaled
in proportion according to results of the 58 500 DWT vessel to obtain limit load of about 490 %. At this
load, the von Mises stress in the model is shown in Figure 68. It seems that for this vessel, the balance
between plating and framing is wrong way around, with the shell plate having much larger plastic
capacity than the framing. This might be due to removal of 0.75 factor for plate pressure for longitudinal
framing, that originally was there to account for the larger plastic margin of shell plate than the frames,
which was made in rule update in 2010.
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Figure 67 Load case Shell 3, von Mises stress at 390 % of the rule load (frame capacity limit).

>, Mises
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Figure 68 Load case Shell 3, von Mises stress at 490 % of the rule load (estimated shell capacity limit
with Hayward method).

For frame, the 8 mm permanent deformation is reached at about 390 % of design load. The load —
permanent deformation curve is shown in Figure 69, von Mises stress at that point in Figure 70 and
permanent deformation in Figure 71. As shown in Figure 72, out-of-plane deformations remain relatively
small and frame stability is adequate. In the critical load case (Frame 2), the load covers horizontally the
full span of the frame and is vertically centred on the frame.
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Figure 69 Load — permanent deformation curve for the critical load case for frame of 10 000 DWT IC
vessel.

Figure 70 von Mises stress for the critical load case for frame of 10 000 DWT IC vessel, at plastic limit
load (390 % of rule load).
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Figure 71 Permanent deformation perpendicular to shell for the critical load case for frame of 10 000
DWT IC vessel, at plastic limit load (390 % of rule load).

Figure 72 Permanent out-of-plane deformation for the critical load case for frame of 10 000 DWT IC
vessel, at plastic limit load (390 % of rule load).
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Similar to transversally framed IA baseline vessel, capacity of the primary structures is limited by
stability. The load — permanent deformation curve for the limiting load case is shown in Figure 73, von
Mises stress at that point in Figure 74 and permanent out-of-plane deformation in Figure 75. As can be
seen from Figure 76, permanent deformation perpendicular to shell is still well below the allowed limit. In
this load case (Webframe 1), the load is located vertically midway between two platforms in way of
manhole and horizontally centered on webframe.

As expected, the capacity of primaries with about similar scantlings as vessels with higher ice class is
higher when compared to the lower ice load of ice class IC. This is because the design of the plate
structures in double side is mostly governed by the minimum thickness of 9 mm, stiffening requirements
and open water loads, rather than the ice load.

Permanent
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Figure 73 Load — permanent out-of-plane deformation curve for the critical load case for webframe of 10
000 DWT IC vessel.
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Figure 74 von Mises stress for the critical load case for webframe of 10 000 DWT IC vessel, at plastic
limit load (1011 % of rule load).

Permanent out-of-plane deformaton
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Node: PART-1-1.5131

Figure 75 Permanent out-of-plane deformation for the critical load case for webframe of 10 000 DWT IC
vessel, at plastic limit load (1011 % of rule load).
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Figure 76 Permanent deformation perpendicular to shell for the critical load case for webframe of 10 000
DWT IC vessel, at plastic limit load (1011 % of rule load).

6.6 10 000 DWT IAsuper vessel

The load at which the permanent deformation of the structure reaches the allowed deformation limits
defined in 5.3.3 is shown in for each load case in Table 20. The load cases analysed for this vessel are
shown in Figure 26. The load is given as percentage of the design ice pressure of the FSICR.

Table 20 Load (as percentage of FSICR design load) at which the allowed permanent deformation is
reached.

Load case Capacity
Stringer
No. Shell Frame platform  Webframe
1 346 % 332% 866 % 898 %
2 259 % 874 % 543 %
3 798 %
4 545 %

The limiting load cases for each structural element is shown in following figures.
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For shell, the point at which the plastic deformation in shell panel under load patch reaches the allowed
limit value of 8 mm is 346 % of rule design load. The load — permanent deformation curve is shown in
Figure 77. The permanent deformation perpendicular to shell at closest increment (350 %) is shown in
Figure 78 and the von Mises stress in Figure 79. The structure behaves as expected. Shell and frames
have about same plastic capacity, as intended by the rules.

H '
| — Permanent deformation
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Figure 77 Load — permanent deformation for load on shell, 10 000 DWT IA super vessel.
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Figure 78 Load case Shell 1, permanent deformation perpendicular to shell at 350 % of the rule load.
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Figure 79 Load case Shell 1, von Mises stress at 350 % of the rule load.

For frame, the 8 mm permanent deformation is reached at about 332 % of design load. The load —
permanent deformation curve is shown in Figure 80Figure 69, von Mises stress at that point in Figure
81Figure 70 and permanent deformation in Figure 82Figure 71Figure 70. As shown in Figure 83Figure
72, out-of-plane deformations remain below the allowed limit and frame stability is adequate. Bracket at
top of the frame shows some out-of-plane deformation, and when load is increased further, will buckle. In
the critical load case (Frame 1), the load is horizontally centred on the frame and vertically centred on
the effective span of the frame, similar to baseline vessel.
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Figure 80 Load — permanent deformation curve for the critical load case for frame of 10 000 DWT
IAsuper vessel.

Figure 81 von Mises stress for the critical load case for frame of 10 000 DWT IAsuper vessel, at 330 %
of rule load.
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Figure 82 Permanent deformation perpendicular to shell for the critical load case for frame of 10 000
DWT IAsuper vessel, at 330 % of rule load.

Figure 83 Permanent out-of-plane deformation for the critical load case for frame of 10 000 DWT IAsuper
vessel, at 330 % of rule load.

Similar to transversally framed IA baseline vessel, capacity of the primary structures is limited by
stability. The load — permanent out-of-plane deformation curve for the limiting load case is shown in
Figure 84, von Mises stress at that point in Figure 85 and permanent out-of-plane deformation in Figure
86. As can be seen from Figure 87, permanent deformation perpendicular to shell is still well below the
allowed limit, as well as von Mises stress. In this load case (Webframe 2), the load is located vertically
midway between two platforms in way of manhole and horizontally centred on webframe.
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Figure 84 Load — permanent out-of-plane deformation curve for the critical load case for webframe of 10
000 DWT IAsuper vessel.

+++++ 4+ +++4++

Max: +3.761«+08
Elern: PART-1-1. 466595
Node. 154617

Figure 85 von Mises stress for the critical load case for webframe of 10 000 DWT IAsuper vessel, at
plastic limit load (540 % of rule load).

beyond the obvious



2 RESEARCH REPORT VTT-R-01039-22,
m Aker ArCtI C AKER ARCTIC K-523

70 (89)

Figure 86 Permanent out-of-plane deformation for the critical load case for webframe of 10 000 DWT
IAsuper vessel, at plastic limit load (540 % of rule load).

Figure 87 Permanent deformation perpendicular to shell for the critical load case for webframe of 10 000
DWT IAsuper vessel, at plastic limit load (540 % of rule load).
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6.7 3 000 DWT IA vessel

The load at which the permanent deformation of the structure reaches the allowed deformation limits
defined in 5.3.3 is shown in for each load case in Table 21Table 20Table 19. The load cases analysed

for this vessel are shown in
Shell Frame Stringer Webframe
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Figure 32Figure 26. The load is given as percentage of the design ice pressure of the FSICR.

Table 21 Load (as percentage of FSICR design load) at which the allowed permanent deformation is
reached.

Load case Capacity
Stringer
No. Shell Frame platform  Webframe
1 362 % 344 % 815 % 472 %
246 % 270 % 952 % 690 %
3 524 %

The limiting load cases for all structural elements are shown in following figures.

For shell, the point at which the plastic deformation in shell panel under load patch reaches the allowed
limit value of 8 mm is 362 % of rule design load. The permanent deformation perpendicular to shell at
closes increment (360 %) is shown in Figure 89 and the von Mises stress in Figure 90. The structure
behaves as expected. Shell and frames have about same plastic capacity, as intended by the rules.
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Figure 88 Load — permanent deformation curve for the critical load case for shell plate of 3 000 DWT IA
vessel.

Figure 89 Load case Shell 1, permanent deformation perpendicular to shell at 360 % of the rule load.
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Figure 90 Load case Shell 1, von Mises stress at 360 % of the rule load.

For frame, the 8 mm permanent deformation is reached at about 344 % of design load. The load -
permanent deformation curve is shown in Figure 91Figure 80Figure 69, von Mises stress at that point in
Figure 92Figure 81Figure 70 and permanent deformation in Figure 93Figure 82Figure 71Figure 70. As
shown in Figure 94Figure 83Figure 72, out-of-plane deformations remains well below the allowed limit
and frame stability is adequate. In the critical load case (Frame 1), the load is horizontally centred on the
frame and vertically centred on the effective span of the frame, similar to baseline vessel.
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Figure 91 Load — permanent deformation curve for the critical load case for frame of 3 000 DWT IA
vessel.
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Figure 92 von Mises stress for the critical load case for frame of 3000 DWT IA vessel, at 340 % of rule
load.

Figure 93 Permanent deformation perpendicular to shell for the critical load case for frame of 3 000 DWT
IA vessel, at 340 % of rule load.
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Figure 94 Permanent out-of-plane deformation for the critical load case for frame of 3 000 DWT IA
vessel, at 340 % of rule load.

Similar to transversally framed IA baseline vessel, capacity of the primary structures is limited by
stability. The load — permanent out-of-plane deformation curve for the limiting load case is shown in
Figure 95Figure 84, von Mises stress at closest increment in Figure 96Figure 85 and permanent out-of-
plane deformation in Figure 97Figure 86. As can be seen from Figure 98Figure 87, permanent
deformation perpendicular to shell is still well below the allowed limit. It can also be observed from the
von Mises plot that frames have plasticised and deformed to a large amount at this point, which
demonstrates proper structural hierarchy, meaning that secondary structure reaches its capacity before
the primary structure. In this load case (Webframe 1), the load is located vertically midway between two
platforms in way of manhole and horizontally centred on webframe.
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Figure 95 Load — permanent out-of-plane deformation curve for the critical load case for webframe of 3
000 DWT IA vessel.
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Figure 96 von Mises stress for the critical load case for webframe of 3 000 DWT IA vessel, at plastic limit
load (470 % of rule load).
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Figure 97 Permanent out-of-plane deformation for the critical load case for webframe of 3 000 DWT IA
vessel, at plastic limit load (470 % of rule load).
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Figure 98 Permanent deformation perpendicular to shell for the critical load case for webframe of 3 000
DWT IA vessel, at plastic limit load (470 % of rule load).

6.8 58 500 DWT IA vessel

The load at which the permanent deformation of the structure reaches the allowed deformation limits
defined in 5.3.3 is shown in for each load case in Table 22Table 20Table 19. The load cases analysed
for this vessel are shown in Figure 39Figure 26. The load is given as percentage of the design ice
pressure of the FSICR.

Table 22 Load (as percentage of FSICR design load) at which the allowed permanent deformation is
reached.

Load case Capacity

No. Shell Frame Webframe
1 363 % 285 % 547 %

2 337 % 286 % 705 %

3 364 % 295 % 382 %

The limiting load cases for all structural elements are shown in following figures.

For shell, the point at which the plastic deformation in shell panel under load patch reaches the allowed
limit value of 8 mm is 337 % of rule design load, as shown in Figure 99. The load length that causes the
permanent deformation limit to be reached at lowest load is 1.7 times frame spacing, which agrees with
the load lengths given for structural elements in the FSICR [28]. Both increasing and decreasing the load
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length from this value will increase the load at which the limit is reached. The permanent deformation
perpendicular to shell at closest increment (340 %) is shown in Figure 100Figure 78 and the von Mises
stress in Figure 101Figure 79.

The shell has somewhat lower plastic capacity than the frame, indicating that the strength balance
between these two is somewhat off. As can be seen from Figure 101, the frames have fully plasticised at
this point, and as shown in Figure 110, permanent deformation of frame exceeds that of shell plate.
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Figure 99 Load — permanent deformation curve for the critical load case for shell plate of 3000 DWT IA
vessel.

Figure 100 Load case Shell 1, permanent deformation perpendicular to shell at 340 % of the rule load.
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Figure 101 Load case Shell 1, von Mises stress at 340 % of the rule load.

For frame, the 8 mm permanent deformation is reached at about 285 % of design load. The load —
permanent deformation curve is shown in Figure 102, von Mises stress at that point in Figure 103 and
permanent deformation in Figure 104. As shown in Figure 105, out-of-plane deformations remains well
below the allowed limit and frame stability is adequate. In the critical load case (Frame 1), the load is
horizontally centred on the frame and vertically spans the whole frame.

Load cases Frame 2 and 3 are otherwise identical, but for Frame 3, the same phenomena as was

observed for the baseline vessel is repeated; the frame adjacent to a plate structure has higher capacity
due to better support for shell plate on that side.
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Figure 102 Load — permanent deformation curve for the critical load case for frame of 58 500 DWT IA
vessel.

Figure 103 von Mises stress for the critical load case for frame of 58 500 DWT IA vessel, at 290 % of
rule load.
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Figure 104 Permanent deformation perpendicular to shell for the critical load case for frame of 58 500
DWT IA vessel, at 290 % of rule load.

Figure 105 Permanent out-of-plane deformation for the critical load case for frame of 58 500 DWT IA
vessel, at 290 % of rule load.

Similar to transversally framed IA baseline vessel, capacity of the primary structures is limited by
stability. The load — permanent out-of-plane deformation curve for the limiting load case is shown in, von
Mises stress at closest increment in and permanent out-of-plane deformation in. As can be seen from,
permanent deformation perpendicular to shell is still well below the allowed limit. In this load case
(Webframe 3), the load is located vertically midway between two platforms in way of manhole and
horizontally centred on webframe.

It can be observed from Figure 110 that plastic capacity of the webframe is well above that of ordinary
frames, ensuring proper structural hierarchy. For this vessel, the capacity of webframes is relatively
lower than for other vessels, which is mainly due to relatively similar structure, which is mainly driven by
minimum thickness requirement of 9 mm and typical buckling stiffener arrangement, but in this case
asked to support the higher loads of a larger vessels. Still, the capacity of the structure is adequate.
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Figure 106 Load — permanent out-of-plane deformation curve for the critical load case for webframe of
58 500 DWT IA vessel.

S, Mises

Envelope (max sbs)

O el i b o et

Max: +3.5 -
Elem: PART-1-1.357998

ode: 420162

Figure 107 von Mises stress for the critical load case for webframe of 58 500 DWT IA vessel, at plastic
limit load (380 % of rule load).
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Figure 108 Permanent out-of-plane deformation for the critical load case for webframe of 58 500 DWT IA
vessel, at plastic limit load (380 % of rule load).

Figure 109 Permanent deformation perpendicular to shell for the critical load case for webframe of 58
500 DWT IA vessel, at plastic limit load (380 % of rule load).
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Figure 110 Comparison of load — permanent deformation curves for most onerous load case for each
structural element, 58 500 IA vessel.

6.9 Discussion

Overview of the results is shown in Table 23. While there is some variation in the results, in general it
can be concluded that the plastic capacity of the shell plate and framing is typically around 300 to 350 %
of the rule load. It should be remembered that the rule load is made to be used for designing the
structure against elastic limit (first yield), and the plastic limit used here includes permanent set of 8 mm,
and thus it is expected that the plastic capacity of the structure is much higher than elastic capacity.

Table 23 Summary of plastic capacity of each structure for all studied vessels.

Ship Framing Shell Frame Primaries
3000 DWT IA Transv. 362 % 336 % 472 %
10000 DWTIC Longit. 490 %* 390 % 1011 %
10000 DWT IA Transv. 429 % 390 % 629 %
10000 DWT IAsuper Transv. 346 % 332% 543 %
58 500 DWT IA Longit. 337 % 285 % 382%

* Shell capacity for 10 000 DWT IC could not be determined by FE,
estimated with Hayward method

Part of the variation between the vessels may be due to plate thicknesses and profiles having been
selected in typical shipbuilding fashion, using available standard thicknesses and profiles. Especially for
bulb flats, this might lead to either a frame that just fulfils the requirement or to one that has some spare
capacity, depending on how the list of standard profiles aligns with the required section modulus and
shear area. This can be examined for the example vessels in scantlings summary presented in Table 3.
It is recommended to do further research with exact minimum scantlings to remove this source of
variation from the results before the final rules are set.
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7. Conclusions and recommendations

Earlier studies and application to analysis of Polar Class vessels prove that non-linear finite element
method is suitable tool for analysing the load-carrying capability of ice strengthened structures [4] [5] [6]
[3]. Based on this study, it can be applied also to ships designed with Finnish-Swedish Ice Class Rules.

The advantage of this approach is that the limit state is tied directly to the goal, which is avoiding ice
damages, understood here as permanent deformation that goes beyond normal building tolerances,
rather than elastic capacity and assumption of certain plastic margin. Moreover, as the non-linear finite
element analysis can consider buckling and load transfer between members, there is no need for strict
guidance on structural details such as brackets, stiffening and end connections, giving more design
freedom for the builders to seek optimal solutions.

The downside of the non-linear finite element method is obviously the required effort in both modelling
and analysing the structure. Therefore, it is clear that if non-linear FEM is added to FSICR, it should be
added as optional method that can be used instead of prescriptive rules, rather than to replace the
current rules.

The study on mesh size was carried out with 50x50 mm mesh and 25x25 mm mesh. The 50x50 mm
mesh resulted in 16 elements between frames and 3 elements across stiffener web. In cases where
there is no major buckling of primary structures no notable difference was seen in the results and thus
the 50x50 mm mesh should be suitable for use. However, if buckling of primary structures is analysed
the mesh density has to be considered. Finer mesh with simple material models resulted in buckling with
lower load levels.

Care should be taken when choosing the size of the model and the sections where the model is cut from
the vessel. It seems reasonable to require a model with the double bottom to be modelled. In longitudinal
direction it was found out for the test case that a 12 web frame long model worked well but 4 web frames
was too small. The ship should be cut in longitudinal direction at stiff locations, for example bulkhead. At
the cross section all degrees of freedom should be fixed. If no such bulkhead is present the length of
model and should be carefully considered, it might need to be longer than 12 web frames. On the
various vessels, it was noted that if load was closer than two webframe spacings from the boundary
condition, the boundary started to have notable effect on the stress field. Thus, it is recommended that
the model is limited to transverse bulkheads or if these are not available, extended at least 2 and
preferably more webframe spacings from the load location.

The whole width of the ship need not to be modelled as the loading is concentrated in the side plating. A
practical choice is to cut the ship along the centre line and define symmetric boundary conditions. At the
centre line horizontal displacement is to be fixed as well as rotations about ship longitudinal and vertical
axes.

In short, a simple fully fixed boundary condition at the rigid transverse section, such as watertight
bulkhead, combined with a symmetry condition at the centre line should work well.

Material study was carried out for four different materials. Two material models (ABS, DNV) represented
more detailed models with multiple parameters for the stress-strain curve. In the range of loads and
deformations required in the analysis, there was not major difference between the material models. With
very large deformations there can be differences but these are probably not relevant. Thus, for sake if
simplicity in the rule formulation, the bi-linear model with proposed 1000 MPa plastic modulus would be
suitable for this sort of analysis. This model is easy to formulate for different steel materials.

The best way to define the capacity of the structure was concluded to be to use permanent (plastic)
deformation, as it is robust against mesh and modelling variations [3]. The allowed plastic deformation
was tied to IACS recommended newbuilding tolerances, following the logic by [4] and [3].
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For the analysed vessels, the typical capacity of shell plating before reaching the allowed deformation
limit was about 350 to 360 % of the rule design load. The capacity for longitudinally framed vessels was
somewhat higher than that of transversally framed vessel, as expected, as rules allow reduction of
design pressure with a factor of 0.75 for shell of transversally framed vessels. It should be noted that
these were calculated using gross thicknesses. With net thicknesses, the capacity would be slightly
lower.

For the framing, the typical capacity was about 350 % of the rule design load. It was also found out that
at the defined limit load, all frame profiles had adequate stability, and buckling and tripping were
successfully limited by the current stability criteria in the rules.

For primary structures, it became evident that for a typical vessel with double side and primaries as
plates through the double side, the capacity is limited by the stability, rather than bending of the
members. Nevertheless, capacity of the primaries was typically about 600 % of the rule design load, with
notable large variation. The large variation was because the scantlings were mainly driven by the fixed
minimum thickness of 9 mm, while the ice load varied depending on the vessel. Even the lowest case of
382 % had higher capacity than the shell plate and frames, ensuring proper structural hierarchy. It
seems that for a typical double side construction, the minimum thickness requirements results in a
primary structure with adequate stability and capacity.

Area that would need further research before new Rules are written would be to expand this study to
cover other relevant ship types, such as ferries, container vessels, RoRo vessels and tankers.

Other area which would require further research is behaviour of the primary structures, i.e. web frames
and stringers / platforms. As it was found out that typical plate structures through double side have
ample bending capacity and are purely limited by buckling, some further study into stiffening
arrangements should be made in addition to the typical ones used in this study. In addition, it should be
studied how vessels with single skin construction and open T-girder type primaries behave.

It was also noticed that the margin between elastic limit (design point in current FSICR) and plastic limit
(as defined here as permanent deformation of IACS rec. 47 limit values) varies slightly depending on
vessel size and ice class. For vessels with higher ice loads, the margin is smaller. The reasons for this
trend should be studied and understood, so that correct design limits can be set for all vessels.

It would also be beneficial to study if there is any difference between midbody and bow. In principle,

these are designed the same way. However, in bow the design load is higher, and due to hull shape,
framing is not perpendicular to shell plating, which might create some new phenomena.

8. Summary

The goal of the study was to lay groundwork for implementing guidelines in the Finnish-Swedish Ice
Class Rules (FSICR) for using direct calculation methods (e.g. Finite Element Method, FEM) for
assessing hull structural strength in the case of ice loads.

Major part of the work was to study in practice with FE analysis how the proposed concepts on modelling
and criteria would work on different sized vessels with different ice class. It was decided to focus on
general / bulk cargo vessels as these are most frequent ship type operating in ice in the Baltic Sea.
Three different sizes (3000 DWT, 10 000 DWT and 58 000 DWT) of vessels, corresponding to typical
sizes on the Baltic Sea, were designed and modelled. From 10 000 DWT ship three different ice class
(IA, IASuper and IC) versions were modelled.
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The Baseline 10 000 DWT IA model worked as test model for testing how mesh size, model size,
boundary conditions and different material models affect the results. From these studies, results were
gathered for suitable proposals for the future guideline text.

For determining the plastic capacity of the structure, criteria were chosen to be to limit the permanent
deformation of the structure to remain below limits of IACS newbuilding quality standard [1]. All chosen
vessels were loaded with various load patches to understand the capacity of the structure against the
chosen criteria, and to find the most onerous load patch locations and sizes. The load patches followed
the FSICR. In general, the plastic capacity of the shell and framing was found to be about 350 to 360 %
of elastic rule design load. For stringers and web frames, the typical double side construction resulted in
structure where capacity is not limited by bending capacity, but rather by buckling, and clear conclusions
of capacity of structures according to current rules could not be drawn. For this, further research with
single skin type vessels is recommended.

Finally, some recommendations for future rule formulation are given. However, further research is
required before the final rule formulation can be given.
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