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1.

Introduction

DRDC has a continuing interest in understanding the structural capability of its vessels when
deployed in high latitude environments with potential for ice impact loading on the hull structure
in the marginal ice zone. This project is the second phase of an examination of a concept vessel
called the Notional Destroyer, which has characteristics similar to many naval
patrol/frigate/destroyer class vessels with a hull structure that is not strengthened for ice impact.
This report expands on the work conducted in Phase 1 (Daley 2015) and includes new approaches
for the direct analysis of structural capability under ice loads. In this report, new bow structural
panels and stem structure are evaluated. These new analysis approaches have been tailored for
application to non-ice strengthened vessels such as naval vessels.

The objectives of this project are to continue exercise the state-of-the-art of available technologies
to estimate operational capabilities and limitations for non-ice strengthened and light ice-
strengthened Canadian Navy assets operating in ice conditions. Related work supported by the US
Navy and US Coast Guard has been used.

This report includes the use of a new version of the software assessment tool called “Direct Design
for Polar Ships” (DDePS), which is now called DDePS_2a_Safe_Check (latest version v3.5). This
updated software tool allows a user to explore damage estimates and develop guidance for speed
limitations based on deterministic impact scenarios for a specific ship.

This report also includes the use of a novel ship-ice simulation program called GEM. GEM is
capable of rapidly modelling the loads and vessel behavior for ships operation in open pack ice.

Review of Notional Destroyer Bow Structure

General Vessel Description

The Notional Destroyer is a concept warship which is about 150 m in length and weighs from 7700
tonnes to 9100 tonnes, depending on age and ice accretion. The following material is extracted
from Notional Destroyer Particulars and Summary (DRDC 2015). A sketch of the vessel layout is
given in Figure 1. Figure 2 shows the lines of the vessel. The operating waterlines are shown for
reference. The main particulars are given in Table 1.
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Figure 1: Notional Destroyer — Concept of General Layout
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Figure 2: Notional Destroyer — Body Lines

Table 1: Notional Destroyer — Main Particulars

Particular Beginning of Life (no ice End of Life (with max
accretion) ice accretion)

Length overall 151.4 m

Overall depth 16.5m

Amidships depth 14.0m

Maximum breadth 18.7 m

Displacement 7673 t 9095 t

Length along waterline 142.8 m 143.5m

Length between perpendiculars 137.8 m 138.5m

Amidships location ® 68.9m 69.2 m

Longitudinal center of gravity ° 72.0m 73.8m

Waterline breadth 16.8 m 17.0m

Draft 6.7 m 7.5m

Block Coefficient 0.48 0.51

@ Distance aft from forward perpendicular (FP). The FP is 0.80 m and 1.48 m forward of frame O
(FO at x=0) for the beginning and end of life, respectively.

Hull Form Parameters

In order to conduct an ice impact assessment, the 3D angles and coordinates of impact locations
must be known. The body lines from Figure 2 were imported into Rhinoceros (2010) to create a
full 3D representation of the hull (Figure 3). The angles at various stations (to be used as impact
locations) were extracted (Figure 4) and are listed in Table 2 for the 7.5 m draft (end of life) and in
Table 3 for the 6.7 m draft (beginning of life).
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Figure 4: Extraction of hull angles from Rhinoceros 3D Model

Table 2: Coordinates and angles for 7.5 m waterline

station
0
1b

O 00 NOULL B WN

10

Xstation

0
6.9
13.9
20.8
27.7
34.7
41.6
48.5
55.5
62.4
69.4

Xfp

1.6

8.5
15.5
22.4
29.3
36.3
43.2
50.1
57.1
64.0
71.0

Zkeel
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5
7.5

Xcg
72.2
65.3
58.3
51.4
44.5
37.5
30.6
23.7
16.7
9.8
2.8

Left

Yeq
0.3
1.7
2.9
4.3
5.7
6.8
7.5
8.0
8.2
8.3
8.3

N
8

O OO O0O0OO0OO0OOoO oo

0

a
111
10.8
9.9
11.8
10.8
8.4
5.2
2.4
1.3
0.9
0.5

8.5

36

@ gpproximate frame numbers >4 locations for ice impact analysis are highlighted



Table 3: Coordinates and angles for 6.7 m waterline

station Xstation Xfp Zkeel Xeg Yeg Zcg a p fr.no.?
0 0 0.8 6.7 71.2 0.2 0 10.7 11.0 0
1 6.9 7.7 6.7 64.3 1.5 0 10.2 13.3 4
2 13.9 14.7 6.7 573 26 0 9.9 16.7 7
3 20.8 21.6 6.7 50.4 4 0 12.1 17.1 11
4 27.7 28.5 6.7 43.5 5.5 0 10.1 13.3 14
5 34.7 35.5 6.7 36.5 6.7 0 8.3 9.8 18
6 41.6 42.4 6.7 29.6 7.5 0 5.0 7.9 21
7 48.5 49.3 6.7 22.7 7.9 0 2.3 7.9 25
8 55.5 56.3 6.7 15.7 8 0 1.0 8.6 28
9 62.4 63.2 6.7 8.8 8.1 0 0.8 9.5 32
10 69.4 70.2 6.7 1.8 8.2 0 0.5 9.5 36

% approximate frame numbers

Midship Structural Information

The structure of the Notional Destroyer is representative of a warship, and is intentionally very
light in comparison to an ice class ship. The information given below describes the structural
characteristics of the outer hull structure, which is the structure that would be involved in an ice
impact. Ice impact loads are highly localized, and so the structure of the outer hull determines the
ice capacity in an impact. There are no significant global strength issues for any conceivable ice
interaction for this type of vessel. The vessel’s global strength would only be in danger if it were
to ram a massive ice feature. Such operations would cause also extensive local damage and are thus
not considered. The material parameters are listed in Table 4. The structural layout parameters are
listed in Table 5. Additional framing parameters are shown in Figure 5 and Table 6 (taken from
DRDC 2015). Figure 5 shows the midship cross section with plating and framing scantlings given.

Table 4: Notional Destroyer — Material Properties

Parameter Value
Young’s modulus ° 207 GPa
Poisson’s ratio ® 0.3

Yield strength °© 355 MPa
Density ° 7850 kg/m?3

Post Yield behavior ® Bi-linear kinematic hardening
Post Yield modulus® | 1.5 GPa

9 these values were provided by DRDC

b gssumed by author



Table 5: Notional Destroyer — Structural Arrangement Particulars (Midships and Bow)

Structural Parameter Value
Web Frame spacing ° 2.0m
Hull longitudinal stiffener spacing ° 550 mm
Vertical spacing between decks ° 2.75m
Deck longitudinal stiffener spacing ° 575 mm
Vertical stiffener spacing on watertight bulkheads ° 575 mm
Transverse offset of longitudinal bulkheads from centerline © 3.45m
Vertical stiffener spacing on longitudinal bulkheads and girders ® 575 mm
Brackets connecting longitudinal hull frames and web frames * none

o these values were provided by DRDC

b-gassumed by author

Table 6: Notional Destroyer — Transverse Framing Particulars (Midships)

Primary Member °

Transverse web frame
Transverse web frame
Transverse web frame
Transverse web frame

Transverse web frame
Deck beam
Deck beam
Plate floor
Plate floor

Location

Between Nos. 1 and 2 decks
Between Nos. 2 and 3 decks
Between Nos. 3 and 4 decks
Between Nos. 4 and inner
bottom

Between inner bottom and keel
No. 1 deck

Internal decks

Engine rooms

Beneath inner bottom in stores
compartments and tanks

a all values were provided by DRDC

Typical Scantling
191x7W 40x9F
210x7W 45x10F
230x7W 50x10F
273x7W 60x12F

364x8W 80x16F
220x7W 50x10F
225x8W 120x15F
1355x7W 165x14F
10 mm web

Deep Scantling
N/A

N/A

560x10W 120x25F
608x11W 130x27F

651x11W 140x29F
N/A
N/A
N/A
N/A
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Figure 5: Notional Destroyer — Midship Structure

Bow Structural Information

A more recent report provided by DRDC (Lloyds Register 2016) provides the notional structure
for the bow region of the Notional Destroyer. This information has been used here to develop LS-
Dyna structural models for the bow. Figure 6 shows the general structural layout of the decks and
bulkheads in the bow. Local framing is omitted for clarity. From the Rhino model in Figure 6,

individual panel models were developed. Table 7 lists the plating, longitudinal framing and
transverse framing scantlings on the hull in the bow region.

Deck 1

Deck 2
Deck 3
Deck 4

Inner Bot.
Frame 18
\ Frame 11
\Frame 4

Figure 6: Notional Destroyer — Bow Structure (Longitudinal and Transverse framing omitted)

— 7.5 m waterline
— 6.7 m waterline



Table 7 Notional Destroyer —Framing Particulars (Bow Forward between Decks 3,4)

Member ° Location Scantling
Transverse web frame Between Frames 11 and 18 200x10W 120x8F
Longitudinal frame Between Frames 11 and 18 120x5W 60x6F
Shell Plating Between Frames 11 and 18 8.5 mm
Transverse web frame Between Frames 4 and 11 220x10W 140x8F
Longitudinal frame Between Frames 4 and 11 130x7W 60x12F
Shell Plating Between Frames 4 and 11 9.5 mm
Transverse web frame Between Frames -4 and 4 250x13W 140x12F
Longitudinal frame Between Frames -4 and 4 140x6W 100x10F
Shell Plating Between Frames -4 and 4 10.5 mm

Stem Bar frame At Stem 67x36W
Longitudinal frame Coming to Stem 140x6W 100x10F
Shell Plating Attached to Stem 10.5 mm

2 all values were obtained from the LR report provided by DRDC

LS-DYNA Models of the Bow Structure

Throughout this report, we are employing the LS-DYNA finite element program to model both ice
loads and structural response. LS-DYNA is an explicit-dynamic commercial finite element analysis
code capable of dealing with complex contact, nonlinear, transient, and dynamic problems. It can
handle many simulation environments including, FEM, iCFD, ALE, SPH, EFG, X-FEM, DEM and
others.

Ice loads generally cause only localized damage. Consequently, models of elastoplastic response
can be quite localized. For this project, four regions of the bow have been evaluated. The regions
are shown in Figure 7. Figure 8 compares the frame dimension notation from DRDC and Lloyd’s
Register, DDePS, and LS-DYNA. Figures 9, 10, and 11 shows details of the LS-DYNA
representative panel models for frames 0 — 3, frames 7 — 10, and frames 14 — 17, respectively.

Frame 18 Frame 11

Structural Model: Frames 14-17

Structural Model: Frames 7-10
Structural Model: Frames 0-3

Figure 7: Notional Destroyer Bow with modeling areas shown
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Figure 8: Frame dimension definitions

Shell Plate (10.5 mm)
4 Longitudinals @ 550mm (140x100x6x10)

Deck 3 (fixed)

\__Frame 3 (fixed)
\___Frame 2 (250x140x13x12)

\ Frame 1 (250x140x13x12)
Deck 4 (fixed)

\ Frame O (fixed)

Structural Model: Frames 0-3

Figure 9: Frame 0-3 panel model (NDP1_03)

Shell Plate (9.5 mm)

Deck 3 (fixed) 4 Longitudinals @ 550mm (130x60x7x12)

\__Frame 10 (fixed)
\_Frame 9 (220x140x10x8)
Frame 8 (220x140x10x8)

\ Frame 7 (fixed)

Deck 4 (fixed)

Structural Model: Frames 7-10

Figure 10: Frame 7-10 panel model (NDP1_710)



Shell Plate (8.5 mm)

Deck 3 (fixed) 4 Longitudinals @ 550mm (120x60x5x6)

\_Frame 17 (fixed)
Frame 16 (200x120x10x8)
\ Frame 15 (200x120x10x8)

\ Frame 14 (fixed)

Deck 4 (fixed)

Structural Model: Frames 14-17

Figure 11: Frame 14-17 panel model (NDP1_1417)

Patch Load Analysis

To characterize the response of each representative panel and different structural components, a
series of patch loads were applied to the models via quasi-static nonlinear finite element
simulations. Three load patches of different sizes and aspect ratios were applied at several locations
on each panel. Table 1 lists all the load cases considered. Figure 12 shows the patch loads applied
to the forward-most panel — NDP1_03 (runs D_001 through D_006). Loads are applied at the mid-
span of the longitudinal frame (green member) and directly on a transverse web frame (orange
member).

Figure 12: Patch load cases on longitudinal (green) and web frame (orange) —e.g. NDP1 03
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Table 8: Patch load cases for DRDC Notional Destroyer

Run#  Fmax(MN) w(m) h(m) structure_k_file description

D_001 1.0 0.2 0.2 NDP1_03_rot.k centered_load_on_longl_A
D_002 1.0 0.3 0.6 NDP1_03_rot.k centered_load_on_longl_B
D_003 1.0 0.7 0.3 NDP1_03_rot.k centered_load_on_longl C
D_004 1.0 0.2 0.2 NDP1_03 rot.k centered_load_on_wf A
D_005 1.0 0.3 0.6 NDP1_03_rot.k centered load_on_wf B
D_006 1.0 0.7 0.3 NDP1_03 rot.k centered_load_on_wf C

D 011 1.0 0.2 0.2 NDP1_710_rot.k centered_load_on_longl_A
D_012 1.0 0.3 0.6 NDP1_710 rot.k centered_load_on_longl_B
D_013 1.0 0.7 0.3 NDP1_710_rot.k centered_load_on_longl C
D_014 1.0 0.2 0.2 NDP1_710 rot.k centered_load_on_wf A
D_015 1.0 0.3 0.6 NDP1_710_rot.k centered load_on_wf B

D 016 1.0 0.7 0.3 NDP1 710 rot.k centered load_on_wf C

D 021 1.0 0.2 0.2 NDP1_1417_ rot.k centered_load_on_longl_A
D_022 1.0 0.3 0.6 NDP1_1417_rot.k centered_load_on_longl_B
D 023 1.0 0.7 0.3 NDP1 1417 rot.k centered_load_on_longl C
D _024 1.0 0.2 0.2 NDP1_1417_rot.k centered_load_on_wf_A
D_025 1.0 0.3 0.6 NDP1_1417_ rot.k centered_load_on_wf B
D_026 1.0 0.7 0.3 NDP1_1417 rotk  centered_load on_wf C

Figure 13 presents the results of the load cases shown in Figure 12 for NDP1_03. This is a plot of
applied force (y-axis) versus structural deformation (x-axis) measured at the intersection of the
plate and web directly under the center of the load patch. For the longitudinal frame load cases, the
Polar Class Unified Requirements (IACS 2011) nominal frame limits are also identified. These
limit states were described in Section 6 of the Phase 1 Report (Daley 2015). While the frame
response varies for each case, the limit states consistently predict the onset of large deformations
and a transition to loss of stiffness. At these load levels the observable permanent deformation
would be quite small but plasticity is present.

Example von-Mises stress distribution fringe plots are shown for case D_001 (i.e. smallest load
patch applied to the longitudinal frame) in Figure 14. The left-side figure approximately represents
the predicted plastic limit state. Areas highlighted in red indicate where the stress has exceeded the
material yield point (355 MPa). The right-side figure shows the response in an overload state.

The web frame load cases are also shown in Figure 13. In all cases the response remains elastic at
the corresponding frame limit state (~0.2 to 0.3 MN). In case D_004 (i.e. small concentration load
patch on the web frame), the web frame exhibits a rapid loss in capacity at about 0.95 MN.
However, the longitudinal frames would reach their limit state at a much lower load level, so it is
not necessary to define a specific limit for these large members.

The response of the other panels (NDP1_710 and NDP1_1417) are shown in Figure 15. These
plots also confirm an accurate prediction of the longitudinal frame plastic limit states prior to any
major loss of stiffness. Furthermore, the FE results reflect the fact that the scantlings of these of
panels are lighter than NDP1_03.
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Figure 14: von-Mises stress distribution at the frame plastic limit state (left) and in overload
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Figure 15: Response of structural panels to various load cases —e.g. NDP1_710 and NDP1_1417
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Initial Safe Speed Analysis - DDePS

The Phase 1 Report (Daley 2015) presented a safe speed analysis of the Notional Destroyer
assuming nominal midbody scantlings in the bow area. As an initial check, the ship is re-analyzed
here taking into account the bow scantlings provided by DRDC (Lloyds Register 2016) and
described above.

Overview of DDePS Model and Equations

Direct Design for Polar Ships (DDePS) is a Microsoft Excel based spreadsheet tool capable of
modeling a large set interaction scenarios between a ship and ice. The impact models, described in
several papers and technical reports (Daley, 1999, 2000, 2002, Kendrick & Daley, 2006a, 2006b,
2009, 2011, Daley & Liu, 2009, Dolny et al. 2013) are based on the same overall methodology
found in the IACS Polar Class Unified Requirements (IACS 2011) but consider a wide range of
scenarios, including infinite and finite ice floes.

The collisions are solved using an analysis of energy. From an external point of view, the interaction
between the ship and ice floe is treated as a rigid body interaction in 3-dimensional space. In most
impact cases, the collision is assumed to occur quickly, as if the ice-hull contact is fixed at a single
point. From the internal dynamic point of the view, the ice crushing is modeled as a “process’
pressure-area model. The momentary ship-ice impact force can be analytically calculated in terms
of energy and momentum balance.

For the purposes of this project, the 2a (glancing impact) scenario and the 1a (head-on impact)
scenario are used. An enhanced version of DDePS has been recently developed (ABS 2017, ABS
2016, Dolny 2017) and is used here. It builds upon the original DDePS Case 2a (glancing impact
with a wedge edge) by incorporating several new technical elements and user features, and
combines various structural limit checks.

Case 2a Interaction Scenario

For the purposes of evaluating technical safe limit speeds for ships in ice, DDePS Case 2a (glancing
collision on the bow shoulder) is the core model. A simplified version of this interaction scenario,
a glancing collision on the edge of a thick level ice sheet, was adopted for the IACS Polar Class
Unified Requirements design ice load model (Daley, 2000). Figure 16 is a sketch of the 2a scenario.

7 \\/

Figure 16: Safe Speed Collision Scenario 2a
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The total force during the impact event is limited by one of two limit conditions. When the ship
impacts an ice feature, the force increases as the hull penetrates. This penetration will cease if either
the ship runs out of energy (i.e. the normal speed becomes zero) or the downward component of
the force causes the ice to fail in flexure. The maximum structural impact force is determined either
by a ‘momentum limit” or by a ‘flexural failure limit’. Therefore, two models are required to
determine the impact force: a crushing impact force model and a flexural force limit model.

Case la Interaction Scenario

A second scenario, DDePS Case 1a (head-on collision on the bow stem) is the second model used
for this safe-speed evaluation. This model derives from the design scenario used in the Canadian
ASPPR (Arctic Shipping Pollution Prevention Regulations) ice class regulations. The interaction
geometry for this scenario is different from the 2a scenario, in that the vessel and ice respond
differently and thus the interaction forces are different in both magnitude and form (sensitive to
different parameters). Figure 17 is a sketch of the 1a scenario.

Figure 17: Safe Speed Collision Scenario 1a

Ice Crushing Force Derivation

Both the 1a and 2a scenarios are modeled as impacts, solvable by considering the conversion of
kinetic energy to ice crushing energy. The solution of the energy equations requires that force is
described as a function of indentation. By using an ice ‘process’ pressure-area relationship, it is
possible to derive a force-indentation relationship. This assumption means that ice force will
depend only on indentation, and the maximum force occurs at the time of maximum penetration.
The collision geometry is the ice/structure overlap geometry. The average pressure P, in the
nominal contact area A is related to the nominal contact area as;

Py = BA%* (1)
P, is the average pressure when the contact area is 1m?and ex is a constant (typically ex = -0.1).

The above equation is a ‘process’ pressure area model (in contrast to a ‘spatial’ pressure area
model). The ‘process’ pressure area model describes the development of the average contact
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pressure (and its nominal contact area) throughout the ice penetration process. A ‘spatial” pressure
area model describes the spatial variation of pressure in the contact area at a moment in time.

The ice force is related to the nominal contact area. The relationship between the normal
indentation and normal contact area can be found for each specific contact situation. For the case
of a general wedge edge ice geometry, as shown in Figure 18, the contact area A can be expressed
as;

4= <tan(¢/2 —0) + tan(¢p/2 + 9))

2 sin(B") cos?(B") @)
ice edge
bisector normal
to hull
//
3D sketch
A
w ‘

/é '
| true contact surface

>y I\/ /“ .
*| B-B B A

-A
true normal
front side

Figure 18: General wedge edge interaction geometry

For simplicity if we assume the wedge angle is normal to the hull, i.e. 6 =0, areas can be expressed

as;
A (721< tan(¢/2) ) -

sin B’ cos? B’
The total normal force can then be expressed as;

Fy = Py A= P, A1*e% 4)

Combining equations (3) and (4), the impact force can be stated as;

E =P {2+2ex< tan(¢/2) >1+ex

n sin B’ cos2 3’

()

After grouping shape terms;

E,=PF, fa (nfx_l (6)

Where the shape parameters fx and fa are as follows;
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fx=0B+2ex) )
fao tan(¢/2) 1+ex
~ \sin(B’) cos?(B") ®)

The ice indentation energy IE; can be obtained by integrating the force over the depth of normal
penetration;

B ( tan(¢/2) >1+ex 3+2ex

¢n
IE; = E.d{, =
l ,L ndn 3 + 2ex \sin ' cos2 B’ n ©)

Finally, the indentation energy IE; can be stated as;

1B =

fa g, > (10)

By equating the ice indentation energy to the effective kinetic energy KE., the normal penetration
of the ice ¢, can be expressed as;

1/fx

o= (75) )

With the indentation determined, the force, contact size and pressures are readily found. The above
equations describe the forces in the 2a case. A similar approach is taken for the 1a case (see DDePS
references).

DDePS Evaluation of Notional Destroyer

Table 9 shows the DDePS input parameters for the ship. As described earlier the bow scantlings
get stronger towards the stem of the vessel. The representative panel for each impact location is
shown as FEA Grillage in the bottom row of the table



Table 9: DDePS input deck for the DRDC Notional Destroyer
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ship name - SN DRDC_ND

ship type - ST Destroyer

ice class - IC ow

length overall m Loa 151.4

length between perpendiculars m Lbp 138.5

beam m B 17.00

draft m T 7.50

height (depth) m H 14.00

block coef. - CB 0.510

waterplane coef. - Cwp 0.788

midship coef. Cm 0.798

displacement tons M 9231.00

Hull Data 1 2 3 4 5
region - HA Bow Bow Bow Bow Bow
frame number - FN FR 4 FR 7 FR 11 FR 14 FR 18
longitudinal distance from CG m X 65.30 58.30 51.40 37.50 30.60
transverse distance from CG m y 1.70 2.90 4.30 6.80 7.50
vertical distance from CG m z 0.00 0.00 0.00 0.00 0.00
waterline angle deg a 10.75 9.92 11.80 8.40 5.20
frame angle deg B 13.40 15.50 13.70 9.80 7.90
Offered Ice Frame Data 1 1 1 1 1
frame orientation angle (to waterline) deg OA 0° 0° 0° 0° 0°
frame orientation type - FO Longitudinal | Longitudinal | Longitudinal | Longitudinal | Longitudinal
frame attachment parameter, for trans - j 2 2 2 2 2
yield strength - framing material MPa  Fy_f 355 355 355 355 355
yield strength - plating material MPa Fy_p 355 355 355 355 355
main frame span (=web frame spacingc mm a 2000 2000 2000 2000 2000
main frame spacing mm S 550 550 550 550 550
plate thickness (gross offered) mm  tp_ofrd 10.5 9.5 9.5 8.5 8.5
offered frame - ofrd_frm | Built Section | Built Section | Built Section | Built Section | Built Section
web angle deg fiw 90 90 90 90 90
web height (for built sections only) mm hw 130 118 118 114 114
web thickness (gross) (for built sectio mm  tw_gr 6 7 7 ® 5
flange width (for built sections only) mm wf 100 60 60 60 60
flange thickness (gross) (for built sect mm tf_gr 10 12 12 6 6
flange offset distance (for built sectior mm bw 0 0 0 0 0
fea grillage -- NDP1 03 NDP1 710 NDP1 710 | NDP1 1417 | NDP1_1417

DDePS is used to compute ice load parameters (such as force, pressure, area, line load, etc.) for
various combinations of impact scenarios (such as speed, impact location, ice thickness or floe size,
strength parameters, etc.). A sketch of the assumed impact scenario is provided in Figure 19. The
ice floe is assumed to be oriented normal to the point of contact. For the purposes of computing the
mass and moments of inertia, the floe is idealized as a square with uniform thickness. The wedge
shape at the impact point is simply used for the contact model.
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Figure 19: Impact scenario for safe speed assessment
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Technical limit speeds are established in (Daley 2015) using the direct line load criteria method,
which is when the loading term just equals the structural capacity for the frame for a given
interaction scenario. Line load (Q) is used as the basis for comparison and establishing the technical
safe speed limits. Line load is the closest parameter that relates to the load encountered by a single
frame. The limit state is the initial formation of a 3-hinge plastic mechanism of a side shell
longitudinal under a patch load. This was shown (e.g. Daley and Hermanski 2009) to produce
plasticity in the frame but without any observable permanent dent size.

Figure 20 and 21 shows sample outputs from DDePS (in this case total force versus forward ship
speed). Both plots are for 20 m floes of various thicknesses (10 — 50cm). Figure 20 is for Frame 11
(NDP1_710) and Figure 21 is for Frame 14 (NDP1_1417). Recall the approximate load levels of
the longitudinal frame plastic limit states at these locations are approximately 0.1 — 0.2 MN (see

Figure 15).
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Figure 20: Sample DDePS outputs — force versus speed at location 3
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1.40 ship name: DRDC_ND
location: 4
1.20 floe size: 20m
ice strength: Po = 3 MPa
flex strength: sf = 0.75
1.00 ice exponent: ex =-0.1
flexural model: dynamic2
thin ice corr: no
= 0.80 IE_s: no
=
% 0.60 m—Th:0.5 m
S ——Th:0.4m
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Figure 21: Sample DDePS outputs — force versus speed at location 4

Figure 22 presents the technical safe speed results for the Notional Destroyer assuming the
following parameters. In each plot, there are five curves representing different limits for different
frame locations.

. Ice crushing strength, P, = 3 MPa (ex = -0.1)
. Ice flexural strength, ot = 0.75 MPa

. Floe size: 5 m—200 m

o Thickness: 30 cm, 50 cm, 1 m

. Speed: 0 knot — 14 knots

The plots in Figure 22 indicate that impacts at location 4 (Frame 14, purple line) represent the
limiting condition for this ship. This is due to the relatively weaker scantlings in this area of the
bow combined with the impact location with respect to the ship’s CG and the hull angles (a and f).

(knots) (m/s) direct limit state direct limit state direct limit state

14 4, ice strength: Po =3 MPa
flex strength: sf =0.75 MPa
= 12 76 ice exponent: ex =-0.1
3"1 flexural model: dynamic2
12 1015 IE_s: no
=
= 8
T
K
=
é 6 13 —_1
2 —_—2
43 —
—s
241 5
0 -0 T T T T r T T T —
1 10 100 10 100 1 10 100
floe size (m) floe size (m) floe size (m)

Figure 22: Direct technical safe speeds versus floe size for various thicknesses,30 cm, 50 cm, and
1.0m
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Figure 23 is a summary plot of all the technical safe speed curves shown above. For each impact
scenario (combination of floe size and thickness), the minimum limit speed was taken of all the
impact locations. The results confirm the outcomes of the Phase 1 Report (Daley 2015) that the ice
capability of Notional Destroyer is severely limited. By using the actual bow scantlings as opposed
to nominal midbody scantlings, there is a slight increase in capability but operations could only
take place in extremely light conditions. Even when the ice is thin (less than 20 cm) and floe sizes
are relatively small (less than 20m), speeds would be limited to about 2-3 knots. Operations in
brash ice (generally considered less than 5m floe size) could be sustained if speeds are kept under
5 knots.

direct
120 . .
\ ship name: DRDC_ND 1 knot
ice strength: Po = 3 MPa 2 knot
100 flex strength: sf=0.75MPa | o
ice exponent: ex =-0.1 3 knots
20 ﬂe_xu_ral model: dynamic2 i 4 knots
. thin ice corr: no
= IE_s:no 6 knots
‘a_h'.l;eo |I =
> \
2 \
K -—‘———-._______-
-—-.-_____-—___-_
20 —
-‘-‘-‘-‘-‘-‘-‘_‘-‘_‘_‘_‘-‘-‘_‘-‘_‘—n—_
NS ——— | | —
0 T
0 0.2 0.4 0.6 0.8 1

ice thickness (m)

Figure 23: Summary plot of safe speed curves — direct limit state

Ice Crushing Forces Considering Deformable Structures

This section describes an update to the DDePS ice load model to account for energy absorption due
to structural deformation during a ship-ice interaction event and its influence on load magnitudes
and subsequent ice capability assessments. This approach was originally developed and applied in
reports by ABS (2015) and Daley (2015). It was later updated and applied in several case studies
by Dolny (2017) and ABS (2017, 2016). This section describes a methodology that is largely taken
from those reports.

During a ship-ice interaction event, energy may be absorbed by deforming the structure elastically
and plastically in addition to the energy expended into crushing the ice. Most standard models of
ship-ice interaction (e.g. the ice load model described in Daley (2015) and applied in the direct safe
speed assessment presented above assume the ship to be a perfectly rigid body. This assumption is
in general valid for stiff structures (i.e. high ice class ships). However, for non-ice classed (or even
light-ice classed) ships, a substantial portion of the effective kinetic energy KE, can be expended
into deforming the relatively compliant structure. This concept is generalized by the following
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energy balance equation where IE; and IE; are the ice and structural indentation energies
respectively.

KE, = IE; + IE, (12)

For complex structural arrangements, no analytical equation exists to represent the combined
structural and ice indentation processes. Daley & Kim (2010) approached this problem numerically
by simplifying the ice load to a point load (highly localized force) and the plastic response of the
structure was represented by a linear deformation function;

E, =kpln + F (13)

The concept, sketched in Figure 24, was implemented into a spreadsheet tool as a practical way to
evaluate ice loads with the consideration of the ship’s plastic deformation. Daley and Kim applied
a ‘design of experiments’ (DOE) method to develop regressions models for the k,, and F, terms.
The models are functions of a range of input variables which represent the structural parameters of
a stiffened panel (frame spacing, span, dimensions, plate thickness, etc.). This is a very useful
model that can easily be implemented into a spreadsheet tool. However for large collisions that
involve extensive damage and larger ice contact areas, the assumption of a point load is no longer
valid.
deforming,
S structure

ice

ice crushing
b ovs structure deformation . /
w — s 5
Ms ::> oVe
Me
mechanical idealization
6 degree of freedom vessel (& up to 6 dof ice) 1 degree of freedom collision model

Figure 24: Concept sketch for compliant ship-ice collision model (from Daley & Kim, 2010)

In order to appropriately quantify the structural indentation energy, a more sophisticated approach
has been developed which takes into account a more realistic developing load patch. Consider the
idealized sketch in Figure 25. For a rigid structure indenting an ice edge, the ice edge crushes and
the load patch develops as a growing triangular area (top). When the structure is deformable, local
plastic and elastic deformations develop in the structure along with ice crushing. The changing
structural shape alters the load distribution (i.e. patch shape) and the force development. This
process can be expressed as a power function where total contact force F, is related to ‘total’ normal
indentation ¢, of the structure from its initial contact point;

E, = Csdfs (14)
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The total normal indentation is simply the sum of the structural deformation and ice crushing
indentation (¢, = {5 + {.). The specific power function coefficients, Cy and kg, must be obtained
from a numerical simulation analysis of a ship grillage impacting an ice edge. This section describes
the setup and calibration of a numerical ice model and ship specific ice-structure interaction
analyses using the representative structural panels of the Notional Destroyer.
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Figure 25: Sketch of interaction model for rigid (top) and deformable (bottom) structures

The sum of ice and structural indentation energies can be obtained by integrating the total force
over the depth of ‘total’ normal indentation;

{n
IE; + IE; = f E,d{, (15)
0]
By equating the sum of the ice and structural indentation energies to the effective kinetic energy of
a collision and integrating the force, one arrives at;

kg+1

In
KE,=| FEd{, =% _ 16
! j iy = (16)

The ‘total’ normal indentation {,, can be solved for and expressed as equation (17). It can then be
used to solve for the normal force by referring back to equation (14);

- (W)ﬁ (17)



22

In order to resolve the structural indentation { portion of the total indentation, the results of
numerical simulations are used to find a relationship with normal force. Later it is demonstrated
that the force versus structural indentation response can be simplified into two linearized portions,
elastic and plastic;

(s = f(F) (18)

Once the structural indentation is known, the ice indentation portion ¢; is then simply the difference
and is used to determine the size of the load patch.

i =0 — s (19)

Numerical Simulations

Equations (14) and (19) describe power functions that are derived from the results of numerical
simulations between ship structural grillage models interacting with a deformable ice material. The
general purpose commercial finite element analysis code LS-DYNA was used to calibrate and
conduct a series of simulation experiments.

Several researchers have attempted to model ice crushing behavior numerically and recently LS-
DYNA has been applied to an increasing number of ice problems. Gagnon & Derradji-Aouat (2006)
first calibrated and applied LS-DYNA’s MAT _CRUSHABLE _FOAM (MAT_063) material model
to match ice impact parameters (peak force, impact duration, and pressure distribution) obtained
from field trials of the Canadian Coast Guard Icebreaker TERRY FOX. Zong (2012) later applied
the same ‘crushable foam’ ice model to simulate bow glancing collisions and calibrated the
constitutive material parameters to produce process-pressure area relationships that match different
IACS Polar Class P-A curves. Liu et. al (2012) modeled ice with an elasto-plastic material card
which considers kinematic hardening MAT_PLASTIC_KINEMATIC (MAT_003) and compared
peak impact forces and time histories against the Popov + P/A analytical model that is implemented
in the IACS Polar Rules and described in Daley (2015). Reasonable agreement was shown between
the numerical and analytical models. Additional studies by ABS (2015) and Dolny (2017) also
utilized numerical material models for ice in LS-DYNA following the same methodology described
in this section.

Each of these researchers recognize that the numerical treatment of ice as an elasto-plastic
continuum material in a finite element form introduces significant simplifications and ignores many
of the complex ice failure mechanisms such as spalling, splitting, high internal spatial pressure
zones, etc. Furthermore, results can be quite sensitive to factors such as contact geometries, contact
algorithms, numerical parameters, and mesh size. Nevertheless, it is possible to carefully employ
these methods to achieve certain desired results.

Figure 26 illustrates the use of LS- DYNA analyses to obtain the coefficients C; and k for a sample
structural arrangement. The blue curve represents the force versus indentation results from an LS-
DYNA simulation considering a rigid plate crushing a 70 cm ice edge (123° wedge angle). For a
properly calibrated ice model, this curve will agree with the analytical model (dotted blue line) for
the assumed pressure-area parameters. The red curves represent the force versus total normal
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indentation (ice and structure) considering a deformable structure crushing the same ice model. A
power function in the form of equation (14) can be fit to this curve as shown by the dotted red line.

The areas under either of these curves represents energy. Thus for any given available effective
kinetic energy of a ship-ice collision scenario (arbitrarily highlighted in this plot), the maximum
force can be determined. For this particular example of a weak non-ice strengthened structure, the
force is reduced significantly (about 30% lower) if the structural indentation energy is considered
in the crushing process.

3 A_300 (rigid)
H_104 (deformable)
T P hing only
F =P a fx—1 crus
s n=F f ("\ P R fiit (Cs = 12.978, ks = 1.5261)
ice crushing — 7k .
2 s P;z - Cs (n
. energy only
= N\
= force
= 15 AN ] .
S reduction
£
1
ice crushing
. / + structural
’ deformation
energy
0
0 0.05 01 0.15 0.2 0.25 0.3

total normal indentation (m)

Figure 26: LS-DYNA analysis results for rigid and deformable structures crushing an ice edge
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Calibration of the Numerical Ice Model

In order to carry out numerical simulations of a compliant structure interacting with a deformable
ice model, the ice material model must first be developed and calibrated. Ice loads on ships depend
on many factors and ice failure mechanisms. Ice-structure interaction is a complex phenomenon
with many interrelated variables and significant uncertainty. Loads can be governed by local ice
crushing, flexural bending, radial or circumferential cracking, friction, ice clearing, and even the
dynamic response of the impacting structure; among many additional factors. The selection of an
appropriate ice load model and calibration of its parameters to achieve desired strength
characteristics is therefore a challenge. The calibration effort described in this section is focused
on the crushing process of the ice. The ultimate objective is to produce proper load levels (i.e.
forces and contact areas) and pressure distributions that reasonably agree with empirical data.

First, we’ll consider some available data. Figure 27 shows pressures measured in a lab setting
during the STePS? project (Bruneau, Colbourne, et al., 2013; Bruneau, Dillenburg, & Ritter, 2013).
Ice cones of various dimensions were grown in the lab and crushed against rigid indenters. Forces
and contact areas were measured using a variety of techniques and pressures were determined.
Contact pressures were measured in the 10 MPa range over areas up to 0.1 to 0.2 m?. Ice pressures
measured in the field show pressures on the order of a few MPa at about 0.5 to 1m?. Design local
pressures in the IACS polar rules range from a few megapascals up to 6 MPa for the highest ice
class and are typically applied over several square meters.

Pressure - Area (30° Cones, 0.7 mm/s)

NS 25 cm MY cones

= \7 1m MY cones
a M\
s 10 N T N IR N Y e —— i ;
3 /\ ; 6h WA
/ '
<
a 1m Glac cone

1

0.00001 0.0001 0.001 0.01 0.1 1

Area(m2)
Figure 27: Measured pressures in STePS2 lab tests (Bruneau, Colbourne, et al., 2013)

To develop an ice material model in LS-DYNA, a design of experiments (DOE) response surface
methodology (RSM) approach was employed to systematically investigate the influence of elasto-
plastic material parameters and geometric attributes on load magnitudes and pressure distributions
during an ice-structure interaction process. Within the DOE umbrella of experimental design
philosophies, the RSM employs mathematical and statistical methods to analyze the influence of
various factors on a particular response (Montgomery, 2008). For complex and often highly
nonlinear computer experiments, the RSM offers an attractive option to develop representative
metamodels of the simulation results.
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A sketch of the problem is provided in Figure 28 where a rigid shell intender is used to crush a
deformable ice model. The variable factors and their levels, fixed factors and responses are
presented in Table 10 and an example constitutive model for the ice (elasto-plastic stress-strain
curve) is plotted in Figure 29. Initially, the only variable factors for the ice model was the material
yield strength oy and the ice thickness hice. This was a deliberate decision intended to simplify the
analysis. The objective of this exercise was to develop regressions for parameters of an elasto-
plastic material model (a proxy for ice) that will produce target process-pressure area curves, which
are empirically defined for a given set of geometric conditions. The result is a ‘constructed” model,
however it is well recognized that the elasto-plastic numerical treatment of ice crushing is highly
idealized and does not capture many of the complex ice failure mechanisms that occur in reality.

rigid indenter
(shell elements)

@ =123°

-

ice

elasto-plastic
deformable material
E=9GPa

Er =10 MPa

0, =[0.5,1,1.5] MPa
hice = [35, 70, 105] cm

B =10, 20, 40] °

rigid boundary )
(solid elements) Ice
(solid elements)

crushed

area

/ ////\//////////////// [
\ € Ihice
N Q\\\\ AAA VAV VRV R VAV VRNAAVRNAANN

boundary condition rigid boundary
restrain out-of-plane(z) nodal (solid elements)
displacements and rotations

Figure 28: Sketch of DOE problem for ice calibration
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Table 10: Factors and responses for ice calibration exercise

Factors Description Symbol Units Low = Medium High
A material yield strength oy MPa 0.5 1 1.5
B ice thickness hice m 0.35 0.7 1.05
C frame angle 8 ° 0 20 40
fixed ice wedge angle 0 ° 123
fixed ice density Dice kg/m? 900
fixed ice modulus of elasticity Eice GPa 9.0
fixed ice Poisson’s ratio Vice -- 0.3
fixed ice tangent modulus E; MPa 10.0
Responses Description Symbol Units
R1 nominal pressure at 1m? P, MPa
R2 process P-A exponent ex -
2

18 1 0,=[0.5,1, 1.5] (variable)

16 |
7o f \E 10 MPa (fixed
g 15 \ T= a (fixed)
g oo || E=9GPa (fixed)

0.6

0.4

0.2

0
0 0.002 0.004 0.006 0.008
strain ()

Figure 29: Stress-strain curve for elasto-plastic numerical ice material

The rigid indenter is a plate modeled with shell elements and rotated to variable beta f angles (0-
40°). The ice is a 123° wedge, with variable thickness (35 to 105 cm), modeled with solid elements
and bounded on the back edges with a rigid support (also solid elements). Boundary conditions are
imposed on the top and bottom of the ice edge to restrain out-of-plane displacements and rotations.
The purpose of this restraint is to isolate the crushing problem and remove bending and bulging
effects from the simulations. This is later shown to effectively concentrate contact pressures within
the contact area.

In DDePS the nominal wedge angle ¢ is assumed to be 150°. However, considering the patch size
reduction to account for ice pressure concentration (i.e. w = 0.7 - W,,,.,,), the effective pressure
acting on the structure is actually increased and applied over a smaller contact area. It can be shown,
by rearranging the equations for the patch size reduction, that an effective pressure-area model with
ex = -0.1 and a new parameter P, ¢« can be derived as equation (20). Furthermore, a reduced ice
wedge angle can be determined following equation (21) to match the effective contact area. For a
150° nominal wedge angle, the equivalent effective wedge is 123° and therefore used in these ice
calibration simulations.
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B,
Po_eff = C. 2+2ex (20)
w
_ -1( 2 ¢
defr = 2tan Cy;; tan 3 (21)

This is illustrated by Figure 30 for a nominal pressure-area model of P, = 3 MPa, ex =-0.1 and a
wedge angle ¢= 150° (black curve). Considering the patch area reduction (while maintaining
constant force), the effective P-A acting on the structure is shown in Figure 30 by the red curve.
Following equation (20) and a reduced wedge angle according to equation (21), an equivalent
effective P-A relationship can be derived as Po ef = 5.7 MPa, ex = -0.1. The plot shows exact
agreement with the effective P-A curve.

- nominal P-A (¢ = 150, Po =3MPa, ex = -0.1)

effective P-A after patch reduction (¢ = 150)
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Figure 30: Diagram of patch size reduction and effective P-A relationship

Figure 31 is a snapshot of the simulation setup for an example ice calibration simulation (referred
to as A_104). The solid elements for the ice are refined in the area of contact to a fine mesh (3 to 7
cm edge length in the crushing zone). This mesh size was selected based on the similar approximate
mesh size of the structural models which are explained in the case studies. A 3.5 cm mesh size was
selected for the rigid plate. The final size of the ice model and mesh size selections were the result
of a mesh convergence analysis and represent a balance between computational cost and numerical
accuracy.
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Example Ice Calibration Simulation
Run=A_104
oy =1MPa
hice =1.05m
B=20°

indenter mesh
3.5cm (edge length)

fine ice mesh size
3 -7 cm (edge length)

coarse ice mesh
13 - 15 cm (edge length)

rigid elements

Figure 31: Numerical simulation setup for ice calibration simulation A_104

Figure 32 through Figure 37 present detailed results from two selected ice calibration simulation
cases (A 104 and A 101 respectively). Plots are provided of the pressure distributions at 3
instances, force-time histories, area-time histories (nominal and measured), and the pressure-area
results (nominal process, curve fit and measured process).

The nominal area, highlighted on the pressure distributions (white outline) and plotted on the area
time histories (black), is computed as a function of the overlap geometry and indentation depth.
This nominal area is used with the contact force to determine the nominal pressure-area relationship
(black dots in Figures 34 and 37). For each simulation, the ‘computed’ pressure area terms (P, and
ex) are determined by fitting a power function curve (blue) to the nominal process pressure-area
data.

LS-DYNA'’s ‘interface pressure’ functionality was also used to obtain a measured contact area at
each time step. The measured area is determined by the number of shell elements that are activated
with a contact pressure at each time step. In almost all cases, this the measured area is larger than
the nominal area. This is a result of the mesh size and contact model employed in LS-DYNA. While
it is not used as part of the calibration, it highlights concentrations of peak pressures inside the
contact area, which are a desirable effect.

Nominal and measured pressures are both useful, but distinct quantities. Nominal pressures are
used in analytical impact calculations (such as in DDePS or GEM). Nominal pressures are extracted
from the LS-Dyna results for verification that the LS-Dyna and DDePS values are comparable. The
measured pressures are based on actual contact areas and will influence the local structural response
in LS-Dyna. These are extracted for general reference, since there is no specific target for the
pressures. At this point, the local pressures are not unreasonable.

The simulations are focused on achieving the right collision force with the right general contact
patch size. These goals can be achieved by getting the nominal values right. Also getting the
specific local pattern of contact pressures correct would be ideal, but is beyond current aims.
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Figure 32: Interface pressures - ice calibration experiment A_101
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Figure 33: Time histories of force and contact area - ice calibration experiment A_101
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Figure 34: Process-pressure area curves - ice calibration experiment A_101
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Run =A_104
0,=1MPa
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Figure 35: Interface pressures - ice calibration experiment A_104
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Figure 36: Time histories of force and contact area - ice calibration experiment A_104
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Figure 37: Process-pressure area curves - ice calibration experiment A_104

A summary of the initial ice calibration runs and their results are provided in Table 11. For the
numerical experiments described in this section, randomization is not necessary because there is no
standard error in computational models. Thus, the results are sorted here in standard order. 15 initial
simulations were conducted and analyzed. For each run, the P-A terms (i.e. response parameters P,
and ex) were obtained by fitting a curve to the nominal pressure-area relationship. These are listed
in the table as “computed” responses. The range of P, was 3.3 to 9.2 MPa and the range of ex was

-0.2 to 0. These response levels suitably cover most target P-A model that are of interest for this
study.
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Table 11: Numerical ice calibration experiments and results — initial runs

Initial Runs
run o,(MPa) hi.(m) 68(°) computed * predicted **
P, (MPa) ex P, (MPa) ex
A 101 1.5 0.35 40 6.8 -0.14 6.9 -0.1
A 102 0.5 0.7 20 3.5 -0.1 3.8 -0.1
A_103 0.5 1.05 0 3.3 0.0 3.1 0.0
A_104 1 1.05 20 5.5 -0.1 6.0 0.0
A_105 1.5 0.7 20 6.9 -0.09 7.2 -0.1
A_106 1 0.7 40 6.7 -0.07 6.1 -0.1
A 107 0.5 0.35 40 3.3 -0.2 3.3 -0.2
A_108 1 0.35 20 4.9 -0.05 5.0 -0.1
A_109 1.5 0.35 0 6.5 0.0 6.4 0.0
A 110 1.5 1.05 40 9.2 0.0 9.1 0.0
A 111 0.5 1.05 40 5.3 0.0 5.3 0.0
A 112 1 0.7 0 5.0 0.0 4.8 0.0
A 113 0.5 0.35 0 3.4 0.0 3.4 0.0
A 114 15 1.05 0 6.5 0.0 6.4 0.0
A 115 1 0.7 20 5.2 -0.1 5.5 -0.1

* computed values are from curve fits to LS-DYNA results (e.g. Figure 37)
** predicted is as computed from equations (22) and (23)

Stat-Ease, Inc.’s software package, Design Expert® Version 8.0.6, was used to determine the
treatment combinations and analyze the results. Once the initial simulations were completed and
the results were populated, regression calculations were conducted to check all polynomial models
for each response. The effects for all model terms were calculated and statistical methods were used
to compare each possible model (Stat-Ease, 2010). For both response parameters, two-factor
interaction models were suggested and selected to develop metamodels. The metamodels for P,
and ex are shown in equations (22) and (23) respectively.

Py
P, = 2.06 + 2.900, — 0.56h;c, — 0.048 +
0.360, hice + 0.010, B + 0.08h;.0 3

ex = —0.02 + 0.03d,, + 0.004h;., — 0.0078 —
0.040, hice + 0.00070,, 8 + 0.006h;.0 3

In order to further verify the metamodels, an additional 12 simulations were run as verification
experiments. These are necessary to test the metamodels for treatment combinations that were not
tested in the original experiments. The three variable factors were selected randomly for each
verification run. Their results are presented in Table 12 and comparisons are made in Figure 38
between the metamodel predictions and the direct numerical simulation results. P, is predictable
for a range of strength levels (3 to 9 MPa) and while not perfectly aligned with unity, the metamodel
results corroborate quite reasonably with the direct simulation results with some minimum
acceptable variance. The exponent ex is less predictable but the values are within a reasonable range
(-0.25t0 0).

(22)

(23)
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Table 12: Numerical ice calibration experiments and results — verification runs

Verification Runs

predicted
Po (MPa) ex
33 -0.2
3.9 0.0
6.7 -0.1
3.4 0.0
8.4 0.0
6.5 0.0
6.4 0.0
4.6 -0.1
9.1 0.0
3.5 0.0
5.7 0.0
5.7 0.0

_avis
o/
.o‘

® initial experiments

@ verification runs

run o,(MPa) hi.(m) 68(°) computed
P, (MPa) ex
A 201 0.5 0.35 50 3.6 -0.25
A 202 0.625 0.7 10 3.8 0.0
A 203 1.25 0.7 30 6.65 -0.08
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Figure 38: Regression predictions versus numerical simulation results for P, and ex

Given an ice thickness h;.., frame angle $, and target effective nominal pressure term P,, equation
(33) can be rearranged to find an appropriate ice yield strength o;, for the numerical model;

_ P, —2.06 + 0.56h;c, + 0.048 — 0.08h; .8

Oy

2.90 + 0.36h;, + 0.018

(24)
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Extended Calibration Runs and Linear Regression

An additional set of calibration runs were carried out to investigate the effect of the ice wedge angle
¢ on the process pressure-area development produced in the numerical model. By considering this
additional parameter, more general predictive metamodels can be developed for P, and ex for
application to different interaction scenarios. Figure 35 is a sketch of the additional wedge angles
considered — 90°, 120°, and 150°. A total of 54 additional simulations were run and processed in
the same manner as the previous section. The table in Appendix 1 lists the detailed parameters and
results (i.e. computed P, and ex terms) from these simulations. Ice thickness (hice) and indenter
frame angles () were varied as listed in Table 10.

rigid indenter
{shell elements)

rigid boundary

(solid elements)

v

90°

p=123°

ice

elasto-plastic
deformable material

Figure 39: Extended ice calibration runs to consider ice wedge angle (o)

These results were also analyzed using Design Expert® Version 8.0.6 to compare various response
metamodels. Using the extended runs together with the initial calibration runs presented earlier,
linear single-factor regressions were found to give reasonable predictions for P, and ex. Equations
(25) and (26) are the updated metamodels derived from the extended data set to include wedge
angle. Figure 40 compares the numerical simulation results with the metamodel predictions. It is
shown that Po is predictable for a range of strength levels (3 to 9 MPa) and the metamodel results
corroborate quite reasonably with the direct simulation results with some minimum acceptable
variance. Again, the exponent ex is less predictable but the values are within a reasonable range
(-0.25t0 0).



P, = 1.586 + 3.3120,, — 0.0084¢ + 1.298h;, + 0.0398

ex = —0.065 + 0.007a,, + 0.00003¢ + 0.047h;., — 0.0018
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® initial experiments
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® extended runs
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Figure 40: Linear regression predictions for numerical simulation results for P, and ex (taking into

account @)

Finally, equation (25) can be rearranged to find an appropriate ice yield strength g, for the
numerical model, given an ice thickness h;.,, ice wedge angle @, frame angle £, and target nominal
pressure term P,. This is shown as equation (27) and offers a fairly simple method for using LS-
DYNA'’s elasto-plastic material model as constructed proxy for ice that will produce target process-
pressure area curves for a variety of interaction scenarios.

Oy

_ P, — 1.586 + 0.0084% — 1.298h;,, — 0.0398

3.312

(25)

(26)

(27)
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Response of Representative Bow Panels to Deformable Ice Model

The mathematical model used in the safe speed assessment presented in section 4 assumed the
structure is rigid and that all effective kinetic energy in a collision is expended into ice crushing.
This section describes a numerical analysis of ice-structure interaction which takes into account the
compliance of the structure during the indentation process. The analysis follows procedures
presented in section 5 and explores when the assumption of a rigid structure is no longer valid. This
analysis suggests that the structural compliance of the non-ice strengthened Notional Destroyer
plays a critical role in the ice structure interaction process. Table 13 lists a series of numerical
simulations between the various representative bow structural panels and deformable ice models of
various thicknesses. The ice strength term (oy ice) for each run was determined using the linear
regression equation (25) which has been calibrated for a target nominal P, = 3.0 MPa.

Table 13: Numerical simulations between notional destroyer bow panels and deformable ice model

Run# Poetr  hice B Oy ice?  Xcen Yeen Zeen  Structure_k_file ice_k_file description
(MPa) (m)  (°)  (MPa) (m) (m) (m)

D_101 | 5.7 014 117 136 131 331 7.37  NDP1_03_rotk ice_140_123k ice140_centered_on_longl
D_1020 | 57 03 17 128 -1.31 3.31 7.37  NDP1_03_rotk ice_350_123.k  ice350_centered_on_longl

D_103 | 5.7 0.7 1.7 114 131 331 7.37  NDP1_03_rotk ice_700_123.k ice700_centered_on_longl

D_111 | 5.7 014 176 129 -4.01 17.22 7.37  NDP1_710_rotk  ice_140_123.k  ice140_centered_on_longl

D 112 | 5.7 035 176 1.21 -4.01 17.22 7.37  NDP1_710_rot.k ice_350_123.k  ice350_centered_on_longl

D 113 | 57 0.7 176  1.07 -4.01 17.22 7.37  NDP1_710_rotk  ice_700_123.k ice700_centered_on_longl

D_121 | 5.7 0.14 102 1.38 651  31.35 7.37  NDP1_1417_rotk ice_140_123.k ice140_centered_on_longl

D_122 | 5.7 035 102 1.30 -6.51 31.35 7.37  NDP1_1417_rotk ice_350_123k  ice350_centered_on_longl

D_123 | 5.7 0.7 102 1.15 651  31.35 7.37  NDP1_1417_rotk ice_700_123.k  ice700_centered_on_longl

aDetermined based on metamodel, equation (27)
bExamples presented below:

Target P, eff =5.7 MPa, ex=-0.1

Wedge angle ¢ = 123°

The ice wedges all feature a 123° opening angle. The target strength for the ice model was based
on effective process pressure area-model of P, e« = 5.7, ex =-0.1. This corresponds with a nominal
P, value of 3MPa (also assuming a nominal 150° wedge angle and contact area reduction).
Applying the metamodel developed by the ice calibration exercise outlined in section 5, the elasto-
plastic ice model parameters (i.e. yield strength) are also listed in the table for each simulation run.

A snapshot of an example simulation run (D_102) is shown in Figure 41. In this example, a 35 cm
thick ice edge is crushed against at the center of a longitudinal frame. Figure 42 highlights the
development of applied pressure and von-Mises stress distribution of the hull structure. The
pressure distributions exhibit areas of high and low pressures with a nominal contact area that grows
as the simulation progresses. Hull stresses highlighted by a red fringe indicate areas of plasticity in
the structure.



36

Example — D_102

structural panel

ice wedge
@ =123°
hice = 0.35 m

Figure 41: Ice-structure interaction simulation setup —e.g. run D_102 (35cm ice edge centered on
longitudinal frame)
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Figure 42: Ice-structure interaction simulation — e.g. run D_102 (35 cm ice edge centered on
longitudinal frame)

From the simulation results, the total normal displacement can be plotted against the contact force
to extract the necessary power function parameters, Cs and ks, described in section 5. This is shown
in Figure 43 for the forward-most structural panel NDP1_03. Each curve represents a different ice
thickness and highlights the change in load development with increasing ice thickness. Ultimately,
Cs and ks are each represented as linear functions of ice thickness.

The structural deformation can also be extracted and compared with the ice crushing component of
total normal displacement. Figure 44 shows the force versus structural deformation, a direct output
of the numerical simulations, for each of the longitudinal frame load cases. Consider structural
deformations less than 10 cm (a 5 cm large deformation limit will be applied in the next section).
Zooming into this portion of the plot, the load deflection curves exhibit an elastic portion followed
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by a plastic response. Both of these can be linearized within this range. The slope of the elastic
portion (green line, ke = 31.71 MN/m) is the same for each of the simulations (i.e. independent of
ice thickness). Also, the force level corresponding to the transition point between the elastic and
plastic responses can be considered constant (for this particular panel, Fe = 0.22 MN). The slope
of the plastic regime, however, varies a function of ice thickness (red line). This can be explained
by the change in load pattern on the frame due to different ice thicknesses.

The linear equations for Cs, ks, and k;, can be incorporated via lookup tables into DDePS for each
representative structural panel. The simulation results for the other panels (NDP1 710 and
NDP1_1417) are shown in Figure 44 through Figure 47. A summary of all results is provided in
Table 14.

Table 14: Summary of numerical simulations - parameters for DDePS

Structural Cs ks Fel kel ko
Panel (MN) (MN) (MN/m)
NDP1_03 Cs = 20.2hjce + 123 kg = 0.76hjce + 1.11 022 3171 k,=801h,+15.10
NDP1 710  Cs=154hie +281 ko = 0.64h;c, + 1.26 017 2125 Kk, = 2.84h;., + 1225
NDP1 1417  Cs=107hjce +2.06 k¢ = 0.55hi, + 1.14 011 1222 Kk, = 1.75h; +6.04

Results — Bow Shoulder Panels

The following plots show the behavior of the three bow panels in the Notional Destroyer in response
to ice loads. Figure 43 and Figure 44 show the results for panel NDP1_03. The plots include the
total force versus deflection curves expressed as power equations. The equations on Figure 43 are
for total deflection (ice + structure), while those on Figure 44 are the just the structural component.
Both these are needed for determining the vessel’s capacity. Figure 45 and Figure 46 provide
similar information for panel NDP1_710. Figure 47 and Figure 48 provide similar information for
panel NDP1_1417.
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Figure 43: Numerical simulation results for NDP1_03 - force versus total displacement (left) and
power function parameters (right)
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Figure 44: Numerical simulation results for NDP1_03 - force versus structural deformation (left &
center) and plastic term (right)
3 A 18.0 4 3.00
frame loads NDP1_710 F=13.0516"
25 > 111 10 g2 150 Cs= 15.41hm+2.a1‘2'_;_'_.~-' 1 5s0
) 7 .F=0.66866'57 Y
2 ———D_112 - 35cm 12.0 ] 200
= ——D_113- 70cm T
Fh Fiao05555tom 9 20 “ks = 0.6395h,, +1.2644 7 150
1 6.0 4 1.00
.
05 k 30 4 050
B, = Cs é‘ns
0 0.0 0.00
0 0.1 02 03 0.4 05 0 02 04 06 08 1 12
total normal displacement (m) ice thickness {m)
Figure 45: Numerical simulation results for NDP1_710 - force versus total displacement (left) and
power function parameters (right)
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Figure 46: Numerical simulation results for NDP1_710 - force versus structural deformation (left

& center) and plastic term (right)
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Figure 47: Numerical simulation results for NDP1_1417 - force versus total displacement (left) and
power function parameters (right)
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Figure 48: Numerical simulation results for NDP1_1417 - force versus structural deformation (left
& center) and plastic term (right)

Reassessment of Notional Destroyer Considering Deformable Structure

This section presents a reanalysis of technical limit speeds for the notional destroyer taking into
account the compliance of the structure and considering different tolerance levels for structural
damage. Comparisons are also made to the results of the ‘direct’ analysis discussed in section 4. In
this analysis, energy absorbed by the structure due to elastic and plastic deformations is considered
in the kinetic energy balance along with the ice crushing energy. The mathematical model follows
the procedure outlined in section 5 to resolve the ice load parameters. The parameters obtained
from numerical simulations of ice-structure interaction are utilized in the model.

Figure 49 presents the technical limit speeds for 30 cm, 50 cm, and 1 m thicknesses considering
three limit conditions. The top row of plots assume the structure is rigid and represent the speeds
that bring the longitudinal frames to their plastic limit states (i.e. direct limit state, same as Figure
22). The middle row of plots take into account structural compliance in the ice load model but the
same direct limit state is used. This highlights the effect of structural energy absorption on the
indentation process. The total normal force applied to the hull structure is reduced for the same
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available kinetic energy which effectively results in slightly higher speeds (a 1 to 2 knot increase)
to bring the structure to same plastic limit. The bottom row of plots represent the speeds that bring
the structure to a 5 cm total deformation (including both elastic and plastic deformations). Limit
speeds are established when the structural deformation calculated in the mathematical model
exceeds the user defined value.
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Figure 49: Technical limit speeds considering different damage tolerances
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To summarize the results into a more comprehensive form, Figure 50 through Figure 52 have been
produced. Rather than show either load levels or velocity limits, this plots show what ice conditions
(floe size and thickness) can be safely entered at various speeds.

Figure 50 shows the safe ice operational conditions when assuming the hull has no compliance (i.e.
all energy crushes ice). There is a very small range for safe operations. For example, at 6 knots,
any ice larger than brash ice would exceed the capability.

Figure 51 shows a slightly improved case when the structural compliance is taken into account (the
elasticity of the structure). Still, this case shows a small range of safe operations.

Figure 52 presents the technical limit speeds that bring the structure to 5¢cm of total deflection for
any combination of floe size and thickness. The resulting plastic deformations would be visible,
but would permit considerably more aggressive impacts. At 6 knots, floes up to 20m diameter (60
cm thick) could be contacted.
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Figure 50: Summary plot of direct limit speed curves versus ice thickness and floe size (without
structural compliance)
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Figure 51: Summary plot of direct limit speed curves versus ice thickness and floe size (with
structural compliance)
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Figure 52: Summary plot of 5 cm deflection limit speed curves versus ice thickness and floe size
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Notional Destroyer Stem Analysis

The Notional Destroyer has a sharp stem which is inclined 45.4 degrees from vertical at the
waterline. The stem will experience a large number of impacts in pack ice. To examine the
possibility of stem damage, an analysis similar to the panel impact safe speed assessment has been
conducted.

Detailed design drawings of the stem were not available, so a design as sketched in Figure 53 and
Figure 54 has been assumed. While the stem may have a cast stem bar, modelling difficulties would
arise. Instead, the actual stem has been modelled as having the 10.5 mm bow plating come to the
stem on a 50 mm radius. A 67 mm x 36 mm stem bar runs down the stem. The bow longitudinal
frames are joined at the stem, stopping just before the radius in the shell, but attached to the stem
bar. This model is believed to be sufficient to determine the general strength level of the stem in
comparison to the bow panels described above.
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Figure 53: Stem Bar modelling
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Figure 54: Stem region model



Rigid cylinder analysis

To first assess the stem, a simple rigid cylinder load case was conducted in LS-DYNA. Figure 55
shows how the stem region responds to contact with a displacement-controlled rigid cylinder. At
a load of about 0.75 MN, the stem begins to collapse. The load versus time history is shown in

Figure 56.

Figure 55: LS-DYNA Model Stem collapse at approximately 0.75 MN

2 LS-DYNA keyword deck by LS-PrePost

b | [
15+ L~
H m\.ﬂ_’_‘/.f
81/t Yl
3 "
1) /'T“‘"“_/\."/
S /
3).5 +
|
0 - K i | | |
0 0.02 0.04 0.06 0.08
Time

Figure 56: LS-DYNA Load versus Time showing stem collapse at approximately 0.75 MN
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Ice contact analysis

The arrangement for LS-DYNA simulations of stem interaction with a deformable ice block is
shown in Figure 57. The results showed that there was no plastic deformation up to 0.75 MN. This
would be expected, as the ice causes a more distributed load than the rigid cylinder. Figure 58
shows the force versus normal indentation. There were slight differences in force versus total
normal deformation (predominately ice crushing) when the hull was modelled as a compliant
structure (elasto-plastic) versus rigid. Overall, the analysis indicated that the stem is notably
stronger than the flat panels in the bow.

Example — D_501

Bow stem
structural model

ice block
thg =0.35m

. e

Figure 57: LS-DYNA model for ice sheet contact with the stem of the Notional Destroyer
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Figure 58: LS-DYNA force-indentation for ice sheet contact with the stem of the Notional
Destroyer
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DDePS comparison of glancing collision versus. stem collision

Figure 59 shows the Case 2a loads for 20m floes at location 4 (same as Figure 21) which is the
governing condition for Notional Destroyer as presented in Section 4, with a limit state at
approximately 0.1 — 0.2 MN (Figure 15). This indicates that for higher speeds the Notional
destroyer has a limit of about 0.2 m of ice for 20 m diameter floes.
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Figure 59: DDePS Case 2a Glancing Loads — 20m floes, at location 4 (same as Fig 21)

Case la loads for 20 m floes at stem don’t exceed 0.35 MN for thicknesses up to 50cm of ice
(Figure 60). The same assumptions for ice strength (P, = 3.0 MPa, ex = -0.1, gy = 0.75 MPa) have
been made. The ice loads on the stem in these regimes are limited by flexural failure due to the
stem angle (horizontal portion). This analysis makes it clear that the stem is unlikely to be an area
of concern in ice.
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Figure 60: DDePS Case la Stem Loads - 20 m floes.
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GEM Analysis

Overview of GEM

The GEM program developed at Memorial University! simulates the motions and interactions of
ships and offshore structures with ice floes. Figure 61 illustrates the overall concept of the program.
The simulations begin from a ‘scene’, which contains the initial state of all the objects in the
simulation. A ‘scene’ can either be imported or created. When the user starts a simulation, the
program applies the algorithms to the object motions and interactions and determines the evolving
behavior of all objects in a sequence of time steps. A new set of conditions are computed for each
time step. A new ‘frame’ is created and saved every ‘n’ time steps (typically every 10 time steps).
A ‘frame’ is essentially like a ‘scene’ with the exception that frames are part of a time sequence
and are locked after they are created. A set of frames (beginning with the starting ‘scene’) is the
record of a simulation. A file containing a single scene (a scene file), is designated with the “.icsn”
extension. A simulation file is designated with the “.ice” extension. Simulation files can be viewed
in sequence like a video file or reviewed one frame at a time. All relevant motion and interaction
values can also be stored in data files for post-simulation analysis. There are 31 vessel motion
parameters stored for each time step and 51 collision parameters stored for every ship-ice impact.

GEM Overview

SCENE CREATION

ar
IMPORT
¥ Scene File

Objects and
Parameters

Simulation
File

Objects and
Parameters

SIMULATION
REVIEW and
EXPORT

Figure 61: GEM Program General Overview

For this project, GEM has been used to model the DRDC Notional Destroyer interacting with pack
ice. In this other parts of this report the focus is on single impacts. With GEM we can examine the
more complex aspects of ice load that arise as a ship moves through pack ice. The collision
sequence that occurs in pack ice causes the vessel to sway and yaw and this creates considerable

1 Dr. C. Daley is the PI for the GEM development project. While GEM is formally owned by Memorial, and
is proprietary, Dr. Daley has written permission to use GEM for evaluation and demonstration projects such
is the one reported here.
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variability. Another significant aspect is how the ice floes interact with each other, which can both
raise or lower the magnitude of loads. GEM is capable of examining the statistics of load. The
various results presented below are intended to illustrate the potential of GEM in both design and
operations planning.  Figure 62 shows a scene from GEM, with the Notional Destroyer
approaching a patch of pack ice.

Scene s fmy Properti 8
* Ao Ful Sde Top Depth Pan Center Bridge Trak Weke Readout ST Gid [Aufo FOV  » Simulation Properties » - 3

Ed Vessel 5 [acenel) Seledt Al Ice
Role

Position (x) [m] 0.0t |
Position (y) [m] 0.0
Velodty X [m/s]
Velodty Y [m/s]
Angular Vel r/s]

Show property as plot

Edit Hull
Vessel role ship
Vessel type None
Position
Vessel position (x) 241027

Plot current seledtions
¥ Position Velodity
Vessel position (y) 119.47 ) N EELYO)
Heading (deg.) 0
Principal Particulars
Length (m) 1428

V| Show property as color
lcePo

Show absolute value
Beam (m) 16.8

Draft (m) 6.7
Block Coefficient 048

Scale over all frames.

Midship Coefficient 0.7636

LCG (m) -1
« m

05 15

Move | Rotate | [Move Moorings | [Rotate Moorings | | Draw Polygon
Cut| [Copy | [Paste | [Select All Ice Undo | [Redo

Hull View  Update

Figure 62: GEM Program with Notional Destroyer approaching pack ice

GEM Model of Notional Destroyer

The GEM representation of the Notional Destroyer is a 2D polygon of the 6.7 m waterline (Figure
63). It must be noted that a slight change in hull form was required in order to allow GEM to
function. The ice collision detection algorithms in GEM require that all objects be convex. The
Notional Destroyer has a slight concavity in the bow and aft-body. Figure 64 shows the slight
change adopted for GEM to make the hull convex. The effect on ice load results is expected to be
immeasurably minor. These coordinates are very slightly different from those used in the DDePS
analysis.

Vessel Hull 2D

Figure 63: GEM 2D polygon of Notional Destroyer at 6.7 m draft.
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Notional Destroyer - 6.7 m Waterline
10

"‘9->0 ND-Orig
& ND-GEM vers

20 20 a0 602" 80

Figure 64: GEM 2D polygon of Notional Destroyer at 6.7 m draft versus Original.

Figure 65 shows a 3D rendering of the Notional Destroyer in GEM. The 3D render is done merely
to provide the user with a better sense of the problem being simulated. The simulation is mainly
2D with limited 3D components. The 3D response of both ship and ice is considered in all
collisions, but only 2D positions and motions are computed. Another way to describe this is to say
that all collisions assume that objects are moving only in the water plane prior to the collision. Roll
heave and pitch accelerations may occur during the collision, but are such motions considered to
return to zero prior to the next collision. This is a reasonable assumption when vessels are in open
pack ice, traveling at low to moderate speeds in calm water.

Figure 66 shows the coordinates of the Notional destroyer polygon, along with the true frame angles
(beta). True frame angles indicate the true inclination of the hull from the vertical (measured in a
vertical plane normal to the hull).

Figure 67 shows the vessel principal particulars (Ilength, beam etc.) which are used to determine
the vessel’s dynamic behavior. Also shown are the hydrodynamic derivatives which define the
vessel’s maneuvering and performance characteristics.

Figure 68 shows the propeller and rudder parameters, which are used to model thrust and turning
performance. The values presented here are estimates based on the available information. If an
actual vessel were to be modeled, then this information would need to be obtained from design
information, model tests and sea trials.

Figure 65: GEM 3D render of the Notional Destroyer
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Figure 66: GEM 2D polygon coordinates of the Notional Destroyer at 6.7 m draft along with frame

angles
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Figure 67: GEM hull data for the Notional Destroyer
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Figure 68: GEM propeller (1 of 2) and rudder data for the Notional Destroyer
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GEM Open Water Simulations

Prior to conducting pack ice simulations, a simple set of open water simulations were performed to
provide baseline vessel behaviors. Simple straight run simulations show the acceleration and top
speed for various propeller speed values. Turning circle simulations then show the basic
maneuvering characteristics of the vessel. The Notional Destroyer does not have detailed
performance information, as one might obtain from model test or full scale trials. These GEM
‘trials’ are thus only intended to clarify the assumptions that the GEM simulations have made
concerning the basic behavior of the Notional Destroyer.

RPM/Speed Simulations

The propeller rotational speed was varied from 0 rpm to 190 rpm. The maximum assumed propeller
speed for this vessel is 200 rpm. Figure 69 shows the initial setup in GEM, where the vessel was
set at the origin heading in the x direction. Figure 70 shows the ship moving along a 0 degree
heading.

A set of 6 straight run tests were conducted. Each simulation began with the vessel stopped and the
propellers spinning at the fixed speed. In all cases the vessel accelerated in a straight line. No wave
effects were considered. Table 15 shows the time to reach maximum vessel speed at each propeller
setting, as well as the time to 90% of the maximum speed. Figure 71 to Figure 76 show plots of the
speed curves. Figure 77 shows a relative comparison of all propeller speeds. Figure 78 shows the
linear relationship between vessel speed and propeller rotational speed.

Figure 69: Initial 90 RPM GEM Setup
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Figure 70: 90 RPM 0 degree heading in GEM showing the vessel track

Table 15: Time to Maximum Speed and 90% of Max Speed
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Propeller max speed maxspeed Time 90% max 90% max Time
Speed [RPM] [m/s] [kn] [s] speed [m/s]  speed [kn] [s]
10 0.59 1.15 2647.6 0.53 1.04 806.3
50 34 6.57 7141 3.0 5.91 182.9
90 6.3 12.32 4235 5.7 11.09 105.0
100 7.1 13.75 385.4 6.4 12.37 94.4
150 10.6 20.60 2441 95 18.54 61
190 13.1 25.56 171.8 118 23.00 45.3
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Figure 71: Vessel Speed versus Time at 10 RPM
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Figure 72: Vessel Speed versus Time at 50 RPM
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Figure 73: Vessel Speed versus Time at 90 RPM
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Figure 74: Vessel Speed versus Time at 100 RPM
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Figure 75: Vessel Speed versus Time at 150 RPM
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Figure 76: Vessel Speed versus Time at 190 RPM
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Figure 78: Linear relationship between vessel speed and propeller RPM at max speed

Turning circles

The vessel’s turning characteristics were investigated by orienting the rudder at various angles from
1 to 40 degrees. All tests were conducted at 90 RPM, with an initial vessel speed of 6.3 m/s (see
Table 16).

Figure 79 shows the turning circle setup for the 25 degree angle. Figure 80 shows the turning circle
route. Table 16 shows the results of the GEM turning circles. Figure 81 shows the diameter versus
rudder angle plot.



Figure 80: Turning circle track for 25 degree rudder

Table 16: Turning Circle Diameter at Various Rudder Angles

Rudder Angle [deg]
1

5

10

15

20

25

30

35

40

Diameter [m]
16925

4074

2406

1826

1526

1341

1216

1126

1062

57
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Turning Circle vs. Rudder Angle at 90 RPM, 6.3 m/s
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Figure 81: Turning Circle Diameter versus Rudder Angle at 90 RPM, 6.3 m/s

Single Ice Floe Collisions

The following set of results examine single ice floe collisions with the Notional Destroyer, as
modelled by GEM. A set of 70 runs examine the influence of vessel speed and vessel position
relative to the ice floe (i.e. glancing and head-on collisions). The vessel and ice parameters are
shown in Table 17. The glancing collision setup is shown in Figure 82, with a close-up view of
-1 m (Figure 83) and -7 m (Figure 84). The ice motion is shown in Figure 85. The head-on collision
setup is shown in Figure 86. The forces at each speed for each ice floe size are shown in Figure 87
to Figure 90. The x-coordinate (from c.g.) impact location on the hull, hull beta and alpha angles,
and ice wedge angle are shown in each plot.

Figure 92 shows how force varies with vessel position. Head-on collisions are limited by flexural
failure, because the stem is significantly more inclined than frames. The stem is inclined about 45
deg. from vertical, while plating in the bow is only inclined in the 10 to 20 deg. range. Of the
glancing collisions, the greatest forces are experienced with vessel position y is -5 m (i.e. the ship
center line is 5 meters away from the ice floe edge).

Table 17: Initial Set of Single Floe Impact Parameters (Runs 1-70)

Vessel Speed [m/s] Vessel Position Ice Floe Diameter [m]
[m from ice edge] Thickness =1 m
1 0 (head-on) 10
2 -1 20
3 -3 30
5 -5 40
7 -7 50
60
70
80
90
100




Figure 82: Glancing Collision Setup (y =-1 m)
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Figure 83: Glancing Collision Setup (y =-1 m)
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Figure 84: Glancing Collision Setup (y = -7 m)
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Figure 86: Head-on (y = 0) collision with 60 m floe
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Figure 87: Glancing Force versus Vessel Speed, y = -1 m, 1m ice thickness
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Figure 88: Glancing Force versus Vessel Speed, y = -3 m, 1 m ice thickness
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Figure 89: Glancing Force versus Vessel Speed, y = -5 m, 1 m ice thickness
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Figure 90: Glancing Force vs Vessel Speed, y = -7 m, 1 m ice thickness



63

Force vs Speed, y = 0 m (Head-On)
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Ice Thickness Variation Analysis in GEM

The effect of ice thickness on the force was investigated using only the 10 m and 20 m diameter
floes, as these smaller floes are more likely to be involved in a collision with the ND vessel. The
parameters for runs 71 — 124 are listed in Table 18.

Table 18: Initial Set of Parameters (Runs 71 - 124)

Vessel Speed Vessel Positiony  Ice Floe Diameter Ice Floe Thickness

[m/s] [m from ice edge] [m] [m]
1 0 10 0.2
3 -1 20 0.3
7 -3 0.5
-5 1.0°

-7

afor comparison

Force versus speed plots looking at the effect of ice thickness are shown in Figures 93 to 97. As

expected, forces are reduced when ice thickness is smaller, though ice floe diameter also has an
effect.

Force vs Speed at y = -1 with Variable Ice Thickness
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Figure 93: Glancing Force versus Vessel Speed, y = -1 m, with variable ice thickness
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Force vs Speed at y = -3 with Variable Ice Thickness
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Figure 94: Glancing Force versus Vessel Speed, y = -3 m, with variable ice thickness

Force vs Speed at y = -5 with Variable Ice Thickness
Ximpact = 26 M, B =17.11 deg, ¢= 150 deg, a = 12.1 deg

3
2.5
—e—J0x1.0m
s ? —e—20x0.5m
2 —o—10x 1.0m
5 15
u}-‘ —a—J20x0.3m
Q
E— 1 =—®=10x 0.5m
——J10x0.2m
0.5 —g=10x 0.3 m
—
—a—10x 0.2 m
0
0 1 2 3 4 5 6 7 8

Vessel Speed [m/s]

Figure 95 : Glancing Force versus Vessel Speed, y = -5 m, with variable ice thickness
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Figure 96: Glancing Force versus Vessel Speed, y = -7 m, with variable ice thickness
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Figure 97: Force versus Vessel Speed, y = 0 m (head-on), with variable ice thickness
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Ice Material Properties Variation

The effect of ice material property P, on the force was investigated using the 10 m and 20 m
diameter floes, as these smaller floes are more likely to be involved in a collision with the ND
vessel. The previous runs were done using P, = 2 MPa. The parameters for runs 125 — 178 are listed
in Table 19.

Table 19: Initial Set of Parameters (Runs 125 - 178)

Vessel Speed Vessel Position Ice Floe Ice Po [MPa]
[m/s] [m from ice edge] Diameter [m]
1 0 10 0.5
3 -1 20 1.0
7 -3 2.0°
-5 6.0
-7

2 for comparison

Force versus Speed plots looking at the effect of ice material property P, are shown in Figure 98
to 102. As expected, forces are reduced when ice P, is smaller, though ice floe diameter also has
an effect. For example, the force values for collisions with 20 m floes with P, of 1 MPa (“weak”
ice) were very close to force values for collisions with a 10 m floe with a P, of 6 MPa (“strong”
ice).
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Figure 98: Glancing Force versus Vessel Speed, y = -1 m, with variable ice P,



Force vs Speed at y = -3 with Variable Po
Ximpact = 26 M, B = 16.69 deg, ¢= 150 deg, a =9.9 deg

4.5

3.5

2.5

Popov Force [MN]

1.5

0.5

0 1 2 3 4 5 5 7 8
Vessel Speed [m/s]

Figure 99: Glancing Force versus Vessel Speed, y = -3 m, with variable ice P,
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Figure 100: Glancing Force versus Vessel Speed, y = -5 m, with variable ice P,
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Figure 102: Force versus Vessel Speed, y = 0 m (head-on), with variable ice P,
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GEM Simple Pack Ice Scenarios and Results

The above GEM simulations demonstrate some fundamental vessel behaviors and loads. This
section will explore the ice loads as they develop in pack ice. To begin, the vessel will be run along
a straight path at 1 m/s, striking a set of identical floes, at locations that are increasingly aft of the
stem (Figure 103).

Figure 103: Impacts with 8 ice floes, 10 m diameter, 0.2 m thick, ship speed 1m/s

For these nine simple impacts, the forces are in the range of 25 to 48 kN as shown in Figure 104.
(Note — this comparison to DDePS has used different added mass assumptions for the ice than were
used in the safe speed assessment in sections 4 and 5 above, resulting is slightly different results.)

10m dia floes at 1 m/s
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Figure 104: Force versus x location on hull for impacts with 8 ice floes, at 1m/s.

The following set of GEM runs will all involve the vessel transiting open pack ice at approximately
1 m/s. In all cases the pack ice is comprised of 1585 ice floes, each 10 m diameter 12-sided
polygons, randomly placed at 50% concentration. All floes are 0.2 m thick, with P,= 2MPa, sf=0.3
MPa. The overall ice pack is 800 m x 300 m (Figure 105). In this case the ship is in captive mode,
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moving at exactly 1 m/s in a perfectly straight line. Cases with the ship in auto-pilot mode,
following a straight route, or with the auto-pilot off all produced similar load data (not shown). The
impact results for these three cases are all plotted in Figure 106.

To examine the effect of turning, the free runs were repeated with 5, 10 and 20-degree rudder
angles. Figure 107 shows the 10-degree rudder angle run. Figure 108 shows the straight run data
combined with the data from the turning cases. The results show that the turns have little effect on
bow loads but do cause impact to occur on the stern, and at level that approach the size of the bow
loads.

Figure 105: Pack Ice scenario
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Figure 106: Force versus location on hull for impacts in pack ice, pack ice versus single impacts
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Figure 107: Pack ice for 10 degree rudder angle free run
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Figure 108: Force versus location on hull for impacts in pack ice including both straight and turning

GEM Variable Size Pack Ice Scenarios and Results

The next set of GEM results examines the Notional Destroyer transiting 40% coverage pack ice at
approximately 6 knots. The ice covers a range of thicknesses from 0.2m to 1m, with floe sizes from
10m to 40m diameter. Both variables are uniformly distributed. This simulation will examine the
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situation described in the Safe-Speed evaluation above (Figure 52). The GEM simulation is shown
in Figure 110. The variable ice thickness is shown in Figure 111. Ice strength was set as per Figure
109.

GEM models all the collisions that occur in the ice pack and records all the kinematic and
interaction parameters. Normally GEM computes the collision force according to the standard
assumption that the ship is rigid. All GEM values can be saved to a ‘collision.txt’ file for post
processing. In this case the GEM collision data was re-computed using the information on the
Notional destroyer structure in Table 14. Equations (14) through (19) are used to determine the
corrected loads and response of the actual compliant bow structural panels of the Notional
Destroyer. The GEM data contains the hull coordinates and kinematic information of all the
impacts, and therefore one can determine exactly which panels were impacted and what their
damage levels would be. Using the equations for elasto-plastic response these damage levels have
been computed.

Figure 112 shows the computed total (elastic + plastic) and permanent deflections at each impact
location. For the conditions modeled (Figure 109), DDePS is predicting that permanent damages
would occur, especially for the thicker ice/larger floes in the range. The results agree with this
expectation, with total deflections up to 24cm and permanent deflections up to 10 cm. Figure 113
attempts to show the results in terms similar to Figure 109. Figure 113 shows impact events in
terms of whether they caused more or less than 5cm deflection. The red triangles and purple
diamonds indicate cases of computed deflections greater than 5¢cm. The red triangles are impacts
where the forward ship speed is above 6 knots while the purple diamonds are impacts where speed
is below 6 knots. The results tend to agree with expectations, although there are some purple
diamonds below the blue 6 knot limit curve. These are not expected. However, it is noted that these
points all have velocities near 6 knots and are in all cases but one just below the line. This shows
general agreement between GEM, which included sway and yaw, with the safe speed DDePS
results, which did not.

large deflection - 5 cm ship name: DRDC_ND
| ice strength: Po =3 MPa

flex strength: sf = 0.75 MPa
ice exponent: ex = -0.1
flexural model: dynamic2

{ thin ice corr: no
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Figure 109: Range of conditions in GEM simulation (see Figure 52)



Figure 110: View of GEM 40% simulation (partly completed route)
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Figure 111: GEM 40% simulation showing ice thickness variations (0.2 to 1.0 m)
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Figure 113: GEM 40% simulation results showing total structural deflections on condition plot

GEM Variable Concentration Pack Ice Scenarios and Results

In this set of simulations, GEM examines ice at concentrations from 5% to 40% coverage. To keep
the general amount of ice constant, the 40% runs covered 2km, the 20% covered 4km, the 10%
8km and the 5% covered 16km. In all cases the vessel was in navigation mode, travelling at around
6 knots. The actual speed was influenced by the ice impacts and the autopilot. The number of ice
floes were 581,417, 379 and 343 in the 40%, 20%, 10% and 5% cases respectively. The variation
in ice floe count was due to the ice generation algorithm, as more smaller floes were needed when
generating the higher concentrations. Figure 114 shows the ice concentrations for the various runs.

Figure 115 shows the effect of variable ice concentration. The main change is that there are more
impact cases even though the field extent is proportional. In higher concentrations, there are fewer
chances to miss the ice (no actual avoidance strategy was used). In higher concentrations, one
impact can result in secondary impacts as the vessel sways and yaws. In very low concentrations,
these secondary impacts are quite unlikely. Of course, humans would have the ability to steer clear
of ice in very low concentrations, although that human pilotage is not simulated in GEM.

Figure 114: GEM showing 40%, 20%, 10% and 5% simulations
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Various Concentrations at 6 knots
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Figure 115: GEM showing 40%, 20%, 10% and 5% simulations

Discussion of GEM Results

The GEM results presented above are indicative of the kinds of analysis that GEM permits. The
loads are generally comparable to the deterministic results provided by DDePS, but they allow for
the examination of the effects of the navigation mechanics (turning in pack ice), the mechanics of
pack ice (multi-body interactions), and the sources and character of variability of the loads. The
number of variables, both input and output, is very large and presents challenges to fully explore.
Statistical analysis, while possible, can be challenging to present in ways that correctly reflect the
numerous interdependencies that are involved. It will take further work to find clear ways to present
the data that GEM can create.

The simulation of the 40% ice cover has shown that GEM is in general agreement with the safe
speed analysis presented earlier in this report. However, it is clear that GEM produces additional
variability in the results due to the modeling of pack ice and vessel navigation mechanics. The
DDePS safe speed assessment has produced what is termed a “technical safe speed”, in a
deterministic way. The GEM results have begun to illustrate some of the additional variables and
complications that need to be considered when actual safe operational limits are being set.

The GEM analysis of variable ice concentration illustrates that concentration has a significant
influence on the outcomes. GEM is only modeling the actual mechanics, and not the human control
of the vessel. Even so, the lower concentrations result in a significant reduction in the number of
impacts, even when adjusted for ice floe count. It is likely that this is the result of reduced secondary
impacts.
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Conclusions

The aim of this project has been to extend the analysis of the capability of the Notional Destroyer
in ice. New aspects have been examined. The updated bow structure design, combined with an
improved analysis approach has enhanced the analysis, which indicates a slightly greater capability
than was determined in the Phase 1 report. Nevertheless, it remains clear that the Notional
Destroyer has only marginal ability to operate in ice. Essentially is can only operate very cautiously
in very light pack ice conditions (very small floes of limited thickness). It is also clear that the
operational envelope would be significantly expanded if the operator were to tolerate small
permanent deformations (5 cm) of the outer hull on a very localized basis. The expanded
operational envelope would allow for operation in somewhat heavier ice at low speeds. While great
caution would still be required, this expanded operational envelope might be important in certain
emergency situations.

An analysis of the loads and capacity of the stem of the Notional Destroyer has shown that the stem
is relatively strong in comparison to the bow shoulders. There is a greater likelihood of impacts on
the stem, but it appears that there is little to be concerned about.

The novel use of GEM in this analysis has demonstrated good agreement with the DDePS Safe
Speed assessment approach. GEM has also indicated that maneuvering operations result in a wider
range of interactions (e.g. on the midbody and stern). GEM is also capable of showing the wide
distribution of ice load magnitudes that can be expected in actual operations.

The real outcomes of this report concern the technology that can be brought to bear for assessment
of vessel capability. The report has demonstrated that a combination of numerical (LS-DYNA and
GEM) simulation tools used in combination with analytical models (in DDePS and GEM) can
permit a comprehensive assessment of a vessel’s structural safety during operations in ice. This is
a form of direct risk assessment, in which the complex mechanics of ice and structure are used to
determine capability levels.

Recommendations

The complexity of the analyses presented above lead to many areas of improvement. This direct
assessment technology has been steadily developing over that past decade and will continue to
improve. In general terms the following recommendations are made;

e Validation of the technical methodologies applied to this study presents a perennial
challenge. Most field trials of ships in ice tend to focus on ice breakers and high ice class
cargo ships. A focus towards full scale validation efforts on the structural response of
lighter ships in marginal pack ice regimes and thin ice mechanics would certainly help
progress the state-of-the-art and raise the confidence level of these models when applied
to naval ships

e The assessments presented here should be extended to the midbody and stern regions
with appropriately updated scenarios

e The assessments should then be further extended to evaluate appendages (rudder, sonar
etc.) which are particularly critical to naval missions but perhaps more vulnerable to ice
damage in even the lightest ice conditions
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More detailed structural overload models should examine connection details, moving
loads and fracture limits

The GEM model should be updated to include the assessment of structural capacity and
response levels. This could be readily done with existing approaches, and only requires
software development (extensive but not especially difficult)

A project should be started to explore how to bring this technology into practical use
within the Navy. Training and bridge deck systems are needed.
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APPENDIX 1: Extended Ice Calibration Runs

Extended Runs

computed p.redicted .
run oy(MPa) | @ (°) hice (M) B(°) (linear regression)

P, (MPa) | ex Po (MPa) | ex
A_301 1.5 90 0.35 0.001 | 7 -0.01 | 6.3 0.0
A_302 1.5 90 0.35 10 7 -0.03 | 6.6 0.0
A_303 1.5 90 0.35 20 6.8 -0.05 | 7.0 -0.1
A_304 1.5 90 0.35 40 6.6 -0.13 | 7.8 -0.1
A_305 1.5 90 0.7 0.001 | 7.1 -0.02 | 6.7 0.0
A_306 1.5 90 0.7 10 7.2 -0.03 | 7.1 0.0
A_307 1.5 90 0.7 20 7.1 -0.05 | 7.5 0.0
A_308 1.5 90 0.7 40 8.4 -0.06 | 8.3 -0.1
A_309 1.5 90 1.05 0.001 | 7 -0.03 | 7.2 0.0
A_310 1.5 90 1.05 10 7.1 -0.04 | 7.6 0.0
A_311 1.5 90 1.05 20 7.7 -0.03 | 7.9 0.0
A 312 1.5 90 1.05 40 9.1 -0.02 | 8.7 -0.1
A_313 1.5 120 0.35 0.001 | 6.5 -0.01 | 6.0 0.0
A_ 314 1.5 120 0.35 10 6.5 -0.03 | 6.4 0.0
A_315 1.5 120 0.35 20 6.4 -0.07 | 6.8 -0.1
A_316 1.5 120 0.35 40 6.5 -0.15 | 7.6 -0.1
A 317 1.5 120 0.7 0.001 | 6.4 -0.02 | 6.5 0.0
A_318 1.5 120 0.7 10 6.6 -0.04 | 6.8 0.0
A 319 1.5 120 0.7 20 7.1 -0.05 | 7.2 0.0
A_320 1.5 120 0.7 40 9 -0.01 | 8.0 -0.1
A_321 1.5 120 1.05 0.001 | 6.6 -0.04 | 6.9 0.0
A 322 1.5 120 1.05 10 7 -0.03 | 7.3 0.0
A_323 1.5 120 1.05 20 7.7 -0.03 | 7.7 0.0
A 324 1.5 120 1.05 40 9.1 -0.02 | 8.5 -0.1
A_325 1.5 150 0.35 0.001 | 6 -0.01 | 5.8 0.0
A_326 1.5 150 0.35 10 6 -0.04 | 6.1 0.0
A_327 1.5 150 0.35 20 6.7 -0.07 | 6.5 -0.1
A_328 1.5 150 0.35 40 7.2 -0.12 | 7.3 -0.1
A_329 1.5 150 0.7 0.001 | 6 -0.02 | 6.2 0.0
A_330 1.5 150 0.7 10 6.7 -0.04 | 6.6 0.0
A_331 1.5 150 0.7 20 7.1 -0.04 | 7.0 0.0
A_332 1.5 150 0.7 40 9 -0.01 | 7.8 -0.1
A_333 1.5 150 1.05 0.001 | 6 -0.04 | 6.7 0.0
A_334 1.5 150 1.05 10 6.5 -0.04 | 7.1 0.0
A 335 1.5 150 1.05 20 7.7 -0.03 | 7.4 0.0
A_336 1.5 150 1.05 40 9.1 -0.01 | 8.2 -0.1




Extended Runs (con’t)

computed predicted .
run oy (MPa) | @ (°) hice (M) B(°) (linear regression)
P.(MPa) | ex Po (MPa) | ex
A_337 0.5 90 0.35 10 4 -0.01 | 3.3 -0.1
A_338 0.5 90 0.7 10 4.2 -0.04 | 3.8 0.0
A_339 1 90 0.35 10 5.2 -0.05 | 5.0 -0.1
A_340 1 90 0.7 10 5.6 -0.05 | 5.4 0.0
A_341 0.5 150 0.35 10 2.8 -0.02 | 2.8 -0.1
A_342 0.5 150 0.7 10 3.1 -0.03 | 3.3 0.0
A_343 1 150 0.35 10 4.5 -0.04 | 45 -0.1
A_344 1 150 0.7 10 4.8 -0.05 | 4.9 0.0
A_345 1.3 90 0.35 5 6.4 -0.01 | 5.8 0.0
A_346 1 90 0.7 0.001 | 5.7 -0.01 | 5.1 0.0
A_347 0.7 90 0.7 10 4.8 -0.02 | 4.5 0.0
A_348 0.7 120 0.35 15 4 -0.02 | 3.9 -0.1
A_349 1.5 120 1.05 0.001 | 6.2 -0.05 | 6.9 0.0
A_350 0.7 150 0.35 5 3.3 -0.01 | 3.3 0.0
A_351 1.2 150 0.35 15 5.2 -0.06 | 5.3 -0.1
A_352 1.1 150 0.7 10 5 -0.05 | 5.3 0.0
A_353 0.5 150 0.7 15 3.2 -0.02 | 35 0.0
A_354 1.4 150 1.05 5 6 -0.01 | 6.5 0.0

A2
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APPENDIX 2: Effective Collision Energy

This appendix provides the technical derivations for the effective kinetic energy that is needed to solve a
ship-ice collision. These are the effective velocity and mass terms for the ship and ice that are used in
DDePS as well as in GEM. This approach was first developed by Popov et al. (1967). The approach is valid
for collisions with certain parameters, specifically where the collision is of relatively short duration (so that
changes in orientation or gravitational potential energy can be ignored) but long enough so that the primary
dynamics can be treated as rigid body accelerations, and local effects can be treated as quasi-static.
Collisions which involve extensive sliding contact would not be modeled appropriately. Extremely sudden
impacts (e.g weapons effects or shock loading from very rapid changes in contact area) would also not be
correctly modelled. Fortunately, ship ice collisions are in the middle range, where like billiard ball
collisions, the rigid body mechanics, coupled with a contact process can accurately model the problem.

Popov Terms for Ship

A collision taking place at a point (see Figure 116), will result in a normal force F,. The point of contact
will accelerate, and a component of the acceleration will be along the normal vector, with a magnitude ¢.
The collision can be modeled as if the point were a single mass (a 1 degree of freedom system) with an
equivalent mass M, of;

M, = Fn/z (28)

The equivalent mass is a function of the inertial properties (mass, radii of gyration, hull angles and moment
arms) of the ship. The equivalent mass is linearly proportional to the mass (displacement) of the vessel, and
can be expressed by the following equation.

M _ Mship _ 1
€ship CO 12 m2 n2 22
sx

(29)

- + + + —
Mg, Msy Mg, 1

uz 2
+ 57—+
Isy Isz

)

Fv=Fxi+Fyjt /

normal Force

X
normal vector mﬁ
at contact

z Y N=litmjtnk

Figure 116: Collision point geometry
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The inertial properties of the vessel are as follows;
Hull angles at point P:

«a : waterline angle

B : frame angle

B’ : normal frame angle

y : sheer angle

The various angles are related as follows:

tan(B) = tan(a) tan(y) (30)

tan(B") = tan(B) cos(a) (31)
Based on these angles, the direction cosines [, m, and n are:

l = sin(a) cos(B") (32)

m = cos(a) cos(B") (33)

n = sin(B") (34)
and the moment arms are;

A=ny—mz (roll moment arm) (35)

u=Ilz—nx (pitch moment arm) (36)

n=mx—ly (yaw moment arm) (37)

The added mass terms for the ship are represented by the following geometric relationships (from Popov);

AM, =0 (added mass factor in surge) (38)
AM, =2T/B (added mass factor in sway) (39)
AM, =2/3(B prz)/(T(CB(l + Cwp))) (added mass factor in heave) (40)
AM,,; = 0.25 (added mass factor in roll) (41)
AMy;e = B(T/(3 — 2Cyp) (3 — Cyyp)) (added mass factor in pitch) (42)
AM,4y, =03+ 0.05L/B (added mass factor in yaw) (43)

The mass radii of gyration (squared) are;
rx? = CypB?/(11.4 Cp) + H*/12 (roll) (44)
ry* = 0.07 Cy,, L? (pitch) (45)

rz? =12/16 (yaw) (46)



E, =Fn
Myo1 = FyA
Mpit = Fu

Myaw =Kn

There are six accelerations at the center of gravity which are:

ay = Fyl/(M(1 + AM,))
ay, = Em/(M(1 + AM,))

a, = E,n/(M(1 + AM,))

The six force (moment) actions on the six degrees of freedom of the vessel’s center of gravity are;

(force in surge)

(force in sway)
(force in heave)
(moment in roll)
(moment in pitch)

(moment in yaw)

(acceleration in surge)
(acceleration in sway)

(acceleration in yaw)

Aror = FuA/(M rx*(1 + AMyo)) (acceleration in roll)

Apic = Fopt/ (M Ty*(1 + AMp;p)) (acceleration in pitch)

Ayaw = Fan/(M rz*(1+ AMyq.)) (acceleration in yaw)

Each of these accelerations contributes to the acceleration of the point of ice contact. The total
acceleration at the point of contact can be expressed as;

Z' =F Co/Mship
where;

lZ mZ nZ AZ #2 172
C, = + + +— +— +—
1+AMy ~ 1+AMy,  1+AM,  1x2(1+AMyoy)  TY2(1+AMpy)  rz2(1+AMyqy)
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(47)

(48)
(49)
(50)
(51)

(52)

(53)
(54)
(55)
(56)
(57)

(58)

(59)

(60)

The collision applies an impulse I, to the vessel at the point of contact. The changes in velocity at the

center of gravity are;

dvy = LI/ (M(1 + AM,)) (velocity change in surge)

dv, = I,m/ (M(l + AMy)) (velocity change in sway)

dv, = I,n/(M(1 + AM,)) (velocity change in yaw)

AVyor = 1A/ (M - 7x2(1 + AM,op)) (velocity change in roll)

AVpir = Lop/ (M ry?(1+ AMpit)) (velocity change in pitch)

AVyaw = L1/ (M -rz?(1+ AMyaW)) (velocity change in yaw)

(61)

(62)
(63)
(64)
(65)

(66)



Popov Terms for Ice

A6

In the Popov model, the ice floe is regarded as another body, comparable to the ship with similar
dimensional definitions. If the ice is essentially infinite, it does not accelerate and isn’t included in the
effective mass. If the ice is finite, it is included. The ice requires its own coordinate system, aligned with
its own principal axes. The normal vector must be re-evaluated in the ice coordinate system. In this way,
both the ship and ice will have effective masses and velocities along a common normal vector. The ice floe

equivalent mass can be expressed as:

ice coordinate system

(along principal axes of ice)

Fv=Fxi+Fyj+Fzk
=|Fyli+tmj+tnk

Figure 117: Ice collision point geometry

For the ice block the direction cosines [, m, and n are:
lice = —cos(B’)
Mice = 0
Nice = —sin(B’)

and the moment arms are;

Aice = NiceYice — MiceZice (roll moment arm)
Kice = liceZice — NiceXice (pitch moment arm)
Nice = MiceXice — LiceYice (yaw moment arm)

The added mass terms for the ice are assumed as follows;

AM

Xice

= 0.05 (added mass factor in surge)

AM = 0.05 (added mass factor in sway)

Yice

(67)

(68)
(69)

(70)

(71)
(72)

(73)

(74)

(75)



AT

AM,,., = 1.0 (added mass factor in heave) (76)
AM,oy,., = 1.0 (added mass factor in roll) (77)

Mpitice =1.0 (added mass factor in pitch) (78)
AMyqy,,, = 0.05 (added mass factor in yaw) (79)

The mass radii of gyration (squared) are;

rxi, = L?/12 (roll) (80)
Yiee = L1?/12 (pitch) (81)
rZie = L2/9 (yaw) (82)

The six force (moment) actions on the six degrees of freedom of the vessel’s center of gravity are;

Fice = Falice (force in surge) (83)

Vice = FnMice (force in sway) (84)
F o = Faltice (force in heave) (85)
Mo, = Faldice (moment in roll) (86)
Mp;t,., = Falkice (moment in pitch) (87)
Myaw, ., = Fallice (moment in yaw) (88)

There are six accelerations at the center of gravity are:

Ay, = B l/(M(1 + AM,)) (acceleration in surge) (89)
ay,., = Bum/(Mic.(1 + AM,)) (acceleration in sway) (90)
Azice = Fat/ (Mice (1 + AM,)) (acceleration in yaw) (91)
Aroty, = Falice/ Mice TX5ee(1 + AMyop,.))  (acceleration in roll) (92)
Upityey = Fabice/ Mice TYiee (1 + AMpye, ) (acceleration in pitch) (93)
Ayawee = Fallice/ Mice T25e (1 + AMyqy, ) (acceleration in yaw) (94)

Each of these accelerations contributes to the acceleration of the point of ice contact. The total
acceleration at the point of contact can be expressed as;

Z.ice =F Coice/Mice (95)

where;



A8

2 2 2 2 2 2
C X — lice Mice + Nice Ai::e Hice _|_ Nice (96)
Ol " 1+AM, = 1+AMy = 1+AM,  TxX2(1+AMyon) = TY2(1+AMpi) = T22(1+AMyqy)

The ship and ice equivalent masses are;

_ M ship Mice
€ship CO €ice

The combined single equivalent mass for the impact is;

Me=—q 1"

—_ + e

Meship Meice
For the simplest case, where the ship is moving in x only and the ice is stopped, the effective normal speed
is;

Ve = shipl

For arbitrary initial velocities of the ship and ice, normal overlap velocity is determined by taking all
geometry and kinematics into account. The impact can thus be viewed as a single degree of freedom
collision (see Figure 118)

mechanical idealization
1 degree of freedom collision model

Figure 118: Ice collision point geometry



