
Publisher’s version  /   Version de l'éditeur: 

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 
pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 
first page of the publication for their contact information. 

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Student Report (National Research Council of Canada. Institute for Ocean 
Technology); no. SR-2006-06, 2006

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

NRC Publications Archive Record / Notice des Archives des publications du CNRC :
https://nrc-publications.canada.ca/eng/view/object/?id=f438414c-d0e1-426e-a88f-a406c1ed8925

https://publications-cnrc.canada.ca/fra/voir/objet/?id=f438414c-d0e1-426e-a88f-a406c1ed8925

NRC Publications Archive
Archives des publications du CNRC

For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien 
DOI ci-dessous.

https://doi.org/10.4224/8895340

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

DECICE implementation of ship performance in ice: a summary report
Quinton, B.



 DOCUMENTATION PAGE 
 

REPORT NUMBER 
SR-2006-06 

NRC REPORT NUMBER 
SR-2006-06 

DATE 
April 2006 
 

REPORT SECURITY CLASSIFICATION 
 
Unprotected 

DISTRIBUTION 
 
Unlimited 

TITLE 
DECICE IMPLEMENTATION OF SHIP PERFORMANCE IN ICE:  A SUMMARY REPORT 
 
AUTHOR(S) 
 
Bruce W. Quinton 
CORPORATE AUTHOR(S)/PERFORMING AGENCY(S) 
 
Institute for Ocean Technology, National Research Council, St. John’s, NL 
PUBLICATION 
 
 
SPONSORING AGENCY(S) 
 
Institute for Ocean Technology, National Research Council, St. John’s, NL 
IOT PROJECT NUMBER 
PJ2114 

NRC FILE NUMBER 
 

KEY WORDS 
Discrete element, numerical model, ice, resistance, 
manoeuvring, turning circle, DECICE 

PAGES 
60 

FIGS. 
24 

TABLES 
10 

SUMMARY 
DECICE – a discrete element numerical modeling program – has already been proven as a 
tool for analyzing structure-ice interaction (Lau 1994a, 1994b, 1999 and Lau et al., 1996, 
2000).  The objective of this project is to extend the versatility of DECICE so that it includes 
modeling of the interactions of vessels with pack ice and level ice. This report summarizes 
exploration of the feasibility and efficiency of using DECICE to numerically model vessel 
action in ice environments.  The unique characteristics of DECICE and their application to 
this problem are discussed.  The development of standardized numerical model 
methodology and techniques are presented.  Numerical tests for two types of ice 
performance tests are presented; resistance in pack ice and level ice turning circle tests.  
Results of these tests are compared with published model tests in order to verify the 
numerical models. 
 
ADDRESS National Research Council 

Institute for Ocean Technology 
Arctic Avenue, P. O. Box 12093 
St. John's, NL   A1B 3T5 
Tel.: (709) 772-5185, Fax: (709) 772-2462 

 



 
National Research Council Conseil national de recherches 

 Canada Canada 
 
Institute for Ocean Institut des technologies 
Technology océaniques 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DECICE IMPLEMENTATION OF SHIP PERFORMANCE IN ICE: 
A SUMMARY REPORT 

 
 
 

SR-2006-06 
 
 
 

Bruce W. Quinton 
 
 
 

April 2006 



ACKNOWLEDGMENTS 
 
The lifeboat in pack ice simulation was partially supported by the Program of Energy 
Research and Development (PERD) through the Marine Transportation and Safety 
POL, and the Atlantic Canada Opportunities Agency’s (ACOA) Atlantic Innovation Fund 
through the Marine Institute, Newfoundland.  The Manoeuvring in ice simulation was 
partially funded by the Atlantic Innovation Fund through the Marine Institute. 
 
I would like to thank Dr. Michael Lau for his mentorship and tutelage.  I would also like 
to thank the staff at IOT for their willingness to help, especially the Computer Systems 
Staff. 
 

i 



SUMMARY 
 
DECICE – a discrete element numerical modeling program – has already been proven 
as a tool for analyzing structure-ice interaction (Lau 1994a, 1994b, 1999 and Lau et al., 
1996, 2000).  The objective of this project is to extend the versatility of DECICE so that 
it includes modeling of the interactions of vessels with pack ice and level ice. 
 
This report summarizes exploration of the feasibility and efficiency of using DECICE to 
numerically model vessel action in ice environments.  The unique characteristics of 
DECICE and their application to this problem are discussed.  The development of 
standardized numerical model methodology and techniques are presented.  Numerical 
tests for two types of ice performance tests are presented; resistance in pack ice and 
level ice turning circle tests.  Results of these tests are compared with published model 
tests in order to verify the numerical models. 
 
DECICE is the numerical modeling program of choice for these simulations because it 
employs the “discrete element” numerical method.  This method treats elements as 
distinct entities that interact independently of other elements, and allows elements to 
fracture, thereby creating new elements.  This type of logic allows particle media (i.e. 
many distinct objects interacting simultaneously – e.g. pack ice) to be modeled very 
efficiently when compared with the convoluted logic that would be required by a “finite 
element” numerical modeling program to analyze the same problem. 
 
The numerical models consist of a water foundation, ice elements that are contained by 
wall elements, and a vessel element.  Where possible, measured model test 
behavioural parameters are used.  Where measured parameters are not available, 
values are either assumed and supported by published literature, or found using 
sensitivity analyses that measure their effect on the numerical model test results. 
 
Numerical vessel elements are subject to an imposed displacement at constant velocity.  
This simulates the action of the ice tank test carriage towing the model at constant 
velocity for each of the model tests. 
 
Two series of published model tests were chosen with which to verify the numerical 
model:  A series of pack ice resistance tests on a conventional lifeboat (TEMPSC) 
model, and a series of level ice turning circle tests on a model of the CCGS Terry  
Fox (icebreaker).  Matrices of numerical tests identical to their model test counterparts 
were developed.  Results of these tests compare favourably with the published model 
test results for both ice performance tests types. 
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DECICE Implementation of Ship Performance in Ice:  A Summary Report 
 

 
1.0 INTRODUCTION 
 
Numerical models are becoming valuable analysis tools as supplements to model tests.  
There are several software packages available offering different numerical methods as 
a basis for simulation of real world phenomena.  As part of an ongoing effort to develop 
numerical modeling techniques, IOT has undertaken the implementation of numerical 
ice performance tests with DECICE, a discrete element numerical method program. 
 
The objectives and scope of this project are to:  1. Explore the feasibility and efficiency 
of using DECICE to numerically model vessel-ice interactions in ice environments.  2. 
Develop standard numerical model methodology and techniques for numerically 
modeling vessel-ice interactions.  3. Verify the numerical models by conducting 
simulations of published model tests and comparing the simulation results to the model 
test results. 
 
DECICE has already been proven as a tool for analyzing structure-ice interaction (Lau 
1994a, 1994b, 1999 and Lau et al., 1996, 2000).  Extension of the versatility of DECICE 
to include numerical modeling of the interactions of vessels-in-motion with pack ice and 
level ice provides an economic supplement to model test predictions.  The development 
of standard methodology and techniques for modeling these types of problems, along 
with verification of the numerical model provides a basis for routine analysis of problems 
of this type, and confidence in their results. 
 
Two types of ice performance tests were chosen for numerical modeling:  1. Pack ice 
resistance tests, and 2. Level ice turning circle tests.  The numerical models were 
verified by comparing simulation test results with published model test data for both of 
these test series’. 
 
This report consists of four main sections.  The first section discusses DECICE, the 
“discrete element method”, and the applicability of both to vessel-ice interaction 
simulation.  The second summarizes the published physical ice performance tests and 
their results.  The third section discusses the development and testing of the numerical 
model.  The final section presents the numerical model verification. 
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2.0 DECICE AND THE DISCRETE ELEMENT METHOD 
 
DECICE is a commercial numerical modeling program available for three operating 
systems: VMS®, Sun®, and Windows®

.  Unlike several popular numerical modeling 
programs that use the “finite element method”, DECICE employs the “discrete element 
method” as the basis for its simulations. 
 
DECICE was chosen as the engine for these simulations because the discrete element 
numerical method is an ideal tool for analyzing icebreaking and ice floe interaction.  It 
was created as a tool for analyzing generalized discontinuums like block-jointed rock 
masses and sea ice floes in which numerous bodies interact and undergo large 
absolute and relative displacements, rotations, and fracture into new discrete bodies.   
 
The discrete element method treats each element as a distinct body that interacts with 
other bodies through edge and corner contacts that may change with time. 
 
The governing dynamic equilibrium equations for the discrete elements can be written in 
the general form: 
 

[ ]{ } [ ]{ } [ ]{ } { }M u C u K u f+ + =&& &   (1) 
where: {u} is the displacement matrix (differentiable with time) 
  [M] is the mass matrix 
  [C] is the damping matrix 
  [K] is the stiffness matrix 
  {f} is the applied loads matrix 

 
The relative motion of neighbouring elements dictates the interaction of discrete 
elements by generating incremental interaction forces given by: 
 
 n n n n nf k u k uβ∆ = ∆ + ∆ &   (2a) 
 s s s s sf k u k uβ∆ = ∆ + ∆ &   (2b) 
  where: β is a stiffness proportional damping coefficient 

∆fn and ∆fs are normal and tangential components of the 
incremental contact force 
kn and ks are normal and tangential joint stiffnesses 
un and us are normal and tangential relative joint 
displacements 

 
One of the major differences between the finite element method and the discrete 
element method is the number of nodes that comprise the elements.  Finite elements 
“share” common nodes while discrete elements do not.  For example, a 2 X 2 two-
dimensional lattice of elements under finite element analysis has 9 nodes (see Figure 
1): 1 for each external corner (4), 1 for each point where elements meet on the outside 
edge (4), and 1 for the centre where the mesh lines cross.  Only the four external corner 
nodes are not “shared” with any other elements.  The node at the centre of the lattice is 
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shared by all four finite elements.  A similar lattice described with discrete elements has 
sixteen nodes (see Figure 2): each element has 4 nodes; none of which are shared.  
The point where the mesh lines cross in the centre of the discrete element lattice is the 
location of 4 separate nodes.  Each node has the same coordinates as the other three 
(i.e. they occupy the same space).  While the four finite elements are “locked” together 
by virtue of the fact that they share nodes, the discrete elements are not.  Under 
disturbance, they would behave as separate entities, except for the special case in 
which they are intentionally “locked” together by the user. 
 

 
Figure 1: 2 X 2, 2D lattice of finite 
elements. 

 
Figure 2: 2 X 2, 2D lattice of discrete 
elements. 

 
Discrete element “locking” is used to model an object that is too complex to be 
described with a single discrete element.  The level ice sheets described in this report 
are examples of such a case.  In order to adequately model the icebreaking process 
that occurs during a turning circle manoeuvre, a level ice sheet was created as a lattice 
of “locked” discrete elements that had similar geometries as the broken ice pieces 
observed in the physical model tests.  Parameters governing the “breaking away” of the 
existing “locked” discrete elements and the creation of new discrete elements through 
element “cracking” are chosen by the user.  These features are unique to the discrete 
element method and provide an efficient method with which to model the icebreaking 
process. 
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3.0 ICE PERFORMANCE TESTS 
 
Two types of ice performance tests were simulated:  1.  Pack ice resistance tests and 2. 
Level ice turning circle tests.  Both of these performance tests are routinely performed in 
many ice tanks around the world, for many types of ships, with many different missions.  
It is the objective of this project that the numerical models developed herein will be 
useful tools for analyzing and predicting ship performance in ice. 
 
This section outlines two sets of published ice performance model tests and their 
results.  The first set is a series of resistance tests in pack ice (Simões Ré et al., 
2003).for a totally enclosed motor propelled survival craft (henceforth referred to as a 
“conventional lifeboat”, or a “TEMPSC”).  The second set is a series of level ice turning 
circle tests for the CCGS Terry Fox (Lau and Derradji-Aouat, 2004). 
 
These sets of published results are compared later in the report with the results of the 
numerical models in order to verify their validity. 
 
3.1 TEMPSC Resistance Tests in Pack Ice 
 
For a detailed account of these tests and their results, the reader is referred to Simões 
Ré et al. (2003). 
 
3.1.1 Background 
 
Model-scale resistance tests were performed in the Institute for Ocean Technology’s ice 
tank using a 1:13 scale model of a typical 10m long 80-person totally enclosed motor 
propelled survival craft (TEMPSC) (Figure 3).  A summary of the model’s hydrostatics is 
given in Appendix 3 of Simões Ré et al. (2003).  A tow pole was used to attach the 
model at its centre of gravity to the ice tank carriage.  The model’s yaw and sway 
degrees of freedom were restricted for these tests.  Open water and pack ice resistance 
tests were both performed in the ice tank for ice conditions of varying concentration, 
size, and thickness. 
 

 
Figure 3: Conventional TEMPSC lifeboat 1:13 scale model. 

 4



Columnar-grained CD-EG/AD/S ice (Spencer and Timco, 1990) was used for these 
tests.  CD-EG/AD/S stands for “corrected density – ethylene-glycol/aliphatic-
detergent/sugar”.  The density was corrected by bubbling air into the growing ice sheet, 
thereby improving the scaling properties of the ice.  The flexural, compressive, and 
shear strengths of the model ice were measured frequently throughout the test program.  
Two 25mm and two 50mm thick (nominal) ice sheets were grown for these tests; 
corresponding to full-scale nominal ice thicknesses of about 0.325m and 0.650m, 
respectively.  Two sizes of ice floes were modeled: small and large.  Ice floe size was 
controlled by cutting the level ice into strips and breaking them apart by hand.  Pack ice 
concentration was controlled by increasing the water surface area a known amount. 
 
3.1.2 Results 
 
The model test results are shown in Table 1 and a plot of resistance vs. velocity is 
shown in Figure 4.  The names of each test (excluding the open water tests) denote the 
ice thickness (e.g. H25 is 25mm thick ice) and ice coverage concentration (e.g. C6 is 
60% coverage with pack ice).  The last column in the table shows the Cc, pack for the 
pack ice resistance tests.  This is the non-dimensional coefficient of resistance that 
represents the components of the total resistance that are scalable with Froude scaling 
(i.e. no viscous component).  The frictional (viscous) resistance component, Cf, is 
subject to scaling according to the ITTC ‘57 “Ship Model Correlation Line” (ITTC, 1957). 
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Figure 4: Model tests total measured tow force vs. velocity. 
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Table 1: Physical model resistance test results. 

Legend V [m/s] RT [N] Re CF RF [N] Rc,pack [N] Fni Cc,pack

Open Water 0.144 0.845 8.565E+04 0.00872 --- --- --- ---
2 0.285 0.883 1.695E+05 0.00719 --- --- --- ---
3 0.428 0.974 2.546E+05 0.00647 --- --- --- ---
4 0.570 1.059 3.390E+05 0.00602 --- --- --- ---
5 0.712 1.228 4.235E+05 0.00570 --- --- --- ---
6 0.854 1.615 5.079E+05 0.00546 --- --- --- ---
7 0.997 2.131 5.930E+05 0.00527 --- --- --- ---
8 1.137 3.309 6.763E+05 0.00511 --- --- --- ---

M13_H25_C5 0.143 0.854 8.486E+04 0.00874 0.017 0.836 0.378 90.744
2 0.427 2.473 2.538E+05 0.00647 0.115 2.358 1.130 28.616
3 0.711 4.256 4.231E+05 0.00570 0.281 3.975 1.884 17.356
4 0.852 5.412 5.069E+05 0.00546 0.387 5.025 2.258 15.281
5 1.136 6.884 6.756E+05 0.00511 0.643 6.241 3.009 10.685

M13_H25_C6 0.285 0.986 1.696E+05 0.00719 0.057 0.929 0.690 14.595
2 0.427 2.092 2.540E+05 0.00647 0.115 1.977 1.033 13.864
3 0.570 3.230 3.390E+05 0.00602 0.191 3.040 1.378 11.962
4 0.712 5.312 4.233E+05 0.00570 0.281 5.030 1.721 12.698
5 0.852 6.401 5.070E+05 0.00546 0.387 6.014 2.061 10.580
6 0.997 7.318 5.931E+05 0.00527 0.511 6.808 2.412 8.752

M13_H25_C7 0.285 1.089 1.697E+05 0.00719 0.057 1.032 0.639 10.211
2 0.427 2.042 2.540E+05 0.00647 0.115 1.927 0.956 8.510
3 0.570 3.497 3.393E+05 0.00602 0.191 3.306 1.277 8.182
4 0.749 6.105 4.453E+05 0.00563 0.308 5.797 1.676 8.327
5 0.853 7.860 5.076E+05 0.00546 0.388 7.473 1.911 8.261

M13_H50_C6 0.143 4.931 8.529E+04 0.00873 0.017 4.914 0.269 186.603
2 0.285 5.761 1.693E+05 0.00719 0.057 5.704 0.534 54.945
3 0.570 8.371 3.388E+05 0.00602 0.190 8.181 1.068 19.691
4 0.711 9.296 4.231E+05 0.00570 0.281 9.015 1.334 13.912

M13_H50_C7 0.143 5.120 8.497E+04 0.00874 0.017 5.103 0.248 122.941
2 0.428 7.773 2.544E+05 0.00647 0.115 7.658 0.743 20.582
3 0.711 9.549 4.231E+05 0.00570 0.281 9.268 1.236 9.004
4 1.137 10.981 6.761E+05 0.00511 0.644 10.337 1.974 3.933  

 
The discrepancy between this table and Table 8.3, P. 23 as reported in Simões Ré et al. 
(2003) is due to the fact the ice density was used to calculate frictional resistance (RF) 
instead of water density.  This oversight is corrected in Table 1. 
 
3.1.3 Scaling and data manipulation 
 
The scaling procedures are outlined in detail in Lau and Simões Ré. (2006).  The 
predicted full-scale model test results are presented here in Table 2. 
 
The numerical simulations were carried out without simulating hydrodynamic drag on 
the vessel element.  Accordingly, the open water model test results were used to 
remove the hydrodynamic effects from the total model test resistances. 
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To do this, a 5th order regression of the open water test results was performed which 
yielded the velocity dependent hydrodynamic resistance equation: 

5 4 3 221.5 154 440 418 217owR V V V V= − + − + V  [kN] (3) 
 
A plot of the hydrodynamic resistance regression is shown below in Figure 5. 

ROW = 21.484V5 - 154.44V4 + 439.92V3 

- 418.01V2 + 217.42V
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Figure 5: Full scale open water resistance regression. 

 
The hydrodynamic resistance was then removed from the total resistance for each pack 
ice resistance test using the following equation. 
 c T OWR R R= −   (4) 
 
RC was the resistance value used to verify the results of the numerical pack ice 
resistance model, and its predicted values for each run are shown in the last column of 
Table 2. 
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Table 2: Predicted full-scale model pack ice resistance test results. 

Velocity 
[m/s]

Total 
Resistance [N]

Ice Component 
Resistance [N]

Open Water 0.519 32 ---
2 1.028 116 ---
3 1.543 316 ---
4 2.055 496 ---
5 2.567 874 ---
6 3.079 1724 ---
7 3.595 2858 ---
8 4.100 5446 ---

M13_H25_C5 0.516 1876 1825
2 1.540 5433 5163
3 2.564 9350 8399
4 3.072 11890 10245
5 4.096 15124 9572

M13_H25_C6 1.028 2166 2054
2 1.540 4596 4326
3 2.055 7096 6556
4 2.567 11670 10715
5 3.072 14063 12418
6 3.595 16078 13070

M13_H25_C7 1.028 2393 2281
2 1.540 4486 4217
3 2.055 7683 7142
4 2.701 13413 12312
5 3.076 17268 15617

M13_H50_C6 0.516 10833 10782
2 1.028 12657 12545
3 2.055 18391 17850
4 2.564 20423 19472

M13_H50_C7 0.516 11249 11198
2 1.543 17077 16806
3 2.564 20979 20028
4 4.100 24125 18548

Full Scale
Test Name

 
 
3.2 Level Ice Turning Circle Tests 
 
A detailed treatment of these tests and their results can be found in Lau and Derradji-
Aouat (2006). 
 
3.2.1 Background 
 
Model-scale level ice turning circle tests were performed at IOT’s ice tank using a 1:21.8 
scale model of the CCGS Terry Fox, shown in Figure 6.  The model’s hydrostatics are 
given in the Appendix A in Lau and Derradji-Aouat (2006).  The model was attached to 
the ice tank carriage using the PMM (Marineering Ltd., 1997).  The PMM was attached 
at the model’s centre of gravity and the roll degree of freedom was restricted.  Open 
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water and level ice turning circle tests were both performed in the ice tank for turning 
circle radii of 10 [m], 50 [m], and infinite (straight line). 
 

 
Figure 6: CCGS Terry Fox model attached to the PMM. 

 
Columnar-grained CD-EG/AD/S ice was also used for these tests.  The flexural, 
compressive, and shear strengths of the model ice were measured frequently 
throughout the test program.  All level ice tests were conducted in ice of nominal flexural 
strength and thickness of 35 [kPa] and 40 [mm] respectfully. 
 
3.2.2 Results 
 
The numerical simulations of these level-ice turning circle tests were carried out at 
model-scale; therefore scaling of these tests results was not necessary. 
 
The results of the Terry Fox level ice turning circle tests, presented in Lau and Derradji-
Aouat (2006), are summarized here in Table 3.  Note:  the “straight line” open water and 
level ice “Mean Tow Force” values are taken from another identical test series (Derradji-
Aouat and van Thiel, 2004). 
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Table 3: Terry Fox turning circle ice performance model test results. 

Test R 
[m]

Model Velocity 
[m/s]

Mean Tow 
Force [N]

Yaw Moment 
[Nm]

Open Water inf 0.1 0.32 ---
Open Water inf 0.3 2.08 ---
Open Water inf 0.6 7.43 ---
Open Water inf 0.9 16.05 ---
Open Water 10 0.1 --- 0.93
Open Water 10 0.3 --- -0.63
Open Water 10 0.6 --- -7.96
Open Water 10 0.9 --- -21.02
Open Water 50 0.1 --- 0.07
Open Water 50 0.3 --- -0.9
Open Water 50 0.6 --- -4.47
Open Water 50 0.9 --- -10.41

Level Ice inf 0.02 20.47 ---
Level Ice inf 0.1 27.77 ---
Level Ice inf 0.3 40.77 ---
Level Ice inf 0.6 52.07 ---
Level Ice 10 0.05 --- 67.91
Level Ice 10 0.1 --- 77.58
Level Ice 10 0.2 --- 84.26
Level Ice 10 0.3 --- 113.52
Level Ice 10 0.4 --- 93.42
Level Ice 10 0.5 --- 114.19
Level Ice 10 0.6 --- 123
Level Ice 50 0.02 --- 15.86
Level Ice 50 0.1 --- 38.24
Level Ice 50 0.3 --- 25.96
Level Ice 50 0.6 --- 84.81  
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4.0 DEVELOPMENT AND TESTS OF THE NUMERICAL MODELS 
 
Like physical model tests, limits exist on the potential and feasibility of any numerical 
simulation.  There is a direct relationship between the number of elements in a 
simulation, and the amount of computing power and computing time required to perform 
that simulation.  For example, modeling an infinite ice sheet would require infinite ice 
elements, infinite computing power, and infinite computing time.  Also, because explicit-
explicit time stepping (Intera Information Technologies, 1986) is required for these types 
of simulations, a very small time step is required to maintain simulation stability.  
Stiffness parameters (e.g. element interaction stiffness) have a direct impact on the 
efficiency of a numerical simulation.  High stiffness values tend to decrease the time 
step length, thereby requiring more time steps and computational time to analyze the 
same simulation time. 
 
In designing the following numerical test procedures, it was necessary to impose the 
same constraints, behavioural parameters, and disturbance parameters as were 
present in the physical model tests.  Since the both ice performance test types were 
performed an ice tank, they share many common features. 
 
The unique features for each numerical test set-up will be discussed in the next section, 
followed by their common features. 
 
4.1 Pack Ice Resistance Test Numerical Model 
 
The unique features of the pack ice resistance tests’ numerical simulations are outlined 
below. 
 
4.1.1 Coordinate system 
 
The global coordinate system used in these simulations is located with the x-origin at 
the aft most point of the initial position of the ship element (at t = 0 s) with its positive 
direction pointing in the direction of the ship’s initial motion, the z-origin is at waterline 
elevation with its positive direction pointing vertically upward, and the y-origin is located 
at the intersection of the x and z axes with its direction governed by the right-hand rule 
(RHR). 
 
The origin of the local coordinate system for the lifeboat model is located at the 
element’s centre of gravity (CG) with the positive x-axis pointing toward the bow along 
the centreline of the vessel, the positive z-axis pointing vertically upward, and the 
positive y-axis pointing to port (RHR).  This local coordinate system translates and 
rotates with the ship element. 
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4.1.2 Required numerical elements 
 
The elements required for this numerical model are: 1.  The lifeboat element, 2.  The 
pack ice elements, 3.  The rigid wall boundary elements, and 4.  The water foundation. 
These four major parts of the numerical model are shown in Figure 7. 

 
Figure 7: Required pack ice resistance test numerical model elements. 

 
For a detailed treatment of the design and development of these numerical elements, 
the reader is referred to Lau and Henley (2004) and Quinton (2004). 
 
TEMPSC element 
The conventional lifeboat was numerically modeled as a motion element (ME).  A 
motion element is a rigid element that is capable motion in six degrees of freedom.  It 
was modeled as a rigid element because structural analysis of the model’s hull was not 
a requirement for these tests.  The lifeboat element’s geometry consists of a collection 
of adjacent three and four sided polygons.  This geometry can be seen in Figure 8. 
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Figure 8: Numerical representation of conventional lifeboat hull. 

 
The hydrostatics and mass properties of the lifeboat model used in the physical tests 
are given in Table 4.  These values were used to construct the lifeboat element (Lau 
and Henley, 2004).  Hydrodynamic characteristics matching of the lifeboat element with 
the physical model was necessary due to the inherent error associated with 
representing curved surfaces numerically (i.e. with a collection of three and four sided 
polygons).  This was accomplished through a series of numerical ballast, trim, decay, 
and open water tests.  The longitudinal centre of gravity and vessel’s mass were 
iterated until the draft, trim, and natural frequency characteristics satisfactorily matched 
the physical model’s values (Lau and Henley (2004)). 
 

Table 4: Hydrostatic and mass properties of conventional lifeboat. 

 Full 
Scale 

1:13 
Scale 

Length Overall (m) 10.0 0.769 
Beam at Mid-Ship (m) 3.30 0.259 
Displacement (kg) 11800 5.38 
Longitudinal Centre of Gravity (m) 4.98 0.383 
Vertical Centre of Gravity (m) 1.34 0.103 
Draft at Mid-Ship (m) 0.897 0.069 

 
Ice elements 
Ice floes were simulated using simply deformable finite elements (SDFE’s).  These 
elements can normally be deformed, bent, and/or broken during interaction with their 
surroundings, but because icebreaking was not a consideration during these tests, only 
element deformation was allowed.  Pack ice floe sheets of specified concentrations, floe 
areas, and thicknesses were randomly generated using Tess2D, an in-house 
tessellation program (Schachter, 1993).  Figure 9 shows a typical pack ice sheet with 
some ice elements removed to allow the vessel element to start its run within the pack 
ice. 
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Figure 9: Pack ice elements. 

 
Tess2D reduces a rectangle of known size into a group of convex polygons of random 
size such that the sum of the areas of the polygons divided by the initial rectangular 
area gives the desired concentration of pack ice. 
 
Due to the way Tess2D generates the random floe geometries, an iterative process was 
required to obtain pack ice sheets that were within the target parameters and 
acceptable error limits. 
 
Wall boundaries 
 
The wall boundaries were modeled with rigid elements that were fixed in all degrees of 
freedom.  They extended above and below the water surface in order to contain the ice 
floes in the same manner as ice tank walls restrict them during model tests. 
 
Water foundation 
In all cases the water density used was the ice tank water density, 1002.4 kg/m3. 
 
Numerical modeling of the effects of water on the behaviour of the ice elements was 
accomplished using the drag coefficient (CD).  The drag coefficient is applied using the 
PHYSICAL-CONST card.  It applies a universal velocity dependant drag to all elements 
that are not subject to imposed velocities.  Water drag is modeled using the equation: 

 
2

2
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where: CD = the drag coefficient  

Ve = the velocity of the element 
ω = the angular velocity of the element 
ρw = the density of water 
Av and Aω = element projected “areas” for the vessel element 

 
Use of the drag coefficient may cause instability in some simulations, eventually causing 
them to crash before completion.  Output obtained before the crash is still usable, 
however the simulation time may be shorter than desired.  This instability issue is 
currently being investigated.  Use of CD is the preferred method of applying water drag 
to ice elements. 
 
Hydrodynamic drag can be applied to the lifeboat element using the HYDRO-DAMP 
card.  With this card it is possible to simulate the hydrodynamic effects of water on a 
motion element (i.e. the lifeboat element) using a 5th degree polynomial (where 
resistance is dependent on element velocity) and added mass coefficients.  Results of 
the physical open water resistance tests and decay tests for the physical lifeboat model 
were used by Lau and Henley (2004) to determine the resistance vs. velocity and added 
mass characteristics of the lifeboat element.  Unfortunately, applying a constant velocity 
to an element negated the effects of the velocity dependent HYDRO-DAMP card.  
Therefore it was not possible to model the hydrodynamic effects of water on the lifeboat 
element.  The numerical simulations were carried out considering only the ice 
component of resistance.  Note that the HYDRO-DAMP card can be used on a motion 
element in conjunction with an applied force. 
 
4.2 Level Ice Turning Circle Test Numerical Model 
 
The unique features of the level ice turning circle tests’ numerical simulations are 
outlined below. 
 
4.2.1 Coordinate system 
 
The global coordinate system used in these numerical simulations initially has its origin 
along the ship element’s centreline, at the waterline, above the longitudinal centre of 
gravity.  The positive global x-direction points in the direction of the vessel’s initial 
motion, the positive global z-direction points vertically upward, and the positive global y-
direction points to port (as governed by the right-hand rule (RHR)). 
 
The origin of the local coordinate system for the ship element is located at the element’s 
centre of gravity (CG) with the positive x-axis pointing toward the bow along the 
centreline of the vessel, the positive z-axis pointing vertically upward, and the positive y-
axis pointing to port (RHR).  This local coordinate system translates and rotates with the 
element. 
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4.2.2 Required numerical elements 
 
The elements required for this numerical model are: 1.  The model scale Terry Fox 
element, 2.  The level ice sheet element(s), 3.  The wall boundary elements, and 4.  The 
water foundation. These four major parts of the numerical model are shown in Figure 
10. 
 

 
Figure 10: Required level ice turning circle numerical model elements. 

 
Terry Fox element 
The CCGS Terry Fox, a Canadian Coast Guard icebreaker, was numerically modeled in 
model-scale (λ = 21.8) as a motion element (Lau and Henley, 2004).  The Terry Fox 
element’s geometry is shown in Figure 11. 
 

 
Figure 11: Numerical representation of Terry Fox model. 

 
Similar to the generation of the TEMPSC element (described in Section 4.1.2), the 
hydrostatics (shown in Table 5) were used to create the element geometry and the 
results of model ballast, trim, and open water tests were used to match its 
hydrodynamics to those of the physical model.  Numerical decay tests were not 
considered in these simulations because only forward motion was modeled. 
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Table 5: Hydrostatic and mass properties of the Terry Fox model. 

 Full 
Scale 

1:21.8 
Scale 

Length Overall (m) 88.00 4.037 
Beam at Mid-Ship (m) 17.48 0.802 
Displacement (kg) 7.07E+06 682.3 
Longitudinal Centre of Gravity (m) 31.22 1.432 
Vertical Centre of Gravity (m) 6.730 0.3087 
Draft at Mid-Ship (m) 8.200 0.3762 

 
Ice elements 
Ice floes were simulated using simply deformable finite elements.  Icebreaking was 
being modeled in these simulations, therefore element deformation, bending, and 
breaking along locked element faces (i.e. mesh lines) were allowed. 
 
Level ice sheets consisting of two ice material types were created for each test run.  
The first ice material type was used to construct the mesh of elements that were not 
subject to direct interaction with the Terry Fox element.  These elements are referred to 
as the “outside ice” elements.  The second ice material type was used to construct the 
mesh of elements that were subject to direct contact with the Terry Fox element.  These 
elements are referred to as the “channel ice” elements.  Material properties for both ice 
types were identical except for the mass damping applied to each:  10% critical mass 
damping was applied to the “channel ice” elements and 5% critical mass damping was 
applied to the “outside ice” elements. 
 
A typical level ice sheet is shown in Figure 12.  The “channel ice” is distinguished by its 
chevron shape, and the “outside ice” is present on either side. 
 

 
Figure 12: Typical numerical level ice sheet. 
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Wall boundaries 
Since level ice is not composed of a collection of discontinuous media, rigid wall 
boundaries in the sense that they were used for the pack ice resistance tests were not 
necessary.  For these simulations, fixing the outermost ice elements in all degrees of 
freedom was sufficient to contain the level ice sheet.  The fixed boundaries are shown in 
grey in Figure 13. 
 

 
Figure 13: Level ice sheet wall boundaries. 

 
Water simulation 
For all numerical simulations, the water density used was the ice tank water density, 
1002.4 kg/m3.  Numerical modeling of the effects of water drag on the behaviour of the 
ice elements was accomplished using mass damping.  Again, the hydrodynamic 
resistance on the Terry Fox element was not modeled. 
 
The DAMPING-MAT card was used to apply water drag effects to the “outside ice” and 
“channel ice” elements as discussed above.  Mass damping can simulate water effects 
by causing elements to damp the energy transferred to them as if they were in water.  
Because the elements of each material type are relatively equal in size, it was possible 
to apply mass damping without the possibility of over-damping or under-damping an 
elements motion. 
 
4.3 Commonalities of the Numerical Models 
 
All physical model tests were carried out in a similar environment, giving rise to 
similarities in between numerical simulation of each type of ice performance test. 
 
Slight geometric differences exist between the physical model and the numerical model 
vessels.  The nature of numerical modeling requires that curved surfaces (such as 
those on the physical model vessels) be approximated with three and four sided 
polygons.  There are no restrictions on the number of polygons that can be used to 
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define an element and great effort went into ensuring that the numerical vessel models 
were sufficiently accurate. 
 
Most behavioural and disturbance parameters were common between all simulations as 
well.  These are outlined in the following two subsections. 
 
4.4 Behavioural Parameters 
 
Behavioural parameters (Moaveni, 1999) are material and environmental properties that 
influence the behaviour of the numerical elements.  Material properties include density, 
Young’s Modulus, Poisson’s Ratio, natural frequency, internal friction angle, 
compressive strength, flexural strength, and tensile strength.  Environmental properties 
include the gravitational constant, element interaction stiffness, element interaction 
friction, and element interaction cohesion. 
 
The implementation of these behavioural parameters into the numerical model can be 
broken into three categories:  measured values, assumed values, and determined 
values. 
 
4.4.1 Measured values 
 
Where possible, values measured during the physical model tests were incorporated 
into the numerical model.  These known values served as a basis for determining the 
other behavioural parameters that were not possible to measure. 
 
The known behavioural parameters were: 
Known Parameter Value 
Water Density [kg/m3] 1002.4 
Gravitational Constant [m/s2] -9.81 
Ice Density [kg/m3] (variable) 850.0, 868.0, 881.0
Ship/Hull Friction Coeff. (variable) 0.4, 0.2 
Ice Young’s Modulus [Pa] (variable) 1.11E+08, 1.0E+09
Compressive Strength [Pa] 0.13E+06 
Flexural Strength [Pa] 0.315E+05 
 
4.4.2 Assumed values 
 
Where it was not possible to use measured values, some values could be assumed and 
supported by published literature.  These include: 
Assumed Parameter Value 
Ice Poisson’s Ratio [non-dim] 0.3 
Ice Internal Friction Angle [DEG] 30.0 
Ice Tensile Strength [Pa] 0.315E+05 
Minimum Element Volume [m3] 0.00525 
Ice % Critical Mass Damping 5%, 10% 
Ice % Critical Internal Damping 70% 
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4.4.3 Determined values 
 
Some parameters were peculiar to DECICE and were subject to sensitivity studies to 
determine their impact on the simulation results.  These values include viscous drag, 
element interaction stiffness (known to DECICE as INTER-STIFF), and rigid wall 
boundary/pack ice separation distance (pack ice resistance numerical model only).  
These parameters are explored in the next section. 
 
4.4.4 Sensitivity Analysis 
 
Element interaction stiffness (INTER-STIFF) 
The element interaction stiffness parameter directly influences the transfer of energy 
between discrete elements.  Of interest in these numerical models is its effect on the 
energy transfer when the ship element impacts the ice element. 
 
A series of tests was carried out to examine the sensitivity of the pack ice numerical 
model to variance in the element interaction stiffness.  The test matrix is shown in Table 
6. 
 
Table 6: Element interaction stiffness sensitivity test matrix for pack ice resistance 
numerical model. 
Filename velocity.x INTER-STIFF
vk_var_16 0.520 1.0E+05
vk_var_17 0.520 1.0E+06
vk_var_18 0.520 1.0E+07
vk_var_19 0.520 1.0E+08
vk_var_20 0.520 1.0E+09
vk_var_01 1.540 1.0E+05
vk_var_02 1.540 1.0E+06
vk_var_03 1.540 1.0E+07
vk_var_04 1.540 1.0E+08
vk_var_05 1.540 1.0E+09
vk_var_06 2.564 1.0E+05
vk_var_07 2.564 1.0E+06
vk_var_08 2.564 1.0E+07
vk_var_09 2.564 1.0E+08
vk_var_10 2.564 1.0E+09
vk_var_21 3.600 1.0E+05
vk_var_22 3.600 1.0E+06
vk_var_23 3.600 1.0E+07
vk_var_24 3.600 1.0E+08
vk_var_25 3.600 1.0E+09
vk_var_11 4.096 1.0E+05
vk_var_12 4.096 1.0E+06
vk_var_13 4.096 1.0E+07
vk_var_14 4.096 1.0E+08
vk_var_15 4.096 1.0E+09  
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These tests were carried out in 0.50 [m] thick pack ice, at 6/10ths concentration, and at 
various velocities.  The results shown in Figure 14 correspond to a run distance of 3 
lifeboat lengths with spring stiffnesses ranging from 1x106 N/m2 to 1x108 N/m2.  For 
these runs, the drag coefficient was set to zero.  Because the choice of element 
interaction stiffness affects the computational efficiency and stability of the numerical 
model, not all of the tests yielded useable results.  Figure 14 shows that within the 
range tested, element interaction stiffness does not significantly affect the outcome of 
the ship element resistance.  This gives freedom to select a lower spring constant within 
the examined range of stiffness for computation efficiency. 
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Figure 14: The influence of element interaction stiffness on pack ice resistance. 

 
Normal and tangential INTER-STIFF values of 1x107 N/m2 (for each) were chosen for 
the pack ice resistance numerical model, These values are consistent with those used 
in Babic´ et al. (1990), Savage (1992), and Løset (1994).  Based on experience with the 
above tests, values of 3x106 and 2.8x105 (for normal and tangential INTER-STIFF 
values respectfully) were chosen for the level ice turning circle numerical model. 
 
Drag Coefficient 
The drag coefficient parameter directly influences the amount of work done on ice 
elements as they move through a fluid with velocity.  Of interest in these numerical 
models is its effect on the resistance transferred to the ship element during impacts with 
ice elements. 
 
A series of tests was carried out to examine the sensitivity of the pack ice numerical 
model to variance in the element interaction stiffness.  The test matrix is shown in Table 
7. 
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Table 7: Drag coefficient sensitivity test matrix for pack ice resistance numerical model. 

Filename Velocity CD
Drag_VAR_01 1.540 0.00
Drag_VAR_02 1.540 0.25
Drag_VAR_03 1.540 0.50
Drag_VAR_04 1.540 0.75
Drag_VAR_05 1.540 1.00
Drag_VAR_06 1.540 1.25
Drag_VAR_07 1.540 1.50
Drag_VAR_08 2.564 0.00
Drag_VAR_09 2.564 0.25
Drag_VAR_10 2.564 0.50
Drag_VAR_11 2.564 0.75
Drag_VAR_12 2.564 1.00
Drag_VAR_13 2.564 1.25
Drag_VAR_14 2.564 1.50
Drag_VAR_15 4.096 0.00
Drag_VAR_16 4.096 0.25
Drag_VAR_17 4.096 0.50
Drag_VAR_18 4.096 0.75
Drag_VAR_19 4.096 1.00
Drag_VAR_20 4.096 1.25
Drag_VAR_21 4.096 1.50
Drag_VAR_22 0.540 0.00
Drag_VAR_23 0.540 0.25
Drag_VAR_24 0.540 0.50
Drag_VAR_25 0.540 0.75
Drag_VAR_26 0.540 1.00
Drag_VAR_27 0.540 1.25
Drag_VAR_28 0.540 1.50
Drag_VAR_29 3.600 0.00
Drag_VAR_30 3.600 0.25
Drag_VAR_31 3.600 0.50
Drag_VAR_32 3.600 0.75
Drag_VAR_33 3.600 1.00
Drag_VAR_34 3.600 1.25
Drag_VAR_35 3.600 1.50  
 
The effect of the various drag coefficients on ship element resistance is demonstrated in 
Figure 15.  These sensitivity tests were performed using the pack ice resistance 
numerical model with 37.83 cm thick pack ice of 2.21 [m] average diameter, 5/10ths 
pack ice concentration, and at various ship speeds. An INTER-STIFF value of 1x107 
[N/m] and a run distance of 3 ship lengths were used in these tests.  As shown in the 
figure, the drag coefficient has negligible influence on lifeboat resistance for these runs 
Lau and Simões Ré, 2006).  This trend is expected because the transfer of drag force to 
the lifeboat element would be limited to the initial impact. 
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Figure 15: The influence of drag coefficient on pack ice. 

 
A value of 1.3 was selected for the drag coefficient for the pack ice resistance test 
simulations. 
 
4.5 Disturbance Parameters 
 
Disturbance parameters (Moaveni, 1999) take the form of either applied loadings or 
applied displacements (and their derivatives).  The nature of the physical model tests 
being simulated is such that an applied constant velocity is the necessary choice.  This 
is because the both model test series’ were conducted at a constant velocity through a 
combination of the motions of the ice tank carriage and the planar motion mechanism.  
The models were never propelled under their own power (in which case an applied 
loading would be the best disturbance alternative). 
 
Constant velocities were applied in these simulations using the VELOC-DEFN and 
RVELO-DEFN cards.  The VELOC-DEFN card is used to define the initial velocity state 
of the ship element, at time t = 0 [s].  The RVELO-DEFN card is used to define the 
velocity during the simulation (i.e. for time t > 0 [s]). 
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5.0 NUMERICAL MODEL VERIFICATION 
 
In order to verify the numerical models, simulations of published model tests were 
performed and their results compared with the results of their respective model tests.  A 
summary of the verification process and results is presented in this section. 
 
As a supplement to this report, and particularly this section, the papers published for 
POAC ’06 (Lau and Simões Ré, 2006 - pack ice resistance simulations) and IAHR ’06 
(Lau, 2006 - level ice turning circle simulations) are included in this report as Appendix 
A and Appendix B respectfully. 
 
5.1 Numerical Model Tests 
 
Simulations for both ice performance tests types were set-up according to the ideology, 
techniques, and parameters defined in Section 4.  Simulation test matrices were 
identical to their physical model counterparts. 
 
5.1.1 Test matrices 
 
Table 8 and Table 9 show the test matrices for both numerical model verification test 
series’.  These matrices correspond directly with their physical model counterparts. 
 
Table 8: Pack ice resistance test matrix 

Test Number Vs [m/s] Full Scale Ice 
Thickness [mm]

Full Scale 
Conc. [1/10th]

M13_H25_C5 0.516 325 5
 2 1.54 325 5
 3 2.564 325 5
 4 3.072 325 5
 5 4.096 325 5
M13_H25_C6 1.028 325 6
 2 1.54 325 6
 3 2.055 325 6
 4 2.567 325 6
 5 3.072 325 6
 6 3.595 325 6
M13_H25_C7 1.028 325 7
 2 1.54 325 7
 3 2.055 325 7
 4 2.701 325 7
 5 3.076 325 7
M13_H50_C6 0.516 650 6
 2 1.028 650 6
 3 2.055 650 6
 4 2.564 650 6
M13_H50_C7 0.516 650 7
 2 1.543 650 7
 3 2.564 650 7
 4 4.1 650 7  
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Table 9: Level ice turning circle test matrix 

Run R [m] Drift Angle [DEG] V [m/s]
SM99_0_02 INF 0 0.02
SM99_0_10 INF 0 0.1
SM99_0_30 INF 0 0.3
SM99_0_60 INF 0 0.6
SM10_0_02 10 0 0.02
SM10_0_10 10 0 0.1
SM10_0_30 10 0 0.3
SM10_0_60 10 0 0.6
SM50_0_02 50 0 0.02
SM50_0_10 50 0 0.1
SM50_0_30 50 0 0.3
SM50_0_60 50 0 0.6
SM10_0_05 10 0 0.05
SM10_61_30 10 0.61 0.2
SM10_114_60 10 1.14 0.3
SM10_174_02 10 1.74 0.42
SM10_270_10 10 2.7 0.5
SM10_380_30 10 3.8 0.6
SM50_07_10 50 0.07 0.1
SM50_19_30 50 0.19 0.3
SM50_54_60 50 0.54 0.6  
 
All tests shown were performed and compared with their respective physical model test. 
 
5.1.2 Ice element particulars 
 
Table 10 shows the particulars for the pack ice sheet elements used in the pack ice 
numerical model verification tests.  A similar table is not provided for the level ice 
turning circle tests because the only parameter varied was the radius of curvature, 
which is equal to the vessel element’s turning circle radius. 
 
Table 10: Numerical pack ice elements data sheet. 
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5.2 Verification Test Results 
 
Some typical time history plots of the results of the both numerical model verification 
test results are shown in the following figures. 
 
Pack ice resistance tests 

 
Figure 16: Typical results for pack ice resistance tests with thin ice at 5/10s concentration. 
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Figure 17: Typical results for pack ice resistance tests with thin ice at 6/10s concentration. 

 

 
Figure 18: Typical results for pack ice resistance tests with thick ice at 7/10s concentration. 

 27



Level ice turning circle tests 

 
Figure 19: Typical results level ice turning circle tests at R = 0 [m] turning circle radius. 

 

 
Figure 20: Typical results level ice turning circle tests at R = 10 [m] turning circle radius. 
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Figure 21: Typical results level ice turning circle tests at R = 50 [m] turning circle radius. 

 
5.3 Numerical and Physical Test Comparison 
 
The simulation results compared very well with their respective measured model test 
results for both ice performance test types (as can be seen in the following figures). 
 
Figure 22 shows compares the pack ice simulation results with the published model test 
data (Lau and Simões Ré, 2006).  The simulations compared very well for lower ship 
speeds, and compared favourably for higher ship speeds.  Some of the scatter at the 
higher ship speeds may be due to the random dispersion of the ice floes in both the 
numerical and physical model tests (i.e. the pack ice may not have been dispersed 
evenly).  This could lead to variation in the results of repeated tests. 
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Figure 22: Comparison of pack ice resistance test simulation resistance vs. measured model 

tests resistance. 

 
With the exception of one point in particular, the results of the level ice turning circle 
tests compared very well with published data throughout the test matrix (Figure 23).  
The one outlying point (marked “?” on the figures) is still under investigation.  For further 
comparison, a plot of the yaw moment vs. yaw rate is given in Figure 24 for the DECICE 
simulations and the published model tests.  Again, agreement is very good between the 
two series’ with the exception of the “?” data point. 
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Figure 23: Comparison of level ice turning circle simulation yaw moments vs. measured 
model test yaw moments. 
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Figure 24: Plot of yaw moment vs. yaw rate for DECICE simulations and measured model test 
results. 
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6.0 CONCLUSION 
 
DECICE was used to provide an efficient and feasible means of analyzing vessel 
performance in ice environments.  The underlying logic of DECICE is especially 
applicable to this type of problem. 
 
Standard methods and techniques for creating numerical models of this type were 
established, tested, and verified for two well known physical model ice performance 
tests:  Pack ice resistance tests and level ice turning circle tests. 
 
These numerical models provide results that compare very favourably with published 
model test data; lending confidence to their further development and use as 
supplementary analysis tools.  
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