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ABSTRACT

It is well-known that the edge of ice features has considerable roughness. Therefore, the
contact between the structure and the ice feature develops within the small area. However,
some methods of ice load determination assume that this contact is perfect and full. This
simplifying assumption has significant influence on the ice load estimations,. especially in
theoretical investigations.

Numerical solution for the non perfect ice-structure contact has been developed. The model is
used to simulate the failure of the ice edge in conditions when the ice sheet acts on the vertical-
side structure. The ice edge roughness has been modelled by the tooth located at the ice edge
and influence of this tooth on local and global loads has been analysed. The results of
numerical experiments show that the global load increases and the local one decreases with the
tooth width increase. .

1. INTRODUCTION

Methods of ice loads determination are very often based on the assumption that ice/structure
contact is perfect and contact area can be considered as a product of ice thickness and
structure width. But in real conditions contact is never be perfect.

When ice approaches the structures its edge usually has certain roughness that can be
considered as a set of local teeth. The results of observation of natural sea ice edges published
by Takeuchi et al (1998) confirm the presence of significant initial roughness of the ice edge.
Therefore during the first impact the ice edge can not be considered as a smooth, and in
subsequent structure penetration (if velocity of penetration is not very small and creep does not
develop) contact area is not perfect as well, because due to failure the ice edge develops into a
wedge shape and contains both failured and intact ice. Therefore one can propose that usually
ice pressure on the structure will be transferred through small teeth located in certain points of
the contact area.

Loads that can be transferred through a limited contact area or a line-type contact were
considered by Fransson (1991,1993), Joensuu and Riska (1989), Riska (1991),Tuhkuri
(1991,1996). Laboratory experiments were carried out by Tuhkuri (1996), Gagnon (1995 a,b).
Some full-scale observations were made by Takeuchi et al (1994), Takeuchi and Saeki (1995),
(1998), Gagnon (1995), Timco and Frederking (1995), Frederking et al. (1990). All
investigations show that when contact area decreases, pressure increases. This confirms
importance of roughness consideration for ice loads calculation.
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The idea to consider the edge roughness for calculation of loads on offshore structures was
suggested and developed by Muhonen et al (1992) and Karna et al (1998). Karna worked out a
computer program that considered ice sheet/ structure interaction. The ice sheet is divided into
two zones - near the structure surface and far. All behaviour in near zone is determined by
teeth interaction with the structure surface, failure, extrusion, etc. Stresses, arising in the near
zone influence stress and strain fields in the far zone. Some parameters in Karna’s model are
taken from the experimental data, but some other (location of border between near and far
zones, stress in a teeth, etc.) are based on certain assumptions and need more accurate
determination.

This paper reflects the first step in Karna’s model refinement. Special finite-difference
computer program is developed. Only one tooth interaction with the structure and ice sheet is
considered. Ice failure, local and global loads induced by this tooth interaction with the
structure surface and approximate position of the border between near and far zones are
investigated.

2. THE PROBLEM STATEMENT

2.1. Main equations

2D problem in vertical plane is considered. A semi-infinite ice sheet with thickness # moves
with velocity v against a vertical wall. Velocity v should be not too low because creep is not
considered. The sheet edge contains a single tooth that can be located at any level of the edge
height. This tooth is a part of the ice sheet, its height is w and its length is / (Fig.1). Soft
material can be located above and under the tooth. This material models property of the ice
destroyed during previous interaction. It is characterised by modulus of deformation E. E/E,
ratio (£, - modulus of deformation of the intact ice and £ — one of the tooth), which can vary
within the range 0<FE/E, < I. Intact ice is elastic until failure criterion is reached. This criterion
is used in the Coulomb-Mohr form. Material transits to the residual state after failure. In this
state all failured material properties again are determined by Coulomb-Mohr law but with
strength significantly lower than for the intact ice.

The main equations are written in the form:
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Figure 1. Scheme for design

Here x;, x, — are axis of Cartesian system; summation over a repetitive index (i,j=1,2) is
assumed; plane strain conditions are considered; dot above symbol represents time derivative ;
v; - velocity in direction #; G - shear modulus; X - bulk modulus; H; - Kroneker’s function
(H=01if i # j, otherwise H=1); A - coefficient of dilatancy; - scalar factor (determined from
failure criterion (7)).

As it was mentioned above failure criterion is used in Coulomb-Mohr form that is shear failure
will develop if
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where 6,,, G, - are the maximal and the minimal principle stresses (compressive stresses are
negative), R. - unconfined strength, ¢ - angle of internal friction, P - pressure. Upper index f

refers to parameters on the failure surface.
Tensile failure takes place if ,, = R,, where R; - tensile strength. If both shear and tensile

failure can arise simultaneously then Fridman’s (1952) criterion

Zal, T (11)
O R,

is used. If Eq.(11) is true, then shear failure develops, otherwise - tensile one.
Boundary conditions are:
0, =0, =0 ify=0or y=h

o, = fo, forx=0, 0<y<h




where f— friction coefficient.

Special boundary conditions were used at the far end of the sheet to avoid reflection of
longitudinal and shear waves from this boundary. Investigations showed that during numerical
modelling reflection was not registered and it was possible to continue computations over the
long time period.

2.2. Method of solution

Finite-difference method and Whilkin’s (1967) methodology are used for solution (Fig.1). The
first application of this method to ice problems was discussed by Matskevitch and Shkhinek
(1992). Nodes of the mesh are used for velocities calculation whereas stresses are determined
in the centres of cells. 43 nodes are used through the sheet height. In horizontal direction the
sheet length was divided on 200 cells.
The order of computation is the following:
a) all equations are rewritten in the finite-difference form;
b) velocity at each point of field is determined;
c) as velocities are known, elastic stresses can be computed from the constitutive equations;
d) failure criterions (by shear and tension) are checked in all points, if both of them happen in
the same cell then equation (11) is used to choose the preferable criterion;
e) if shear failure will develop, then parameter / have to be determined.
From constitutive equations (2)-(3) in finite-difference form and condition (7) one can receive:
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where

S/, =-R, +NS;, +(1-N)P*
Upper index e refers to values determined at elastic stage; A¢ is time step. Parameters in
denominator correspond to ones in the foregoing time moment.
New values of deviators are determined according to formula
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New value of t© can be computed from equations (4) and (13) and new pressure is defined
using formula

P=P°+2Kr AtAt (14)
If tensile failure takes place, then new stress values are determined by formula:
6, =R, (15)
and other stresses are defined by formulas (Mainchen and Sak, 1967) that is
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where A - Lame’s coefficient.




Later velocity field should be recalculated and the whole process repeated. So, this method
gives opportunity to investigate failure process development in time and in space.

3. RESULTS OF COMPUTATION

The following results refer to the situation when the tooth is located at the centre of the ice
sheet cross section. The following parameters E/E, =0.05, f=0, wh=0.1, E, =8GPa,
Rc=0.7MPa, ¢=20°, A=0 were mainly used in computations.

3.1. Load history and failure pattern

The non-dimensional load F" = F/R_h history for w/h=0.1, R/R.=0.3 is shown in Fig.2.
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Figure 2. Load history
w/h=0.1, R/R.=0.3, E/E,=0.05, v=0.2 m/s, f=0
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Figure 3. Failure development
a) t=0.605 ms, b) t=1.25 ms
R/R.=0.3, wh=0.1, E/E,=0.05, v=0.2 m/s




Failure patterns at the time instants #; and #, are presented in Fig.3.a,b, and velocity field
corresponding to the same moments in Fig.4.a,b. In Fig.3 cells failured by shear are presented
as dark points whereas ones failured by tension are lighter. Velocity vectors can be seen in
Fig.4.a,b. Each arrow in this figure reflects both velocity amplitude and direction. Figures
demonstrate failure development and shows that maximal load corresponds to time moment
when triangles near the sheet edge form. Later these particles are separated from the sheet by
failured zone and begin to fly off. The next stage — fly-away process was not considered in
computations. After triangles formation load decreases. Analysis of local pressure history in
the section corresponding to the centre of the sheet (y=0.5h) shows, that the maximal pressure
takes place significantly earlier than the maximal load (in Fig.2 it corresponds to the time
instant 75).
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Figure 4. Velocity field in the sheet for the input data used in Figure 3
for approximately the same time moments.

Failure pattern significantly depends on the R/R, ratio and methods of description of material
properties. In particular, different pattern was observed for R/R.=0.3, 0.2 and 0.1 (compare
Fig. 3, 4 and.5.) at the time moment corresponding to the maximal load.

One can see that velocity fields in Fig.4 and Fig.5c have almost opposite direction. In Fig.4
triangles move away from the structure and it is possible to suppose that extrusion will not
induce additional loading. In Fig.5c destroyed particles move against the structure and
probably extrusion consideration will lead to increase of the maximal load. If extrusion is not
considered then the maximal load in these numerical experiments slightly depends on R/R,
ratio, bur failure zones do depend.
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Figure 5. Failure pattern and velocity field
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3.2. The tooth width and length.
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It should be mentioned that approximately the same value was received in Takeuchi’s and
Saeki’s (1995) experiments (see Table 4 of this work). The reason of this phenomenon —
confinement of the tooth by the sheet along the line x=0.

If tooth length / increases then the influence of confinement along the line x=0 on the strength
of the whole tooth material is less and the maximal stress decreases .Dependence received in
this work is resemble to one received in Tuhkuri(1993) experiments (Fig 4 of his work)

There is great difference in stress distribution along the y axis for different tooth widths. If
w/h=0.1 then the maximal stress corresponds to central section of the sheet. In other situations
the maximal stress concentration approximately coincides with the tooth corners. The maximal
local stresses ratio induced by narrow tooth to those corresponding to smooth ice edge can be
as large as 3. In spite of the greatest local pressure is induced by narrow tooth, global load,
corresponding to this situation is lower than one for wide tooth. It can be seen in Fig.7, where
local stress o,/R, and global non-dimensional load F versus w/h dependencies are

demonstrated (it is necessary to emphasise that these data refer to condition £/E,=0, when the
tooth without surrounding soft material is considered).
Loads for different tooth widths can be perfectly characterised by formula

_}_71__ w, 0.7
F, W,

where F; and F; - load, corresponding to tooth width w; and w,, accordingly.

2.5

2 _
1-5 ] + O-xmax/Rc

e o, (y=0.5h)/R,

17 —&—  F/Rh
0.5 -

0 : :

0 0.5 1 1.5

w/h

Figure 7. Stress and load dependence on w/h
R/R.=0.3, E/E,=0, v=0.2 m/s

3.3. The border between near and far zones

The maximal stress in time o along the central line (y=0.54) has extremum at the small

distances from the tooth and decreases to the certain level far from the tooth. We assumed the
distance where the maximal stress o, begins to be more or less constantly distributed along




the line y=0.5% to be a border between near and fare zones. In majority of cases (not for a very
wide tooth) this value is approximately equal to the ice thickness, but if w=h, it can increase up
to (2-3)h.

CONCLUSIONS

Significant ice edge roughness is a reality that should be taken into account while determining
ice loads. The existence of the irregularities influences local pressure, global loads and failure
pattern. The narrower is the irregularity , the larger is the local pressure and the smaller is the
global load.

In this work different assumptions were made about the properties of ruptured material.
These assumptions do not influence the maximal stress, weakly influence the maximal load, but
can noticeably influence failure pattern. This fact demonstrates that for the investigation of the
failure pattern one has to know accurately all ice properties Extrusion process and friction
along the structure surface were not considered yet and probably they will significantly
influence the results.
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