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PREDICTIVE MODELING IMPACT OF ICE ON SHIP AND OFFSHORE STRUCTURES

Increased interest in navigating through polar waters requires a better understanding of potential
ship hull damage caused by collisions with polar sea ice. An analysis and comparison of recent
predictive method advances in modeling fracture mechanics and the elasto-plastic responses of
hull materials and structure to sea ice impacts is crucial to developing a modern modeling
framework.  Accordingly, this project investigates recently developed numerical methods and
cevaluates their capabilities and applicability toward evaluating ships structures for adequate
residual strength following ice impact damage.

Of the three promising technologies identified, only two are identified as commercially available,
the Element Free Galerkin Method (EFGM) and the Extended Finite Element Method (X-FEM).
Of those two methods, one is significantly more computationally intensive than the other.
Therefore, while all three methods are described theoretically within this study, only X-FEM is
explored in detail through actual execution and is compared to typical FEM analysis techniques.
Results show the advantage of using the X-FEM for obtaining better resolution of crack
propagation through the enriched elements defined by this method; while the Baseline FEM is
limited to modeling crack propagation along pre-defined element boundaries. The conclusion
provides recommendations regarding the appropriate applicability for using either the EFGM or
X-FEM methods.

We thank the authors and Project Technical Committee for their dedication and research toward
completing the objectives and tasks detailed throughout this paper and continuing the Ship
Structure Committee’s mission to enhance the safety of life at sea.
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Predictive Modeling Impact of Sea Ice on Ship and Offshore Structures

Executive Summary

Recent advances on numerical methods for predicting fracture mechanics on elasto-plastic
materials are of significant interest for the study of crack initiation and propagation on steel plates.

The task of this project, which is to “investigate the development of a predictive modeling

framework for Sea Ice impact on the ship hull structure”, required the following activities

e review the applicability of these new advanced methods to the task.

e select the methods for which numerical algorithms have been developed and exist in commercial
codes.

e develop a modeling framework that facilitates the evaluation of these methods and the analysis
of specific scenarios and ship structures. The main components of this framework are: 1) ice
load modeling methodology, 2) pre-processor, 3) FEM software, 4) Post-processor

e Test and verify the functionality of the modeling framework by applying the selected methods.

A comprehensive literature review on the advancements on new methodologies for simulating
crack propagation on elasto-plastic and brittle materials yielded three methods that, to date, have
received much interest from the community of numerical computation. These methods are: The
Trefftz method, the Element Free Galerkin method (EFGM) and the Extended Finite Element
method (X-FEM). A commercially available structural analysis software program with the latter
two methods implemented and validated was selected: LS-DYNA.

A pre-processor for generating the model definition and scenario conditions in the LS-DYNA
input data format was developed. It generates the data inputs required for the classical Finite
Element method (FEM), the EFGM and the X_FEM. This pre-processor also facilitates the
process of batch execution of runs covering the design space or field of study.

The EFGM requirements for mesh definition of the model exceeded the limitations of the available
hardware and number of software licenses; the estimated runtime by the solver for one case was in
excess of 58,000 minutes. Consequently, only the X-FEM was tested and compared to the Baseline
FEM. The results obtained show the advantage of using the X-FEM for obtaining better resolution
of crack propagation through the enriched elements defined by this method; while the Baseline
FEM is limited to modeling crack propagation along pre-defined element boundaries.

Results of the study can be used only for comparison of the standard FEM and the X-FEM
methods. This relative comparison of the two methods suggests that the former is sufficiently
adequate for studies and analyses that do not require high accuracy of the path of propagation of
initiated cracks from impact; for cases where accurate prediction of crack propagation is required,
the X-FEM is the recommended approach..

As a future step in the development of this predictive modeling framework, it is recommended to
perform a thorough validation with reliable experimental data.
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Introduction

The evaluation of new shipping routes through northern regions that have partially ice covered
waters requires new knowledge about the risks of ship hull damage caused by the collision with
polar sea ice. It is the purpose of this task to investigate new advanced methodologies for accurate
evaluation of the effects on the structural integrity of ship hulls that are subjected to these ice
loads.

Theoretical Background

An extensive literature review of studies related to the subject of structural damage, including
crack initiation and propagation on elasto-plastic plates, yielded information on several new
advanced methods well suited for modeling the impact and damage of sea ice on the hull structure
of ships traveling through polar waters. These new methods improve on the standard
computational Finite Element Method (FEM) for modeling the propagation of cracks [1-2].

Three promising new methodologies have undergone significant study and further development.
These are: the Trefftz method, the Element Free Galerkin Method (EFGM) and the Extended
Finite Element Method (X-FEM). The implementation of the latter two methods in commercially
available software is relatively recent and limited to few commercial codes. Generally, the
approach of these methods is characterized by adding local enrichment to the initial topology in the
form of added degrees of freedom. These methods can be broadly classified as:

e Adaptive p-enrichment (polynomial) methods: The Trefftz is the earliest and most studied
in its class.

e Meshless methods: The EFGM is the best known and most extensively studied in this class
and has been implemented in a limited number of commercial codes.

e Enrichment by localized functions: The X-FEM has made significant advances since its
original development in modeling initiation and propagation of discontinuities. X-FEM is
the most recent of of the three methods reviewed; it is implemented in a limited number of
commercial codes.

Trefftz Method

The Trefftz method, frequently referred as hybrid-Trefftz method, [3-7] uses p-adaptive macro
elements featuring higher order polynomial shape functions than the standard FEM. This method
shares essential features of the Boundary Element Method (BEM) in that the boundary conditions
are implemented locally by a “collocation method”. The Trefftz method uses two alternative
approximation models for enforcement of inter-element and boundary continuity conditions: a) A
Displacement model generates kinematically admissible solutions; boundary tractions are
approximated and used to enforce the inter-element displacement continuity condition and the
kinematic condition. b) A Stress model generates statically admissible solutions; boundary
displacements are approximated and used to enforce the inter-element traction continuity condition
and static boundary condition.
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Because no commercial software was found to have this method implemented, no further
discussion is made on this method.

Element Free Galerkin Method (EFGM)

The EFGM [8-13] requires only a set of nodes and the description of the model’s boundaries as
input. The most significant advantage over the standard FEM is that it handles large deformations
and is mesh-independent.

The EFGM generates shape functions for each node that describe their domain of influence. These
shape functions have the following constraints: a) they do not have influence across boundary
and/or crack domains; b) they are defined within a region of ‘compact support’. Figures 1 and 2 [1,
11] illustrate these shape functions and their domains of influence.

domain influence

(a) Shape funetion for node

(b} Shape function for node /

Figure 2 — Nodal shape function
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EFGM Formulation:

The EFGM employs a Moving Least Squares interpolant u"(x) to approximate the function of
displacement,

0" =3 p,(9-3,(0 =P’ (%)-a(4 "
J
where p; (X) are monomials in the space x" =[x, y] and aj(x) are unknown. In the two-dimensional
domain, a linear basis could be
P’ =[Lxyl, m=3,
while a quadratic basis could be
P') =L, %y, X% xy, ], m=6

The coefficients a(x) are evaluated by minimizing a quadratic functional J
J=> wx-x,)[p"(x,)-a()-u,J* )
|

where w(x — X;) is a weight function and represents the range of influence of node I at the location
X.

The minimization of J with respect to a(x) leads to

A(Xx)-a(x) =B(x)-u )
a(x) = A™(x)-B(x)-u @)
where
AKX) =Iiw. () P (x,)- P(x,) ©
B(X) =W (X)- P(,), Wy (X) - P(X,),--, W, (X) - P(X,)] ©)
u' =lu,u,,e0u, ] ™
10
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The interpolant u"(x) can then be represented in terms of shape functions #(X) :

(0= Y3 p,00-(A2)-BX) ) -4 =D )-u

The weight function criterion is defined as:
w(x —x,)=w,(d,)
where

d, =[x x|

(8)

9)

(10)

is assumed to be continuous for the first m derivatives with respect to d, specifically stated in the

form

_ 2k
w, (x) =w, (d™ )
The most frequently used weight functions are:

a) Exponential form function

~(dy 1e)** _ a=(dmi/0)**

e e

(1_ e_(dml /C)Zk )

w, (d7) = d, <d

ml

W|(d|2k)zo 1 d| >dm|

b) Conical form function

W, (d|2k) =1-(d, /dm|)2k' d, <d

ml

W (d|2k) =0, d| > dml

(11)

(12)

(13)

where c is a constant to control relative weights, and dy, is the size of the support for the weight

function w; (d) - it defines the range of influence of x;.

Other weight functions frequently mentioned in the literature are the Gaussian and Cubic forms.

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited

11



Predictive Modeling Impact of Sea Ice on Ship and Offshore Structures

The problem formulation features a Galerkin Variational Form with Lagrange Multipliers. For a
simple problem for a body with linear elastic behavior, in the domain © and boundary I", the
problem can be stated as

V.g+b=0 inQ (14)

where o is the stress tensor corresponding to the displacement field u, and b is the force vector
acting on the body. The boundary conditions for the problem are given as:

=f on T} (15)
U onTy (16)

where Tand t are the prescribed displacements and tractions on the boundaries ', and T,
respectively; and n is the unit normal to the domain Q.

The variational, or weak, form of the equilibrium equation can be satisfied by the trial function
u(x) € H' and the Lagrange multiplier & £ H’, and the test functions 8v ¢ H'and 81 ¢ H* ,( H' and
H" refer to Sobolev spaces of degrees 1 and 0):

I5(st):c dQ —javT.bdQ —javT-fdr -
Q Q I;
[ -(u-@) dr ~[sv"-Adr =0 )

where A is evaluated to satisfy equation (17). In order to obtain the discrete representation from
above, the trial and test functions are structured as in equation (8). The Lagrange multiplier A is
expressed in terms of the arc-length (s) interpolants (N, (s)) along the boundary,

A(X) =N, (s) 4,
SA(X)=N,(s) &, , xeT, (18)
Substitution of trial and test functions into equation (17) yields the final discrete equation in matrix
form:
K G| [u f
= 19
ol bl o
where
K, =B/ DB, dQ (20)
Q
12
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Gy =~ [® N, dI (21)
l—‘U
f=[@ fdr + [, bd (22)
I, Q
P =—jNKudr (23)
1—‘U
and
o, O
B =|0 &, (24)
(Dl7y (Dl’X
N, O
Ny = (25)
0 N,
1 v O
E
D:1 slv 1 0 for plane stress (26)
-V
0 o L=V
i 2

The Extended Finite Element Method (X-FEM)

X-FEM consists of a standard FEM representation for most of the domain, combined with a set of
enriched elements featuring additional degrees of freedom (DOF) in a sub-domain vicinity of a
discontinuity, or crack [14-22].

In X-FEM, a discontinuity can be represented independently of the mesh; therefore, re-meshing is
not needed during simulation. The discontinuity can be represented by the following enrichment
functions:
a) a Heaviside function (+/-1) defining a jJump in displacement across the crack line;
b) two asymptotic functions near the crack tip field. This field is defined in a local polar
coordinate system and is composed of four enrichment functions, with one being
discontinuous.

13
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X-FEM formulation

The discrete interpolant trial function u"(x) representation is of the form:

Uh(x):ZNi(X)'Ui +ZNJ‘(X)' H(X)'aj + ZNk(X)[iE(X)'b:(] (27)

iel jed keK

and the test function is

W (x) = 2N, (- U + 3 N (0 H(x) ¢ +ZNk(x)(iF.(x)-eLJ (28)

iel jed keK

where the first term in each equation is the standard FEM interpolation, the second term is for the
nodes in elements that are fully cut by the crack, and the third term is for the nodes of the elements
containing the crack tip. Additionally:
¢ Nj(x) are the classical shape functions for the nodes in the domain;
e H(x) is the Heaviside step enrichment function, it is of different sign on opposite sides of
the crack; this function models the strong discontinuities;
e Fj(x) are the near-tip enrichment functions which can be defined in local polar coordinates
as:

Fro), = {ﬁ cos(8/2), Jr sin(6/2), vt sin(8/ 2)sin(6), ~'r cos(6/ 2)sin(6) |

r and 9 are defined by the relative orientation and position of x with respect to the crack.
This function models the weak discontinuities.
e a, b, cand e are the generalized coordinates

The local polar coordinates r and 9 are calculated by the Level Set Method [ 23] [which tracks the
crack propagation. Figure 3 [21] shows the orientation parameters, as defined in the Level Set
Method.

14
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Figure 3 — The Level Set Method

=(X-X.)-n
$=(X-X) 29)
w=max(y,v,)
The Heaviside function is defined as
+1 ¢>0
H = sign(¢) = (30)
-1 $<0

And for the near-crack tip alignment
r=V(¢2+l//2) (31)
0 =tan(¢/y)

The components of the weak form discontinuity function (near crack tip) are graphically shown in
Figure 4 [21].

15
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(a) 7 cos () (b) 7 sin (Z)

(c) V7 sin () sind (d) /7 cos (§) sind
Figure 4 — Weak form discontinuity function
As in the EFGM, the X-FEM formulation for a linear elasto-static model is as follows:
e A body, with domain Q and outer boundary I, is subjected to uniform body/volume forces
b. Traction forces are applied at boundary I'; and displacement boundary conditions are

applied to the boundary surface I" . The body contains a crack surface boundary inside of
the domain Q, T'y. The crack tip is treated as traction free at two coincident boundaries

I and I, .
e The strong form of the equilibrium equation is,

V-og+b=0 inQ (32)

subject to the following boundary conditions

o-n=t ,on T, (33)
o-n=0 ,on I (34)
o-n=0 ,on Iy (35)
u=o ,on T, (36)

For small strains and displacements, the linear strain / displacement relationship is expressed as
E=Vu (37)

Hooke’s law for linear elastic materials expresses the stress / strain relationship as

16
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o =C €, C'isthe elastic stiffness tensor (38)

The weak form of the equilibrium equation is expressed as:

[owioW)] do-[w-t dr-[ w-bdQ=0 (39)

Expanding Equation (39) with the test function (Equation (28)) and trial function (Equation (27))
and reducing ultimately leads to the discrete form

-[ (%) o dQ+_'R(NS“tdi )" Tdr+] (Nj,)" bdQ=0

enr, enr, en

—IQ(Ba )Taolgu_'n(l\la )’ t'dl“+:Q(Na ) bdQ=0 (40)

—L(Bb )Tadm'r(Nb )" fdr+ 'Q(Nb ) bdQ=0

enr; en; en;

For our linear elastic material, we use Hooke’s stress/strain relation in equation (38) and the small
strain/displacement relation in equation (37). The discrete form of the static equilibrium equation
reduces to:

Kid =f (41)

where d ; is the displacement vector. The stiffness matrix elements are:
K = jQ(B;’)T C(B%)dQ, (a,f=u,ab) (42)
where B is the gradient operator given as:
(Nstdi )!x 0

B =B =| 0  (Ng), (43a)

i std;

_(Nstdi)’y (Nstdi)!x_

(HNg) 0

B’ =B: = 0 (HNgg, )y,

i enr;

(HNstdi)'y (HNstdi)’x

17
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(FINstdi)'x 0

B-bl = Bbl = 0 (FI Nstdi )ly ' (I = 1’ 4) (43b)

i enr;

(FINstd,)’y (FINstd,)'x

The complete external force vector f | is defined by:
_Jgu ga gbl gb2 ¢b3 b4
where
fi' = [ (N)" £ dl+ ] (Ny)" b dO

ff =] (NG)T Edr+ [ (NL)T bdQ oy 4

f 0! =L(Nb' )" i dr+jQ(Nb' )" b dQ

eny en

Evaluation Methodology

The selected software for this study is LS-DYNA, marketed by Livermore Software Technology
Corp. (LSTC). This software is commercially available and is built around the DYNA3D and
NIKE3D Finite Element codes developed at the Lawrence Livermore National Laboratories. LS-
DYNA features both the EFGM and the X-FEM for simulating the initiation and propagation of
cracks in Elasto-plastic materials. A total of four licenses were purchased in order to execute
parallel runs on up to four CPUs.

The two methodologies require unique geometric representation of the chosen ship model: The X-
FEM requires a fine mesh definition around the expected area of collision. Shell type elements are
used which require a material-cohesive-formulation that describes a trilinear traction-separation
law, where the traction components drop to zero when separation reaches a specified limit. Special
nodal constraints along the boundary between the X-FEM elements and the conventional shell
elements are used to preserve continuity.

The EFGM, as currently implemented in LS-DYNA, does not use shell elements. This requires
mesh definition in the form of tetrahedral elements and a minimum of three elements through the
plate thickness; additionally, the minimum required aspect ratio of the elements must be preserved
in order to prevent an excessively stiff response. The EFGM also requires the use of a material-

18
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cohesive formulation as described previously. This mesh sub-division significantly increases the
number of degrees of freedom and, consequently, the size of the problem and computation time.

A pre-processor was developed to specify the geometric definition around the location of ice
impact and its corresponding load history. This pre-processor needs as input only the hull surface
definition, the location and conditions of the ice load and the method (Baseline FEM, EFGM or X-
FEM) being used. A flow diagram of the algorithm and its source code are included in Appendix
B.

A Test Matrix was designed for the evaluation of robustness of these methods and their
applicability to modeling the fracture mechanics on the plating of ship hulls subjected to various
levels of collision impact by sea ice; these were selected based on Polar Class (PC) descriptions, as
defined by the International Association of Classification Societies (IACS). The Glancing Impact
Load characteristics for these PCs are derived from parameters defined as the Class Factors [26].

Table 1 — Polar Class Description

Polar Class Ice Description
PC1 Year-round operation in all Polar Waters
PC 2 Year-round operation in moderate multi-year ice conditions
PC 3 Year-round operation in second-year ice which may include multi-year inclusions
PC4 Year-round operation in thick first-year ice which may include old ice inclusions
PC5 Year-round operation in medium first-year ice which may include old ice inclusions

As a baseline for comparison, the tests included cases run with the standard Finite Element
Method.

In order to meet the requirements described in the Statement of Work, the Test matrix includes
locations of impact in the area of the hull near the bow and around the shoulder area. At each of
these longitudinal locations, the tests further included: an elevation coincident with the waterline,
which includes a deck; and an elevation below the waterline that is approximately midway
between decks.

The Test Matrix is shown in Table 2.

Table 2 — Test Matrix

Location of Simulated Collision on the
Hull (From Forward Perpendicular) IACS Polar Class
(x/ Length) : (-z / Draft) PC1 PC2 PC3 PC4 PC5

Loc1 0.10:0.0 X X X X X
Loc 2 0.10:-0.1 X X X X X
Loc 3 0.20:0.0 X X X X X
Loc 4 0.20:-0.1 X X X X X
Loc 5 0.4:0.0 X X X X X
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A Watson-class Large Medium Speed Roll-On Roll-Off (LMSR) cargo ship hull was selected for
testing. Although LMSR type ships do not frequent polar waters and their hulls are not designed
or optimized for these environments, their hull definitions are freely available in the public domain
with no export control restrictions. For this reason, their selection was recommended for this
project since it does not detract from the primary objective of evaluation of advanced methods in
fracture mechanics for applicability in hull structures In order to keep the size of the
computational models within a workable frame, several simplifications were made:

a) The section of the hull modeled is below the 3.0 meter above the waterline elevation.

b) Only the Port side of the hull is modeled.

c) Only three decks are modeled: at 2.0 meters above the waterline, at the waterline and at -
2.0 meters below the waterline.

d) Ten transverse bulkheads are modeled.

e) Vertical Stanchions are placed along the symmetry plane in order to account for the
structural strength of the starboard side of the ship, which is not modeled.

f) The structural model is unconstrained in all six degrees of freedom in order to provide for
inertial (i.e. rigid body) response to the collision forces. The rigid body response is the zero
frequency secular response of the structure to external loading. It is inertially coupled to the
structural response. The rigid body mass and moment of inertia are the total mass and
moment of inertia of the free-free structure modeled.

g) The hull, decks and bulkheads are modeled to have a uniform “smeared thickness” to be
equivalent in strength to that added by scantling, frames, beams and girders.

h) No hydrodynamic added mass effects or fluid interaction effects are modeled.

The Ice Loads are modeled using the algorithm Direct Design for Polar Ships (DDPS) developed
from the International Association of Classification Societies IACS UR for Polar Ships, by Claude
Daley [24, 25, 27]. The defining parameters for each of the PC Classes are shown in Table 3.

Table3 — PC Parameters

PC Class Parameters

. sig_f

Vs (m/s)[Po (Mpa)lh_ice (m) (Mpa)

PC1 5.70 6.00 7.00 1.40
PC2 4.00 4.20 6.00 1.30
PC3 3.00 3.00 4.25 1.20
PC4 2.50 2.45 3.50 1.10
PC5 2.00 2.00 3.00 1.00

A preprocessor was developed and implemented for the generation of the input data for each run
(Appendix B). It uses as input the surface definition of the hull, the longitudinal and elevation
coordinates of the impact location, and intensity level of collision (graded by IACS rules as PC1
Class through PC5 Class). As output, the preprocessor generates the mesh for the hull and the rest
of the structure, such as the decks, bulkheads and stanchions. It also generates the load from the
collision of hull and sea ice; this load is defined for an area of the hull which is dependent on the
position and intensity of impact, and is time and orientation dependent. The duration of the
simulation is also calculated; it depends on the relative location of impact and the initial relative
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velocity of the ship; when the relative velocity between ship and sea ice reaches zero, the load is
considered to have dissipated and the simulation ends.
The material properties definition for the hull, decks and bulkhead are those of Grade A
shipbuilding steel. An elasto-plastic kinematic model is used for modeling the structural behavior

of steel. These material properties are shown in Table 4.

Table 4 — Material properties for hull plating

Density (kg/mm”3) 7.83E-06
Young’s Modulus (kN/mm~*2) 210.
Poisson Ratio 0.3
Yield Strength (kN/mm”2) 0.25
Tangent Modulus 0.01
Hardening parameter 1.0
Maximum tensile strength (KN/mm”2) 0.40
Critical crack opening displacement (dimensionless) 0.50

Results

The calculated ice load history distributions for each of the locations and PC classes are shown in
Appendix A, Figures Al through A20. These load history distributions are determined using the
DDPS algorithm; they are applied in the normal orientation to the hull plating. The ice loads are
applied as pressure distributed over a nominal contact area; this area is a function of the normal ice
indentation and the contact geometry.

The Baseline FEM and the X-FEM methods were run successfully and the results are compared in
this section.

The runs using the EFGM were not successful; these require significantly more computational
resources than what is available. The extra-fine nodal definition that is required for describing the
hull structure geometry in the vicinity of the expected area of collision limits the size of the
maximum time step for obtaining the solution. This limitation, plus the very large number of
degrees of freedom, made the testing non-feasible for parallel processing in four CPUs. The
estimated computation time for the solver to execute one test case is greater than 58,000 minutes
(> 40 days).

The maximum nodal displacements and maximum plastic strains are used as metrics for
comparison of the Baseline FEM and the X-FEM results for each of the cases described in the Test
Matrix. The results of the maximum nodal displacements and maximum plastic strain for the
Baseline FEM runs are shown in Table 5; the results for the X-FEM runs are shown in Table 6.
The nodal displacements include, in addition to the deformation displacements, inertial responses
of translational and rotational motions of the center of mass of the ship hull structure due to the
impact loads.
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For simplicity of reference, the run labels are constructed as “PC(Class) (location)_ (method). For
example: a run simulating a collision class level 3, at location 2, using the X-FEM method is
referenced as “PC3 2 XFEM?”. This nomenclature will be used through the rest of this report.

The generated mesh of the structure of the model, for the Baseline FEM and X-FEM runs, is
shown in isometric views from the starboard side in Figures 5 and 6, it shows the decks, bulkheads
and stanchions; the port side, in close up, of the hull is shown in Figure 7, the red color area shows
the finer mesh definition around the collision region. The selected region of collision hasa 4 to 1
ratio of element density (relative to the coarser hull meshing elsewhere, shown in color blue).

The generated mesh of the structure for the EFGM runs is shown close-up in Figures 8 and 9; it
shows the extreme mesh refinement, with a ratio of element density of 48 to 1. The limitation of
tetrahedral element definition for this method requires a minimum of three elements through the
plate thickness. Additionally, a minimum aspect ratio must be maintained in order to prevent an
excessive stiff response; this subdivision increases significantly the total number of degrees of
freedom for the problem. This mesh refinement was based on recommendations by the vendor’s
support engineering team.

Several time steps of the transient total nodal displacements of the simulation for the run
PC2_2_XFEM are shown in Figures 10 through 17. A crack occurs in this run near the area where
a transverse bulkhead is positioned; this can be seen in close-up Figures 18 -19. Figures 20 and 21
show the total displacement results for the run PC1-2_FEM; the resulting crack propagation occurs
along element boundaries. Plastic strain results are compared for two runs with same conditions
but different methods, PC1-2_FEM and PC1-2_XFEM, in Figures 22 and 23, respectively. Finally,
Figures 24 through 27 compare the two methods for a condition where the impact area is in the
shoulder region of the hull.

Discussion of Results

Comparison of maximum displacement between the Baseline FEM and X-FEM, shown in Tables 5
and 6, indicate that both methods predict comparable values for the same test conditions (PC class
and impact location). As indicated earlier, the total calculated displacements represent combined
nodal translation of the ship’s center of mass (COM) and those relative to the COM. The transient
total displacements for the run PC2_2_ XFEM are illustrated in Figures 10 through 17; these show
the combined rigid-body response of the ship structure and the relative local deformations.

Similarly, the resulting maximum plastic strain levels, in Tables 5 and 6, for any particular test
condition are comparable between the two methods. These plastic strain deformations are relative
to the initial stress-free local geometry of the elements. Crack initiation and propagation occurs
only in those tests with impact levels of PC class 1 and 2; while for test with lesser impact, PC
class 3 — 5, only structural deformation occurs. In the Baseline FEM, the crack propagation can
only occur along element boundaries, while in the X-FEM crack propagation does occur through
the enriched X-FEM elements. This difference can be observed in the comparison between Figures
18 and 21.
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Evaluation of the EFGM requires more hardware resources than those available for the execution
of the present task. The current EFGM implementation in LS-DYNA for only tetrahedral elements
is not a practical choice, as described in the Results section. Future plans for implementation of the
EFGM with thick shell elements were mentioned by the LS-DYNA support team.

The results from this study show fairly good comparability between the two methods; the plastic
strain and total displacement results are generally of the same order of magnitude. The
computational time for both methods was also similar, typically between 90 and 120 minutes per
run. The capability of X-FEM for better resolution of crack propagation makes it a preferred
choice. However, the limited implementation of this method in most commercial structural
analysis codes is a factor for consideration in selecting the proper code for the needed application.
For applications that require a high level of resolution for modeling crack propagation, the X-FEM
is the better method.

Future evaluation of the accuracy of these methods requires comparison against reliable validation
data.

Conclusions

This work presents the basis of a modeling framework for future studies of fracture mechanics on
ship hulls subjected to impact with large masses of sea ice. The ship hull structural responses,
between the Baseline FEM and the X-FEM, to ice loads are reasonably comparable.
Computational times between the two methods are also comparable. For studies and analyses that
require high degree of predictive modeling of the path of crack propagation, the X-FEM is the
recommended method,; its capability to model crack propagation through an enriched element
offers better resolution than the classical FEM without the need for extreme element sub-division.

The limited implementation of X-FEM in most commercial codes must be a consideration in the
selection and acquisition of the proper software package. For studies that do not require a high
degree of predictive modeling of crack propagation, the Baseline FEM can provide adequate
results.

The proposed next step for this project is the validation and fine tuning of the modeling framework
against experimental data.
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Table 5 — Nodal Displacements and Plastic Strains Obtained with the Baseline FEM

Baseline Standard Finite Element Method
Location of Collision PCl PC2 PC3 PC4 PC5
max min max min max | min max min max min
Displacement (mm)
Location 1 6424* 6 1498* 11 1381 18 1171 17 1136 20
Location 2 3578* 5 1351* 9 1095 15 1032 15 891 13
Location 3 5773 10 1944 18 997 25 981 26 858 24
Location 4 4855 14 1820 14 1044 23 933 24 902 25
Location 5 73 0 53 1 45 1 41 1 37 1
Plastic Strain

Location 1 0.800* 0 0.253* 0 0.017 0 0.0108 0 0.009 0
Location 2 0.805* 0 0.253* 0 0.073 0 0.0558 0 0.042 0
Location 3 0.370 0 0.100 0 0.019 0 0.0114 0 0.000 0
Location 4 0.242 0 0.066 0 0.039 0 0.0308 0 0.024 0
Location 5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

* Crack initiation and propagation occurs

DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited

25



Predictive Modeling Impact of Sea Ice on Ship and Offshore Structures

Table 6 — Nodal Displacements and Plastic Strains Obtained with the X-FEM

Extended Finite Element Method (X-FEM)

. - PC1 PC2 PC3 PC4 PC5
Location of Collision - - - - -
max min max min max | min max min max min
Displacement (mm)
Location 1 6691~ 6 1688* 9 1359 13 1143 14 1101 16
Location 2 4001* 3 1729* 9 1124 16 1006 14 862 11
Location 3 7797* 7 2385 17 954 23 942 24 825 22
Location 4 5306 5 2279 9 1439 18 1090 21 960 22
Location 5 74 0 52 1 44 1 41 1 37 1
Plastic Strain
Location 1 1.13* 0 0.297* 0 0.038 0 0.0186 0 0.0147 0
Location 2 0.81* 0 0.504* 0 0.207 0 0.1394 0 0.0849 0
Location 3 0.78* 0 0.272 0 0.025 0 0.1165 0 0.0054 0
Location 4 0.476 0 0.256 0 0.147 0 0.1007 0 0.0683 0
Location 5 0.023 0 0.004 0 0.014 0 0.010 0 0.002 0

* Crack initiation and propagation occurs
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For simplicity of reference, the run labels are constructed as “PC(Class) (location) (method). For example: a run simulating a
collision class level 3, at location 2, using the X-FEM method is referenced as “PC3 2 XFEM?”. This nomenclature will be used
through the rest of this report.
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Figure 5 — Isometric view of the model

4
Y:

X
Figure 6 — Isometric Close-up View of the model around expected location of collision
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Figure 7 — Isometric Close-up view of port side of the hull

Figure 8 — EFGM: Close-up view of tetrahedral elements around area of collision
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Figure 9 — EFGM: extreme close-up of tetrahedral elements
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Figure 27 — PC1-4 XFEM — Plastic Strain
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Appendix A

Figures Al through A20 are plots of the Transient Ice Loads on the hull plating during collision. These loads are calculated using the
DDPS algorithm.
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Figure A3 - PC1_3 Ice Load Figure A4 - PC1_4 Ice Load
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Appendix B

Algorithm for a Pre-processor for generating the input file to model the impact of Sea Ice
on the Ship hull structure using LS-DYNA

The purpose of the development of this pre-processor is based on the requirement for
creating a framework on which to conduct reliably and expediently further research on
the study of crack initiation and propagation on any specified hull form. This tool will
facilitate the process of generating the required model definition as input to the LS-
DYNA solver.

A basic flowchart of the primary components of the algorithm developed is described
first. The actual code, written in Fortran, follows.
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