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Summary

Design of offshore structures in Arctic waters ti®isgly dependent on local and global ice
loads. These loadings are, in general, contace$otransmitted to the structures during interaction
with ice floes, ice ridges or icebergs. The pradictof ice forces on structures relies heavily on a
thorough understanding of mechanical behavior @f ise as well as on in-depth knowledge of
interaction between ice features and structures.

Sloping, or conical shaped structures are commaosbBd structures for arctic oil and gas
exploration and production due to the fact thaséhstructural shapes induce ice bending failuréhen
structure slope, so that the horizontal ice loatthe structure can be reduced compared to a agishi
type of failure, which occurs when ice floes intgirag with vertical structures.

As an ice sheet advances toward a conical or siogiiucture, the ice load increases until the
drifting ice sheet fails by bending and forms idecks. Following the failure of the ice cover, the
failed ice blocks are pushed up the sloping streotw forms ice rubble in front of the structure.

Predicting the correct failure modes (crushing,dirgy, and splitting or combined modes of
failure) is desirable as well as the global forcetloe structure. However, this is not straightfava
due to the complexity of the mechanical behavioricef. It is facing some challenges such as,
anisotropy (ice can be considered as a transveitisalropic material), inhomogeneity, and straitera
and pressure dependent response. Some of theskekayiors are considered on this study as a
preliminary start for the further investigationsagpart of the ColdTech project.

The following major features are modeled and disedsn this paper:
* The bulk material behaves like von Mises material.

e To account for the anisotropic behavior of columisar the planar anisotropic failure strength
was accounted for by utilizing cohesive zone eldmantwo different major directions.

e Fluid-structure interaction (FSI) was employed mdey to assess a more realistic boundary
condition of drifting ice sheet, i.e. account foetweight of the ice (if the ice blocks being
pushed up the sloping structure), or account ferltilnoyancy forces, (if the ice blocks forms
ice rubble in front of the structure). Howeverexpected, it increases the computational cost
considerably.
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Introduction

The economic activity growing fast in the Arctiggren and consequently the need increases for
new constructions. The structures must fulfill specequirements because of the cold winters @ed i
conditions [1, 2]. The offshore structures may sabjo the ice force during the cold periéiure .
There are three main ice action limiting mechanismi-stress, limit-energy and limit-force [1]. &h
paper deals mostly with limit-stress which indigatkat the maximum force is governed by the ice
failure. Ice may fail in different modes e.g. crigh bending, buckling, and splitting or under a
mixed-mode.

Figure The lighthouse Norstromsgrund is located irthe Gulf of Bothnia, about 65 km southeast
of Lulea in Sweden [3]. It shows the accumulated écafter crushing.

The failure modes depend upon the mechanical piepesf sea ice [4], geometries of ice
feature and structure, collision speed and the dayncondition. Sloping or conical shaped structure
are commonly used for arctic oil and gas exploratimd production due to the fact that these
structural shapes induce bending failure of theokethe structure slope, so that the horizontal ice
loads on the structure can be reduced [5]. As ansleet advances toward a conical or sloping
structure, the ice load increases until the dgftioe sheet fails by bending and forms ice blocks.
Following the failure of the ice cover, the faileme blocks are pushed up the sloping structure or
formed ice rubble in front of the structure. Thimdem was investigated both theoretically [1, 6-9]
and numerically [10-14] over the last three deca#leste element method has become an important
tool in order to predict the mechanical respons&@f However, other numerical techniques such as
particle-in-cell were used [15] for the large scalmulations. Martonen et al. [14] implemented a
multi-surface failure model in ANSYS, a finite elemt package. Effect of the strain rate, temperature
salinity and porosity was considered in the failomedel. Sand [11] has employed an elliptical falur
criteria, implemented in ANSYS, to determine thexmmam force on the slopping structure. The ice
anisotropic effect is considered in the failurgeria. Cohesive zone element was utilized by Gurtne
[16] in order to predict the ice failure in LS-DYNAn this study, ice was modeled with an isotropic
bulk which associated by anisotropic cohesive etgmé relatively new approach called XFEM
(Extended Finite Element Method) was employed bygBe et al. [12] to model the complex failure
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behavior of ice. XFEM is a numerical technique tkeatends the classical finite element method
(FEM) approach by enriching the solution space $otutions to differential equations with
discontinuous functions.

The aim of this study is to simulate the ice fixgdicture interaction by using the cohesive
zone element to model the ice. In order to get ¢beect boundary condition, fluid-structure
interaction was employed to account for the buoydarces acting on the floating ice floe.

Numerical model

The model comprises of several aspects, bulk netedhesive zone elements (CZE), Fluid-
structure interaction (FSI) and contact. The buliterial was considered isotropic and it behaves lik
von-Mises plasticity. MAT_PIECEWISE_LINIEAR_PLASTITY was assigned to it, sekabel for
more details.

Fluid-structure interaction

The buoyancy force acting on the ice floe is plgyimportant role in the failure mode [11,
16]. The conventional way to consider the buoyafmrge is using a Winkler foundation. A linear
spring which cannot model the submerged or liftatlice blocks. When ice failure occurs the failed
ice blocks may push up by the drifting ice sheet@umulate in the front of the structure. In order
get the correct response, the water and air werelad as an Eulerian mesh. Since the effect of the
air can be neglected, it is defined as void. Bo#ttewand air are modeled by using the solid element
formulation 12 (one point integration with singleatarial void). Material model number 3
(MAT_NULL) [17] and accompanying equation-of-stateere assigned to the Eulerian materials.
Equation of state must be defined for the null malkéhat prescribes relation between thermodynamic
variables e.g. pressure and volume. Grineisen iequii8] was chosen and calibrated based upon
earlier studies [19, 20Tabel summarizes the material parameters which is usdtht paper.

The hydrostatic pressure was initialized by usifQAD_BODY_Z to create the gravity
condition. Beside that it is important to constragtdes on the free surfaces of the Eulerian mdsh. T
preliminary simulation shows a periodic oscillatioihthe pressure. This was examined by simulation
a floating object under equilibrium condition. A ssaweighted damping was defined in order to
reduce the oscillation. It is intended to damp fo@guency structural modes and also rigid body
motion [17]. The damping coefficient was determirmed on the preliminary simulation, without

damping, and estimating B piT . Where, T is the period of oscillations in secoddmping factor

was reduced when the hydrostatic pressure correetlied. It seems that the buoyancy equilibrium
condition cannot be achieved without applying thprapriate damping to the system.

The interaction between Lagrangian and Eulerian hmewas defined via
*CONSTRAINED _LAGRANGE_IN_SOLID command. LS-DYNA pvides two types of coupling,
penalty based and constrain based [21]. Both cogaligorithms were evaluated in order to check the
performance and results shown that the penaltyeb@séetter choice. Furthermore, the constrain-
based coupling does not conserve energy [17]. Tieber of coupling points which is in connection
to the Lagrange-Euler relative mesh resolutionte& However, higher value will increase the CPU
time considerably. The remained parameters lefit tedault values.
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The appropriate hourglass control type should Isgasd to the fluid and solid [19]. A
viscosity-based hourglass with coefficient 1.0e-6eicommended for fluid [22]. Therefore, hourglass
formulation type 1 (viscosity-based) was employethva magnitude of 1.0e-6 and type 5 (stiffness-
based), while a magnitude of 0.1 were definedterEulerian and Lagrangian material, respectively.

Cohesive zone elements

Cohesive zone elements are used to simulate thk itriéiation and growth. It is based on the
early work of Dugdale [23] and Barenblatt [24]. Té@hesive element represents the cohesive force
while following the traction-separation curve. Ahesive constitutive law relates the traction, force
per unit area, to the separation at the interfa@enon-linear spring elements. The separation betwe
adjacent element surfaces is derived based onishtadement at Gauss points. The cohesive element
can have zero thickness without leading to numkemctability. It is worth mentioning that the orde
of the nodes is important to define the cohesiegeujand lower surfaces. It means the first fourasod
(1-4) and the second four nodes (5-8), in an eiglite solid hexahedral element, define the lower and
upper cohesive surfaces, respectively,Figee C.

()

L

Modeling the ice failure by using cohesive elemeas introduced by Gurtner et al. [25]. Element
formulations 19 and 20 can be used to model thegieh element in LS-DYNA. They have defined
two different material properties for the horizdraad vertical element. The same approach was used
in this paper to model the ice block, $égire . The cohesive elements can be attached to the bulk
either by sharing the nodes or defining tied cdritetween parts. In this case cohesive and bulk
elements share nodes. Since the hexahedral setiteat with 3 degree of freedom at each node is
assigned to the bulk, element formulation numbeis E&ssigned to cohesive elements which does not
transfer the moments [17].

5

6
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Figure a) Shows bulk elements while the cohesiegnents were inserted at inter-element. b)
Cohesive elements, two different parts (colors)icak the transversally isotropic. ¢) Schematic
drawing of cohesive element.

Four material models, MAT_138, MAT_184, MAT_185 alihAT_186 can be used for element
formulation 19/20. MAT_186 (MAT_COHESIVE_GENERAL)as chosen due to the flexibility it
provides. Tabulated traction-separation can benddfdirectly for both facture modes | and II.

In order to prevent asymmetric deformation, the bemof integration points required for the
cohesive element to be deleted set to 1 [17]. Taserial model was calibrated based on the data
presented by Gurtner [16]. Two tri-linear curvesrevdefined to represent the normalized traction-
separation behavior. The ultimate mixed-mode dcgpfeent is calculated using the following
equation.

O0F=1+B2ATSLCTGIcXMU+S.82GIIcXMU-1XMU (1)

Where, B is the ratio between normal and tangential sejpssatGl ¢ and GII care the fracture

toughness for modes | and I, respectivek Ais the area under the normalized traction-separati
curve. T and S are peak tractions in normal angetatial direction.

Contact formulation

Two types of contact were defined which are betwieersloping structure and ice block-ice
block. As mentioned already the ice sheet driftgatal the sloping structure and then fails into the
smaller block due to bending failure. The contaetween ice and rigid stricture is penalty-based
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contact with two different 0.0 and 0.1 friction ¢fi®@ents. The post failure contact should be
considered between the failed ice blocks to gettmeect behavior. As the cohesive elements willl fa
and delete therefore an eroding type of contactNTALT_ERODING_SINGLE_SURFACE, was

assigned to the ice sheet [26] to account the fadste contact.

Tabel values were used to calibrate the material ates.

GIC (N/m) GIIC (N/m) T (MPa) S (MPa) M M
*MAT_COHESIVE_GENERA 6 30 0.065 0.065 01 038
L
Density (kg/r) Elastic Poisson’s Yield
modulus ratio stress
(MPa) (MPa)
*MAT_PIECEWISE_LINIEA 910 6000 0.3 2
R_PLASTICITY
| | Density (kg/n?) | | | | | |
*MAT NULL 1027
C speed of sound
(nVs)
*EOS _GRUNEISEN 1500
Results

An ice floe with 1000 mm length and 20 mm thicknissgdriven towards a 45 degree inclined-
structure. Depending on the geometry, ice mechhmicgperties and contact condition may ice
behaviors differently. In order to evaluate theligbbf the methodology to predict the differentic
behavior, two different contact situations betweées and the rigid structure were considered, i.e.
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friction coefficient equal to 0.1 and a frictionéesontact situation. As are shown in Figure 3edrss
that both the applied FSI and CZM formulations veovkell together and does not lead to numerical
instability. The maximum horizontal force betweér ice floe and structure has been extracted from
the contact reaction force. Those values, for tiWiemnt contact conditions, are shown by circle in
Figure .

Figure An ice floe (green) is interaction with aninclined-structure (black solid line). Friction
coefficient between ice and structure a) set to Odind b) set to 0.0, a frictionless contact.

The maximum horizontal force per unit width wasedetined based on Eq. (2) [11]. Thisis a
two dimensional analysis of the ice force on tlopging structure. The equation consists of twospart
the force required to break the ice and to liftitteeblock on slop.

PHb= ofpwgh5E14C1+zhpicegC2 (2
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C1=0.68sina+pcosacosa-pusina

(3)C2=sina+pcosasina+pcosacosa-psina+ cosasina

(4)

Where,PH is the horizontal force. b and h are the width #imckness, respectivelgf is the

flexural strength and E the elastic modulpsce andpw are the density of ice and water, respectively.

The z indicates the distance of the ice block fhathed up on the structure. Finally,s the ice-

structure friction coefficient and is the slope angle of the structure. The horiddistae has been

calculated based on the Eq. (2) and values thad baen presented ifabel . The z-factor in the
second part of the Eq. (2) set to the value thegrdened from FE simulation. Ice force on the shopi
structure for different friction coefficient andgla are presented kigure .
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Figure Horizontal ice force on the sloping structee for different friction coefficient (p) and
angle (just for analytical solution).p vary with line colors (legend).

Discussion and conclusion

A comparison of the horizontal force between FE andlytical solution shows that the FE
overpredicts the maximum forces approximately 15¥e differences could be partly governed by
assumptions such as elastic foundation for theyaoal solution. However, the sensitivity analysis
shows that the FE prediction depends on dampingghass formulation and the mesh size. This is an
important issue when the aim is to extrapolatevérified solutions for the different problem. That
means the effect of those parameters should beuwdérstood. Regarding the mesh size, creating the
cohesive element can be quit time consuming edpebis the complex geometry and needs some
manual work.

All in all, it seems that the methodology can belea to the problems related to ice
mechanics. However, still some issues like mateniadlel calibration and computational time for the
large structure and applying it to the dynamic metieuld be studied more extensively.
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