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2, Very high pressures (15 MPa) are predictéd for thick ice (1 - 10 m)
for areas from 1 to 100 mz. From a semilocal load point of view,

the area of interest lies in this range.

Walden et al (1987)

This approach is originally proposed for global loads. However, as
it involves explicitly variation of pressure with contact area, it presents
itself as a possible technique to be considered along with other models
explicitly proposed for local pressures.

1/

2 n
p=p_ ., (1- (WC/)BC) )} (Ao/R)" where

oc

p is the ice pressure over the contact area A&, poc the effective
indentation strength at a reference area Ao assumed as 1 m2, 7c the brine
volume of ice, oc the reference brine volume at which the ice loses all
its strength and (assumed as 0.16), n the slope of the (indentation)

pressure versus the area of the curve, (taken as 0.5).

Iyer’s Model (1983)

This is an empirical approach based on the results of the small scale
indentation tests. The local pressure is seen to be a function of the
aspect ratio D/t and the contact area where D is the width of the tributary
area and t the ice sheet thickness. Fig. 14 shows the curve pressure vs.
square root of contact area for various aspect ratios. These curves have

been established using the available large scale APOA (Arctic Petroleum

- Operator’s Association) projects, Croasdale (1970, 1971), Taylor (1973),

Miller (1974) and Kry (1977) which involve indentation type of tests. An
empirical relationship of the following form has been established for an

aspect ratio of 1 (Fig. 15).

Peff = 6.8 (Dt) -0.3

The contact width and the ice thickness are expressed in meters and Peff in

MPa. As local areas are generally have aspect ratios less than 1, a
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multiplying correction reflecting the confinement has been proposed (see

inset of Fig. 15).

Norwegian Research (1981)

This reference presents an empirical expression for the prediction
of local ice loads. This is based on model tests of multi year ridges with
vertical sided structures. It is mentioned that this formula can be

applied to any kind of ice-structure interaction case.

The local ice loads on the structure are to be determined using the

formula:

0 -0.165

P, = 2 (1+(b1/h) - '6) ((A/n0) ) P, where
p1 is the local ice pressure, b1 the horizontal breadth of the local load -
area, h the extreme vertical depth of the total area of the structure in
contact with ice, A the local load area (cmz), Ao the reference area (1

cmz) and, 18 the maximum uniaxial crushing strength of the ice.

The interpretation of the parameters‘b1 and h is illustrated in Fig.
16. Tpe relevance of making use of the parameters b1 and h is based on the
assumption that the structure will experience the highest pressure when
crushing takes place simultaneously only over the local load area. Still
under these conditions the presence of the structure will prevent any
plastic flow of the ice normal to the interaction plane over the complete
area in contact with ice, resulting in a strong confinement of the portion
actually being crushed. The effect on the pressure of the confinement of
the ice on the multi-axial state of stress under which crushing takes
place, is represented by,

K=2.(1+ ®/m 0%
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quj -Q =10 . ’ (23)
where U is the internal energy.

Equation (23) may be substituted in equality (22), to
eliminate § :

TS + Q;q; - U =0,
and writing ¢ = U-TS, the Helmholtz free energy,
Qd; - 420 | (24)

Using equation (9), and interpreting the Helmholtz free

energy as the strain energy W, we find
G, — =0 . : (25)

This interpretation corresponds to the idealisation proposed by
Schapery (1988), in which the crack tip and a thin layer of

material on the crack face is not part of the system.

If the work (potential) for damage increase is W, (e.g.

equation (19)), then (25) implies that

dwe

>0 , (26)
dt

Schapery (1988) also showed that for a single damage parameter,
(25) implies that

dr/dt = 0 (27)
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Rice (1978) considered the ane where the crack (a Griffith
crack) was part of the system. Taking a single crack, and using

the length £ as the measure of damage, it is found from equation
(24) that

(G-2y) k=0 (28)

where vy is the surface energy (corresponding to a reversible
process). Frictional effects, which we consider important in the
case of ice, are generally associated with the generation of heat
and irreversible bincrease of entropy. The results above and
others (e.g. Krajcinovic, 1983) need to be integrated into a
theory for ice. Viscoelastic aspects are discussed in Jordaan and
McKenna (1988b).

PREVIOUS APPLICATIONS OF CONTINUUM DAMAGE MECHANICS TO ICE

Karr (1985a,b) formulated a statistical model of the fracture
of ice, assuming it to be composed of a series of elements; each
element has a strength that is modelled by means of a probab%lity
density function. He related the growth of internal cracﬁs to
experimental results on acoustic emission, and simulated uniaxial
stress-strain curves. This approach'can be seen as a step in
formulating damage mechanics models linking microstructural and

continuum theories.

Cormeau et al. (1986) developed a scalar damage mechanics
model within a finite element code (ABAQUS). The model was based
on an approach similar to that of Resende and Martin which was
summarised in the section on "Continuum Damage Mechanics" above.
An innovation in the model is that residual strains on unloading
were included (Figure 9 shows an offset strain e, which
demonstrates this effect). This would constitute a means of
inecluding frictional effects in the analysis. In the work by
Cormeau et al., the residual stréin was studied in test runs by

relating its rate to the concurrent strain rate. The residual

-
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frequency of the structure. The reason for the good agreement between

the theoretical magnification factors and those obtained experimentally

by Tsuchiya et al. (1985) can be attributed to the assumed saw-tooth
function for ice loading with a periodicity equal to that of ice failure,
The theoretical results compare favorably with the experimental results
of Tsuchiya et al. (1985). While the assumed forcing function gives good
results, its existence depends only on the relative velocity of the ice
with respect to the structure and not on the relative displacement as is

the case in the model proposed by Matlock et al. (1971).

DISCUSSION

The interaction between a moving ice sheet and a fixed structure
results in loading and deformation of both the structure and the ice
sheet. This is an interaction problem, and any theoretical treatment
must stress the interaction aspect of this problem. 1In the theoretical

models, Matlock et al. (1969) proposed that the interaction forces are

proportional to the relative displacement between the structure and the
ice, whereas Blenkarn (1970) assumed these forces to be proportional to
the relative velocity.

The present understanding of the sequence of events in the crushing
of ice at low velocity can be described as follows: deformation of the
structure and the ice with the increase in interaction forces between the

ice and the structure, eventual failure of ice at some finite stress or

load, sudden unioading of the structure as a result of brittle failure of
ice, transient response (spring-back) of the structure which may execute
a few cycles of damped vibration at its natural frequency, and finally
start of a new cycle when contact between the structure and the intact
ice is reestablished. During the spring-back of the structure, the
crushed ice is squeezed out of the zone in front of the structure and
‘offers added damping beyoﬁd that already present in the structural
support. It is here that the interaction forces may be proportional to
the relative velocity.

For a wide structure, Jefferies and Wright (1988) presented a
similar ice-structure interaction during crushing failure of ice, as
shown in Figure 15. This is based on the data obtained from an extensive
measurement program with_the help of different types of sensors installed
.on the Molikpaq during the 1985-86 winter. There were many instances
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Figure 15. Conceptual framework for dy-
namic ice—structure interaction during
crushing (from Jefferies and Wright,
1938).

when the ice action caused the whole structure to vibrate at a freQuency
close to its natural frequency. Some of the ice force and structure
response records, though incomplete, are shown in Figures 16 and 17. In
Figure 16, the forces, measured with the help of strain gages attached to
three frames labeled A, B and C, are in phase with respect to each other
(or "phase-locked" as described by Jefferies and Wright, 1988). The
dominant frequency of ice force variations is about 0.3 Hz, which is much
less than the natural frequency (1.3 Hz) of the structure. Though the
forces measured at three locations are of different magnitude, there are
some data on the ice thickness to suggest that the thicknesses at these
locations were in proportion to the forces measured at each of them
(Jefferies, personal communications). This suggests that the effective
Crushing pressure is the same across the ice-structure interface area.

In Figure 17, the interaction forces and the structural acceleration
jIECords are shown. The first part of the force records show that the ice
Orces appear to act non-simultaneously, whereas these are "phase-locked"
T the later part of the records at a frequency of 1.56 Hz, which is
lose to the natural frequency (1.3 Hz) of the whole structure.
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Figure 16. Records of interaction
forces measured at three locations
on the Molikpaq (from Jefferies
and Wright, 1988).
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Figure 17. Acceleration and interaction
force records showing non-simultaneous
and phase-locked ice crushing (from
Jefferies and Wright, 1988).
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Jefferies and Wright (1988) also presented a plot of the interaction
force versus the structure displacement, shown in Figure 18. From this
plot, we can see that there is a net energy dissipation in each cycle of

the structure vibration.

Jefferies and Wright (1988) proposed a conceptual framework for
dynamic ice-structure interaction during crushing (Figure 15) in the
following five steps: (a) The ice approaches the structure at a constant
far-field velocity. (b) The structure deflects. (c) The ice crushes
when failure stress is reached. (d) Because the crushed ice cannot
support the interface stresses, there is a spring-back of both the
structure and the ice due to the release of stored elastic energy.

During the spring-back, the crushed icé is extruded out of the zone in
front of the structure. (e) The process repeats through steps a, b, c
and d as the ice sheet advances towards the structure. Within this
framework, Jefferies and Wright identified the actions of several °

Parameters:

© "The peak load is controlled by the monotonic fiacture strength

of ice.
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1. INTRODUCTION

When droplets generated from sea water fly in cold air, cool
and hit an object, spray ice will form. Spray ice causes
hazards and operational problems for vessels and offshore
structures in cold sea areas. The added mass of the ice
raises the centre of gravity of a vessel or a floating
- offshore structure and thereby reduces its stability.
Asymmetric ice 1loading and increased wind drag may also
endanger stability. Also, spray ice accumulation immobilizes
life boats and other rescue equipment and interferes with
communications by covering antennas. Finally, falling ice and

icy surfaces in working areas are an occupational hazard.

Ship icing has been recognized as a serious problem for a
long time (Anon., 1881). Several vessels with their crew are
lost every year in accidents caused by spray icing. Even the
largest vessels have\opefational problems due to spray ice
(see fig. 1). '

Spray icing on stationary marine structures is a more recent
problem associated with increased offshore activities ~in
arctic and subarctic waters. Spray ice loads up to 400 tons
have been observed on a semisubmersible drilling rig (Minsk,
1984). The éssessment of safety criteria vand structufal
design for offshore structures requires estimates of the
potential spray ice accretion rates. Because of this,
research on spray icing has been rather intensive during the
last five years. ‘

This paper reviews the current state of the physics of icing
and of the methods that are used to estimate spray ice loads
on offshore structures. The use of artificially made spray
ice in offshore operations is briefly discussed. Several
general reviews on marine icing have been published recently.
This overview focuses on modelling the formation of spray ice
loads. Reade;s interested in more general aspects of the
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Fig.l. Spray ice on "Hans Gutzeit" on the Baltic Sea.
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where C.,, g and B are waterline coefficient, acceleration of gravity
and ship width. r_ is a coefficient given as

re =1 -0.124/(tanqa ) /2 (4.5)
for ships intended for répeated ramming.
4) Vaughan(1986a, 1986b) has given:
Maximum impact force; -

Fusx = [2.28:10°°/{0. 27+ tane tan(a +6 ))] -A-L-f, -Vosina  (4.6)

which is based on momentum conservation principles and an assumption

f s IMPACT FORCE Figp /
140
wee== BEACHING FORCE F, /
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Fig.4.1  Comparison of Polar 8 Ice Forces for Différe_nt Formulations
[Ghoneim(1986) ]

326




" that the hull girder will vibrate as a,frée»pinned beam in its first
natural mode. f, is the natural frequency of the f1rst mode.

Max1mum beaching force,
Fy = 0.25A-g- (1+ay) S (®.7)

where ay 1s the added mass coefficient for heave.

A comparison of Polar 8 total ice forces for d1fferent formulations
isvshown_ln Fig. 4.1[Ghoneim(1986] .

Nondimensional analysis of peak force was made by Daley et al
(1984) , and the results are shown in Fig.4.2.

Varlous presentat1ons have been given for local structure design

pr1nc1ples of vessels.
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Fig.4.2 Nondimensional Ice Force [Daley et al (1984)]
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2.1 Polarstern and Mudyug
\\ ) ‘ -
In order to-make the generalization of results fr_on; measurements possible, the main dimensions of
the vessels have to be briefly described. A more detailed account of the Polarstern experiments is
given by Mller and Payer (1987). | |

The principal dimensions of Polarstern are.

Length overall \ 118.0 m

- Length between perpendiculars - 1022m
Breadth 250m
Draught 105m
Displacement ‘ 15,690 t
Engine Output 14,120kW

Classification GL + 100 A4 Arc 3, hull strengthened for an ice pre$sure’ of 6 MPa for sides and stern
and 9.5 MPa for the bow. ’ '

Figure 1 contains a side view of the ship together with a sketch-of the bow showing the areas
" instrumented for the measurements of local ice loads.

=3 instrumented. area 1985
instrumented. area ‘1984

Figure 1. instrumented areas for local ice pressure onboard Polarstern (Mdller et al, 1986 & 1988)

The first full-scale test was performed off the coast of Labrador, Canada in May 1984, the second one

in the waters around Spitsbergen in May 1985,
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During both expeditions the following investigations weré performed regarding ice loads and

structural response:

In autumn 1985 the Soviet icebreaker Mudyug was converted at Thyssen Nordseewerke in Emden, -
Germany-into a novél icebreaker in accordance with the Waas principle. The existing conventional
icebre_akér bow with its sharp waterline entries was replaced by an extremely fiat bow. with nearly

analysis of stresses acting on the propeller nozzles in ice

determination of loads acting on the hull under different ice conditions

vdetérmination of stresses acting on deck and superstructure taking ambient

temperatures into account B

“examination of the behaviour of the propulsion system under stationary and non-

stationary conditions in‘ice.

rectangular waterlines. With this new bow shape the level ice.is brok}en' by the'v sharp_édges of thé
reamers at the ship’s sides mainly due to shear failure. On account of anincreasingly. raised bilge the

broken floes are pushed aside below the Tigid ice, so that the channel behind the vessel is almost

free of »ikce. This is particularly advantageous for ships following the icebreaker. -

The.ptincipal dimensions of .the Mudydg after conversion are:

Length overall | 111.36 m

Length between perpendiculars - 89.80m
Breadth 6f ‘CWL 2220m
Draught l 6.50m
Displacement - . 7,744
Engine Output 7,000 KW

 Classification RS LL 4. 4
~ The ship'is shown in Figure 2 as well as the area in the bow instrumented for the evaluation of local ice

; loads.
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