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1. INTROCUCTION

The increase in oil and gas exploration in
Arctic offshore and an increasing level of
navigational activities in recent years have
generated concerns about how to cope with a
wide variety of ice features which may impose
a hazard to shipping and to structures in the
region. Over the vyears, studies have been
conducted regarding the behaviour of icebrea-
kers and structures operating in ice environ—
ment.

Ice forces on structures will vary consi-
derably depending upon ice field conditions, ice
speed and various localized interaction modes
with ice in contact. Most theories for calculation
of ice loads are only for one particular failure
mode although usually combinations of failure
modes occur in nature. Limitations and
application ranges for developed formulas are
not very well defined. Also, the classification of
ice failure mode is very important in choosing
the correct formula. The assumptions and
limitations of a formula should be studied and
considered carefully before using so that ice
loads can be predicted accurately.

Many oil fields are in remote location where
harbours do not exist and some type of artificial
berths is required for the loading and unloading
operations. Various types of terminals have been
considered. However, flexibility, reliability and
economy make the SPM system the most
utilized. The SPM system can be used in severe
environmental zones such as rough seas,
moving ice, soft seabeds and earthquakes.

Conditions for loading and unloading of
tankers are affected by ice contact force and its
impact. Tanker movement caused by ice motion
should be predicted using ice pressures and ice

forces on the tanker. This movement by the

tanker affects operation of terminal system. To
study the ice forces on the tanker SPM system,
the movements of the tanker by ice forces must
be known. In the following research the tanker
is simplified as a barge. Using a computer
simulation of the tanker movement, numerical
outputs are obtained and compared with the
experimental results.

To predict the ice loads to the tanker moored
to an SPM system, three methods(Crushing,
Local Ice Boundary and Proportional Failure
approaches) are utilized.

2. METHODS INTRODUCTION

1} Crushing Equation

Korzhavin(1962) proposed the effective ice

pressure and force for crushing failure as
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f = pA

where 1 is the indentation coefficient which is
25 as ice width is greater than 15D, k contact
factor ranging from 04 to 0.7, m shape factor
which is 1 for rectangular indentor, 0.9 for
semicircular indentor and 0.85 (sine)’® for piers
with wedge angles of 2a between 60° and 120°,
V. a reference velocity of 1 meter per sound, o
unconfined compressive strength of ice and A
contact area.

Neill(1976) noted that Korzhavin’'s equation is
only for strain rate of 107 to 10 sec ') defin-
ing the effective pressure rage from 0.6 to 1.6
oe The indentation factor in Korzhaving's
equation is idenified as being a function of W/D
where W is the overall gross width of the
impacting ice sheet.

Afanasev et al.(1971) expressed that the
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indentation factor is dependent on the aspect
ratio. The calculation of indentation factor, 1,
was suggested from the plasticity method by
Croasdale el al.(1977). The indentation factor
equations for rough and smooth contacts were

introduced in this paper. Also Michel and
Jolicoeur(1986)  have performed tests to
determine the indentation coefficient as per the

aspect ratio in three failure regions: brittle,

transition and ductile.

Table 2.1 Indentation and Contact Coefficients

Theory I k
Korzhavin 25 04-0.7
(1962) (width > 15D) j
Afanasev et al. E I
(1971) D
b +1
Michel and 2.97(ductile) 06-1.0
Toussaint 2.97(transition) 0.25
(1977) 3(brittle) 0.3
Croasdale et al 1.45+[ductile) 06-1.0
masﬂg;)e ‘ 297 transition) 05
3(brittle) 03
i Croasdale et al. 297(C<< h)
(1977) 1.15(D>> h)
Ralston 297(granular, D<<h)
(1978) 1.15(granular, D>>h)
| 4.12(columnar, D<<h)
‘ 3.13(columnar, D<<h)

However there are disagreements on the
individual terms in the above basic Korzhavin's
equation. Some coefficients are dependent on the
aspect ratio, strain rate, etc. Table 2.1 shows
different I and K terms. The indentation factor
is now identified as being dependent on the
aspect equal to the plasticity

ratio and

A

indentation factors. Since the indentation factor
from Croasdale et al. (1977)
plasticity theory, and additional study for the
brittle failure from Afanasev et al. (1971) shows
with the introduced by
Allen(1970). However it is larger than other

is based on

agreement values
values at low aspect ratio and the failure mode
is not classified.

In the case of imperfect contact, the ice force
exerts on the local area of the indentor. The
calculation of the strain rate of V/D for all
cases will not be applicable because D is the
total width of indentor and the compressive
strength is not the same around the contact
conditions. The shape factor also clearly defined
because the fracture failure mode can be in-
fluenced by the indentor shape.

2} Local Ice Boundary Method

The size and the shape of rubble ice resulting
from local and global fracture modes are quite
random and dependent on many factors. The
following expression shows factors contributing
to the geometry of ice blocks when the indentor
is imposed by ice load.

é=1{(m,h,v,D,0,1,d,2)

grain size(mm), and
contact angle

d = ice geometry

m = shape factor

o = ice strength(Mpa)
vy, = brine volume(o/00)
d =

a =

The strength of ice includes tensile, shear,
flexural, and compressive strengths. The com-
pressive strength of ice depends on strain rate,
e, grain size and temperature. The strain rate, €,
i1s an expression of relationship between ice

velocity and indentor width. The brine volume
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shows the relationship between salinity(o/o00)
The geometry of
rubble is decided by aspect ratio, strain rate,

and temperature(degree).

indentor shape and ice properties.
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Fig, 2.1 Indentation Factor versus Aspect Ratio

The ice Kinetic energy is dissipated by
forming fractures which will
reduction of load to structures. Unbroken ice

result in a
contacts a group of rubble ice which fills the
space between the indentor and the unbroken
"boundary

layer”. The size of broken ice can he generated

sheet ice which is now called a
from a random generator assuming that the
random sized rubble ice is uniformly distributed
This
thickness can be approximated according to ice

around the indentor. boundary layer
failure mode. Based on the measured data from
the 1980~1981 Hans Island program, a numerical
model established to investigate the
boundary thickness. The thickness

ratio{BTR) was studied for the region where the

was
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occur. From this study the maximum BTR was
obtained for both cases; contact area and aspect

ratio as shown below:

BTR 0.14 (A) +95, and

BTR

3.42 (D/h) + 139

Where A is contact area(m®).

As shown in Figure 2.2 and 2.3, as the strain
rate with constant ratio changes, the ice failure
mode changes as well.

Having this boundary layer concept, a method
load
Jo(1991). Assuming that random-sized rubble ice
is uniformly distributed around the indent for

and the maximum rubble size is the same as

for ice calculation was developed by

the thickness of boundary layer, the ice pressure

acting on a unit of ice can be expressed as

where pi is local ice pressure, I local indentor
coefficient and o combination of ice strength.
The

strength when more than one failure occurs.

oi is an expression of combined ice
The flexural strength of ice is important for
calculation of ice force for inclined structures
and the tensile strength and shear strength for

splitting or crackling failure modes.
The total ice force can be written as
f; = p; D; ki m;

where fi is local ice force, Di unit local ice
ki
and m local ice shape factor. When crushing

projected diameter, local contact coefficent
failure takes place, the indentation factor, I and
the contact coefficient, k can be calculated from
several ways as shown in Table 2.1. The shape

|

3]

factor m is usually 1 for a flat indentor, 0.9 for
semicircular, and 0.85(sin )" for piers with
wedge angle of 2a between 60° and 120° in
crushing mode. in a splitting mode the shape
in Table 2.2. When the

wedge angle of 2¢ is 60° and 120° in crushing

factor is as shown
mode. In a splitting mode. So it has a range of

0.25 as the minimum in a splitting mode to 1.0

as the maximum in a crushing mode.

Table 2.2 Shape Factor for Wedge Angle 2«

Wedge Angle(2a) Shape Factor
(degree) (m)
60 0.25
70 0.29
80 0.33
90 0.38
100 043
120 0.53

The total ice pressure acting on the local ice is
expressed as

b= 211.'0i = _ﬁlpi
The total force is also expressed as follows:
F= _ilPiDihKimi = _ﬁlfi

The n is the number of rubble ice, which
arrays about the vicinity of the structure. The
local contact coefficent ki is quite irregular and
can be approximated by a random generator
which has the
limitations. The friction between unit
it should be
considered as a contributing factor to ice force
exerted on the structure in the field. The local

ice

maximum and minimum

ice is

neglected in the approach but

shape factor my is also random. The

~40—
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maximum value of 1.0 is used for a flat indentor
is crushing mode and the minimum of 0.25 with
a 60" wedge angle 2¢ in a splitting mode. To
calculate the local ice shape factor, a random
generator which has an uniform distribution can
be wused with the maximum and minimum
boundaries according to the local ice failure
The local I
dependent on D; which is the local unit ice

modes. indentation factor is
projected diameter and can be obtained by using

a formula.

3) Proportional Failure Method

Ice fails with any combination of failure
modes. The theories for ice forces and pressures
are normally based on a single mode which
rarely occurs in nature. Based on the ice failure
map, the ice failure mode can be approximated.

For the pure crushing zone, the proportional
factor for crushing mode is expressed as x. with
the maximum of 1. As the failure mode enters
the cracking zone, 7. decreases and (1-7.) will
increase. As the failure mode grades into the
pure cracking/no-crushing zone, the (1-7.) value
goes up and the tensile strength (o) becomes
dominant. The tensile strength of ice is much
smaller than the compressive strength. The
formula for ice strength can be expressed as

Si=o.x. o (l—7.)

The ice pressure is

P=12=Il o. 7. +o,(1—x.)]

The

method based on two failures,

ice force from a proportional failure
crushing and

cracking can be expressed as

—41-
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F =PDhkm =I[ o, 7. + ¢,(1—n.)] Dhkm

3. ICE FORCE COMPARISON

During 1980 to 1981, the actual ice loads were
measured in Hans Island. Also other information
like ice velocity, thickness, contact width and
contact area were obtained as well. In this
paper, the three methods(Korzhavin, Local
Boundary, and Proportional Failure Methods)
were used in the estimation of ice loads and the
results were compared. Table 3.1 shows a
example of the results. In Table 3.1, Fm is
measured ice force (MN), F. crushing ice force
(MN), 1, ice force predicted from the
Proportional Failure Method(MN), F; ice force
estimited from the Local Boundary Method(IMN),
D/h aspect ratio, e strain rate(sec’'), D contact
width v velocity (m/s), h
thickness(m), CA contact area(DA) (m®) and m
shape factor 0.9. Since the output is of quite

(m), ice ice

large volume, only one table is introduced in
this paper.

Table 3.1 Ice Force Comparison

BTR. Fi(k=0.2)(MN) { Fi(k=0.3)(MN)
5 3.1 47
10 19.8 29.7
20 29.2 438
30 35.6 53.4
40 39.6 59.4
50 59.6 89.4
Where:
Fu=24(MN), F.=319(MN), F,=164(MN),
D/h=14.3, e=0.002(sec ), D"=80(m)
V=0.39(m/s), h=5.6(m), CA=450(m")

The results show that the Korzhavin method
highly over-estimates ice loads, the Proportional
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Failure Method also over-estimates but not as
much as Korzhavin’s method and the Local
Boundary Method estimates very close to the
actually measured data.

4. EXPERIMENTAL MODELLING

A physical model study of an icebreaking
tanker moored to an offshore SPM terminal in
moving ice was conducted in the "Wartsila”
Arctic Research Centre in Helsinki, Finland. The
model study was conducted to determine the
behaviour of the icebreaking tanker moored to a
SPM terminal in moving ice.

A series of model tests were conducted in the
WARC test facility. The ice tank basin was 29
m long, 48 m wide and 14 m deep. A 1:40
model was used in the tests. The main dimen-

sions of the model are presented below:

Lewl = 3.751m
Becw! = 0.538m
Tewl = 0.238m

A = 0.354m*

The experimental set up is as shown in
Figure 4.1.

An ice sheet for tests was grown in the ice
test facility. The target thickness of the level
ice sheet ws 18 to 23 mm with a flexural

the
properties were established two holes
sawn into the inbroken ice sheet. The SPM

terminal and icebreaking tanker model were then

strength  of around 10 kpa. Once ice

were

into the pre-sawn holes and all
electrical
made. The ice sheet was then pushed against
the SPM terminal and icebreaking tanker model
using a second auxiliary carriage. The target

positioned

mechanical and connections were

pushing speed of the level ice was 27 mm/sec.

Main Carrage

Cardan  Joint

Tri-Axial
Bsaring

Horizontal
Bearing

== L Model Tanker

Port  Sidewall /

of Tank

Direction of Ice Movemsnt

Fig. 4.1 Physical Modeling Set Up

Based on the three methods (Crushing, Local
ice Boundary and Proportional Failure methods),
the ice forces on the icebreaking tanker moored
to a SPM terminal were obtained. The results
were applied to investigate the ice and tanker
interaction problem.

In the crushing method, the shape factor I,
which is the same as for a rectangular body,
was used. In the proportional approach, the .
term of 1 was applied. This was due to the fact
that the strain rate falls mostly in the cracking
region for the ice failure map. In the local ice
boundary method, a B.T.R. of 20 was utilized.
The added mass of the tanker was approx-
imated from the two dimensional added mass
equation i calm water. To apply two dimen-
sional results to the three dimensional case, the
strip theory was adapted. The drag coefficient of
a submerged cubic was applied to approximate
the damping coefficient. The taker was divided
into 17 sections to calculate the damping force
of each section since the angular velocity due
to the load
Calculation of ice forces depend on the projected

ice changes for each section.

of the tanker. The projected area was calculated

— 42 —
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from calculated from the angle between the ice
direction and the tanker.
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Figure 4.2 shows the notation of numerical
model. In model 1, ¢ was 45°, 845 level ice



thickness 185 mm and ice velocity 27 mm/sec.
In model 2, ¢ was 90°, 60, level ice thickness
225 mm and ice velocity 27 mm/sec. In Figure
43 to 4.12 results from the three different
methods were compared with the data from the
physical experiment. Figures 4.3 and 4.8 show
the comparison of the angle between the ice

direction and the tanker moored to an SPM

terminal.
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Fig. 46 Time versus OX, Model # 1

Figure 45 and 4.8 show that the ice forces
the method

over—estimated, the movement of the

crushing failure
thus
tanker is over-predicted.

Figure 4.4, 45, 49 and 4.10 show the results

of calculated ice forces on a tanker using the

from are

three different methods. Ice forces acting on the
monopode arm connected to the terminal are
shown in Figures 46, 47, 411 and 4.12. It is
Figures 4.3 to 4.12 that the
crushing failure method over-estimates ice loads

evident from

A

Oy(N)

Phi(rad)

3

thus the move-ments of the tanker are over—
predicted. The movement of the tanker were
relatively well predicted form the proportional
failure and the local ice boundary methods.
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5. CONCLUSION

The well known method from Korzhavin's
concept over-predicts the ice loads. The Local
Boundary and Proportional Failure Methods can
be applied in the estimation of ice loads not
only to fixed structures but also to moving
The from the Local
Boundary compare very closely to the actual

structures. ice loads
measurements both from Hans Island and from
the experiments. Over-prediction of ice loads led
a fast movement or vanning of the tanker
moored to SPM system. The accurate or close
estimation of ice loads is critical to the design
of ice structures and prediction of behaviour of

moving structures in the ice region.
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